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Abstract

Modification of the Permeability of Polymer Latex Films
by

Paul A. Steward.

The modification of the aqueous solute perm eability of m ethacrylic acid  este r 
polym er latex-cast films resu lting  from the  leaching of w ater soluble additives h a s  been 
stud ied . The effects of the  additives on the leached films’ m orphology are investigated  w ith 
respect to the  films’ tran sp o rt properties. The films’ perm eation properties to bo th  gases and  
w ater vapour are also reported.

The solute perm eability of surfactant-free, additive-free, hom opolym er m ethacry late  
latex  films w as found to be dependen t on the hydrophobicity of the  polymer: th e  longer the  
alkyl side-chain , the  greater the  perm eability coefficient. In the  case of a  range of 
com m ercial (Eudragit®) latices, the  solute perm eability was influenced by w h e th er th e  films 
con tained  endogenous surfac tan t, or required a plasticiser: bo th  of w hich un d erw en t a  
degree of leaching.

The loading of the  films w ith w ater soluble additives could be used  to modify th e ir  
perm eability coefficients. Low levels of addition, being difficult to leach, yielded lower 
perm eability coefficients th a n  higher levels of addition w hich afforded g reater porosity  more 
quickly. The m echanism  of solute perm eant tran sp o rt changed  gradually  from a  
predom inantly  Fickian solution-diffusion type m echanism  in the  additive-free film to a 
m echan ism  of predom inantly  convective tran sp o rt th rough  w ater filled channels .

Initially, the  solute perm eability coefficient increased  linearly w ith  increasing  
additive load since low levels of additive did n o t confer continuous porosity th ro u g h  the  full 
th ickness of the  film. The increase in  perm eability was therefore a ttrib u ted  to increased  void 
volume in  the  film allowing increased  polymer chain  m otion -  p lastic ised  by the  progressive 
percolation of w ater into the  film as the  additive leached. The inability  of su c h  films to 
tra n sp o rt electrolyte showed th a t  continuous porosity did n o t exist, an d  the  linear increase 
in  perm eability is considered to indicate a  gradual th inn ing  of the  barrier in  th e  region of 
a  leached channel, upto the point w hen the  pore does sp an  the full film th ickness. Porosity 
w as confirm ed by the  sudden  ability of a  film to exhibit tra n sp o rt of electrolyte a t  a  certa in  
level of additive addition. The porosity was, however, of a n  effective d iam eter sim ilar to th a t  
of the  solute perm eants, and  increased little, w ith increasing additive load, before th e  film 
becam e struc tu ra lly  w eakened. The ability to re ta in  porosity following additive leach ing  was 
d ependen t on the  polymer e ither being kept below its glass tran sitio n  tem pera tu re , or kep t 
wet: the  process of d iying allowing a  soft-polymer, porous, film to heal.

The w ater vapour perm eability of additive contain ing films w as little affected by the  
additive as a  resu lt of the  film no t swelling to the  sam e ex ten t as in  liquid w ater. W ater (in 
filled channels) inh ib its  diffusion to a  lesser extent th a n  does polymer su c h  th a t  w h ilst the  
diffusion of a  solute perm eant m ay be less im peded if it can  rem ain  in  w ater w ithou t having 
to dissolve in  polymer, the  sam e is no t true  for the  w ater vapour (or gas) w hose diffusion 
can  be fu rth e r im peded by the  presence of a n  additive w hich is less perm eable th a n  the  
polymer.

Access to latex particle functionality was achieved w ith the  use  of leachable 
additives, where it was no t possible in  the  additive-free film.
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Introduction, Chapter 1: 
Background and Aims.

1.1 Introduction.
I | he phenom enal grow th in  th e  developm ent and  u se  of p las tic s  du ring  th e  tw entie th
] I cen tu ry  h a s  led to  a n  increased  need to u n d e rs tan d  th e ir perm eability  properties. Their 
s treng th , together w ith  ligh tness , clarity an d  processability have m ade th em  p o pu lar for u se  
as  packaging m ateria ls, encapsu lates and  for protective coatings.

W hen using  p lastics for the  aforem entioned purposes, th e  perm eability  properties 
of the  polymer, or th e  polymer a n d  any  additives used, is of obvious im portance. In  order 
to  prevent oxygen o r w ater vapour ingress in to  perishable goods, or carbon  dioxide egress 
from carbonated  beverages, m ultiple layer polymers m ay be necessary . In  b a rrie r coatings, 
crosslink ing  an d  h igh  loadings o f inert fillers may be u sed  to  p reven t w ater vapour and  
ionic im purity  perm eation. Polymers are u sed  in  the su s ta in ed  release  of d rugs, pesticides, 
fertilisers an d  herb icides in  order to  avoid th e  cyclical changes in  concen tra tion  a ris ing  from 
periodic adm in istra tion . Both m onolithic devices and  reservoir devices are  employed. In the  
former, th e  perm ean t is trapped  in  the  polym er m atrix  w hose perm eability  controls th e  
release rate . In  a  reservoir device the  perm eant, as a  solution or su sp en sio n , is su rro u n d ed  
by a  polym er m em brane. If the  concentration  of perm eant w ith in  th e  device is he ld  co n stan t 
(suspension) th e n  a  uniform  release rate  is m aintained.

E nteric  coatings exploit the  pH sensitiv ity  of th e  polym er (coating) -  being 
im perm eable in  th e  acid  environm ent of th e  stom ach b u t becom ing perm eable in  th e  
a lkaline environm ent of the  in testine. The slow  leaching of low m olecular w eight additives, 
s u c h  as plasticizers a n d  pigm ents may, however, be undesirab le. This is especially  th e  case 
in  food packaging.

Increasingly, m em branes are gaining in  im portance in  sep ara tio n  processes, by 
exploiting selective perm eability. S uch  m em branes tend  to be veiy th in  films ({0.1 ^m ) to 
give a n  econom ic flux, w ith  a  porous supporting  sub-layer often in  th e  form  of a  com posite 
asym m etric  m em brane. Pervaporation, w hich enables azeotropic m ix tures to  be separa ted  
simply, a n d  a t  low cost, exploits th e  differential sorption ch arac te ris tics  of th e  polym er for 
one com ponent of th e  m ixture, typically w ater, w hich is th e n  rem oved from  th e  o ther 
m em brane face by evaporation.

E nvironm ental p re ssu re s , an d  the  advantages of safer h an d lin g  properties an d  lower 
toxicity, have led to a  greatly increased  u se  of aqueous based  coatings. This is a t  th e  cost 
of the  greater energy requirem ents dem anded to evaporate w ater, a ris ing  from th e  h igher 
la ten t h e a t of vaporisation  com pared to  more volatile organic solvents, an d  o ther 
d isadvantages includ ing  poorer film properties, su ch  as a  lower gloss finish.

If w ater soluble polymers are  used, th e n  the  high solu tion  viscosity lim its the  rate  
a t  w hich solid film form er can  be delivered to  th e  substra te , a n d  m ultip le coating  s tep s  m ay
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be required. The films form ed are  likely to show  poor resis tance  on re-exposure to  w ater in  
th e  environm ent, a s  liquid or its vapour. These d isadvantages can  be overcome by th e  u se  
of latices w hen  hydrophobic polym ers can  be employed a n d  h igh  loadings delivered from 
th e  aqueous p h ase  quickly an d  a t  lower viscosity.

1.2 Project aim s and objectives.
Latex coatings can  be applied  in  a  variety of ways including, for exam ple, doctor 

blades, rollers, or sp rays. Rates of delivery of th e  aqueous phase, in  rela tion  to  th e  flow rate  
a n d  th e  tem pera tu re  of a  drying a ir  stream , can  influence the  film morphology, a s  can  the 
porosity a n d  su b s tra te  hydrophilicity. For the  cu rren t work, consideration  w as initially 
given to  p roducing  a  bench-scale  version of a  coating ap p a ra tu s , of th e  type u se d  in  the  
pharm aceu tica l industry . However, the  large num ber of process variables, a n d  doubts 
ab o u t th e  validity of scaling  down from pilot p lan t to laboratory scale  led to  its rejection.

In o rder to  concen tra te  on  the  properties directly a ttr ib u tab le  to  th e  la tex  itself, 
includ ing  a  reproducible film form ing process, a  pour-casting  techn ique  w as preferred, 
followed by release to  yield a  free film. The aim s of the  work were to use  th e  latex  films to:

X  give a n  increased  u n d e rs tan d in g  of th e  mode of tra n sp o rt o f so lu tes, vapours, and 
gases across the  film in  order to  better control the  process of tra n sp o rt (the existing 
litera tu re  on  perm ean t tra n sp o rt th rough  latex films is sparse);

X  s tu d y  th e  ra te  of perm eation  o f probe m olecules having  a  range of solubilities in  the
polym er phase: in  order to  identify tra n sp o rt m echanism s by solution-diffusion or 
th ro u g h  pores;

X  control su c h  perm eation by use of leachable additives, a n d  to  s tu d y  th e  ra te  of
leaching  of s u c h  additives;

X  te s t  for any  asym m etry  of perm eation arising  from differing m orphologies on the
faces of th e  film, or from polymer-additive stra tifications w ith in  th e  film;

X  s tu d y  the  m orphology of films with respect to particle  coalescence an d  to  te s t  for
aqueous porosity, size exclusion transport, and  for p e rm an en t porosity  developed 
w ith in  the  film.

Additives (i.e., w ater soluble) which were considered included: i, so luble polymers; 
ii, sucrose; iii, salt; iv, plasticisers; an d  v, surface active agen ts. Of th ese  five, i a n d  ii have 
been  s tu d ied  in  detail, an d  th e  resu lts  are p resen ted  in  the  ‘R esults a n d  D iscussion” section 
of th is  thesis . S a lt (NaCl) was investigated in  less detail, following re su lts  show ing the 
effects of its  latex  destab ilising  properties on  a  film’s perm eability. The add ition  of 
p lastic iser to  certa in  polym ers w as found to be a  necessity  in  order to  yield a  w orkable free 
film. However, the  level of addition  of su ch  an  additive, as  a  m eans to  control a  film’s 
tra n sp o rt properties, is lim ited by th e  film becom ing increasingly  tacky  an d  elastic  w ith 
increasing  levels of p lastic iser addition  (this again  lim iting th e  usab ility  of free films 
p repared  from  such). The add ition  o f su rfac tan t to  a  film w as overly com plicated by the  
m ajority of th e  work being based  on commercially available latices w hich  contained  
endogenous su rfa c ta n t (see C hap ters 6 and  7). Hence, th is  too w as judged  as  n o t being a  
su itab le  additive.
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1.3 Abbreviations.
The: following is a  list of com m on abbreviations w hich occur in  th e  body of th e  text:

0 diam eter;
AA acrylic acid;
AMA am yl m ethacry late  (monomer);
BMA butyl m ethacry late  (monomer);
c.c.c. critical coagulation concentration;
C.M.C. critical micelle concentration;
C.P.V.C. critical pigm ent volume concentration;
Cguc level of additive loading in  films which causes a  b reak  in  th e  tre n d  of th e  solute 

perm eability coefficient (see C hapter 10);
D.S.C. differential scan n in g  calorimetry;
E.M. electron m icroscope /  m icroscopy/  m icrograph;
G.P.C. gel perm eation  chrom atography;
g.p.u. gas perm eability  coefficient un its  (= cm 3 cm  s '1 cm '2 cm. H g'1) -u s e d  in  C hap ters 

8 - > 1 1 ;
HMA hexyl m ethacry late  (monomer);
M.E.K. m ethyl ethyl ketone (butan-2-one);
M.F.F.T. m inim um  film form ing tem perature;
N.M.R. nuc lear m agnetic resonance (spectroscopy);
PAMA poly(n-amyl m ethacrylate) (polymer);
PBMA poly(n-butyl m ethacrylate) (polymer);
P.C.S. photon  correlation spectroscopy;
PHMA poly(n-hexyl m ethacrylate) (polymer);
P.V.C. pigm ent volume concentration;
R.H. relative hum idity;
S.A.N.S. sm all angle neu ron  scattering;
S.E.M. scan n in g  electron m icroscope/m icroscopy/m icrograph;
S.I.M.S. secondary  ion m ass spectroscopy;
T.E.M. tran sm issio n  electron m icroscope/m icroscopy/m icrograph;
Tg polym er g lass tran s itio n  tem perature
TA m crystalline m elting point.
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Introduction, Chapter 2: 
Preparation and Properties of 

Polymers and Polymer Colloids.

2.1 Introduction.
I [he m echan ism s of polym erisation reactions can  be divided in to  two m ain  types:
] I condensationp olym erisation , an d  additionpolym erisation. Classifications originally 
suggested  by C aro thers in  1 9 2 9 ,801, b u t whose definitions have changed  som ew hat in  the  
in tervening years. The p repara tion  of a  polymer latex is usually  perform ed by th e  process 
of add ition  polym erisation and , hence, th is  chapter concen tra tes on  th is  m echan ism .

2.2 Addition polym erisation.
Polymers p repared  from u n sa tu ra te d  monomers are form ed by add ition  reactions 

across th e  u n sa tu ra te d  bond, an d  include poly(vinyl) polym ers s u c h  a s  poly(vinyl chloride) 
an d  polyethylene (polythene), an d  also  polystyrene an d  th e  polyfalkyl acry lates) and  
poly(alkyl m ethacrylates). Addition polym erisation occurs by a  c h a in  add ition  p rocess w ith  
in itia tio n  of th e  active centre (i.e., th e  site  of polym erisation initially  on  a  m onom er 
m olecule an d  henceforth  on th e  growing polymer molecule), propagation of th e  growing
m olecule (from m onom er, to  dim er, to  trim er to oligom er to  polymer), a n d  finally
term in ation  (removal of the  active centre) steps.

Topically, th e  reaction  occurs by one of three m echan ism s, d istingu ishab le  by th e  
way in  w hich th e  activation of th e  double bond is carried: free-radical polym erisation; 
carbon ium  (cationic) ion; or (anionic) carbanion. (The la tter two m echan ism s classified 
u n d e r ionic polym erisation.) M any m onom ers will polymerise by m ore th a n  one m echan ism .

2.2.1 Free-radical polymerisation.
Free rad ical polym erisations are  the  m ost im portan t in  regard  to  th e  form ation of 

polymer latices. As s ta te d  in  p a rag rap h  2.2, addition polym erisation occurs by th e  th ree  
step s  of in itiation, propagation, and  term ination. In  th e  case  of a  free-radical 
polym erisation, th e  in itia tion  stage concerns the  generation of th e  rad icals. A radical is a n  
u n s tab le  in term ediate  con tain ing  a n  odd num ber of electrons and , hence, a n  unp a ired  
electron. S u ch  a n  in term ediate  m ay be generated by a  num ber of m ethods, includ ing  
photolytic decom position of covalently bonded com pounds, d issociation of covalent bonds 
by h igh  energy gam m a radiation, by oxidation-reduction (redox) reactions, or m ost 
com m only by th erm al decom position of azo/diazo com pounds or peroxides s u c h  as 
po tassium  peroxydisulphate (persulphate), or benzoyl peroxide.

If I denotes th e  in itiator, an d  R* th e  radical, then:

I -----— — > 2R* (2 . 1 )

where kd is th e  in itia tor decom position rate  constan t. 
Then, th e  ra te  of in itiation, Rt, is generally given by:
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R. (2-2)

where:
[R*] = rad ical concentration;

/  = rep resen ts  th e  fraction of radicals formed;
[I] = in itia tor concentration.

Propagation occurs by reaction  of the  radicals w ith  m onom er m olecules to  form 
m onom er radicals. These th e n  fu rther reac t w ith m onom er m olecules s u c h  th a t  th e  c h a in  
leng th  is increased:

R . + M .... k- i-- — * RM* (2.3)

RM* + nM —^ ------ > R(M)nM* (2.4)
where k t is the  in itiation  ra te  constan t, an d  kp is th e  propagation  ra te  co n stan t.

Term ination of th e  reaction occurs w hen two radicals react. This m ay  be by one of 
th ree  m echanism s: com bination, disproportionation, or transfer.

Combination: th e  m u tu a l jo in ing  of two radicals:

R(M)»M* + R(M)„M- — ^ ------ >• R »(M )„...»  (2.5)
or:

R(M)„M* + R- -------   R,(M)n+, (2.6)
w here k t is the  term ination  rate  co n stan t

Disproportionation: in  w hich hydrogen transfer resu lts  in  th e  form ation of two 
m olecules, one of w hich has  a n  u n sa tu ra te d  end  group:

R(M)raM* + R(M)nM* ------------ » R(M)mM' + R(M)nM" (2.7)

Chain transfer: a n  a tom  is transferred  betw een th e  rad ical a n d  a  d ifferent m olecule, 
w hich is u sua lly  capable of con tinuing  th e  reaction. For exam ple, if  th e  m olecule is 
sa tu ra ted , th e  a tom  m u st be transferred  to  the  radical:

R(M)„M- + R(M)„ ----------------- R(M)m. ,  + R(M)n. ,M* (2.8)

If, however, the  m olecule is u n sa tu ra te d  (e.g., ano th e r m onom er m olecule) th e n  th e  
a tom  (e.g., hydrogen) can  be transferred  e ither to  the m olecule or from  th e  m olecule:

R(M)nM» + M  R(M)nM' + M* (2.9)

T erm ination by cha in  tran sfe r can  lead to  b ranch ing  of th e  polym er m olecule, an d  
also  affects the  d istribu tion  of m olecular weights. There is no  n e t loss in  th e  n u m b er of 
rad icals available for reaction an d  so the  reaction as a  whole is no t term ina ted  -  only th e  
pa rticu la r ch a in  from w hich th e  radical is transferred .
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B evington,43,441 et al. showed th a t  term ination  of polystyrene w as predom inan tly  by 
com bination, w hereas poly(methyl m ethacrylate) was tem peratu re  dependen t. Below333 K, 
term ina tion  was a  m ixture of disproportionation and  com bination, w hilst above 333 K, 
te rm ina tion  was entirely  by disproportionation.

The rate  o f term ination , Rt, is given by

d[R-]
dt

(2 . 10)

2.2.1.1 Retardation and inhibition.
Retardation of a  polym erisation reaction occurs w hen a  su b s ta n c e  reac ts  w ith a  

rad ical form ing a  p roduct th a t  is incapable of adding monomer: th e  rad ical so  produced 
being  too unreactive to in itiate  fu rther reactions. The effect of re ta rd a tio n  is to  reduce the 
m ean  lifetime of th e  radicals, an d  to  reduce the ir concentration. In  th e  s im p lest case, 
re ta rda tion  ac ts  to  reduce the  ra te  of polym erisation. Inh ib ition  is very sim ilar to 
re tardation , an d  occurs w hen th e  re ta rder is veiy efficient. In the  ‘idealised’ case, inh ib ition  
ac ts  to  cause  a  lag a t  the  s ta r t  of th e  polym erisation reaction.

It is com m on for bo th  re tardation  an d  inhibition to be seen  in  th e  sam e reaction, 
w ith th e  effect th a t  the  length  of th e  polymer cha in s is reduced com pared to  th e  ideal case.

2.3 Polymer colloid polymerisation.
A num ber of techniques exist w hich resu lt in  the  production o f a  colloidal d ispersion  

of polym er particles. S uch  dispersions m ay resu lt from the  polym erisation reaction  itself, 
as  in  an  em ulsion polym erisation |52,5021, or th e  polymer, produced in  bulk , m ay be reduced  
to  colloidal d im ensions an d  dispersed to  form a  pseudo-latex. Polymers p repared  by both  
techn iques are th e  sub jec t of the  experim ental work in  th is  study.

2.3.1 Free-radical emulsion polymerisation.
Commercially, polymer latices are often prepared by oil-in-w ater em ulsion 

polym erisation. The reaction involves a n  oil phase (i.e., th e  m onom er) being  partially  
em ulsified in  w ater u sing  a  su rfac tan t. (The m onom er is typically o f low w ater solubility, 
e.g., sty rene  -  w hose solubility is 0.0271%  a t 25° C; 0.0382%  a t  50° C 1601 -  or th e  h igher 
m olecular weight alkyl m ethacrylates, etc.) The polym erisation th e n  being  in itia ted  by a  
w ater soluble in itia to r -  typically a n  inorganic or organic peroxide -  a t  a  tem pera tu re  
g rea ter th a n  the  in itia to r dissociation tem peratu re . Photo or gam m a rad ia tion  m ay also  be 
u sed  as in itiators, and  desp ite  the  d isadvantage of requiring a  gam m a source, th e  m ethod 
h as  th e  advantage of producing a  latex  uncon tam inated  by residual in itia to r fragm ents (the 
in itia l radicals being H* an d  OH* sp e c ie s |4951), a n d  also no t functionalised  by th e  in itia to r11381 
(see C hap ter 3).

The resu lt of su c h  a  polym erisation is typically a  polydisperse latex. However, 
careful control of th e  reaction recipe [e.g., in itiator type, su rfac tan t type an d  am ount,
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com onom ers, etc.) and  polym erisation conditions allow for th e  particle  size d istr ib u tio n  to 
be greatly  narrow ed leading to  m onodisperse la tic e s1117,160,5101 w hose size m ay vary  from, 
typically, 50 —* )5 0 0  n m (b u tp o ss ib ly a sh ig h a s5  —> 10 jum |9,4911), w ith  controlled (surface) 
fu n c tio n a lity 1191,192' 2831395,48414881 (by th e  u se  of a  copolymer or selected  initiator), a n d  h igh  
percen tage polymer solids con ten t (up to 60%).

The term  em ulsion polym erisation is also used , albeit strictly  incorrectly, to  describe 
th e  polym erisation of m onom ers in  system s contain ing  no  added surface active agen t, an d  
a lso  m onom ers th a t  are  w ater soluble b u t whose polymers are  insoluble, su c h  as 
aciylonitrile.

Hofm ann and  D e lb ru k 1237,23812391 paten ted  th e  resu lts  of th e ir  work on  the  
polym erisation of m onom ers in  a n  aqueous su spension  ju s t  after th e  tu rn  of th e  n in e te en th  
ce n tu ry . Their early work on em ulsions, stab ilised  by protective colloids, m ade n o  u se  of 
in itia to rs, a n d  took some s ix  weeks to  reac t a t  am bien t tem peratu re . In 1927, new  p a ten ts  
from  America an d  G erm any in troduced th e  use  of soaps to aid form ation of th e  em ulsion, 
a n d  in itia to r to  enhance  th e  ra te  of reaction  m aking p roduction  of syn the tic  latices a  viable 
p roposition1119,3281.

The shortage of m aterials, su c h  as  rubber, during  th e  Second World W ar prom pted  
fu rth e r work in  the  a rea  o f em ulsion polym erisation, an d  soon afterw ards, H ark ins 
p roduced  two papers, f ir s t12211 giving th e  qualitative ‘General Theory o f  Em ulsion  
Polymerisation’ followed, a  few years la ter in  1950, by a  more quan tita tive  p a p e r l2221, dealing  
w ith  th e  em ulsion polym erisation of virtually w ater insoluble m onom ers in  em ulsions 
con ta in ing  su rfac tan t above its C.M.C. Also a t  around  th is  tim e, S m ith  an d  E w art14571 
in troduced  a  quantita tive  trea tm en t of th e  k inetics of em ulsion polym erisation. This paper 
m ore th a n  any  other h a s  influenced the  contem porary litera tu re  on  em ulsion  
polym erisation kinetics of bo th  su rfac tan t-p resen t and  su rfactan t-free  system s.

It was in  1946 th a t  H ohenstein  and  M ark12411 produced a  paper on em ulsion  
polym erisation of polystyrene in  the  absence  o fsurfactan t. A lthough th e  latices so  produced  
te n d  to  be less stable th a n  those contain ing  surfac tan t, su rfac tan t-free  latices ten d  to  be 
m ore easily prepared m onodispersed and  are th u s  of considerable academ ic 
in te re s t1194,200, 2011 2261 due  to  the ir model na tu re : the  properties of su rfac tan t-free  latices 
being  m ore readily characterised  w ithout the  necessity  of rem oving ‘con tam ina ting ’ 
su rfac tan t.

2.3.1.1 Mechanism and kinetics of radical-initiated, surfactant-present, emulsion 
polymerisation.

The v as t majority of aqueous em ulsion polym erisation reactions are  perform ed in  
th e  p resence of a  su rfac tan t (soap, em ulsifier or detergent), above th e  su rfa c ta n t’s  C.M.C. 
The C.M.C. is th a t  su rfac tan t concentration  above w hich there  occurs a  g rea t in crease  in  
th e  form ation of aggregates (micelles) of surface active agents. These aggregates are 
a rran g ed  su c h  th a t  the  su rfa c ta n t m olecules (50 —* 100) are oriented w ith th e  hydrophobic 
ch a in s  facing inw ards, a n d  th e  hydrophilic heads forming the  w ater-m icelle interface. (For
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a  given su rfac tan t, th e  C.M.C. decreases w ith increasing  hydrophobic ch a in  length. 
However, th e  value rem ains approxim ately co n stan t above a  leng th  of ca  C18. This is 
th o u g h t to  be due to  su c h  carbon  cha in s becom ing coiled and , hence, th e  ac tu a l leng th  
being less th a n  expected |3441. The m ethods of m anufactu re  of su rfac tan ts  often  lead to  the  
p ro d u ct having a  range of sizes (i.e., nu m b er of carbons: due  to  ch a in  branching) s u c h  th a t  
th e  C.M.C. m ay vary som ew hat from b a tch  to  batch .) The aforem entioned m olecular 
o rien tation  is energetically favourable, w hilst still allowing th e  form ation of w ater-w ater 
hydrogen  bonds w hich are  prevented by su rfac tan t in  solution. The form ation of s u c h  
aggregates w as recognised as early as 1913 by M cB ain!3341. S u rfac tan ts  u sed  in  em ulsion 
polym erisations are  typically anionic, b u t  m ay be ca tio n ic14311, zwitterionic (am pho teric |2701), 
or n o n -io n ic l3701: th e  la tte r u sually  having a  lower C.M.C. for a  given carbon  ch a in  leng th  
(i.e., th ey  are  more surface active an d  form micelles m ore readily th a n  ionic su rfac tan ts  
b ecause  there  is no  charge repulsion  to  be overcome du ring  aggregation).

Since the  work of H a rk in s12211 a n d  Sm ith  an d  E w artl4571, a  large n u m b er of papers 
have been  w ritten  on th e  k inetics of em ulsion polym erisation (see review by V anderhoff,5021). 
This is partly  because th e  kinetics are  n o t easily defined, desp ite  th e  sim plicity  o f the  
fundam en ta l recipe (although it is n o t uncom m on for fu rth e r com ponents to  be added, e.g . , 
m ore th a n  one su rfac tan t, m onom er, or buffer), an d  partly  because no single regim e works 
for all types of monomer. The polym erisation of sty rene is particu larly  well covered, based 
on  S m ith  an d  Ew art’s regime, b u t those  k inetics apply  less favourably to  th e  more w ater 
soluble (e.g., vinyl) m onom ers due to  th e  increased  m onom er in  th e  aqueous p h a s e 13521.

The em ulsion polym erisation reaction is norm ally divided in to  th ree  
in te rv a ls ,179-348 4361:
Interval 1: particle nucleation. This la s ts  un til th e  to ta l nu m b er of polym er particles 

(num ber density) becomes c o n stan t (typically a t  ca  5% conversion).
Interval 2: las ts  from th e  end  o f interval 1 u n til th e  m onom er no longer ex ists as  a  separa te  

phase. D uring th is  stage, particle volume increases in  d irect proportion to  the  
degree of conversion of m onom er to  polymer.

Interval 3: s ta r ts  a t  th e  end  of interval 2, an d  las ts  u n til th e  end  of th e  reaction. Interval 3 
is probably the  lea s t s tud ied  by researchers in  th e  field of em ulsion 
polym erisation kinetics.

2.3.1.1.1 Polymerisation interval 1.
H a rk in s |221] has explained th e  im portan t role of su rfac tan t in  em ulsion 

polym erisation reactions.

Agitation of a n  oil-soap system , in  w hich th e  soap  is p resen t above its C.M.C., 
c au ses  th e  form ation of a n  oil (monomer) in  w ater em ulsion, consisting  of droplets of oil in  
th e  aqueous phase. These droplets m ay vary over an  order of m agnitude in  size (but are  no t 
u sua lly  less th a n  1 /urn in  diam eter, dependen t on  th e  degree of agitation). Before the  
H ark ins paper of 1947, it was generally believed th a t  th e  em ulsion  droplets them selves were 
polym erised. However, as pointed  out by H arkins, th e  polymer particles so  produced  were 
very m u ch  sm aller th a n  th e  droplets form ing the  em ulsion.
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H ark ins proposed th a t  th e  em ulsion droplets sim ply ac ted  as reservoirs for th e  
m onom er, w hen  it was v irtually  insoluble in  the  aqueous p h ases: the su rfa c ta n t (and 
m onom er) being  in  dynam ic equilibrium  between: i, th e  em ulsion  droplets; ii, th e  aqueous 
phase; an d  iii, th e  su rfac tan t micelles. The m onom er w as transferred , via diffusion th rough  
th e  aqueous p hase , from these  storage sites, to  soap micelles, typically  p resen t a t  a  num ber 
density  o f ca  1018 g '1 of water. The cores of these  m icelles, sw ollen w ith  solubilised 
m onom er, were th u s  proposed to  be the  principal s ites  for the  in itia tion  of polym er nuclei: 
th e  rad icals, generated  in  the  aqueous phase  diffusing an d  hav ing  a  g rea ter chance  of 
collision (and, hence, absorption), w ith the  micelles, th a n  th e  m onom er droplets (typically 
p resen t w ith  a  num ber density  of ca 1012 g '1 of water). This is  th u s  term ed th e  m icellar  
n u clea tion  theory . As these nuclei grew larger th a n  th e  m icellar core, they appeared  in  th e  
aqueous p h ase  as exceedingly sm all particles w hich a ttrac ted  m onom er from  it (the 
aqueous phase), becom ing m onom er-swollen polymer particles. (H ark ins12211, citing a n  
earlier p a p e r11571, a lso  noted th a t  nucleation  could occur in  a  m inor secondary  locus, i.e., 
th e  w ater phase , an d  th a t  th is  locus becam e increasingly im portan t as th e  am o u n t of soap  
was reduced , becom ing the  principal loci if  no soap  was p resen t.)  The p rinc ipal loci of 
polym er c h a in  grow th were th u s  the  m onom er-swollen polym er particles (in th e  aqueous 
phase), w ith  th e  polymer stab ilised  by th e  adsorp tion  of su rfa c ta n t from  the  aqueous phase. 
Hence, th e  grow th o f the  particle initially u tilises th e  m onom er w ith in  th e  micelle, and  
henceforth , from  th e  aqueous phase, w hich swells th e  growing polymer particle: th e  
m onom er lo st from  the  w ater being replenished by th a t  from th e  em ulsified droplets. Not 
all m icelles would be utilised in  th e  reaction, and  those  no t ta rge ted  by a  rad ica l would 
b reak  u p  w ith  th e  su rfac tan t being used  to  stabilise th e  growing polym er particles. H arkins 
concluded  th a t  the  d isappearance of the  su rfac tan t micelles corresponded to  th e  tim e after 
w hich no  new  particles were formed.

In  view of the  fact th a t  particles c a n  be formed a t  su rfa c ta n t concen tra tions below 
th e  C.M.C., d o u b ts 14161 were c a s t on th e  micellar nucleation  theory . H ark ins’ theory of 
m icellar nuc lea tion  gave no explanation of how the  (typically) an ion ic  in itia tor ion  radical 
(hydrophilic) en te red  the  hydrophobic in terior of the  micelle. To do  so, it p resum ably  m u st 
also  overcom e the  charge repulsion  generated  as it approached  th e  (typically) anionic 
micelle (anionic by virtue of th e  polar functional head  groups of th e  su rfac tan t m olecules 
form ing th e  w ater-m icellar interface). The resolution of th is  problem  a lso  a ids th e  
exp lanation  of th e  em ulsion polym erisation of th e  more w ater soluble m onom ers, of 
su rfac tan t-free  em ulsion polym erisation, an d  of em ulsion polym erisation w here su rfa c ta n t 
is p resen t a t  a  concentration  below its C.M.C.

P r ie s t14031, R oe14161, and  F itc h 1161,1631 et al. proposed essen tia lly  sim ilar m echan ism s 
u n d e r w hich nucleation  occurred in  the  aqueous p h ase  and, hence, favoured th e  more 
w ater soluble m onom ers. F itch’s hom ogeneous nucleation  m echan ism  proposes th a t the  
in itia to r reac ts  w ith th e  m onom er p resen t in  the  aqueous phase: th e  reaction p ropagating  
th e  form ation of oligomeric m aterial. Beyond the  add ition  of a  ce rta in  critical nu m b er of 
m onom er u n its  (4 —> 6), the  hydrophobic chain  together w ith th e  anionic h ead  lead to  the  
oligom er achieving surface active properties which precipitate  th e  oligomer above a  critical 
concen tra tion  a n d /o r , in  su rfac tan t-p resen t system s, c a n  form  micelles w ith  th e  s o a p 14971
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(presum ably  due  to  exchange w ith a  su rfac tan t m olecule of a  micelle, m ade possible due 
to  th e  dynam ic equilibrium  betw een su rfac tan t in  th e  w ater a n d  th a t  in  th e  micelle).

Coagulative nucleation  extends the  theory o f hom ogeneous nuclea tion  s ta tin g  th a t  
th e  oligomer (‘p recu rso r’) initially formed by precipitation m ay be colloidally u nstab le , in  
sy stem s below th e  C.M.C. of the soap, an d  undergo lim ited coagulation  w ith o ther particles 
u n til stab ility  is a tta in e d 1217' 2201. A quantitative theory  o f coagulative nuc lea tion  was 
developed by F een ey 11531 et al. b ased  on the  DL11141 VO15161 theory  of colloid stability .

U gelstad and  H a n se n 14861 describes a  fu rther m echan ism  w hereby in itia tion  of a  
polym erisation occurs m ainly in  th e  em ulsified m onom er droplets. This w as, however, 
b rough t ab o u t by p reparing  a  finely divided, stable, em ulsion, w ith low am oun ts  of 
su rfac tan t, s u c h  th a t  th e  particles were more effective in  cap tu rin g  th e  rad icals produced  
in  th e  aqueous phase.

The various theories of nuclea tion  (collectively know n as th e  HUFT theory  of H ansen  
a n d  Ugelstad, a n d  F itch  a n d  Tsai -  a s  described above), an d  c u rre n t resea rch  trends, have 
recen tly  been  reviewed by H a n se n 12151, show ing th a t  hom ogeneous/lim ited  coagulation 
m echan ism s of nucleation  are of obvious im portance for th e  u n d e rs tan d in g  of nucleation  
in  su rfac tan t-free  system s, or system s of low su rfac tan t concentration . However, m icellar 
nuc lea tion  can n o t be ignored: differences in  the  num ber o f partic les  are  ap p a re n t in  
polym erisation system s w hen th e  C.M.C. is encom passed, s u c h  th a t  hom ogeneous and  
m icellar nuclea tion  sho u ld  both  be considered for su c h  system s w ith  h igh  soap 
c o n cen tra tio n s .

The qualitative theory  of H ark ins was addressed  quan tita tively  by S m ith  an d  Ew art 
w ho determ ined  lim its to  the n u m b er of particles generated , a n d  derived a  recursive 
form ula th a t  described th e  steady  s ta te  process of in terval 2 of th e  polym erisation, for the  
sy stem  in  w hich  the  n u m b er of polym erising loci is co n s tan t (steady-state  approxim ation).

The tre a tm e n t of interval 1, an d  the  determ ination  of th e  u p p e r a n d  lower lim its to 
th e  abso lu te  num ber of particles generated , N, was based  on a  n u m b er of a ssu m p tio n s th a t  
in  practice  m ay be som ew hat erroneous. The upper lim it arrives by considering  only 
m icellar c ap tu re  of radicals; the lower lim it includes cap ture  by polym er particles a s  well 
a s  by m icelles. However, it is generally agreed by m ost researchers in  th is  field th a t  th e  true  
value is w ith in  the  calculable range, as  given by Sm ith  an d  Ew art:

2 2 2 

0.37^-—) 3(asS)^ £ N -  K ^ j 3(a sS ) t £ 0 . 5 3 ^  3(a sS)^ (2.11)

where:
p = rate  of form ation of radicals per cubic cen tim etre  of aqueous phase; 
p. = (constant) rate  of increase of volume of a  particle; 
a s = interfacial a rea  occupied by a  gram  of soap  (assum ed  to  be th e  sam e for 

on th e  polymer particles as in  th e  soap  micelles);
S = to ta l am oun t o f soap  associated  w ith one cubic  centim etre  of water;
K  ~ a  c o n s tan t in  th e  range: 0 .37 0.53.
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(2 . 12)

-  N r

For th e  above two lim iting cases, th e  average num ber of rad icals per particle  h as  
been  calculated . The upper limit, according to Ugelstad an d  H a n se n |4861, is approxim ately 
equal to  u n ity  (100% radical cap tu re  efficiency), a t  th e  end of in terval 1. The lower lim it was 
no t determ ined  by S m ith  a n d  Ewart, b u t h as  been determ ined by G ard o n [1791, u s in g  h is  own 
extension  to  th e  theory, as 0.67. These values are higher th a n  th e  value of 0.5 predicted  by 
Sm ith-E w art case  2 k inetics for interval 2 (see below), im plying a  m axim um  in  th e  em ulsion  
polym erisation ra te  a t  th e  end  of interval 1. Ugelstad an d  H a n se n 14661 note th a t  su c h  a  
m axim um  h a s  no t been  detected  (for styrene polym erisations).

2.3.1.1.2 Polymerisation interval 2.
The equation  th a t  describes interval 2 contains variab les th a t  describe: the  

form ation ra te  of radicals; th e  term ination  rate  in  their iso lated  reaction  loci (i.e., th e  
particles) a n d  th e  water; th e  ra te  of polym erisation of a  radical in  its  reaction  locus; an d  the  
size and  n u m b er of reaction  loci. The Sm ith  and  E w art14571 recursion  equation  is derived 
from  th e  ra te  of form ation of reaction loci, contain ing n num ber of radicals, being equal to  
th e  ra te  of d isappearance  of su ch  loci, su c h  th a t  th e  num ber o f loci, Nn, is constan t;

♦ A ^ fc ,( (n+1* n + 2))

|  + fc0ag) + Mp̂)]
where:

N  = nu m b er of particles contain ing  n  radicals; 
p ' = the  overall rate  of en trance  of radicals in to  all N  loci; 
k 0 = ra te  c o n stan t for the  ra te  of transfer of rad icals ou t of locus; 
a ~ in terfacial (surface) a rea  th rough  w hich rad ical tran sfe r c a n  occur 

from a  locus;
V = particle volume, su c h  th a t  (v /n )  = radical concen tra tion  a t  som e loci; 
k t = rad ical term ination  ra te  constan t.

Alternatively, th is  can  be rew ritten in  th e  more general form of a  differential equation:

-  » . ) ( „  +1 )  -  nJV„ ] * £ -  
at v u (2.13)

+[N„+2(n + 2)(n + 1) -  n.(n -  1)N„] —
v

w here n = 0, 1 ,2 ,3 . .  .n. Note th a t  under steady  s ta te  conditions, the  left-hand  side 
of equation  2 .13  is equal to  zero, su ch  th a t  equation 2 .13 sim plifies to  equation 2 .12 . The 
validily of th is  w as questioned  by Ugelstad and  H a n se n 14861 a n d  G a rd o n 11791 due to  th e  tim e 
v a rian t n a tu re  of th e  particle volume, v , w hich in  the  case of large polym er particles m ay 

lead to  varia tion  in  th e  average num ber o f radicals per particle, n, as  th e  volum e increases 
(i.e., S m ith  a n d  Ew art case  3: see below). Ugelstad answ ers th is  explaining th a t  the  
assum ption :

~ Njl = Q (2.14)
d t

is a  valid a ssu m p tio n  providing th a t the  rate  of a tta inm en t of th e  equilibrium  value of TC for 
an y  value of n  is rap id  com pared to the  ra te  of change of th e  equilibrium  as  n  increases,
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an d  th a t  th is  is fulfilled u n d er typical reaction  conditions, b u t d ep en d en t on  the  ra tio  of the  
term ina tion  ra te  co n stan t to  the  propagation rate  co n stan t (kt : kp )) 0 .075  in  th e  w orst 
case). S u ch  a n  assum ption  is known as  th e  quasi-steady-state cond ition .

S m ith  an d  Ew art solved the  recursion  equation for ju s t  th ree  lim iting cases, based 
upon  th e  average num ber of radicals per particle, ft:
Case 1: n  {(1: th e  ra te  o f radical en tiy  in to  the  particles is m u ch  less th a n  th e  rate  of 

d isappearance  of th e  radicals. C hain  transfer of rad icals to  o ther particles, usually  
m onom er, h a s  a  h igh  probability, an d  the  num ber of particles con ta in ing  radicals 
are  relatively few in  num ber.

Case 2: n  »  Vr. there  exists a  low probability of a  radical being tran sfe rred  from  a  particle, 
after entry, an d  activity only ceases by term ination  due  to  th e  en try  of ano ther 
radical. It is assum ed  th a t  the  particle will grow for 50% of th e  tim e: 50%  of the 
rad icals en tering  th e  particle will ‘activate’ particle growth, w h ilst 50% will cause 
term ination . Hence, on  average, one h a lf  of the  to ta l n u m b er o f partic les  will be 
growing a t  any  tim e during  in terval 2.

Case 3: n  )) 1: th e  particles are  large enough to  suppo rt two or m ore growing rad icals a t 
an y  one time.

Of th e  above th ree  cases, 1 an d  3 are  the  two extrem es, w h ilst in  practice, case  2 
could  b ias tow ards either. Experim ental evidence suggested  th a t  case  2 b es t fitted the  
resu lts  for em ulsion  polym erisation of relatively insoluble m onom ers, no tab ly  s ty re n e I4S61. 
It is a ssu m ed  th a t  the  ra te  of reaction in  th e  particles is equal to  th e  ra te  of polym erisation, 
Rp (moles d m '3 s '1):

[M] = Overall m onom er concentration; 
kp = radical propagation ra te  constan t;
(M]p = m onom er concentration  in  the  particles;
[!?•] = free radical concentration;
N  = num ber of particles per u n it volume of th e  aqueous-phase;
Na — Avogadro’s constan t.

(Note th a t  s teady  s ta te  im plies th a t  R( = R t (as given by equations 2 .2  a n d  2 .10) su c h  that:

Hence, for Sm ith-E w art case  2 kinetics, an d  th u s  em ulsion polym erisation, th e  ra te  of 
polym erisation is given by:

(2.15)

where:

(2.16)

where:
/  = rep resen ts  fraction of free radicals formed;
kd = in itia tor decom position rate  constan t;
[I] = in itia tor concentration; 
kt = term ination  rate constan t.)

(2.17)
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The m ean  degree of polym erisation, DP , (i.e., th e  average n u m b er of m onom er un its  
per polym er molecule) is given by:

Over th e  la s t forty-five years, the  basic ideas o f the  theory  o f S m ith  a n d  E w art have 
resu lted  in  m uch  resea rch  a s  to  its applicability, an d  the  theory  h a s  been  ex tended  to 
include assum ptions originally n o t considered, or sim ply dism issed. S to ck m ay er14671 first 
determ ined  a  general so lu tio n  for the  Sm ith an d  Ew art recu rsion  equation , w ith  the  
resu lts  (for th e  values of n) in  th e  form of a  ratio of B essel functions: a  theory  la te r  extended 
by O’ Toole13681 to include th e  ra te  of radical transfer from a  particle  relative to  th e  ra te  of 
rad ical term ination . U gels tad14871 et al. also calculated  a  solution to  th e  recu rs io n  form ula, 
based  on  a  m ass balance of th e  free radicals in  th e  system . T hese so lu tions d id  still, 
however, rely on stead y -sta te  conditions. O ther workers have p roduced  so lu tions u n d er 
n on -steady -sta te  conditions. G ardon produced a  whole series o f p a p e rs 1179' 1841 on  the 
k inetics of intervals 1 a n d  2 o f the  em ulsion polym erisation reaction, th a t  s ta r te d  w ith  a n  
ex tension  to  th e  Sm ith  a n d  Ew art th eo ry 11791 and  included a  com puter-genera ted  general 
so lu tion  u n d e r n on -steady -sta te  conditions (accounting for rad ica l te rm in a tio n  b u t 
a ssu m in g  a  negligible ra te  of rad ical exit from the  polym erisation loci) in  th e  th ird  paper of 
th e  s e r ie s 11811; the  resu lts  to w hich verified those of Sm ith  an d  Ew art, a n d  Stockm ayer for 
case  2 assu m in g  no desorp tion  of radicals. G ilbert1193,22412251 et al. a lso  investigated  th e  n o n 
s tead y -sta te  k inetics , u s in g  a  m ethod involving m atrices (analogous to  q u a n tu m  m echan ical 
m ethods for de term ining  so lu tions to  Schrodinger’s  wave equation), to  p roduce a  resu lt 
show ing good correlation w ith  th e  resu lts  of O’ Toole for values of 7T s: 0.6.

2.3.1.1.3 Polymerisation interval 3.
For relatively insoluble m onom ers, the  m onom er will be dissolved in  th e  polym er 

particles, w hereas in  th e  case of th e  more soluble m onom ers (e.g., vinyl acetate), a  
sign ificant am oun t m ay still be dissolved in  the  w ater. In particles con ta in ing  relatively 
large am oun ts of m onom er, th e  particle volume m ay decrease as th e  m onom er polym erises.

R u sse ll14281 et al. considers th e  term ination reaction as occurring  in  th ree  steps: i, 
tran s la tio n a l diffusion o f th e  rad ical coils to bring two radicals in to  close proxim ity; ii, 
co n tac t of th e  radical c h a in  ends by conform ational reorientation (segm ental diffusion); iii, 
su rm o u n tin g  the  (small) activation energy of term ination. B ecause of th e  h igh  degree of 
polym er ch a in  en tang lem en t a t  high m onomer to polymer conversion, th e  c h a in  segm ent 
tran s la tio n a l diffusion is decreased  su ch  th a t radicals come into co n tac t by w h a t Russell 
refers to  as “roving head  diffusion” (Russell notes th a t  th is has  previously been  referred to 
as  reaction  d iffusion14381 an d  residua l te rm ina tion11831). The term ina tion  ra te  is a  function 
of th e  ability of th e  radicals to diffuse in  a  m edium  of high viscosity (if the  activation  energy 
of term ina tion  is small). In bu lk  polym erisation reactions, as th e  viscosity  of th e  m edia 
increases w ith increasing  conversion of monomer to  polymer, th e  rad ical te rm ina tion  rate, 
k t, decreases, due to  th e  decreased  diffusivity of th e  polymer rad icals. The decrease  in  
term ina tion  ra te  m ay lead to  a n  increase in the  ra te  of polym erisation, a n d  increased
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m olecular weight, due  to the  increased  lifetime of th e  growing polym er cha ins. This effect 
is know n a s  th e  Trom m sdorff e f fe c t14831 (also called th e  gel effect, a n d  auto-acceleration). 
The effect is also  im portan t in  em ulsion polym erisation1 (in reactions w here rad ical 
term ination  is ra te  lim iting {i.e., w hen radical desorption is ra te  determining}- a n d  w here 
there  is som e cha in  flexibility), a n d  Van der Hoff14961 cites a  n u m b er of a u th o r s 140,5661 w ho 
have observed the  effect in  m ethyl m ethacrylate, where the  effect is particu la rly  strong , 
R u sse ll14281 suggests th a t  th e  Trom m sdorff effect in  em ulsion polym erisation a rises  a t  h igh  
conversions due to  a  tran s itio n  from a  flexible polymer ch a in  to  a n  increasingly  rigid 
“dangling” cha in  end  and , hence, th e  gradual increase in  reaction  ra te . Sim ilarly, 
H ow ard12231 d iscu sses  the  applicability  o f‘com partm entalisation’, in  w hich th e  active cen tres 
(radicals) are  isolated, an d  th u s  decrease th e  probability of term ina tion  by com bination, to  
accoun t for the  relatively h igh ra tes  of reaction in  em ulsion polym erisations.

2.3.1.2 Surfactant-free emulsion polymerisation.
Latices for u se  as  m odel co llo id s (i.e., well characterised  w ith  resp ec t to  end  group 

functionality, ideally spherical, an d  free o f electrolyte /su rfac tan t)  were reviewed by 
H e a rn 12281 e t al. in  1981, an d  the  cleaning  techn iques applied to  latices were m ore recently  
reviewed by W ilk insonl539]. If su rfac tan t is no t added to  the  la tex  p repara tion , th e n  th e  
un certa in ty  as  to  its  com plete rem oval by cleaning is elim inated. Low m olecular weight, a n d  
surface active agents, may, however, be generated during  th e  polym erisation  process. 
G oodall11961 et al. show ed th a t  the  surfactan t-free  process w as reproducible for s ty rene  w ith  
respect to  particle size, b u t th e  surface charge characteristics were less certain , be ing  
particu larly  dependen t on the  cleaning process employed (e.g., d ialysis o r se ru m  
rep lacem ent {see C hap ter 3}).

In  surfactan t-free  em ulsion  polym erisation, th e  m onom er is no t em ulsified prior to  
in itia tion  an d  so  forms a  w ater im m iscible layer th a t  is consum ed, a s  th e  reac tion  proceeds, 
by im bibition  to  th e  growing particles. The driving force for th e  depletion o f th e  bu lk  
m onom er phase  is th e  m ain tenance  of sa tu ra tio n  solubility in  th e  w ater phase. G u th r ie 12111 
(following P a lit13801 et al. a n d  E liseeva11431 et al.) preferred th e  term inology th a t  describes 
sty rene  surfactan t-free  polym erisation as A.P.S. i.e., Aqueous Polym erisation o f a  Slightly 
soluble m onom er, (cf. E .P.S. for E m ulsion Polymerisation). All A.P. system s com m ence w ith  
polym erisation in  th e  aqueous phase, and  depending on the solubility  of the  m onom er, S 
( (15  mM), M ( (2 9 0  mM), or V ( )2 9 0  mM), m ay yield latex, p recip ita ted  polym er or 
so lu tion  polymer products. F itch  a n d  Tsai’s 11631 work on hom ogeneous nuc lea tion  described  
the  nuclea tion  m echanism  of m ethyl m ethacrylate (A.P.M.). However, th e  p resence  of a  
large am o u n t of oligomeric, 1000 m olecular weight, m ateria l for sty rene  suggests  a  
m icellisation type m echan ism  m ight be more appropriate  for th a t  p a rticu la r A.P.S. system . 
G uthrie calcu lated  th a t  a  ‘binary floccu lation’ process, i.e., aggregation of identically  sized 
particles, b es t described G oodall's11961 d a ta  for the  nucleation  process. After s tab ilisa tio n  a t  
c o n s ta n t num ber density , th e  k inetics followed a  linear C273 versus t (C = percentage 
conversion, t = polym erisation time) relationship  in  accord w ith th e  Sm ith -E w art case  III

^ h e  effect differs in  em ulsion polym erisation com pared to b u lk  polym erisation. In  the  
former, th e  reaction ra te  increases w ith increasing weight fraction of polymer, w hereas in  
bulk polym erisation there  is a  large increase in  ra te  over a  narrow  conversion ra n g e 14281.
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core-shell regime, as  proposed by G rancio an d  W illiam s12061 (see p a rag rap h  2 .3.1.3). T hat 
th is  oversimplified th e  process w as suggested  by the  bim odal m olecular w eight d istr ib u tio n  
indicative of two reaction  loci. A lthough core an d  shell were th e  obvious cand ida tes, a  
fu rth e r com plication in  th is  sy stem  was th e  occurrence of a n  anom alous particle  
m orphology1196,1971: desp ite  the  final p roducts appearing as  com plete spheres, a  void region 
existed d u rin g  growth, whose size tended  to  be g reatest a t  a ro u n d  40% (m onom er to  
polymer) conversion, w hich could be observed in  particles viewed by tra n sm iss io n  electron 
m icroscopy. This void w as believed to  arise  from a  region of oligomeric m ateria l in  w hich 
th e  m onom er was preferentially soluble an d  protected from polym erisation by a  local h igh  
surface charge density  u n til th e  la te r stages of the  reaction  w hen  o ther supp lies  of 
m onom er were exhausted .

C hang  and  C h e n 1941 found, for surfactant-free sty rene  co. 2-m ethyl-2-propene 
su lphonate , th e  sam e linear C2' 3 versu s t relationship, a n d  bim odal m olecular w eight 
d istribu tions. This w as a ttrib u ted  to  a  failure of the  m onom er concen tra tion  to  be 
m ain ta ined  uniform ly in  larger particles, the  m onom er ten d in g  to  be consum ed  in  th e  ou ter 
layers before reach ing  th e  core. The lower m onom er concen tra tion  in  th e  core yielding 
higher viscosity, re ta rd s  term ination  an d  leads to  higher m olecular w eights in  th e  core. 
Thus, th e  im portance of the  shell increases w ith increasing particle  size, finally becom ing 
th e  dom inan t locus. C hang did n o t report anom alous particle m orphology for th e ir  system , 
p resum ably  reflecting th e  different n a tu re  of th e  copolymer involved in  nucleation .

E lbing et a l. 11411 also  found C2/3, as  a  function of reaction  tim e, w as linear for 
su rfac tan t-free  acrylonitrile polym erisation. Acrylonitrile, cf. o ther vinyl m onom ers, is very 
soluble in  w ater, b u t insoluble in  its  polymer.

R ou lstone14231 found th a t for th e  surfactant-free polym erisation o f BMA, S m ith-E w art 
case  III k inetics was obeyed. Particle size could be controlled by chang ing  th e  ionic s tre n g th  
a n d  in itia to r concen tration  of th e  polym erisation recipe, b u t in stead  o f a  s tead y  particle 
nu m b er density  being estab lished , it decreased th roughout th e  reaction. This w as ascribed  
to  th e  particles tend ing  to aggregate th roughou t the  reaction  (although th e  final p roduct 
was sa id  to  be m onodisperse, an d  th is  was apparen t in  electron m icrographs of films 
produced  from  the  latices). Rates o f reaction  were essentially  constan t. There w as, however, 
som e un certa in ty  as to  th e  kinetics, due  to  the  (high) speed of th e  reaction, an d  th e  particle 
sizes (m easured  during  th e  course  of th e  reaction, by P.C.S.) being those  of th e  m onom er 
swollen particles.

2.3.1.3 Core-shell (latex particle growth) theory.
In 1970, G rancio an d  W illiam s12061 proposed a  model, for com patible system s of 

m onom er a n d  polymer (i.e., w hen th e  m onom er is soluble in  th e  polymer), for the  
morphology of a  growing polymer particle, based  on the  hypothesis th a t  polym erisation, 
causing  the  growth of the  particle, occurred a t the  particle  surface. The particle 
morphology, during  th e  course of th e  reaction, th u s  consisted  of a  polym er-rich core 
su rro u n d ed  by a  shell of highly m onom er-sw ollen polymer. (Such a  core-shell m orphology 
w as already know n for incom patible copolym ers(5061. See p a ra g ra p h 2 .3 .1.4.) Their evidence 
for th is  was b ased  on th e  assum ption  th a t  sty rene polym erisation followed S m ith  an d  Ew art
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case  2 k inetics (such  th a t  n  = Vo], an d  led to  th e  classical equa tion  of ra te , for in terval 2, 
tak in g  th e  form:

Rp =fcp[ M l n i L  (2.19)

where:
[M]s = concen tra tion  of m onom er in  the  shell.

[Cf. E quation  2.15)

W illiams et al, produced a  num ber of research  papers (show ing b o th  m orphological, 
k inetic  a n d  therm odynam ic evidence) to  au th en tica te  the ir id e a s 1278 * 28015401541!, a n d  th e  pros 
an d  cons of th e  core-shell hypothesis have been  reviewed by bo th  G a rd o n 11851, conclud ing  
th a t  it was unlikely  th a t  a  concen tra tion  g rad ien t would develop in  th e  la tex  partic les, an d  
V anderhoff14991 w ho concluded th a t  the  m odel w as “reasonab le” b u t th a t  th e  experim ental 
observations could be explained by o ther hypotheses.

As s ta te d  previously, the  larger particle  sizes resu ltin g  from  su rfac tan t-free  
polym erisation would b e s t be described  by S m ith  an d  E w art case  III k inetics, w h ich  
provides a  polym erisation rate , du rin g  in terval 2 , given by:

r  (2 .20)
P Na { 2 kt

where:
Vp = volum e of particles per dm 3;
pA = ra te  of rad ical absorption.

In term s of the  core-shell model, th is  becom esl4861:

R . fcp[ML f
p N A V 2fcte J

(2.21)

where:
[M]s = m onom er concen tration  in  the shell;
Sp = particle surface a rea  per dm 3;
Ls -  she ll th ickness;
fcte = rad ical term ination  rate  co n stan t in  th e  shell.

H e a rn 12291 et al. investigated  th e  surfactan t-free  em ulsion  polym erisation  of s ty rene  
in  in terval 2, a n d  found th a t  th e  resu lts  were best in  accord w ith  th e  theories u s in g  a 
su rface polym erisation m ethod for large particles: i.e.. Sm ith  a n d  Ew art case  III applied  to  
th e  core-shell model.

The resea rch  a t  Lehigh U niversity involving S.A.N.S. to  ch arac te rise  la tex  particle  
s tru c tu re  in  latices resu lting  from equilibrium  swelled (m onom er-polym er) po lym erisa tions, 
h a s  been  reviewed by S perling14591 et al., w ith th e  au tho r claim ing th a t  th e  resu lts  a re  in  
agreem ent w ith bo th  W illiams’|206,278 ' 28°*54015411 core-shell m odel a n d  G ardon’s 11851 uniform  
(structure-w ise) particle: th e  differences in  s tru c tu re  being  de term ined  as a  re su lt  of
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differences in  the  ratio, Rg/r  (where Rg = ch a in  rad ius of gyration1 an d  r  = latex  particle  
radius), or th e  ‘squ ared  dim ensional ratio’ (S.D.R.), i.e., th e  ra tio  of th e  weight average 
m olecular weight to  th e  square  of th e  particle diam eter. (Note th a t  Rg/r  is com parable to  th e  
S.D.R. W hen th e  S.D.R. = 0.1, Rg/r  = 0.2.) C iting the  work of L inne13211 e t al. and  Y an g 15461 
et al., resu lts  show ed th a t  a s  th e  S.D.R. increased  (i.e., large particle  —> sm all particle) the  
particles showed a  m axim um  in term s o f ‘supram olecular’ s tru c tu re  w hen th e  ratio  = 0.1. 
W hen th e  latex  system s used  in  th e  work of W illiams an d  G ardon were com pared (with 
respec t to  the ir S.D.R.), it was found th a t  W illiams’ system  was in  th e  regions w here 
s tru c tu re  would have been  possible, w hereas Gardon’s particles were closer to  th e  region 
of uniform  m olecular mixing. Following fu rther study  a t Lehigh, Sperling  defined th ree  
polym erisation regim es th a t  m ay occur for equilibrium  swelled latices:

X Large particle rad iu s  an d  /  or low m olecular weight polymer => hom ogeneous p a rtic le ;

X Rg/r s  0.1 —3* 0.2, the  particle core forms from the  polymer th a t  polym erises firs t =>

core-shell particle  s truc tu re ;

X High m olecular w eight a n d /o r  sm all particle size => hom ogeneous particle.

The polym erisation reaction  is th u s  d iscussed  by Sperling14591 e t al., in  te rm s of in itia tion  
occurring  in  th e  w ater phase, followed by cap ture  of the  oligomeric rad ical by th e  m onom er- 
rich  she ll of the  latex  particles (assum ing  th a t  th e  reaction is n o t starved  o f m onomer). The 
polar end  groups were th e n  sa id  to  rem ain  on  th e  particle’s surface w h ilst the  growing 
ch a in  propagated in to  the  (initially) m onom er rich  core -  therefore reducing  the  m onom er 
concen tra tion  g rad ien t w ith in  th e  particle  to  a  lim iting concen tra tion  a n d  (monomer) she ll 
th ickness. The m onom er rich  shell being m ain tained  by a n  ‘entropic repulsive wall’ 
depletion  layer effect2. If, however, ch a in  tran sfe r were to  occur, th e n  th e  cha in s  need  no t 
have ionic end  groups, a n d  are  no t restric ted  to  the  particle surface

As a  fu rther com plication to  the  core-shell model, C ox11021 et al. a ttr ib u ted  the  
form ation of anom alous particles [i.e., particles, taken  from th e  polym erisation before 
com plete conversion, w hich show ed a  hollow -  apparen t as  regions of low electron d ensity  
in  both  scann ing  a n d  tran sm ission  electron m icrographs), as  observed in  surfac tan t-free  
s ty rene  polym erisations, to  m onom er partially  su rrounded  by a  polym er shell: th e  m onom er 
being  evaporated by th e  electron beam  during  electron m icroscopy to leave a  void.

2.3.1.4 Seeded growth, functionalised and core-shell latex particles.
Production of surface-m odified latices by staged addition of m onom ers in  em ulsion  

polym erisation is an  im portan t in d u stria l process to  control particle  properties, im prove 
film form ing ability  a n d  m echanical properties, an d  to  increase selective reactivity. For 
m odel colloid applications it shou ld  be possible to control surface charge density  a t  fixed 
particle  size, control particle size a t fixed charge density, and  to  produce m odel films from 
h a rd  core-soft she ll latices or vice-versa.

^ h e  rad ius of gyration is de fined13491 a s  the  root-m ean-square  d istance  o f th e  
com ponent of th e  polym er ch a in  from th e  polymer m olecule’s  cen tre  of gravity.

2An interfacial ‘repulsive wall’ is formed w hen a  surface show s a  preference for the  
solvent, com pared to th e  polymer, su c h  th a t  a  (polymer) depletion layer is fo rm ed |8,113,4141.
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The technique of seed ed  polym erisation  (su rfac tan t-p resen t or surfac tan t-free) 
involves th e  use  of a  pre-prepared  latex to  a c t as  the  seed  particles for new  growth. In 
k inetic  s tu d ies  of em ulsion polym erisation, th is  m ethod h as  th e  advantage o f bypassing  the  
particle  nuclea tion  stage: if  sufficient num ber of seed  particles are available initially, th e n  
no  new  particles are form edi4561. A disadvantage is th a t  careful control is required  in  order 
to  p reven t the  growth of a  secondary crop of particles. Seeded polym erisations m ay be used  
to  p repare  abnorm ally large latex  p a rtic les197,2271. This requires th e  particle  size being  
increased  in  successive stages, w ith the previous stage being used  as th e  seed  for th e  next.

A functional com onom er can  be added: i, in  the  in itia l m onom er charge; ii, sem i- 
continuously ; iii, in  a  seeded growth; iv, by shot-grow th, i.e., w hen th e  core is allowed to 
proceed to  h igh  percentage conversion before the  addition of th e  second m onom er.

In  term s of concentrating  the  second m onom er in  th e  surface layers, the  seeded- 
grow th a n d  shot-grow th techn iques offer th e  b est prospects. However, in  add ition  to  the  
com plications of secondary nucleation  an d  growth, a  concentric  shell over-coating 
m orphology canno t be assum ed , especially if th e  seed is m ore polar th a n  th e  she ll polymer. 
(Similarly, sem i-continuous graft copolym erisations151 or seeded  grow th re a c tio n s1961 do  not 
necessarily  lead to an  encapsu lation  of the  core polymer.) E.g., com plex confetti sh ap ed  
particles, 'current bun' morphologies, in terpenetra ting  polymer n e tw o rk s |3401, a n d  incom plete 
*;raspberry-like’ shells can  o ccu rl101,3641. However, Lee and  R u d in 13091 describe som e m ethods 
by w h ich  the  particle m orphology may be controlled. S ako ta  a n d  O kaya14331 found 60% 
incorporation  of carboxyl group (-COOH) functionality  in  shot-grow th a t 80% conversion, 
rising  to  80% incorporation a t  95% conversion. C hainey |86,891 et al. com pared shot-grow th  
w ith  seeded-grow th, finding th a t  the  critical num ber density  required  to  prevent secondary  
grow th w as lower, an d  th a t  the  particles were regular in  sh ap e  an d  w ith the  sh e ll 
a tta c h m e n t increased, presum ably  by interfacial graft copolymer, for th e  sh o t grow th 
techn ique. G reater swelling of core-polymer by m onom er was observed for shot-grow th, b u t 
no d irec t proof th a t  a  core-shell morphology h ad  been a tta in ed  was provided in  th is  work. 
K im 12821 produced a  range of highly su lphonated  polystyrene latices in  w hich th e  surface 
charge density  and  particle size could be independently  varied. A sod ium  sty rene  
su lp h o n a te -s ty ren e  sho t was employed (the styrene being u sed  to  prom ote oligomer 
hydrophobicity  and  enhance  attachm ent), being added a t ) 90% conversion. The sodium  
sty rene  su lphonate  to styrene ratio  (0.16 : 0.46) was found to  be critical in  avoiding 
secondary  growth and  poly-electrolyte form ation. R uthen ium  tetroxide s ta in in g  of th e  shell 
was u sed  to  confirm  a  core (dark)-shell (light) morphology.

As s ta ted  above, the  particle morphology resu lting  from a  staged  polym erisation is 
d ep en d en t on the  respective hydrophilicity of the  core (or seed) an d  shell m onom ers. The 
n e t in terfacial energy is m inim ised w hen th e  shell m onom er is m ore hydrophilic th a n  the  
core. The polym erisation of a  hydrophobic m onom er in  the  presence of a  hydrophilic core 
can  re su lt  in  the  hydrophobic m onom er (polymer) forming a  core inside th e  in itia l 
hydrophilic  latex. This was th u s  term ed a n  “inverted” particle m orphology[3081. R u d in 1310,5111 
et al. have used  inversion polym erisation techn iques to produce a  core-shell latex  in  w hich  
th e  hydrophilic polymer resides a t  the  core. A lthough apparen tly  therm odynam ically  
unfavourable (in term s of m inim ising the Gibbs free energy of the  system  {as d iscussed  by
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Lee[310,3U1, following S u n d b e rg 1473*}), the  desired resu lt w as achieved by careful selection  of 
reaction recipe, and  mode of m onom er addition, etc. -  to control particle surface polarities 
a n d  areas an d  also the  therm odynam ics an d  kinetics of the  process. (The k inetics  of any  
m orphological developm ent are ofim portance since a  therm odynam ically  stab le  m orphology 
m ay no t be a tta in ed  if the  change encounters a  kinetic barrier.)

2.3.2 Other polymerisation techniques.
The technique of suspension  polym erisation, like em ulsion polym erisation, 

involves a  heterogeneous m ixture of a  m onom er phase d ispersed  as  droplets in  a n  aqueous 
system : d ispersion  being by m eans of a  d isp e rsan t (water soluble su sp en d in g  agent, e.g., 
poly(vinyl alcohol), gelatin, a n d  sm all am ounts of emulsifiers) com bined w ith  agitation. 
Polym erisation leads to a  d ispersed, solid, polymer phase. The techn ique differs from 
em ulsion polym erisation in th a t  the  in itia tor is m onom er soluble ra th e r  th a n  w ater soluble, 
a n d  the  k inetics of bulk  polym erisation are more appropriate . The polym er particles 
produced by su spension  polym erisation are, typically, approxim ately the  sam e size a s  th e  
droplets of the  d ispersed  phase* an d  are th u s  m uch larger th a n  th e  p roduct of em ulsion 
polym erisation reactions, ranging in  size from tens of m icrons u p  to a  few m illim etres in  
d iam e te r1191. The particle size can  be controlled and  is dependen t on  a  n u m b er of factors 
su c h  as recipe, agitation rate  an d  reactor d esig n 1201. Commercially, th e  techn ique is 
norm ally u sed  to prepare h a rd  glassy polymers su ch  as poly(m ethyl m ethacrylate) an d  
polystyrene. Softer polymers tend  to become sticky an d  aggregate. Inverse (w ater in  oil) 
su sp en sio n  polym erisation is, as its nam e suggests, the  opposite of th a t  described  above.

In the  process of D ispersion polym erisation, the  m onom er a n d  in itia to r are 
dissolved in  a n  organic solvent (or aqueous solvent for w ater soluble m onomer) w hich is a  
non-solvent for the  polymer (e.g. styrene in  alcohol), together w ith a  steric  s tab ilise r (e.g., 
poly(vinyl pyrrolidone)) to form a  hom ogeneous m ixture. After nucleation , oligomeric 
m aterial is precipitated, absorbing stab iliser to form the  stab le  particle nuclei. The 
polym erisation reaction continues in  the  particles as they  swell w ith  m onom er from the  
continuous phase. Particles produced by dispersion polym erisation m ay range in  size from 
less th a n  a  m icron up  to ten  m icronsll9). Almog191 e t al. found th a t  the  final particle size w as 
dependen t on the  solvency power of the  organic con tinuous phase, w hilst th e  su rfac tan t 
concentration  affected the  dispersity, b u t no t the particle size.

Precipitation polym erisation is sim ilar to the  process of d ispersion  polym erisation 
w ith the  exception th a t  the particles formed are no t sw ollen by the  m onom er (or the  
con tinuous phase). The reaction is performed w ithout a  stab iliser. The locus of 
polym erisation is the  particle’s surface, an d  particles so produced are  generally extrem ely 
polydisperse, irregular in  shape  an d  m ay be porous. Size ranges p roduced  are sim ilar to 
those of d ispersion  polym erisation reaction.

Pseudolatices are colloidal-sized polymer d ispersions p repared  from, for example, 
bulk-polym erised w ater insoluble polymers by m echanical m eans. The m ethod of 
preparation , developed in  the  m id-seventies, allows virtually any  w ater inso luble polymer 
to tu rn ed  into a  pseudolatex, even n a tu ra l polymers su ch  as  cellulose derivatives. N atural- 
polym er pseudolatices, w hen com pared to latices prepared  by em ulsion polym erisation,
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a lthough  n o t very m onodisperse, have the  advantages of n o t con ta in ing  residual monomer, 
ca ta ly st or in itia to r fragm ents. It is th u s  easier to  prepare  a  pseudolatex  th a t  is readily 
acceptab le  (safe) for u se  as a  d rug  coating: u tilising  polym ers th a t  canno t be p repared  
directly  in  th e  form of a  latex. The first su ch  com m ercial pseudolatex, accepted  for drug  
use , w as a n  ethyl cellulose pseudolatex  called ‘Aquacoat®\ produced by th e  FMC 
C orporation1 of America. This is typically used  for controlled release d rug  e n c a p su la tio n ,141.

2.4 M icroparticles and encapsulation.
Polymers an d  latices are  often used  to  encapsu late , for example: active drug  

com pounds (to protect, contain, a n d  a s s is t  in  targeting  th e ir s ite  of ap p lica tio n I1271); as 
scratch-and-sntff type devices; a lthough  originally they  were developed to  en cap su la te  dye 
in  carbon less copy-paper. In addition  to  tab le t coating, th ey  are u sed  pharm aceu tically  as 
w h a t are  know n collectively a s  m icroencapsu lan ts or m icroparticles (also called 
m icrospheres an d  nanoparticles). The particles find u se  as en cap su lan ts  for controlled 
release  devices (see C hapter 6), an d  are  a lso  suitable, by v irtue of th e  ability to functionalise  
th e  surface, for im m unological s tu d ie s [4101. A rshady defines a  m icrosphere as a n  em pty 
m icrocapsule, an d  th e  various m anufactu ring  techn iques for su c h  particles (su ch  as 
coacervation, su sp en sio n  and  crosslinking, an d  solvent ex traction  or evaporation) have 
b een  review ed[16,17,18,19,127,4811. In keeping w ith the  tren d  tow ards environm entally  friendly 
p roducts, S c ra n to n 14411 et al. described a  m ethod of producing hydrophilic m icroparticles 
(poly(hydroxyethyl m ethacrylate)) from a n  aqueous sa lt  so lution, u s in g  the  techn ique  of 
su sp en s io n  polym erisation an d  crosslinking: th e  sa lt  acting  to  reduce the  m onom er’s 
aqueous solubility  and , hence, form  the  suspension .

E ncapsu la tion  of, for exam ple, a  drug  requires th a t  the  d iscon tinuous p h a se  of the  
em ulsion  (which is used  to  form the  particles) is p repared  from  th e  ag en t to  be 
encapsu la ted , as  well as the  polymer and  perhaps a n  organic solvent, in  th e  aqueous 
con tinuous phase.

In th e  coatings industry , hollow latex particles, w hich encapsu la te  a n  a ir  void, are 
of in te re s t due to their forming opaque films (see C hapter 4) w hich exhib it h id ing  
ch a rac te ris tic s  m aking  them  su itab le  for use  a s  pa in ts. In te re s tl244,2921297,3 6 362,363,365‘5051 
in  su c h  hollow (or multi-hollow) polym er particles h as  grown since  the  pub lica tion  of a  
E uropean  p a te n t12911 in  1981. Their p reparation  is typically a  m ultistage process w hereby 
a  sh e ll polym er is formed a ro u n d  a  core w hich can  be hollowed, for exam ple, by 
n eu tra lisa tio n  an d  drying.

tyMC Corporation, Food an d  Pharm aceutical Products Division, Philadelphia, U.S.A.
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Introduction, Chapter 3: 
Latex (and Polymer) Characteristics.

3.1 Introduction.
E f |n  m ost s tud ies of polymers, latices, and  polymer films, it is necessary  to know a t  least 
Sglsom e characteristics of the  polymer being used. These ch arac te ris tics  m ay vary from the  
particle  size of a  latex or the  polymer’s m olecular w eight to its surface charge density , and  
w h a t functional groups constitu te th a t charge.

The aim  of th is C hapter is to provide an  overview of som e of th e  available m ethods 
of charac te risa tion  used  in polymer latex chem istiy . A num ber of the  m ethods are, however, 
applicable for polymers o ther th an  polymer latices.

3.2 Physical properties of polymers.
The physical properties of polymers are generally d ep en d en t on th e ir  chem ical 

com position. W ith regard to the film form ation work of th is  s tudy , th e  m ost im portan t 
p roperties are those th a t  are m echanical a n d  tem peratu re  related; defining w hether the  
polym er is glassy or rubbery. (General references: B illm eyer1481 a n d  B iy d so n 1731.)

3.2.1 Polymer crystallisation and the glass transition temperature.
The two extrem es of s truc tu re  (morphology) in  w hich polym ers m ay exist are 

am orphous or crystalline. Rarely are polymers tru ly  am orphous, however, an d  crystalline 
polym ers will norm ally show  am orphous regions, as ind icated  by X-ray diffraction stud ies 
w hich  show  both  sh a rp  peaks and  more diffuse peaks. Below a  critical tem pera tu re  (the 
glass tran sition  tem perature, or Tg), am orphous polymers m ay becom e glassy due to the 
m ovem ent of the  polymer cha in s’ single bonds becom ing restric ted  (i.e., ro ta tion  of sigm a 
bonds is restric ted  b u t m olecular vibration still occurs), an d  exhibit crystalline features. The 
polym er is sa id  to be in  its glassy sta te  below the  Tg, an d  in  its rubbery sta te  w hen above 
the  Tg.

R estricted rotation of bonds, possibly due to in tram olecu lar hydrogen bonding, 
dipole repulsion  or steric h indrance can lead to polymer ch a in  tacticity  in  w hich the  
polym er takes  the conformation of lowest energy. Ring s tru c tu re s  also lead to chain- 
segm en t stiffening, as does the presence of double (pi) bonds. D ouble bonds, however, 
increase  the  flexibility of ad jacent single bonds su ch  th a t  the  n e t  effect on a  polymer 
m olecule m ay be to decrease the Tg.

Crosslinking generally increases chain  stiffness, leading to g rea ter crystallinity  a t 
a  given tem peratu re , w hilst for copolymers, the  Tg is u sually  betw een th a t  of the two 
hom opolym ers. In the  case of two (or more) mixed polymers of differing Tg, it  is normally 
possib le to m easure  the different values of Tg for each  polym er. The p resence of a  
com patible plastic iser  in  a  polymer will lower the Tg: the  m agnitude  of the  reduction  being 
d ep en d en t on the  concentration of p lasticiser, w hilst o ther additives (e.g., fillers or 
co lou ran ts  added  to a polymer m em brane, etc.) may increase th e  Tg.
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The stiffening effects of polar groups and  hydrogen bonding  can  be offset by th e  
add ition  of n-alkyl groups w hich increase separa tion  betw een th e  active forces. S u ch  
separa tion  is im portan t for the  lower poly(alkyl m ethacrylates). However, above 
polytn-dodecyl m ethacrylate) th e  Tg increases due to  en tang lem en t o f th e  alkyl groups.

Polymer c h a in  ends have greater freedom to ro tate  th a n  th e  m id-sections and , 
hence, m olecular w eight is im portan t also. Higher m olecular w eight polym ers generally  
show ing a  h igher tra n s itio n  tem perature. Tg is related to  m olecular w eight b y 11691:

T ,- T , - - f c ( j r ,)-■ (3.1)

where:
= glass tran sition  tem peratu re  a t  infinite m olecular weight; 

k  = positive constant;
AT = nu m b er average m olecular weight.

Polym er age m ay also  affect th e  Tg. Okham afe & Y ork13531 determ ined  a n  
approxim ate 10 K reduction  in  the  Tg (which was initially 429 K) of hydroxypropyl 
m ethylcellulose films stored for one year a t  293 K an d  37% R.H. Sim ilar films p lastic ised  
w ith  polyethylene glycol 400, w ith a n  initial Tg of »  356 K, show ed no  decrease w ith  age. 
The decrease  in  Tg o f th e  unplastic ised  film was th u s  a ttr ib u ted  to  th e  loss of res id u a l 
solvent from  w ith in  th e  crystalline regions of the  film: su c h  crystalline regions being  
v irtually  a b se n t in  th e  p lastic ised  film. Additives th a t in terac ted  e ithe r physically  (by virtue 
of shape) or chem ically  to h in d er polymer cha in  m otion increased  polym er Tg, w h ilst polar 
repu lsions could  possib ly  lower the  Tg due to  enhanced  ch a in  segm en t mobility. The Tg m ay 
a lso  be considered  a s  being tim e dependent as a  resu lt of polym er ch a in  re lax a tio n l48), as 
described  by a  W illiam s-Landel-Feriy type equation1: a  plot of Tg ve rsu s  logarithm !tim e] 
being typically linear.

If a  polym er is m ade from a  regular series of identical repeating  un its , an d  consists  
of a  backbone-chain  of lim iting flexibility, it is possible for th e  u n its  to  form  a  crysta l lattice 
o f repeating  ‘u n it cells’: a  crystalline polym er. The Tg of a  crysta lline  polym er is less 
sign ificant th a n  is th e  case for a n  am orphous polymer, due  to  th e  crystalline uniform ity 
lim iting c h a in  m obility of th e  polymer w hen in  its rubbery  s ta te . Polymer c iysta llin ity  m ay 
be reduced  by th e  p resence of side chains, which in te rru p t the  ordered s tru c tu re . Atactic 
polym ers m ay be crystalline, however, if th e  side chains of th e  asym m etric  carbon  a re  of 
sim ilar size s u c h  th a t  th e  ‘sh ap e ’ of the  u n it  cell is no t in te rrup ted .

The crysta llin e  m elting-point, Tm, of a  polymer is typically affected by th e  sam e 
factors th a t  affect th e  Tg, an d  for homopolymers, there  is a n  approxim ately linear 
re la tionsh ip  betw een the  Tm an d  the  Tg. (The glass tran s itio n  m ay occur over a  range of 
tem pera tu res , however, w hereas the  m elting-point is sharp ly  defined.)

lOriginally used  to  describe polymer viscosity and  tem p era tu re  rela tionsh ips, b u t  can  
be u sed  to  describe  a  num ber of polymer properties w hich change a s  a  function  of 
tem pera tu re , w hen  th e  change arises as a  resu lt of changes in  th e  polym er’s  viscosity.
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Above th e  Tm, th e  polym er will be a n  am orphous an d  ru b b ery  liquid. On cooling it 
m ay  e ither crystallise (if th e  s tru c tu re  allows) or vitrify. A crysta lline  polym er c a n  be forced 
to  th e  g lassy  s ta te  by rap id  cooling. However, a  polymer w ith a n  irregu lar ch a in -s tru c tu re  
m ay never be m ade crystalline. Above the  Tg, b u t below th e  Tm, a  crysta lline  polym er will 
con ta in  som e am orphous regions where ch a in  segm ent m obility s till occurs. Below the  Tg, 
th is  m obility is negligible.

A lthough it is possib le to  ‘grow’ single polymer crystals, c rysta lline  polym er s tru c tu re  
con ta in ing  both  crystalline an d  am orphous polymer h a s  been  explained  in  term s of a  
‘fringed micelle concept.’ This proposes th a t  a  single polym er chain , being long in  length, 
c a n  con tribu te  to  bo th  crystalline and  am orphous regions, explain ing  th e  s tru c tu ra l 
‘bonding’ s tre n g th  betw een th e  two regions. Polymer crysta ls c a n  show  th e  typical defects 
se en  in  tru e  crysta ls (dislocations, point defects, etc.), w hich together w ith th e  am orphous 
regions, con tribu te  to  th e  diffuse regions of the  X-ray diffraction p a tte rn s  o f polymers.

3.2.1.1 Effect of plasticisers.
The add ition  of a  liquid (or solid) to  a  polymer th a t  increases polym er cha in  

sep ara tio n  a n d  therefore increases segm ent mobility, th u s , lowering th e  polym er Tg (and 
elastic  m odulus) is sa id  to  p lasticise th e  polymer. P lasticisers typically have sim ilar 
solubility  p a ra m e te rs1731 to  th e  polymers th a t  they plasticise, a n d  a re  generally  of h igh  
m olecular w eight ()300) to  reduce diffusion out of th e  polymer. If th e  polym er and  
p lastic iser in teract, th e n  th e  p lastic isation  effect can  be reduced. In te rac tion  m ay be 
betw een polar groups, or by th e  form ation of hydrogen bonds.

3.2.1.2 Determination of the T9 and Tm.
M ethods of polym er analysis by therm al m eans have been  reviewed by 

H olsw orth ,2431. In  addition  to  the  ‘sim ple’ determ ination  of th e  decom position tem pera tu re  
of a  polymer (which could  be determ ined by m easuring  the  change in  its  w eight as a  
function  of increasing  tem pera tu re , using  the  technique of therm ogravim etric analysis), 
or th e  g lass-rubbery  tran sitio n s  (as determ ined by D ifferential scan n in g  calorim etry  
{D.S.C.} a n d  D ifferential therm al analysis {D.T.A.}), etc., th erm al m ethods of analysis can  
be u tilised  to  characterise , for example, th e  effectiveness of a  crosslink ing  reaction, or 
p lastic isa tion  by a  plasticiser. Ottewill an d  S a tu ru n a th a n ,3701, for exam ple, have u sed  D.S.C. 
to  investigate th e  adso rp tion /g rafting  of additives on to  polystyrene latices, p repared  w ith  
a n d  w ithout su rfac tan t a n d  copolymer an d  th en  dialysed.

D.S.C. is u sed  to  com pare th e  tem peratu re  of a  sam ple ag a in s t a  reference sam ple- 
holder, for a  predefined tim e-tem perature  program. The tem pera tu re  of th e  sam ple an d  
reference is ad ju sted  to  rem ain  equal, w hilst the difference  in  power for th e  sam ple and  
reference is o u tp u t su c h  th a t  the  integral of the  o u tp u t (which is a  p lo t of tem pera tu re  
versu s  difference in  power), as a  function of tim e, is a  m easure  of th e  h e a t tran s itio n . Glass 
tran s itio n s  an d  m elting-points are indicated  by anom alous changes in  th e  specific h ea t 
curves for th e  polymer. D.T.A. m easures th e  tem peratu re  difference, AT, as  a  function of 
tem pera tu re , T, betw een a  sam ple and  in ert reference substance . A tem p era tu re  difference 
is only observed w hen th e  sam ple evolves or absorbs h e a t (show n as  a  peak), or undergoes
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a n  a b ru p t change of h e a t capacity  su c h  as a t th e  Tg (shown as a  change of g rad ien t in  the  
AT versus T curve).

3.2.2 Determination of polymer (latex) structure.
M any techn iques exist w hich yield inform ation on polym er s tru c tu re , allowing the  

de te rm ina tion  of, for exam ple, polym er chain  conform ation, to  la tex  particle  morphology, 
o r coating morphology. As w ith  ‘true* crystals, th e  s tru c tu re s  of crysta lline  polym ers m ay 
be probed u s in g  diffraction stud ies, typically u sing  X-rays as th e  probe (due to  their 
w avelength being of th e  appropriate  interm olecular size). O rdered s tru c tu re , a s  m ight be 
found in  a  crystalline polymer lattice, causes interference p a tte rn s  in  th e  sca tte red  or 
diffracted rad iation  allowing th e  determ ination  of the  m olecular geom etry. X-ray 
crystallographic d a ta  c a n  provide inform ation on polymer properties s u c h  as  ch a in  
conform ation an d  ch a in  packing, typically providing inform ation on  th e  repea ting  u n its  
ra th e r  th a n  the  a rrangem en t of atom s (molecules) w ith in  th e  u n it  cell. The d a ta  so 
p roduced  is, however, diffuse due to  d isorder in  th e  crystal s tru c tu re .

O ther spectroscopic techn iques d iscussed  in  th e  lite ra tu re  include  Nuclear 
M agnetic R esonance (N.M.R.) an d  infrared spectroscopy. L ange13051 e ta l .  reported  a n  
infrared techn ique  to  estim ate  the  interfacial layer th ickness  in  core-shell particles, being 
typically 5 n m  an d  com paring favourably with resu lts  from D.S.C., N.M.R. spectroscopy, 
a n d  S.A.N.S. spectroscopy. N.M.R. spectroscopy is, like X-ray spectroscopy, su itab le  for the  
de te rm ina tion  of polym er ch a in  s tru c tu re . Using isotopically labelled polym er com ponents 
{e.g., 13C or 10F), N.M.R. spectroscopy allows the site  of the  com ponent [e.g., a  functionalised  
copolymer) to  be determ ined: P ich o t13951 used  the  variation in  s igna l b read th , cau sed  by the  
restric ted  m ovem ent o f bu lk  polymer com pared to  th a t a t  th e  interface, to  determ ine 
w hether th e  labelled com ponent was a t  the  polymer interface or in  th e  b u lk  polymer.

E lectron  m icroscop y is a  su itab le  technique for observing latex  particle  (and film) 
morphology. A nu m b er of m ethods ex ist by w hich the  observation of latex  particles by 
S.E.M ./T.E.M . can  be enhanced . Bradford a n d  V anderhoff1641 cite several techn iques 
w hereby low Tg particles m ay be hardened: e.g., b rom ina tion1701 of u n sa tu ra te d  bonds or 
e lectron  irra d ia tio n 1651 to  crosslink  polymer chains. S haffe r |447,4481 et al. d iscu ss  the 
increased  complexity o f T.E.M. w hen core-shell particles are involved, w ith  often m ore th a n  
one  techn ique being required  from: osm ium  tetroxide to c rosslink  a n d  s ta in  u n sa tu ra te d  
polymers; a  cold stage for latices too soft a t room  tem perature; negative s ta in in g  (using 
phospho tungstic  acid) to  increase contrast; shadow ing to s tu d y  sag  a t  room  tem peratu re  
(hard  shell a ttem pted  a ro u n d  a  soft core); ultram icrotom ing or cryo-ultram icrotom ing.

An example of th e  resu lts  available by T.E.M. is the  work of D isa n ay a k a 11201 et a l ,  
w ho in  order to  s tu d y  th e  in te rnal morphology of latex  particles, u sed  a  ‘freeze-fracture’ 
T.E.M. techn ique w hich involved rapidly freezing th e  sam ple of latex  u n d e r liquid nitrogen, 
to  re ta in  its  s tru c tu re , a n d  th e n  fracturing  the frozen sam ple w ith  a  cooled knife. D epending 
on  the  position  of th e  particles, w ith respect to  the  m atrix  frac tu re  section, th e  particles 
m ay  either fracture  or be p resen t as  a  protrusion, or be rem oved to  leave a n  inden tation . 
U sing th is  technique, D isanayaka observed th e  particle frac tu re  cross-sec tions of both
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aqueous latices an d  non-aqueous dispersions. The m icrographs depicting th e  su rfaces  of 
particles of (surfactant-free polymerised) poly(methyl m ethacrylate) show ed a n  uneven  
tex ture th a t  was a ttrib u ted  to  th e  particles’ growth by prim ary  particle  coagulation, in  
agreem ent w ith th e  observations a n d  conclusions by B a sse tt |361. The frac tu re  cross-sec tions 
of th e  particles show ed a  grain iness (globules) th a t  was a ttr ib u ted  to  w h a t were th o u g h t to 
be vestiges o f su c h  prim ary particles, w hilst the  uniform ity of th e  g ra in iness across the  
whole of th e  cross section  was th o u g h t to  be characteristic  o f th e  con tinued  grow th of the  
prim ary particles, w ith in  the  latex particle, by polym erisation o f adsorbed  m onom er.

D isa n ay a k a 11201 found th e  fractu re  cross-sections of polystyrene latices to  differ from 
those  of PMMA, show ing no  g rain iness, b u t showing radial lines from  th e  p a rtic les’ cen tres. 
These lines were a ttrib u ted  to  th e  surfactant-free particle grow th being  a t  th e  particle 
surface, in  agreem ent w ith  H e a rn 12291 et al., b u t being non-uniform . S u c h  rad ia l lines were 
a lso  observed in  the  PMMA prepared  in  a  non-aqueous d ispersion , im plying sim ilarity  in  
the  particle  grow th m echan ism s to  th a t  of the  aqueous polystyrene, a ttr ib u ted  to  a  sim ilar 
radial increase  in  m onom er concen tra tion  w ithin the  particle, from  th e  cen tre  outw ards.

G hebre-S e llassie11871 et al. u sed  the  high energy of e lectrons to  de te rm ine  the  
location o f additives w ith in  th e  cross-section  of a  proposed su s ta in e d  release  form ulation. 
The e lectrons () 30 kV) caused  X-ray em issions from the  sam ples, w hich were detected  by 
a n  energy dispersive X-ray spectrom eter. A plot of the  X-ray o u tp u t in ten s ity  o f certa in  
elem ents, as  a  function of position on th e  cross-section, providing th e  requ ired  inform ation.

Sm all angle neutron scattering  (S.A.N.S.) has  been u sed  to  s tu d y  th e  s tru c tu re  of 
polymer la tex  films. The technique is complex in th a t it typically requires th e  radioactive 
(deuterium ) labelling of som e com ponent in  order to  provide a  m eans of sc a tte rin g  con trast. 
Like ligh t scattering , th e  technique c a n  provide inform ation on  th e  w eight-average polym er 
m olecular w eight an d  th e  z-average rad iu s  of gyration. In addition, the  in terference p a tte rn s  
so  produced, a lthough  com plex to  in terpret, can  yield inform ation on  polym er s tru c tu re . 
The techn ique  h as  found particu la r application in  th e  s tu d y  of la tex  film 
fo rm ation |95,212,213,2571459,555,556t, providing information on ch a in  in ter-d iffusion  a n d  particle 
coalescence (see C hap ter 4), a n d  h as  also  been utilised for la tex  particle  sizing, a n d  by the  
use  of a  deu te ra ted  shell, for th e  s tu d y  of core-shell type p a rtic le s [158,4591.

3.2.3 Determination of polymer molecular weight.
The n a tu re  of th e  d istribu ted  m olecular-size of polym ers determ ines th a t  the ir 

m olecular w eight is norm ally quoted as  a n  average value dependen t, for exam ple, on  the  
num ber o f particles or the ir viscosity, etc. A num ber of co lliga tive  properties are 
theoretically  su itab le  for th e  determ ination  of polymer m olecular weight. In  practice, 
however, osm om etry  is the  m ost widely used  due to the very sm all changes th a t  require 
m easu ring  by th e  o ther m ethods. (E.g., a  polymer solution {0.01 g cm '3} w ith  a  m olecular 
weight of 20 ,000  produces a  change in  the  boiling/freezing-point of th e  o rder of 0.001° C, 
an d  a  lowering of th e  vapour p ressu re  {mm Hg} by a  sim ilar o rd e r1481.) As suggested  by the  
nam e, colligative properties yield a  num ber average m olecular w eight, M n .
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In  a  polym er solution, light is scattered  due to the  irregu lar changes of refractive 
index, caused  by the polymer. S uch  scattering  is described by th e  equations of Rayleigh, 
Debye, G ans an d  Mie. Conventionally, the  angu lar profile of th e  sca tte red  ligh t can  be used  
to determ ine the  polymer m olecular weight by m eans of the  Debye th eo ry 11111 and , in  the 
case  of large particles, the m ethod of Zimrn15651, which allows for m ultip le sca tte rin g  from 
single particles. The resu lt of light scattering experim ents are  a  w eight average m olecular  
w eight, JVfw. The ratio of the  weight average m olecular w eight to the  n u m b er average 

m olecular w eight provides a  m easure of the  polydispersity of the  system . The m ethods 
invariably require th a t  the  polymer is in  solution.

M any o ther techniques exist for the  determ ination of polym er m olecular weight, 
su c h  as  chrom atography, sed im entation , viscom etry. The la tte r  provides th e  viscom etry 
average m olecular weight, M 0. The various equations are sum m arised  below:

M  .  % N ‘M ‘ M  . 1 * 1 * 1  M  =
" I N ,

y_N,M I +a * 
I

2 n ,m ,
(3.2)

where:
N, = num ber of m olecules of m olecular w eight M(, in  th e  ilh fraction.
a  = co n stan t for a  given polymer, solvent a n d  tem pera tu re  as  in  th e  M ark- 

Houwink equation:

W  = (3.3)
where:

[Tf] = in trinsic  viscosity;
K -  constant;
Mr = relative m olecular m ass, as determ ined by equations (3.2)

The above techniques generally are secondary m ethods, requ iring  a  s ta n d a rd  for 
calibration . A fu rther technique is gel perm eation chrom atography (G.P.C.). This h as  the  
advan tage of providing num ber and  weight average m olecular w eights.

W ith regard to the  study  of latices (and latex films), polym er m olecular w eight d a ta  
c a n  provide inform ation on the m echanism s of the polym erisation reaction, a n d  m ay also 
be of im portance w ith regard to perm eability stud ies. G oodall11961 e t al. u sed  G.P.C. da ta  
show ing the  presence of low m olecular weight oligomeric m ateria l to s tu d y  particle 
nuclea tion  in  surfactant-free styrene polym erisations. S uch  low m olecular w eight m aterial 
w as found to be p resen t only in  the  in itial stages of the  reaction. This is in  c o n tra s t to 
sim ilar s tud ies  on BMA, in  which low m olecular weight m ateria l w as found for th e  “d u ra tion  
of the  reaction”14231 w hilst m onom er was still p resen t in  the  aqueous p h ase  {i.e., even after 
th e  a tta in m e n t of a  co n stan t particle num ber density), im plying different m echan ism s 
propagate during  the  reaction: the nucleation  of styrene being com pleted  earlier th a n  the 
nuc lea tion  of BMA.

The form ation of a  film from a  latex (see C hapter 4) requ ires coalescence of the  
particles, w hich itself is dependen t on polym er chain  in terdiffusion. Recently, Yoo1555,5561 
e t al. have s tud ied  th is  interdiffusion, as  a  function of cha in  rad iu s  of gyration, w hich is 
proportional to (polymer m olecular weight)’72, concluding th a t  film form ation is partly

Modification of the permeability of polymer latex films. p-3:6-



Introduction, Chapter 3: Latex (and Polymer) Characteristics.

controlled by the  spatia l d istribu tion  of chain  ends and  polym er m olecular weight, and  
critically, the  ratio of the polymer ch a in s’ radii of gyration com pared to the  latex  particle’s 
rad ius.

3.2.4 Latex particle sizing.
A num ber of m ethods exist for the  purpose of sizing latex  particles, each  w ith its 

own advantages and  disadvantages.

3.2.4.1 Microscopy.
Simple optical transm ission /reflec tance  m icroscopy is lim ited in  its use  for 

observing colloidal sized particles by its resolution an d  the  need  for good co n tras t betw een 
th e  object a n d  its surroundings (although the la tte r problem  can  be overcome to some 
ex ten t by the  technique of ‘dark>field’ or ‘phase contrast’ m icroscopy in  w hich light 
sca tte red  by the  object is observed aga in st a  dark  background allowing particles of ca 
10 n m 13741 to be observed, cf. ) 1 jnm  for a  norm al optical microscope).

Electron microscopes utilise w avelengths sm aller th a n  those of visible light to 
resolve greater detail, and  fall into one of the  two m ain  types: the  scanning electron  
m icroscop e (S.E.M.), or the  transm ission  electron  m icroscop e (T.E.M.). In the  S.E.M., 
th e  electron beam  traverses the  sam ple, w hich m ust be coated w ith  a  th in  conducting  film, 
in  a  series of parallel tracks. The electron beam  may be back-scattered , or in te rac t w ith the 
sam ple to produce secondary electron em ission (or X-rays, etc.), w hich can  be detected. 
Secondary electron em ission provides a  diffusely illum inated tw o-dim ensional view, w hilst 
back  sca ttered  electrons provide a  th ird  dim ension, giving the  sam ple a shadow  as if side 
illum inated  from a  point source. The resolution of S.E.M. is less th a n  T.E.M. (ca 5 n m  for 
S.E.M. {greater resolution requires a  h igher beam  energy, w hich dam ages the  polymer} c f  
0 .3 n m  for T.E.M .11741) bu t S.E.M. provides a  greater dep th  of field.

In the  technique of T.E.M., the  sam ple is supported  by an  electron tra n sp a re n t 
su b s tra te , held  on a copper grid. E lectrons e ither pass th rough  the  sam ple or are scattered  
by it d ependen t on sam ple th ickness and  atom ic num ber (electron density). The image is 
th u s  provided by the  am oun t of con tras t betw een regions th a t  sc a tte r  to a  greater or lesser 
extent. By vacuum -evaporating a  heavy m etal {e.g., gold) onto the  sam ple a t  a  know n angle, 
co n tra s t is enhanced , and  the  image appears to have a  th ird  d im ension. For sam ples su ch  
as latex  films, etc., it is often necessary  to prepare a  carbon replica of the  sam ple to avoid 
the  specim en becoming deformed in  the  electron beam.

For the  purpose of sizing, the  latex (typically a t  0 .05% 13701 solids content) m u st be 
totally  dried  due to the process requiring a  vacuum  for the  electron beam . F u rther 
d isadvan tages are (i) th a t  the  sam ple m ay become d isto rted  (either by the  electron beam  
itse lf causing  the polymer to flow w ithin a  few seconds of illum ination, or the  particles may 
become flattened  on to the  su b s tra te  {although m ethods ex ist for the  sizing of deformed 
p a rtic le s |661}), an d  (ii) the  m ethod is tedious requiring m ultiple ba tches of large particle 
num bers to allow for the  sta tis tica l deviations in  particle size. D avidson an d  C ollins11081 also 
dem onstra te  the  necessity  of latex cleaning before E.M. exam ination, show ing th a t  artefacts 
resu ltin g  from the emulsifier, used  in  the  latex preparation , m ay appear as a  second
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generation  of particles: th e  cleaned latex  providing a  clearer m icrograph w ithou t affecting 
particle  size.

The trea tm en ts  to  latex particles, u sed  to  a s s is t  in  th e  E.M. process, were d iscussed  
in  the  previous section  an d  w hilst som e of these  trea tm en ts  are  equally  usefu l w hen E.M. 
is u sed  for particle sizing, others m ay adversely affect particle size: e.g ., b rom ination  m ay 
change th e  particle d iam e te r |641. (Bradford and  V anderhoff1641 cite th e  work of B row n1701 an d  
W ilson15421 et al. who claim ed a n  increase in  particle diam eter of betw een 9% 10%.)
W hereas brom ination only works for u n sa tu ra te d  polymers, V anzo15151 et al. describe a  
m ethod  of polymer harden ing  w hereby sty rene (10%) is sorbed in to  th e  particles an d  
polym erised by irradiation. The size increase can  be calculated  from th e  know n am o u n t of 
added  styrene, and  th e  technique only required one th irtie th  of th e  rad ia tion  necessary  to 
cau se  harden ing  by crosslinking of th e  polymer chains. A negative s ta in in g  techn ique, in  
w hich  th e  background to  th e  particles is m ade electron dense, is described by Scholsky an d  
F itc h 14371.

The techn ique of sizing by T.E.M. is a  secondary techn ique in  th a t  it requires a  
s ta n d a rd  ag a in st w hich th e  particles m ay be com pared. This s ta n d a rd  m ay be in  th e  form 
of a  calibrated  grid {e.g., diffraction grating replica), or a  m onodisperse latex  of 
predeterm ined  size (secondary standard). E.M. is, however, th e  only sizing techn ique  to 
perm it v isual observation of the sam ple and, hence, particle sh ap e  m ay also  be observed.

3.2.4.2 Light scattering.
Ottewill an d  S h a w 13731 used  the  colours an d  angu lar position of sca tte red  light 

(higher order Tyndall effect)1 to characterise  th e  particle size of m onodisperse polystyrene 
latices, finding good correlation w ith  the  size resu lts  of E.M., provided th a t  th e  la tex  was 
m onodisperse.

If th e  latex particles are in  th e  size range 200 —> 400 nm , a re  m onodisperse, and  
th ere  is a  difference in  refractive index  betw een the  particle in terior a n d  interface, th en  
particles w hich form a n  ordered crystal-like s tru c tu re  (particle crysta l s tru c tu re  as  opposed 
to  polymer crysta l s truc tu re) will undergo Bragg diffraction ir id e sc e n c e 11211. S u ch  
iridescence is also seen  in  both w ater sw ollen11211 an d  dry film s1121,5091, p repared  from 
polym er latices, w hich re ta in  som e of the  original s tru c tu re . V anderhoff15091 et al. note th a t  
th e  colours seen  in  a  latex  may differ from those seen  in  a  film p repared  from  th e  sam e 
latex, due to  th e  different in terparticle  spacing. V anderhoff also  quotes th e  colours seen  for 
a  given particle size. However, th ese  presum ably  vary w ith the  angle of observation.

W ith reference to  the  sca ttering  of light from latex particles, ligh t sca tte rin g  theory  
is d ependen t upon both  th e  latex particle size an d  its shape, in  add ition  to  th e  w avelength 
of th e  inciden t light. The sim plest theory depicts the  particle as a  po in t source of light

’Due to th e  particle size of a  latex  being of a  sim ilar order to th a t  of th e  w avelength of 
light, latices typically undergo sca ttering  phenom ena. This is evident from latices m ade of 
clear polym er appearing  white w hen concentrated , or tu rb id  w hen d ilu te  (Tyndall effect).
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(particle diam eter, 0  (X/20 where X = wavelength of light) by assum ing  th e  am plitudes of 
the  sca tte red  waves are additive. This is described by Rayleigh sca tte rin g  in  w hich the  
sca tte red  in tensity  is proportional to  X,'4 and , more significantly, proportional to  (0 /2 )611591. 
The to ta l am plitude of light scattered  from a  particle is proportional to its  volum e and  
therefore its  m ass. S uch  sca ttering  therefore leads to a  w eight-average particle  s iz e ,1591. 
Larger particles (0  ) 0.33X) canno t be considered as point sources of ligh t as  sca tte rin g  can  
occur from  m ore th a n  one po in t on th e  particle, a n d  interference p a tte rn s  develop, requ iring  
th e  u se  of differing scattering  theory su c h  as those of Debye an d  G ans, or Mie. V an Tent 
an d  te  N ijenhu isI512,513,5141 have u sed  light transm ission  s tu d ies  (i.e., tran sm iss io n  is 
d ep en d en t on  scattering  an d  interference) to  s tu d y  particle size (and packing) du ring  latex  
film form ation.

The advent of lasers an d  com puters led to  the  developm ent of in s tru m en ts  th a t  u se  
sca tte rin g  theory  to  dynam ically m easure  the  particle size of latices u sin g  the  process 
term ed  p h oton  correlation spectroscop y  (P.C.S.). The physics of th e  process together w ith  
som e applications (in addition  to  particle sizing) and  the  m ethods of analysis of the  
re su lta n t d a ta  are  described in  a  num ber of references[e9" 751168,406,407,4661.

A dvantages of th e  P.C.S. techn ique are  th a t  it yields a n  abso lu te  size m easu rem en t 
(ra ther th a n  a  secondary resu lt requiring a  calibration s ta n d a rd  as  does E.M.) a n d  th e  
sam ple is no t d istorted  as can  happen  w hen soft latex  sam ples are  deposited  on a  grid, or 
u n d e r a n  E.M. beam . A d isadvantage of P.C.S. is th a t  it yields a  hydrodynam ic particle  
d iam eter. However, Goossens an d  Z em brod12031 used  th is  feature to s tu d y  th e  latex particle 
surface: u s in g  the  increase in  particle diam eter, caused  by raising  th e  pH from 3 —> 14, to 
investigate carboxylated latices. (The increase in hydrodynam ic size is a  re su lt of surface 
charge neu tra lisa tion  an d  ionisation of the  carboxyl groups, leading to  g reater e lectrostatic  
repu lsion  and , hence, expansion: a  feature found w hen the polym er Tg is sufficiently low 
to  allow  ch a in  flexibility a n d /o r  chain  polarity allows the ch a in  segm ents to  in te rac t an d  
be p lastic ised  by the  aqueous p h a s e 12451.) Similarly, P.C.S. h a s  been  u sed  to  s tu d y  the  
su rface adsorp tion  of m acrom olecules 12811. O ther d isadvantages of P.C.S. re su lt from  the  
techn ique relying on the  random  diffusion of th e  particles. Thus, factors th a t  affect the  
diffusion can  lead to  spurious resu lts, e.g., sed im entation  of large d iam eter particles.

A new er technique th a n  P.C.S., b u t still using  light sca ttering  theory  (Rayleigh- 
G ans-D ebye or Mie theory) is in tegrated  light scattering  (I.L.S.). This m ethod is closer to 
n e u tro n  or X-ray scattering  experim ents th a n  P.C.S. Straw bridge an d  H a lle t14701 show ed th a t  
it could be combined, u sing  Mie theory, w ith electron m icroscopic or P.C.S. d a ta  to  yield 
inform ation on particle size and  polydispersity. Strawbridge also  used  th e  techn iques to  
determ ine th e  shell th ickness of hollow latex spheres.

3.3 Chemical properties of latices.
The control and  charac te risa tion  of the  surface properties of a  latex  are  often 

required  in  order th a t  the  properties of th e  latex are understood for its prospective use: be 
it th e  form ation of a  film, as  a  coating; or for u se  as model collo id1265,5031. B ecause o f the  
sm all size of a  latex particle, the  extremely high surface a rea  to  volum e ratio  m eans th a t
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th e  particle’s  properties are very m u ch  d icta ted  by th e  su rface  properties. The com plete 
charac te risa tion  of a  latex  obviously requires th e  de term ination  of th e  su rface charge 
density , a n d  identification of th e  source of th a t  charge, due  to  th e  fact th a t  th is  plays su c h  
a n  im portan t function in  th e  colloidal properties of a  la tex  a n d  its s ta b ility ,369*4801.

3.3.1 Surface chemistry.
Factors affecting the  surface chem istry  of a  polym er latex  particle  include th e  

various item s of th e  polym erisation reaction recipe su c h  a s  th e  in itia to r type, m onom er an d  
com onom er functionality, a n d  su rfac tan t type. In su rfac tan t-free  polym erisations, th e  latex  
surface properties are m ainly dependen t on the  in itia to r type: Goodw in12021 e ta l. lis t a  
n u m b er of the  com m on in itia tors an d  th e ir possible functional groups. After preparation , 
th e  su rface  chem istry  m ay be changed  by the  cleaning m ethod employed (see parag raph  
3.3.2) or sim ply from prolonged storage.

The ideal model colloid would con ta in  only one type of charged  end  group. However, 
in  th e  case  of a n  aqueous, surfactan t-free  latex, polym erised, for example, from  non-polar 
sty rene  m onom er u sin g  po tassium  persu lpha te  as  th e  in itiator, it is to  be expected th a t  the  
reaction  would follow the  m echanism s described in  C hap ter 2, w ith the typ ical s tep s  for a  
free rad ical reaction of initiation, propagation an d  term ination:

S 2Of-  t * 2SO;* (3.4)

SO;* + M -------------> SO;M* (3.5)

etc.
The term ination  s tep  would therefore be expected to  lead to  the  form ation o f two 

su lp h a te  end  groups per polymer cha in  (if chain  transfer, etc., is neglected), i.e., th e  
in itia to r is th e  source of th e  charged end  groups. If ch a in  tran sfe r is included , o ther end  
groups [e.g., carboxyl groups) m ight a lso  be included an d , hence, th e  n um ber of su lpha te  
groups, in  practice, is norm ally less th a n  tw o15091. G rancio a n d  W illiams’12061 core-shell 
theory  would imply th a t  these  end  groups reside a t  th e  particle  surface. However, end 
groups buried  w ith in  the  particles m ay also  accoun t for th e  fact th a t  less th a n  two su lp h a te  
groups per ch a in  are  detected.

In  a n  aqueous environm ent, hydroxyl rad ic a ls12891 are  possible w h ich  are able to  
in itia te  polym erisation, leading to  the  form ation of hydroxyl end  groups:

so ;*  + HjO -------------* HSO; + OH* (3.6)

Acidic hydrolysis of su lp h a te  end  groups m ay also  lead to  th e  form ation th e  hydroxyl 
end  g ro u p s I503J, an d  oxidation of su c h  hydroxyl groups m ay possibly be th e  source of the  
carboxyl end  groups som etim es found during  the  charac te risa tion  of persu lpha te -in itia ted  
polym erisations:

ROSOgH + HgO -------------* ROH + PLjSO* (3.7)

RCH2OH ---- — ----> RCOOH (3.8)

The hydroxyl radicals m ay also prove to be a  source of oxygen, by th e  following 
d isproportionation  reaction:
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2 OH* ------------ > HjO + y20 2 (3.9)
The oxidising behaviour o f persu lphate  in itiator c a n  be e lim inated  by th e  u se  of 

different in itia to rs su c h  as azo com pounds th a t  decom pose form ing n itrogen  ra th e r  th a n  
oxygen.

V anderhoff15031 found th a t  allowing a  persu lphate-in itia ted  la tex  to  age a t  am bien t 
tem pera tu re , w ith  th e  su lpha te  groups in  the  H+ form, a t  low pH  (as m ight re su lt from  the  
polym erisation  being  un-buffered, an d  due to  b isu lphate  formation), led to  th e  appearance  
of carboxyl groups, w hilst storage a t  363 K led to  the  form ation o f hydroxyl e n d  groups.

There is, however, u ncerta in ty  as to  w hether su c h  carboxyl groups sho u ld  be 
p resen t, a n d  if  so, from w hat source: e.g., ch a in  transfer w ith buffer, various oxidative side 
reactions, c lean ing  m ethod, e tc .I2281.

In d u stria l em ulsion polym erisations comm only u se  redox in itia tion  system s 
con ta in ing  su lp h ites  or m etabisu lphites (in addition  to  th e  persu lp h a tes , etc.) w hich form 
su lp h o n a te  (H S03*) radicals and , hence, su lphonate  end  groups in  add ition  to  th e  su lp h a te  
end  groups. McCarvill and  F itc h 13351 prepared a  su lphonated  polystyrene latex, u s in g  a 
b isulphite/Fe(III) redox system  alone, with no persu lphate:

HSO; + Fe3+ -------------» Fe2+ + *S03H (3.10)

The final la tex  con tained  only s tro n g  acid su lphonic groups, a n d  w as th u s  re s is ta n t to  th e  
h y d ro ly s is /a ir  oxidation.

In  m any in stances, surface functionality is deliberately in troduced  by m ean s o f th e  
reaction  recipe, u s in g  a  functional m onom er14881, or by u s in g  techn iques su c h  as 
copolym erisation or ‘sho t growth’ type ad d itio n 14331. In  h is review of polym er colloids, 
F i tc h 11591 no tes th a t  in  order to  augm ent functionality a t  th e  particle  surface, th e  co
m onom er sh o u ld  be surface-active and  insoluble in  bo th  th e  polym er a n d  water. 
V ijayend ran15211 investigated th e  carboxylation of polystyrene looking a t th e  affect of a  
n u m b er of carboxylated acidic m onom ers (itaconic acid {IA}, acrylic a n d  m ethacrylic  acid 
{AA a n d  MAA, respectively}). It w as found th a t  the  more hydrophobic acid  (and hence, the  
m ost so luble  in  th e  styrene) concentrated  a t  the  particle core d u rin g  th e  polym erisation, in  
th e  o rder MAA } AA ) IA, citing th e  ease o f diffusion of the  MAA in to  th e  s ty rene  as the  
reason , b u t also  noting  the  lower reactivity of the  IA. From  th e  re su lt of sim ilar experim ents 
investigating  th e  m ode of addition of a  carboxylated m onom er (in in d u stria l type reactors), 
H oy12451 d iscu sses  how the  m ethod of addition (be it in th e  aqueous feed, th e  m onom er feed, 
or th e  in itia l reac to r charge) has^little  effect on where th e  carboxyl groups are  finally 
located: i.e., on  or n ea r the particle surface.

Typical of th e  functional m onom ers are: (meth)acrylic acids, for th e  in troduc tion  of 
carboxyl g ro u p s14331; styrene su lphonate  for the  in troduction  of s trong  acid g ro u p s12831; an d  
te rtia ry  am ines su c h  as, for exam ple, N, N -dim ethylam inoethyl m ethacrylam ide, for the  
p rep ara tio n  of q u a te rnary  am m onium  s a l t s ,4881. M any of th ese  functional m onom ers are  
capab le  of form ing polyelectrolyte and, in  addition to becom ing p a rt of the  la tex  polymer, 
will be p re se n t in  the  aqueous phase, or weakly bound to  th e  particle  and , hence, labile.
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Post polym erisation reactions m ay also  be used  to  modify th e  su rface  functionality . 
Tfypical of th is  is th e  oxidation of hydroxyl end  groups to  carboxyl groups -  necessa ry  to  
allow for th e ir detection  by titra tion . However, surface species m ay also  be grafted onto  the  
p a rtic le s l4291. P e lton13891 h a s  reviewed a  num ber of reactions th a t  a re  possib le on th e  latex  
surface.

In addition  to  th e ir  role as  s teric  stab ilisers, su rfac tan ts  an d  em ulsifiers c a n  also  
con tribu te  to  the  s tab ilis ing  surface charge density  due to  hydrophilic en d  groups (again  
typically su lp h a te  groups), w hich m ay be e ither physically or chem ically  bound  to  th e  latex  
particle’s  surface. S tone-M asui an d  W atillon14691 determ ined th a t  latices p repared  in  th e  
p resence  of sod ium  alkyl su lp h a te  or su lphonate  su rfac tan ts  con ta ined  only s tro n g  acid  
groups, after c leaning  by ion exchange (see paragraph  3.3.2.3), w hereas those  latices 
p repared  in  th e  p resence  of po tassium  s tea ra te  or sodium  lau ra te  con ta ined  w eak acid  
groups in  addition  to  th e  strong  acid groups. It should  be no ted  th a t  ch a rac te risa tio n  
sh o u ld  be perform ed im m ediately after cleaning since it h a s  been  show n th a t  th e  n u m b er 
of s tro n g  acid su lp h a te  groups decreases w ith tim e 12651 due to  hydrolysis or oxidation. F itch  
a n d  M cCarvill11621 also  investigated th e  ability of su rfac tan t to  con tribu te  to  surface charge, 
finding sod ium  dodecyl su lp h a te  an d  sodium  dodecyl su lp h o n a te  con tribu ted  considerably  
to  th e  nu m b er of chem ically bound su lp h a te  and  su lphonate  groups, respectively. C iting 
th e  work of B ra c e |611, who (using of radioactively labelled su rfac tan t) show ed th a t  th e  
hea tin g  of a  polym er to  n ea r its Tg allowed su rfac tan t to desorb, F itch  reasoned  th a t  s ince  
sim ilar trea tm en t o f h is latices d id  no t cause  su rfac tan t desorp tion , th e n  it m u s t be 
chem ically  bound.

3.3.2 Cleaning of latices.
It h as  previously been  m entioned th a t  the  c leaning  o f a  latex, to  rem ove any  

artefacts, im proved th e  quality  of electron m icrographs of the  latex. E.M. h as  a lso  been  
show n to  be able to  d e tec t physically adsorbed  su rfa c ta n t1641 (which was visible in  the  
m icrographs as  a  diffuse border on  norm ally well resolved particles). Ideally su c h  su rfa c ta n t 
shou ld  therefore be rem oved before the  particles are sized by E.M.

W hen tiy ing  to  characterise  th e  surface functionality /charge  of a  latex, th e  rem oval 
of su rfac tan t, if p resen t, a n d /o r  residual reaction  by-products, s u c h  as  in itia to r fragm ents, 
oxidation products, therm ally  polym erised polymer, polyelectrolyte, residua l m onom er, an d  
m icrobial contam ination , e tc .1198 23015381 becomes even more im portan t. Physically adsorbed  
su rfa c ta n t m ay desorb  du ring  or after the  characterisa tion  process leading to  tim e v a rian t 
su rface properties. This m ay be overcome by using  a  block copolym er to  aid  th e  stab ility  
of th e  latex, w hilst alternatively, O ttew ill1370,3711 et a l  p repared  a  latex, a lbe it non-ionic an d  
show ing no surface charge, using  a  polymeric m onomer: m ethoxy poly(ethylene glycol) 
m ethacry late. Removal of con tam inan ts from a  m onodisperse latex  provides a  m odel 
collo id15031 s tab ilised  only by chem ically bound (as opposed to  physically  bound) su rface 
groups.

C ontam ination of a n  em ulsion polym erisation by oxygen is norm ally  to be avoided 
(by perform ing th e  reaction  u nder a  n itrogen atm osphere) due  to  th e  oxygen inh ib iting  th e  
po lym erisa tion12261 by th e  form ation of organic peroxides.
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S urfac tan t-free  latices Eire readily a ttacked  by fungal an d  m icrobial con tam inan ts  
th a t  cam affect th e  surface properties of a  la te x 1230,5381. S ie lick i14531 et al. determ ined  th a t  
ce rta in  bac te ria  were able to  m etabolise th e  carbon in  styrene; oxidising th e  sty rene 
m onom er to  pheny le thano l an d  phenylacetic acid, an d  also  form ing oligomeric sty rene 
m aterial.

For th e  aforem entioned reasons, th e  cleaning o f a  latex is desirable. However, the  
m ethods of c lean ing  have led to  controversy as to  w hether various latex  surface 
functionalities (in particu lar, weak acid carboxyl groups) occur as  a  re su lt of th e  reaction 
recipe o r the  c leaning  m ethod itself. Common m ethods of c leaning  a  la tex  have been  
reviewed by W ilk inson l539), an d  include s team  stripping, dialysis, ion exchange, a n d  se ru m  
replacem ent.

3.3.2.1 Steam stripping..
The techn ique of steam  stripping is widely used  for th e  rem oval of volatile organic 

con tam inan ts  from  latices, s u c h  as residual m onom er an d  th e  possib le reaction  by
p roducts  su c h  as, in  the  case of styrene, benzaldehyde. E v e re tt11481 e t al. found, however, 
th a t  th e  s team  stripp ing  of persu lphate-in itia ted  polystyrene latices increased  the  ra te  of 
su lp h a te  surface group hydrolysis, com pared to the  ra te  a t  am bien t tem pera tu re  during  
‘norm al’ storage, an d  appeared  to  expose fresh  weEik acid  groups. A sim ilar loss (53%) of 
s tro n g  acid  groups was observed by H earn 12301 et al. The ra te  of hydrolysis, du ring  steam  
strip p in g  m ay be reduced  by lowering the  tem p e ra tu re 1195,19S|. The process of s team  
strip p in g  h a s  a lso  been  recom m ended11951 for th e  cleaning  of latices, su itab le  for u se  as 
m odel colloids, w hen prepared  by su lph ite  redox couples, su c h  th a t  no  hydrolysable species 
are  p resen t on  th e  latex  surface.

3.3.2.2 Dialysis.
The c leaning  of latices h a s  conventionally been perform ed by dialysis: u tilising  the  

sem i-perm eability  properties of Visking dialysis m em branes to  remove bo th  d ispersed  
con tam inan ts  Eind those  detachab le  from th e  surface. The techn ique requires large volum es 
of disilysate (latex to  doubly distilled w ater = 1 : 3 0 12301) a n d  regu lar changes to  clean w ater, 
over th e  course of a  num ber (3 -»  4 12301) of weeks (during w hich th e  la tex  is liable to  a ttack  
by m icrobial agents), u n til th e  conductivity o f th e  d ialysate equals th a t  of th e  clean  w ater. 
It is necessary  to  thoroughly clean th e  dialysis tu b ing  to  remove polysulphides 
(preservative) an d  glycerine (hum ectant), etc. before use. B ecause th e  m echan ism  of dialysis 
is diffusion based , th e  procedure m ay be speeded up  by agitation of th e  d ialysate w ith 
respec t to  th e  latex. McCarvill ancf“ F itc h 13351 increased th e  ra te  by th e  u se  of a  dynam ic 
hollow-fibre dialysis.

V anderhoff15091 et al. found th a t extensively dialysed sam ples of polystyrene latex 
show ed a  very low surface charge. This was originally a ttribu ted  to  th e  efficiency of dialysis 
in  rem oving su rfac tan t, b u t was later found to  be a  resu lt of the  incom plete exchange of Na+ 
a n d  K+ for H+ ions. It was therefore necessary  for the  sam ples to  a lso  undergo a n  ion 
exchange p ro c e ss |509!. H e a rn 12301 et a l  found th a t  the  conductivity of th e  d ialysate  initially 
dropped  rapidly, b u t  soon reached  a  p la teau  level. M any a u th o rs  report th e  inefficiency of
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dialysis for th e  removal of adsorbed s u rfa c ta n t15031 or m onom er1148,5371 in  add ition  to  the 
aforem entioned ions. However, S h aw 14501 found th a t  98.89%  of 14C-labelled sodium  
dodecanoate  emulsifier, w hen used  in  a  polystyrene polym erisation a t  a  concen tra tion  
below its  C.M.C., could be removed by dialysis. The rem oval o f su rfac tan t, if p re se n t above 
its  C.M.C., m ay prove particu larly  difficult, due  to  the  m icelles being  of a  size g rea ter th a n  
th e  porosity  of th e  dialysis m em brane. S u ch  micelles m ay s tab ilise  o th er con tam inan ts, 
hence, p reventing the ir rem oval11361. However, m icelles will d isb an d  a s  th e  concen tra tion  of 
su rfa c ta n t in  th e  aqueous phase  decreases.

A problem  observed by a  num ber of researchers, h a s  been  the  effect of dialysis on 
th e  su rface charge of a  latex. Y ates15541 et al. found th a t  a  latex, p repared  surfactan t-free , 
w hich  initially  show ed only strong  acid groups, still show ed only s tro n g  acid  groups after 
c lean ing  by centrifugation an d  washing. However, after dialysis, titra tio n  revealed the 
p resence  of w eak acid groups in  addition to  strong  groups. This was a ttr ib u ted  to  prolonged 
exposure of th e  latex  to  th e  cellulosic dialysis tub ing  u nder acid  conditions, desp ite  th e  fact 
th a t  th e  V isking tub ing  h ad  been extensively cleaned before u se  u s in g  a  n u m b er of 
trea tm en ts  su c h  as  w ashing  in  EDTA; an  ethanol-w ater mix; d ilu te  su lp h u ric  acid; o r dilute 
sod ium  hydroxide, an d  th e  fact th a t the  dialysis w as perform ed u n d e r a  nitrogen 
atm osphere . The acid  groups m u st have been bound to  th e  particle  or th ey  would 
p resum ably  have been  removed by the  dialysis, an d  Yates a ttr ib u ted  th is  to  th e  adsorp tion  
o f carboxylated polysaccharides formed by the  hydrolysis or oxidation o f th e  cellophane 
tub ing .

H e a rn 12301 et al. found sm all quantities of a  weak acid  in  th e  w ater u sed  for boiling 
(cleaning) a  sam ple of Visking tubing, showing th a t  su c h  groups could be leached  from  the 
d ialysis tu b in g  to  be possibly adsorbed by a  latex. W ilk inson15371 e t al. concen tra ted  and 
ana lysed  th e  w ater finding evidence of low m olecular w eight species ( ( 103) a n d  glycerine. 
W ilkinson also  investigated th e  long term  effects of exposure of a  latex  to d ialysis tubing, 
finding a n  increased  concentration  of weak acid groups. There w as uncerta in ty , however, 
a s  to  its origin {e.g., th e  dialysis tubing; oxidation of residua l m onom er; o r m icrobial 
activity, etc.): a  sim ilar latex  stored in  a  Pyrex container a lso  show ing increased  levels of 
acid  (again possibly benzoic acid or low m olecular weight oligomer) w hich  w as rem oved by 
dialysis -  ind icating  th a t  it was unbound.

3.3.2.3 Ion exchange.
The technique for using  mixed anion and  cation io n  exchange res in s  (su lphonate 

a n d  trim ethy l am m onium  sa lt resins of sty rene/d iv iny l benzene, 4% crosslinked  {cf. more 
typical 8%} to  provide a pore size better su ited  for adsorp tion  of em ulsifier) to  c lean  latices 
w as estab lished  by vein den  Hul and  V anderhoff1492,493,509i; the  la tte r  w ho h a s  detailed  the 
process of c leaning  an d  characterisa tion  of a  latex  using  the  te c h n iq u e I4981. U sing rigorously 
c leaned  resins, ions in  th e  aqueous phase  are exchanged for p ro tons a n d  hydroxide ions 
th a t  in  tu rn  leads to  the  desorption of ions adsorbed onto th e  latex  partic les in  order to 
m ain ta in  th e  equilibrium  betw een adsorbed and  aqueous p h ase  io n s 15031. This process 
con tinues  u n til all adsorbed  ions have been  removed and  a  c o n s ta n t su rface  charge is 
achieved (also ind icating  th a t  the  cleaned resins do n o t con tam ina te  th e  latex). 
V anderhoff15091 gave quantita tive  resu lts  as to  its efficiency in  rem oving su rfac tan t.
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D isadvantages of the  technique are th a t  it prim arily rem oves only ionic im purities, 
an d  the  resins require m eticulous cleaning before use. This cond ition ing o f  th e  resins, as 
perform ed by van den Hul and  V anderhoff1492,493,509!, initially involved w ashing  in  hot 
(358 K) w ater an d  m ethanol u n til no further d iscolouration of the  w ashing  w ater, followed 
by repeated  successive w ashing with hydroxide an d  acid, an d  rin sing  w ith ho t water, 
m ethanol, an d  cold water, to remove leachable polyelectrolyte, as observed by Shenkel and  
K itchener14521. The resins were finally rinsed w ith e ither acid  or hydroxide depending  on the 
type of resin , cation or anion exchange, to convert it  to th e  correct form (H+ or OH") and  
finally r in sed  w ith double distilled w a te r15091. The an ion  exchange resin  shou ld  be stored in  
the  chloride form to prevent decom position of the  hydroxide form, w ith  the  form ation of 
a m in e s13351. It was noted by van den  Hul and  V anderhoff14941 th a t  the  ability  of the  resin  to 
be cleaned  m ay be dependent on the particu lar ba tch  of res in  used .

H e a rn 12301 et al. note th a t  the  purity checks on th e  s ta te  of c lean liness of the  resins 
is based  on the  analysis of the w ash w ater (e.g. , V anderhoff14981), a n d  com m ents on the  fact 
th a t  the  latex  m ay adsorb im purity directly from the  resin , a n d  th a t  a lthough  removal of 
adso rbed  em ulsifier and  electrolyte is efficient, the  ability to remove solubilised m aterial is 
a n  unknow n quantity .

McCarvill and  F itch 13351 found a loss in  the  latex  polym er solids con ten t due to 
adsorp tion  of the latex onto the  anionic p a rt of the  ion exchange resin , p resum ably  as a  
re su lt of electrostatic a ttraction. A process th a t  m ay cause  a  change in  the  size d istribu tion  
of a  polydisperse la tex14941. McCarvill also found th a t  the  latices were b es t purified by a 
com bination of dialysis and  ion exchange, an d  th a t  several exchanges u sin g  sm all am ounts 
of resin  were preferable to a  single large exchange: producing  a  p u rer product and  
p reventing  coagulation of the latex.

Advantages of the ion exchange cleaning techn ique are th a t  it  is relatively quick, 
com pared to dialysis, and  th a t it can  be used  to exchange surface group coun ter ions (e.g., 
su lp h a te  end  group cations such  as K+, N a \ etc.) for the  required  form (either protons, in 
the  case of the  su lphate  groups, or hydroxide ions if required).

3.3.2.4 Serum replacement.
Serum  replacem ent (solvent exchange or m icrofiltration) as a  technique to clean 

latices for characterisation  was developed by Ahmed et a l. 161. The latex  is contained in  a 
reservoir over a  filter paper1 of a  pore size 30% —> 75% of th a t  of the  latex  particle diam eter 
s u c h  th a t  the  particles are retained, b u t no t the  con tam inan ts. C lean w ater is fed into the 
top of the  filtration cell to replace th a t serum  lost th rough  th e  filter paper: th e  conductivity 
of the  e lu en t typically being m onitored as a  te s t  th e  s ta te  of c lean liness of the  latex. The 
se ru m  flux can  be controlled by the p ressu re  head  of clean w ater (or by an  applied {pure} 
n itrogen gas pressure, or by a suction pum p connected  to th e  filtrate side of the  system ),

lE.g., Nucleopore® Corporation: B ritish importer: S terilen  Ltd., Teddington, Middlesex, 
England, or Millipore® U.K. Ltd., London, England.
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however, Ahmed found too h igh  a  p ressu re  resu lted  in blockage of the  filter paper1. S tirring  
using  a  m agnetic s tirre r helped alleviate the  problem  of filter blockage, an d  the  bu ild -up  of 
coagulum , b u t th is, in  itself, may lead to erosion of the  filter paper.

C leaning by dialysis is relian t upon the  diffusion of m olecules from the  latex, w hich 
in  th e  case of large su rfac tan t m olecules can  be slow su ch  th a t the  concen tration  g rad ien t 
n e a r  to the  latex is quickly dim inished. The flux of w ater th rough  the  m icrofiltration cell 
p reven ts the  a tta inm en t of su c h  a  pseudo-equilibrium  and, hence, leads to a  h igher ra te  
of c leaning  of the  latex. The efficiency of the  serum  replacem ent technique h a s  been 
characterised  by A hm ed161 e t a l. , W ilkinson15361 et al. an d  C hainey1841 in relation to ion 
exchange an d  dialysis w ith each  group of researchers concluding th a t  the  m ethod is 
superio r in  m any respects (effectiveness of cleaning, ease of use, etc.) to e ither dialysis or 
ion exchange. W ilkinson found th a t  the  m ethod completely removes surface active agen ts 
(even w hen  p resen t above the  C.M.C., due to the  micelles being sm aller th a n  the  pores of 
the  filter paper), residual m onomer, low m olecular weight reaction by-products, 
benzaldehyde, etc. However, se rum  replacem ent, u sing  clean w ater, did n o t remove 
counterions associated  w ith the  particle (e.g., K* and  Na+, etc. from the in itia to r an d  
surfac tan t) w ithin the  electrical double layer, a lthough it would be expected to remove 
electrolyte from the aqueous phase. Both A hm ed161 and  C hainey1841 overcame th is  problem  
by includ ing  an  acid w ashing  stage, whereby acid replaced w ater in  the  reservoir and , 
hence, caused  exchange of the  K+ and  Na+ for H+, after which, a fu rther clean w ater stage 
w as u sed  to remove the excess acid.

P ractical problem s in  the  process arise from the  fragility of th e  filter papers 
(particularly  the  polycarbonate Nucleopore® type, which are liable to w ear from th e  abrasive 
effect of the  stirrer, an d  a ttack  by acrylate monomers), an d  blockage of the  filter by the  latex 
particles. Selective use of appropriate  filter pore-sizes, however, perm its the  techn ique to 
be u sed  to refine, for example, bim odal latex  dispersions, and  the technique also provides 
opportunity  to concentrate the  polymer solids con ten t of the  latex, by allowing a  shortfall 
in  the  am oun t of se rum  replaced.

3.3.3 Analysis of latex surface chemistry.
3.3.3.1 Chemical methods of analysis.

Most, if no t all, of the  aforem entioned researchers in parag raphs 3.3.1 an d  3.3.2 
have characterised  the surface chem istry of the ir latices* functional end groups by m eans 
of e ither potentiom etric  or conductom etric titrations in  w hich hydroxyl or hydrogen ions 
are exchanged for the coun ter ions of the  ionisable functional groups. Because the  
techn iques are only sensitive to charged groups, th is has  m eant, in  som e instances, th a t  
it w as necessary  to oxidise surface groups (e.g., hydroxyl groups) to the  required s ta te 14981 
(e.g., acid groups), and  as described in  the  previous sections, the  p resence of con tam inan ts,

^ in filtr a tio n 12991 is a  dynam ic m ethod in  w hich the latex is circulated , u n d e r p ressu re  
tangentia lly  across a  filter paper, w ith clean  w ater in troduced  a t  a  rate  equal to the  
filtration rate. The technique is more complex, an d  offers sim ilar advantages an d  
d isadvan tages (shear instability  an d  blockage of the  plumbing) to the  aforem entioned 
m ethod of se rum  replacem ent, w hen com pared to dialysis and  ion exchange.
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w hether from th e  reaction  recipe or from th e  cleaning process, can  lead to  resu lts  th a t  are  
difficult to  in terpret.

The conductom etric  characterisation  is performed w ith th e  latex  (typically a t  10% 
polym er solids content) titra ted  ag a in st e ither acid or base (typically 0.01 mol dm '3), added 
to  th e  latex  by m eans of a  m icrolitre syringe or autoburette . The la tex  shou ld  be degassed  
a n d  contained, a t  co n s ta n t tem peratu re , un d er nitrogen, to  p reven t oxygen o r carbon 
dioxide contam ination, an d  th e  change in  conductivity m easu red  by m eans of a  sensitive 
dip-type cell. Low percentage polymer solids conten t ((2%) c a n  lead  to  long equilibrium  
tim es. E v ere tt11481 et al. found th is  tim e could be reduced by perform ing the  titra tio n  in  th e  
p resence  of electrolyte (1:1 KBr) w hich was though t to  change th e  acid -bearing  polym er 
c h a in  “conform ation”, p resum ably  giving easier access to  the  end  groups.

In th e  case  of bo th  strong  acid a n d  base end groups, th e  m easu red  conductivity  
in itially  decreases, as th e  end  groups are  neutralised , u n til th e  end-poin t, after w hich the  
conductivity  increases due  to the  excess o f added acid or base  ions. The end-po in t can  be 
determ ined  by th e  extrapolation of th e  ascend ing  and  descend ing  lines on a  g raph  of 
conductance  versus volum e of titran t. The lines would ideally be linear b u t a re  frequently  
curved, especially a s  th e  equivalence-point is approached due to  th e  slow  a tta in m e n t of th e  
equilibrium , (and also  due  to  th e  type of hydroxide: e.g., in  th e  case  Ba(OH)2, th e  Ba2+ is 
in itially  exchanged w ith th e  H+ innerm ost in  the  latex particle double layer before th e  ou ter 
ions, an d  th ese  inner ions con tribu te  least to  the  co n d u c tan ce149S1), m aking  in te rp re ta tion  
by extrapolation difficult. Even w hen th e  lines are linear, th e  slope is less th a n  th a t  
expected for ions in  solution, due  to  th e  reduced  mobility of th e  ions in  th e  electrical double 
layer. The p resence of w eak acid carboxyl groups in  a  latex con tain ing  both  su lp h a te  an d  
carboxyl groups is ind icated  by the  presence of an  inflection in  th e  g rad ien t of th e  
a scend ing  leg o f th e  acid neu tra lisa tion  curve.

The resu lts  of a  conductom etric titra tion  provide inform ation on  th e  to ta l surface 
charge, an d  surface charge density, a ,  if th e  latex surface a rea  is know n, e.g., from th e  u se  
of techn iques su c h  as g a s 14501 or s o a p 13311 adsorp tion  experim ents, or from calcu lations as 
perform ed, for example, by T am ai14751 et al.:

o  = Fnap  (3.12)
3W  

where:
F  = F araday  constan t;
n  -  nu m b er of moleg of, for example, OH" tak en  u p  by particles; 
a  = latex  particle rad ius; 
p = latex  particle density;
W = to ta l solid con ten t of latex.

The techn ique is su itab le  for the  determ ination of strong  acid  groups (su lpha te  an d  
su lphonate) a n d  weak acid groups (carboxyl), although th e  la tte r can  be com plex if th e  
percentage solids of th e  latex  is low, or the  concentration of carboxyl groups is low due  to, 
for exam ple, a tm ospheric  carbon dioxide adsorbed onto th e  la te x 11941 or in  th e  water. 
(C hainey1871 e ta l ., and  H e a rn 12301 e ta l.,  found th e  problem  of ca rb o n  dioxide could be
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m inim ised by n itrogen  purging, and  th a t  the  effect was negligible in  a  titra tio n  o f a  latex  
w here th e  solids con ten t w as ) 2%.) The technique is also  su itab le  for th e  dete rm ina tion  of 
su rface  basic groups, as  m ight resu lt from a  cationic in itia tor -  a  procedure firs t perform ed 
by S ako ta  a n d  O kaya14311. As has previously been show n for latices p repared  w ith 
p o tass ium  persu lphate , th e  su lpha te  end  groups require converting to  the  ac id  form  w ith  
th e  exchange of sodium  and  po tassium  ions. Sakota’s  latices were believed to  co n ta in  bo th  
am idino  and  am ino groups, w ith  the  groups initially being partially  n eu tra lised  by  hydrogen  
chloride, and  dissociated. It w as th u s  necessary  to  “u n n eu tra lise” th e  surface g roups (i.e.,
re tu rn  them  to their basic form, e.g.: -Q N B ^C l"  * -QNHKNHJ ) by ion exchange before
th e  titra tions could be performed. Sakota’s  end  groups are bo th  w eak bases, however, and  
th e  titra tion  techn ique could no t differentiate betw een them .

The p resence  of m ore th a n  one type of end group (e.g., s trong  an d  w eak ac id  groups) 
c a n  lead to the  titra tion  curve showing more th an  one change of slope (e.g., in  th e  case of 
th e  s trong  a n d  weak acids, th e  addition  of OH" will give both  a  m inim um  a n d  a  change in  
th e  ascend ing  slope), one o f w hich m ay be ind istinc t if th e  su rface  groups a re  few in  
num ber, necessita ting  th e  u se  of a  back-titra tion  to  aid  in  th e  analysis. U ncleaned  latex  
con ta in ing  electrolyte can  show  further changes of slope due to  th e  n e u tra lisa tio n  of H+ in  
th e  aqueous p h ase  an d  its rep lacem ent by m etal ions. Labib an d  R obertson13001 s tu d ied  th e  
in te rp re ta tion  of th e  resu lts  for su c h  titra tions w hen weak acid  groups were p resen t, 
concluding th a t  it was im portan t th a t  the  addition of t itra n t w as con tinued  u n til th e  
a tta in m e n t of th e  theoretical slope

A problem  observed by E gusa and  M akuuch i11381, an d  typical of latex  titra tions , is 
a  difference in  the  am oun t of surface charge observed betw een th e  forward a n d  back 
titra tions. In th e  work of E gusa  on carboxylated latices, th e  am o u n t of su rface ac id  groups 
detectab le  in  th e  back titra tio n  was greater th a n  in  the  forward direction. This is ascribed  
to  the  excess o f added OH", after the  forward titration, pene tra ting  a n d  finding ac id  groups 
in  th e  in terior of the  latex  particles during  th e  period betw een th e  two titra tions  and , hence, 
resu ltin g  in a  decreased  am oun t of OH" for neu tra lisation  d u ring  th e  back  titra tion . A 
rep ea t of the  forward titra tion , however, proved identical to  the  in itia l forward titra tion , and  
th is , E gusa explained by way of th e  particle morphology: du ring  th e  forward titra tion , the  
particle  surface is com pressed to  the  core allowing the  detection o f th e  surface g roups only, 
w hilst du ring  th e  back  titra tio n  electrostatic repulsions cause th e  su rface layer to  become 
expanded due  to  d issociation o f th e  acid groups, allowing access to  th e  particle  interior.

P otentiom etric  titra tion ssare sim ilar to  conductom etric titra tio n s  b u t rely upon  
the  u se  of a  potentiom etric bridge circuit to determ ine surface charge. The bridge circu it 
o u tp u t is calibrated  su c h  th a t  it provides the  change in  pH proportional to  th e  volum e, or 
charge, of t itra n t  added. The shape  of the  o u tp u t curve m akes th e  end -po in t analysis 
difficult and  V anderhoff14981 recom m ends the  use of conductom etric titra tio n s  in  preference.

In add ition  to  the  use  of titra tions, m ethods using  dyes for th e  detection  o f polymer 
ch a in  en d  groups (e.g., carboxyl|189,3811, hydroxyl[189,3811, and  su lp h a te  an d  s u lp h o n a te 1189,1901 
groups) have also  been reported. The polymer is dissolved in  organic so lu tion  followed by
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th e  p a rtitio n in g1376,3771 or in te rac tio n [378,3791 w ith a  su itab le  dye. By u tilising  th e  oxidisable 
n a tu re  of su lpha te  groups, it is possible to  d istingu ish  betw een a  polym er con ta in ing  only 
su lp h a te  groups com pared to  one con tain ing  bo th  su lp h a te  and  su lp h o n a te  groups.

3.3.3.2 Instrumental methods of analysis.
The charge su rround ing  a  latex particle in  a  polar m edium  su c h  as w ater consists 

of bound surface ions p lu s a n  o u ter diffuse region in  w hich the  d istribu tion  of ions (m ainly 
coun ter-ions, b u t also co-ions, s u c h  th a t  th e  colloid is electrically neu tra l) is determ ined  
by electrostatic  forces from  the  bound ions, and  therm al m otion in  th e  m edium . Together 
th is  constitu tes th e  electrica l double layer. Suspended  in  electrolyte, in  a n  applied electric 
field, th e  charged latex  particle an d  its m ost closely associated  ions will move tow ards th e  
charge opposite to  th a t  of th e  particle. The poten tia l a t  th e  sh ear boundary  betw een th is  
u n it  an d  the  su rround ing  m edium  is term ed  the  zeta  p oten tia l (£). A techn ique su itab le  
for th e  m easu rem en t of th is  t, po ten tial is e lectrop h oresis14491 (see footnote1) a n d  m ethods 
include: i, m icroscope electrophoresis, in  w hich th e  particles are illum inated, in  a  horizontal 
cap illa iy  contain ing  a n  electrode a t  e ither end allowing a  known voltage to  be applied, 
w h ilst th e  m ovem ent of th e  particles is tim ed an d  observed th rough  a  m icroscope w ith  a n  
eyepiece g raduated  for distance; an d  ii, laser Doppler m icroelectrophoresis13301. Laser 
Doppler m icroelectrophoresis u tilises Young’s interference fringes -  form ed w hen two lase r 
beam s of equal in tensity , an d  co n stan t ph ase  difference, cross. The in tensity  of th e  fringes 
(and the ir num ber) is dependen t on the  angle of crossing. The in tensity  of light sca tte red  
from  particles moving th ro u g h  th e  fringes is dependen t on the  position  of th e  particles. 
C alculation of the  po ten tia l is typically a n  au tom ated  process based  on  sca ttered  in ten sity  
d a ta  as  a  function of tim e. The former of these  two techn iques h a s  th e  d isadvan tage th a t  
larger particles a re  more easily illum inated  th a n  sm aller particles a n d  are, hence, m ore 
easily  seen, possibly leading to  unrep resen ta tive  resu lts . Laser Doppler m icroelectro
phoresis is advantageous in  th a t  a  large representative sam ple of particles (thousands) are  
observed (cf. single particles in  th e  m icroscope m ethod). Both of th e  electrophoretic 
techn iques require careful operation to  avoid o ther electrokinetic effects s u c h  as th e  
stream ing  potential (the electric field created  by th e  m ovem ent of liquid along a  s ta tio n ary

fo llo w in g  the  application of th e  electric field, th e  latex  particles will move a t  a  co n s ta n t 
velocity (once the  electrolyte solution viscosity is overcome), d ep en d en t on: th e  field 
streng th ; th e  (absolute) perm ittivity, e  (= £ r8 0 ); th e  viscosity, r|, of th e  m edium ; a n d  th e  t ,  

potential. (The direction of th e  m ovem ent being dependen t on  the  sign  o f th e  surface charge 
w ith  respec t to  th e  electrodes.) The electrophoretic mobility, UE, (particle velocity) is rela ted  
to  th e  particle’s t, po ten tia l by the  dHenry equation  for non-conducting  p a rtic le s14491:

U = eM i K5 l  (3.13)
1.5ti

The function  flKa) varies betw een 1.0 (as in  th e  Hiickel equation) to  1.5 (as in  the  
Sm oluchow skiequation) for sm all (® 0.5) to  large (« 300) values of Ka (= rad iu s  of cu rvatu re  
x Debye-Hiickel reciprocal {double layer} th ickness). The typical latex  particle size p laces 
it betw een th e  two aforem entioned values of f(Ka). However, conversion tab les of m obilities 
to  zeta  potentials for various values of Ka betw een 0.01 an d  1000 e x is t13721, w hich also  
a cco u n t for relaxation an d  retardation  by th e  use  of calculations based  on th e  trea tm en t 
o f W iersem a|533,5341 et al.
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charged  surface) or electro-osm osis (the m ovem ent of liquid relative to  a  fixed charged 
surface). S u c h  effects occur in  a  typical electrophoresis a p p a ra tu s  due to  th e  charged  cell 
walls an d  circulation of th e  liquid in  th e  confined area, an d  necessita te  the  m easu rem en t 
being  m ade in  the  s ta tio n a iy  boundary  between th e  electro-osm otic flow an d  th e  re su lta n t 
c ircu lato ry  flow. In addition  to  the  electrokinetic effects, relaxation  an d  re ta rd a tio n  can  a lso  
lead  to  erroneous resu lts . R etardation is caused  by the  cou n te r ions of th e  double layer 
undergo ing  a  force, due  to  the  electric field, in  the  opposite d irection  to  th a t  o f th e  particle. 
The relaxation  tim e is th e  tim e required  for the  m ovem ent o f the  double layer to  reflect th a t  
o f th e  particle, and  regain  its original sym m etry: th e  asym m etric  double layer re ta rd s  the  
electrophoretic  m ovem ent of the  particle: a  process term ed relaxation.

Ja y a su r iy a 12531 et al. described a  m ethod u s in g  (m ultinuclear) N.M.R. sp ectroscop y  
a s  a  m eans to  detect hydroxyl groups. This m ethod is advan tageous in  th a t  it provides a  
m eans o f d irec t m easurem ent of the  groups, w hereas alternative m ethods of analysis, s u c h  
a s  conductom etric  titra tion , involve th e  oxidation of the  hydroxyl groups to  carboxyl groups. 
For polym ers possibly contain ing a  mix of surface groups (in p a rticu la r su lp h a te  an d  
hydroxyl groups), su c h  a  m ethod requires th e  prior de term ination  of th e  n u m b er of 
su lp h a te  g roups as these  too would be oxidised together w ith  th e  hydroxyl groups. U sing 
th e  N.M.R. technique, Jayasu riya  w as also able to  gain  additional inform ation on  two types 
of hydroxyl group w ithin th e  polymer, since differences in  the  term ina tion  reaction  led to 
oligom er ch a in s  of differing m olecular weight.

Infra-red spectroscopy can  yield inform ation on th e  p resence  an d  type o f polym er 
c h a in  end  g ro u p s |46a|, su c h  as carboxyl, su lphate , etc., a n d  has  been  used  in  th e  s tu d y  of 
core-shell type copolym ersI3051. Z haot560,561 5621 et al. has u sed  Fourier transfo rm  infra-red- 
a tte n u a te d  to ta l reflection (F.T.I.R.-A.T.R.), together w ith X.P.S. a n d  S.I.M.S (see below) to 
investigate  th e  d istribu tion  of su rfac tan ts  in  films formed from polym er latices.

X-ray photoelectron  sp ectroscop y1671 (X.P.S. {or E.S.C.A.}) allows th e  quan tita tive  
ana lysis  o f elem ents on polymer surfaces and  also  provides inform ation on  th e  chem ical 
bond ing  w ith in  the surface layers. U nder u ltra-h igh  vacuum , th e  sam ple’s  su rface  is 
irrad ia ted  w ith  X-rays th a t  in te rac t w ith  inner-shell electrons of th e  target a tom s (with th e  
exception o f hydrogen an d  helium), leading to  a  spectrum  of photo-ionisation  energies: th e  
energy o f th e  electrons is characteristic  of th e  atom(s) from w here they  were em itted  and  
in teg ration  o f the  re su lta n t in tensify  signal can  provide quan tita tive  inform ation.

The technique of S e c o n d a jy  Ion Mass S p ectrom etry15181 (S.I.M.S.) bom bards a  
sam ple, held  under u ltra-h igh  vacuum  with, for example, noble gas ions or atom s, w hich 
p en e tra te  th e  sam ple and  in  doing so  lose energy via collisions w hich  m ay in  tu rn  generate 
a  m ix of ions and  n eu tra l fragm ents w hich are  lost from th e  sam ple surface, an d  whose 
charge to  m ass  ratio can  be analysed  to  provide inform ation on th e  surface species p resen t.

Modification of the permeability of polymer latex films. p -3 :20 -



Introduction, Chapter 4: 
Latex Film Formation 

and Properties.

4.1 Introduction.
I I h e  physical an d  m echanical properties of th in  polymer films a re  im portan t from b o th

a n  academ ic an d  a n  in d u stria l point of view. These properties are  affected no t only by 
the  n a tu re  o f th e  polymer, b u t also by th e  m ethod of film p repara tion  and  conditioning. In  
m any cases, films are  obtained from com m ercial sources, w here they  are m anufactu red  by 
p rocesses su c h  a s  calendering or extrusion. O n a  sm aller scale, films a re  p repared  by 
so lven t-casting  or com pression m oulding. All o f th ese  techn iques s ta r t  w ith  the  bu lk  
polymer, a n d  are  obviously therefore unsu itab le  for th e  d irec t p repara tion  o f films from 
latex  d ispersions.

4.2 Preparation of polymer (latex) films.
4.2.1 Casting substrates.

P ain t an d  coating technologists have long been  in te rested  in  th e  p repara tion  of films 
from aqueous-based  an d  oil-based form ulations. For th e  coatings technologist, adhesion  
to  (and  in  th e  case of w aterborne coatings, w etting of) th e  su b s tra te  will be one o f the  m ain  
requ irem ents |349‘. S uch  surfaces, a s  required  for film form ation from  a n  academ ic point of 
view, a re  far rem oved from th e  typical everyday surfaces th a t  th e  developed end-coatings 
will typically be used  on. In co n tra s t to  comm ercial polym er coatings, the  academ ic s tu d y  
of films typically requires th a t  they  be free of any  su b s tra te , a n d  ease  of rem oval of th e  film 
from its  casting  su b s tra te  is th u s  one of the  m ain  requ irem ents. Several m ethods for 
a ss is tin g  w ith  th is  problem  have been  devised. These include: castin g  onto photographic 
paper a n d  rem oving the  film by soaking  in  w arm  w ater to  dissolve th e  gelatin; casting  onto 
a lum in ium  foil followed by am algam ation w ith m ercury; a n d  castin g  onto silan ised  p late  
glass a n d  in to  P.T.F.E. d ishes, in  w hich case the  film is rem oved by gently peeling  it from 
th e  su b s tra te .

C h a in ey |84,901 et al. evaluated several film p repara tion  techn iques du rin g  a n  
investigation  of th e  tran sm ission  properties of films form ed from  su rfac tan t-free  polymer 
latices, includ ing  casting  onto  a  m ercury surface, onto photographic paper, on to  P.T:F.E., 
in to  silicone ru b b er d ishes, an d  onto  silan ised  glass. After extensive trials, all were rejected 
on th e  grounds th a t  e ither the  su b s tra te  concerned con tam ina ted  the  film, o r th a t  the  
m in im um  th ick n ess  of film th a t  it w as possible to  c a st w as a t  lea s t a n  order o f m agnitude 
g rea ter th a n  th a t  required. The m ethod of film p repara tion  eventually  adop ted  was 
developed from th e  flash  coating m ethod used  for tab le t coating, w hich is widely u sed  in  
the  pharm aceu tica l industry . The aim  was to form th e  film so  quickly th a t  it could no t 
disjoin, a n d  th is  was achieved by spraying the  latex onto  a  hea ted  block, coated w ith  
P.T.F.E., a t  tem pera tu res exceeding 393 K. Multiple (20 50) p asses  of the  sp ra y  gun  were
em ployed a n d  th e  film was allowed to  re tu rn  to  room tem pera tu re  before it w as removed 
from th e  block, a n d  in  som e cases w as cooled to  n ear th e  polymer Tg using  a n  appropriate
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so lid -C 02 s lu s h  b a th . Spitael and  K ingetl4621, however, found th a t  sp rayed  so lven t-cast films 
exhibited  a  h igher degree of porosity th a n  solvent d ish -cast films, due  to  th e ir droplet-like 
n a tu re , d u rin g  spraying, w hich rem ained  apparen t in  the  final film struc tu re .

R ou ls tone14231 c a s t PBMA films onto Pyrex glass p lates, from  w hich th ey  could be 
rem oved by soaking  in  ho t water, or in  the  case of additive-present films, c a s t onto nylon 
p lates from  w hich th e  films could be removed w ithout soaking.

Y aseen an d  R a ju 15471 have reviewed the  full range of film prepara tion  techn iques, 
finding pros a n d  cons for each depending  on th e  in tended  app lication  of th e  film.

4.2.2 Film formation.
The form ation of a  latex film arises from the  coalescence o f th e  individual latex 

particles -  w hich are  norm ally held a p a rt by stab ilising  forces (electrostatic a n d /o r  steric) 
resu ltin g  from the  charged  polymer cha in  end  groups or su rfac tan t. These forces (and 
others, see  later) a re  overcome by th e  evaporation of the  con tinuous phase  (water).

The form ation o f a  continuous film (i.e., tra n sp a re n t a n d  crack-free) is th e n  
d ep en d en t on  th e  m inim um  film  form ation tem perature (M.F.F.T.) of the  polymer, w hich 
in  tu rn  is dependen t on th e  elastic m odulus (resistance to particle  deformation), an d  to a  
lesser extent, th e  viscosity of the  polymer. If th e  film is c a s t  above its M.F.F.T., th e n  
coalescence of th e  latex  particles c a n  occur. However, if th e  film is below its M.F.F.T., th e n  
a  friable d iscon tinuous film or powder com pact m ay form, w hich  is typically opaque due 
its  s tru c tu re d  n a tu re  and , hence, its  ability to  diffract light. The m ore desirable outcom e 
(in th e  contex t of th is  study) of film-formation is som eth ing  of a  com prom ise since  the  
tendency  of the  spheres to  flow an d  fuse into a  continuous film  can , in  the  extrem e, also 
resu lt in  a  perm anen tly  tacky film th a t  is more su ited  to  adhesive ap p lica tio n sI4741.

The form ation of films a t tem pera tu res slightly  lower th a n  th e  M.F.F.T., h a s  been  
s tu d ied  by Myers an d  S c h u ltz13451 u sing  a n  u ltrason ic  im pedance technique. The resu lts , 
w ith  respec t to  th e  form ation of a  continuous film, were found to  be dependen t on th e  ra te  
o f drying and , hence, th e  rate  of relief of s tresses w ithin the  film. At a  tem pera tu re  w ith in  
6 K below th e  M.F.F.T., a n d  w ith a  drying rate  sufficiently slow, a  ce rta in  a m oun t o f creep 
w as able to  occur perm itting  the form ation of a  film due to  th e  s tre sse s  being a t  a  level 
insufficien t to  fracture  th e  film. As th e  ra te  of drying was increased , th e  creep m echan ism  
w as no t fa s t enough to relieve the  s tre ss  su ch  th a t  initially th e  films becam e crazed, and  
a t  the  h ig h es t drying ra tes , cracke£.

The M.F.F.T., a lthough tend ing  to  be close to  the  Tg of a  given polymer, h a s  been  
reported, for various polymers, to be above or below the  Tg1135,2S6\  B oth th e  M.F.F.T. an d  Tg 
a re  influenced by th e  sam e m olecular features {e.g., the  inclusion  of a  softer polymer will 
lower b o th  th e  Tg an d  M.F.F.T.). E llgood11441 showed, for a  series  o f vinylidene chloride 
(VDC)/ethyl acrylate copolymers, th a t  bo th  the Tga n d  M.F.F.T. peaked  w ith  increasing  VDC 
content, b u t  n o t a t  the  sam e com position. Below 55% VDC con ten t, the  Tg was found to  be 
g rea ter th a n  the  M.F.F.T. A 15 K difference was found betw een the  Tg and  M.F.F.T. a t  the  
extrem es, a n d  different su rfac tan ts  were a lso  found to a lte r  th e  M.F.F.T. a n d  its
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re la tionsh ip  to  the  Tg of th e  copolymer. It was noted in  C hap ter 2 th a t  th e  staged  add ition  
of m onom er could lead to  u n u su a l particle morphologies. Sim ilarly, th e  m ethod of feed of 
a  second stage  m onom er {e.g., seeded growth or blend) can  lead to  varia tion  in  th e  M.F.F.T. 
of th e  re su lta n t latex due  to  the  change in  particle m orphology1781. The effect of core-shell 
m orphology on  th e  M.F.F.T. has, however, been  found to  depend  on  sh e ll th ic k n e s s I11SI: th in  
soft shells  on  h a rd  cores requiring higher drying tem pera tu res th a n  th ick er soft shells  due 
to  th e  necessity  to  deform  the  core of the  form er in  order to  form  a  film.

B rodnyan an d  K onan1721 an d  K a s t12691 note th a t com onom ers th a t  im part hydrophilic 
properties {e.g., m ethyl an d  ethyl acrylates, etc.) into a  polym er m ay reduce the  M.F.F.T. 
to  below th e  Tg, in  th e  case  of the  w et film (as opposed to  th ese  p roperties being  m easu red  
for th e  dry polymer) by allowing w ater to  ac t as  a  p lasticiser. Sim ilarly, su rfac tan t th a t  is 
com patible w ith  th e  polym er m ay also  plasticise the  polymer, low ering b o th  th e  Tg a n d /o r  
th e  M .F.F.T .1134,522,52S1.

Eckersley an d  R u d in 11351, Je n se n  an d  M organ12561 a n d  S p e rry 14601 et al. found the  
M.F.F.T. to be related  to  latex  particle size, a lthough th is  is n o t alw ays th e  c a s e 1721 (cf. the  
theories of film form ation -  p-4:6-). Eckersley found th e  M.F.F.T. to  be d ependen t on  latex  
particle  d iam eter an d  even in  the  case of a  series of polydisperse copolym er latices, the  
resu lts  suggested  th a t  th e  M.F.F.T. be proportional to  th e  n u m b er average particle 
d iam eter. However, th e  increase in  M.F.F.T. be tw eena  150 n m  la tex  a n d  1200 n m la tex w as  
only 5 K. J e n se n  an d  M organ12561 found th a t  as  the  (m onodisperse) latex  particle size 
decreased  by a  factor of seven, the  M.F.F.T. w as reduced by ca  10 K. S p e rry 14601 found the  
tim e d ependen t dry M.F.F.T. {i.e., th e  tran sition  from a  cloudy to  clear film in  a  latex p re
dried below its M.F.F.T.) increased  w ith increasing  particle size, a n d  concluded th a t  th is  
was due  to  a  sim ple viscous flow m odel w hich accounted  for th e  larger in te rstitia l voids 
w hich were p resen t betw een larger particles an d  the  longer tim e requ ired  for them  to  be 
filled (by particle  deform ation) to  give a  tra n sp a re n t film.

Following th e  evaporative drying process (typically by gravim etric m ethods, a lthough  
C an se ll1771 e ta l .  described  an  a lte rna te  m ethod using  dielectric m easurem ents), from 
beginning (i.e., w et latex) to  end (i.e., film) leads to  a  sigm oidal curve, w hich  c a n  be divided 
in to  a  nu m b er of stages for analysis. V anderhoff1397,5041 et al. describe th ree  stages in  th e  
drying p rocess (see Figure 4.1), study ing  drying w ith an d  w ithou t th e  a id  of a  ‘w ind tunnel’ 
to  remove th e  hum idity  of the  evaporating water. The drying p rocess m ay be com plicated, 
however, by virtue of it being non-uniform  (i.e., different a re a s  o f th e  film m ay dry  a t  
different rates) and , hence, quantitative evaluations of th e  ra te  of dry ing  typically involve 
the  u se  of estim ates of th e  size of, for example, dried areas of film, or the  u se  of averages 
to  give a  m ean  value for the  film as a  whole. Despite th is, a ttem p ts  have been m ade to  
m athem atically  model th e  evaporative p ro cess le'9" 40Z|.

Stage I. W ater evaporates from the  latex  surface, co n cen tra tin g  th e  latex: th e  ra te  
of evaporation h as  been  determ ined by a  num ber of w o rk ers[105,451,5041 as being th e  sam e 
as the  ra te  o f evaporation from w ater alone, or of w ater from a  d ilu te  so lu tion  of su rfac tan t 
+ electrolyte, i.e., su c h  as  th a t  w hich constitu tes the  aqueous p h ase  of a  latex. This stage
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is th e  longest of th e  th ree , a n d  las ts  un til the  polymer h as  reached  approxim ately  60  —> 70% 
volum e fraction, <&, (dependen t on  the stability  of th e  latex) (cf. 74% for close packed  
spheres) or u n til th e  su rface a rea  of the  latex’s  liquid-air interface s ta r ts  to  decrease a s  a  
re su lt of, for exam ple, disjo ining or solid film form ation. Initially th e  particles move w ith 
Brow nian m otion, b u t th is  ceases as the  electrical double layers undergo  significant 
in teraction , once a  critical volum e of the  w ater has  evaporated.

Stage II. This s ta r ts  from th e  time a t w hich the  particles firs t come in to  irreversible 
contact, a n d  iridescence m ay be observed on th e  latex surface. The ra te  of evaporation per 
u n it  a rea  o f open  w et la tex  rem ains constan t, b u t the  overall ra te  o f evaporation  decreases 
greatly  d u ring  th is  stage. (Reducing th e  rate  of evaporation can  lead  to  a  b e tte r  quality  film 
by allowing th e  particles more tim e to  pack in to  an  ordered s tru c tu re  before flocculation 
occurs. C asting  a t  h igh  tem pera tu res gives the  particles sufficient energy to  overcome th e ir  
m u tu a l repu lsion  a n d  th e  films are  formed before the  particles a re  o rd e re d 13231.) Particle 
deform ation occurs in  soft latices, as the  particles s ta r t  to  fill in te r-p a rticu la r capillary 
channels , driven by in terfacial forces (see parag raph  4.2.2.1).

Stage III. This s tage  s ta r ts  w ith the  initial form ation o f a  con tin u o u s film. The 
rem ain ing  w ater leaves th e  film initially via any  rem aining in terpartic le  ch an n els  an d  by 
diffusion th ro u g h  th e  polym er itself, b u t th e  rate  of evaporation eventually  slows to  
(asym ptotically) app roach  th a t  of diffusion alone. It is during  th is  s tage  th a t  a  soft la tex  
becom es m ore hom ogeneous an d  gains its m echanical properties. The ra te  o f w ater rem oval 
m ay be decreased  by film additives th a t  are im perm eable or hydrophilic.
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Figure 4.1 Schem atic  plot of the  w ater loss occurring on latex  drying.
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C roll'105-1061, however, describes the  process of film form ation in  ju s t  two stages as 
a n  evaporation front m oves in to  th e  coating leaving beh ind  a  ‘d iy ’ layer, con ta in ing  no 
con tinuous w ater, w ith  ah ead  of it  a  tran sition  layer losing w ater to  th e  d iy  layer above and  
supp lied  w ith w ater from  th e  wet latex  below. The rapid ra te  is m ain ta ined  for a s  long as 
wet latex  rem ains a t  th e  su b s tra te , th en  the  ra te  progressively decreases.

B ierw agon1471 considered film form ation in  relation to  th e  sam e th ree  regim es as 
proposed by Vanderhoff, d iscussing  diying in  term s of film th ick n ess  a n d  latex  solids 
conten t. E.g., a  film of low solids con ten t could d iy  faster th a n  one of h igh  solids co n ten t 
desp ite  th e  lower q uan tity  of w ater to  be removed from th e  la tte r, w hich however, reaches 
th e  diffusion-controlled stage  (i.e., surface closure) sooner, a n d  th e n  loses w ater m ore 
slowly. As th e  film dries from th e  surface down, a  fixed film a re a  is th e n  su b jec t to  
con traction  in  the  z-plane, thereby  producing s tress  in  th e  x-y p lane. If polym er elasticity  
is insufficient, th en  th e  s tre ss  can  be overcome by slippage betw een th e  coalesced layer and  
th e  fluid b en ea th  giving rise to  th e  ‘mud-cracked* surface effect.

H w a12475 stud ied  the  non-uniform ity o f  film  drying to  de term ine  th a t, a s  th e  
aqueous phase  evaporated, th ree  d istin ct regions could be observed, e.g., a  dry region, 
a  w et (latex) region, a n d  a n  in term ediate region  o f  floccu lated  la tex  (such  th a t  th e  film 
as  a  whole em bodied a ll th ree  periods of V anderhoff s drying regime). In  Hwa’s c ircu la r films 
th ese  regions formed concentric  bands, and  th e  films dried from  th e  ou tside inw ards. It was 
no ted  th a t  th ese  rings differed, dependen t o n  the  Tg of the  polymer. In  th e  case  of a  low Tg 
polymer, the  flocculated an d  d iy  regions were both  continuous, w hereas for h a rd  polym ers, 
fine rad ial cracks were apparen t, due  to  the  relief of s tresses, an d  th e  d iy  region w as more 
opaque (due to  cracks) th a n  th e  flocculated region. Hwa w as able to  show  th a t  the  
flocculated region h a d  som e m echanical s tren g th  (i.e., it w as n o t w ashed  aw ay in  a  s tream  
of w ater, as w as the  w et latex) presum ed  to resu lt from van  der W aals’ forces, a n d  th a t  the  
particles were no t close packed  (the volume fraction, <D, was betw een 0 .49 —> 0.62) s u c h  th a t  
th e  region w as porous. The flocculation was found to  be dependen t, to  som e extent, on  the  
n a tu re  of th e  su rfac tan t used: easily desorbed soaps were proposed to  be squeezed away 
from  th e  po in ts of particle-particle  con tact to  form micelles in  th e  particle  in te rstices and , 
hence, aid  flocculation, com pared to  th e  surfactant-free latices. S u rfac tan t w hich w as not 
easily  desorbed, however, delayed th e  onset of flocculation to  h igh  volum e fractions.

The fact th a t  latices of differing stab ility  will flocculate a t  different particle-particle  
separa tions (i.e., a t different rates) h a s  been u sed  to  advantage by O kubo a n d  H e13601 in  the  
p repara tion  of asym m etric films from latex blends. S uch  films show ed s ide-dependen t (i.e., 
po lym er-substra te  interface or polym er-air interface) varia tion  in  properties su c h  a s  film 
tack iness  an d  perm eability.

The co n stan t ra te  (rc) period of diy ing was stud ied  by P o eh le in13971 et al. w ith respec t 
to  latex  particle size, u s in g  a n  equation  to accoun t for the  non-uniform  drying. If th e  th ree  
regions described by H w a12471 are expressed in  term s of film a reas  (e.g., A t = a rea  of wet 
latex; A m = a re a  of d iy  film (the ra te  of evaporation in  th is  region was a ssu m ed  to  be 
negligible); an d  An -  flocculated region area, then:
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1 d W  (A nr* = ;v ^ r  (4-1)
where:

W  = gross film weight; 
t = tim e.

It was show n th a t  th e  rate , rc, increased  w ith increasing  particle  size (although th is  
was no t so ap p a ren t in  still air, a n d  w as not predicted by a  theore tical equation  based  on 
h e a t tran sfe r theory). P oeh lein13971 et al. speculated  th a t  th e  rate  increase  w ith particle  size 
w as a  resu lt of the  differences in  w ater con ten t in  th e  double layer, or th e  particle  surface 
a re a  available for su rfac tan t adsorp tion , although th e  la tte r was m inim ised by a ttem p ted  
a d ju s tm e n t of th e  surface ten sion  o f the  latices to  a  co n stan t value.

A rm strong an d  W righ t1151 noted  th a t  the  films p repared  from  latices of a  relatively 
large particle  size (750 nm ) were o f a  poorer quality [i.e., poorer corrosion  res is tan ce  due  
to  g rea ter porosity) th a n  those films prepared from latices of a  sm aller particle  size 
(105 nm ). This was ascribed  to  th e  larger particles show ing less coalescence, b u t  it w as not 
clear w hether th e  poor quality of th e  film was the resu lt of differing ra te s  o f d iy ing  resu lting  
from th e  differing particles sizes, or sim ply due to the  larger in terpartic le  voids th a t  would 
be found for th e  larger sized uncoalesced  particles.

4.2.2.1 Particle coalescence and film drying stage II.
Over th e  years a  num ber of theories regarding th e  form ation of polym er films, from 

th e  fusion  of latex  particle spheres, have been considered. These include:

X dry sin ter in g 1118,1701 (see below);

X w et s in ter in g1691 an d  capillary theory (see below);

X piston-like compression14511 arising  from th e  preferentially  dried surface layer
build ing in  th ickness from th e  top down;

X And in terparticle  coh esion  prom oted by surface fo rces[27Si.

Dry sin terin g  is driven by th e  polymer-air surface tension . D illon11181 et al. d iscu ss  
th e  coalescence processes in  term s of the  viscous flow of th e  polymer. This viscous flow 
resu lts  from the  shearing  s tresses  caused  by the decrease in  the  polym er-particle surface 
area, a n d  th e  re su lta n t decrease in  polymer surface energy, a s  th e  film is form ed. By 
app ra is ing  values relevant to  the  typical polymer latex, Dillon considered  th e  forces ac ting  
on th e  in terpartic le  ‘holes’ (of rad iu s  R), as denoted by th e  Young-Laplace equation:

p p  (4.2)£ e R

where:
P, = in te rnal p ressu re  (see Figure 4.2);
Pe = external pressure; 
y = polym er-air in terfacial tension;
R = rad ius of cu rva tu re  of the  sphere;
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and  concluded th a t  the  p ressu re  acting on the  void could not be contained , as  a  re su lt of 
the  polymer being perm eable to  the  trapped  a ir and  w ater vapour. The ex ten t of coalescence 
(as determ ined  from the  half-angle of coalescence) was th en  rela ted  to  a n  equation  
developed by F re n k e l11701:

0 2 = 3 T-t ... (4 .3 )
2 J tr |r

where:
0 = angle seen  in  Figure 4 .2 , i.e., the half-angle of contact;
Y = surface tension;
t = tim e;
T) = polymer viscosity coefficient;
r = particle rad ius.

Dillon show ed th a t  a  plot of 02 as a  function of 1 /r, as m easured  by electron m icroscopic 
observation of shadow ed particle pairs, gave the  expected linear rela tionsh ip .

B row n1691 d iscussed  w et sintering, driven by the  polym er-w ater in terfacial tension , 
leading to  th e  deform ation o f  particles, during  drying. He considered  th e  forces ac ting  
both  for an d  ag a in st th e  coalescence of th e  latex particles, w ith th e  conclusion  th a t  for 
coalescence to  occur, a n  inequality  m ust exist in  which the  capillary force, Fc, (resu lting  
from the  surface ten sion  of the  in terstitia l w ater, caused by the  form ation of sm all rad ii of 
curvatu re  betw een the  particles as the  w ater evaporated) m u st overcom e th e  forces of 
resis tance  to  deform ation, Fc, of the  latex  spheres: i.e., FC)F C. These forces. Brown 
presum ed, were proportional to  the relevant p ressures, w ith the  a rea  over w hich they  act 
as the  co n stan t of proportionality, and  hence: Pc ) Pc. From  Laplace’s equation , Brown 
derived the  capillary p ressure, Pc for the  cylinder of rad ius R, betw een th ree  contiguous 
latex particles (see Figure 4.2), in  term s of the  latex particle radii, r:

?c = = 12 (4'4)

Figure 4.2 A cross-section  of sin tered  latex  particles, and  a p lan  view show ing the  
in terparticle  capillary.
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where:
yw = polym er-w ater in terfacial surface tension; 

Note:

(4.5)

By trea tin g  th e  particles as e lastic  bodies, th e  p ressure  on th e  a rea  of co n tac t w as a lso  
calcu lated , in  te rm s of th e  elastic  sh e a r  m odulus, G, of the  polym er and , hence, Brown 
derived a n  expression  for coalescence:

where:
Gt = tim e d ependen t sh e a r  m odulus (necessary because  th e  viscoelastic  

particles a re  trea ted  as elastic) 
r = latex  particle rad ius.

S h e e tz14511 la te r am ended Brown’s equation  for capillary p ressu re  to  a c co u n t for th e  
s itu a tio n  w hen th e  con tact angle, fh  betw een the  polymer an d  w ater did no t equal zero:

Sheetz a lso  form ulated h is  own theory  of latex coalescence. In  qualitative term s, as 
th e  latex  becom es concen trated  by evaporation of the  w ater, flocculation occurs as  the  
repulsive forces o f th e  particles are  overcome. Particles a t  th e  latex-air interface a re  th e n  
su b jec t to  th e  forces of capillarity  an d  therefore coalescence, leading to  com paction an d  
deform ation of th e  particles u n d e r th e  surface. W ater in  the  film’s in terio r m u s t th e n  diffuse 
th ro u g h  the  up p er layers to  escape  a n d  th is  generates a  further, vacuum -like, com pressive 
force ac ting  norm al to the  film’s surface. The m echanism  is therefore seen  to  be b ased  on 
Brown’s  wet s in te ring  m echan ism  and  diffusion. Scheetz analysed  the  therm odynam ics of 
the  system  an d  show ed th a t  the  source of th e  energy for the  partic les’ fusion w as th e  h e a t 
in  th e  environm ent -  converted for film form ation by th e  evaporation o f th e  w ater. In  
evidence for the  diffusion being involved in  th e  coalescence m echanism , Sheetz cited  the  
facts th a t  a  film con ta in ing  a  w ater-perm eable polymer dried a t  a  ra te  faste r th a n  one th a t  
was less w ater perm eable; a n d  th a t  a  film in  which capillary action  was p revented  (by 
m eans of a  th in  so lven t-cast film) could form a  continuous film, w hilst th e  sam e polym er 
w ithou t th e  so lven t-cast deposit form ed a  d iscontinuous film.

Although D obler11231 et al. generally  agreed with the  m echan ism  of Scheetz, th ey  
believed, from observations of iridescence, th a t  the  surface of th e  latex  closes (i.e., com plete 
surface iridescence followed, presum ably , by sk in  formation) long before th e  particles 
becom e close packed  in  the  bu lk  latex  (as they  do in  Sheetz’s  theory).

Like Sheetz, M ason13331 also  identified a  num ber of erroneous a ssu m p tio n s  an d  
points of error in  Brown’s work. Firstly, in  converting his forces (capillary a n d  deform ation) 
to  p ressu res , Brown assum ed  the  sam e c o n stan t of proportionality (an undefined  area, A, 
over w hich the  capillary and  co n tac t p ressu res  are exerted) for each, e.g . , for equation  (4.4):

(4.6)

n 12.9y m cosfr
c ~ (4.7)
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12.9/ WA
c (4.8)

M ason po in ts ou t th a t  th ese  areas (for Fc and  FG) are  no t necessarily  identical, and  
repea ted  the  analysis using  corrected values for the a reas  su c h  th a t  th e  condition  Brown 
quoted  in  equation (4.6) becam e:

M ason also  criticises th e  fact th a t  Brown assum ed  th a t  th e  capillary p ressu re  
rem ained  co n stan t w hilst the  la tex  particles coalesced, a n d  derived a  new  equation  for the  
capillary  p ressu re  based  on th e  deform ation of the  spheres. From  th is , th e  criterion  for film 
form ation moved yet fu rther from  Brown’s inequality, to  give:

It h a s  a lso  been n o tic e d !267,4601 th a t  Brown’s work has been  criticised for u s in g  a  polym er 
m odu lus w hich w as obtained for th e  dried polymer, ra th e r  th a n  a  polym er in  a n  aqueous 
environm ent.

D espite Brown’s differences w ith Dillon over the  role of th e  evaporating w ater phase  
in  la tex  coalescence m echanism s, both  research  groups p resum ed  th a t  th e  forces of 
coalescence were inversely proportional to  th e  latex particle radii. V anderhoff1508, &500,5011 
e t a l  ind icated  th a t  the  p ressu res for coalescence, resu lting  from th e  works o f Dillon an d  
Brown, were insufficient to  cause  th e  coalescence of particles greater th a n  1 jam  in  d iam eter 
a n d  ex tended  the  theories accordingly. These extensions to  the  theo ry  were again  based  on 
de term in ing  the  forces acting to  cause  coalescence. Vanderhoff proposed th a t  as  th e  w ater 
evaporated , the  particle  coalescence was initially  h indered  by repu lsion  of th e ir  s tab ilis ing  
layers. F u rth e r evaporation th e n  resu lted  in  particle-particle contact, an d  th e  force 
increased  due to  (i) the  polym er-w ater interfacial tension, an d  (ii) the  sm all rad ii of 
cu rv a tu re  in  the  region of coalescence (r* an d  r2 as seen  in  Figure 4.2). Hence:

cf. equa tion  (4.2).

As w ith th e  work of B row n,691, M ason13331 criticised V anderhoffs work for m ath e 
m atically  confusing/orce w ith pressure . However, w hereas the  erro r in  Brown’s  m odel led 
to  th e  error being less th a t a n  order of m agnitude, M ason claim ed V anderhoffs error 
com pletely invalidated  the work.

The aforem entioned theories assum ed  th a t  the  latex  particles ac ted  as  v iscous fluids 
or e lastic  spheres. Kendall an d  P adget12751 noted th a t  particles are  no t tru ly  viscous (as

(4.9)
r

(4.10)
r

(4.11)

where:
P, -  in te rnal p ressure;
P\ — in te rnal p ressu re  in  th e  region of coalescence; 
r = particle rad iu s  fa n d  rx & r2 are radii as seen  in  th e  diagram ;

Modification of the permeability of polymer latex films. p-4:9-



Introduction, Chapter 4: Latex Film Formation and Properties.

dep icted  by th e  Dillon model) from th e  fact th a t  latex films can  show  a  residua l particu la te  
s tru c tu re , a n d  th a t  they  were elastic  w ith a  viscous com ponent. Sim ilarly, Kendall reasoned  
th a t  th e  fact th a t  a  film does not a tta in  its full s tren g th  u n til after th e  po in t w hen  all o f the  
w ater is rem ovedleg"524' 5261 im plied m odifications were necessary  to  Brown’s model. 
Accordingly, he in troduced  a  new  m odel based  on the  th eo ry 12591 of ad h esio n  a n d  in terfacial 
su rface energy betw een elastic  spheres -  again, its applicability  is lim ited  by its  foundation  
on  e lastic  spheres. For a  hexagonal close packed  array  of spheres, Padget s ta te s  th a t  voids 
are  elim inated  (i.e., opaque film to clear film) when:

2 E r 9jt
~ *7T (4-12)y(1- u  ) 2

i.e., for film form ation:

< 9 jry (l-p * ) (4 .13)
4r

where:
y = energy released w hen two spheres of u n it  area  move in to  contact;
V = Poissons ratio1;
E  = Young’s m odulus -  Note tha t:

G = . E  , (4.14)
2(1 +\>)

The dim ensionless ratio  on the left of equation  (4.12) is described by  K endall12751 as  the
“crum ble n um ber.” If th is  num ber is high, th e n  coalescence will n o t occur; if th e  crum ble
n u m b er is low, th e n  a  tra n sp a re n t non-porous film will form. The tra n s itio n  w as sa id  to 
occur a t  a  crum ble num ber of “aro u n d  ten .” K a n 12671 indirectly investigated  th e  deform ing 
forces du rin g  latex  coalescence a t  the  M.F.F.T., by m easuring  the  m oduli of w ater sa tu ra te d  
latices. The m agnitude of the  resu lts  show ed good agreem ent w ith th e  Kendall theory.

S p e rry 14601 h a s  investigated th e  role of w ater in  film form ation u s in g  M.F.F.T. 
m easu rem en ts  on  latices pre-dried a t  tem pera tu res below th e ir  M.F.F.T. (which show s the  
M.F.F.T. by a  tran sitio n  from a n  opaque to  a  clear film) an d  also  w et latices. In  th e  case of 
a  hydrophobic polymer, the  dry M.F.F.T. was virtually identical to  th e  w et M.F.F.T. 
ind ica ting  th e  p resence of w ater and , hence, capillary forces con tribu ted  little  to  film 
form ation. P lasticisation  by w ater was sa id  to  be th e  cause  o f hydrophilic polym ers yielding 
w et M.F.F.T.s w hich were lower th a n  th e  dry M.F.F.T.s -  by u p  to  ca  10 K. The dry 
M.F.F.T.s decreased  linearly w ith log[time] w hich was a ttrib u ted  to  (W illiam s-Landel-Ferry 
1ype) viscoelastic relaxation resu lting  from van  der W aals’ a ttractive forces/polym er-air 
su rface ten sion  an d  th e  collapse of in te rstitia l voids.

L am prech t13041 stud ied  film form ation by trea ting  th e  latex particles as  v iscoelastic 
bodies, an d  included dynam ic factors su c h  as creep deform ation in  rela tion  to th e  ra te  of 
w ater removal. Eckersley an d  R u d in 11351 indicated  a  m istake in  Lam precht’s calcu lation , and  
derived a  corrected criterion for film form ation assum ing  viscoelastic spheres:

= lateral contraction  per u n it b read th /lo n g itu d in a l ex tension  p e r  u n it length .

Modification of the permeability of polymer latex films. p -4 :10-



Introduction, Chapter 4: Latex Film Formation and Properties.

where:

(4.15)

t '  = the  tim e w hen th e  two spheres are  in  c losest proxim ity to  one 
another;

J c(t) = the  polym er’s  tim e dependen t creep com pliance (= tim e dep en d en t 
m odulus, G(t), in  th e  linear viscoelastic region).

Eckersley  w ent on  to  develop her own (tim e-dependent) v iscoelastic m odel o f film 
form ation based  on the  polym er-w ater interfacial tension  forces ac ting  together w ith  the 
capillary force to  cause coalescence. The theoretical resu lts  for particle  deform ation from 
th e  m odel agreed w ith experim ental m easurem ents by S.E.M.

The u se  of neu tron  sca ttering  experim ents (S.A.N.S.), together w ith  S.E.M ./T.E.M . 
h a s  perm itted  th e  ‘observation’ of latex  particle s tru c tu re  during  film drying; allowing the 
three-d im ensionally  deform ed shape  of th e  latex  particles to  be stud ied . J o a n ic o t12571 et a l  
a n d  C hevalier1951 et a l  have stud ied  th e  particle packing of latices consisting  of a  soft 
hydrophobic polystyrene-poly(butyl acrylate) copolymer core, s tab ilised  by a  hydrophilic 
she ll (either neu tra lised  poly(acrylic acid) or a  m onolayer of zwitterionic su rfac tan t). S u ch  
a  s tab le  configuration allowing the  close packing of the  particles before coalescence occurs.

By th e  use  of very th in  films, the  S.A.N.S. scattering  pa tte rn s , p roduced  by latices 
a s  th e  d ispersions concentrated  (to approxim ately 20 —> 50%, by evaporation) were stud ied , 

a n d  in te rp re ted  in  term s o feachofthem onod isperse  particles being su rro u n d ed  by 10 12
n e a re s t neighbours, and  form ing face-centred cubic crystalline-like particle  packing. S u ch  
ordering of th e  particles w as lost (as show n by the  rep lacem ent of th e  sca tte rin g  p a tte rn  by 
D ebye-Scherer rings) e ither w hen th e  d ispersion  was too dilu te (latex volum e fraction 
( 20%) or, if s a lt  was p resen t to  sc reen  th e  interparticle  e lectrosta tic  forces, or w hen  the  
latex  w as polydisperse.

It w as originally deduced  by L issa n t|3221, w hen investigating h igh -in te rnal-phase- 
ra tio  em ulsions, th a t  above th e  m axim um  packing volume available to  h a rd  sp h e res  (74%, 
in  a  face cen tre  cubic configuration), deform ation of a  sphere  to fill all of the  sp ace  (whilst 
keeping  th e  sam e volume a s  the  original sphere) will give rise  to  a  rhom boidal 
dodecahedron. Jo a n ic o t12571 e ta l . show ed su c h  polyhedra, by s ta in in g  th e  hydrophilic 
m em brane (i.e., particle interfaces -  w hich on particle deform ation defined th e  polyhedra), 
w hen a  la tex  h a d  lost m ost o f its w ater -  com paring the s tru c tu re  to  th a t  of a  foam.

C hevalier1951 e t a l  u sed  the  S.A.N.S. evidence to  describe particle  coalescence. 
C oalescence was observed to  move th rough  the  drying su rfac tan t-coated  latex  in  th e  form 
of a  ‘coalescence front’ progressing from the  periphery of th e  film inw ards: the  progress of 
w hich could be reversibly halted  by stopping the  evaporation of the  w ater. At th e  in terface 
betw een dry film, and  w et latex  (in w hich the  packing fraction w as (0.74), a  phase  
inversion occurred, from a  polym er in  w ater to a  w ater in  polymer system . Coalescence was 
sa id  to  only occur if the  hydrophilic layer was breached, and  th is  was se en  to  differ
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depend ing  w hether the hydrophilic layer w as th e  su rfa c ta n t or th e  acrylic acid. The films 
stab ilised  by poorly adsorbed su rfac tan t formed a  con tinuous m atrix  of polym er con ta in ing  
hydrophilic dom ains, w hilst those  latices stab ilised  by the  polym er re ta ined  th e  foam-like 
s tru c tu re : a s  indicated  by a  collapse of the  diffraction peak  in  th e  case  of th e  form er, b u t 
a  peak  w hich could be re in sta ted  by swelling the  film w ith w ater in  th e  la tte r case. This 
work th u s  differentiated betw een coalescence, w hich was defined as  the  b reak u p  of the  
hydrophilic layer, and  polym er cha in  interdiffusion, w hich occurred in  a  la ter stage.

4.2.2.2 Particle fusion (film drying stage III), film structure, and aging.
The aforem entioned theories of coalescence considered film form ation a s  a  process 

in  w hich, after th e  in term ediate stage, the  deformed latex  particles were held  together by 
physica l forces. This was countered  by V oyutskii1524,525,5261 who, from  stu d ies  on  adherence  
of ru b b er coated fabric s trip s, judged th a t  these forces alone were insufficient to  account 
for th e  m echan ical and  physical properties of su c h  a  film. Voyutskii d iscu ssed  film 
form ation from a  polymer d ispersion  in  the  typical th ree  stages of: evaporation to  a  
concen tra ted  ‘solution’; followed by polym er ‘globules’ com ing in to  close con tact, w ith 
deform ation, due to capillary forces; an d  th en  in  th e  final stage, the  film gain ing  its 
m echan ica l s tren g th  by v irtue of th e  fact th a t  solvated s tab ilise r m olecules m igrated  to 
betw een the  polym er globules, as a  resu lt of the  loss of w ater, allowing th e  self-diffusion of 
polym er cha in s an d  leading to  an  increase  in  the  hom ogeneity o f th e  polymer. This process 
of m u tu a l interdiffusion betw een polymer chain  ends is term ed  autohesion , a n d  a lthough  
n o t a n  innovative idea (the m echan ism  being based  on th e  work o f Josew itz an d  M ark l260!), 
V oyutskii was th e  first to  apply it to  th e  coalescence of latex  particles.

By v irtue o f an  ongoing process, sim ilar to  au tohesion , Bradford a n d  V anderhoff 
s tu d ied  th e  changes in  s tru c tu re  occurring in  a  con tinuous, tra n sp a re n t, film a s  a  function 
of film a g e ,621. A sty rene-bu tad iene copolymer film, w hich w as replicated  a n d  viewed by 
T.E.M. w ith in  hours of casting, show ed th e  vestiges of th e  original la tex  particles. However, 
over a  fourteen-day  period, th e  particle contours on  th e  film surface eventually  d isappeared , 
accom panied by the  exudation of m aterial from w ithin th e  film: p resum ed  to  be stab iliser 
(visible as  b lister-like eruptions), an d  in  som e cases, electrolyte (visible a s  crystallites). 
Investigation involving a  series o f non-ionic su rfac tan ts  show ed th a t  it w as th e  long 
poly(oxyethylene) chained  stab iliser w hich the  film exuded, a n d  n o t th e  sh o rt ch a in ed  oil- 
so luble stabiliser. It was concluded th a t  it was additive w hich w as incom patible w ith  the  
polym er th a t  was secreted. The exuded su rfac tan t was itse lf observed to  change in  
appearance  w ith  tim e, being initially sm ooth  b u t la ter becom ing rough. This w as a ttr ib u ted  
to  oxidation, w hich was la te r sho\yn could cause  sc ission  of th e  poly(oxyethylene) c h a in  
th u s  m aking  it more com patible and, hence, allowing it to  diffuse back  in to  th e  polymer.

Bradford and  Vanderhoff w ent on to  study  the  aging process, w hich they  term ed 
further gradual coa lescen ce, in d e ta il |62,631, and  V anderhoff h a s  d iscussed  th e  resu lts  in  
a  nu m b er of reviews of film fo rm ation |500,501!. They show ed th a t  it occurred a t  th e  film- 
su b s tra te  interface as well as  a t  the  film -air interface (albeit a t  possib ly  different rates), and  
also  in  th e  film’s interior where s tab iliser was exuded in to  “pockets.” Porosity due  to  the  
leach ing  of su rfac tan t was reduced if th e  film was aged before th e  su rfac tan t was leached. 
The fu rth e r gradual coalescence w as independen t of th e  casting  su b s tra te , w ith  the

Modification of the permeability of polymer latex films. p-4:12-



Introduction, Chapter 4: Latex Film Formation and Properties.

exception of a  m ercury  su b s tra te  w hich it was proposed induced  different s tre sse s  in to  the  
film w hen com pared to  casting  on a  solid substra te . The p roportion  of oxygen in  the  
a tm osphere  a lso  affected the  rate  o f fu rther g radual coalescence -  particle  contours 
d isappearing  rapidly  in  a  h igh oxygen atm osphere (attribu ted  to  oxidative soften ing  of the  
copolymer) w hilst rem ain ing  unchanged  in  a  nitrogen atm osphere. Bradford a n d  V anderhoff 
a lso  found th a t  reducing  the  polymer m olecular weight (by u s in g  a  ch a in  tran sfe r ag en t {t- 
dodecyl mercapton}), increased  the  ra te  of fu rther gradual coalescence, an d  th e  exudations 
appeared  earlier, w hilst a n  increase in  th e  three-d im ensional n a tu re  of th e  polym er (by 
crosslink ing  w ith  divinyl benzene), reduced  the  ra te  of aging b u t d id  n o t h a lt it com pletely.

Bradford a n d  V anderhoff1631 observed aging in  o ther polym ers, includ ing  ethyl 
acry late-m ethyl m ethacry late  copolymer, n a tu ra l rubber, an d  vinylidene chloride-vinyl 
chloride-ethyl acry late copolymer. R oulstone14241 h as  observed th e  d isappearance  of particle 
con tours w ith in  films of su rfactan t-free PBMA. Bradford an d  V anderhoff did no t, however, 
find evidence of aging in  poly(vinyl acetate) (P.V.Ac.) films, even a fte r 280 days. This they  
a ttr ib u ted  to  th e  su rface  hydrolysis o f th e  acetate  to  poly(vinyl alcohol) (P.V.OH.) w hich 
prevented  au tohesion . The presence of P.V.OH. in  su ch  films w as la te r show n by K a s t12691 
(using  osm ium  tetroxide s ta in ing  of th e  hydroxyl groups, an d  e lectron  microscopy) as  a  
con tinuous netw ork  th roughou t the  film, separa ting  th e  P.V.Ac. core particles.

A lthough theories for the  interdiffusion of polymer cha in s  a t  a n  interface ex ist le g'‘2881 
(and  have been  sh o w n 1555,5561 to  be applicable to  latex particle film formation), it w as th e  
in troduc tion  of S.A.N.S. techniques th a t  has, since the  m id-1980s, provided a  m eans of 
investigating  th e  m agnitude of the  polym er cha in  interdiffusion and , hence, th e  reason  for 
a  film’s s tren g th . Som e of th is  work h a s  recently been reviewed by S perling14591 et al.

H a h n 1212,2131 et al. u sed  S.A.N.S. experim ents on PBMA to  show  th a t  la tex  particle 
coalescence w as a s  a  resu lt of the “m assive” interdiffusion of polym er from different latex 
particles. The diffusion coefficients, D, during  fu rther gradual coalescence a t ca  353  K were 
10*16 cm 2 s '1 a n d  dem onstrated  a  thirty-fold increase as a  re su lt of a  20  K rise in  
tem pera tu re . A factor of two change in  m olecular weight changed  th e  diffusion coefficient 
sixfold. Yoo|555,5561 et al. u sed  sim ilar m ethods to  H ahn  to  investigate the  in terdiffusion 
p en e tra tio n -d ep th  a t  w hich the  film a tta ined  its full tensile  s tren g th . R esults were found 
to  be dep en d en t on  th e  polymer m olecular weight, the  spa tia l d istribu tion  a n d  location of 
ch a in  ends a t  the  polymer-polymer interface, an d  the  ratio  of th e  polym er ch a in s’ rad ii of 
gyration to  th e  rad iu s  of the  latex particle.

L inne13201 et al. found, also by S.A.N.S., th a t  for sm all (ca 38 n m  0) h igh m olecular 
w eight (6x 106) polystyrene, th a t the  m olecules were fourfold co nstra ined  in  the  lattices, and  
th a t  a  re ta rded  non-F ickian  diffusion relaxation a t 10'14 cm2 s '1 occurred by a  modified 
rep ta tion 1 m odel (tha t accounted for the  polymer ch a in s’ charged  ends {and, hence,

xThe rep ta tion  m odel describes th e  restricted  therm al m otion (« t'A) of a  polym er ch a in  
th a t  is en tang led  in  o ther polymer c h a in s |1121: the  ‘average’ m otion effectively being  confined 
to  th e  cen tre  of a  tube . The nam e originally arose from th e  snake-like  m ovem ent o f polym er 
cha in s  in  concen tra ted  solution.
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repulsion}), cf. 10'16 cm2 s '1 expected for transla tiona l diffusion a t  443  K. Energy release a lso  
occurred d u ring  Tg determ ination  w ith the  second ru n  giving a  va lue  6 K lower th a n  th e  
first, an d  close to  th e  expected value for polystyrene. L inne13201 claim ed th a t  polym er c h a in  
in terdiffusion over 110 A w as sufficient to  give a  tough coheren t film, i.e., diffusion across 
th e  particle  boundary  o f 50 —> 60 A; ca  0 .15x0 . The cha in  end  diffusion of h igh  m olecular 
w eight {e.g., ) 7 .6x104) polymer m ay n o t follow Fickian or rep ta tion  m odels du e  to polym er 
c h a in  en ta n g lem e n t15291.

K im 12851 et al. s tu d ied  particle coalescence using  “d irect m ini-em ulsified” latex  
particles, w hich were claim ed to  show  a  narrow er m olecular weight, an d  particle size 
d istribu tion , w hen com pared to  conventionally em ulsion-polym erised particles, a n d  also  
con tained  no  ionic ch a in -end  groups. (Particles were prepared  by anionic polym erisation 
to  give hydrogen cha in  ends, w hich were d istribu ted  random ly th ro u g h o u t th e  particles, as  
opposed to  being  predom inantly  on the  particle surface as in  conventional ionic ch a in  end  
groups.) The ra tes  of in ter-particle  chain-interdiffusion were found to  be g rea ter for Kim’s 
particles w hen  com pared to conventional latex particles: a  feature  ascribed  to  th e  sm aller 
ch a in  end  groups (com pared to, for example, su lp h a te  end  groups) an d  th e  fact th a t  th e  
need  to  overcome polar repulsions was no t required.

The effects on polym er interdiffusion of varying am oun ts carboxyl c h a in  end  groups 
on th e  su rface of a  PBMA latex (prepared to  give a  PBMA-core, carboxylated-shell 
morphology) h a s  been  investigated by Kim12861 e ta l. u s in g  fluorescence d irec t energy 
tran sfe r m easu rem en ts. W hilst no t preventing ch a in  interdiffusion, th e  p resence of acid end  
groups did re la rd  it. Problem s of da ta  in terp re ta tion  arose, however, d u e  to particle  surface- 
com position heterogeneity, an d  it w as presum ed th a t  th e  polym er ch a in s  of lowest 
m olecular w eight and  low est carboxyl con ten t interdiffused earlier th a n  th o se  of h igher 
m olecular w eight/carboxyl content: th e  latter, however, show ed increased  con tribu tion  to  
th e  energy tran sfe r a t  longer annealing  tim es. (Interdiffusion was possib ly  betw een m iscible 
phases, e.g., PBMA w ith  PBMA, and  PBMA-co-MAA w ith PBMA-co-MAA.)

K im 12871 also  investigated  the  effects of neu tra lisation  of (carboxyl an d  su lphate) acid 
end  groups u s in g  a  range o f m ono an d  divalent bases. Like th e  aforem entioned 
carboxylated polymer, interdiffusion of the  neu tra lised  polymer show ed a n  in itia l quick ra te , 
followed by a  longer lasting  co n stan t rate  period. The p resence  o f a n  ionom eric sh e ll 
reduced  th e  ra tes  of interdiffusion fu rther th a n  carboxylation, in  th e  order of NH4 (N a+ 
(B a2+. I.e., m onovalent ions retard  diffusion to a  lesser ex ten t th a n  d ivalen t ions. Kim w as 
unab le  to  d istin g u ish  th e  con tribu tion  of Tg effects during  th is  work.

D espite their effects on  cha in  interdiffusion, carboxyl g roups have been  show n to 
con tribu te  to  th e  viscoelastic cohesive s tren g th  of particles in  a  film due to  in terfacial 
c ross lin k in g14121 -  via e ither hydrogen bonding or ionic d ipolar in terac tions w hen 
neu tralised . (If the  neu tra lis ing  m olecule was sufficiently large {e.g., diam ino- 
polyoxyethylene}, th en  coiled lam ella could be formed w hich had  th e  opposite effect {when 
com pared to  neu tra lised  carboxyl groups} of p lasticisation  a n d  therefore reduced  cohesive 
s treng th .)

Modification of the permeability of polymer latex films. p -4 :14-



Introduction, Chapter 4: Latex Film Formation and Properties.

U nsurprisingly, S p erlin g14591 et al. conclude th a t  th e  ra te  o f coalescence depends on 
w here the  polymer ch a in  ends lie w ith  respect to  the  particle surface, and  th a t  films form 
faste r w hen th e  ends lie on the  particle surface. The ra te  of coalescence of latex  particles, 
a s  determ ined  by Padget an d  M oreland13751 u sing  T.E.M. and  a n  A.C. im pedance technique, 
increased  w ith  increasing  concentration  of block copolymer su rfac tan t. This effect was 
a ttr ib u ted  to  p lastic isa tion  of the  (dry) latex polymer by th e  su rfac tan t. (W hen wet, th e  
poly(ethylene oxide) groups are  hydrated  and  were relatively incom patib le w ith th e  polymer, 
su c h  th a t  th e  M.F.F.T. w as not changed w hilst w ater was still p resen t.) E xudations of the  
su rfa c ta n t were only significant a t  concentrations above surface coverage.

The effect of coalescing aids on the  interdiffusion of polym er ch a in s  d u ring  polymer 
annealing  was a lso  investigated  by W innik |528,5431 et a l  Organic solvents, typically u sed  as 
coalescing a ids {e.g., glycol derivatives), were found to  provide a  c o n s ta n t degree of 
e n h an cem en t in  in ter-diffusion rates (i.e., a s  a  resu lt of p lastic isa tion  by th e  coalescing aid) 
du ring  annealing , an d  th e  effect was described by a  modified W illiam s-Landel-Ferry 
equation. Deviations from  th e  m odel {i.e., th e  degree of en h an cem en t was n o t c o n stan t 
d u rin g  the  course  of annealing) were as a  resu lt of evaporation of th e  coalescing aid  from 
th e  film, by a  F ickian-type process.

D istler an d  K anig11211 assum ed  th a t latex-cast films would alw ays re ta in  som e form 
of inhom ogeneity due to  th e  d istribu tion  of stab ilising  charge {e.g., polym er ch a in  end 
groups or grafted surfac tan t). Citing latex particle stab ility  as proof of th e  particles having 
a n  exterior m ore hydrophilic th a n  the ir interior, they  reasoned  th a t, on  deform ation of the  
particles in to  a  film, these  surface boundary  layers of hydrophilicity  would interdiffuse to 
form  a n  in terconnected  ‘honeycom b,’ b u t w hich would th e n  a c t to  inh ib it fu rther 
interdiffusion by v irtue of th e  incom patibility betw een th e  hydrophilic an d  hydrophobic 
polymer. In evidence of th is, D istler an d  Kanig point to  th e  fact th a t  a  norm ally tra n sp a re n t 
film m ay tu rn  opaque, or even show  Bragg diffraction iridescence, w hen  swollen w ith  water: 
b o th  of w hich require latex-particu late  sized features to cause  th e  necessa ry  difference in  
refractive index  (between th e  polym er and  water) an d  crystalline s tru c tu re , respectively, and  
hence, were testim ony of th e  ability of w ater to penetrate  the  hydrophilic honeycom b and  
expose su c h  features.

The (i) increased  w ater absorbency, (ii) increased  difficulty to  leach  su rfac tan t, and  
(iii) reduced tendency  of a  copolymer latex film of vinyl aceta te  a n d  a  vinyl e s te r  of V ersatec 
10 acid  to  w hiten  (swell) in  w ater were a ttribu ted , by Aten a n d  W assen b u rg [241, to  the  
red istribu tion  of su rfac tan t m olecules from the  surfaces of th e  latex  particles (where they  
were sited  on  latex  polym erisation) to a  more even d istribu tion  th ro u g h o u t th e  film, 
following a  period of secondary  ‘drying’ above the  polymer Tg. S u c h  red istribu tion  was 
ascribed  to  th e  increased  polymer chain  mobility above th e  polym er Tg, an d  w as no t 
ap p a re n t in  films annealed  below th e  Tg.

D istler a n d  Kanig also  used  T.E.M., com bined w ith s ta in in g  techn iques, to  observe 
polyhedra sh ap ed  particle boundaries w ithin their films. In a  bu ty l acrylate-aciylonitrile- 
m ethylol aciy lam ide-aciylic acid copolymer, u rany l ions were bound  to  carboxylic acid 
groups, to  clearly show  the  particu late  network, w hich was a lso  a p p a ren t in  sim ilar

Modification of the permeability of polymer latex films. p-4:15-



Introduction, Chapter 4: Latex Film Formation and Properties.

f ilm s'1211 con trasted  w ith hydrazine/osm ium  tetrox ide |2681: th e  ‘partic les’ in  th e  films 
show ing a  good degree of correlation of size com pared to  th e  original la tex  size. S u ch  
contrast-form ing  s ta in in g  techn iques also showed the  web-like p a rticu la te  s tru c tu re  in  films 
form ed from  surfactan t-free  acrylate la tic e s t121,1221 indicating  th a t  s u c h  partic les  have a  h igh  
degree of su rface hydrophilicity (functionality).

J o a n ic o t12581 et al. investigated the  effect of therm al an n ea lin g  o n  th e  cellu lar 
netw ork (“m em brane’’) of hydrophilic particle boundaries, w hich  a c t to  sep ara te  the  
hydrophobic cores of th e  latex  particles in  a  film: observing th e  fragm en ta tion  of the  
m em branes by th e  u se  of S.A.N.S. an d  T.E.M. Fragm entation o f th e  hydrophilic  m em brane 
arose d u e  to  th e  h igh  hydrophilic-hydrophobic interfacial su rface  area, s u c h  th a t  the  
d ispersion  w as no t in  a  s ta te  of lowest free energy. Joan ico t d iscu sses  th e  fragm entation  
of th e  hydrophilic m em brane in  com parison w ith th e  evolution (droplet m atu ra tion ) of oil- 
in -w ater em ulsions. In  su c h  a n  em ulsion, th e  therm al m otion o f th e  s tab ilis in g  su rfac tan t 
(su rround ing  the  em ulsion droplets) can  lead to  su rfac tan t b ridging  th ro u g h  th e  aqueous 
phase, betw een droplets, w hich can  in  tu rn  allow th e  oil d rop le ts to  com bine. For su c h  
com bination  to  occur, requires the  a tta in m en t of a  critical th ic k n e ss  of w a te r betw een the  
particles. The th ickness  of m em branes betw een latex  particles is th in  (ca 2 nm), a n d  th e ir 
fragm entation  is th ickness-independen t, b u t requires therm al tre a tm e n t for th e  a tta in m en t 
of a  th resho ld  beyond w hich the  hydrophilic and  hydrophobic p a rts  of th e  film segregate. 
Joan ico t determ ined  th a t  m em brane fragm entation was a  function  of: i, m obility of the  
polym er from w hich th e  m em brane was m ade (restricted by crosslink ing , etc.); ii, the  
m obility of th e  particle core (i.e., a  function of polymer Tg, etc.); a n d  iii, th e  anch o rin g  (i.e., 
due to  surface functionality) of the  m em brane polymers to  th e  core. Once fragm entation  
h ad  occurred, th e  hydrophilic polymer was found to  form irregu lar c lu s te rs  w ith in  the  
hydrophobic polymer. The irregularity was ascribed to  the  m ethod of c lu s te r  form ation in 
w hich  th e  hydrophilic m em branes were sa id  to be ‘a ttach ed ’ to  cores w ith  a  d istr ib u tio n  of 
s tre n g th s  (i.e. , heterogeneous latex  particle surface) and, hence, released  a t  differing tim es: 
c lu ste rs  o f hydrophilic polymer occurring (in the  hydrophobic polymer) a t  po in ts  w here the  
m em brane was released  initially. This was again  com pared to  th e  evolution o f h ig h  in te rnal 
p h ase  ra tio  em ulsions whereby large droplets cap tu re  sm alle r drop lets to  yield a  
d istribu tion  of sm all droplets a n d  m uch  larger ones: ‘heterogeneous grow th’ (cf. 
hom ogeneous growth: the  com bination of equally sized sm aller d roplets to  give a  
m onodisperse em ulsion  w hich grows continuously).

In th e  aforem entioned work of Jo a n ic o t12571 et al. an d  C hevalier1951 et a l. , it h ad  been  
show n th a t  latices formed a  foam-like s tru c tu re  of rhom bic dodecahedra  u p o n  coalescence. 
These ac tu a l s tru c tu re s  have been  observedI424,5271 in  latex  films of PBMA, by electron 
m icroscopy after fracturing  under liquid nitrogen. W ang'5271 et al. no ted  differences in  
s tru c tu re  betw een large an d  sm all particles (337 nm  an d  117 nm , respectively). W hereas 
the  larger particles formed ordered struc tu res, the sm aller particles (for w hich  films were 
form ed in  th e  p resence of surfactan t), underw ent random  packing. This w as a lso  ap p a ren t 
for th e  larger particles if th e  film was prepared in th e  p resence of su rfac tan t. S u rfac tan t 
could be seen  in  th e  fracture cross-sections, an d  th is  w as a ttr ib u ted  to  it being 
concen tra ted  in  the  coalescent front as it moved th rough  the  film.
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W ith respect to  coalescence an d  th e  effect of repulsions betw een particles due  to  
the ir su rface  group functionality, Nicholson and  W asso n13491 conclude th a t  coalescence 
m echan ism s m ay be divided in to  two groups: (i) those dependen t on  s in te ring  or capillarity  
processes, w hich dom inate  w hen there  are  polar repulsions presen t; an d  (ii) those  
d ependen t on  cha in  interdiffusion, w hen there  is veiy little repu lsion  betw een particles. 
W hilst ionogenic groups m ay lead to  polymer chain  stiffening, th is  m ay be coun tered  d u rin g  
latex  film casting  by increased  w ater hydration leading to  p lastic isation .

4.2.2.3 Solvent-casting of a film.
W hilst th e  form ation of films from latices an d  from polym ers in  so lu tion  m ay seem  

to be fundam entally  different processes, there  are aspects  of sim ilarity: e.g., m acro 
m olecules in  solution behave hydrodynam ically as though  they  a re  m olecular d ispersions 
having solvent-im perm eable cores and  peripheral solvent-perm eable s e g m e n ts13471; a  
difference m ainly  of scale  com pared w ith uncharged sterically  stab ilised  latex  particles. 
W hether solvents will necessarily  deposit pore-free films of th e  m axim um  density  an d  
lowest perm eability  is uncerta in . Different outcom es are  predicted, depend ing  u p o n  th e  
solvent power, w hen h igh  concentrations are reached in  the  la te r  s tages  o f drying. F unke 
a n d  ZorU11771 suggested, based  upon evidence from freeze-dried ex tracts o f films in  th e  gel 
stage, th a t  good solvents would produce m ore open, porous s tru c tu re s , a n d  N icholson a n d  
W assen13491 cite G ould12051 w ith a  sim ilar prediction th a t  com pact m olecules in  th e  so lu tion  
will rem ain  com pact in  th e  film s ta te . R esting |2761, however, suggests th a t  polym er coils in  
good so lvents will in te rpene tra te  to  a  more com pact s tru c tu re  th a n  in  poorer solvents w hich 
will favour earlier polym er segm ent-segm ent contacts. Spitael an d  K inget14611 concluded  th a t  
the  form ation of a  gel w as th e  m ost im portan t stage of so lvent-cast film form ation, an d  th a t  
solvents th a t  did n o t gel yielded poorer films which exhibited poorer tran sparency .

D istler and  K anig11211 dissolved freeze-dried sam ples of poly(ethyl acrylate) a n d  
poly(n-butyl aciylate) in  te trahydrofuran , diluted to  su c h  a n  ex ten t (0.1%) th a t  th e  polym er 
chains were d ispersed  w ith no  “felting”, i.e., the  re su lta n t so lu tion  w as com pletely 
hom ogeneous. In films formed from su c h  solutions, it was found, from ana lysis  by E.M., 
th a t  th ere  rem ained  a  residual particu la te  s truc tu re , w ith particles of approxim ately  th e  
sam e size a s  those of th e  original latex. This they a ttribu ted  to  sufficient self-crosslink ing  
(i.e., ac iy lates  have a  labile tertiary  hydrogen1431) during  the  polym erisation process to  allow 
the  particles to  sim ply swell (i.e., gel) ra th e r th a n  tru ly  dissolve. This hypothesis of 
crosslink ing  was tes ted  by repeating  the  experim ent using  PBMA, w hich lacks the  ability  
to  self-crosslink: su c h  films c ast from tetrahydrofuran  showed no  sign  of res id u a l s tru c tu re .

The ra te  of evaporation of solvent from solvent-cast films depends upon  (tim e}1'4 a s  
expected for a  process controlled, or limited, by diffusion, i.e., F ick ian  desorp tion  to  th e  
surface th ro u g h  a  hom ogeneous so lu tion  of increasing  co n cen tra tio n 1511. However, th e  
rem oval o f th e  final traces  of solvent from solvent c a st films is a  problem : a ttr ib u ted  to  the  
fact th a t  th e  polymer m ay be plasticised  by the solvent. Elevated tem pera tu re  (to a s s is t  
diffusion of th e  solvent in  th e  polymer), good vacuum  an d  long drying tim es are  used  to  
overcome th e  problem , e.g., 323 K a t  3 Torr for 96 h r s 15171, The rem oval of th e  final traces  
of solvent can  be im portan t w ith  regard  to  toxicity (in th e  case of p h arm aceu tica l coatings) 
an d  also th e  perm eability properties of solvent-cast coatings. List a n d  L a u n 13241 found the
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w ater vapour perm eability  of isopropyl alcohol-cast Eudragit® L (see C hap ter 6) films to  be 
m arkedly increased  by residual solvent. However, the  effects o f res id u a l so lven t were 
m inim ised by secondary  drying, an d  th e  solvent could be a lm ost com pletely rem oved in  a  
very sh o rt tim e (8 hrs) if the  film w as held above its Tg.

4.2.2.3.1 Volatile organic components in aqueous latices.
It is comm on, for example in  th e  p a in t industry , to  add  volatile organic com ponents 

to  latices (6.3., as coalescing aids to  lower the  elastic m odulus an d  provide tem porary  
p lastic isa tion  to  prom ote polymer ch a in  m otion and, hence, provide a  b e tte r  film finish). 
S u lliv an14711 investigated the  rem oval of su c h  volatile organic com pounds from  latices, 
concluding th a t  the ease  of rem oval was dependen t on th e ir  m olecular size a n d  polarity: the  
m ore polar a  com pound, the  m ore likely it w as to  partition  in to  th e  hydrophilic netw ork  of 
th e  evaporating w ater (and, hence, find less diffusive resistance), an d  less res id u a l solvent 
would rem ain  in  the  film. Sullivan found th a t  th e  initial (steady-state) ra te  of evaporation 
of w ater w as unaffected by th e  solvent b u t m ay ultim ately be slowed if th e  additive is 
hygroscopic or in te rac ts  w ith the  w ater, form ing hydrogen bonds [e.g., a s  do ethylene an d  
propylene glycol): in  w hich case th e  evaporation will not be diffusion-controlled, a s  is the  
u su a l case.

H a n s e n 12161 also  d iscusses th e  evaporation of various volatile organic com ponents 
from aqueous latices. Com paring film form ation by the evaporation from tru e  so lu tions [i.e. , 
in te rnal diffusion-controlled {characterised by a  concentration  g rad ien t acro ss  th e  film 
th ickness, w ith  a  concen tra tion  o f zero a t th e  film surface}) to  th e  system  in  w hich  the  
volatile is p resen t a s  a n  additive, it was found that, in  th e  la tte r  case, no  concen tra tion  
g rad ien t (of volatile) was apparen t in  th e  film implying th a t  th e  evaporation o f th e  volatiles 
w as controlled a t th e  film surface. As in  the  work of S u llivan14711, however, th e  evaporation 
ra te  of th e  aqueous p h ase  was independen t of the  organic phase .

In th e  case of diffusion-controlled evaporation, th e  ra tio  of th e  w eight o f volatiles to  
polym er c a n  be related  to  a  dim ensionless reduced tim e variable, T, given by:

L
(4.16)

where:
D = diffusion coefficient; 
t = tim e;
L = film th ickness.

Hence, in  th e  case of diffusion-controlled (desorption-controlled) resis tance:

t
oc — - (4.17)

^ d r y  polym er

where:
W = w eight of (subscripted) com ponent.

W hereas for surface-controlled resistance:

W volatiles (4.18)
^ d r y  polym er
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The effects on  polymer ch a in  interdiffusion of sm all am o u n ts  of organic solvents, 
added  to  PBMA latices, has  been  investigated  by Ju h u e  and  L a n g 12621. R esults depended  on 
th e  n a tu re  of th e  solvent’s properties [e.g., evaporation tim e, level of p lastic isation) w ith  
resp ec t to  th e  polymer. S trong p lastic isa tion  was found not to  be  a  desirab le  fea tu re  (to 
achieve h igh film s tren g th  by en hancing  interdiffusion) if th e  solvent w as not easily  
evaporated, a n d  sim ilarly ne ither was w eak p lastic isation  and  qu ick  evaporation. D esirable 
properties to  en hance  film form ation were therefore m oderate evaporation ra te  an d  
m oderate p lasticisation .

4.3 Film m orphology.
R oulstone14231 observed th a t  in  th e  case of bo th  so lven t-cast an d  la tex -cast films, 

d ry ing  occurred from th e  upper, open surface, downwards to  th e  su b s tra te . This appeared  
to  re su lt in  th e  so lven t-cast film having a  higher density  sk in  on th e  top  surface in  
com parison  to  th e  su b s tra te  side. Similarly, a  difference in  appearance  betw een th e  two 
su rfaces was a p p a ren t for latex-cast films, w ith m att upper su rfaces a n d  glossy lower 
(substra te) faces. Replicas of th e  two surfaces subjected  to  th e  reso lu tion  o f a  T.E.M. 
show ed slippage of th e  layers of latex  particles in  th e  upper su rface, p resum ab ly  a ris ing  
from  m ud-cracking.

M onodisperse spherical latices are  know n to  form ordered s tru c tu re s  a t  0 .74 
a p p a re n t volum e fraction w hen extended diffuse double layers in terac t, w hich  diffract light 
a n d  produce opalescence. This behaviour was observed by R ou ls to n e14231 as  th e  m odel latex- 
c a s t  films dried, p roducing ‘is lan d s’ of iridescence, an d  m ay possibly con tribu te  to  the  
su rface  irregularities. Film  asym m etry  was also m anifest in  th e  perm eability  tow ards bo th  
w ater vapour an d  4-n itrophenol -  w hich varied according to  th e  film o rien tation  -  for bo th  
so lven t-cast a n d  latex-cast films. W hen th e  face towards the  donor (perm eant containing) 
com partm en t w as th e  upper surface, it gave the  greater perm eability  to  w ater vapour, w hilst 
th e  lower face gave th e  greater ra te  of perm eability to  the  4-n itrophenol. This w as explained 
in  term s of desorp tion  being the  ra te  controlling process, an d  th e  difference betw een the  
p e rm ean ts  arising  from th e ir relative affinities for the  film: 4 -n itrophenol being  m u ch  more 
so luble  in  the  film. O pposite tren d s were found for so lvent-cast films in  w hich  it w as the  
u p p e r surface th a t  h ad  th e  greater density , in  co n tras t to  the  la tex -cast films. Abdel-Aziz111 
reported  a  sim ilar effect for so lven t-cast Eudragit® films, a lthough  th e  density  was found 
to  vary  dependen t on th e  casting  solvent used , and  the  films could be seen , u n d e r  the  
S.E.M ., to  con ta in  pores w hen c a s t from acetone containing 5% W /W  e th a n o l131. O ther 
re se a rc h e rs15471 have found the  polarity  of the  casting  su b s tra te  to  influence th e  polarity  of 
th e  lower surface of a  film inducing  a n  asym m etric effect.

A lthough it is generally assu m ed  th a t  latex  particles exhib it sufficient colloidal 
s tab ility  to form a  close packed-array  of particles prior to coalescence, it h a s  been  reported  
by O k u b o13661 et al. th a t, in  th e  case of a  surfactant-free latex, a  porous, flocculated layer 
was ap p a ren t a t  th e  film interfaces. For a  latex of only m arginal stability , the  film -air 
interface was observed to  be porous. Addition of electrolyte to  th e  latex, before casting, 
fu rth e r  destab ilised  the  latex  su c h  th a t  the  film -substrate interface w as a lso  found to  be 
porous. However, addition  of su rfac tan t to  increase the  latex stab ility  led to  a  close packed, 
non-porous s tru c tu re  in  agreem ent w ith  th e  findings of I s a a c s I2S11.
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B oth V anderhoff et a l .162,631 and  C hainey184< 901 e t a l ,  b u t  no t R o u ls to n e14231, no ted  
changes in  th e  surface of latex films upon aging. Vanderhoff found increased  coalescence 
prior to  su rfac tan t exudation  to  th e  surface, w hilst Chainey found th a t  sp ray -cas t su rfaces 
w hich  appeared  rough  under th e  S.E.M. sm oothed to  the  appearance  o f a  so lven t-cast film 
upon  ag ing  for one m onth. R ou lstone14241 et a l ,  u sing  a  freeze-fracture rep lication  T.E.M. 
techn ique  (in w hich th e  sam ple is frozen a t  th e  tem peratu re  of liquid n itrogen  a n d  fractu red  
in-situ, so  a s  to  reduce an y  therm al effects of th e  fracture process) show ed film s tru c tu re s  
in  PBMA, of close packed  spheres deformed in to  rhom bic dodecahedra, w ith th e  c larity  of 
th e  in terpartic le  regions dependen t on the  tem peratu re  of p reparation . Only a t  very h igh  
castin g  tem pera tu res (i.e., 405 K) w as there  no  evidence of particu la te  s tru c tu re , s u c h  th a t  
th e  film th e n  resem bled the  appearance  of the  fracture  section o f a  so lven t-cast film. It was 
suggested , from v isual observations and  D.S.C. evidence, th a t  PBMA underw en t a  m elting 
o r soften ing  tran sition  in  the  region of 393 K. Long exposure to  tem pera tu res  lower th a n  
393  K were not investigated  [e.g., 6 h rs  a t  368 K was the m ost extrem e tre a tm e n t where 
particle  positions, if  n o t the  in terpartic le  boundaries, could still be identified). W ood15451 
rem arks th a t  w hilst polym ers are  ductile a t  th e ir Tgthey  require h ea tin g  to  40 —» 50 K above 
th e ir  Tg to  produce a  processable ‘m elt’.

W ang1527' 5291 et a l  perform ed sim ilar w ork to R oulstone14241 et a l ,  investigating the  
affect o f annealing  on  su rfactan t-free  PBMA films. Results show ed a  decrease in  particle 
boundaries on annealing  a t  tem pera tu res lower th a n  those investigated  by Roulstone. 
W an g1528,5291 also investigated th e  degree of ch a in  interdiffusion u s in g  fluorescen t dyes an d  
d irec t energy transfer m easurem ents. From  th is  it was concluded th a t  there  w as extensive 
polym er interdiffusion: a t  363 K for 2 h rs, a n  in terpenetra tion  d ep th  of 6 n m  (in particles 
o f337 nm  0 ) was calculated, an d  th is  was show n in  the  fracture cross-sec tions a s  a  change 
from  frac tu ring  along th e  in terparticle  boundaries (in the  un -annea led  film) to  frac tu ring  
th ro u g h  th e  particles. A decrease in  the  rate  of polymer diffusion w ith an nealing  tim e was 
a ttr ib u ted  to  polymer polydispersity: low m olecular weight polym er dom inating  diffusion a t  
early  t im e s15281 and  h igh  m olecular weight after long annealing  tim es. List a n d  K a ss is13231 
a ttr ib u ted  th e  fracture of particles (as opposed to  particle boundaries) to  th e  increased  
s tre n g th  o f the boundary  resu lting  from th e  in teraction of po lar groups (situated  
predom inan tly  on th e  particles’ surfaces).

The existence of porosity in  both  so lvent-cast and  latex-cast films h as  been  cited  by 
a  n u m b er of a u th o rs I27,3561. The s tru c tu re  of a  solvent c a st film is d ependen t on  th e  solvent 
u sed . G reater enm eshm en t an d  density  m ay resu lt from the  u se  of a  good so lvent (see 
p a rag rap h  4.2.2.3) com pared w ith  a  th e ta1 solvent. The com pacted spherical m olecules in  
th e  la tte r som ew hat parallel th e  case  of film form ation from latices.

Roulstone1423,4241 et al. u sed  m ercury porosim etry and  kryp ton  B.E.T. su rface  a rea  
m easu rem en ts on b o th  so lvent-cast an d  latex-cast films of PBMA. He a ttr ib u ted  the

1A t a  given tem peratu re , a  polym er m olecule (in a  th e ta  solvent) is in  th e  th e ta  s ta te  a n d  
th e  so lu tion  behaves therm odynam ically ideal a t  low c o n c en tra tio n s tl42). The th e ta  
tem p era tu re  is defined as the  critical m iscibility tem perature  a t  th e  lim it of th e  infinite 
m olecular weight.1121
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a p p a re n t up take  of m ercury  a t  h igh  p ressu res  to  the  com pressibility o f bo th  film types, 
ra th e r  th a n  porosity, bu t, krypton B.E.T. surface areas were greatly in  excess (by a  factor 
o f«  37 tim es) of the  geometric areas of th e  films used, a n d  sim ilar values resu lted  from  the  
two types o f film. The excess krypton adso rp tion  could be a ttr ib u ted  to  m icroporosity a t  the  
low tem pera tu re  (77 K) of the  experim ent. M ercury porosim etry, w hen  perform ed on  a  
h a rd e r  polymer, did dem onstrate  th e  p resence of porosity in  core-shell (hard  polymer core; 
soft shell) latex  films designed to  be porous, and  also  show ed its removed w hen therm al 
trea tm en t took the  film above th e  Tg of the  cores.

O kor13561 cited fracture cross-section  S.E.M. evidence for m esoporosity in  p lastic ised  
so lven t-cast Eudragit® films. R ou lstone1423,4241 et a l., however, u sing  freeze-fracture T.E.M. 
on  solvent-cast, a n d  latex-cast, PBMA films found no  evidence o f m esoporosity. 
(I.U.P.A.C.12521 defines pore size according to: m icropores, (20 A; m esopores, 20 -*  500 A; 
an d  m acrop ores,) 500 A{where 1 A = lx lO '10 m}.) N itrogen desorption analysis of th e  low 
levels of m esoporosity found to  exist in  s u c h  films is n o t practically  feasible due to  th e  low 
u p tak e s  involved. B a lik1271 et al. considered m icroporosity to  be p resen t in  his terpolym er 
(vinyl chloride, butyl acrylate an d  vinyl acetate) latex  films a t  40 K above their Tg, b u t 
w hether th is  excess carbon dioxide sorp tion  would be better described in  term s o f free- 
volum e in  th e  rubbery  polymer is a  m atte r of sem antics. Solvent c a st films he considered 
to  be s tru c tu re le ss  an d  to  fu rn ish  a  baseline perform ance for perm eability.

4.3.1 Heterogeneous latex films.
In  term s of film form ation, s tru c tu re  an d  properties, copolymer films m ay norm ally 

be considered  as being effectively hom ogeneous in  n a tu re  (assum ing th a t  the  polym er 
com position w ith in  individual particles is uniform). However, the  sam e is no t necessarily  
tru e  for copolymer films formed from  polym ers prepared  by a  shot-grow th type m echan ism  
(or an y  o ther m echan ism  in tended  to  give a  core-shell type particle), o r w hen one o f the  
com onom ers is more hydrophilic in  n a tu re  su c h  th a t  it m ay end u p  form ing a  (full or 
partial) ‘shell’ a round  th e  core of th e  more hydrophobic comonom er. K a s t12691 describes su c h  
particles as  being heterogeneous or composite, an d  cites th e  aforem entioned work o f D istler 
a n d  K anig11211, w hich showed th e  vestiges of th e  carbo jy la ted  particle boundaries w ith in  a  
film, as  being evidence of a  heterogeneous netw ork. In  sim ilar films of e ithe r a n  acrylic acid- 
free o r acid-contain ing  butylaciylate copolymer, differences in  th e  storage m odulus / Tg were 
cited  as  experim ental confirm ation of heterogeneity.

The process of film form ation from a  heterogeneous particle will be governed12691 by 
th e  polym er of lowest Tg, un less th a t  polymer is of low volum e fraction ((30 —> 40%), or 
su rro u n d ed  by a  shell of high Tg polymer (in w hich case th e  polymer m ay con ta in  voids or 
will require heating  to  th e  M.F.F.T. of th e  h igher Tg polymer). The resu lt is described, w ith 
experim ental evidence from the  polym er’s viscoelastic properties, as a  m ultidom ain  polym er 
w ith  the  h igh  Tg polymer d ispersed  in  a  m atrix  of th e  lower Tg polym er, a lthough  th is 
m orphology m ay be inverted by heating  above th e  Tg of the  ha rd  polymer.

Perm eation, w hich m ay provide usefu l inform ation on s tru c tu re , th rough  su c h  
heterogeneous latex films has no t been widely studied, a lthough  the  s itu a tio n  in w hich a
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solid is d ispe rsed  in  a  continuous polymer phase  is no t u n u su a l, e.g., p igm ented or filled 
films. C ore-shell latex  particles in  which th e  core is below its  Tg (at th e  film castin g  
tem pera tu re), w hilst the  shell is soft, m ay provide the  basis  for a n  ideal m odel filled film 
since  th e  uniform  d istribu tion  of the  ‘filler’ core is prom oted by its  non-deform ation and , 
hence, un ifo rm  packing in  th e  la tex  films. As such , th e  theoretical trea tm en ts  o f M axwell1311 
(particle in terac tions neglected), Rayleigh1311 (cubic a rrangem en t of iden tical spheres), an d  
H ig u ch i12331 (spheres treated  a s  points, b u t including particle  in teraction), for perm eability  
sh o u ld  be applicable.

P e te rso n 13941 has used  b lends of 28% (volume fraction) of la tex  polym ers, (poly
s ty re n e ), poly(m ethyl m ethacrylate), an d  poly(vinylidene chloride)), in  a  soft con tinuous 
p h a se  of poly(vinyl acetate) latex, and  found good agreem ent w ith  th e  H iguchi theory  for 
oxygen perm eability. C hainey184,881 et al. s tud ied  the  helium  perm eability  of f la sh -cast films 
form ed from  h a rd  core-soft shell polymers prepared by a  sh o t growth techn ique. The latices 
co n sis ted  o f particles com posed of a  poly(styrene) core-PBMA shell, of varying coating 
th ick n ess . The films aged in  th e  sam e m anner a s  for free PBMA films, b u t th e  ex ten t o f th e  
perm eability  reduction  was less, an d  decreased w ith decreasing  coating  th ickness. This was 
a ttr ib u te d  to  graft copolymer inh ib iting  further gradual coalescence. W hen th e  so lven t-cast 
poly(styrene) perm eability value was used  for th e  core, a n d  th e  aged value for th e  PBMA a t 
low volum e fraction of core, o r th e  initial value a t h igh volum e fractions of core, th e n  
reasonab le  agreem ent w ith th e  Higuchi equation was obtained, a lthough  experim ental 
re su lts  ten d ed  to  be high. For a  PBMA core-poly(ethyl acrylate) she ll com bination, aging was 
observed b u t  could n o t be a ttr ib u ted  to shell aging since poly(ethyl acrylate) hom opolym er 
d id  no t age. Unfortunately, for th is  com bination of polymer, th e  core polym er aged to  the  
sam e perm eability  coefficient a s  the  shell polymer, an d  th u s  th is  sim ilarity  gave a n  
in sensitive  te s t  of th e  Higuchi treatm ent. Good agreem ent for core-shell, a n d  copolym ers 
w as found b u t no t for blends, a n d  th is was a ttribu ted  to  im perfect film s tru c tu re  a ris ing  
from  incom patib ility  of the  com ponents.

R o u ls to n e14231 investigated film aging relative to  she ll th ickness, for 4 -n itrophenol 
perm eation  th ro u g h  d ish -cast PBMA-poly( m ethyl acrylate) core-shell latex  films, a n d  found 
re su lts  conform ing with Chainey. As in  Chainey’s study, th ere  w as som e agreem ent w ith  
th e  H iguchi theory, b u t experim ental resu lts  were higher th a n  for aged films. R ather b e tte r  
ag reem en t w as found w hen w ater vapour was th e  perm eant.

4.3.2 Film opacity.
I t h a s  been s ta ted  previously th a t  non-film -forming latices d ry  to form a n  opaque, 

white, friable powder. S uch  opacity  can be a  desirable property  of a  coating, for exam ple, 
a  pa in t. Typically, a n  additive su c h  as TiOa is used  to  achieve th e  opacity. The opacity 
resu lts  from  light being sca ttered  a t an  interface betw een su b s ta n c e s  of different refractive 
index  (e.g. , th e  interface betw een a ir and  polymer, or a ir  an d  TiOz) -  dep en d en t on  th e  laws 
of reflection a n d  refraction1411. S u ch  scattering  and, hence, opacity c a n  therefore a lso  be 
achieved if  a  polymer film con ta ins large num bers of voids (i.e., due  to  th e  h igh  n u m b er of 
polym er-air boundaries) su ch  as  in  ‘microvoid coatings.’ The degree of opacity  is dep en d en t 
on  (i) m icrovoid concentration, (ii) microvoid size an d  size d istribu tion , an d  (iii) the  
aforem entioned  refractive index  ratio. There exist a  num ber of p a ten ts  for th e  p repara tion
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of s u c h  coatings, an d  th e  m ethods have been  reviewed by S e in e r l44S|. By u tilising  a  m ethod 
of optim ising microvoid size u sin g  a  m odel system  developed by E l-A asser11401 e ta l., 
D u rb in 11331 et al. was able to prepare a  latex  p a in t con ta in ing  microvoids, in  com bination 
w ith  a  sm all film-forming latex, w hich used  50% less TiOz to  yield com parable h id ing  power 
w ithou t loss of desirab le physical properties [e.g., sc ru b  resistance).

An effect sim ilar to th a t found for microvoid coatings c a n  be achieved th ro u g h  th e  
u se  of hollow spheres. S uch  spheres have a  large polym er-air interface {requisite for light 
scattering) as a  re su lt o f the  in te rnal c h a m b e r[231!.

Film  tu rb id ity  an d  light scattering /in terference  m easu rem en ts , com bined w ith  a 
knowledge of spherical particle-packing s tru c tu re s  in  latex  films has  b een  used  by V an Tent 
a n d  te  N ijen h u is1513,5141 to provide m odels w hich allow visible ligh t tran sm iss io n  
m easu rem en ts  to  be u sed  to  characterise  the  geom etrical pack ing  of la tex  particles d u ring  
th e  p rocess of la tex  film formation.

4.4 Latex film additives.
Polymer latex  films m ay con tain  a  num ber of additives, rang ing  from stab ilis ing  

su rfa c ta n t (endogenous to  the  reaction, or post-added) to  p lastic isers  (see C hapter 3) to  aid 
film form ation. This is in  addition  to  additives added to  enab le  th e  film to  perform  a 
function: e.g., co louran ts in  latex  pain ts .

Typically, a  p lasticiser or coalescing aid  m ay be added  to  ease  th e  deform ation of the  
la tex  particles (in the  m anner described in  C hapter 3) so  th a t  a  non-film -form ing polym er 
can  becom e film-forming a t a  given tem perature . The p lastic ise r m ay th e n  be required  to 
so ften  th e  film or, more frequently, be fugitive to allow th e  film to h arden . In  su c h  fugitive 
p lastic ise rs  w hich partition  betw een the  polymer and  th e  aqueous phase, th e re  is a  
com prom ise betw een th e  necessity  of the  p lastic iser to  rem ain  in  th e  latex for sufficient 
tim e for it to  perform  its function, b u t no t to rem ain  so long a s  to so ften  th e  film: a  factor 
dep en d en t on  th e  p lastic isers volatility. In  addition  to  its u su a l role of p lastic isation , several 
au th o rs  have added  p lastic iser to  various types of polymer films in  a n  a ttem p t to  control 
th e  perm eability  of the  film l35S], or to  provide su sta in ed  release pharm aceu tica l devices as 
a  m eans of control of the  release r a te |199,3431. G oodhart11991 et al. found th a t  the  add ition  of 
p lastic ise r (triethyl citrate  or d ibutyl sebacate) to  Aquacoat® (pseudo-latex) coated drug  
cores (phenylpropanolam ine HC1) changed  the  flux of the  d rug  su c h  th a t  release ra te s  were 
inversely proportional to th e  p lastic iser concentration. A ddition o f p lastic iser u p  to  a  
concen tra tion  where it aided coalescence decreased the  d ru g  release rate , w hilst above a  
certa in  level (not sta ted , b u t betw een 24% and  40% W/W ) of addition, th e  solute 
perm eability  increased  due to  the  increased  solute diffusivity cau sed  by the  p las tic ise r’s 
w ater solubility. Above the h igher loading (40% W/W), a n  increase  in  film casting  
tem pera tu re  did  no t effect the  rate  of d rug  release, w hilst a t  a  loading of 24%, a n  increase 
in  casting  tem pera tu re  led to  reduced release rates.

H oy12461 provided experim ental evidence which accredited  th e  efficiency of various 
coalescing aids (including a  num ber of acetates and  ethoxy alcohols, as u sed  in  latex 
pain ts) to  th e ir degree of partition  betw een th e  aqueous an d  polym er phases, an d  th e ir  Tg.
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(The ability  of th e  p lastic iser to  undergo hydrogen bonding h ad  a  g rea t effect on  th e  resu lts  
due to  th e  tendency  for th e  p lastic iser to  rem ain  in  th e  aqueous phase.) C asting  [i.e., 
pain ting) on  porous su b s tra te s  was found to  aid  th e  rem oval of p lastic ise r th a t  partitioned  
favourably in to  th e  aqueous phase, decreasing its efficiency. Additionally, Hoy gave 
theore tical equations for predicting th e  action of a  coalescing aid  o n  th e  film’s M.F.F.T.

R ou lstone |423,4251 et al. s tud ied  th e  w ater vapour perm eability  of films c a s t from 
PBMA su rfac tan t-free  latices in  the  p resence of post-polym erisation additives th a t  included  
su rfac tan ts , polym ers an d  inorganic electrolytes. The su rfac tan ts  h ad  a  com m on C12 
backbone, b u t e ithe r anionic (sodium  dodecyl su lphate , or S.D.S.), cationic (Dodecylethyl- 
d im ethyl-am m onium  brom ide, or D.E.D. A.B.), or non-ionic (dodecyl tetra-oxyethylene glycol 
m onoether, or C12E4) polar head  groups. A m inim um  in  film perm eability  w as found a t 
m onolayer coverage of S.D .S., and th is  was in terp reted  as a  consequence of im proved 
particle  packing  o rder due to  enhanced  charge stab ilisa tion  or, m ore tentatively, as  due  to 
su rface  p lastic isa tion  by S.D.S., since  som ew hat greater coalescence was a p p a re n t in  
freeze-fracture T.E.M. replicas of s u c h  films. Below m onolayer coverage, perm eability  
decreased  w ith increased  S.D.S. concentration, an d  tended  to  lower values on film aging. 
D u rb in 11321, however, argued th a t  a t  th is  level of addition S.D.S. decreased  th e  particle 
pack ing  order s ince  th e  increased  ionic s tren g th  outweighed th e  effects of increased  charge 
density . At h igher S.D.S. concentrations film perm eabilities increased , an d  ‘is la n d s’ of 
S.D .S. were visible in  m icrographs as aggregate defects, w ith sm aller aggregates in  the  
particle  in terstices. Particle boundaries could be observed a n d  th e  films did n o t age to  give 
lower perm eabilities.

For th e  cationic su rfac tan t, a t  concentrations sufficient to  give charge reversal an d  
to  m ain ta in  stability , a  m inim a in perm eability was observed a t  approxim ately m onolayer 
coverage. However, perm eabilities were h igher th a n  for th e  S.D.S. additions, an d  h igher 
th a n  for th e  su rfac tan t-free  films. This increased  perm eability  w as a ttr ib u ted  to  the  
D.E.D.A.B. first form ing a  s a lt  with th e  anionic surface groups in  th e  in terpartic le  regions, 
a n d  th e n  adso rb ing  tail first onto th e  surface -  w ith m ulti-layers form ing a t  h igher 
concen tra tions. These films, like those w ith the  h igher concen tra tion  of S.D .S., a lso  did not 
age to  lower perm eabilities.

Significantly different behaviour was observed for Ci2E4, w hich p lastic ised  th e  films 
m aking  them  m ore flexible, b u t no t tacky, and  giving increased  coalescence. Slightly 
reduced  perm eability  a t surface coverage, b u t th e n  raised perm eabilities a t  h igher 
concen tra tions were also observed. Being well coalesced, th e  films did no t age to  lower 
perm eabilities. V anderhoff15001 found com patibility betw een non-ionic su rfac tan ts  of th is  
type, a n d  the  polymer, w ith no  surface exudations. However, w hen th e  ethylene oxide ch a in  
leng th  w as increased , incom patibility w ith the  polymer did lead to  surface exudations. 
Padget an d  M oreland13751, u sing  a  non-ionic block copolymer su rfac tan t, found increased  
coalescence a t su rface coverage, w ith surface exudation a t  h igher levels of addition.

Atomic Force microscopy was used  by Ju h u e  an d  L ang12611 to  m easu re  th e  peak  to  
valley d istances  in  PBMA films as a  function of their concen tra tion  of (post-polym erisation 
added) su rfa c ta n t (CgH^-CeHg-O-lCHaCHj-OJas-SOa Na+ or sod ium  nonylphenolpolyglycol-
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ether-su lphate ). Surface coverage was again  significant, providing a  m in im um  in  the  peak  
to  valley distance: a ttrib u ted  to  a  favourable delay in  flocculation, d u e  to  en h an ced  particle 
s tab ility  and , hence, the  g rea test degree of particle close-packing a t  th e  film surface. (Below 
surface coverage by su rfac tan t, particle-particle repulsions axe w eak an d  flocculation 
occurs early du ring  film form ation, w hilst a t  h igh su rfac tan t concen tra tions, e lectrostatic  
repu lsions are  screened  by the  large concentration of sodium  ions in  th e  latex  d ispersion 
-  again  leading to  early flocculation.) Additionally, it was fo u n d 12631 by u s in g  a  sim ilar, b u t 
non-ionic, su rfac tan t (i.e., th e  SO3 Na+ being replaced by OH) th a t  dep le tion  effects, as well 
as s te ric  s tab ilisa tion  (and, in  the  case of th e  ionic su rfac tan t, e lec trosta tic  repulsion) 
con tribu ted  to  th e  optim al packing of particles during  film form ation. (Polymer depletion 
regions {see J u h u e 12631 for references} occur for colloids in  th e  p resence  of non-adsorb ing  
polym ers. W hen two particles approach  w ith in  a  d istance  of less th a n  twice th e  polym er 
rad ius o f gyration, exclusion of the  polymer from th e  space betw een th e  particles leads to 
developm ent of a n  osmotic p ressu re  w hich flocculates th e  particles.) The developm ent of 
m icelles a t  h igh  su rfac tan t concentrations, above surface coverage, con tribu tes to  th e  
form ation of poor quality  films due to  depletion flocculation.

Z hao1560,561,5621 e ta l .  u sed  surface analytical techn iques includ ing  X-ray Photo
electron  Spectroscopy (X.P.S.), S.I.M.S., an d  Fourier T ransform  Infra-R ed-A ttenuated Total- 
interned Reflection (F.T.I.R.-A.T.R.) spectroscopy to  show  th a t  m ateria l th a t  was 
incom patible w ith th e  polymer was exuded to  the  film surface. They revealed, by F.T.I.R.- 
A.T.R. spectroscopy, th a t  S.D .S. was exuded from m ethyl m ethaciy la te -bu ty l acrylate latex  
films m ostly du ring  drying, b u t also  during  fu rther g radua l coalescence, to  give a  
concen tra tion  g rad ien t w hich increased towards both  interfaces w ith  a  h igher concen tra tion  
a t  th e  film-air interface th a n  a t the  film -substrate interface. The sam e tren d s were 
observed, b u t to  a  reduced degree, for a  more com patible su rfac tan t. U rban an d  
E v a n so n 14891 found su rfac tan t exudation during  film form ation to  be initially  dep en d en t on  
th e  w ater flux, b u t ultim ately  on the  difference in  surface ten sion  betw een  the  polymer an d  
su b s tra te . It was found th a t  m echanical stre tch ing  of the  film (as m ay be encountered  
d u ring  rem oval from  a  substra te ) affected th e  d istribu tion  of su rfa c ta n t th ro u g h o u t th e  film: 
as  th e  surface a rea  is increased  (by stretching), the  surface co ncen tra tion  of su rfa c ta n t is 
decreased  a n d  th e  re su lta n t increase in  surface ten sion  is hencefo rth  reduced  by th e  
diffusion of su rfac tan t to th e  interface. Analogous to the  ability  of a  liquid to  w et a  solid of 
h igher surface energy; casting  the  film on a  su b s tra te  of lower su rface  ten sio n  [e.g., P.T.F.E. 
{= 18.5 mN m 1}) th a n  the  polymer (surface tension  typically 25 —> 60  mN m 1), prevents th e  
film from  w etting th e  su b s tra te  and, hence, su rfac tan t diffuses to  th e  po lym er-substra te  
in terface to  lower th e  surface tension.

R ou lstone1423,4251 e ta l .  used two sam ples of poly(vinyl pyrrolidone) (P.V.P.) of 
m olecular weights 44,000 a n d  360,000 a t 0.16 g g'1 [cf., m onolayer coverage 0.1 g g’1 and  
0.15 g g '1 fo rthe  two m olecular weights, respectively12741). The P.V.P. w as deposited  betw een 
th e  particles, w hich showed good packing b u t veiy lim ited evidence for coalescence an d  
deform ation. Limited aging to  a  lower perm eability w as observed. L ist an d  K ass is13231 
suggested  th a t  h igh  m olecular weight stab ilisers im m obilised partic les in  films and  
inh ib ited  aging. Bondy an d  C olem an1591 also noted retarded  coalescence on film form ation
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Table 4.1 Possible fates of em ulsifier added to  polymer films.

FATE OF EMULSIFIER POLYMER COMPATIBILITY

Migrates and dissolves in the polymer. Compatible

Exudes towards the film surface. Incompatible

Forms independent islets, possibly corresponding to 
interstitial voids between particles.

Incompatible

Forms a continuous network embedding globules. Incompatible

Adsorbs at the particle surface. Incompatible

in  th e  p resence o f stab ilisers. For post added KC1, a t  below th e  C.C.C. of PBMA latex, 
Roulstone found a  reduced packing order coupled with a n  increased  perm eability , w ith 
m ost of the  inorganic m aterial being exuded from the in terstices to  the  surface layers: a  
tendency  th a t  increased  on aging.

P o c h a n 13961 found, by m easuring the  dielectric properties of a  PBMA latex  film 
con ta in ing  a  w ater soluble polymer additive (a carboxylated sty ren ic  terpolym er {25% by 
weight}), th a t  w hen  c ast a t  am bient tem perature, th e  additive w as p resen t in  the  
in terpartic le  in terstices form ing a  continuous network. This m orphology was, however, said  
no t to  be the  equilibrium  sta te , and  therm al annealing of th e  film led to  th e  additive fo rm in g 
iso lated  dom ains w ith in  the  film if the  annealing  tem pera tu re  w as above th e  Tg of the  
additive.

B in d sch aed ler1491 et al. note a  broad diversity of works, an d  conclusions, concern ing  
film additives in  th e  litera tu re  with five possible fates for the  em ulsifier, as  show n in 
Table 4 .1 .

4.4.1 Additives in latex paints: the critical pigment volume concentration.
The p igm ent volum e concentration  (P.V.C.) (or ‘heterogeneous {discontinuous} 

p h ase  volume concen tra tion ’ of a  ‘random  com posite’1461 em bedded in  a  polym er matrix!) is 
a  m easure  u sed  in  the  p a in t industry  to describe the  volumetric percentage of h id ing  
pigm ent p resen t (+ extenders), Vp. in  the total volume of non-volatile vehicle solids con ten t 
(polymer m atrix), VB, of a  paint:

p .V .C .=  —^ - —  (4.19)
VP + VB

In 1949, As beck and  Van Loo1211 posted a n  explanation as  to  why the  properties of 
a  coating underw en t a  dram atic  change w ithin a  narrow band of th e  P.V.C. The properties 
[e.g., gloss, perm eability, ru s t  prevention) of a  series of oil-based coatings of increasing  
values of P.V.C., b u t ground to the  sam e degree of dispersion, show ed a  su d d e n  b reak  [e.g., 
th e  perm eability increased  sharply; the  glossiness {but a lso  blistering) decreased  m arkedly; 
an d  the  degree of ru stin g  increased  markedly) a t a  value he term ed the  critica l p igm ent 
volum e con cen tration  (C.P.V.C.). As beck showed th a t th e  C.P.V.C. was d ep en d en t no t only
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on th e  type of pigm ent, an d  its degree of dispersion, b u t also on its  physica l re la tionsh ip  
w ith  the  o ther com ponents of the  p a in t and, hence, th e  agglom eration1 of th e  system : the 
h igher the  degree of agglom eration, th e  lower the  C.P.V.C., and  no ting  th e  fact th a t  system s 
w ith h igh C.P.V.C.s have a  sm oother texture. From  work using  different (oil-based) b inders, 
it w as reasoned  th a t th e  degree of colloidal stab ility  im parted  to  th e  particles resu lted  in  
changes to  th e  packing density , a n d  th a t  th is  too could influence th e  C.P.V.C. (in add ition  
to  th e  packing  properties resu lting  from  th e  sh ap e  of th e  particles them selves). F u rth e r 
work allowed th e  C.P.V.C. to  be defined as: ‘the  point in  a  pigm ent-vehicle sy stem  a t  w hich 
th ere  is j u s t  sufficient b inder to com pletely fill th e  in terstices betw een random ly  packed  
p igm ent particles after th e  volatilisation of th e  th inner, su c h  th a t  it  rep re sen ts  th e  d en ses t 
degree of packing of th e  pigm ent particles com m ensurate  w ith  th e  degree of d ispersion  of 
the  system ’I221. The change in  properties of the  p a in t a t  the  C.P.V.C. was a scribed  to  the  
form ation of a ir voids due  to  insufficient b inder to  fill th e  in te rstices betw een th e  m ost 
densely  packed  particles. Thus, below the  C.P.V.C., th e  p igm ent packing  frac tion  (<I>p) is 
equal to  th e  P.V.C. (see equation  (4.19)), w hilst above th e  C.P.V.C., if th e  to ta l volum e of a ir 
in  th e  coating is given by VA. th en  <E>p is given b y 14091:

®p = - —  (4-20)Vp + vB + vA

V arious experim ental m ethods of C.P.V.C. determ ination  are  m entioned  by 
A nw ari1131 et a l  However, th e  determ ination  of a n  accu ra te  m ethod for the  ca lcu la tion  of the  
C.P.V.C. (w ithout p reparing  a  form ulation an d  investigating its  properties) h a s  proved 
elusive. B ierw agon1451 describes a  m athem atical m odel based  on  th e  ideal ran d o m  packing  
of spheres, th e ir size d istribu tion , an d  adsorbed layer th ickness, etc.: th e  resu lts , however, 
were described  (by Bierwagon) a s  “good" for alkyd type pa in ts , w hen  com pared  to 
experim ental results, b u t only as “fair” in  the  case of latex  pa in ts  w hich w as p resum ed  to 
resu lt from pigm ent-polym er in teractions. R asenberg a n d  H u ism a n 14091 describe a  m ethod 
w hich u tilises porosity m easu rem en ts (determ ined by m ercury porosim etry) a n d  th e  fact 
th a t  <I>p rem ains constan t, above th e  C.P.V.C. (because it rep resen ts  th e  h ig h es t possible 
p igm ent packing  density) to  determ ine the  value of the  C.P.V.C. from  a  knowledge of the  
p igm ent weight fraction (and the  values of the  densities of p igm ent an d  binder). However, 
th is  also requires a  film be prepared, ra the r th a n  being a  theoretical m ethod.

Citing a  previous paper on  th e  use  of a  polystyrene la tex  as  a  filler, Floyd and  
H olsw orth11651 d iscussed  a  num ber of anom alies w hich m ay affect th e  C.P.V.C. The fact th a t  
various properties of th e  film appeared  to  show  differing values for th e  C.P.V.C., was 
a ttr ib u ted  to  th e  fact th a t  th e  polystyrene particles were show n to s in te r  a t  po in ts of con tac t 
(despite it being  non-film  forming) and, hence, provide the  film w ith  som e m echan ica l 
integrity  a t  values of th e  P.V.C. above th e  typical C.P.V.C. Floyd also  d isc u sse d  certa in  
factors th a t  m ay change th e  concept of the C.P.V.C.: e.g., clu stering  (i.e., th e  associa tion  
of th e  d ispersed  phase  {pigment particles} as the  concen tra tion  increases {even a t  low

d e f in e d  by Asbeck a s  in  the  N ational Pain t Directory (presum ably  of 1949)) as , “a  group 
of two or more individual p igm ent particles th a t  a re  held together so  firmly by th e  force of 
adhesion  th a t  they  tend  to  rem ain  as a n  in tac t u n it”.
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volum e fractions, e.g., ( 10%} leading to  th e  form ation of doublets, trip le ts, m ultip lets, etc.: 
a  random  process an d  no t the  sam e as  flocculation due  to  colloidal instability) an d  
p erco lation  (which com m ences w hen th e  c luster size is sufficient to  sp a n  th e  film). Floyd 
specu la ted  th a t  it  was th is  la tte r feature  w hich gave rise to  th e  change in  th e  film’s 
perm eability  properties due  to  th e  form ation of pathw ays, an d  also  led to  th e  decrease in  
film gloss by th e  in troduction  of light scattering . At h igh p igm ent concen tra tions, a  p h ase  
inversion c a n  occur as th e  prim ary p h ase  changes from being one th a t  is polym er rich  to 
one th a t  is p igm ent rich. (This can  have im portan t connotations w ith  regard  to, for exam ple, 
th e  electrolytic properties of a  film, e.g., zinc-rich pain ts for corrosion p ro tec tio n |461, or any  
type o f film requiring a  con tinuous netw ork of additive.)

A lthough the  resu lts  of Asbeck’s work have been show n to  be equally applicable to 
latex  pa in ts , th e  C.P.V.C. is offset to  a  lower value by a  fixed fractional am o u n t w hich is 
term ed  th e  b inder in d ex11651 of a  given latex. Floyd and  H olsw orth11651 note th a t  a ir  voids are  
p rese n t in  all la tex  pain ts, for all values of P.V.C. (and th a t  the ir concen tra tion  increases 
as  th e  C.P.V.C. is approached) due to  th e  fact th a t  particle deform ation is h indered  by th e  
p igm ent. The voids are likened to a  second dispersed phase, an d  c a n  undergo  c lustering  
an d  percolation as  the ir concen tra tion  increases w ith increasing  P.V.C. B ecause th e  
p igm ent is typically im perm eable, it is percolating voids th a t  give th e  increased  perm ean t 
flux. The C.P.V.C. of latex  pa in ts  is th u s  a ttribu ted  to  a  p h ase  inversion from a  bi- 
con tinuous (polymer-air) system  in  w hich  the  polymer is th e  prim ary ph ase  to  one in  w hich  
th e  prim ary  p h ase  is air.

Typically, a  d ispersing  or w etting agen t (surfactant) is added  to  a  p a in t to prevent 
agglom eration of th e  pigm ent. For a  latex  (paint), it is n o t only im portan t th a t  th e  p igm ent 
itse lf does no t destab ilise  th e  latex, b u t also th a t the pigm ent does no t remove su rfac tan t 
for its  own s tab ilisa tion  in  detrim ent to  the  latex. In en su ring  th is, th e  C.P.V.C. of a  latex  
p a in t is u sua lly  equal to  th e  ultim ate pigm ent volume concen tra tion  (U.C.P.V.C.)|221, i.e. , th e
C.P.V.C. w here all the  pigm ent particles are  completely sep ara ted  a n d  ac t independently , 
w hilst th e  polym er m atrix  ac ts  as a  con tinuous flu id1461. Factors th a t  affect th e  ability  of the  
p igm ent particles to  ac t independently  (such  as clustering an d  flocculation, etc.) all serve 
to  decrease th e  C.P.V.C., w hen com pared to a  more stab le  system .
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Introduction, Chapter 5: 
Diffusion and Permeation 

in Polymer Films.

5.1 Introduction.
I I he  tra n sp o rt properties of a  polymer film m ay be im portan t for a  n u m b er of reasons. In

I th e  packaging industry , the  film’s  barrier properties are of im portance, w h ilst th e  
pharm aceu tica l industry  is in terested  in  the  release properties of polymer coatings for active 
agen ts  (see C hap ter 6). Academically, th e  tran sp o rt properties a re  of u se  as a  probe o f film 
stru c tu re , an d  th is  was referred to in  th e  previous C hapter. The cu rren t C hap ter a im s to  
d iscuss th e  theories of film tran sp o rt an d  perm eability properties, an d  th e ir  m easu rem en t.

There are  num erous review sl85, "*103,104,1I5,167,4631 of th e  tra n sp o rt p roperties of 
polymer films, a n d  the  m ain  points are  included in  th is C hapter. The usage of m em branes, 
w ith respect to  the ir tra n sp o rt properties has  been reviewed by L onsda le13251, a n d  the  
perm eation of ions (and  ionic m em brane transport) h a s  been  reviewed by 
L ak sh m in aray an a iah |3021, for example.

5.2 Principles of diffusion and permeation.
5.2.1 Fundamental theory of diffusion and permeation.

T ransport th rough  polymer m em branes may be described  in  term s of e ither th e  
generalised  Stefan-M axwell equations, or by the theories of irreversible therm odynam ics 
w hich analyse the  grad ien ts th a t exist across the  m em brane, an d  the ir re s u lta n t  fluxes. 
Generally, however, sim plifications of the  Stefan-Maxwell equations give adequate  
descrip tions of tran sp o rt sy s te m s13901: hence, only F ickian diffusion sy stem s will be 
d iscussed  in  th is  C hapter.

Perm eation th ro u g h  non-porous polymer m em branes is explained in  term s of 
so lu tion  of th e  perm eant in  th e  polymer, and  diffusion.

5.2.1.1 Diffusion.
Diffusion is the  m echanism  by w hich com ponents o f a  m ixture a re  tran sp o rted  

a round  the  m ixture by m eans of random  m olecular (Brownian) m otion. F ly n n 11671 et al. cites 
B erth a lo t1421 a s  postulating, a t  the  beginning of the  n in e teen th  century , th a t  th e  flow of 
m ass by diffusion (i.e., th e  flux), across a  plane, was proportional to th e  concen tra tion  
g rad ien t of th e  d iffusant across th a t  plane.

In  the  m id-1800s, F ic k iI55,1561 in troduced  two differential equations th a t  quantified  
th e  above s ta te m e n t for th e  case of tran sp o rt th rough  th in  m em branes. F ick ’s  first law  
s ta te s  th a t  th e  flux, J , of a  com ponent across a  m em brane o f u n it area , in  a  predefined 
plane, is proportional the  concen tration  differential across th a t  p lane, an d  is expressed  by:
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where:
J  == -D V C

D = diffusion  coefficient;
C = perm ean t concentration;
V = differential vector operator (‘del’), as given by:

v  = f i - + j  - L + f i J L
3x By dz 

su c h  th a t, VC(KlJz) (gradient C or grad C) is given by:

_  _ * dC a 3C s. 3CVC — i  + 7  —  + k  —
dx ay az

(5.1)

(5.2)

(5.3)

w hilst Fick’s  secon d  law s ta te s  th a t  th e  ra te  of change of concen tra tion  in  a  volum e 
elem ent of a  m em brane, w ith in  th e  diffusional field, is proportional to the  ra te  of change 
of concen tration  g rad ien t a t  th a t  po in t in  th e  field, an d  is given as:

V .(D V C )« ac
at

(5.4)

where:
t = time;
D = concen tra tion  independen t diffusion coefficient;
V.(D VC) = div (D grad  C).

Considering only a  single d im ension, if th e  diffusion coefficient, D, is in dependen t 
of position, x, th e n  Fick’s second law m ay be derived from Fick’s firs t law  by considering  
two parallel p lanes th a t  are perpend icu lar to  th e  diffusive flow, a t  the  positions x  a n d  
x  + Ax11671. The ra te  o f en tiy  of diffusive m ass (M) per u n it a rea  in to  the  volum e elem ent 

betw een x  and  x  + Ax: is given by:

bm  a 
at " u dx c - Ax ac’

2 dx
(5.5)

where C = concen tra tion  in  th e  p lane mid-way between, a n d  parallel to  those  a t*  
a n d  x  + Ax.

Similarly, the  ra te  of exit of d iffusan t is given by:

BM
at = -D dx

Ax ac ]
c + l T a r J

(5.6)

The ra te  of change of d iffusant m ass is therefore given by:

BM BM' -D  — c ** ac + D — \c + — ac-
at at dx 2 dx

T  L J  ---------

dx
L/ *T ■ 1 2 dx

 ̂ac  ̂Ax a2c  ̂ac n Ax a2c -  _ D  + D     + D —  + D --------- -
dx 2  dX dx 2 dx

DAx a2c
3x2

(5.7)

Equation  5.7 is equivalent to  the  rate  of change of concentration  m ultip lied  by th e  volum e 
of th e  elem ent. (NB. If th e  elem ent is of u n it  area, th e n  the volum e = Ax). Hence:
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\dM dM
dt dt .

Ax
dC
dt = D

d 2C
d x z

(5.8)

The application o f Fick’s laws h as  been  th e  sub jec t of a  n u m b er of w o rk s |32,1031. Note 
th a t  th e  co n stan t of proportionality, the  diffusion coefficient, h a s  d im ensions of d istance  
squ ared  divided by tim e {e.g., cm 2 s '1). Hence, for a  m em brane o f u n it th ick n ess, the  
diffusion coefficient c a n  be considered as a  ra te  of perm eant tran sp o rt.

Fick’s second law  may be expanded an d  re-arranged:

ac [  ̂dc\ m dc_
dy d z ) dt

But:

an d  therefore:

Also:

and , hence:

( f - ! _ + j ± . + £ i _ V f i c  + j  
v dx J dy dz)  ( dx

= j . £ = 0

f - L ( 'Df i £ \  + 3 ± . ( Dj i £ ' ]  +Jc _ L |'D£ 5 C \  _ 
d x \  dx )  d y \  dy )  dz \ d z )

t.t = } . }  = fc.fc = 1

— f o  — )  + — f  D — 1 + — f D  — )  = —  
dx V. dx J d y {  dy J d z \  dz J dt

dC\ dC_ 
dt

n  d2C dD dCD — -  + ------------------
dx dx dxMd

But:

d2C dD dC 
dy2 + dy dy

dD dP m dC 
dx dC dx

f ^ d 2C dP dCP  — -  + ---------dZ dZ dZ
ac
dt

an d  therefore:

D d2C dP 6C a dC 
d x2 + ac dx m dx

+ D
d2C dP dC , dC 
dy2 + dC d y *  dy

rD d2c dP dc m aĉ | = dc
v dz2 + dC dz * dz )  dt

i.e.:

DV2C + — (VC. VC) = —dc dt

DV2C + — v2c = ac

(5.9)

(5.11)

(5.13)

(5.14)

(5.15)

(5.16)

ac

(5.17)

(5.18)
dt
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In the ideal case, an d  for sim ple gases, the diffusion coefficient, D, is independen t 
of concentration, C, film th ickness, x, and  time, t. (In the  non-ideal case, the 
therm odynam ics of irreversible processes show  D to be a  function of concentration, 
position, an d  time.) However, p lasticisation  of the  polymer by the  d iffusant can  lead to 
concen tra tion  dependence. Thus ifD(C) is the  concentration  dependen t diffusion coefficient, 
a n d  the  concentration difference across the  film is sufficiently sm all su ch  th a t  6D(C)/6t is 
sm all w hen com pared to D(C), then:

D(C)V2C = —  (5.19)
dt

where:

D(C)V’C -  D - ( — U - ( — )v ' [3* \ d x )  dy \ d y  ) dz \ d z  }
(5.20)

D (C)V2C = D [——j- + ——j- + — ^-l (5-21)
[dx2 dy d z2 j

In typical applications of diffusion theory, the  m em brane/film  th rough  w hich the  
d iffusan t is travelling is assum ed  to be so th in  th a t  diffusion occurs only in  the  direction 
of film th ickness and, hence, the  above equation is reduced to:

or alternatively1:

D(C)—  (5-22)
dx2 dt

= ~  (5.23)
dX2 dt

This is the form in  w hich Fick’s second law is typically expressed in  perm eation 
experim ents (i.e., the  dependence of D on C, will no t usually  be known). In s itu a tio n s  where 
Fick’s laws are not obeyed {e.g., due to concentration, or position dependence, as a  resu lt 
of perm eant-poly m er interactions), the  diffusion process is described  as  anom alous |c'£,', 7' 4851.

Fick derived the  laws of diffusion by analogy of perm ean t diffusion to the  equations 
of h e a t flow in solids. For example, equation  (5.4) is analogous to:

Y P ~  = V.(KVe) (5.24)
dt

where:
y = specific heat; 
p = density  of medium;
0 = tem perature a t  tim e t;
K  = conductivity of m edium .

lNB. Failure to account for concentration  dependence is sa id  to lead to an  experim ental 
error of, typically, no t greater th an  a factor of th re e I307J.
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The diffusion coefficient, D, may be expressed in  A rrhenius form  by:

(5.25)

where:
Ed = activation energy of diffusion;
R  = gas constan t;
T = tem perature;
D0 = diffusion coefficient as concentration of d iffusan t C —* 0.

The diffusion activation  energy is dependen t upon  p e rm ean t size an d  level of 
p las tic isa tion  of the polymer (plasticiser can  enhance or reduce perm eability  dep en d en t up 
on  its co n cen tra tio n 13851). For large m olecules, ED can  be u p  to 160 k J  m o l1, i.e., the  sam e 
order as  the  activation energy for viscous flow of polymers.

In  glassy polymers, D0 is very dependen t on m olecular size (Van de r W aals’ volume). 
D0 increases w ith decreasing Tg. The m echanism  for diffusion is th e  sam e above or below 
the  Tg, differing only in  the  frequency of the  motion of the  polym er segm ents.

5.2.1.1.1 Experimental determination of diffusion and permeability coefficients.
In determ ining  a  diffusion or perm eability coefficient, it is n ecessa iy  to solve Fick’s 

law  for th e  boundary  conditions appropriate to the  p en e tran t/m e m b ra n e  system . With 
respec t to the  work in  th is  thesis, derivations of perm eability coefficients su itab le  for use 
w ith  m easu rem en ts of steady-sta te  perm eant tran sp o rt are given in  A ppendix A. Such  
derivations are usually  performed considering ju s t  the  one dim ension , e.g., assum ing  
p e n e tran t tran sp o rt (typically, a  gas) in  ju s t  the x-direction, norm al to the  p lane of the  film.

A ssum ing steady-state  conditions of diffusion across a  m em brane elem ent of 
th ick n ess  denoted  by x, in which the surfaces of the e lem ent are a t  the  po in ts  x  = 0 and  
x  = x, respectively, an d  the concentration a t points x  = 0 an d  x  are  m ain ta ined  a t  C1 and  
C2, respectively (and diffusion is independen t of concentration: the  am o u n t of d iffusan t lost 
to the  m em brane is negligible, w hilst the  m em brane in stan tan eo u sly  a d ju s ts  to changes in 
the  ex ternal conditions), th en  from the integration of Fick’s  first law;

w here:
Cj - C2 = concentration gradient betw een th e  faces of th e  film elem ent, 

within the  film.

c  - c .

J dC (5.26)

J x  = -D (C 2 -  C,) = D (C 1 -  C2) (5.27)

and , hence:

J  = D(C* ~ C*] (5.28)
x
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Also:

J  =
p(c! -cl) (5.29)

where:
P  = perm eability  coefficient; &
C[ -  C2 = concentration  gradien t across th e  film, in  th e  ex ternal phase;
I = total film th ickness.

This expression  is of greater practical u se  for n o t requiring a  m easu rem en t of th e  perm ean t
surface concentration . Note th a t  for a  gas, th e  concen tra tion  (C) term s m ay be rep laced  by 
p ressu re  (or partia l pressure), p , term s since the  concen tra tion  will be determ ined  by the  
p ressu re  o f gas a t  th e  film surface. Equation (5.29) th u s  becom es:

j  -  P(Pl ~ Pg) (5.30)
I

This equation  resu lts  from H enry’s law being obeyedI4171, i.e., th e  rela tionsh ip  betw een the  
p e rm ean t concen tra tion  in  the  ex ternal p h ase  and  th e  corresponding  surface-elem ent 
concen tra tion  is proportional:

C = S p  (or, for so lu tes C = S C / ) {5.31)

where:
S = so lu b ility  coeffic ien t (i.e., th e  concen tra tion  of p e rm ean t in  the  

m em brane, divided by th e  perm ean t concen tra tion  in  th e  p h ase  w hich is 
in  equilibrium  w ith  the  m em b ran e |3071).

Hence, from Henry’s law an d  the  equations for flux (J), {e.g., equations (5.28) an d  
(5.29)) it is also  se en  th a t  the  perm eability, solubility a n d  diffusion coefficients can  be 
re la ted  by:

p  = d s  (5.32)

Before th e  steady  s ta te  diffusive flux is achieved, th e re  is a  tra n s ie n t period (see 
Figure 5.1) w hilst th e  perm eant partition  equilibrium  is bu ilt-up . This tra n s ie n t region of 
p e rm ean t tra n sp o rt is described by Fick’s second law. There is no  general so lu tion  to  th is 
law. However, D ay n es11101 provided a  solution for Fick’s second  law, later refined by 
B a rre r1341, for th e  situa tion  in  w hich th e  boundary  conditions are  typical of m any 
experim ental s itua tions . It is assum ed  that:

X C -  Cl a t  x  = 0 for all values of tim e, t )  0 {i.e., in itia l donor concen tra tion  is
c o n stan t throughout);

X C = 0 a t  x  = I for all values of t (i.e., th e  receiver concen tra tion  is always forced to
zero);

X C = 0 a t  0 {x ^  I w hen t = 0.
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The concen tra tion  th ro u g h  any  p lane in  the  x-direction, perpend icu lar to  th e  direction of 
th e  flux, a ssu m in g  a  concen tration-independen t diffusion coefficient is given b y 11671:

C — C, —— + —• y  —  co s(m t)s in f
I J t n - l R  1

(  w i x } - n 2K2DtI I Jexp I2
(5.33)

E valuation  of th e  cum ulative m ass of d iffusant per u n it  a re a  (M) tran sp o rted  
th ro u g h  th e  film m ay be accom plished b y 1167,4201 (i) finding th e  derivative as  a  function  of 
x\ ca lcu la ting  the  flux (d M /d t ), an d  (ii) in tegrating  the flux betw een 0 £  t £  t:

(C,
6

2!C, A (-1)"
— ' 2 ^ r f - exPTC n«l n

- n 2n 2Dt
I2

(5.34)

At h igh  values of t (over th e  steady  s ta te  region of th e  curve {see Figure 5.1}), the  
exponen tia l p a rt o f th e  equation tends to  zero, su c h  that:

This is th u s  th e  equa tion  of a  s tra ig h t line (M t). If th e  line is ex trapolated  to  M = 0, th e n  
th e  in te rcep t on th e  tim e axis is the  lag tim e, T . The lag tim e is re la ted  to  th e  diffusion 
coefficient by equation  (5.36):

LL
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Figure 5.1 S chem atic  plot of perm eant transported  th rough  a  th in  m em brane, show ing the  
tim e lag.
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x  = —  (5.36)
6D

The diffusion coefficient, D, c a n  therefore be determ ined from a  perm eability  experim ent 
w ithou t knowledge of th e  solubility coefficient. The m ethod is b es t applied to  rubbery  
polym ers, being unreliab le  for glassy polymers, or w hen th e  p e rm ean t is in  so lu tion  or is 
w ater vapour.

An alternative m ethod is described by Ziegel|563,5641 et a t ,  u sed  in  a  dynam ic system  
in  w hich gas was perm eated th ro u g h  the  m em brane into a  second  carrier gas, to  a  detector. 
A plot of th e  flux of perm ean t gas (i.e., d M J d t ) versus tim e, t, (as show n in  Figure 5.2) was 
th e n  used: the  diffusion coefficient being defined a t  the  half-tim e (tVj) to  th e  poin t a t  w hich 
th e  s teady  s ta te  flux is achieved by:

°  “  7 i %  (5-37)

However, th is  obviously requires an  accu ra te  knowledge o f th e  tim e a t  w hich the  
experim ent s ta rts .

In  the  s itu a tio n  where th e  diffusion coefficient is n o t in d ep en d en t of concen tra tion  
(e.g., w hen th e  perm ean t is a n  organic v apou r/so lu te  th a t  swells th e  m em brane, etc.),

NON-STEADY 
(TRANSIENT) STATE

STEADY-STATE

*1/2 TIME, t

Figure 5 .2  Schem atic p lot of flux, as from Ziegel’s gas flow m ethod for th e  determ ination  
of gas diffusion coefficients.
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m easu rem en t of perm ean t tra n sp o rt leads to a  m ean  diffusion coefficient, D , d ependen t 
on  th e  m agnitude of the  effective concentration  change:

D = J-jf"D (C )dc  (5.38)
eq

where:
Ceq = equilibrium  perm eant concentration;
D(C) = concen tra tion  dependent diffusion coefficient;

In th e  case of polym ers below their Tg, th e  m otion of th e  polym er cha in s  is slow 
com pared to th e  m ovem ent of the  perm eant m olecules. Thus in  add ition  to  concen tration  
dependence, th e  diffusion coefficient will also be tim e d ependen t due  to  th e  rela tionsh ip  
betw een polymer ch a in  m otion an d  perm eant m otion tl75i.

5.2.1.2 Sorption.
Sorption includes adsorp tion , absorption, trapp ing  in  m icrovoids a n d  c luste r 

form ation, a n d  characterises th e  initial infiltration of th e  p e rm ean t in to  th e  polymer. The 
n a tu re  an d  m agnitude of th e  sorp tion  is dependen t u pon  th e  therm odynam ics of the  
perm eant-polym er in teractions; th e  d istribu tion  of the  m odes (see following parag raphs) by 
w hich  th e  so rp tion  can  tak e  place depend upon  concentration, tem pera tu re , swelling, 
pe rm ean t size an d  time.

Perm eant gases in  rubbery  polymers have solubilities of less th a n  0.2% a n d  behave 
as  ideally d ilu te solutions, show ing a  linear relationship  betw een sorbed  concen tra tion  and  
p ressu re , an d  obeying Henry's Law, previously defined in  the  form of a n  equation  by:

C ~ Sp  (5 39)

where:
C = sorbed concentration; 
p  = pressure;
S = so lub ility  coeffic ien t.

Specific adsorp tion  of p en e tran t on sites or in to  fixed voids in  g lassy  polymers 
follows the  Langmuir adsorption isotherm :

C = 9 ^ P .  (5.40)
H 1+ bp

where:
CH = concen tra tion  of perm eant sorbed  by sites  or voids;
Ch = site  sa tu ra tio n  constant; &
b = site  affinity constan t: from ratio  of ra te  co n stan ts  for adsorp tion  

an d  desorption.

Gases in  g lassy  polym ers, especially carbon dioxide a n d  C x —» C5 hydrocarbons, and  
vapours in  rubbery  polym ers w ith  adsorptive fillers show  a  deviation from  H enry’s law. The 
adsorp tion  iso therm  can  be segregated into two parts: a  linear a n d  a  non-linear part, 
explained as being  due to  a n  am algam ation of H enry’s law  a n d  Langm uir type adsorption, 
respectively, a n d  hence, term ed dual m ode sorp tion 135,921290,386,387> 5191:
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(5.41)

where:
Ceq = to ta l concen tration  of sorbed m olecules, a t  low co n cen tra tio n  su c h  

th a t  H enry’s law is obeyed.

W hen perm ean t-perm ean t in teractions are s tronger th a n  perm eant-polym er 
in terac tions, th is  leads to  clustering, e.g., w ater in  hydrophilic polym ers.

For highly hydrophilic polymers (e.g. polyfvinyl alcohol)), B.E.T. type IV iso therm s 
are  observed for w ater adsorption.

The so lu b ility  coeffic ien t, S, (the ratio  of perm eant m olecules betw een th e  fluid 
p h ase  an d  the  polym er phase) varies w ith tem perature, T, accord ing  to:

For H2, N2 an d  0 2, AHs is positive, an d  therefore th e  solubility  coefficient increases 
w ith increasing  tem peratu re . For more condensible gases, i.e. in creased  m olecular size 
(C02, S 0 2, NH3 a n d  hydrocarbons), AHs is negative an d  solubility  decreases w ith 
tem pera tu re .

The solubility  of liquids in  polymers norm ally increases w ith  tem pera tu re , d ependen t 
upon  th e  n a tu re  of an y  perm eant-polym er interactions. These in te rac tions are  u su a lly  weak 
in  th e  case  of gases, a lthough  a n  increase in  perm eant m olecular size m ay  increase  its 
so lubility  by v irtue of increased  condensibility.

Sorption (absorption or desorption) experim ents express th e  m agn itude  o f the  
p e n e tra n t absorbed  in, or desorbed from, a  given polymer as a  function  of tim e. Typically, 
resu lts  a re  expressed graphically  as  the  am oun t of p en e tran t sorbed, Mt, a t  tim e t p e r u n it 
volume of d iy  polym er as a  function  of tim e raised to th e  power n, to  give a  so rp tion  curve. 
i.e.:

The equilibrium  sorbed  quantify, M„, is the  lim iting value reached  w hen no  more 
p e n e tra n t is ab so rbed /deso rbed  and  the  pene tran t is a t th erm al equ ilib rium  w ith  the

(5.42)

where:
S0 = solubility coefficient w hen sorben t concen tra tion  C —» 0; 
Hs = partial m olar h ea t of solution; &
R -  gas constan t.

(5.43)

where:
Mt = am oun t o f vapour sorbed a t tim e t;

= equilibrium  sorbed quantify; 
k  = co n stan t indicative of polym er-solvent in teraction ; 
n = num ber.
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polymer. A plot of Mt/M„ a s  a  function  o f if1/I, where I is th e  film th ick n ess, is te rm ed  th e  
reduced sorp tion  isotherm . For exam ple, diffusion into, or o u t of a  s lab  o f th ick n ess, I, is 
given by:

The sorp tion  iso therm  is described  as Fickian if, as in  th e  above equation , n  = Vz, 
where n  is th e  power required to linearise  the  isotherm . F u jita11751 lis ts  eigh t fea tu res  th a t 
denote F ickian type sorption, b u t s ta te s  th a t  a  sorption curve is typically described  as 
Fickian: w hen  bo th  th e  abso rp tion  a n d  desorption curves are  linear over sm all values of th e  
t‘/3/l-sods an d  the  abso rp tion  curves a re  linear over a t  lea s t 60% of th e  range to  M„; and  
w hen th e  curves are  concave to  th e  t‘/2/l-axis, following th e  linear regions. The 
aforem entioned reduced  iso therm  w ould also be expected to  give a  single curve, for films 
of different th icknesses. The re la tionsh ip  m akes no allowance for polym er sw elling d u ring  
th e  so rp tion  process. However, th is  is u sua lly  negligible for sufficiently d ilu te  p e n e tra n t 
concen trations. In F ickian-type sorption, the  rate of diffusion is m u ch  less th a n  polym er 
cha in  segm en t mobility.

N on-Fickian sorp tion  resu lts  from perm eant-polym er in terac tions or w hen  p e rm ean t 
mobility a n d  polymer ch a in  relaxation ra tes  are sim ilar in  m agnitude. A plot of Mt/M m as 
a  function  of tf1 will be non-linear, an d  values of n will ten d  to 0.5 ( n (1 m.

5.2.1.3 Permeation.
The solubility  coefficient, S, is a  therm odynam ic p aram eter d ep en d en t upon  

perm eant-polym er in teractions, an d  c a n  vary over th ree  orders of m agnitude, w h ilst the  
diffusion coefficient, D, is a  kinetic  property  dependen t upon  ch a in  mobility, an d  c a n  vary 
over te n  orders of m agnitude. The perm eability  coefficient, P, being d ependen t u p o n  both  
th e  param eters S an d  D, will th u s  ten d  to  be dom inated by the  latter. S, P an d  D a ll tend  
to  be independen t of p ressu re  a t  a  given tem perature, b u t vapours th a t  are  good solvents 
for the  polym er show  concen tra tion  dependence tending to  swell a n d  p lastic ise  th e  polym er 
an d  increase  th e  perm eability. An increase  in  perm eant size will reduce  th e  diffusion 
coefficient, D, b u t th is  can  be offset in  its effect on th e  perm eability  coefficient, P, by 
increased  solubility, S.

F unctional groups in  a  polym er m ay increase its cohesive energy d en sity  and  
decrease th e  perm eability  coefficient un less the  perm ean t strongly  in te rac ts  w ith  the  
functionality  su c h  th a t  th e  solubility  coefficient increases: in  w hich case, th e  perm eability  
coefficient is increased  too.

The higher the  density  of a  polymer, th e  lower will be the  diffusion coefficient, and  
therefore also  th e  perm eability coefficient in  general. Below the  TgI diffusion in  m icrovoids, 
in  a  dense  polymer, could be relatively unh indered  com pared w ith  th e  possibly slugg ish  
(impeded) m obility above th e  Tg. Generally, increased rigidity of th e  polym er backbone leads 
to  lower free volume, an d  crosslink ing  decreases the diffusion and  perm eability  coefficients 
by decreasing  polym er ch a in  segm ent mobility. Crystalline regions ac t as  im perm eable

(5.44)
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barriers and , sim ilarly, inert fillers c a n  decrease the  perm eability  coefficient d u e  to 
increased  tortuosity  of th e  perm eation pathw ay. Fillers w hich are incom patib le w ith  the  
polymer, however, generate voids a t  the ir interfaces a n d  increase  the  perm eability  
coefficient. For th e  case of aqueous perm eants, th en  a  pore-flow m odel of diffusion m ay be 
m ore appropriate  if the film contains water-filled pores or channels, providing a  diffusion 
pathw ay of lower resistance  th a n  th e  polym er matrix.

Some of the  factors m entioned in  th is  section are d iscussed  in  g rea ter de ta il in  the  
following sections.

5.2.2 Transport models.
The tra n sp o rt of a  perm ean t depends on the  n a tu re  of the  film a n d  th e  perm ean t. 

The th ree  m ain  m odes of tra n sp o rt are: solution-diffusion (partition  m echanism ); p o ro u s/ 
convective flow (sieve m echanism , dependen t on perm eant size in  rela tion  to  pore size); an d  
finally, ion exchange.

The perm eability of a  m em brane m ay be of in te rest for its b a rrier properties or, in  
con trast, m em branes m ay be developed for their po rosity13251 for u se  in  sep ara tio n  
processes. In  su c h  in stances th e  tra n sp o rt properties of th e  pores are  o f p rim aiy  in terest. 
In  betw een th ese  two extrem es of a  porous m em brane and  a  ‘barrier’ m em brane is a  ra th e r  
grey region w here the  two come together, com plicated by th e  fact th a t  th e  p e rm ean t (or its 
solvent) m ay swell a  barrier m em brane an d  e ither increase or decrease its d en sity  (by e ither 
in troducing, for example, aqueous channels  in  otherwise non-porous films or ‘squeezing 
o u t’ pore volume).

5.2.2.1 Non-porous polymer films: free-volume model.
A ssum ing a  donor-receiver type system  (i.e., on the  donor side of th e  film th e  initial 

concen tra tion  of perm ean t = Ci w hilst on th e  receiver side, th e  concen tra tion  of 
perm ean t (C,), th en  diffusion of the  perm ean t th rough  a  non-porous polymer m em brane, 
in  th e  absence of a n  ion exchange m echanism , is a n  activated, th ree-step , p rocess. The 
perm ean t m u st initially ‘d isso lve’ or partition  in to  the  polym er on th e  donor side, th e n  
diffuse th ro u g h  the  m em brane before desorbing from th e  polymer in to  the  receiver side.

The ability of a  perm ean t to  diffuse th rough  a n  am orphous, isotropic polym er, above 
th e  Tg of the  polymer, is related to  th e  cooperative (thermal) m otion of th e  polym er chains. 
The diffusion process is therefore probabilistic -  dependen t on th e  probability  of the  
form ation of a  diffusive ‘hole,’ i.e., th e  free-vo lum e of the  film. This free-volume, a lthough  
p a rt of the  b u lk  of the  polymer h a s  no  fixed sh ap e /s ize  or location. Several theories of free- 
volum e exist, an d  have been  reviewed by Kum ins an d  Kweil294!. The polym er cha in  
segm ental m otion allows th e  possibility of tra n s ie n t ‘holes’ th a t  are  con tinually  form ed and  
elim inated, an d  a  perm ean t dissolved in  the  polymer m ay ‘ju m p ’ from one hole to  a n  
ad jacen t hole provided th a t  the  hole h as  sufficient volume to accom m odate the  diffusant. 
The activation energy for diffusion has  previously been described  by equation  (5.25). W hen 
it is assum ed  th a t  the  diffusional ju m p  length  is given by d, and  th a t  su c h  a  ju m p  occurs 
every td seconds, in  a  random  direction, th en  th e  diffusion coefficient (D) is given b y 14171;
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D = v d ‘
6

(5.45)

where:
V = therm al v ibrational frequency of th e  d iffusant m olecule.

In the  case  of, for example, diffusion in  a  liquid or gas, the  probability  of a  perm ean t 
m ak ing  the  ju m p  from one equilibrium  position to  ano ther (of a  large enough  size to  
accom m odate th e  perm ean t molecule) is given by th e  Boltzm ann d istribu tion , w ith  one 
degree of transla tiona l freedom  and, hence:

n  vc*2 D =  exp-
6 F

E
R T

(5.46)

or, according to  th e  tran sition  sta te  th eo ry 11491:

Id2 e x p - AG*
R T

(5.47)

exp ‘AS** ‘Ah *‘

. R .
e x p -

R T  _
where:

K  = co n stan t (typically = 1, an d  neglected); 
k  = B oltzm ann’s constan t;
h  = P lank’s constan t;
AG* = free energy of activation possessed  by the p e rm ean t m olecules; 

no ting  tha t:

AG* = AH* -TAS*
where:

AS* as entropy of activation; 
AH* = h e a t of activation.

(5.4S)

It was previously show n in equation  (5.25):

D = D 0 e x p - E r
R T

(5.49)

However:

E d = AH + RT

and , hence, by su b s titu tio n  of equation (5.50) into equation (5.21):

'R T 'D = D 0e x p -  

= D 0 e x p -

AH  
,RT

AH

e x p -
R T

R T

(5.50)

(5.51)

C om paring equation  (5.51) to  equation (5.47):
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and , therefore:

A S ' 
R

exp-
A H 1

.R T ]

D 0 = e K f k T } i 2 "AS'L Jd exp
. R  .

(5.52)

(5.53)

The various free-volum e theories for th e  d iffusion o f a perm eant in  a polym er  
e ither a tte m p t to  rationalise a diffusional jum p in  term s o f  e ither th e  activ a tio n  energy  
o f  th e  form ation  o f  a suitably s ized  hole, or th e  availability o f  a d istribution  o f  su itably  
s ized  h o les. Generally, the  diffusion coefficient, D, is expressed by th e  following 
p roportiona lity1552,55S1:

'V ' r Eoc e x p -
M

e x p -
RT

(5.54)

where:
Vp = volum e required  by th e  diffusant;
Yr sam ple free-volume.

For diffusion in  polymers, cooperation of the  m otion of the  polym er c h a in  segm ents 
m ay allow th e  com bination of one or more holes to provide a  hole large enough  for the  
d iffusing molecule. The activation energy for diffusion will therefore have a  n u m b er of 
degrees of freedom  [32‘.

The activated  zone th e o r y [32,341 of diffusion gives a  generalised  equa tion  based  
u p o n  th e  energy of th e  system . It is a ssum ed  th a t  th e  activation energy (E) is sh a re d  by the  
polym er c h a in  segm ents and  th e  p en e tran t in  a  zone of activation a s  charac te rised  by the  
n u m b er of degrees of freedom  (typically 14). The diffusion coefficient is given by:

v2d 2 D = ~ - V P
v 1

( / - ! ) !
e x p - E

R T
(5.55)

w here:
v  = therm al v ibrational frequency of th e  d iffusan t molecule;
Pj = probability th a t /d e g re e s  of freedom  will enable  a  diffusional step; 

Smax = nu m b er of degrees of freedom for w hich 1 / / -  1)! is a t  a  m axim um .

F u jita ’s 11751 free-volum e theory  satisfactorily describes th e  diffusion o f organic 
vapours an d  liquids in  ‘am orphous’ polymers, observing th a t  a  m olecule c a n  only diffuse 
if  th e  local free volume exceeds a  critical value. The theory is d iscu ssed  in  term s of the  
polym er free volum e (v/, th e  therm odynam ic diffusion coefficient (DT) a n d  p e rm ean t m obility
(m p ):

Dt  = R Tm  = RTA  exp
B. (5.56)

w here:
Ap & Bp = factors rela ted  to perm eant size an d  shape;
a n d  Dt is related to D (when a  = activity of the  pe rm ean t in  th e  polymer) by:
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D = D, r d  ln (a )  ^ 
d  ln (v j.)

(5.57)

In g lassy  polymers, free volume depends upon  sites , or ‘holes ' , hav ing  a  d istribu tion  
of sizes trap p ed  in to  th e  polymer du ring  form ation. The m olecules have a  rigid random  coil 
configuration in  w hich atom s, an d  sm all groups of atom s, vibrate. O n heating, the  
am plitude of vibration increases until, w hen above th e  Tg, segm ental m otion along th e  
polym er cha in s  can  occur an d  random  coils become flexible so  th a t  m ore free volum e is 
available, a n d  the  polym er is th en  rubbery  (i.e., free volum e increases w ith  tem perature).

F ickian diffusion, in  term s of p en e tran t m olecular size a n d  m em brane free volume, 
h a s  a lso  been  considered by F risc h 11731, who found “a t  lea s t” two c la sses  of diffusion 
behaviour. Type A behaviour was show n by sm all p e n e tran t m olecules s u c h  as  helium  and  
isotopes of hydrogen, a n d  also  by m olecules as  large as  n itrogen  w hen in  elastom ers. The 
behaviour w as characterised  by (i) low d iffusant solubility, an d  good adherence  to H eniy’s 
law, (ii) diffusion coefficients independen t of d iffusant concentration , an d  (iii) a n  activation 
energy of diffusion apparen tly  independen t of tem pera tu re  (and concentration). Type B 
diffusion behaviour was evident for larger organic d iffusan ts [e.g., benzene), w hich w hilst 
s till being F ick ian  was characterised  by (i) diffusant-polym er solubilities show ing a  n o n 
linea r dependence, (ii) concen tra tion  dependen t diffusion coefficients, a n d  (iii) diffusional 
activation  energies th a t  were tem pera tu re  dependent. F risch  concluded th a t  type B 
behav iour occurred as  a  resu lt of a  failure in  th e  free volum e m echanism , i.e., w hen the  
m in im um  void volume required to  d isperse  the  d iffusan t m olecules is larger th a n  the  
average free volume.

5.2.2.2 Porous polymer films.
M any com m ercial applications require porous m em branes w hich are  u tilised  for 

th e ir  sep ara tio n  properties [e.g., for u se  in  filters, u ltrafiltra tion  type devices, or reverse 
osm osis1 m em branes), or perm selectivity, dependen t on th e  ‘coarseness’ of the ir 
po ro sity 14051. Therefore w hilst a  knowledge of the  tra n sp o rt properties of non-porous 
m em branes [i.e., where tra n sp o rt occurs by solution-diffusion-desorption) is usefu l for th e ir 
u tilisa tion  as, for example, barriers, a n  aw areness of porous tran sp o rt m echan ism s is also 
of g rea t im portance.

T ransport of a  perm ean t th rough  a  pore is no t activated, in  th a t  a t  no  stage  is it 
required  th a t  the  perm eant m u st partition  into the  polymer. O ther factors m u st be 
considered, in  addition to ‘sim ple’ F ickian m olecular diffusion in  w hich  th e  m olecular

‘A pplication of a  p ressu re  greater th a n  th e  osmotic p ressu re , th u s  cau sin g  solvent flow 
from  th e  side of high solute concen tration  to  low (in th e  opposite d irection  to  the  u su a l 
osm otic flow), is term ed reverse osm osis. This an d  u ltrafiltra tion  are  sim ilar processes, w ith 
th e  exception th a t  osm osis is negligible w hen th e  p ressu re  is rem oved in  a n  u ltrafiltra tion  
ex p e rim en t12771. The process is term ed  reverse osm osis w hen the  so lu te  m olecular 
d im ensions a re  w ithin a n  order of m agnitude of those of th e  solvent, a n d  u ltrafiltra tion  if 
th e  so lu te  h a s  m olecular dim ensions greater th a n  ten  solvent m olecular d iam e te rs I4181.
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m otion will be random  (Brownian), b u t m ay have a  n e t m ass ‘hydrodynam ic’ m ovem ent 
resu ltin g  from  a  p ressu re  or the  concentration  gradient, as described, for exam ple, by 
E in s te in ’s  la w 11391 of diffusion and , hence, S tokes’ law  for a  spherica l body (w hen th e  body 
is m u ch  larger th a n  th e  solvent molecules), etc.:

Doo = diffusion coefficient in  a n  unbounded  solution; 
k  = constan t;
R  = gas constan t;
T = tem perature;

jfoo = m olecular friction coefficient, as described by S tokes’ law;
T) = viscosity of medium;
rH -  hydrodynam ic particle rad ius (assum ing a  sp h erica l particle); 
Na = Avogadro’s constan t.

P re ssu re  driven porous (convective) tran sp o rt th rough  relatively coarse  pores m ay 
be described  by K nudsen or Poiseuille (etc.) type flow regim es (assum ing  th a t  th e  p ressu re  
g rad ien t is insufficien t to  e stab lish  tu rb u len t flow). S u ch  regim es typically describe  th e  flow 
th ro u g h  idealised  long (relative to  the  diameter), s tra ig h t capillaries of uniform  diam eter: 
th e  K nudsen  diffusivity, DK, of a  gas being given b y 12481:

where:
r  = capillary radius;
M = diffusant m olecular weight.

The K nudsen  regime describes flow in w hich th e  m ean  free p a th  o f th e  gas 
m olecules is of th e  sam e order, or larger th a n  the  pore diam eter. If th e  m ean  free p a th  is 
m u ch  less th a n  th e  pore diam eter or the p ressu re  is higher, th e n  the  flow is described  by 
Poiseuille type viscous flow w hich describes the  velocity of flow in  term s of th e  pore rad ius. 
The perm eability  coefficient, P, for Poiseuille-type flow through para lle l pores is given b y 13291:

Note th a t  the  Poiseuille equation was derived to  describe incom pressib le fluid flow, 
a n d  therefore does no t apply to  a  gas. The volume, V, of fluid flowing th rough  a  cylindrical 
tu b e  is given by  the  Poiseuille equation as:

w here p  refers to  the  p ressu res in  th e  direction of flow (F), and  ag a in s t the  d irec tion  of flow 
(B), i.e., th e  back-p ressu re . For a  gas, however, the  volume is p re ssu re  dependen t. Hence,

k T  k T  R T (5.58)

where:

(5.59)

num ber of independen t (cylindrical) pores per u n it  area; 
fractional void volume available for flow.

(5.60)

d V  _ Jt(pF - p B> 4 
d t  8q(

(5.61)
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for a  gas w hose volume is m easured  a t  a  p ressu re  of p 0, in  a  capillary  in  w hich th e  average 
p ressu re  is given by {pF + p B)/2, th e n  the  Poiseuille equation  b eco m esl3411:

d V  n (p F - p B)R 4 cp F + p B
d t  8r]l 2 p0

y 0 (5.62)
rc(Pr - P b ) R 4 

16ti(p0

Typically, m athem atical m odels of porous s tru c tu re s  re la te  to  idealised cylindrical 
pores: however, these  are  rarefy found (especially in  films from  latices, w here porous 
s tru c tu re s  a re  usually  th e  resu lt of th e  fusion of spheres in  w hich deform ation of th e  
particles is incom plete) an d  the  average pore size (as determ ined, for example, by m ercury  
porosim etry, etc.) is u sed  to model th e  tran sp o rt process. A n u m b er of equations e x is t14111 
by w hich pore rad ius m ay be determ ined w hen Poiseuille flow is assum ed , allowing for 
various factors su c h  a s  blind pores or pore orientation w ith  resp ec t to  the  p lane  of the  
m em brane. Darcy’s law  is sim ilar Poiseuille’s  law, b u t describes very to rtuous channels .

Flow th rough  pores is typically greatly affected by a  hydrosta tic  p re ssu re  w hereas 
solution-diffusion type tran sp o rt is no t affected significantly. (This is n o t to  be confused 
w ith  gaseous partia l p ressu re , w hich being equivalent to  concen tra tion  in  a  so lu te  will 
affect perm eation  in  a n  activated solution-diffusion type m echan ism . Similarly, a n  increase 
in  the  perm ean t vapour p ressu re  m ay cause a n  increase in  th e  perm ean t solubility, 
therefore increasing  the  film perm eability: Lebovits13071 notes th a t  w hilst it is un likely  th a t  
a  vapour p h a se  will exist in  equilibrium  with the  liquid a t  h igh  hydrosta tic  p ressu res , su c h  
a  s itu a tio n  can  occur if  the  vapour is a  com ponent of a  gaseous m ixture in  w hich th e  
vapour h a s  a  relatively low partia l pressure, b u t the  overall gas p ressu re  equals the  
hydrosta tic  p ressu re . Perm eant tra n sp o rt may also  be affected if  th e  p ressu re  is sufficient 
to  change, for example, th e  density  of the  film.) The effects of p re ssu re  on porous flow c a n  
be used  to  d istin g u ish  betw een (convective) tran sp o rt th rough  p o res , in  co n tra s t to  solution- 
diffusion type tra n s p o rt1172,4781.

In coarse  porous m em branes, tran sp o rt by solution-diffusion is negligible com pared 
to  th e  convective tran sp o rt, and  assum ing  an  absence of electrokinetic  effects th e  tra n sp o rt 
is governed by the  hydrostatic  p ressu re , p , difference across th e  m em brane. In term s of 
irreversible therm odynam ics |981:

J v = L p(Ap -  aAjrs ) (5.63)

= Cs(l -  o )J v + PAjts (5.64)

where:
J v = n e t volum e flux;
a  = S ta v erm an |337,4651 reflection coefficient1 (= ra tio  of -LPD/L P, where

Lpd = coefficient of osmotic flow w hen Ap = 0, su c h  th a t  J v = LPDAft);

lA  m easu re  of m em brane selectivity: if a  = 1 th en  solute is ‘reflected’; if a  (1 th e n  som e 
so lu te  p en e tra tes  m em brane and  is n o t ‘reflected.’
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LP = hydraulic  perm eability  or filtration coefficient [LP = the  velocity of fluid 
per u n it  p ressu re  difference);

n  = osm otic pressure;
J s = so lu te  flux;
Cs = m ean  solute concentration  in  the  m em brane;
P = perm eability coefficient.

The tra n sp o rt m echan ism  of fine-porous m em branes is typically, however, a  
com bination  of activated  tran sp o rt an d  convective transport, an d  th e  convective tra n sp o rt 
m ay be fu rth e r com plicated by the shape  of the  pores an d  also  w hether th e  pores are  
con tinuous th ro u g h  th e  m em brane a n d  th e  route they  take. If m em brane tra n sp o rt occurs 
only th ro u g h  th e  pores in  a  m em brane, th en  hydrodynam ic rela tionsh ips s tu d ied  by 
A nderson an d  Q u in n 1111 suggest th a t if the  size ratio  of a  perm ean t m olecule (assum ed  to  
be spherical) to  a  pore is 0.1, th en  th e  diffusivity of the  perm ean t will be ca  0.6 tim es th a t  
o f th e  free, bu lk  solution, diffusivity. N on-linearity of pores is resolved by a  to rtuosity  factor, 
Xt, su c h  th a t  th e  effec tiv e  film  th ick n ess (L) of a  porous m em brane of ac tua l th ick n ess  I, 
is given b y 11671:

L ~ Tj x 1 (5.65)

The to ta l diffusive flux (JTOTAL) given by composite m echan ism s is sim ply additive: 

J  TOTAL " A JiJ  \ + 2 +.........  +A/nJ n (5.66)

where:
Aj  = fractional a rea  over w hich th e  flux, J , operates.

Thus the  effective diffusion coefficient (Dejr) for a  film in  w hich tran sp o rt m ay occur 
th ro u g h  solvent filled pores (D^,), b u t in  w hich the  solute m ay partition  into th e  polym er 
(such  th a t  there  is also  diffusional tran sp o rt in  the  polymer {DpoJ»  is given by:

+£>pol (5-67)

Diffusion o f a  so lu te  th rough  solvent filled pores will typically provide less resis tance  
to  flow th a n  will diffusion through  th e  polymer as  a  resu lt of th e  lower activation energy for 
th e  m otion of liquid m olecules w hen com pared to activation energy for the  m otion of a  
polym er ch a in  segm ent. A com plicating factor, however, is the  boundary  layer re s is ta n c e 1581 
a t  th e  film’s in terfaces. The to ta l m em brane resistance, jRtotal, to tra n sp o rt th ro u g h  a  film 
is a  function of th e  m em brane resistance, Rm, and  the  interfacial b o unda iy  resis tance, Rb:

D _ p  ,O D  _ (PDonor "^Reoe&jer) (5 .6 8 )TOTAL ~  - t t - m  +  ~  j

Note th a t  if the  in terac tion  betw een th e  m em brane and  perm ean t is negligible, an d  the  
m em brane does no t dissolve the  perm eant, and  the  perm eant is sm all com pared to  th e  pore 
size, th e n  th e  to ta l m em brane resistance  is sim ply th e  boundaiy  resistance. This can  still 
re su lt in  the  diffusion coefficient of a  perm eant in  a  pore being less th a n  the  free diffusion 
coefficient of th e  perm eant. Y asuda an d  Lam aze15511 an d  Hwang an d  T an g12491 have 
determ ined  th e  boundary  layer resistance  of polymer m em branes by first determ in ing  the  
gas perm eability  of th e  m em brane [i.e., in  a  gas-m em brane-gas type system ) w hich is
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unaffected  by bo u n d a iy  layers, and  th en  determ ining  th e  perm eability  of th e  sam e gas, 
w hen th e  gas is dissolved in  a  liquid {i.e., gas-m em brane-liquid, or liquid-m em brane-liquid  
type system s): th e  difference betw een the  two resu lts  providing a  m easu re  of th e  boundary  
layer resis tance .

O ther factors m ay need to  be accounted for if the  p e rm ean t is of a  sim ilar m olecular 
rad ius, rp, to  the  rad iu s  o f the  pore, r, su ch  th a t  porous d iffusion is h indered  by th e  pore 
walls etc.

W hen a  pore d iam eter is of a  com parable size order to  th e  d iffusan ts, th e  process 
of m olecular siev ing1331 m ay occur. The sieving action m ay be to ta l, w hereby th e  flux of one 
species o f perm ean t is prevented, or partial, whereby species diffuse a t  different velocities. 
The s tru c tu re  of porous m em branes, w ith respect to the ir tra n sp o rt p roperties h a s  been  
investigated  by P usch  a n d  W alch |404,4051. Fine porous m em branes used , for exam ple, for the  
purification  of se a  w ater by th e  removal of salt, are typically  com posite m em branes 
consisting  of a  porous m em brane supporting  a  th in , dense, ‘active’ {i.e., responsib le  for the  
separa tion) hom ogeneous film. (M embrane th ickness is typically  100 /urn., w ith  th e  active 
layer ca  0.1 jum.) Hom ogeneous cellulose aceta te  has  su itab le  properties, allowing the  
perm eation  of w ater, b u t no t salt, and  was used  for early hyperfiltra tion  (reverse osmosis) 
m em branes. The flux o f w ater was found to  be increased  if th e  cellulose ace ta te  m em brane 
was modified su c h  th a t  only one face consisted  of a  very th in  layer of hom ogeneous 
cellulose aceta te  (the b u lk  of th e  m em brane being less dense). The techn ique  can  be 
im proved fu rth e r if a  film {e.g., poly(ether/urea)) is c a st on to  a  porous su b s tra te  {e.g., 
polysulfone) {i.e. , a  com posite m em brane): the  porous su b s tra te  being  coated  w ith a  polymer 
solution, a n d  th e  th in  film being formed in-situ by cross lin k in g 1472'.

5.2.2.3 Permeation of electrolyte.
Y a su d a15521 et al. po in t ou t th a t  sa lt will no t perm eate  th ro u g h  m ost polymer 

m atrices -  requiring  a  d iluen t for the  polymer th a t  m u st a lso  be a  so lvent for the  salt. For 
a  hydrated  polymer m em brane, w ith a  volume fraction of d ilu en t denoted  by H  
(units: gwater/  g rated  polder)- the  free-volume of the  polym er-diluent system  is given by:

Of th is  to ta l free-volume, in  th e  polymer m atrix, th a t available for s a lt  perm eation  is:

A ssum ing a  linear variation of free volume w ith th e  volum e fraction  o f d iluent, 
Y asuda notes th a t  the  diffusion coefficient is expected to change exponentially  (as show n 
by equation  (5.54)) w ith  changes in  the  volume fraction of d ilu en t -  a n d  th e  diffusion 
coefficient of th e  salt, Ds, (in pure water) in  term s of H, is given by:

(5.69)

where:
A  = effective pore a rea  for diffusion; 
A q -  ac tu a l pore area;

(5.70)
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lo g (D j  = log(D0) - K (5.72)

where:
K  = constan t;
Ds w as determ ined  by m easuring th e  desorp tion  of s a lt  from a  film  

equilibrated  in  sa lt solution:

where:
o t = conductivity  a t  tim e t;
Qoo = equilibrium  conductivity;
I = film th ickness.

Hence, a  plot of log[DJ as a  function  of 1 / H  should  be linear if it is a ssu m ed  th a t  th e  free 
volum e is directly  proportional to  the  degree of hydration  (i.e., Ds increases exponentially  
w ith  H).

U sing th is  techn ique, Y a su d a15521 et al. investigated th e  diffusion o f NaCl th ro u g h  a  
range of solvent c a s t hydrophilic m em branes and  hydrogels, finding linearity  of th e  
aforem entioned p lo t over five orders of m agnitude of Ds (although in  som e cases o f th e  
highly hydrated  films, diffusion coefficients were lower th a n  expected as  a  re su lt of 
concen tra tion  polarisation  a t  th e  polym er-sink so lu tion  interface). S ca tte r in  th e  
experim ental re su lts  w as also  accounted for by the  fact th a t  the  film ten d ed  to  com pact 
(“de-sw ell”) on ex traction  of th e  NaCl. The m athem atical m odels of Y asuda have been  
m odified by B o1541 et al. to  accoun t for sa lt rejection in  highly w ater-sw ollen m em branes by 
th e  inclusion  of a  coupled sa lt-w ater tran spo rt coefficient in to  the  solution-diffusion model, 
a s  opposed to  sim ply com bining bo th  convective (porous) an d  solution-diffusion flows.

R ather th a n  correlate th e  perm eation of ions th ro u g h  hydrogels in  term s of 
(hydrated) ion size (which was found to be anom alous), H am ilton12141 et al. d iscussed  th e  
tra n sp o rt of ions in  term s of th e  w ater ‘s tru c tu re ’ (long range te trahed ra lly  coordinated 
hydrogen  bonds in  th e  bu lk  water), and  the in teractions of the  ions w ith  th is  s tru c tu re . 
Sm all ions (Li+, F", H30 +, etc.) are  described as s tru c tu re  m aking -  electrosta tically  inducing  
o rder to  th e  w ater, form ing a  Tong range hydration shell’ and , hence, effectively increasing  
th e  w ater viscosity to  the  perm eating  ion. In contrast, large m onovalent ca tions (K+, Cl", e tc .) 
a re  described  in  term s o f being s tru c tu re  breakers and  m ore mobile, b u t genera ting  only 
w eak e lectrosta tic  forces w hich only affect near-neighbour m olecules. It w as concluded  th a t  
an ions can  have a  dram atic  effect on cation permeability: diffusion coefficients of th e  
cations show ing g reater correlation to the  hydrodynam ic rad ius of the  coun teran ion , th a n  
th e ir  ow n hydrodynam ic rad ius. Results for various ions fitted a  spectroscopic tre n d  in  
‘s tru c tu re  tem p era tu re1’ of th e  ions, determ ined by L uck13271, in  rela tion  to  w ater binding: 
the  an io n s playing a  dom inan t role in  the trend  com pared to  the  cations.

^ u c k  defined a  tem pera tu re  a t  which pure w ater has  th e  sam e ex tinction  coefficient, 
in  th e  region of free or weakly bound  OH, as a n  electrolyte solution.

(5.73)
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A m em brane con tain ing  pores of m olecular d im ensions m ay be ion selective as  a  
re su lt of functional polymer ch a in  end  g ro u p s ,2931. E.g., a  pore lined w ith ions will repel co
ions in  d ilu te  so lu tion  a n d  also  electrolyte, in  th e  absence of a n  electric c u rre n t su b jec t to  
conditions of electroneutrality  (i.e., D onnan1 exclusion effect). S u c h  a  polym er th a t  is 
an ionic in  n a tu re  would therefore be described as  being cation-selective. The re su lt o f s u c h  
a  m em brane separa ting  solutions of th e  sam e electrolyte, of differing activ ities is th e  
form ation of a  m em brane po ten tia l (E.M.F.). However, coun ter ions will en te r th e  film if th e  
activities of the  ions in  so lu tion  are greater th a n  those of th e  fixed io n s |40SJ (hence, reducing  
th e  film’s  degree of permselectivity).

Ionic m em branes (ionomers) are  often used  as cell partitions in  electrochem ical 
cells, sep ara tin g  th e  anode an d  cathode, often requiring h igh  ionic conductivity, b u t also  
selectivity. Typical m em branes include su lphonated  polystyrene polym ers orpoly(perfluoro- 
su lphon ic  acids): th e  la tte r being u sed  as  ion exchange polym ers due  to  th e ir  ability  to  swell 
w ith w ater (ca 50% W /W j w hilst m ain ta in ing  their m echanical s tren g th . The tra n sp o rt of 
protons th ro u g h  ionic m em branes h a s  been  investigated by F a le s11501 et al. It is concluded  
th a t  tra n sp o rt is dependen t on the  w ater filled channels of connected  ‘c lu s te rs ’ o f ions 
w ith in  th e  m em brane: th e  size of w hich resu lt from the  balance of m oduli forces an d  ionic 
repu lsions du ring  film form ation. T ransport is also dependen t on th e  p e rm ean t a s  a  re su lt 
of th e  ionic d istribu tion  w ith in  the  c lusters.

5.3 Factors affecting polymer film permeability.
5.3.1 Film Structure and the effect of temperature on the polymer.

It h a s  previously been  show n (equations (5.25) an d  (5.42)) th a t  bo th  diffusion an d  
solubility  coefficients show  a n  A rrhenius type dependence over sm all tem p era tu re  ranges. 
Similarly, so  can  th e  perm eability coefficient, P:

P = P0 e x p -
R T

(5.74)

where:
-  perm eability coefficient as  given by D0 x S0; 
= activation energy of perm eability;
= gas constan t;
= tem perature .

Above th e  Tg of th e  polymer, diffusion is typically Fickian. However, anom alous 
diffusion m ay be show n below the  Tg. Kum ins and  R otem an12951 investigated  th e  diffusion 
coefficients, a t  different tem pera tu res, of a  num ber of non-condensib le  gases (i.e., low 
solubility in  th e  polymer) of various Van der W aals’ d iam eters, rang ing  from  2 .34  A 
(hydrogen) u p  to  3 .23 A (carbon dioxide), and  also  w ater vapour (3.48 A), th ro u g h  a  
copolym er w ith Tgs a t 303 K an d  350 K. Plots of the  logarithm  of th e  diffusion coefficient 
versus reciprocal tem pera tu re  were found to be linear w ith th e  exception of those  for C 02

*A m em brane th a t  is perm eable to  sm all, b u t no t large (e.g., m acrom olecule) electrolyte 
ions, resu lts  in  a n  electrical potential arising  from th e  passage of sm all ions, a ttem p tin g  to  
neu tra lise  the  larger ions. The concentration  of the  sm all co-ions is lower on th e  side o f th e  
large ion, an d  th is  is com pensated for by a n  increase in  sm all coun ter-ion  concen tration .
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an d  w ater vapour, th e  form er of th ese  show ing a  d iscontinuity  in  linearity  a t  th e  h igher Tg, 
w hilst th e  la tte r  show ed a  d iscon tinu ity  a t  the  lower Tg. The linearity  found for the  m ajority 
was a ttr ib u ted  to  the  segm ental m otion, even in  the  glassy polymer, providing sufficient free 
volume to  allow th e  perm eant to  diffuse, su c h  th a t the  increase  in  free volum e above th e  
Tg would have little effect. (Also concluded from the resu lts  was th e  fact th a t  th e  rise  in  
tem pera tu re  only increased  th e  ra te  of polymer segm ental m otion, ra th e r  th a n  increasing  
th e  n u m b er of holes available for diffusion.) The d iscontinuities in  th e  lines for C 0 2 an d  
w ater vapour were ascribed  to  the ir larger respective m olecular sizes in  rela tion  to  th e  size 
of available holes. (An anom alously  h igh  diffusion rate for w ater vapour w as explained in  
term s of th e  w ater ac ting  to  p lastic ise  the  polymer by form ing hydrogen bonds w ith  p en d en t 
aceta te  groups, w hich would otherw ise form H-bonds betw een ace ta te  groups.) S im ilar 
resu lts  an d  conclusions were also realised  by S tan n e tt a n d  W illiam s14641 w ith work on 
poly(ethyl m ethaciylate).

Y asuda an d  H iro tsu15491 report th ree  possible effects, recorded in  the  litera tu re , of 
th e  Tg on  th e  perm eability of gases:

X no  effect on  any  gas used  in  th e  particu la r study  cited;

X all gas perm eabilities in  th e  stu d y  show  a n  anom aly a t  th e  Tg;

X a  lim ited n um ber of the  gases under s tu d y  show  a n  effect.
Y asuda, however, no tes th a t  size alone is no t sufficient to  explain th e  resu lts  {e.g., th e  fact 
th a t  in  som e in stances in  the  literatu re , large m olecules su c h  a s  C 0 2 or N2 show  no 
anom aly a t  th e  Tg, w hilst sm aller m olecules {Ar} do for th e  sam e polymer), an d  th a t  the  
relative asp ec t of th e  perm ean t m u s t also be accounted for {e.g., linearity  o f COa). 
C om parisons of litera tu re  values indicated  th a t  for a  change of slope in  th e  A rrhen ius plot 
to  occur, th e n  the  diffusion coefficient a t  the  Tg should  be below a  ce rta in  critical nom inal 
value: suggested  to  be 5x1 O'8 cm2 s '1.

S u ch  non-F ickian  behaviour of tran sp o rt (or sorption) m ay resu lt from  the  
re la x a tio n  t im e  of th e  polymer. S tresses  im posed on th e  polymer d u rin g  film form ation, 
or by sw elling du ring  th e  tran sp o rt process, are relieved (or reach  a n  equilibrium ) a t  a  ra te  
d ependen t on  the  ra tes  a t  w hich changes in  polymer s tru c tu re  can  occur, a n d  th is  m ay be 
reflected in  tra n sp o rt ra tes. A m odel founded on  a  tem pera tu re-based  tra n s itio n  h a s  been  
d iscussed  by F risc h 11711, u sing  non-equilibrium  therm odynam ics to  explain  non-F ickian  
behaviour.

The effect of polymer m o le c u la r  w eigh t on perm eability  (of air) h as  been  
investigated by K am inska |2661. Perm eability was found to decrease w ith  increasing  polym er 
m olecular w eight an d  was also dependen t on th e  polydispersity of th e  polym er. The resu lts  
were a ttr ib u ted  to a n  increase in  th e  cohesive energy w ith  increasing  m olecular weight. 
O ther w orkers, however, have found m olecular weight to  have n o  effect (on sorption): 
P a rk 13841 s ta ted  th a t  it was not su rp ris in g  th a t m olecular w eight h ad  no  appreciable effect 
on  sorp tion  (of m ethylene chloride in  polystyrene) due to  th e  fact th a t  th e  diffusion process 
(with respec t to  a  single p en e tran t ‘ju m p ’) only d istu rbs one or two u n its  of the  polym er 
cha in  and , hence, ch a in  length  is n o t significant unless the  nex t segm en t was a  c h a in  end.
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Polymers ten d  tow ards th e  lowest free energy s ta te  (therm odynam ic equilibrium ), 
even w hen  in  th e ir  glassy form  (polym er aging). S uch  aging leads to  a  decrease  in  th e  free 
volum e of the  polymer, an d  will therefore produce a  decrease in  th e  perm eability  o f the  
polym er. G uo12101 et al. have derived a n  equation, based on  d ru g  d isso lu tion  ra te s  from 
polym er coated tab le ts , for th e  prediction of th e  perm eability o f a n  aging polym er below its 
Tg, as  a  function of polymer aging time. The equation is based  on  th e  aforem entioned 
equations in  F u jita ’s  free volum e theory  an d  equations rela ting  th e  sh ift in  th e  polym er’s 
creep com pliance, as  a  function  of age, to  free volume. The resu lting  equation  show ing a  
linear double logarithm ic rela tionsh ip  betw een the  polymer’s perm eability  coefficient (P) (or 
diffusion coefficient) and  polym er age ( tj:

d l n P ( r , _0  _  c o n s t a n t  , 5 . 7 5 )

d l n t „

Film age w as also of concern  to List a n d  L a u n I3241, b u t for reasons of res id u a l solvent 
co n ten t after casting . The w ater vapour perm eability of p lastic ised  isopropyl a lcohol-cast 
Eudragit® L (see C hapter 6) w as found to  decrease (by a  factor o f th ree) a s  a  function  o f film 
age (three weeks). A secondary  ‘drying’ phase, a t h igher tem pera tu re  reduced  th e  am o u n t 
of residua l solvent an d  m ean t th a t  the  m inim um  in  perm eability w as achieved in  a  sh o rte r  
tim e. However, only w hen th e  secondary  drying tem perature  w as g rea ter th a n  th e  polym er’s 
Tg (348 K) was th e ir  significant loss of residual solvent from th e  film (due to  th e  increased  
ch a in  segm ent mobility), in  a  tim e of only 8 h rs.

O kor1354,3561 has  investigated the  effect of the  polym er c h a in  end  g roups on 
m em brane perm eability. The aqueous u rea  perm eability w as found to  increase  w ith 
increasing  film cation  content, b u t not linearly, showing a  slow  increase  a t  low cation 
c o n ten t with a  m ore rapid increase  above a  certain  level (53 m oles of cation  pe r m ole of 
polym er chain). The initial slow  increase in  perm eability w as a ttr ib u ted  to  increased  film 
sw elling resu lting  in  p lastic isa tion  of th e  polymer by the  w ater. However, in  th e  ca se  of the  
h igher perm eabilities, resu lts  were a ttribu ted  to  increased porosity  a n d  a n  increase  in  pore 
size resu lting  from the  m u tu a l repulsion  of the  charged  end  groups: pore size 
dem onstra ting  good correlation w ith perm eability. It was suggested  th a t  d u rin g  film 
form ation there  w as a  balance  betw een th e  cohesive an d  repulsive forces. At low cation 
con ten t, the  cohesive forces outweigh th e  repulsive forces lead ing  to  sm aller b u t  more 
num erous pores, w hilst h igh cation  con ten t resu lts  in  pores o f larger diam eter.

The effects of p lastic iser hydrophilicity have also been  investigated  by Okor and  
A nderson |355‘359}. U sing com parable films of differing hydrophilicity, con ta in ing  a  co n s ta n t 
am o u n t of differing ratios of two sim ilar p lastic isers of differing degrees of hydrophilicity, 
it was found th a t  increasing  th e  fraction of the  more hydrophilic p lastic ise r coupled w ith 
a  decrease in  th e  less hydrophilic p lastic iser increased th e  u rea  perm eability  of th e  less 
hydrophilic film. This was related  to th e  leaching of the  hydrophilic p lastic ise r w hich 
resu lted  in enhancem en t of film porosity. In the  more hydrophilic film, u rea  perm eability  
increased  as th e  more hydrophilic p lasticiser fraction was decreased: a  re su lt a ttr ib u ted  to 
th e  poten tia l of th e  less hydrophilic p lastic iser for no t leaching  to  s u c h  a n  ex ten t a s  the  
more hydrophilic p lasticiser, b u t prom oting film swelling a n d  porosity. It w as th u s
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concluded  th a t  the  perm eability  w as dependen t on the  hydrophilicity  of bo th  th e  p lastic ise r 
a n d  polymer considered together.

5.3.1.1 The effect of polymer crystallinity, crosslinking, and plasticisation.
Crystalline polym ers are  generally im permeable: B a rre r1311 cites V an A m erongen14901

as being one of the  first researchers to  show  th a t  the  so lubility /d iffusiv ity /perm eability  was 
reduced  as th e  crystallin ity  of a  m em brane (gutta  percha) increased. The effective diffusion 
coefficient m u st acco u n t for the  to rtuosity  of th e  p a th  a  d iffusant m u st tak e  in  avoiding th e  
crysta lline  regions. The diffusion of a  perm eant in  a n  am orphous region (of diffusion 
coefficient = D J, b u t n e a r  to a  crystalline region m ay also be position  dep en d en t as  a  re su lt 
of th e  segm ental m otion of th e  polymer being im peded. Hence, M ichaelsf338,3391 et  al. 
p roposed a  m odel w hich included a  tortuosity  factor, T{, an d  a  factor rela ted  to  th e  c h a in  

im m obilisation, p:

D.j, -  %  (5.76)
ST,P

In films of am orphous polym er con tain ing  crystalline regions (or filler), th e  diffusion 
coefficient (D^) is generally given b y l4171:

D « r - D „ x <  (5.77)

where:
(j)a = volum e fraction of th e  am orphous regions; 
and  m is a  num ber typically £ 1.

Similarly, th e  effective solubility, Sejr, is typically proportional to  <|>a:

S ^ = S a x(j>a (5.78)

By virtue of its  restrictions on polymer segm ent mobility, crosslin k in g of a  polym er 
will a lso  decrease th e  ability of a  d iffusan t to move th rough  su c h  a  system  (provided th a t  
th e  density  of crosslink ing  is sufficient to  affect segm ent motion). P lastic isa tion  h a s  the
opposite effect by v irtue of the  n a tu re  of p lastic isers in  ‘loosening’ th e  polym er netw ork.

5.3.1.2 Hydrogels.
H ydrogels are  prepared from hydrophilic polymers [e.g., poly(hydroxyalkyl 

m ethacrylates). M acroscopically, they  appear as hom ogeneous system s of w ater an d  
polymer com bined in to  a  single phase  gel. K im 12841 et al. note th a t  th e  w ater can  be trea ted  
as  being in  one of th ree  s ta tes: (i) hydrating  hydrophilic polymer su rface  groups (i.e., bound  
by hydrogen bonds); (ii) interfacial betw een the  polymer segm ents; or (iii) ‘bu lk-like’ 
behaving as ‘aqueous so lu tion .’ Hydrogels form w hen a  polymer is easily hydrated  (swollen), 
requiring  th a t  th e  in teraction  betw een ad jacen t polymer segm ents (dim erisation by 
hydrogen bonding), w hen in  water, be less th a n  the  interaction betw een th e  polym er and  
the  w a te r14541. Typically, a  crosslinking agen t is added to  m ain ta in  s tru c tu ra l integrity, 
Z e n tn er15581 et al. a n d  K im 12841 et al. have investigated the perm eation  of (hydrophobic an d  
hydrophilic) steroids th rough  hydrogel system s, concluding th a t  perm eation  th ro u g h  th e
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hydrogel w ithout th e  crosslinking agent (or perm eation  by a  hydrophilic perm eant) was 
predom inan tly  th rough  solvent filled pores (bulk water), w hilst in  th e  crosslinked  system , 
perm eation  resu lted  from solution-diffusion type tran sp o rt (and w as, hence, su b jec t to  
changes in  functionality  of the  perm eant: i.e., so lu te perm eability th ro u g h  a  w ater sw ollen 
polym er will be less dependen t on the  functionality  of th e  polym er if th e  so lu te  travels 
th ro u g h  the  w ater th a t  is swelling the  polymer).

5.3.2 Nature of the permeant.
According to  the  free volume theories of diffusion, in  w hich th e  cooperative polym er 

segm en t m otion is required to  form a  hole for diffusion to  occur, it w ould seem  obvious th a t  
p e rm ean t m o lecu la r s ize  (and also  shape  a n d  w eight11511) is im portan t: larger perm ean t 
m olecules requiring larger holes and, hence, greater segm ent cooperation w ith a  
correspondingly higher activation energy of diffusion. K um ins an d  R o tem an12951 found, in  
th e  aforem entioned investigation of the  effect of polymer Tg on diffusion, th a t  th e  activation 
energy for diffusion increased exponentially (i.e. , rate  of diffusion decreased) w ith  increasing  
p e rm ean t (Van der W aals’) diam eter, and w ent on to investigate th e  re la tionsh ip  betw een 
polym er segm ent mobility (and, hence, free volume) and  perm ean t s iz e 12961. U sing equations 
originally developed by B u ech e1371 for d iffusant jum p  frequency, K um ins w as able to  
determ ine the  hole size necessary  for diffusion, and  th e  num ber of polym er segm ents 
involved. However, the  work assum ed  a  spherical molecule, w hich in  som e in stan ces  led 
to  over-estim ates of hole size. Perm eant sh ap e  m ay be im portan t, especially  in  th e  case of 
diffusion th rough  glassy polymers (where th e  free volume is ‘fixed’ to  a  greater ex ten t th a n  
rubbery  polymers).

R en k in 14111 investigated th e  aqueous tran sp o rt of a  range o f d iffusants o f graded 
m olecular weight (and, hence, rad iu s  size) th rough  porous, inert, cellulosic m em branes of 
a  range of pore sizes. R estriction to  flow (i.e., m olecular sieving) agreed  w ith  th e  theories of 
P ap p en h e im erl382,3831 et al., fitting the  equation:

A  = effective a rea  of pore opening;
A q -  cross-sectional area  of pore; 
rp = perm eant m olecular radius; 
r = pore radius;
Dp = diffusion coefficient in  the  pore;
D = free (aqueous) diffusion coefficient.

Values of the  aqueous diffusion coefficient, D (cm2 s '1), an d  m olecular radii, r, have 
been  calcu lated  for a  num ber of diffusants, by W isniewski and  K im 15441 u sing  th e  following 
em pirical rela tionsh ips1477,5351:

A_
A 0

2

1-2.1041 (5.79)

where:

D  = 7 .4  x 10"8 (5.80)
r)V0,6

where:
M = solvent m olecular weight;
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x  -  association  param eter (correction for H-bonding, etc.): x  = 2 .6  for w ater;
T = tem pera tu re  /K;
r\ = so lu tion  viscosity /centipoise;
V = m olar volum e of solute a t  norm al boiling po in t /cm 3;

and :

(5.81)

where:
Na = Avogadro’s num ber; 
and:

(5.82)

In c o n tra s t to  non-condensible gases, the  perm eability  o f liquids a n d  vapours m ay 
be affected by in teractions [e.g., hydrogen bonding, V an d e r W aals’ forces) o f th e  perm ean t 
w ith  th e  polymer. Polymers w ith functional groups th a t  a re  chem ically sim ilar to  those  of 
a  p e rm ean t re su lt in  large cohesive forces leading to  h igh  solubility  of th e  p e rm ean t in  th e  
polym er. The fact th a t  perm eability is a  function of solubility, a n d  th a t  polym er sw elling 
re su lts  in  a  ‘loosening’ of th e  polymer netw ork and , hence, a n  increase  in  th e  diffusion 
coefficient, together lead to  a n  increase in  th e  polymer perm eab ility l3071. Y a su d a1550,5531 et al. 
found th a t  sw elling of a  film by w ater [i.e., hydration  of th e  film) led to  a  change in  th e  
w ater perm eability  from a  solely solution-diffusion type m echan ism  to  a  m echan ism  in  
w hich  a  hydraulic  (convective or non-activated) perm eability1 [i.e., perm eability  resu lting  
from  a  p ressu re  grad ien t see equation 5 .63 an d  5.64) played a  m ajor role, having  obvious 
consequences on  the  perm selectivity2 of the  film. A lternatively, perm ean t-perm ean t 
in te rac tions (in the  case w here the  perm ean t and  polym er are  dissim ilar) m ay lead to 
c lu ste ring  of th e  perm ean t -  decreasing  th e  perm eant m obility due  to  th e  diffusion hole size 
being  required  to  be large enough to  accom m odate the  c luster. The diffusion coefficient of 
chloroform  in to  poly(dimethylsiloxane) (non-polar) was s e e n 1531 to  be d ep en d en t on the  
chloroform  concentration , increasing  initially due to  p lastic isa tion  of th e  polym er, b u t 
decreasing  a t  h igher concentrations, w hich was ascribed  to  perm ean t c lustering .

The perm eability o f so lu tes th ro u g h  polymer films (i.e., a  system  in  w hich th e  
p e rm ean t h as  a n  affinity for bo th  the  polym er and  the  ex ternal phase, related  to  th e  polarity  
of th e  various p h ases  and , hence, s tru c tu re  of the perm eant) have also been  investigated. 
S e ro ta 14461 et al. u sed  a  series of s u b stitu ted  an ilines of increasing  s ide -chain  length , finding 
th a t  th e  perm eability  coefficient showed th e  sam e trend  as  th a t  se en  for th e  partition  of th e  
an ilin es  betw een w ater a n d  hexane.

W hilst increased  perm ean t size m ay lead to a  decrease in  th e  diffusion coefficient, 
it often leads to  a n  increase in  the  solubility coefficient. Thus because  th e  perm eability

S om etim es called a  filtration coefficient. Flow is a  function  of an  ex ternal p ressu re  
g rad ien t (or possibly a n  osm otic pressure).

2A  film w hich can  ‘sieve’ perm ean t m olecules of differing sizes. The sieve coefficient is 
defined as th e  ra tio  of the  so lu te  concentration  of filtrate to  th a t  of the  filtrand.
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coefficient is th e  product of the  diffusion an d  solubility coefficients, its varia tion  w ith  
p e rm ean t size m ay be m inim al in  system s w ith an  absence of a  porous netw ork.

P erm ean t size becomes less im portan t as  the  free volum e in  th e  film increases. In 
a  porous film in  w hich the pore d iam eter is m uch  greater th a n  th e  perm ean t size, th e  effect 
of th e  p e rm ean t size becomes negligible. In  contrast, if a  pe rm ean t in te rac ts  w ith  the  
polymer, e ithe r by physical or chem ical in teraction, or by sorp tion  in to  a  microvoid, it m ay 
becom e im m obilised for a  period longer th a n  th a t  required  for a  diffusion ju m p . S u c h  a n  
im m obilised p e n e tran t m olecule does no t contribu te  to th e  overall p e rm ean t f lu x ,4171. (Partial 
im m obilisation resu lts  in  a  concen tration  dependen t diffusion coefficient14631.) 
Im m obilisation m ay affect th e  diffusional tim e lag, b u t no t th e  stead y -sta te  ra te  of 
d iffusion13871. In  sam ples where d u a l mode sorption {e.g., w here b o th  H enry’s law  and  
L angm uir type sorp tion  occur), th e n  th e  diffusion process will have con tribu tions from  bo th  
m odes su c h  th a t  the  flux, J , is given by:

j  =_n i£i- (5.83)
s d x  L d x

where:
D = diffusion coefficient;
C = concentration  of perm eant;
su b scrip ts  S an d  L refer to H enry’s Law a n d  Langm uir m odes, respectively. 

A m odel for th e  diffusion of gases in  g lassy polymers, undergoing d u a l mode sorp tion , has 
been  proposed by Vieth and  S la d e k 15201

The diffusion of gases a n d  vapours is typically a  resu lt o f th e  difference in  p artia l 
p ressu re  of th e  perm ean t on  either side of the  m em brane. This ac ts  as  th e  driving force w ith 
th e  ra te  of perm eation  being proportional to  th e  partial p ressu re  difference. If, however, the  
p e rm ean t is a lso  soluble in  the  m em brane, an d  the  ra te  a t  w hich th e  p e rm ean t dissolves 
in  th e  m em brane differs from the  ra te  of change in  the  partia l p ressu re , th e n  th e  ra te  of 
perm eation  is a  resu lt of th e  absolu te  vapour p ressu re , ra th e r  th a n  th e  p ressu re  
differential, a n d  th e  perm eability will deviate from being Fickian in  natu re .

5.3.3 Heterogeneous films and film additives.
In  m any  com m ercial applications [e.g., em ulsion paints), polym er films con ta in  

additives [e.g., fillers, pigm ent, etc.). Alternatively, films m ay consis t of one polymer 
d ispe rsed  in  ano ther, or of lam inates of two or more polymers (or even a  single polym er w ith 
a  ‘sk in ’ of th e  sam e polymer of h igher density). Lam inates of polym ers, in  se ries  or in  
parallel a re  th e  two extrem es of polymer m ixtures. The tra n sp o rt properties of su c h  
heterogeneous m edia have been reviewed by B arre r1311, an d  have a lso  been d iscu ssed  by 
C h a in ey1851 in  h is  review of tran sp o rt th rough  polymer films. C om pared to  hom ogeneous 
films, heterogeneous films have th e  additional com plication of th e ir  tra n sp o rt properties 
being  functions of diffusant position w ith in  the  film (as well as, possibly, concentration , 
tem pera tu re , etc.).

In th e  case  of lam inates in  series, the  perm eability is in dependen t of th e  o rder of the  
layers of th e  lam inate  provided th a t  th e  perm ean t does no t in te rac t w ith the  polym er. The 
ra te  of perm eation  being expressed by:
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1 (5.84)
r Total r i  r2

Rogers qualita tively14191 (and together w ith S ternberg , q u an tita tiv e ly 14211) d iscusses 
th e  m eans by w hich a  m em brane m ay show  perm eability  asym m etry  u s in g  a  hypothetical 
heterogeneous film contain ing  a  g rad ien t in  th e  density  of c rosslink ing  across th e  film’s 
th ick n ess. Rogers notes th a t  the  ra te  of tra n sp o rt th ro u g h  the  film sh o u ld  be greater w hen 
th e  lightly crosslinked  side is exposed to  a  perm eant th a t  solvates th e  m em brane d u e  to  the  
fact th a t  th e  m em brane would swell to  a  greater ex ten t th a n  if it  were th e  highly crosslinked  
side th a t  was exposed. In th e  latter case, the  concentration  g rad ien t w ith in  th e  m em brane 
would be reduced, w hen com pared to  th e  former case  and , hence, th e  driving force for 
p e rm ean t tra n sp o rt would also be reduced. Rogers th e n  show ed experim entally  th a t 
m em brane tra n sp o rt across polymer films w ith e ither s tru c tu ra l or chem ical grad ien ts 
(prepared by graft copolym erisation) could be directionally dependen t.

E xudation  of polym er additives th a t  are incom patible w ith  th e  polymer, s u c h  as 
su rfac tan ts , can  also  lead to  a n  increase  in  film heterogeneity. The exudation to  a  film 
su rface  leading to  a  concentration g rad ie n t1561!, of th e  additive in  re la tion  to  the  polymer, 
th a t  decreases w ith d istance  from th e  surface (or in  the  case  of a  th in  free-film where 
exudation  c a n  presum ably  occur a t  the  two film faces, to a  concen tra tion  profile in  w hich 
th e  additive concen tra tion  is a t  a  m in im um  a t th e  cen tre  of th e  film).

A n u m b er of s tu d ie s le'9'' 1‘4231 of single-layer free-film perm eability  have show n 
su rface  heterogeneity  leading to  perm eability asym m etry. S u ch  heterogeneity  is u sua lly  
a ttr ib u ted  to  differences in  film density, betw een th e  two sides of th e  film. Abdel-Aziz and  
A n d erso n131 found th a t  the  addition of e thano l to a  so lu tion  of polym er in  acetone decreased  
th e  solvation of th e  polymer. Films c a s t sim ply from acetone show ed a  dense surface 
(polym er-air interface) layer with few pores: increasing  am oun ts o f e thano l (5%) led to  a  
su rface  con ta in ing  a  few large pores, w hilst greater am oun ts of e th an o l (10%) reduced  the 
pore size b u t increased  th e  pore num ber density, giving pores th a t  p asse d  fu rther in to  the 
b u lk  of th e  film leading to  a  high film perm eability. Lam inated films in  w hich the  lam inates 
show  surface heterogeneity, (when arranged  with th e  sam e orientation, e.g., lower face of 
th e  second  layer aga in st th e  upper face of th e  first) give a  reduced  perm eability  coefficient 
w hen  com pared to  single films of th e  sam e th ic k n e ss1357,358!.

H eterogeneity is often induced in to  films by p en e tran t d iffusion su c h  th a t  th e  rates 
o f p e n e tran t tran sp o rt differ in  th ick  films w hen com pared to  th in  films of th e  sam e 
m a te ria l1249,4131. This is a ttribu ted  to swelling of th e  films by, for exam ple, w ater/w ater 
vapour, on th e  ingoing side of the  m em brane (i.e., th e  side where p e rm ean t is concentrated).

The addition  of a n  inert filler to a  polymer will generally decrease  th e  perm eability 
du e  to increased  tortuosity, X, of the  perm ean t’s route. Effects on th e  diffusion lag tim e (X) 

would also  be apparent:

x = L2 x,t2 
6D ~ 6D

(5.85)
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(In cases w here th e  p e rm ean t is adsorbed onto the filler, th is  too shou ld  be accoun ted  for 
in  th e  e q u a tio n 1166,3421386,387].) However, a  filler th a t is incom patible w ith th e  polym er m ay 
re su lt in  voids a t  th e  polymer-filler interface, hence, leading to  a n  increase  in  th e  film’s 
perm eability. S u ch  voids resu lt from the  inability of the  polym er m olecules to  fill th e  
in te rstitia l spaces betw een aggregates o f filler, and  m ay also affect th e  sp a tia l a rrangem en t 
of th e  polym er segm ents, resu lting  in  film densities th a t  are  less th a n  would be expected 
from  calcu lations assu m in g  volume add itiv ity12981.

The work of Kwei an d  A rnheim 12981 on filled polymers, a n d  h is  com parison  w ith  the  
work o f M eares13361 on  unfilled polymers, showed a  59% reduc tion  in  th e  diffusion 
coefficient, a n d  a  corresponding 56% increase in the  activation  energy of d iffusion1, of 
oxygen in  poly(vinyl acetate) filled w ith 12.1% titan ium  dioxide, com pared to  th e  unfilled 
polymer. Differences in  th e  activation energy of diffusion in  th e  filled polymer, com pared 
to  th e  unfilled polymer, were also ap p a ren t in  th a t th e  filled polym er show ed th e  sam e 
activation energy above a n d  below the polymer’s Tg, w hereas th e  unfilled polym er show ed 
a  higher value above  th e  Tg. R esults of th e  changes in  diffusion activation  energy, ED, were 
a ttr ib u ted  to  changes in  th e  in ternal p ressu re  [plnt] o f the  system :

E D =  P i n t  x  A V  ( 5 . 8 6 )

where:
V = volum e of activation (assum ed to  undergo negligible change in  the  

filled, com pared to  the  unfilled, polymer).

Theories re la ting  films consisting of one polymer d ispersed  in  an o th er are  typically 
based  on  the  theories o f capacitance an d  dielectric perm ittivity. The resu lts  of th ese  theories 
have been  sum m arised  by C hainey1851 using  the  appropriate  m athem atica l sym bolism  
rela ting  to  polym er diffusion.

5.4 Perm eation through polymer latex films.
The perm eability  of latex cast films, w hen com pared to  so lvent c a s t films, m ay be 

fu rth e r com plicated, in  addition  to the  aforem entioned factors affecting th e  perm eability  of 
polym ers, due  to  m acro -structu re  of the  films arising from th e  fusion  of th e  latex  particles 
them selves. The w ater vapour perm eability of latex films p repared  from a  copolym er of 
carboxylated sty rene-bu tad iene  has been  investigated by R ic h a rd 14131 et al. U sing labelled 
w ater a n d  S.A.N.S., it  w as show n th a t sorption and  diffusion occurred  m ain ly  along  the  
hydrophilic (carboxylated) in terparticle boundaries. The tim e d ep en d en t m orphology 
changes th a t  can  occur (‘fu rther gradual coalescence’) can  a lso  provide ju stifica tion  for 
changes in  perm eability  properties.

C h a in ey1911 et al. m easured  perm eability coefficients in  films by a  dynam ic techn ique 
in  w hich th e  p e n e tran t was m ade to flow over one side of the  film, a n d  the  perm eating  gas 
w as sw ept away an d  analysed  by katharom eter. Films of poly(m ethyl acrylate), poly(ethyl

^ h e  paper claim s th a t  the  activation energy of th e  filled polym er is 56%  th a t  of the  
unfilled polymer, b u t th e  figures show  th is  to  m ean a  56% increase  ra th e r  th a n  the  im plied 
decrease.
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acrylate), poly(n-butyl aciylate), poly(methyl m ethacrylate), poly(ethyl m ethacrylate) and  
poly(n-butyl m ethacrylate) were c a s t from solution in  bu tanone. Polystyrene films were cast 
from so lu tion  in  toluene. The perm eabilities to  helium  were determ ined  a t  various 
tem pera tu res and  th e  activation energies of perm eation calculated . There w as found to  be 
a  trend  o f increasing  perm eability  w ith decreasing polymer Tg, w ith  activation  energies of 
a ro u n d 2 8  k J  m ole'1. Com parable la tex cas t films initially show ed m u ch  h igher perm eability  
coefficients com pared to  th e  solvent c a s t films. However, a  m ajor problem  a ris in g  from the 
flash  castin g  techn ique employed, was th e  inheren t irreproducibility  in  in itia l perm eability 
coefficient betw een different films c a s t from the  sam e latex. A large varia tion  in  in itial 
perm eabilities was a lso  a p p a re n t in  films flash  c a s t from so lu tion . However, th e  lowest 
values of perm eability coefficient recorded were in  good agreem ent w ith  th e  low est values 
obtained  from  those  films d ish -cast from solution. It was concluded  th a t  th e  higher 
perm eabilities were due to  im perfections in  the  film. Hence, several films were prepared  for 
each  variable exam ined, an d  th e  th ree  lowest concordant resu lts  were tak e n  to  be correct.

The principal feature  of PBMA (the polymer m ost s tu d ied  due  to  its  acceptable 
h and ling  characteristics) latex  film perm eabilily was th a t  th e  perm eability  coefficient was 
no t constan t, b u t decreased  over a  period of time. The initial value varied d ep en d en t upon 
th e  tem pera tu re  a t  w hich th e  film was cast. Over a  period o f 320 h rs , however, the  
perm eability  dropped to  a  co n stan t value, w hich was in d ep en d en t of th e  casting  
tem pera tu res  (between 393 K a n d  455 K) b u t was still more th a n  double th e  value for the  
solvent c a s t film th a t  d id  no t vaiy  over a  period of several m on ths. For fresh ly  c a s t latex 
films, th e  activation energies were of th e  order of 7 —> 8 k J  m ol'1, ris ing  to  20  k J  mol'1 for a  
film aged 320 h rs. The activation energy for the  aging (autohesion) p rocess itse lf was 
estim ated  to  be ca  25 k J  m o l1 for PBMA. Polymers of lower Tg aged faster, w h ilst poly(ethyl 
aciylate) appeared  to age fully du ring  casting. The failure in a n  a ttem p t to d isce rn  effects 
of latex particle  size a n d  surface charge density  in  th is  s tu d y  w as p resum ab ly  a  resu lt of 
th e  h igh tem pera tu res necessary  ( a l l ) 393 K) for th e  flash  coating process.

B a lik1271 et al. found th a t  for a  com m ercial terpolym er (vinyl chloride, b u ty l acrylate 
a n d  vinyl acetate) latex film, 30 K above its Tg, the  COz sorption iso therm  resem bled  th a t 
of a  glassy polymer. C 02 solubility was m uch  greater th a n  th a t  for th e  solvent c a s t film of 
th e  sam e polymer. C 0 2 solubility  an d  diffusivity decreased  w ith  ag ing  tim e, b u t did not 
quite reach  th e  solvent c a s t value even after 75 days a t  room  tem pera tu re . It w as suggested 
th a t  solubility  decrease w as th e  dom inan t cause  of reduced perm eability  upon  aging, during  
w hich tim e the  polymer density  increased, for perm eants of low solubility. R ou ls tone14231 
found th a t  for both  w ater vapour transport, an d  4-n itrophenol so lu te  perm eation , freshly 
p repared  latex  films h ad  h igher perm eabilities th a n  solvent c a s t films, b u t th e n  aged to 
below the  solvent c a st value. The solubility coefficient, S, for 4 -n itropheno l in  th e  solvent 
c a s t film was greater th a n  for th e  latex cast film. Kassis an d  L is t13231 also  found th a t  solvent 
c a s t Eudragit® films were less dense th a n  the  corresponding latex  films, an d  th a t  th e  latter 
were less perm eable to  w ater vapour.

B a n k e r1291 et al. show ed th a t  w ater vapour had  som e affinity for PBMA in  solvent 
c a s t films since the  slope of the  perm eability coefficient, P, versus th ick n ess  plots was
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g rea ter th a n  th e  -1 (m inus one) expected for F ickian behaviour. R o u ls to n e14231 dem onstra ted  
F ick ian  behaviour for 4 -n itrophenol in  PBMA solvent c a s t films a n d  latex  c a s t films, w ith 
respec t to perm eant so lu tion  concentration  and  film th ickness, bu t, th ere  w as a  negative 
tim e lag in  th a t  th e  ra te  of perm eation  s ta rted  h igh  an d  decreased  tow ards th e  s tead y  s ta te  
value. (Senf114421 et al. have ascribed  th e  presence of negative tim e lags in  experim ents where 
th e  perm eability  w as determ ined  spectrophotom etrically {e.g., in  th e  work o f S e ro ta14461 
et al.} to  con tam inan ts  leaching  from the  film early  in  th e  experim ent. S ero ta  cites 
F u jita 11761, however, for suggesting  th a t  negative tim e lags resu lt from  (i) two s im ultaneous 
diffusional flows of different diffusion coefficient, or a  convective flow, o r (ii) a  tim e 
d ep en d en t diffusion coefficient, or (iii) a  s tru c tu ra l influence on th e  film by th e  perm eant, 
before th e  a tta in m en t o f a  s teady  s ta te  flux.)

R ou lstone1423,4261 prepared  PBMA latex films over a  range of tem pera tu res 
(325 —> 368 K) and  times (3 20 hrs). The higher the  tem perature and  the longer the  casting
tim e, th e  lower was th e  in itial (i.e., w ith in  24 h rs  of casting) perm eability. E ach  o f these  
films aged to  a  lower perm eability  upon  storage for one m onth. Aging was en h an ced  a t 
elevated tem pera tu res, an d  slowed a t  sub -am bien t tem peratu re . This phenom enon  is 
u su a lly  a ttr ib u ted  to  au tohesion , or fu rther gradual coalescence, b u t List a n d  K a ss is13231 
invoked ‘r e la x a tio n  o f  e n th a lp y  a t  room  te m p e ra tu re ,' in  th is  context, w hich  w as said  
to  a rise  from th e  g radual rem oval of free-volume th a t  had  been  frozen in to  th e  g lassy  s ta te  
of th e  polymer after form ation a t  h igh tem perature.

R ou lstone14231 found th a t  th e  activation energies for th e  perm eation  of PBMA latex 
films p repared  a t  a  range of tem pera tu res showed increasing  values w ith  increased  casting  
tem pera tu re , reflecting decreased  perm eability. The activation  energy, Ea, rose to  
142 k J  mol'1 for a  film p repared  a t 368 K and  aged one m on th  a t  am bien t tem pera tu re . It 
c a n  be envisaged th a t  th e  in terpartic le  boundaries in  latex  films form a  low d en sity  netw ork 
for perm eation, an d  th a t  increased  coalescence, a n d  therefore density , in  th ese  regions is 
th e  reason  for th e  reduced  perm eation. W hen the  perm eants u sed  by R oulstone were a 
series  of s truc tu ra lly  rela ted  an ilines, th e  perm eability increased  w ith  increasing  m olecular 
volum e, paralleling th e  increase in  so lu te  solubility (for films p repared  a t  353 K for 3 hrs, 
an d  aged 1 m onth) so  th a t  a  sieve m echanism  did n o t seem  appropriate  for th e  in terpartic le  
regions.
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Introduction, Chapter 6: 
Controlled Release Methods 

and Devices.

6.1 Introduction.
I In exam ple of th e  u tilisa tion  of latex  coatings is by the  p h arm aceu tica l in d u stry , in  th e

p repara tion  of d rug  coatings, an d  industries where sim ilar technology m ay be em ployed 
in  d ispersion  system s th a t  m ight previously have relied on  th e  periodic add ition  of a  
chem ical. These coatings are  of relevance to  the  work carried  o u t in  th is s tu d y , by  th e  fact 
th a t  th e  experim ental resu lts  produced here  are based on films, an d  th e ir  additives, th a t  
are functionally  typical of those  used  by the pharm aceu tica l industry : specifically, for 
protective (of the  active agent) barriers a n d  su sta ined  or controlled release type coatings.

The aim  of th is  C hapter is to  in troduce some of th e  ideas from  th e  lite ra tu re  for the  
designs of various (controlled) release m ethods (based on th e  m echan ism s d iscu ssed  in  
C hapter 5), an d  a lso  to  in troduce th e  Eudragit® latices: a  com m ercial range o f ac iy la te / 
m ethacry late  copolym ers typical of those  used by the  pharm aceu tica l industry .

6.2 Polym ers and the  pharm aceutical industry.
Polymers have gained in  im portance in th e  pharm aceu tica l in d u stry  a s  bo th  d rug  

en cap su lan ts  and  vehicles of d rug  carriage: either protecting a n  active ag e n t d u rin g  its 
passage th ro u g h  th e  body (or in  storage by preventing m oisture in g re s s |48S]) u n til  its  release, 
or controlling  its release. A conventional {e.g. , sugar) tab le t coating  h as  th e  d isadvan tageous 
side effect of delivering w hat m ay be a n  initially too high and , hence, harm ful, dose o f active 
agent (typically, d rug  is rapidly released from its dosage form, reach ing  a  m axim um  
concentration , w hich th en  decays exponentially un til th e  nex t adm in istra tion), to  regions 
of the  body where th e  drug  m ay no t be a t  its m ost effective: w hen th e  genera l a im  of any  
m edication is to generate a  response in  a  specific a rea  or organ  of th e  body requ iring  
trea tm en t. These problem s can  be overcome to some exten t by su s ta in e d /re ta rd e d  release, 
a n d /o r  selective delivery of the  drug  to  the  targeted o rgans’*'5" 178,207,208,209,40a 4821. 
A dvantages o f  controlled  release devices th u s  possibly include: deliveiy to  th e  required  
site; delivery a t  the  required  rate; fewer applications; reduced  dangers of overdose, or side 
effects; a n d  also  econom ic advantages by virtue of more efficient dosage, a t  th e  expense of 
possibly m ore com plicated fabrication. M uch of the  relevant lite ra tu re  is very p rec ise  in  th a t  
it e ither concen tra tes, for example, on  a  specific type of polym er offering su itab le  tra n sp o rt 
charac te ris tics  for a n  individual perm eant, or concen tra tes on  a  range of p erm ean ts  
tran spo rted  th rough  a  single polymer type, or concentrates on a  unique application . This 
C hapter considers som e of th e  various techniques.

6.2.1 Drug delivery.
In  recen t years, there  have been num erous developm ents in  polymeric carrie rs  an d  

controlled release system s (some commercially available devices have b een  described  by 
L onsdale |325t). A few exam ples m entioned in  the literatu re  include:
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X films w ith  th e  d rug  in a  polymer m a t r i x m 127,3671 (monolithic devices);

X th e  d rug  contained  by  th e  polym er (reservoir devices){c'9" 315);

X polymeric colloidal particles or microencapsulates (microparticles, microspheres
or nanoparticles) in  th e  form of reservoir and  m atrix  dev ices{e'9" 127,3671;

X drug  contained  by a  polym er contain ing a  hydrophilic a n d /o r  leachable additive
e.g., a  second polymer, su rfac tan t or plasticiser, etc. to  give a  porous device, or a  
device in  w hich th e  d rug  release m ay be osmotically ‘controlled’ (both  reservoir an d  
m atrix  devices)le£'- 164,343143415591;

X enteric coatings (ionise a n d  dissolve a t a  su itab le  pH) [e'9“

X (soluble) polymers w ith  (covalently) a ttached  ‘pendant’ drug m olecules181 “* 831130,4361;

X devices where release ra te  is controlled dynamically: e.g., th e  osmotic pump14791.

More recently, specu la tion  in  th e  literatu re  has centred  around  th e  possib ility  of 
using  th e  recently  discovered large cage-like m olecules su c h  as  th e  C60 B uckm inster- 
fu lle ren es11071 (‘Buckyballs’) (1 9 8 5 |4761), or hyperbranched  (starburst) d e n d rim e rs1101 (late 
1970s). The la tte r a re  large, 350 ,000  m olecular weight, uniform, hollow, polym er spheres 
w ith a  surface a rea  com parable to  th a t  of carbon black (1,000 m 2 g 1). Som e of th ese  
hyperb ranched  dendrim ers are  even w ater soluble.

Ideally, the  delivery m echan ism  shou ld  control th e  ra te  of release. The ideal release  
m echan ism  shou ld  be a t  a  c o n s ta n t ra te  (zero order). However, chang ing  concen tra tion  
g rad ien ts or additive leaching  leading to  porosity, etc., w ith in  th e  release devices typically  
m ean  th a t  th e  release of th e  d ru g  varies as a  function of time.

L eh m an n13151 et al. give four advantages of the  coating of sm all d ru g  particles, as  
opposed to  single tab lets:

X coated particles will d is trib u te  over the  stom ach an d  in testine  to  give a  m ore
uniform  release an d  reduce th e  effects due to  local conditions s u c h  as  pH;

X a  d ru g  can  be coated w ith  different coatings, or th ickness of coating, to  give th e
required  release profile;

X d ispara te  active ingredien ts can  be coated individually; and

X th e  danger of dosage overdose due  to  coat faults or, alternatively, incom plete release
of d ru g  is reduced.

The size of th e  dosage form m ay be controlled by factors su c h  a s  th e  potency  of th e  
drug, a n d  the  am oun t required (although th is  m ay be controlled to  som e ex ten t by th e  u se  
of e ither fillers, to  enlarge th e  form ulation, or division of the  dose in to  more th a n  one 
‘packet’ to  decrease physical size). D uration  of release of the  d rug  is a  fu rth e r factor th a t  
m u st be considered (including th e  tra n s it  tim e of the  dosage form  th ro u g h  th e  body, or to  
the  required  site  of release) as  m u st th e  m eans of adm in istra tion  (e.g., o ral or o ther m eans, 
i.e., parenteral).
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Polymers used  in  su s ta in ed  release coatings are necessarily  biocom patible, an d  
ideally biodegradable. The litera tu re  gives exam ples of both  n a tu ra lly  occurring  polym ers 
su c h  as  Aquacoat®1 (ethylcellulose m echanically  spheronised  to  sub-m icron  sized, aqueous 
based , p seudo-la tex  dispersions), an d  also  syn thetic  polymers s u c h  a s  the  Eudragit® 2 range 
of poly(acrylate, m ethacrylate) copolym ers. (Com parisons of aqueous versu s solvent c a s t 
coatings have been  m ade by H ogan1240’.)

6.2.1.1 Reservoir devices.
A typical approach  to  controlled release is to  encapsu la te  or con ta in  th e  d rug  

en tirely  [e.g., a s  a  co re lesu315|)> w ith in  a  polymer film or coat [i.e., xnicrocapsules or 
s p ra y /p a n  coated cores). Film coating (with particu lar reference to  polym ers a n d  th e ir  
add itives) has  been  reviewed by K alaf264’ e ta l .,  w hilst m icroencapsulation  h a s  been  reviewed 
by A rshady’16,17,181 (see also  C hapter 2).

The various factors (d iscussed in  C hap ter 5) th a t can  affect th e  diffusion process 
m ay readily be applied to  reservoir devices [e.g., th e  effects of additives, polym er 
functionality  {and, hence, sink-so lu tion  pH) porosity, film casting  conditions {see C hap ter 
4}, etc.) and , hence, the  choice of polymer m u st be a n  im portan t consideration  in  th e  
developm ent of reservoir devices. Modelling the  release charac te ris tics  of reservoir devices 
(and m onolithic devices) in  which th e  tra n sp o rt of the  d rug  is by a  solution-diffusion 
m echan ism  therefore typically involves a  so lu tion  to  Fick’s  second  law  (u nsteady -sta te  
conditions; concen tration  dependen t flux) for th e  relevant boundary  conditions. W hen the  
device contains dissolved active agent, th e  ra te  of release decreases exponentially  w ith tim e 
a s  th e  concentration  (activity) of th e  agen t [i.e., th e  driving force for release) w ith in  the  
device decreases [i.e., first order release). If, however, the  active agen t is in  a  sa tu ra te d  
su spension , th e n  th e  driving force for release is kept co n stan t (zero order) u n til th e  device 
is no  longer s a tu ra te d ,n5,463]. Alternatively the  release-rate k inetics m ay be desorp tion  
controlled, an d  a  function of the  square  root of tim e (see parag rap h  6.2.2).

T ransport properties of coated tab le ts, m ay be enhanced  com pared to  free-polym er 
films, due  to  the  enclosed n a tu re  of th e  tab le t core (perm eant) w hich m ay enab le  th e  
in te rn a l bu ild-up  of am osmotic p ressu re  w hich will th en  ac t to  force th e  p e rm ean t ou t of 
th e  ta b le t |e* -5591.

Li an d  P eck13181 investigated th e  effect of deionised w ater on  sa lt con ta in ing  tab le ts  
coated in  poly(ethylene glycol) (PEG)-containing silicone elastom er, an d  also  th e  effects of 
w ater on  free films. The release of sa lt  from th e  tab lets was found to  be a  m ixture of 
diffusion th rough  w ater filled pores, formed by hydration of th e  coating, a n d  osm otic 
pum ping, KC1 tra n sp o rt th rough  films contain ing  ju s t  10% PEG was negligible, desp ite  
extensive swelling observed in  sim ilar free films, indicating th a t  porosity was necessa ry  for 
th e  release of the  KC1 w hich th en  occurred by ‘trans-pore  diffusion.’ Coated sa lt  tab le ts , 
sh ap ed  as disks, were found to swell in  deionised water an d  change sh ap e  to  a n  oblate

Aquacoat®, FMC Corporation, Food & Pharm aceutical P roducts Division, Philadelphia, 
U.S.A.

2Eudragit®, Rohm  Pharm a, W eiterstadt.
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sphero id  as  a  resu lt of the  bu ild -up  of in te rn a l hydrostatic  p ressu re : th e  change in  sh ap e  
providing a  m eans to  m easu re  th e  ‘force’ generated. As m ight be expected, th e  osm otic force 
decreased  with increasing  levels of PEG content. The lower PEG levels allowed w ater to be 
im bibed th rough  th e  hydrated  polymer; w hilst the  porosity resu ltin g  from th e  coating 
dissolving a t  h igher levels of PEG con ten t (20 —> 40%) allowed the  p re ssu re  to  be relieved by 
th e  flow of KC1.

Li developed m ethods an d  equations, which by m onitoring (independently) the  
release of two different sa lts  (e.g., KC1 a n d  NaCl) allowed the  ca lcu la tion  of th e  relative 
m agnitudes th a t  bo th  osm otic pum ping  a n d  trans-pore  diffusion con tribu ted  to  th e  release 
of s a lt  from  the  tab let. At low PEG levels, osmotic flow w as increased  to  a  g rea ter ex ten t 
th a n  was trains-pore diffusion due  to  the  generation of only a  low pore num ber density : a t 
a  loading of 20%, bo th  m echan ism s contribu ted  approxim ately equally  to  th e  release. The 
b u ild -up  of hydrostatic  p ressu re , however, decreased th e  osm otic inflow, a n d  osm otic 
pum ping. At h igher loadings of PEG, th e  hydrated  film w as more porous a n d  less re s is ta n t 
to  outflow of salt. Hence, a lthough  th e  osm otic pum ping increased  (com pared to  th e  lower 
loading), trans-pore  diffusion was th e  dom inan t release m echanism . An osm otic release 
m echan ism  has  a lso  been  reported for m icrocapsules contain ing  a  w ater soluble c o re I391.

6.2.1.2 Monolithic devices.
M onolithic (matrix) d evices are possibly th e  m ost com m on of th e  devices for 

controlling the release of drugs. This is possibly because th ey  are  relatively easy  to 
fabricate, com pared to  reservoir devices, an d  there  is no t the  danger of a n  acciden ta l h igh 
dosage th a t  could resu lt from th e  ru p tu re  of the  m em brane of a  reservoir device. In  su c h  
a  device the  active agen t is p resen t as a  d ispersion  w ith in  the  polym er m atrix , a n d  th ey  are 
typically formed by th e  com pression of a  po lym er/d rug  m ixture or by d isso lu tion  o r m elting. 
The dosage release properties of m onolithic devices m ay be dep en d en t u p o n  th e  solubility  
of the  d rug  in  the  polym er m atrix  or, in  th e  case of porous m atrixes, th e  so lubility  in  the  
s in k  solution w ith in  the  particle’s  pore netw ork, and  also  the  to rtuosity  of th e  n e tw o rk 14551 
(to a  greater ex ten t th a n  th e  perm eability of the  film), dependen t on  w hether th e  d rug  is 
d ispersed  in  the  polymer or dissolved in  th e  polymer. For low loadings of drug, (0 —> 5% 
W/V) th e  drug  will be released  by a  solution-diffusion m echan ism  (in th e  absence  o f pores). 
At h igher loadings (5 -*  10% W/V), th e  release m echanism  will be com plicated by the 
p resence  of cavities form ed n ea r the  surface of the  device as the  d ru g  is lost: s u c h  cavities 
fill w ith  fluid from th e  environm ent increasing  the ra te  o f release o f th e  drug.

It is com m on to add  a  p lastic iser (e.g., a  poly(ethylene glycol)), or su rfac tan t, or 
ad juvan t, to  m atrix  devices (and reservoir devices) as a  m eans to  e n h an ce  th e  perm eability  
(although, in  con trast, p lastic iser m ay be fugitive, and  sim ply serve to  a id  film fo rm atio n13461 
and , hence, decrease perm eability  -  a  property norm ally more desirab le  in  polym er pa in t 
coatings). It was noted  by Donbrow and  F riedm an11251, th a t  the  leach ing  of PEG ac ted  to  
increase  the  perm eability of (ethyl cellulose) films linearly a s  a  function  of PEG loading  by 
increasing  the  porosity, however, the  films retained  the ir barrier properties, no t perm itting  
th e  tra n sp o rt of electrolyte. It was deduced  th a t  the  enhancem en t o f th e ir  perm eability  was 
as  a  re su lt of the  effective decrease in  th ickness caused  by th e  PEG leaching. This was
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evinced from plots of th e  cum ulative perm ean t flux per u n it a rea  as  a  function  o f tim e and  
film reciprocal th ickness a t  a  PEG loading of 50% W/W: plots show ing a  linear re la tionsh ip  
betw een the  ra te  of perm eation an d  reciprocal film th ickness, as  expected for a  (Fickian) 
solution-diffusion type tra n sp o rt m echan ism  in  a  hom ogeneous m em brane. Extrapolation 
of th e  linear regions of th e  g raphs to  th e  tim e axis gave positive in te rcep ts  on  th e  tim e axis: 
th e  m agnitude of w hich decreased tow ards zero with decreasing  film  th ick n ess. These 
chang ing  lag tim es were a ttrib u ted  to  the  occurrence of two diffusional flows d u rin g  the  
early  stages o f the  experim ent (the flow of the  ‘drug’ and  also  the  flow of th e  PEG), a n d  also 
to  th e  more u su a l lag tim e during  w hich th e  concentration  of p e rm ean t in  th e  film is 
build ing-up. Caffeine, w hen u sed  as  a  perm eant, showed negative lag tim es. No explanation  
of th is  was forthcoming, b u t Donbrow noted  th a t caffeine exhib ited  a  low partition  
coefficient in  the  system , a n d  th a t  th is  was also  a  feature of an iline p e rm ea tio n14461 th ro u g h  
polyethylene films w hich show ed a  sim ilar negative tim e lag.

E fentakis174,1371 et al. investigated th e  effects of added  su rfa c ta n ts  on (hydrophobic) 
m atrix  devices. It was th o u g h t th a t  su rfac tan t m ay increase th e  d ru g  release ra te  by  th ree  
possib le m echanism s: (i) increased  solubilisation, (ii) im proved ‘w ettability’ to  the  
d isso lu tion  m edia, an d  (ill) pore form ation as a  resu lt of su rfac tan t leaching. For th e  system  
stu d ied  (Eudragit® RL 100  an d  RS 100  {see paragraphs 6.4.3 an d  6.4.4} p lastic ised  by 
sorbitol, Flurbiprofen a s  th e  drug, an d  a  range of su rfac tan ts) it w as concluded  th a t  
im proved w etting of the  tab le t led to  only a  partial im provem ent in  d ru g  release (implying 
th a t  th e  release was diffusion, ra th e r th a n  dissolution, controlled), a lth o u g h  th e  effect was 
g rea ter for Eudragit® RS th a n  Eudragit® RL, w hilst the g rea test in fluence on  release was by 
those  su rfac tan ts  th a t  were more soluble due  to  the  form ation o f ‘d isru p tio n s’ in  th e  m atrix  
allowing the  d isso lu tion  m edium  access to  w ithin the m atrix. This is of obvious relevance 
to  a  s tu d y  of latex  films w hich m ight be su itab le  for pharm aceu tica l coatings, d u e  to  the  
ease  w ith  w hich a  polymer latex  m ay be p repared  with su rfac tan t a s  opposed to  su rfac tan t- 
free. Differences were found betw een th e  two polymers -  w ith only th e  Eudragit® RS 
show ing in teractions betw een the  an ion ic /ca tion ic  su rfac tan t an d  drug . This w as ascribed  
to  th e  differing levels of quate rnary  am m onium  ions on th e  polymer.

Composite devices consisting  of a  po lym er/drug  m atrix  coated in  a  polym er 
con ta in ing  no d rug  also  exist. S uch  a  device was construc ted  by Bodm eier an d  
P a e ra ta k u l1551 from aqueous Eudragit® latices, an d  was found to give zero order release by 
diffusion of th e  d rug  from the  core th rough  th e  shell. Laghoueg13011 et al. sim ilarly  produced 
a  polym er core contain ing  th e  drug, b u t coated th is w ith a  shell th a t  was eroded by th e  
gastric  fluid. The ra te  of release of th e  d rug  was found to be relatively linear (a function  of 
th e  ra te  lim iting diffusion process th rough  the  shell) and  inversely proportional to  th e  she ll 
th ickness, w hereas the  release from the  core alone was found to  decrease  w ith  tim e.

6.2.1.3 Other methods of drug carriage and controlled release.
6.2.1.3.1 Variations on the theme of microspheres.

K aw ashim a12711 et al. have described m ethods for th e  p repara tion  of hollow m icro
sp h eres  {‘m icroballoons’) w ith the  drug  d ispersed  in  the  sp h ere ’s  shell, a n d  a lso  highly 
porous m atrix-type m icrospheres (‘m icrosponges’)[2721. The m icrosponges were p repared  by 
dissolving th e  d rug  an d  polym er in  ethanol. O n addition to  w ater, th e  e thano l diffused from
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th e  em ulsion d roplets to  leave a  highly porous particle. Variation of th e  ratios o f d rug  a n d  
polymer in  th e  e th an o l so lu tion  gave control over the  porosity of th e  particle, a n d  th e  d rug  
release properties were fitted to  the  Higuchi model (see parag rap h  6.2.2.1).

The hollow m icrospheres were formed by preparing a  so lu tion  o f e thano l/d ich lo ro - 
m ethane con ta in ing  th e  d rug  an d  polymer. O n pouring in to  w ater, th is  formed a n  em ulsion  
contain ing  th e  d ispersed  po lym er/d rug /so lven t particles, by a  coacervation-type process, 
from w hich th e  e thano l (a good solvent for the  polymer) rapidly  diffused p rec ip ita ting  
polymer a t  th e  su rface of th e  droplet to  give a  hard-shelled  particle  enclosing  th e  drug, 
dissolved in  th e  d ichlorom ethane. At th is  point, a  gas phase  of d ich lorom ethane was 
generated  w ith in  th e  particle which, after diffusing th ro u g h  th e  shell, w as observed to  
bubble to  th e  su rface  of th e  aqueous phase. The hollow sphere , a t  reduced  p ressu re , th e n  
filled w ith w ater, w hich could be removed by a  period of drying. (No d ru g  was found in  the  
water.) A suggested  use  of th e  m icrospheres was as floating d rug  delivery devices for u se  
in  th e  stom ach.

6.2.1.3.2 Pendent devices.
Scholsky a n d  F itc h 14361 developed a  m eans of a ttach in g  a  range o f d rugs su c h  as 

analgesics an d  an tid ep ressan ts , etc., by m eans of a n  es te r  linkage to  poly(acrylate) e s te r  
latex  particles p repared  by aqueous em ulsion polym erisation. These latices w hen  passed  
th rough  a n  ion exchange resin  su c h  th a t  the  polymer end groups were converted to their 
s trong  acid form  could ‘self-catalyse’ the  release of the  d ru g  by hydrolysis of th e  es te r  link.

Chafi1811 e t al. cite a  n um ber of papers where drugs have b een  a tta ch e d  to  polym ers, 
a n d  also w here m onom ers have been  syn thesised  w ith a  p en d en t d rug  a ttach ed . The 
resea rch  group have also  prepared  their own dosage forms in  w hich  th e  d ru g  is bound  to  
a  biocom patible polym er by a  labile chem ical b o n d l81,831: e.g. , polyanhydrides p repared  from 
a  su b s titu te d  anhydride  (itself p repared by reacting a n  acid  chloride w ith th e  drug: 
m ethacryloyl chloride an d  the  sodium  sa lt  of methoxy benzoic acid) were u sed  to  form a  
m atrix  w ith a  second  polymer (Eudragit® RL) w hich released  th e  d ru g  on hydrolysis in  
gastric  fluid. Chafi h a s  a lso  described the  u se  of polymeric Schiff bases  su itab le  for u se  as  
carriers of pharm aceu tica l a m in e s |821.

6.2.1.3.3 Enteric films.
Enteric coatin gs consist of pH sensitive polymers. Typically th e  polym ers are 

carboxylated a n d  in te rac t {i.e. , swell) very little with w ater a t  low pH, w hilst a t  h ig h  pH  th e  
polymers ionise causing  swelling, or dissolving of the  polymer. Coatings can  therefore be 
designed to rem a in  in tac t in  th e  acidic environm ent of th e  stom ach  (protecting e ither the  
d rug  from th is  environm ent or th e  stom ach  from the  drug), b u t  to  dissolve in  th e  m ore 
alkaline env ironm ent of the  in testine.

6.2.1.3.4 Osmotically controlled devices.
The osm otic pum p is sim ilar to  a  reservoir device b u t con ta in s a n  osm otic agen t 

{e.g., th e  active ag en t in  sa lt  form) w hich acts to im bibe w ater from  th e  su rro u n d in g  
m edium  via a  sem i-perm eable m em brane. S uch  a  device, called th e  ‘elem en tary  o sm o tic  
pum p’, has  been  described  by T heeuw esI4791. P ressure is generated  w ith in  th e  device w hich
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forces th e  active ag en t ou t of th e  device v ia a n  orifice (of a  size designed  to  m inim ise so lu te  
diffusion, w hilst preventing th e  build-up  of a  hydrostatic p re ssu re  h ead  w hich  h as  th e  effect 
of decreasing  the  osm otic p ressu re  an d  changing the  d im ensions {volume} of th e  device). 
W hilst th e  in te rn a l volume of the  device rem ains constan t, a n d  th e re  is a n  excess of solid 
(sa tu ra ted  solution) in  the  device, th en  the  release ra te  rem ains c o n s ta n t delivering a  
volum e equal to  th e  volume of solvent up take.

6.2.1.3.5 Electrically stimulated release devices.
Y u k15571 e£ al. p repared  m onolithic devices using polyelectrolyte gels w hich swelled 

w hen, for example, a n  external electrical stim u lus was applied, cau sin g  a  change in  pH. 
The release could be m odulated, by the  curren t, giving a  pu lsa tile  release  profile.

6.2.1.3.6 Hydrogels.
Hydrogels find a  use  in  a  num ber of biomedical app lications, in  add ition  to  th e ir  u se  

in  d ru g  m atrices (e.g., soft con tac t lenses, and  various ‘soft’ im plan ts, e tc .)1388,4081. W hen 
used  a s  m onolithic deices th e  release profiles follow those  described  by th e  equations in  
pa rag rap h  6.2.2.1l5451.

6.2.2 Drug-release models.
6.2.2.1 Diffusion controlled release; dispersed drugs and porous matrix devices.

Models, widely referred to  in  th e  literature, describ ing  th e  d rug  release from  a  
hom ogeneous m atrix  con tain ing  drug  d ispersed  as d iscrete p a rtic le s l234), a n d  la te r revised 
for a  porous polymer m atrix 12351, have been  developed by H iguchi for diffusion controlled 
release. For a  system  in  w hich th e  active agen t is hom ogeneously d ispersed , an d  a ssu m in g  
a  p seudo-steady  s ta te  release from a  m atrix  in  which th e  in itia l concen tra tion  of d ru g  (Cd) 
is g rea ter th a n  th e  solubility of th e  drug  in  the  polymer (Sp) by a  factor of th re e  to  four (i.e., 
g rea ter th a n  th e  sa tu ra tio n  concentration  so th a t the  d rug  is p re se n t as  a  solid), th e n  the  
change in  the  am o u n t of d rug  released (dMt) per u n it a rea  from  a  polym er slab , coinciding 
w ith a  change in  th ickness  of the  drug-depleted region o f th e  s lab  dh, is given by:

dM t =Cd d h  -  ^ d h (6 .1)

However, in  term s of Fick’s law:

(6 .2)

where:
D = diffusion coefficient of the  drug  in  the  polymer; 
h  = w etted penetration  dep th  a t  time t.

Therefore, equating  equations (6.1) an d  (6.2):

(6.3)

and  in tegrating:

2

(6.4)
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By su b s titu tin g  for h  into the  in tegrated  form of equation (6.1), th e n  th e  am o u n t released 
over th e  exposed (to s in k  solution) area , A, of m atrix  is given by:

M, = A(DS„(2Cd - S » *  (6'5)

In  th e  s itu a tio n  w hen the  m atrix  is porous su c h  th a t  g ranu les of d rug  Eire connected 
by capillaries (diffusion th rough  the  polymer itse lf is assum ed  to  be negligible), th e n  an  
effective diffusion coefficient [DeJ  of th e  drug  is assum ed , given by:

(6 .6)

where:
Dsol = diffusion coefficient in  the  su rround ing  m edium  (sink solution);
8 = porosity (void) fraction;
Tf = tortuosily  of th e  pores.

Then, th e  am o u n t of drug  released (Mt) from a  porous polym er s lab  a t  tim e t is given by:

M, -  A [D arS p(2C d -  *Sr ) t f  (6.7)

In  term s of the  d rug ’s (equilibrium ) partition  coefficient (K) in  th e  polymer, for a  film 
of a rea  A, then :

M, = A (D ^ S f [2C„ -  S p(e + K(1 -  e))]t)^  (6'8)

For th e  above model, H iguchi originally stipu lated  th a t  th e  d ru g  m u st be p re se n t a t 
relatively h ig h  concen tration  (3 —> 4 tim es the  sa tu ra tio n  concen tra tion  of th e  polymer) and  
was therefore d ispersed  as d iscreet particles. The s itua tion  w here th e  m atrix  con ta ined  only 
a  low concen tra tion  of drug  (i.e., d rug  ‘dissolved’ in  th e  m atrix) w as investigated  by F e s s if1541 
et al. W hen A / s  (Sp, th e n  Higuchi’s  m odel was sim plified to:

M, -  A (D „ t)5  (6 '9)

6.2.2.2 Dissolution controlled release; first order drug release profiles.
W hen a  film contains a  drug, it is generally accepted th a t  th e  release profile m ay be 

m odelled u sin g  th e  aforem entioned Higuchi m odel for diffusion controlled release. To tes t 
th is  hypothesis, it is u su a l to  investigate th e  correlation betw een the  am o u n t o f drug 
liberated  per u n it area, Q, (Q = Mt/A ) as  a  function of the  square  root of tim e.

An alternative m odel te s ts  for dissolution controlled release, a n d  u ses  a  firs t order 
ra te  equation:

=  (6.10)

where:
k  = ra te  constan t.
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This model, w hich requires correlation betw een the  logarithm  of th e  am o u n t of drug  
released  as  a  function  of time, w as developed by Sciarra  an d  G idw ani1439,4401, b ased  on the  
N oyes-W hitney13511 rela tionsh ip  for determ ining the  ra te  of so lu tion  o f a  solid;

—  = k(C,-C,)(6.11)
d t  v 5 u

where:
Cs = concen tra tion  of sa tu ra ted  solution;
Ct = concen tra tion  of the  drug  in  so lu tion  a t  tim e t.

A lthough adm itting  th a t  Sciarra’s first order re la tionsh ip  m igh t be applicable in  
ce rta in  c ircum stances, Donbrow a n d  F riedm an11261 were som ew hat sceptical a s  a  re su lt of 
th e ir finding th a t  som e resu lts  agreed w ith bo th  the  first order release d isso lu tion  controlled 
m odel a n d  th e  H iguchi diffusion controlled model. More rigorous m athem atica l tes tin g  
show ed th e  diffusion controlled m odel gave better correlation, an d  a  sim ilar trea tm en t 
perform ed on S ciarra’s  resu lts  led to  a  corresponding conclusion. However, th is  is possibly 
ascribed  to  bo th  d isso lu tion  an d  diffusion controlled release m echan ism s occurring  
sim ultaneously .

In  a  later paper on th e  release of a  w ater soluble core, from  a n  ethyl cellulose 
m icrocapsule, B enita  a n d  D onbrow 1391 found osmotic p ressu re  led to  pore form ation an d  a  
d isso lu tion  model based  on the  Hixson-Crowell cube-root law 12361 was found to  fit th e  data:

W * = W / - k t  (6*12)
where:

W  = am oun t of d ru g  rem aining in  m icrocapsule a t  tim e t;
W0 = in itial am oun t of drug;
k  -  c o n s tan t (defined in  the  paper).

A plot of W A versus tim e, t, show ing better correlation th a n  e ither a  firs t order fit, 
or a  Higuchi-1ype (square root of time) fit.

6.2.2.3 Osmotic drug release.
A device in  w hich an  osmotic p ressu re  m ay resu lt in  th e  release of drug, m ay also 

have a  con tribu tion  to  the  release profile by Fickian diffusion. Hence, th e  following type of 
equation , in  w hich su b scrip t ‘O’ refers to  th e  osmotic com ponent a n d  ‘F* to  th e  F ick ian  
com ponent, has been  used  by bo th  Z en tn er15591 e ta l .,  a n d  T heeuw es14791 to  describe  the 
d rug  release from su c h  a  device:

f - - ( f LH L + P r l  (613)
where:

d m /d t  = release rate;
A  -  surface a re a  of device;
S = solubility  of drug  core;
I -  shell wall th ickness;
Lpo  = filtration coefficient (or hydraulic perm eability) x S taverm an

reflection coefficient;
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I I  = osm otic pressure;
P = so lu te  perm eability coefficient.

The change in  volume (V) due to the  osmotic p ressu re  (assum ing  no  hydrostatic  
p ressu re) is given by:

d V  A  J ATT   — L ctAII
d t I p

(6.14)

6.2.2.4 Summary of practices in the literature on controlled release from 
pharmaceutical devices.

M uch of th e  litera tu re  th a t  claims zero order release, or H iguchi [t'/x) type release, are 
in  fac t only claim ing a  pseudo zero order (etc.) release: the  release eventually  show ing an  
exponen tial decay as, for example, the  drug  supp ly  is exhausted . This, however, m ay be 
in sign ifican t (depending on the  tim e a t  w hich th e  release profile changes), a lbeit w asteful 
of th e  drug, due  to  the  finite tim e a  device m ay rem ain  in  th e  body.

For th e  case w here the  drug  is dissolved in  the  device, various equations ex ist for 
th e  ideal diffusion controlled release (i.e., assum ing  no  lag, a n d  no  b o u n d a iy  effects), for 
various geom etries of device, and  these have been  sum m arised  by W oodl5451. Initially, the  
re lease  is m odelled as a  function of the  square  root of time, b u t  as  th e  d ru g  is ex hausted  
th e  release decays exponentially, and  is also  a  function o f th e  sh a p e  o f th e  device: e.g., th e  
following equations relate  to the  release from a n  infinite s la b 1:
In itia l release:

M„ xl2)
(6.15)

where:
Mt
M e o

D
I

F inal release:

= am oun t release a t tim e, t;
= to ta l theoretical am oun t to  be released [i.e. , in itia l d ru g  load in  th e  film); 
= diffusion coefficient;
= s lab  th ickness.

_ 1
8— exp
n

- n  2Dt
V

(6.16)

O ther equations exist to  account for th e  shapes of th e  devices being, for exam ple, 
sp h erica l or cylindrical, a n d  variations of the  above equations a re  com m on in  th e  litera tu re , 
w here researchers a ttem p t to  account for factors su c h  as, for exam ple, swelling, or the  
finite size of a  device.

M atrix devices contain ing  a  program m ed drug  concen tration  p rofile13191 have been  
show n  to  allow the  release properties to be varied in  order to  m ain ta in  a  zero order release  
profile, a t  th e  expense of increased  difficulty of fabrication.

xBy defining as  infinite, edge effects can  be ignored.
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Table 6.1 Experim ental versus desired  resu lts  to the  L am m as13031 s tu d y  for a  su s ta in ed  
release d rug  coating.

TIME REQUIRED PERCENTAGE RELEASED

UNCOATED 5% COAT 10% COAT

2 25 - *  50 86 67 45

4 45 - *  73 100 82 60

6 60 ->  88 100 89 72

12 ) 88 100 97 96

6.3 Latex coating for controlled drug release.
Tablet coating  is one of the  o ldest arts employed in the  p harm aceu tica l industry , 

d a ting  from 1838 (though even earlier th a n  this, the  an c ien t E gyptian Pharaohs u sed  gilded 
tab le ts  for th e  supposed  aphrodisiac  qualities of the  gold). S ugar coating  was u sed  to  m ask  
u n p lea sa n t ta s te s  and  odours and  to  protect ingredients from the  effects of a ir  and  
m oisture. Some tw enty coats of sy rups, containing gelatin, acacia  gum  an d  bu lk ing  agen ts 
held in  suspension , could be involved in  sealing, undercoating, colouring an d  polishing in  
su g a r coating: a  process tak ing  m any days to complete. Film coating  evolved in  th e  early 
n in e teen  fifties, w ith  the  p repara tion  of th e  first comm ercial non-en teric  coating, a n d  was 
less labour intensive, and  less specialist skill was required. Mostly solvent based  coating 
h as  been  used , b u t environm ental acceptability, toxicity, flam m ability an d  explosion 
hazards have prom oted in te res t in  w ater based coatings. Latex c a n  be th e  preferred choice 
for su c h  spraying  applications, even w hen water is a  potential so lvent for the  su b s tra te  (as 
m ight be the  case in  d rug  coatings), because of the  low viscosity a n d  h igh  loading of the  
latex  (or pseudo latex) fo rm ula tion ,501. The m eans of applying a  coating  to  tab le ts, or beads, 
h a s  traditionally  been  to u se  a  ro ta ting  p an  with drop-wise addition  of the  coating m aterial. 
A m odem  alternative is the  use  of a  fluidised bed w ith atom izer sp ray , e.g. th e  A erom atic1. 
The coating quality  of the  la tte r depends upon six in terdependen t experim ental p a ram ete rs : 
I.e., a ir  tem peratu re; a ir speed; height of beads; tim e of application; atom izer pum p  speed; 
a n d  atom izer a ir p ressu re , th u s  giving 6! [six factorial) com binations to  optim ise the 
process. Also, 1 kg of core m aterial is the  m inim um  charge for th is  a p p a ra tu s  m aking  it 
u n su itab le  for sm all scale research  involving only m odest quan tities  of latices.

In a  s tu d y  by Lam mas |303‘, beads were prepared from a n  A vicell/Ibuprofen m ixture 
(1:1) w hich was blended, th en  ex truded  an d  spheronised. Eudragit® NE 30  D (see p arag raph
6.4.1) with 10% hydroxypropyl m ethylcellulose (HPMC) gave a  su s ta in ed  release coat. 
R esults com pared w ith the  specific requirem ents as show n in T able  6 .1 .

By coating beads of the  above m entioned type w ith su rfac tan t-free  PBMA, 
R ou ls tone14231 show ed decreased  release rates with increasing  coating  tem pera tu re , and

‘Aeromatic Laboratory Model fluidised bed processing un it, type S trea-1 , ACM 
M achinery, Tadley, H am pshire, England.
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th ese  ra tes  decreased upon  aging a t  room  tem peratu re  over four days, a n d  were fu rth e r 
reduced, by aging a t  333 K for a  fu rth e r two days, to  ra th e r s im ilar va lues. At lower 
tem pera tu res, the  beads appeared  (by S.E.M.) to have cracked surfaces, b u t w hen  heated  
a t  333 K, sufficient polymer flow occurred to  heal th e  cracks. Surface exudations of 
crystalline m aterial were a ttr ib u ted  to  Ibuprofen (2-(4-isobutylphenyl)propionic acid, 
C 13H180 2) having  been  dissolved in  the  w ater applied w ith th e  latex, a n d  th e n  exuded  to  th e  
drying surface, w hich probably  explains why im m ediate release o f d ru g  w as observed 
w ithout a  tim e lag.

W hen a  latex  was u sed  to  coat pellets, Bodm eir an d  P a e ra ta k u l1571 no ted  th a t  
som ew hat heterogeneous porous films resu lted  (depending upon  th e  equ ipm en t a n d  th e  
sp ray ing  conditions used) w hich was in  c o n tra s t to  th e  non-porous surface s tru c tu re  of free 
films. This poor quality  of coatings is a  feature m uch in  evidence in  th e  lite ra tu re , an d  is 
possibly a  resu lt of coating a  w ater soluble core w ith a n  aqueous coating: ideally th e  w ater 
shou ld  be evaporated  as quickly as possible. However, th is  too m ay have d e trim en ta l effects 
on  th e  quality  of th e  coat. It h a s  a lso  been  cla im ed12501 th a t  if the  core m ateria l is porous, 
an d  th e  coating  solvent does n o t dry  imm ediately, th en  capillaiy  ac tion  will su c k  th e  coating  
in to  th e  pore -  again  reducing  the  coating quality.

G hebre-S ellassieI187,1881 et al. observed th a t the  porous n a tu re  o f latex  film coated 
devices resu lted  in  d rug  diffusion th rough  water-filled pores being th e  d o m in an t m echan ism  
in  d isso lu tion  stud ies, ra th e r  th a n  diffusion th rough  th e  polymer.

6.4 Eudragit® latices.
Rohm  Pharm a GMBH (W eiterstadt) produce a  range of com m ercially available 

acrylate latices designed for pharm aceu tica l coatings. The latices a re  available a s  dried 
pow ders/g ranu la tes, aqueous d ispersions, and  organic so lu tions (in isoproponol or 
isopropanol/acetone). In add ition  to  ‘sim ple’ syn thetic  resin  d ru g  c o a tin g s Ie-5,3161, th e  
resea rch  litera tu re  describes th e ir  u tilisa tion  in  all types of controlled release system s, e.g., 
m icroparticles [e'9'•1281, m atrix  dev ices{e’9" 741, reservoir dev ices[e'9" 3151, etc.

The Eudragit® products are  typically d istinguished  as  to  polym er type, a n d  solvent 
(if any) by a  p roduct code based  upon th e  following:

X NE  m eaning  N eutral Ester;

X L m eaning  ‘leichtloslich’ or ‘freely soluble’ in  the  case of Eudragit® L, or
‘leich tdurch lassig ’ or ‘freely perm eable’ w hen preceded by a n  R, as in  th e  case  of 
Eudragit® RL;

X S m eaning  ‘schw erloslich’ or ‘slightly soluble’ in  th e  case  o f Eudragit® S, or 
‘schw erdurch lassig ’ or ‘slightly perm eable’ in  th e  case of Eudragit® RS;

X 100  m eaning  powder or g ranu la te  [i.e., « 100% polymer solids);

X 30  or 12.5 declaring the  percentage solids con ten t in  a  d ispersion  or solution;

X D m ean ing  dispersion.
These codes are th u s  grouped to  ind icate th e  product: e.g., Eudragit® NE  30  D is th u s  a  
neu tra l ester, aqueous d ispersion  of 30% dry polymer solids con ten t.
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Typical applications and  properties of some of the  m ain  Eudragit® latices are 
ind ica ted  below as detailed in  the  Eudragit® product b ro ch u re11471.

6.4.1 Eudragit® NE 30 D.
A n e u tra l and , hence, pH independent, copolymer consisting  of poly(ethyl acrylate, 

m ethyl m ethacrylate) (2:1). Supplied  as an  aqueous dispersion of 30% polym er solids, w ith 
a  fain t b u t characteristic  odour. The polymer has a  m ean m olecular w eight (M.W.) of
800,000, The p roduct is stab ilised  by iso-nonyl phenyl poly(ethylene glycol) (M.W. 
5 ,000  —> 6,000); it does not contain, nor require, a  p las tic ise r11471. Gopferich an d  Lee12041 
found, u s in g  D.S .C., a  phase  transition  a t  323 K, which spectroscopic evidence im plied was 
due  to th e  nonyl-phenyl su rfac tan t. Eudragit® NE produces clear polym er films, th a t  are 
w ater insoluble, b u t swell an d  are perm eable. Rohm Pharm a quote typ ical applications for 
Eudragit® NE 30 D as being a  b inding agent, or controlled release coating. This p roduct was 
previously referred to Eudragit® E 30 D, b u t th is  should  n o t be confused  w ith  th e  cu rren t 
p roducts  en titled  Eudragit® E 100  or E 12.5 which are cationic copolym ers based  upon 
dim e thy  lam inoethyl m ethacrylate an d  neu tra l m ethacrylic acid este rs, supp lied  as solids 
or in  organic solution. G oodhart11991 e t al. quote the  M.F.F.T. an d  film soften ing  tem peratu re  
of E 30  D (and th u s  presum ably  NE 30 D) as being (293  K an d  320 K, respectively, w hilst 
L e h m an n13131 quotes the  M.F.F.T. of Eudragit® NE as 278 K. The Tg is given as 265 K 12041.

6.4.2 Eudragit® L 30 D.
An aqueous d ispersion (30% W/W) of an  anionic copolymer based  on m ethacrylic 

a c id /e th y l acrylate (i.e., poly(methacrylic acid, ethyl acrylate)). As supp lied , the  latex has  
a  pH of 2.5. In the  m ost recen t product b ro ch u re11471, it is s ta ted  th a t  th e  dry polymer 
con ta ins 0.7% sodium  dodecyl su lpha te  and  2.3% polysorbate 80 as  em ulsifiers. The ratio 
of free carboxyl groups to este r groups is 1:1, and  the polymer h as  a  m ean  m olecular weight 
of 250 ,000 . The Eudragit® is supplied  p lasticiser free, b u t forms quite brittle  films, an d  the 
u se  of a  p lastic iser is recom m ended. List an d  Kassis 13231 quote a  Tgfor the  polym er o f302 K,

Eudragit NE30 D Eudragit L30 D Eudragit RL/RS 30 D

H CH3j 1 ch3 h 1 J ch3 r  
1 11— ch2-c—ch2-c— — C H2—C—C H2—c— —ch2-c—ch2~c—

c=o c=o -o
- II o -o
- II o OII

-o-oII
-o-1 1 

o o—ch3 OH O 1 O O—R2
ch2 
1 2

c h 3

ch2-ch CH,I 2 ®,ch3 
I CH.

cie ch3
R, =h,ch3 
r2 = ch3, c2h5

F igu re  6 .1  S tru c tu res  of the  Eudragit® polymers.
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a n d  L eh m an n13131 agrees quoting a  value 303 K. Eudragit® L 3 0  D h a s  a  m u ch  stronger, 
sour, odour th a n  Eudragit® NE. Due to  th e  carboxyl groups, Eudragit® L 30  D is so luble  in  
n eu tra l to  alkaline so lu tion  (pH ) 5.5) form ing polymeric salts, b u t  is “largely im perm eable 
to  water" below pH  5.0. It is th u s  su itab le  for the  preparation  of en teric  type dosage forms: 
being insoluble in  gastric  fluid of the  stom ach, b u t soluble in  in te s tin a l f lu id l314i.

A range o f solid (pow der/granule) Eudragits® based  on  a  sim ilar copolym er 
(poly(methacrylic acid, m ethyl m ethacrylate)) (M.W. 135,000) are  a lso  available: e.g., 
Eudragit® L 100  (and also  Eudragit® L 100-55. w hich is a  re-d ispersable  sp ray -d ried  powder 
of Eudragit® L 30  D, i.e., based  on  m ethacrylic acid an d  ethyl acrylate). Eudragits® L 12.5 P 
a n d  L 12.5  a re  organic so lu tions of the  sam e copolymer as Eudragit® L 100. The poly(m eth- 
acrylic acid, m ethyl m ethacrylate) copolymer has  a  M.F.F.T. of 358  K 13131.

6.4 .3  Eudragit0 RL 30 D.
An aqueous dispersion  of copolymer based on acrylic a n d  m ethacrylic acid  es te rs , 

w ith  a  low con ten t of q ua te rnary  am m onium  salts: poly(ethylacrylate, m ethyl m ethacry late) 
trim ethylam m onioethyl m ethacrylate chloride. The am m onium  groups, w hich  are 
responsib le  for th e  perm eability of Eudragit® RL films, are p resen t as  polymeric sa lts  (which 
virtually  totally dissociate a t  pH 2 to  above pH 8, and th u s  th e  perm eability  is pH 
in dependen t in  th e  physiological pH range). The m olar ratio  o f n eu tra l e s te r  g roups to  
am m onium  groups is 20:1, a n d  the  polym er has a  m ean  m olecular w eight of approxim ately
150,000.

The films formed from Eudragit® RL are  glossy and  are  w ater insoluble. S u c h  films 
are  in ert to  endogenous digestive fluids: L ehm ann13151 et al. s ta te s  th a t  th e  Eudragit®RL (& 
RS) polym er backbone is s tab le  and  non-biodegradable, w hilst th e  es te r  g roups are  a lso  
stab le  an d  hydrolysed to  (1%  in  the  body. Films produced from Eudragit® RL a re  sw ellable 
a n d  perm eable: th e  perm eability  of su c h  d ispersions being controllable by th e  ab ility  of the  
latex  to  be m ixed w ith  o ther s u c h  Eudragits®. Rohm Pharm a s ta te  typical u ses  o f Eudragit® 
RL a s  being readily  d isin tegrating  coatings and  su sta ined  release (retard) form ulations.

Eudragit® R L 3 0  D is a  pseudo-latex  prepared by em ulsification o f th e  (bulk 
polymerised) polym er in  ho t w ater, w ithout the  aid of a n  em ulsifying a g e n t |56,3131. It con ta ins 
sorbic acid (0.25%) as a  preservative, b u t  no em ulsifiers or o ther a d d itiv es l1471. L ehm ann  
quotes a n  M.F.F.T. for Eudragits® RL a n d  RS as betw een 313 K an d  323 K a n d  a  Tg of 
328  K. The use  of a  p lastic iser is recom m ended a t  concen trations of u p  to  ca  20%  to 
improve film hand ling  a n d  reduce the  film form ation tem pera tu re  by approxim ately  20  K. 
J e n q u in 12551 et al. determ ined th e  Tg of the  com parable powder m a s s 1, Eudragit® RL 100, as 
being approxim ately 328 K.

6.4 .4  Eudragit0 RS 30 D.
This pseudo-la tex  is sim ilar to  Eudragit® RL 30 D, b u t th e  ratio  of e s te r  groups to  

qu a te rnary  am m onium  groups is less a t  40:1, (cf. 20:1 for Eudragit® RL). The perm eability

1Eudragit® RL/RS powder m ass additionally con tain  talc (0.5%) to  prom ote flow.
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of Eudragit® RS  films is therefore reduced  in  com parison to  Eudragit® RL films. W hereas th e  
h igh  perm eability of Eudragit® RL delays release of th e  active su b s ta n c e  very little, 
Eudragit® RS  gives a  m uch  greater delay (obviously dependen t on  film th ick n ess  an d  
so lub ility /size  of th e  active substance). Like Eudragit® RL, Eudragit® R S  a lso  con ta ins 
0.25%  sorbic acid b u t no  o ther ad d itiv esIJ4T|.

A range of organic solutions, in  isopropanol/acetone, an d  of polym er solid  based  on 
acry lic /m ethacry lic  acid  ester an d  qua te rnary  am m onium  groups are  a lso  available, 
su itab le  for use  a s  su s ta in ed  release film form ers. The Tg of the  com parable powder m ass. 
Eudragit® RS 100  was m easured  by J e n q u in 12551 as  being approxim ately 325 K.

6.4.5 Other Eudragits0.
O ther Eudragits® include Eudragit® S a n d  Eudragit® E. Eudragit® S is sim ilar to 

Eudragit® L, being based  on  a  copolym er of m ethacrylic ac id /m ethy l m ethacry late . However, 
th e  ra tio  o f free carboxyl groups to  este r groups is 1:2 (cf. 1:1 for Eudragit® L) an d  is 
consequen tly  of lower perm eability, an d  is soluble a t  pH ) 7 {cf. pH  ) 5.5 for Eudragit® L).

Eudragit® E. is a  cationic copolymer of n eu tra l m ethacrylic acid es te rs  an d  di- 
m ethylam inoethyl m ethacrylate su itab le  for en teric  type coatings, form ing soluble sa lts , 
w ith  acids, up  to  pH 5. The E  in  th e  nam e denotes 'end.' coat, i.e., i t  is su itab le  for 
p roducing  a  tas te  m asking  final, glossy, coat for oral dosage forms, d u e  to  i t  being  insoluble 
in  th e  saliva of th e  m ou th  (weakly alkaline a t  pH  6 —» 7).
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Experimental, Chapter 7: 
Procedures & Analysis of Results.

7.1 Introduction.
h is  C hap ter details the  experim ental m ethods an d  m ateria ls u sed  during  the  course of 
th is  study . W here appropriate, chem ical hazard/handling warning indications are 

included , m arked in  the  body text w ith an: H. Chem ical hazard  d a ta  sources of reference 
include the  BD H 1381, an d  Sigm a-Aldrich13171 chem ical hazard  books.

7.2 Cleaning of glassware.
All glassw are was initially cleaned using  organic solvent (either to luene1* acetone1* 

or b u tan -2 -oneH) to remove any grease or traces of polymer. This w as followed by diying 
a n d  finally rin sing  w ith e ither distilled water, or in  the  case of the  polym erisation vessels, 
w ith  F isons analytical grade w ater1, u n til the  conductivity  of the  rin sin g  solution 
approxim ated th a t  of the  clean w ater (« 1.5 /uS cm '1, allowing for dissolved C 0 2).

The glass sub s tra te s  used  for film casting  (see parag rap h  7.6.2) were cleaned as 
above, b u t  w ith a n  interm ediate stage of soaking  in  chrom ic acid11.

7.3 Procedure for surfactant-free emulsion polymerisation.
7.3.1 Materials.

The basic recipe for a  typical surfactan t-free em ulsion polym erisation consisted  of:
water;
initiator;
buffer to regulate pH;
monomer; and
N2 gas -  to m aintain  an  Oz-free atm osphere.

The w ater used  was supplied by F isons1 as  the  AnalR 
G rade, (or in  the case of the AMA polym erisations was double 
d istilled  w ater, from an  all Pyrex glass two-stage still, freshly 
p repared  prior to the  polymerisation).

M onom ers1* used were supplied  by, BDH or 
Polysciences, and  included: amyl m ethacrylate2; bu ty l
m ethacry late3; and  hexyl m ethacrylate2 (Figure 7.1). Acrylic 
ac id4 (CH2=CHCOOH) was used  to prepare the  shell of th e  core
sh e ll latices.

ch3
— (CH2- C ) n -

c=o
I

0
1R

Figure 7 .1  Poly(alkyl 
m ethacrylate).
R = CmH2m+1

!Fisons PLC, FSA Lab. Supplies, Loughborough, UK.
2Polysciences (U.K.) Ltd., Moulton Park, N ortham pton, UK.
3BDH Chem icals Ltd., Poole, Dorset, UK.
4Aldrich Chem ical Co. Ltd., Gillingham, Dorset, UK.
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7.3.2 Determination of monomer solubility.
M ost m onom ers used  in  aqueous, surfactant-free, em ulsion  polym erisations are  of 

low w ater solubility. The solubility of th e  m onom ers u sed  in  th is  s tu d y  was m easu red  by 
determ in ing  the  concentration  of m onom er in  a  sa tu ra te d  aqueous m onom er solution. 
A nalysis for th e  to ta l d isso lved  organic carbon in  th e  w ater, was perform ed by th e  
N ational Rivers A uthority1. The te s t involved the  sam ple’s decom position by oxidation. The 
sam ple w as injected into a  reactor contain ing acidified am m onium  persu lphate , a n d  UV- 
irrad ia ted  for 3 —> 5 m inutes. After being sparged w ith  N2, th e  evolved C 0 2 was th e n  
m easu red  by infra-red spectroscopy.

P reparation  of the  sam ples required th a t  the  m onom er w as cleaned of inh ib ito r (see 
p a rag rap h  7.3.3.1) an d  a n  excess (of monomer) added to  w ater (the w ater having  been  
previously tested  for dissolved organic carbon to  provide a  controlled ‘background’ level), 
an d  sto red , w ith stirring , for 24  h rs. (All glassw are having been  cleaned by autoclaving, a n d  
w ith chrom ic acidH.) At the  end  of th is  period, the  m onom er/w ater m ixture w as transferred  
to  a  sep ara tin g  funnel and  vigorously shaken . After p h ase  separa tion , a n  a liquo t of th e  
(lower) aqueous layer was removed for analysis.

The resu lts  were in  the  form of to ta l dissolved organic carbon  (mg d m '3). It was 
therefore possible to  determ ine th e  percentage solubility from  th e  know n n u m b er o f carbon  
atom s of the  m onom er in  th e  sa tu ra te d  solution, once th e  ‘background’ value o f dissolved 
carbon  w as accounted  for. E.g., for styrene m onomer, w ith  e igh t carbons, if th e  to ta l carbon 
is 245  m g dm '3, th e n  the  percentage solubility (W/W) is given by:

9 4 5  y 1 O-3 1
Percentage Solubility  ----------------x — x 100%  17.1)

y y 1000 8

7.3.3 Preparation of materials.
The m ajority of m aterials were u sed  as supplied  w ith  th e  exception of th e  following.

7.3.3.1 Monomers.
The m onom ers, as supplied, contained a n  inhibitor (quinol" {or hydroquinone}) to  

p reven t polym erisation during  transporta tion  and  storage.

All m onom ers (with th e  exception of AA) were cleaned  by repeated  w ashing w ith  a 
ca u stic  (1%)/carbonate (25%) so lu tion  (by vigorous shak ing , in  a  sep ara tin g  funnel): th e  
carbonate  sim ply ac ting  to fu rther decrease the  m onom er solubility  in  th e  aqueous solution. 
The m onom er w as given a  final rinse  w ith Fisons analy tical grade w ater (as u se d  in  the  
polym erisation), w hich was th en  rim  off, an d  the  m onom er w as left to  s tan d  overnight a t  
278 K s u c h  th a t  any  rem aining w ater formed a  fu rther aqueous layer w hich w as removed. 
B ecause of the ir low w ater solubilities (see C hapter 9), th e  m onom ers were no t dried 
further.

*N.R.A. Severn  Trent Region, N ottingham  Laboratory, N ottingham , UK.
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BMA m onom er an d  AA were distilled  under reduced pressure in  a n  0 2-ffee N2* 
a tm osphere . Liquid N2H was used  as a  coolant to  condense th e  distillate , an d  also  in  th e  
cold tra p s  u sed  to  p ro tect the  vacuum  pum p. The first an d  la s t 5% of th e  d istillate  were 
always discarded.

AMA an d  HMA m onomers have too h igh  m olecular w eights and , hence, boiling 
points to  be easily distilled. R iddlef4151 recom m ends cleaning th ese  h igher m olecular w eight 
m onom ers by th e  aforem entioned caustic-w ash ing  alone.

7.3.3.2 Testing for monomer contaminants.
C ontam ination  of the  m onom er by trace  am ounts of polym er w as determ ined  by 

sh ak in g  th e  m onom er w ith  anhydrous m ethanol11 in  the ratio  1:50. The p resence of polym er 
was ind ica ted  by th e  form ation of a  cloudy precip itate  in  a  period of u n d e r 5 m in.

The quan tify  of quinol inh ib ito r in  BMA (the m onom er u sed  m ost often) w as 
determ ined  spectrophotom etrically  using  th e  following m ethod provided by BDH2. The 
abso rbance  of a  so lu tion  of BMA (10%) in  m ethanol” was m easu red  a t  295 nm  ag a in s t a  
m ethano l b lan k  in  a  1 cm  quartz cell. The concentration  (parts per million) of quinol” w as 
th e n  given by:

r _ n  A bsorbance  @ 2 9 5 nm  l r tr . (v[pufno l] = --------------------  x 100 p p m  (7.2)

The BDH specification s ta ted  th a t  the BMA contained quinol a t  a  concen tra tion  of 
0.01% (corresponding to  100 ppm). Using the  above m ethod, th e  unc leaned  m onom er was 
found to  con ta in  a n  average of 99.5 (±0.2) ppm . After caustic-w ashing, u s in g  four p a rts  of 
caustic  so lu tion  to  one p a rt of m onomer, and  distillation, th is  figure w as found to  decrease 
to  2 .7  (±1.4) ppm . W ashing alone w as found to  decrease th e  inh ib ito r levels to  a  sim ilar 
figure, b u t  would n o t have removed any polym er th a t m ay have been  p resen t. (NB. 
In s tru m en t reso lu tion  w as 0.34 ppm .)

7.3.3.3 Initiator.
P otassium  p ersu lpha te” (KjjSjjOg) in itiator2 was recrystallized (typically 2 4  h rs  prior 

to  a  polym erisation) from a  sa tu ra ted  solution of cold w ater (Fisons analy tical grade). The 
p roduct was dried  in  a  desiccator, a n d  stored in  the  dark  before use.

7.3.3.4 Polymerisation method.
Polym erisations were perform ed using  either a  0.5 dm 3 or 1 dm 3 four necked  

(ground-glass jo inted) round  bottom ed flask (in a  co n stan t tem p era tu re  w ater bath), fitted 
w ith a  cold w ater reflux condenser, stirrer a n d  nitrogen bleed. The reaction  vessel w as 
initially  charged  w ith  m ost of the  w ater to be used  (buffered to  pH 7 8 w ith po tassium
hydrogen carbonate); a  50 ml aliquot being held aside to  dissolve th e  in itiator. The vessel 
was con tinuously  stirred , a t 250 r.p .m ., using  a  P.T.F.E. paddle-type stirre r m ounted

^a -fre e , “w hite sp o t grade” -  supplied  by BOC Ltd., Brentford. M iddlesex, UK.
2BDH Chem icals Ltd, Poole, Dorset, UK.
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Table 7.1 Typical polym erisation recipes.

RECIPE BMA MONOMER HMA OR AMA MONOMERS

MONOMER 45 g 45 g

WATER 450 g 450 g

INITIATOR 0.85 g 0.5  g

BUFFER 0.2 g 0.2 g

TEMPERATURE 323 K 323—353 K

th ro u g h  the  cen tral neck  of the flask a t a  height ju s t  above (« 1 mm) th e  bottom  of the  flask 
(to allow reproducible positioning of the  stirre r for each  a n d  every reaction). Following 
add ition  of the  w ater to  the  flask, N2‘ was bubbled th rough  th e  w ater, via a  narrow  bleed 
in serted  in to  one of the  flask’s necks, from th is  point onw ards, a n d  th e  w ater was allowed 
to equilibrate for approxim ately 1 hr. The m onom er was th e n  added  to  th e  flask, after being 
ou tgassed  w ith N2, via th e  fourth neck of th e  flask th a t w as sealed  w ith  a  ground glass 
stopper d u ring  the  course of the  reaction, an d  again the  vessel w as left to  equilibrate for 
30 m in. The N2 flow was also  reduced a t  th is point, to a  level ju s t  sufficient to m ain ta in  a  
N2 atm osphere , in  a n  a ttem pt to reduce m onom er evaporation. Finally, th e  in itia to r was 
dissolved in  the  rem ainder of the  water, outgassed w ith N2 for approxim ately 5 m in , an d  
added to  the  vessel. This point was taken  as tim e zero for th e  reaction. At th is  tim e, th e  N2 
bleed was exchanged for a  sho rte r one whose end rem ained above th e  level of the  reac tan ts  
to prevent it becom ing blocked.

Table 7 .1  shows typical recipes for the  polym erisations. Note: these  values are  for 
the  1 dm 3 flask, an d  th a t  the  HMA and  AMA reactions were carried  ou t a t  a  num ber of 
tem pera tu res.

7.3.3.5 Shot-growth polymerisations.
The core-shell type polymers were prepared by th e  add ition  of a  sh o t of a  second 

(shell) m onom er to a  polym erisation already a t high percen tage conversion of (core) 
m onom er to  polymer (e.g., in the  region of 90% conversion). The core m onom er used  was 
BMA, an d  th e  reaction was performed under surfactan t-free  conditions, w ith the  core 
m onom er recipe as th a t  for BMA show n in Table 7.1. The sh o t u sed  w as AA.

The sh o t of AA (0.9 g) was added a t a  degree of conversion determ ined (see 
p arag raph  7.4.1) by m onitoring a  previous BMA polym erisation reaction  of identical recipe. 
The sh o t was flushed w ith N2 before addition, and  its size (m ass) was estim ated  from th e  
ratios of core m onom er to  sho t m onom er used  by Sakota a n d  O k ay a14321 in  work on carboxyl 
groups in  carboxylated polystyrene copolymers.

^ - f r e e ,  “W hite Spot grade” -  BOC Ltd., Brentford, M iddlesex, UK.
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7.4 Latex particle characterisation.
7.4.1 Determination of percentage conversion/percentage solids.

Percentage conversion of m onom er to polymer was determ ined  (via percentage solids 
calculations) gravim etrically by sam pling the polym erisation m ixture a t  intervals during 
the  course  of the  reaction. This was performed to determ ine the  final ex ten t of the 
polym erisation, an d  to determ ine a t w hat time the reaction w as com pleted.

Sam ples were w ithdraw n from the  reaction vessel by m eans of a  pipette inserted  
th ro u g h  the  auxiliary neck of the  flask, allowing the N2 a tm osphere  to be m ain ta ined  by 
m eans of the  positive pressure  supplied  from the nitrogen bleed. The s tirre r  was sw itched 
off a t  approxim ately 2 m in before the sam ple was extracted  to allow phase  separa tion  and 
p reven t m onom er from being removed from the reaction vessel. The pipette w as then  
in se rted  u n d e r the  m onom er layer into the  aqueous layer to remove the  sam ple.

O n rem oval from the  reaction vessel, the sam ples were sealed  in  screw  top specim en 
bottles, a n d  were im m ediately p u t into an  ice b a th  to quench  th e  reaction. As a n  alternative 
m ethod, the  reaction in  the  sam ple bottles was quenched  by add ing  qu ino l1. Both 
techn iques were found to give the sam e resu lt, w ith in  th e  lim its of experim ental 
uncerta in ty , a n d  the  former m ethod was used  in  the  m ajority of reactions.

After cooling, a  sam ple was placed into an  alum in ium  d ish , of know n weight, and 
w eighed (term ed w et weight in the following equation). The d ish  (+ sam ple) was th e n  placed 
in  a n  oven a t  353 K an d  left un til co n stan t weight w as achieved, a t  w hich time th e  weight 
w as again  recorded (termed dry weight in  the  following equation). The percentage solids of 
th e  sam ple and , hence, the  reaction was th en  given by th e  following equation:

Percentage Solids  = -----------  ---------- x 100%  (7.3)
W et w eigh t -  Dry w eigh t

From  the  know n initial weight of m onom er used  in  th e  reaction, th e  final theoretical 
w eight of polymer, a t  100% conversion, can  be determ ined  allowing the percentage 
conversion to be calculated throughout the reaction by sam pling  a t  various intervals.

By deliberately doping su ch  a  sam ple w ith m onom er, it w as show n th a t  any 
m onom er w ithdraw n from the reaction as p a rt of the  sam ple w ould be evaporated off during 
th e  oven-drying, ra th e r th an  polymerising to give a  false value of percentage solids. 
Sim ilarly, residual initiator, and  other inorganic, fragm ents from the  reaction recipe were 
ignored, d u ring  th is  calculation, since they were insignificant com pared to the  m ass of 
polymer.

7.4.2 Determination of critical coagulation concentration.
The critica l coagulation concentration (C.C.C.) of th e  su rfactan t-free  latices was 

m easu red  (using a  m ethod described by H iem enz|2321) u tilis ing  barium  chloride, as a 
m easu re  of th e ir stability. To a  series of sam ples of th e  la tex  (500 /ul) various ratios of

^ D H  Chem icals Ltd., Poole, Dorset, UK.
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electrolyte a n d  w ater were added  (by syringe), s u c h  th a t  the  to ta l d ilu tion  w as k ep t c o n stan t 
w hilst different am oun ts of s a lt  were added. After mixing, th e  so lu tions were allowed to 
s ta n d  for 24  h rs, after w hich tim e th e  sam ple contain ing th e  low est concen tra tion  of sa lt 
to  cause  a  precip itate  w as recorded. The procedure was th e n  repeated  -  add ing  electrolyte 
a t  concen trations betw een th is  recorded level and  the  concen tra tion  below it from  the  
previous se t of experim ents. This allowed the  C.C.C. to  be encom passed , a n d  i t  w as th e n  
calcu la ted  from the  lowest concen tration  of electrolyte to  cause  p recip ita tion .

7.4.3 Determination of latex particle size.
U sing sam ples tak e n  from a  polym erisation reaction  a n d  quenched  as  above, 

particle  d iam eters were determ ined by photon  correlation sp ectroscop y  (P.C.S.) in  a  
M alvern1 Zetasizer 3, fitted w ith a n  AZ10, therm ostated , sizing cell. Sam ples were norm ally 
m easured  a t  a n  angle of 90° to  th e  incident laser light, however, m ulti-angle  m easu rem en ts 
were possible, u s ing  th e  additional Malvern m ulti-angle d a ta  ana lysis  softw are (Malvern 
p a rt nu m b er 7032MA). This a ttem p ts to  resolve sam ple polydispersity  (or m ore im portan tly  
to  check  sam ple m onodispersity).

For m any  of th e  latices used  in  th is  study , the  use  of P.C.S. (as opposed to  T.E.M.) 
for particle  sizing w as a  necessity  due  to th e  fact th a t  th e  e lectron  beam  of a n  E.M. was 
liable to dam age particles m ade of soft (low Tg) polymer. W hen ‘soft’ particles a re  observed 
u n d e r a n  E.M ., the  polym er is seen  to  flow. This resu lts  in  p ic tu res  of s u c h  partic les being 
poorly defined and , hence, o f little u se  for sizing purposes.

7.4.3.1 Sample preparation and Zetasizer operation.
Before experim ental sam ples were m easured  for particle  d iam eter, th e  P.C.S. 

a p p a ra tu s  was tes ted  for correct operation {e.g., tested  for correct optical a lignm ent, and  
for con tam ination  of th e  co n stan t tem peratu re  sam ple-bath  water: b o th  of w hich  could lead 
to  possib le erroneous resu lts) by m easuring  th e  size of a  ‘s ta n d a rd ’ latex  (Malvern AZ55 
electrophoretic s tandard ) of know n particle size (i.e., 317 nm).

Sam ples were prepared by dilu ting a  latex, w ith F isons AnalR grade w ater, u n til 
slightly  tu rb id . The Zetasizer 3 displayed a n  indication, on a  slid ing  scale, of th e  ideality of 
sam ple dilution. Too great a  concentration  led to  false resu lts  d u e  to  in te r-partic le  back- 
sca tte r  on th e  photom ultiplier, w hilst too dilu te a  concen tra tion  provided insufficient 
sca tte rin g  in tensity  for a  m easu rem en t to  be m ade. This la tte r problem , com bined w ith 
sm all particle  size, was th e  basis  for the  inability to size sam ples ta k e n  early  in  a  reaction.

The P.C.S. d a ta  is in terp re ted  by the  Zetasizer dependen t o n  th e  in itia l in s tru m e n t 
se t-up . The two m ain  m ethods are  the  cum ulants m ethod’ a n d  th e  ‘exp on en tia l sam pling  
m eth od .’ Similarly, w hich of th e  two light scattering  theories is u sed  (Rayleigh {for sm all 
particles w ith respect to  the  wavelength of light} or Mie {for larger particles}), is also 
dependen t on  the  in itial in s tru m en t settings.

M alvern  In strum en ts Ltd., Malvern, W orcestershire, UK.
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The cu m u lan ts  m ethod gives only a  m easure of the  ‘z-average m ean’ particle  size 
an d  a  m easu re  of th e  sam ple th e  polydispersity. (The z-average m ean  size is a  m easu re  of 
the  partic les’ size, defined by M alvern as  “the m ean particle size w eighted by th e  am o u n t 
of ligh t scattered  by each  size of particle  in  the  sample.") This m ethod is u sed  w hen  the  
sam ple  d istribu tion  w idth is n o t know n su c h  th a t  a n  estim ated  value of one is en tered  
w hen  se tting  u p  a  m easurem ent. (An estim ated value c a n  be s e t  to  sh o rte n  the  
experim ental tim e by reducing th e  range over w hich analysis is m ade. A value o f one causes 
th e  in stru m e n t to  work over the  whole of its range.) The analysis fits th e  logarithm  of the  
P.C.S. correlation function to  a  polynom ial series:

F( t )~  A + B t +Ct2 + ...e tc . (7.4)
Where:

F(£) = logarithm  of th e  correlation function.
A  -  This value divided by 100, gives th e  % m erit (seen du ring  analysis). 

Typically 30%, b u t dependent on photom ultip lier ap e rtu re  size; th is  
relates to  th e  signal to  noise ratio.

B  = initial slope, w hich gives the  z-average m ean  size.
C -  W hen divided by B2 gives the  value of th e  polydispersity  of th e  sam ple 

({0.05 ind icates good m onodispersity).

The z-average m ean calcu lated  by th is  m ethod is always p resen ted  no  m a tte r  w hich 
of th e  two m ethods of analysis is used.

As s ta ted  above, if th e  sam ple d istribu tion  w id th  is s e t to  one, th e  in s tru m e n t 
defau lts  to a  cum u lan ts  fit. This fits a  log-norm al d istribu tion  to  the  z-average m ean  an d  
polydispersity  s u c h  th a t  th e  in tensify  weighted d istribu tion  p roduced  is always a  single 
G au ssian  peak, cen tred  on th e  m odal value, independen t of w hether th e  d istribu tion  is 
m onodisperse or not. The exponential m ethod of analysis requires th e  in p u t of a n  estim ated  
sam ple  size d istribu tion  [e.g., a s  m easured  using  the  cum ulative m ethod). This is th e n  used  
to  resolve more com plex d istribu tions. Least squares analysis is u sed  to  determ ine  th e  mix 
of ch o sen  sizes th a t  provide th e  b est fit betw een th e  experim ental d a ta  a n d  th e  correlation 
function  calcu lated  from th e  m ixture. The m ethod iterates th e  re su lt six ty  tim es, reducing  
the  difference betw een the  experim ental and  calculated  correlation functions.

The chosen  sizes form a  geom etric series, u s in g  tw enty-four size c lasses. The 
com puter chooses the  m ean during  in itial sam ple checking. The ratio  o f th e  largest size to 
th e  sm allest size is defined by th e  sam ple d istribu tion  w idth. This c a n  e ither be se t 
m anually  or left a t  a  value of one s u c h  th a t  the  m achine chooses a  su itab le  value. If too 
large a  w idth is chosen, som e c lasses will rem ain em pty. If too sm all a  w id th  is chosen , th e  
analysis  will be false in  th a t th e  d a ta  will n o t fit the  chosen  c lasses. A sym ptom  of th is  is 
a  m ultim odal d istribu tion  in  a  m onodisperse sam ple, an d  a  large increase  in  th e  value of 
th e  ‘fit.’ (The fit is th e  value given by the  least squares error of the  difference betw een the  
experim ental an d  calcu lated  d a ta  i.e., a  m inim um  in th e  fit value ind icates th e  b es t fit.) 
Once taken , th e  experim ental d a ta  can  be re-analysed u sing  a  different d istribu tion  width. 
It is th u s  u su a l to  s ta r t  w ith a  large d istribu tion  w idth an d  to  reduce th e  value to  give a 
be tte r resolution. The ideal w idth d istribu tion  leaves ju s t  one or two em pty  c lasses a t  e ither 
end  of th e  calcu lated  size d istribu tion .
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The ligh t sca ttering  theories used , can  be e ither Rayleigh-G ans-Debye, o r Mie. The 
form er is u sed  if  no value of particle refractive index is se t {i.e., if th e  value is left a t  zero), 
a n d  m akes th e  assum ption  th a t  the  particle refractive index  is th e  sam e a s  th e  liquid 
refractive index. (This approxim ation is less valid for tu rb id  latices th a n  for polym er 
solutions.) Mie theory  is u sed  w hen a  value o ther th an  zero is se t for th e  particle  refractive 
index. (Mie theory  also  dem ands a n  im aginary refractive index. This is a n  ab so rp tio n  factor 
and , as  su ch , is more applicable to  blue objects th a t will ab so rb  th e  red lase r light.)

7.4.4 Determination of polymer molecular weight.
The polymer m olecular weights of a  num ber of the  su rfac tan t-free  polym er latices 

were determ ined  by bo th  conventional gel perm eation chrom atography (GPC)1 a n d  by 
GPC w ith a n  additional viscosity detector. GPC is a  secondary  techn ique, requ iring  a 
calib ration  s tan d a rd . The re su lta n t da ta  is therefore only su itab le  for com parative purposes.

Latices were freeze-dried for supp ly  to R.A.P.R.A., w here sam ple  so lu tions were 
accurately  p repared  to  a n  approxim ate concentration of 2 m g m l'1 in  te trah y d ro fu ran  (and 
antioxidant) solvent, w ith a  sm all am oun t of 1,2-dichlorobenzene in  th e  so lven t a s  an  
in te rn al m arker. The so lu tions were dissolved overnight, a n d  th e n  filtered th ro u g h  a 
polyam ide m em brane (0.2 jum pore size) prior to  the  chrom atography.

The chrom atography was performed a t am bient tem p era tu re , u s in g  co lum ns o f PLgel 
2x mixed bed-B, of 30 cm  leng th  and  packing size 10 ^ m  w ith v iscosity /refractive index(RI) 
detectors, a t  a  nom inal flow ra te  of 1.0 m l m in '1. For the  conventional GPC, th e  viscosity 
detector w as rem oved to  give the  RI detector the  whole sam ple concen tra tion . Thus, 
sep ara te  calibrations were u sed  for each  m ethod. Sam ples were ru n  in  duplicate, w ith  the  
sam e so lu tion  being used  w hen bo th  m ethods were perform ed. The conventional GPC was 
calibrated  u sin g  polystyrene in  term s of log[MW] vs elution volume, s u c h  th a t  re su lts  were 
expressed as  th e  ‘polystyrene equivalent’ m olecular m asses. The G PC /V iscosity work, 
however, is calib rated  in  term s of log[MW] x intrinsic viscosity vs elution volum e  a n d  shou ld  
provide tru e  m olecular m ass d a ta  provided th a t  the  polymer behaves norm ally in  solution.

7.4.5 Conductometric titrations.
C ertain  PBMA latices {e.g., those sh o t w ith AA (paragraph  7.3.3.5}) were 

charac te rised  w ith respec t to  availability of surface charge {i.e., carboxyl groups) by 
conductom etric titra tion2. The latex  was first cleaned by se ru m  exchange (parag raph  7.5.2) 
including  a n  acid w ashing  stage  (using hydrochloric acid {0.05 M}) before a  know n weight 
of latex  solid w as titra ted  ag a in s t sodium  hydroxide3 in  a  Pyrex glass beaker. The la tex  was 
stirred  u sing  a  PTFE coated m agnetic follower (which was stopped  du ring  th e  course  of a  
m easurem ent). .Initially, th e  latex  was outgassed  with N2, to  remove a n y  C 0 2, a n d  w as kept

xThe a u th o r acknowledges Dr. S. Holding of the  R ubber a n d  P lastics R esearch  
Association, R.A.P.R.A. Technology Ltd. (Shawbuiy, Shrew sbury, S hropsh ire , UK) who 
carried  o u t th is  work.

2The a u th o r  acknowledges M. Ashm ore for performing th e  titra tio n s  as p a r t  of a n  
u n derg radua te  project.

3BDH CVS Ampoule. BDH Chem icals Ltd., Poole, Dorset, UK.
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u n d e r a  b lanke t of N2 during  th e  course of th e  titration. Aliquots of freshly p repared  NaOH 
(initially ca  0.1 M, b u t dependen t on th e  sensitiv ity  required) were added  using  a  m icrolitre 
syringe, and  th e  conductivity determ ined  using  a  Jenw ay 4010 1 conductivity  m eter.

AA-shot PBMA latex films (including sucrose leached films) were also  titra ted  to  give 
com parative resu lts , having been  c ast to  yield a  com parable w eight of polym er to  th e  
aforem entioned latices. The m ethod u sed  w as sim ilar to  th a t  described  above b u t th e  film 
was also  w ashed  after casting  w ith double distilled water, following a n  acid  w ash ing  stage.

7.5 Latex cleaning.
After polym erisation, latices were steam -stripped to  remove an y  residual m onom er 

an d  th e n  cleaned either by serum  exchange, or by dialysis to  remove residua l ionic 
con tam inan ts  from the polym erisation (e.g., in itiator an d  buffer). The former of th ese  two 
m ethods, w hilst possibly giving a  cleaner latex (after appropriate  trea tm en t, e.g., acid 
w ashing, etc.), w as found to  be extrem ely slow. Although no t a  problem  w hen only sm all 
quan tities  were required, it  was no t econom ical for large scale film production. Dialysis on 
th e  o ther h a n d  would yield a  su itab ly  c leaned  latex (where c leaned is defined a s  in  section
7.5.1), on  a  larger scale an d  w ith in  a  sh o rte r  time span .

7.5.1 Dialysis.
PHMA a n d  PAMA latices (250 ml) were dialysed in  cleaned (see below) v isk ing  tu b in g  

p laced inside bell-jars contain ing  5 dm 3 of double distilled w ater. The w ater w as changed  
every ca  24  h rs , an d  its  conductivity  periodically m onitored u s in g  a  W ayne-Kerr2 
conductivity  bridge. The latex  was deem ed to  be sufficiently cleaned w hen the  conductiv ity  
of the  d ialysate w as close to  th e  conductivity  of the  clean w ater (« 1.0 —> 1.5 /uS cm '1) after 
allowing for dissolved C 0 2.

Dialysis is recognised as  no t being  a n  ideal cleaning m ethod for th e  rem oval of 
bound cations or em ulsifier (the la tte r due  to  the  slow diffusion tim es of these  relatively 
large m olecules: no t applicable to  these  surfactan t-free reactions) due to  th e  p ro tracted  
tim es needed to  leach  im purities from a  latex. During th is  tim e it is possible for th e  latex  
to  undergo m icrobial a ttack  o r be con tam inated  by su lp h u ro u s com pounds (used  as 
stabiliser) leached from the  dialysis tu b in g t537). Hence, the  dialysis tub ing  w as boiled in  
several changes of distilled water, before use , for 3 —» 4 h rs to  remove an y  additives. D uring  
th e  dialysis procedure th e  w ater w as vigorously stirred  to  keep th e  tu b ing  in  m otion, to  
prevent th e  form ation of s ta tionary  layers w ith in  the dialysis tubing, a n d  aid th e  diffusion 
of m olecules aw ay from the  latex.

7.5.2 Serum exchange.
This m ethod was used  for the  c leaning  of the PBMA latices. As a  cleaning techn ique, 

th e  m ethod was tested  by W ilk inson15361 et al. and  was found to  be efficient in  th e  rem oval 
of reaction by-products, residua l m onom er, oligomeric m aterial, etc.

S u p p lie d  by Fisons PLC, FSA Lab. Supplies, Loughborough, UK.
2W ayne-Kerr Co. Ltd., Bognor Regis, Sussex, UK.
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The all-PTFE m icrofiltration cell was initially cleaned w ith organic solvent” to  remove 
an y  polymer, followed by rinsing  w ith Fisons AnalR water. The assem bled  cell w as th e n  h a lf 
filled w ith  Fisons w ater w hich was left to  n m  th rough  under a tm ospheric  p ressu re . The 
conductiv ity  of the  e luen t was periodically m onitored for conductivity  as  a  te s t  of purity . 
Once su re  th a t  th e  cell was clean, an d  also  th a t  it did n o t leak, th e  cell was half-filled w ith 
latex, an d  a  know n volume of Fisons w ater added. The elu ted  volum e w as recorded and  
replaced to  prevent th e  latex  drying due to  w ater loss, a n d  again  periodically m easu red  for 
conductivity. The latex  was m agnetically s tirred  (using a  ridgeless m agnetic follower to 
p reven t dam age to  th e  filter paper) over a  Millipore®1 cellulosic m em brane filter paper 
(typically 0.3 fim  pore size) w hich was changed  daily to  prevent (i) blockage, a n d  (ii) loss of 
th e  latex  via a  stirrer-dam aged filter paper. C leaning lasted  u n til th e  conductivity  of the  
e lu ted  w ater equalled th a t  of th e  clean  feed-water: tak ing  approxim ately tw enty  tim es the 
volum e of the  latex.

7.6 Film preparation.
7.6.1 Materials.

The latices used  during  the  course of th is  study  consisted, in  th e  m ain, of m em bers 
o f th e  range of com m ercial latices called collectively by the  nam e Eudragit®, p roduced  by 
Rohm  Pharm a GMBH, W eiterstadt, Germany, and  im ported in to  B rita in  by D um as (U.K.) 
L td.2 (see C hapter 6). O ther latices u sed  included th e  surfac tan t-free  poly(alkyl m eth 
acrylate) latices prepared as p a rt of the  study .

7.6.1.1 Film additives.
Additives used  (loaded into films to  determ ine their effects on film tra n sp o rt 

properties) included sucrose, sodium  chloride (both supplied  by Aldrich3), a n d  hydroxy- 
propyl m ethylcellulose, H.P.M.C. (Celacol® HPM 450 BP, supp lied  by C ourtau lds4) (see 
F ig u re  7.21401‘).

O H CHoOCH OCH

H O
O H

O H
O H

C H o O C H

Figure 7.2 Hydroxypropyl m ethylcellulose.

1Millipore U.K. Ltd., London, UK.
2D um as (U.K.) Ltd., Tunbridge Wells, Kent, UK. The au th o r gratefully acknow ledges Roy 

Errwood for the  free supp ly  of Eudragit® latices.
3Aldrich Chem ical Co. Ltd., Gillingham, Dorset, UK.
4C ourtau lds Chem icals, Spondon, Derby, UK.
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In  addition  to th e  aforem entioned additives, mixed latex films were p repared  from 
th e  soluble (at pH ) 5.5) Eudragit® L 3 0  D, an d  th e  w ater insoluble Eudragit® NE 3 0  D.

Additive loadings were norm ally expressed as a  percentage p e r g ram  of Eudragit® 
la tex  solid con ten t (i.e., % (g.NE)'1), o r as a  ratio  of additive to Eudragit® NE 30  D solid 
con ten t. E.g., a  100% (g.NE)'1 loading is a  1:1 ratio  of th e  additive to  polymer, w h ilst a  
50%  (g.NE)'1 loading im plies, for example, two p arts  of NE 30  D to  one p a rt L 3 0  D and  a  
150% (g.NE)'1 ratio  im plies a  two p arts  of NE 30  D to th ree  p arts  L 3 0  D , etc.

For those films w ith  a  Tg above am bient, it was necessary  to  add  a  p lastic ise r in  
o rder th a t  the  films could be removed from  the  su b s tra te  w ithout fracturing, a n d  in  pieces 
large enough  to  be used  in  th e  required experim ents. S uch  films included  those  p repared  
from  Eudragit® latices functionalised  w ith e ither carboxyl (Eudragit® L) or q ua te rnary  
am m onium  groups (Eudragits® RL and  RS) (see C hapter 6). In  cases w here a  p lastic ise r was 
u se d  to  m ake the  film m ore m anageable, it w as n o t considered a s  a n  additive in  the  
aforem entioned sense, i.e., no t u sed  as a n  a ttem p t to control perm ean t flux. The p lastic iser 
c h o sen  for u se  was triace tin  (glycerol triace ta te  (CH3C 02CH2)2CH(02CCH3), an d  w as supplied  
by A ldrich1). This p lastic iser w as selected since  it  is recom m ended by R ohm  P harm a for use  
w ith  th e ir  whole range of Eudragits® (with the  exception of Eudragit® NE 3 0  D). The 
concen tra tions suggested  by Rohm  Pharm a are  in  the  range of 5 —> 25%  W /W (pojymersoHds). For 
th e  pu rpose  of th is  study , th e  triace tin  w as always used, w hen  required, a t  a  concen tra tion  
o f 0 .15 g g'1 of polymer solids con ten t (e.g., 15% (g.RL)'1). This level o f p lastic isa tion  was 
n ecessa ry  to  provide th e  flexibility for th e  films’ end u se  as  free-Jilms.

7.6.1.1.1 Mixing of Eudragit® NE and Eudragit® L
The mixing of Eudragits® NE a n d  L can  lead to destab ilisa tion  of th e  polym ers due 

to  th e  differences in  pH an d  electrolyte, a n d  additionally, in teractions betw een th e  polym er 
m olecules an d  th e  stab ilising  em ulsifier system s of th e  two polym ers can  cause  
co ag u la tio n 14221. This c a n  be overcome by equalising the  differing pH ’s of the  two system s 
(as described  in  a  Rohm  P harm a inform ation s h e e t ,4221). The m ethod varied d ependen t on 
w hether th e  Eudragit® NE  or L predom inated. W hen Eudragit® NE  predom inated, 
hydrochloric acid (1 M) was slowly stirred  in to  th e  Eudragit® NE, in  a  ra tio  of approxim ately 
1:300 (W/W) HC1 to  Eudragit® NE  u n til pH  5 was achieved. (The inform ation sh e e t also 
recom m ended th e  addition  of a n  emulsifier, Tween 80, b u t th is  was n o t u sed  here.) The 
Eudragit® L m u st also be partially  neu tra lised  by the  slow addition  of sod ium  hydroxide 
(1 M), again  w ith stirring, in  a  ratio  of 10:1 (Eudragit® L to  NaOH) to  give pH 5.2 5.3.
S tirring  shou ld  be con tinued  for «  10 m inu tes after addition, a t  w hich tim e th e  two latices 
sh o u ld  be slowly mixed, again  w ith stirring. The Eudragit® NE + L m ixture shou ld  finally 
be filtered th rough  glass wool.

Mixing th e  two latices w hen Eudragit® L predom inated was achieved in  a  sim ilar 
m an n e r as  above, w ith the  exception of no t add ing  the  acid to  the  Eudragit® NE. (In th is 
case , th e  inform ation sh e e t did no t suggest the  addition of em ulsifier.)

1 Aldrich Chem ical Co. Ltd., Gillingham, Dorset, UK.
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7.6.2 Film casting.
Film s were c ast from the  range of Eudragit® copolym er latices, an d  also from the  

surfactan t-free , hom opolym er PBMA, PAMAand PHMA latices. Before casting, latices were 
norm ally d ilu ted  to 5% W /W  polymer solids content, a n d  th en  filtered th rough  glass wool 
to remove any  possibility of coagulum  accum ulated  from storage. Latex films were c a s t onto 
su b s tra te s  of Pyrex glass p lates (cleaned as described previously) an d  contained  by 
cylinders of glass (9.5 cm  in  d iam eter a n d  approxim ately 5 cm  in height). These cylinders 
were sealed  against the plates by m eans of a  ground glass bottom  rim  sm eared  w ith h igh 
m elting poin t () 473 K) silicone g rease1. O ther su b s tra te s  were tested , b u t found to be 
d isadvantageous: nylon p laques2 were found to w arp a t the  h igher casting  tem peratu res; 
w h ilst casting  on to a  m ercury11 su b stra te  led to sm all am oun ts of m ercury becom ing 
en trapped  in  the  film, particularly  a t  the  film edges. The latex  w as pipetted  onto the 
su b s tra te  to allow a controlled th ickness to be cast. This th ickness  depended  on the 
p a rticu la r film being prepared, an d  w as chosen  as a  m atte r  of com prom ise betw een ease 
of film hand ling  (thicker films being less prone to cu rl on  rem oval from the su b stra te : a  
problem  for tacky films an d  those susceptib le  to s ta tic  electricity) a n d  the  requirem ent of 
a  m easurab le  flux, w ith little up take  of perm eant. For the  Eudragit® latices, a  th ickness of 
approxim ately 80 —* 100 /<m w as used.

For casting, films (and substra te) were placed on  a  levelled platform , in  a  fan-less 
laboratory oven. Typical drying tim e an d  tem perature  for the  Eudragit® films were 24 h rs, 
a t  313 K, un less  otherwise sta ted ; the  PAMA and  PHMA films were c a s t a t  the  sam e 
tem pera tu re  for 15 h rs. The PBMA films were normally c a s t for 72 h rs  a t  a  tem pera tu re  of 
353 K, a lthough  initially o ther tim es su c h  as 3 h rs , a n d  o ther tim es an d  tem peratu res 
(313 K for 24  hrs) were also tried. D uring casting, the  ovens con ta ined  200 g of silica gel 
per film, to sorb  w ater vapour an d  prevent condensation  form ing on  the  oven walls.

7.6.3 Monitoring of film drying.
The evaporation of the  aqueous phase, from a  num ber of film types, w as m onitored 

both  visually by m eans of a  custom  designed Perspex door to the  casting  oven, and  
gravim etrically by positioning the  casting  su b s tra te  on a  top p an  balance (placed inside the  
oven). In su c h  cases the tem perature  an d  relative hum idity  of the  oven were m onitored by 
m eans of a  therm ocouple a ttach ed  to a  Comark3 electronic therm om eter, an d  an  Omega4 
digital therm o-hygrom eter, respectively, both w ith o u tp u t to a  c h a rt recorder. The probes 
to the  la tte r two in strum en ts were positioned in  the  oven, ju s t  above the  surface of the 
drying latex and  w ithin the  glass reta in ing  cylinder, i.e., w ith in  the  evaporative ‘flux.’

7.6.4 Preparation of solvent cast films.
S olven tcast films ofthe hom opolym er surfactant-free poly(m ethacrylate) latices were 

p repared  from freeze-dried polymer solid dissolved in  a  su itab le  solvent: typically

*Dow Com ing, Belgium. Supplied  by Fisons PLC, FSALab. Supplies, Loughborough, UK.
2C & P Chem icals and  Polymers Groups, ICI Petrochem icals a n d  P lastics Division, 

M iddlesbrough, Cleveland, UK.
3Com ark Electronics, L ittleham pton, Sussex, UK.
4Omega Engineering, Stam ford, U.S.A.
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bu tan -2 -o n eH, supplied  by BDH1. The solid polymer was initially  dissolved in  th e  solvent 
to  be u sed  to  a  concentration  of 5% W/V. Film casting  w as achieved by decan ting  th e  
required  volume, to  give a  usab le  film th ickness (ca 80 100 /<m), onto  a  levelled P.T.F.E.
su b s tra te . Initial drying was perform ed a t  am bien t tem pera tu res  in  a  fum e cupboard , w ith 
th e  su b s tra te  positioned un d er a  plastic  sh ield  to  reduce th e  airflow over th e  film and  
therefore preven t th e  solvent evaporating too quickly. Once th e  film h ad  solidified (after 
approxim ately 4 h rs) the  film, still on  its su b stra te , was tran sfe rred  to  a  vacuum  oven, 
where it w as kep t under vacuum , a t  am bien t tem pera tu re , for approxim ately 96 h rs  to 
remove an y  residual solvent.

7.6.5 Method of film removal from the casting substrate.
The m ethod of removal of a  film from its su b s tra te  w as d ependan t on  th e  type of 

film. In th e  case of the  Eudragit® latex  films, heating  the  back  of the  glass su b s tra te  over 
ho t w ater (353 K) for a  few m inu tes was sufficient to  allow th e  film to be peeled off, w ithout 
s tre tch ing . (The films were sufficiently large, a t  9.5 cm  diam eter, to  be hand led  w ithout th e  
necessity  o f touching  th e  a rea  of th e  film to be used  in  th e  experim ent.) Eudragit® NE  films 
were on  occasion found to  be lifted from the  su b s tra te  w ith  th e  g lass reta in ing  cylinder as 
it  w as rem oved, sim ply allowing th e  film be cu t away.

In order to  remove the  surfactan t-free  films from th e ir  su b s tra te s , it w as necessary  
to  soak  th e  film + su b s tra te  in  h o t w ater (353 K) and  peel th e  film a  sm all d istance  a t  a  
tim e, w ith  fu rther w etting as each  section was removed. The films were qu ite  prone to  
s tre tch in g  if removed too vigorously, an d  th e  ho t w ater cau sed  previously released  regions 
of film to  re -a ttach  them selves to  th e  substra te .

The solvent c a s t films were usually  easily rem oved from th e  PTFE su b stra te , 
providing th a t  the film was no t too brittle a t  am bien t tem pera tu res.

7.7 Film characterisation.
7.7.1 Determination of film thickness.

Film  th ickness was m easu red  using  a  plane-foot gravity-drop dial gauge, w ith a  
reso lu tion  o f ±1 ^m . B ecause of th e  uneven  (‘mud-cracked’) su rface  of the  m ajority  of the  
films u n d e r investigation, th e  th ickness  was m easured  over a  n u m b er of sites on  th e  film, 
a n d  a n  average calculated. Over th e  full diam eter, film th ick n ess  varied by u p  to  ca  10% 
of th e  to ta l th ickness. However, because it was norm al to  u se  only the  cen tra l region of 
su c h  a  film, th e  variation in  th ickness  was more of th e  o rder of ca  3 —> 4%.

The quoted film th ickness is typically inclusive of th a t  due  to  the  p resence of the  
additive, u n less  otherwise sta ted . In solute perm eability experim ents (see parag rap h  7.10) 
th e  th ick n ess  s ta ted  is the  unsw ollen (dry) th ickness, and  ag a in  in  th e  case of th e  additive 
p resen t films, the unleached th ickness is used . The film th ickness, used  to calcu late  the  
perm eability  coefficients of the  additive-present films, is d iscu ssed  fu rther in  C hapter 10.

*BDH Chem icals Ltd., Poole, Dorset, UK.
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7.7.2 Quantification of film additive leaching.
The am oun ts  of w ater soluble additive leached as a  function  of tim e w as typically  

determ ined  gravim etrically. Additive contain ing films were in itially  weighed w hen  dry, and  
th e n  leached  for various tim es in  250  g of (orthophosphate) buffer so lu tion  a t  pH  6 (to 
im itate  th e  pH  of th e  so lu te  perm eability experim ents, see p a rag rap h  7.10). Leaching was 
executed a t  am b ien t tem peratu re  w ith the  sam ple placed on  a n  orb ital shaker, for a  period 
o f u p  to  96 h rs .

Following th e  leaching period, films were quickly rin sed  w ith  distilled  w ater, and  
dried  u n til co n s ta n t weight was achieved. The difference betw een th e  in itia l (additive- 
present) film weight an d  final (diy) weight yielding th e  am o u n t of additive leached.

Film s w hich showed a  tendency  to adhere to  them selves were a ttach ed  to  a  piece 
of wire so  th a t  they  rem ained  flat du ring  the  course of the  experim ent. The wire w as p re
weighed, a n d  its w eight accounted for in  the  calculations.

7.7.3 Determination of film porosity.
V arious films were tested  for porosity, including additive-free a n d  add itive-presen t 

films a n d  films leached of their additive, by the  techn ique of m ercury in tru sion  
p otosim etry , using  a  Carlo-Erba1 Porosim eter 2000 Series, capab le  of determ in ing  pore- 
size an d  pore-volum e distribu tions, in  the  size range of 3 .7  —> 7,500  nm  rad iu s, by a  
capac itance  system . M ercury" is u sed  as  the  in tru d en t due  to  the  p roperty  of m ercury  of 
being  non-w etting  for m ost m aterials su ch  th a t  it  has to  be forced in to  th e  pores. The 
cum ulative volum e in truded  is m easured  as a  function of th e  exerted p ressu re .

The sam ple u n d er study  is totally  im m ersed in  m ercury", in  a  dilatom eter, a n d  th e  
p ressu re  is increased  hydraulically. As m ercury en ters th e  sam p les’ pores, th e  m ercury  
level in  th e  d ilatom eter stem  decreases by an  equal volume: th e  change in  capacitance  
th ro u g h  th e  dilatom eter, due to  the  m ovem ent of the  m ercury  down th e  d ilatom eter stem , 
being  m onitored by electrodes a t e ither end. As the  applied p ressu re  (to th e  m ercury  in  the  
dilatom eter) is increased, the  rad ius of pores th a t  can  be filled w ith  m ercury  is decreased. 
The m in im um  pore size is th u s  a  function of th e  m axim um  p ressu re  a tta inab le  by th e  
in s tru m e n t w hich was 1999 bar corresponding to a  pore rad iu s  of 37.5 A (or »  2x l 05 Pa 
a n d  3.75 nm , respectively, in  S.I. un its).

7.7.3.1 Operating procedure.
A know n w eight of sam ple was placed in  a  dilatom eter. Two types of d ilatom eter 

were available: one of w hich whose s tem  (the standard  stem ) w as s tra ig h t through; an d  the  
o ther of w hich  (the pow der  stem ) whose stem  outlets en te red  th e  d ilatom eter body 
p erpend icu la r to th e  stem . This la tte r dilatom eter was designed for powder sam ples, an d  
w as m ean t to  prevent a  powdered sam ple from rising up  th e  d ila tom eter s tem  on  top o f the  
incom ing flow of m ercury, during filling. This powder s tem  was found to  be th e  m ost 
su itab le  for film sam ples: allowing m ercury to reach  both sides of th e  film an d  preventing

*Carlo-Erba, B ritish  importer: F isons PLC, Loughborough, UK.
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th e  film becom ing trapped  against th e  g lass wall, w ith  m ercury  a g a in s t only one film face, 
a s  was found to  som etim es occur w ith the  s tan d ard  stem .

Filling the  d ilatom eter w ith m ercury  was accom plished u s in g  a  m acropore u n it, 
w hich evacuated  th e  d ilatom eter a n d  out-gassed  the  sam ple. The d ila tom eter rem ained  
u n d e r v acuum  w hilst being  filled w ith m ercury: th e  vacuum  serv ing  to  d raw  m ercury from  
th e  reservoir and  also  to  prevent en try  of any  residual gas. In  theory, re tu rn in g  th e  
m acropore u n it  to  a tm ospheric  p ressu re  allowed th e  determ ination  of an y  pore sizes g rea ter 
th a n  7,500 n m  to be m easured , via a  change in  m ercury  level (m easured  on a  m oving 
digital scale beh ind  th e  stem ). However, th is  was n o t p racticable due  to  unexpectedly  large 
drops in  th e  heigh t of th e  m ercury colum n. This overlarge in tru d ed  volum e was alm ost 
certain ly  cau sed  by unfilled pockets in  th e  dilatom eter -  possibly cau sed  by th e  tacky films 
e ither adhering  to  them selves or to  th e  g lass walls of th e  vessel.

The filled d ilatom eter was th e n  transferred  from th e  m acropore u n it  to  th e  autoclave 
of th e  porosim eter. P ressu re  was applied to the  sam ple by m eans of a  p ressu re  m ultiplier 
system . The autoclave itse lf was filled w ith dielectric h igh  p ressu re  oil, w hich ac ts  to  
hydraulically  tran sm it th e  p ressu re  to  th e  m ercury inside th e  d ilatom eter. As th e  p ressu re  
increased, th e  level of m ercury  in  th e  calibrated dilatom eter s tem  decreased  causing  a  
change in  capacitance  th a t  is processed to give a  resu lt of accum ula ted  in tru d ed  volum e 
on th e  p ressu re-pum p  control unit.

7.7.3.2 Interpretation of results.
C alculated  resu lts  were initially corrected aga inst a  contro l (‘b lank ’ sam ple) value 

consisting  o f th e  com pression obtained for a  d ilatom eter filled w ith  m ercury  alone (i.e., no  
polym er sam ple). (B lanks were ru n  a t  regular intervals, o r w henever th e  m ercury  or 
d ilatom eter was replaced. At a  p ressu re  of 1999 b a rr {» 2 x l0 5 Pa} th e  typical m ercury  

com pression  was 28 —> 32 m m 3.) The norm alised resu lts  were th e n  p lo tted  graphically  in  th e  
form of x-y g raphs of e ither (i) ‘cumulative specific intruded volum e o f  mercury (mm3 g'1)' 
v ersu s ‘pore radius (fxm)\ or (ii) a  differential type g raph  of ‘d{cumulative intruded volum e}/ 
d{ln(pore radius)}' versus ‘ln(pore radius)'. The former of th ese  plots ind ica tes the  presence 
of a  pore d istribu tion  by a  sh a rp  change of gradient: a  narrow  pore d istribu tion  being  
ind icated  by a  su d d en  s tep  as  opposed to  a  gradual change o f grad ien t. The differential 
curve is th e  easier of the  two curves to  interpret: a  pore d istribu tion  being  ind icated  by a  
peak  w hose w idth  is a  m easu re  of th e  size of the  d istribu tion . (Also see A ppendix A.)

7.7.4 Electron microscopy.
The surfaces, an d  in te rnal s tru c tu re s , of a  num ber of films were investigated  u s in g  

bo th  S.E.M. a n d  T.E.M.

Film  specim ens m icrographed a t  C.B.D.E.1 were c a s t on to  aceta te  sh ee ts  (or placed 
on aceta te  sheets) for ease of handling. The acetate  sheets  were, in  th e  case  of the  c ro ss 

^ h e  a u th o r  is indebted  to Ju d i Parkes a t C.B.D.E. for m uch  of th is  work, w hich was 
perform ed u s in g  a  H itachi field em ission S.E.M.
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sections, scored w ith  a  cu tte r  un d er liquid n itrogen an d  th e n  frac tu red  (i.e., all S.E.M. 
cross-sections were fractu red  under nitrogen). The specim ens were th e n  coated w ith a  th in  
layer of gold to m ake th em  conductive.

S.E.M. work w as also performed a t  th e  Institu te  of Polymer Technology an d  
M aterials Engineering1; an d  T.E.M. a t  the  C entre for Cell a n d  T issue R esearch2 usin g  a  
freeze fractu re  techn ique (normally on the  surfactan t-free  latex  films) a s  described  below.

7.7.4.1 Freeze-fracture transmission electron microscopy (F.F.T.E.M.).
This work involved the  use  of a  tensile  sn a p  m ethod, ra th e r  th a n  th e  m ore u su a l 

m icrotom e knife, to  p repare  the  polymer sam ple for exam ination  u n d e r th e  T.E.M. The 
d ilu ted  polymer d ispersion  or a  th in  s trip  of film (1 m m  x 3 mm) was inserted , together w ith  
a  drop of inert m ineral oil, in to  a  pa ir of hollow b rass  tubes th a t  were held  end-to-end  by 
a  p a ir  of specially designed  forceps s u c h  th a t the  film bridged th e  ju n c tio n  of th e  tubes. The 
tu b es , held  u n d er liquid N2 (which freezes the  oil su c h  th a t  it  a c ts  to  hold th e  film in  place) 
a n d  in  a  spring-loaded specim en cup, were th e n  inserted  in to  sub-cooled N2 held a t  its 
trip le  po in t (63 K). Freeze-fracture w as th en  perform ed u sin g  a n  au tom atic  freeze-fracture 
u n it3, program m ed to  fracture  th e  specim ens a t  a  tem pera tu re  o f 133 K w hilst u n d er a  
vacuum  of 5x lO '7Torr. Imm ediately after fracture, th e  specim en  was shadow ed w ith 
p la tin u m  -  evaporated from a  carbon crucible a t  a n  angle of 45°. The replicas th u s  formed 
were th e n  stab ilised  by coating, from above, w ith carbon. Upon rem oval from the  
a p p a ra tu s , the  required  p la tin u m /ca rb o n  replica, overlaying th e  original frozen sam ple, was 
rem oved by soaking  in  trichloroethylene, w hich also  dissolved th e  m ineral oil. After a  
fu rth e r th ree  w ashes in  th e  trichloroethylene, the  sam ples were m ounted  on  (400 m esh) 
T.E.M. grids for observation in  a  JEOL 1200 Ex T.E.M. This techn ique w as advantageous 
over conventional m icrotom e/T.E.M . in  th a t  th e  fracture and  rep lication  were performed 
a t  liquid N2 tem pera tu re4 th u s  preventing therm al distortion of th e  polymer. Similarly, the  
p la tin u m /ca rb o n  replica allowed th e  use  of h igh  electron beam  cu rren ts  (i.e., h igh 
m agnifications) th a t  can  d isto rt sam ples of polymer.

7.7.5 Determination of water uptake by films.
W ater up tak e  by the  free-films was determ ined gravim etrically . D ried films of 

know n weight were soaked in  e ither orthophosphate  buffer (pH 6), or water, for 
approxim ately 72 h rs , o r un til fully swollen, w hilst s itu a ted  in  a  (shaking) co n stan t 
tem pera tu re  b a th  a t  303 K. On removal from th e  water, th e  films were blotted  d iy  w ith filter 
paper to  remove any  excess surface water, an d  th e n  re-weighed. For th e  additive p resen t 
films, corrections were often required arising  from leaching of th e  additive. These 
corrections were m ade by diying th e  film and  weighing to  determ ine th e  weight loss of solid

in s t i tu te  of Polymer Technology and  M aterials Engineering, U niversity o f Technology, 
Loughborough, UK.

2Dr. Ashley W ilson a t  the  C entre for Cell an d  Tissue R esearch  (CCTR), University of 
York, Heslington, York, UK.

3Cryoetch CF-4000, Oxford Instrum ents.
4Sam ples are often fractu red  following cooling in  liquid nitrogen, b u t  are  rem oved for the

fractu re  to  take  place. However, all T.E.M. work in  th is  s tu d y  was perform ed using  th is
m ore specialised  tensile  sn a p  technique.
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from  th e  film during  the  course of the  experim ent. This value th e n  being  accoun ted  for in  
th e  calcu la tion  of th e  w ater up take.

7.7.6 Determination of permeant-solute uptake/partition coefficients.
The up take  of the  solutes, u sed  as perm eants (e.g., 4 -n itrophenol, an ilines, etc.), by 

films w as determ ined by allowing a  known weight of film to  reach  equilibrium  in  a  known 
concen tra tion  (and volume) of perm eant: the concentration  of th e  pe rm ean t be ing  m onitored 
spectrophotom etrica lly  to  determ ine both  w hether equilibrium  h ad  been  reach ed  a n d  also 
th e  equilibrium  concentration  of th e  perm eant. Sam ples were sto red  in  a  sh a k in g  co n stan t 
tem pera tu re  bath , norm ally a t  303(±2) K, and  in  the  dark  u n til equilibrium  w as reached. 
The volum e of so lu te  so lu tion  u sed  was su c h  th a t  the  effect of w ater u p take , by  th e  film, 
on th e  concen tra tion  of the  solute was negligible. The typical w eight loss found  in  a  film, 
on soaking, (due to  loss of endogenous additive, etc. -  see resu lts  C hapters) w as accounted  
for in  th e  calcu lations.

Partition  coefficients were determ ined in  a  sim ilar m an n e r by u s in g  a  range of 
perm ean t concen trations. Com parison of the  m easured  u p tak e  of pe rm ean t (in u n its  of 
g (g. polym er)'1) w ith th e  equilibrium  concentration (in u n its  of g  (g.water)'1) allowed the  
de term ination  of the  (dim ensionless) quantity  of perm eant partitioned  in to  th e  film.

7.8 Determination of water vapour permeability coefficients.
W ater vapour perm eability was m easured by fixing a  film of know n th ic k n e ss  to  the  

top o f a  sam ple bottle (28 ml capacity) contain ing a  s a tu ra te d  so lu tion  o f am m onium  
su lp h a te  (5 ml). The film was sealed  in to  position by m eans o f a  glue p repared  by dissolving 
a  sam ple  of the  film in  organic solvent (usually butan-2-one). Film s were norm ally  oriented 
su c h  th a t  th e  su b s tra te  side of th e  film was facing th e  w ater vapour. The p repared  sam ple 
(bottle) w as th e n  m ounted  in  a  desiccator, contain ing silica gel, w hich was positioned  in  a  
darkened  incubato r a t  a  tem pera tu re  of 298 K.

At 298  K, saturated am m onium  sulphate so lu tion 1 produces a  c o n s ta n t relative 
hum id ity  (i.e., th e  percentage hum idity, a t 298 K, w ithin a  closed space  w hen  a n  excess of 
th e  su b s ta n c e  is in  contact w ith a  sa tu ra ted  aqueous solution of th e  solid p h ase) of 81%, 
w hich varies very little w ith tem peratu re  (e.g., ±0.1% over a  tem p era tu re  range o f ±5 K 15311). 
W ith th e  sam ple bottle placed in  th e  desiccator, there  was a n  effective relative hum idity  
difference of 81% betw een the  film faces -  w hich corresponds to  a  w ater vapour p ressu re  
difference of 1.92 cm  Hg.

7.8.1 Calculation of water vapour permeability coefficients.
The w ater vapour flux, d W /d t  (g.hr*1), th rough  a  film w as m easu red  gravim etrically: 

th e  sam ple being removed from th e  desiccator periodically to  a sce rta in  its w eight loss as 
a  function  of tim e, from which th e  flux was determ ined by m eans of a  le a s t squares 
regression  analysis. The w ater vapour perm eability coefficient, Pw (g h r '1 cm '1 cm .H g'1), 
could th e n  be calcu lated  from th e  following equation (as derived in  A ppendix A):

1Am m onium  S u lpha te  supplied  by Fisons PLC, FSA Lab. Supplies, Loughborough, UK.
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P mw (  M
d t ÂAP ' (7 p

d W  ( I \ 
d t  \A x  1.92/

where:
I = film th ickness  (cm);
A  = exposed film a re a  (cm2) (A = Jtr2 where r = rad ius of exposed area); 
1.92 = w ater vapour p ressu re  difference, across th e  film (cm.Hg).

A num ber of control sam ples were also ru n  for com parison w ith th e  experim ental 
sam ples. These consisted  of a n  open  sam ple bottle, con ta in ing  only th e  sa tu ra te d  
am m onium  su lphate , a n d  a  second bottle sealed with a  film of a lum in ium  foil. The form er 
of th ese  gave a n  ind ication  of th e  fa te  o f weight loss from th e  sam ple bottle by evaporation 
alone, w hilst the  la tte r provided a n  indication of the  effectiveness of th e  polym er-glue sea l 
by virtue of the  fact th a t  silver foil shou ld  afford a n  im perm eable barrier to  th e  perm eant.

7.9 Determination of gas permeability coefficients.
The gas perm eability  coefficients of various films were m easu red  u s in g  a  m odified 

B ritish  S tan d ard  a p p a ra tu s  an d  m ethod (B .S .278216SI). The m ethod u tilises a  D aven test1, 
non-overflowing D avenport A pparatus (see Figure 7.3) into w hich the  film  u n d er te s t  is 
p laced sep ara tin g  two cham bers of a  p ressu re  vessel. The upper cham ber con ta in s  th e  te s t  
gas a t a tm ospheric  p ressu re , w hilst the  lower cham ber, of know n in itia l volume, is 
evacuated  su c h  th a t  there  is a  p ressu re  difference across th e  film of the  o rder of 
ca  76 cm.Hg. The ra te  of gas flow th ro u g h  the film is th e n  m easured  as a  function  of tim e: 
th e  p ressu re  increase in  the  lower cham ber, due to th e  perm eating  gas, be ing  m onitored 
by m eans of the  m ercury  m anom eter.

The ap p ara tu s  w as modified (com pared to the  B.S. model) by m eans o f a  new  in se rt 
fitted in to  the  lower cham ber (see Figure 7.3) to reduce the gas flux th ro u g h  th e  film an d  
therefore allow th e  m easu rem en t of greater fluxes th a n  would otherw ise be possible. (A h igh  
flux cau ses  the  m ercury  in  the  m anom eter to  move too quickly to  be m easured .) G ases u sed  
were COa an d  N2 (“w hite spot," oxygen-free grade), both  supplied  by BOC Ltd2.

7.9.1 Calculation of the gas permeability coefficients.
The flux of a  gas th rough  a  film in the  D aventest ap p a ra tu s  is given by:

F t o = ^ -  = V° + 2 a h ^ -  (7.6)
d t H - h  d t

as derived in  Appendix A. The gas perm eability coefficient Pg is th e n  ca lcu la ted  from:

(Flux x I) T  
9 ~ (A(H  - h ) )  T ' [ ]

d a v e n te s t  Ltd., Welwyn G arden  City, Hertfordshire, UK.
2BOC Ltd., Brentford, M iddlesex, UK.
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where:
Flux
I
A
H - h
t / t '

= as  equation  (7.6) (cm3 s '1);
= film th ick n ess  (cm);
= exposed film area  (cm2);
= driving p ressu re  (cm.Hg);
= correction for tem pera tu re  (dim ensionless ratio: 

273 (K )/am bient (K)).

Thus, su b s titu tin g  for flux in  equation  (7.7) gives:

'(v„ +2A h ) d h '
H - h
( A ( H - h ) )

X I (7.8)

The u n its  of gas perm eability are  therefore: cm 3.cm .s'1.cm '2.cm  H g'1.

GAS . 
INLET

UPPER CHAMBER

SAMPLE

(f or
/  MERCURY
( V   , RESERVOIR

LOWER
CHAMBER

MANOMETER

Figure 7.3 D aventest gas perm eability appara tu s .
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7.10 Determination of solute permeability coefficients.
The so lu te  perm eabilities of free-films were determ ined  sp ectrophotom etrica lly  

u s in g  a  specially  designed two cham bered  so lu te  perm eability c e ll in  w hich  th e  film u n d e r 
te s t  acted  as th e  dividing m em brane betw een th e  two cham bers. Film s were orien ted  w ith  
th e  po lym er-substra te  side facing th e  donor perm eant (as in  all perm eability  experim ents, 
u n less  s ta ted  otherwise). The film w as held in  position by ground glass flanges an d  fastened  
by  m eans of screw -adjustab le  clam ps. At th e  s ta r t  of a  solute perm eation  experim ent, the  
p e rm ean t so lu tion  would be p u t in to  one side of the  cell, henceforth  term ed  th e  perm ean t 
or donor com partm ent, w hilst th e  second cham ber, hereafter term ed  th e  receiver  
com partm ent, was norm ally filled w ith o rthophosphate  buffer so lu tion  (pH 6). E ach  
cham ber of th e  cell was filled sim ultaneously  w ith 65 ml of solution, a n d  was s tirred  a t 
100 r.p.m . u s in g  glass propeller-type stirre rs  driven by a  com m on m otor a n d  pulley system . 
Up to  five cells could be ru n  a t  an y  one tim e, positioned in  c o n s ta n t tem p era tu re  b a th s  
(303 K) for th e  du ra tion  of th e  experim ent. The appara tu s is schem atised  in  Figure 7.4.

The abso rbance  and , hence, concentration  of perm eant p assin g  th ro u g h  th e  film 
was m onitored u s in g a P h ilip s1PU8730 U.V. /  visible scann ing  spectrophotom eter configured 
w ith  a  PU8737 autom atic  cell changer (cell programmer); six  (80 ,wl capacity  / 1 cm  
path leng th) flowcells; a  PU8702 com puter interface; an d  controlled by PU 8714 u ser 
program m ing software (version 1.0) on  a n  I.B.M. com patible persona l com puter2. The 
receiver so lu tion  was continuously  pum ped through  all P.T.F.E. tu b in g  (bore 0.6 mm)

UV/Vis
Spectrophotometer

Permeability Cell 
Film — \ r

Peristaltic Pump
Stirrer

Donor
Cell

Receiver
Cell

1 40-
ISO-100

Figure 7.4 Schem atic of ap p ara tu s  for the  determ ination  of a  solute perm eability  coefficient.

P h ilip s  Scientific, Philips Analytical, Cambridge, UK.
2Epson AX3: 80386 + 80387 coprocessor, fitted w ith 4Mb ram , 40M b h a rd  disk, and  

ru n n in g  u n d er MS-DOS version 5.

Modification of the permeability of polymer latex films. p-7:20-



Experimental, Chapter 7: Procedures & Analysis of Results.

(except for th a t  tu b in g  in  con tac t with the  pum p rollers, w hich w as PVC collard tu b in g  -  
supp lied  by A nachem 1} to  th e  spectrophotom eter by m eans of a n  8-channel perista ltic  
pum p  supplied  by Gilson2. (This pum p having been  chosen  for th e  h igh  n u m b er of rollers 
in  co n tac t w ith the  pum p tub ing  a t  any one tim e su c h  th a t the  pu lsed  perista ltic  ac tion  was 
m inim ised). Pum p speed  was norm ally 25 r.p.m . giving a  flow ra te  o f ca 300 m l h r '1, and  
th e  u se  offlowcells3 perm itted  continuous pum ping  w hilst absorbance  readings were taken .

B oth perm eability cell cham bers were filled sim ultaneously, to  avoid u n d u e  s tre ss  
to  th e  films. A bsorbance readings were th e n  taken  a t  15 m in in tervals (time zero being  se t 
as  from th e  first reading, w hich was tak en  as soon as all of th e  perm eability  cells were 
filled). E ach  m easurem ent was referenced (zeroed) aga inst o rthophosphate  buffer so lu tion , 
in  a n  identical, b u t unpum ped , flowcell.

D ata  from th e  spectrophotom eter was downloaded (see parag rap h  7.10.1) a n d  sto red  
in  a n  ASCII4 form at file on th e  com puter for analysis by sp read sh ee t5. The d a ta  obtained  
allowed the  flux of perm ean t to  be determ ined: a  typical experim ental lasting  2 4  h rs .

7.10.1 Philips User Programming Software.
The spectrophotom eter was norm ally controlled using  its own in -bu ilt software: 

com puter control u tilising  th e  Philips U ser Program m ing software norm ally only being  u sed  
to  control the  downloading of da ta , via a  nu ll m odem  cable, from th e  spectrophotom eter’s 
m em ory to  the  com puter’s h a rd  disk. The spectrophotom eter’s volatile m em ory w as highly 
sensitive  to  m ains electrical spikes, and  d a ta  was frequently lost w hen th is  occurred du ring  
th e  ru n n in g  of a n  experim ent. O n com pletion of the  d a ta  gathering, th e  con ten ts  of th e  
volatile m em ory could be saved to  battery  backed-up memory, w here it was safe u n til 
dow nloaded to the  com puter. Usage of the  U ser Program m ing software, to both  download 
d a ta  a n d  control th e  spectrophotom eter is described in  Appendix B.

7.10.2 Solute permeants.
4-nitrophenol6, H was recrystallised  from toluene, a n d  th e n  

dissolved in  orthophosphate  buffer (pH 6) a t  0.2 g dm '3. (4-nitrophenol 
d issociates a t low pH, and  undergoes a  colour change from a  green {in its 
und issociated  form} to  a  clear solution. The buffer is therefore u tilised  to  
m ain ta in  a  co n stan t pH, an d  therefore colour, w hen the  so lu tion  was 
being m onitored spectrophotom etrically. At pH 6, 4-nitrophenol exists a t  
approxim ately 99% in  its und issociated  form.) M onitoring was perform ed 
a t a  w avelength of 320 nm: the  concentration  of th e  4-nitrophenol th e n  
being  calcu lated  as  p a rt of the  sp readsheet analysis w ith a  coefficient p re 
determ ined  from a  B eer-Lam bert type plot.

1A nachem , Luton, Bedfordshire, UK.
2G ilson Medical Electronics, supplied  by Anachem.
3Hellm a Flow-Through Com pact Cell, Hellma England Ltd. Supplied  by Philips.
4A m erican S tan d ard  Code for Inform ation Interchange.
5Microsoft® Excel version 4 .0a, runn ing  under Microsoft® W indows”* version 3.1.
6F isons PLC, FSA Lab Supplies, Loughborough, UK.

OH

Figure 7.5 
4-n itrophenol.
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T h e  o t h e r  
p e rm ean ts  u sed  were a  
range of anilines*1 of 
increasing  length  of side 
c h a in , i.e ., a n i l in e 1 
(m easured  a t  a  wave
length, X, of 280.1 nm), 
m ethy l a n ilin e 1 (X =
28 .3  nm), ethyl an iline1 
(X = 2 8 4 .3  nm ) an d

propyl a n ilin e2 (A, =

284 .3  nm ), (Figure 7.6).
The absorbance  wave
leng ths a t  w hich the  
concen tra tions of these  
perm ean ts  were m easured  were no t those o f the  m axim um  absorbance, due  to  th e  an ilines 
exhib iting  very high absorbances a t  the ir peak  w avelengths -  even a t  low concen trations.

All anilines, w ith  th e  exception of th e  propyl aniline, were u sed  a t  a  concen tra tion  
of 8 mM, (i.e., 0 .7450 g dm '3, 0.8573 g dm '3, and  0 .9694 g dm '3 for aniline, m ethyl aniline 
a n d  ethyl aniline, respectively) m ade u p  in  o rthophosphate  buffer, pH  6. Propyl aniline, 
w hich is less w ater soluble th a n  the  o ther an ilines used, was prepared  to  a  concen tra tion  
of 2 mM (0.2704 g dm '3) w ith  buffer. The buffer so lu tion  was also u sed  as th e  reference 
(blank) w hen m easuring  th e  absorbances of all of th e  anilines.

The an ilines were found to abso rb  onto th e  PVC tub ing  p assin g  th ro u g h  the  
perista ltic  pum p, leading to  a  loss of perm ean t (not a  problem  for th e  4-nitrophenol). 
Therefore, for these  experim ents, th e  perm ean t flux was m onitored by m anually  sam pling  
th e  receiver solution, a t  30 m inu te  intervals, in to  1 cm  path length , m atched  quartz  (U.V.) 
cells, in  th e  spectrophotom eter.

ox ex.
ANILINE n-METHYL ANILINE

r y < H f y
\ = /  c h 2c h 3 w  c h 2c h 2c h 3

n-ETHYL ANILINE n-PROPYL ANILINE

Figure 7.6 P erm eant anilines: show ing th e  leng then ing  alkyl 
group.

7.10.3 Calculation of the solute permeability coefficients.
A bsorbance d a ta  downloaded from  th e  spectrophotom eter was converted to  

concen tra tion  d a ta  (i.e., perm ean t concen tration  in  th e  receiver com partm en t of the  
perm eability  cell) by m eans of Beer-Lam bert coefficients (as determ ined from th e  g rad ien t 
of p e rm ean t concentration-absorbance graphs). The so lu te  perm eability coefficient, Ps, was 
th e n  calcu lated  from the  following equation  (as derived in  A ppendix A):

2 .3 0 3 I V ,  
~ 2A C 0 - 2 C t

(7.9)

*Fisons PLC, FSA Lab Supplies, Loughborough, UK.
2Pfaltz & B auer Ltd. Supplied by Phase Separations Ltd., Deeside, Clwyd, W ales.
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where:
I = film th ickness (m);
V = volume of receiver solution (m3);
A  = a rea  of film exposed to  perm eant so lu tion  (m2);
C0 = donor perm ean t concentration  (g dm '3);
C£ = perm eant concentration  (g dm '3) in  th e  receiver cell a t  tim e, t. (hrs)

A lea s t-sq u a res  regression analysis was carried  out on  th e  earliest linear region o f th e  plot

of
2 .3 0 3  I V  

2  A log, C 0 - 2 C , versus t (i.e., after the  cessa tion  of th e  lag  period resu lting  from

th e  app roach  to  perm eant equilibrium  w ithin the  film) to  determ ine th e  g rad ien t and , 
hence, th e  perm eability coefficient.

7.10.4 Electrolyte permeation.
Electrolyte (KC1{0.2 M» perm eation was determ ined using  a  conductiv ity  m eter1 w ith 

th e  probe s ta tioned  in  the  receiver cham ber of the  perm eability  cell, an d  c h a rt recorder2.

7.11 Use of radiolabelled com pounds.
The two cham bered perm eability cell was norm ally filled w ith  d istilled  w ater, to 

w hich  th e  labelled perm eant was th en  added  in  the  donor side. B oth  th e  donor a n d  receiver 
cham bers  were sam pled, an d  m easured . This allowed th e  to ta l am o u n t o f th e  pe rm ean t to 
be tracked , a n d  allowed the  up tak e  by th e  film to be m onitored. In  a  n u m b er of cases, the  
w ater in  th e  su rround ing  w ater b a th  was also  m onitored, providing a n  ind ication  o f w hether 
th e  perm eability  cell was prone to  lateral leakage around  th e  glass-film  in terfacial flanges.

7.11.1 Compounds under investigation.
All labelled com pounds used  were supplied  by A m ersham  In ternationa l Ltd3.

7.11.1.1 Tritiated water, THO.
Tritiated w ater has only one of th e  w ater’s  }H atom s replaced by a  tritium , fT, 

isotope of hydrogen  (hence, THO). The tritium  undergoes b e ta  decay giving a  stab le  
d au g h te r |H e  nuclide. The be ta  decay h as  a  m axim um  energy of 0 .0186 MeV, w ith a  m ean  
value o f0 .0057  MeV. As w ith all of the  following elem ents th a t  undergo  be ta  decay, analysis 
w as done by liquid scin tillation  counting  using  a  C anberra  Packard  m odel 2250CA Tri-Carb 
liquid sc in tilla tion  counter. Tritium  has  a  h a lf  life, T%, of 12.43 years , an d  i t  w as therefore 
u n n e c essa ry  to  accoun t for th is  over the  relatively sh o rt d u ra tion  of th ese  experim ents.

The THO, a lthough not a  perm ean t in  the  u su a l sense, c a n  be considered  a s  su c h  
if  it is th o u g h t of a s  a  concentration  of labelled w ater in  ‘norm al’ (i.e. , unlabelled) w ater. The 
‘flux’ of labelled w ater th rough  Eudragit® NE  was investigated w hen travelling both  in  the  
sam e  direction, an d  against a  flux of a  more typical so lu te  perm ean t (4-nitrophenol).

C o rn in g  220: supplied  by R.W. Jenning , Science House, N ottingham , UK.
2Fam ell.
3A m ersham  In ternational PLC., A m ersham  Laboratories, A m ersham , 

B uck ingham shire , UK. A m ersham  also supply  safety a n d  (local) legislative guides.
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40 /iC i1 (10.8 /d) of THO was added to  the  donor s ide of th e  perm eability  cell u s in g  
a  m icrolitre pipette. (All volum es and , hence, concentrations, u sed  in  an y  calcu lations were 
based  on th e  d a ta  from sheets provided w ith each  labelled com pound, giving inform ation 
of specific activity, a n d  concentration, etc.) 250 /il sam ples were ta k e n  a t  know n in tervals, 
from  bo th  cham bers of the  cell, an d  added to  C anberra P ackard  U ltim a Gold Scintillation 
Cocktail (10 ml) for counting. C ounting of individual sam ples w as for a  period of 10 m ins. 
The recorded coun ts  per m inute (c.p.m.) were corrected for coun ting  efficiency (to give a n  
activity in  d isin tegra tions per m inute {d.p.m.}) using  calib ration  d a ta  from a  se t of 
A m ersham Searle  fT quenched  s tan d a rd s  (see paragraphs 7.11.3.1 —> 7.11.3.1.2). Note th a t  
( 8x l 0'3% of e ither cham ber was removed by th e  sam pling du ring  th e  experim ent.

D espite th e  chang ing  4-nitrophenol concentration (as it perm eated) in  som e o f these  
experim ents, th e  tSIE (transform ed Spectral Index of E xternal S tan d ard : a  m easu re  of the  
efficiency of th e  q u ench  correction) figure rem ained constan t, th ro u g h o u t the  course  o f each  
experim ent ind icating  th a t  quenching  due to  the  4 -n itrophenol was no t a  problem .

C oncentrations for th e  different readings were determ ined  by tak ing  th e  recorded 
activity (d.p.m.) a t  any  tim e, t, an d  determ ining the  concen tra tion  a s  a  proportion of the  
know n initial activity. This was th e  sim plest m ethod, since no t a ll m olecules p re se n t were 
labelled in  som e of the  following com pounds. The overall concen tra tion  was, however, 
provided, an d  th e  volume, an d  activity added to  the  cell were know n quan tities.

7.11.1.2 14C labelled sucrose.
C arbon-14 is a  be ta  em itter, w ith a  m axim um  energy of 0 .156  MeV, a n d  a  m ean  

energy of 0 .045 MeV. The half-life is 5730 years, w hich is insignificant over th e  d u ra tio n  
of th e  experim ent. The stab le  daugh ter nuclide is n itrogen-14.

The labelled sucrose is p repared by extraction from C anna  leaves th a t  have been 
allowed to  pho tosynthesize  in  th e  presence of 14C-labelled C 0 2 for ca  16 h rs. Not all sucrose 
m olecules are  labelled (and no t eveiy carbon on each  labelled sucrose  m olecule is 14C), and  
a  proportion of th e  sam ple is carrier. To the  donor so lu tion  was added  5 juCi (25 fil) of the  
labelled sucrose. The donor so lu tion  itself was a  solution of un labelled  sucrose, m ade to  the  
sam e concen tra tion  as  th e  labelled sucrose. Sam ples o f250 jul were rem oved for counting.

7.11.1.3 ^Cl labelled sodium chloride.
Chlorine-36 has  of 3 .0 1 x l0 5 years (again insignificant w hen  com pared to  the

experim ent duration), an d  undergoes 8-decay to give a  s tab le  d au g h te r nuclide of argon-36. 
The m ean  b e ta  energy is 0.25 MeV, and  the  m axim um  energy is 0 .709  MeV. The Cl" was 
added  a t the  concen tra tion  provided. 5 juCi (58 /d) was added  to  th e  donor cham ber of the  
cell. Efficiency of coun ting  was determ ined by com paring th e  coun t of a  sam ple of known 
activity, a n d  w as accepted  as 95%. Sam ples of 250 /il were rem oved an d  m easu red  as in  
th e  m an n e r of th e  THO.

*1 juCi = 3 .7 x l0 4 d isin tegrations per second = 2 .2 2 x l0 6 d isin tegra tions per m inute. 
(1 Bq = 1 d.p.s.)
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7.11.1.4 ^Na labelled sodium chloride.
Unlike th e  previous isotopes, “ Na is a  gam m a em itter a n d  w as analysed  u sing  a  

solid sc in tilla tion  m ethod (C anberra Packard  500 Auto G am m a C ounter, w ith a  3" crystal). 
The efficiency of coun ting  was estim ated  (from the  m easured  n u m b er of coun ts p e r m inu te  
com pared to  th e  expected num ber of d isin tegrations per m inute) as  being approxim ately 
54% (this w as only a n  estim ation  from a  sam ple count, ignoring detecto r geometry, etc.).

As w ith  th e  labelled Cl“, 5 /<Ci (40 /il) was added  to  th e  donor cham ber of the  
perm eability  cell. However, th e  labelled Na+ ion concen tration  was negligible in  com parison  
w ith  th a t  o f th e  labelled Cl"ion (i.e., ca  10'6 M for the  Na+, cf. 10‘4 M for the  Cl~). To allow 
a  com parison  of th e  fluxes, th e  Na+ concentration was therefore m ade u p  to  th a t  of the  Cl“ 
w ith  unlabelled  NaCl carrier.

7.11.2 Isotope uptake during permeation experiments.
The up tak e  of the  isotopes by th e  various films w as m onitored by investigating th e  

overall loss in  activity from th e  perm eability cell (whilst m onitoring th e  cell’s su rround ings 
so  th a t  th e  loss w as no t a ttribu tab le  to  leakage). Obviously the  to ta l nu m b er of m easurab le  
d isin tegra tions sh o u ld  rem ain  constan t, w ithin the  lim its of experim ental un certa in ty  (i.e., 
allowing for th e  random ness of the  decay process): the  half-lives of th e  isotopes lead ing  to 
negligible decay du ring  the  course of a  perm eation experim ent, a n d  th e  m agnitude of th e  
background rad ia tion  being negligible in  com parison to  th a t  being  m easured .

7.11.3 Liquid scintillation counting.
Liquid scin tilla tion  counting  is u sed  to  m easure th e  decay of be ta  em itting  nuclides. 

The sam ple is dissolved in  a  scin tilla tor and  energy from th e  em itted  8-particles is 
converted, by m eans of a  fluor, to  light photons th a t  are  accura te ly  counted  by m eans of 
a  photom ultip lier tube  in  th e  liquid scin tillation  counter.

7.11.3.1 Quenching.
Energy tran sfe r from th e  8-decay process is no t 100% efficient due  to energy lost 

as v ib ra tiona l/ro ta tiona l energy. F u rther losses, more im portan t in  th e  detection  process, 
occur due to  inefficiency of th e  energy tran sfer in  the  fluorescence process. These losses are 
term ed  quenching, an d  are  due to  three m ain  reasons:

X Chem ical quenching: non-arom atic chem icals, especially halogenated  com pounds,
ketones a n d  aldehydes, all cause  quenching by in terfering w ith  th e  energy tran sfe r 
from th e  rad ia tion  to  the  fluor.

X Colour quenching: light absorbing com pounds reduce th e  num ber o f photons

available to th e  detector. PPO fluoresces in  the  b lue region (300 —*• 400 nm ) of the  
spectrum , therefore red com pounds dem onstrate greater colour quench ing  th a n  do 
green or b lue  com pounds.

X Physical quenching: occurs w hen (i) photons are  absorbed  a t  a  surface, or (ii) the
radioactive particles are  not in  in tim ate  contact w ith th e  scin tilla tion  cocktail due 
to  insufficient solubilisation.
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7.11.3.1.1 Photon detection.
Photon  detection  occurs by m eans of photom ultiplier tu b es  (PMTs). For each  1 keV 

of decay energy, betw een 5 —» 7 photons are generated, each  of w hich  only h as  a n  
approxim ate 33% chance  of producing a n  electron pu lse  in  th e  detec tion  system , due to 
quench ing  effects reducing  the  photon em ission below th e  detec tion  th resh o ld  of th e  PMT. 
C ounting  efficiency m ay also  be reduced if th e  num ber of decays is s u c h  th a t  th e  PMT does 
n o t have enough  tim e to  recover in  betw een consecutive pho ton  s tr ik es  (PMT dead  time).

The resu lt of th e  detection process is calibrated in  th e  n u m b er of ‘cou n ts per 
m in u te .’ Due to quenching, th is num ber will norm ally be less th a n  th e  a c tu a l num ber of 
disin tegrations per m inute. The ratio  o f the  num ber o f coun ts  p e r  m in u te  to  th e  num ber 
o f d isin tegrations per m inu te  in  the  solution is the  effic ien cy  of coun ting .

7.11.3.1.2 Quench correction.
The effect of quench ing  is to  cause  a  sh ift of th e  be ta  sp ectru m , due  to  th e  reduced  

pho ton  yield. This effectively m akes the  spectrum  appear as  if  th e  isotope is em itting  energy 
a t  a  reduced  level a n d  is worse for isotopes w ith low be ta  energies. Q uench ing  effects can  
be corrected by a  n um ber of m ethods. In  th e  case of th is  project, sam ples con tained  a  
know n in itia l activity (determ ined from th e  specific activity of th e  su p p lied  sam ple an d  th e  
volum e used). In a  num ber of cases, the  efficiency of counting  w as sim ply estim ated  from 
a  com parison  of th e  observed count to  th e  expected nu m b er of d isin teg ra tions. (It was in  
general only necessary  to  know th e  relative num ber of observed co u n ts  p e r  m inu te  over the  
course  of a  perm eation  experim ent: a  knowledge of the  tru e  n u m b er o f d isin teg ra tions per 
m inu te, however, would be more correct.)

For th e  tritium  counting  in  th is project, the  resu lts  of a  s e t  o f tritiu m  quenched  
s ta n d a rd s  (A m ersham /Searle) were available and, hence, were used . S u c h  s ta n d a rd s  are  
calib rated  for activity by com parison w ith th e  National B u reau  of S ta n d a rd s  (U.S.A.) tritium  
so lu tion  s tandard : S tan d ard  Reference M aterial (SRM) N°. 4947, tritia te d  to luene in  toluene. 
The m ethod of calibration was liquid scin tillation  channels ra tio  q u en ch  correction using  
secondary  s tan d a rd s  proposed from SRM 4947.

The channels  ratio  m ethod uses th e  ratio  of coun ts from different channels  (energy 
ranges) of th e  detector to  calibrate for loss of efficiency from  a  g rap h  o f coun ting  efficiency 
as  a  function  of channels  ratio. Because of the  sh ift in  th e  sp e c tru m  w ith increased  
quench ing  (the coun t ra te  decreases w ith increasing  quenching) th e  coun ting  efficiency will 
vary as a  function  of the  channels  ratio, an d  th e  se t of know n-quenched  s ta n d a rd s  provides 
for the  calibration  graph. S uch  a  calibration is recorded w ith in  th e  in s tru m e n t (the tSIE), 
w hich u ses  th e  Q uench Indicating Param eter (QIP) of th e  tSIE to  com pensa te  for quenching, 
a n d  therefore gives a n  o u tp u t of the  absolute activity of the  sam ple.
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Results and Discussion, Chapter 8: 
Morphology and Permeability 

of Eudragit® Films.

8.1 Introduction.
R 3 |n  th is  Chapter, th e  film form ation and  morphology of various Eudragit® copolym ers are 
* j |  exam ined together w ith  the ir solute, gas, and  w ater vapour perm eability  coefficients. All 
latices were u sed  as received, b u t d ilu ted  to 5% solids con ten t (from th e  original 30%), and  
p lastic iser w as added w here needed (i.e., all except Eudragit® NE) p rio r to  film form ation.

8.2 Film form ation and m orphology.
8.2.1 Eudragit® NE.

All Eudragit® films were c a s t a t  a  tem perature  of 313 K for 24  h rs , in  a n  oven 
con tain ing  fixed w eights o f desiccant. Figure 8 .1  and  Figure 8 .2  plot th e  conditions w ith in  
th e  laboratory oven d u rin g  casting. It is apparen t th a t the  tem pera tu re  inside  th e  oven was 
not constan t. The saw -too th  waveform of the  tem perature plot is typical o f th e  therm osta tic  
control of a n  oven, a n d  show s the  tem perature to  vary by ± 1 K a ro u n d  th e  m ean  
tem pera tu re . (The oven w as not fan assis ted  and  so, after the  in itia l d is tu rb an ce  d u e  to 
insertion  o f th e  film in to  it, th e  air over the  film -  and  therefore over th e  tem p era tu re  and  
relative hum idity  {R.H.} p robes -  would be still aside from the  convection cu rren ts  caused  
by h e a t rising  from the  h ea tin g  elem ents positioned in  the  base o f th e  oven.) A lthough the  
oven was left perm anen tly  a t  the  casting  tem perature, it is clear th a t  th e  tem pera tu re  
dropped to  j u s t  u nder 303  K w hen th e  door was opened. This drop  in  tem p era tu re  was 
countered  w ith in  a n  h o u r after insertion  of the  film.

The instab ility  of th e  tem peratu re  had  a n  effect on th e  R.H. w hich  varied by ca  ± 6%. 
The R.H. w as m easu red  directly above the latex/film  surface, in th e  evaporative flux, and  
was no t necessarily  represen tative of th e  entire oven interior, w hich con ta ined  silica  gel as 
a  desiccant.

C onstan t weight and , hence, th e  a tta inm en t of a fully dried film , was ach ieved  in  
sligh tly  le ss  th an  11 hrs. This was accom panied by a n  overall rise in  th e  oven tem pera tu re  
of approxim ately 1 K, an d  a  corresponding sh a rp  decrease in  the  R.H. The average rate o f  
w ater lo ss  from  the  w et la tex  was equal to 0.027 g m in '1 (or 3 .8 0 9 x l0 '4 g  m m 1 cm '2), as 
determ ined  by the  change in  the  cum ulative weight loss (over th e  s tead y -sta te  region) as 
a  function  of tim e, an d  w as constan t from betw een 1.5 h rs  an d  8 h rs  (Figure 8.2).

The d a ta  points of th e  cum ulative weight loss curve can  be fitted to a n  equation  of 
a  fifth order polynom ial in  order to calculate in stan taneous film drying ra tes  (see 
V anderhoff15071 et a l.):

W  « -4 .7 5 2 6 9  x 10-13t 5 + 7 .5 2 1 4 2 8  x 10"10t 4 -  4 .702172  x 1 0 '7t 3 + (g 1} 

1.50198 x 10 ’4t 2 + 1.327713 x 1 0 '3t + 4 .010172  x 10"2
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Figure 8.1 Oven conditions during  th e  drying of a  Eudragit® NE  film cast from  5% polymer 
solids content. A = sk in  + iridescence (16.5% vol. fraction); B = fully formed sk in  (50% vol. 
fraction); C = film totally clear.

Vol. Fraction

Skin fcJIy fanned, but stll opaque 
in parts

Volume fraction = 74%

Figure 8.2 Plots of cum ulative weight loss, and percentage volum e fraction o f polym er solids 
du ring  the  casting  of a  Eudragit® NE  film.
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Correlation between th e  calculated d a ta  from such  a  function a n d  th e  experim ental da ta , 
resu lts  in  a  correlation coefficient, r2, of 0.99998. The derivative (d W /d t ) of th e  polynom ial 
function allows the  in stan tan eo u s evaporation rate of the  water, du rin g  the  experim ent, to 
be determ ined. (Such a  derivative actually  shows th a t there  was a  sm all increase in the  rate  
of evaporation, over the  range of the  ‘co n stan t rate’ region of th e  cum ulative weight loss 
curve, from 0.025 —» 0.027 g m in '1.) It can  be ascertained, however, th a t  the  rate  of 
evaporation began to  decrease a t a  tim e of 450 min, corresponding  to  a  m ean  volume 
fraction, (J), of 14% (polymer solids). This indicates th a t there  was a  fall in th e  evaporation 
rate  well before the  latex  particles cam e into intim ate contact. However, d u e  to  the  non- 
uniform  drying of the  film, th is  value of 14% is an  average value for th e  film as  a  whole, b u t 
locally m ay be m uch higher.

At a  tim e of 480 m in, ir idescen ce was visible on a  sm all region of the  latex surface, 
and  it was in th is region of iridescence th a t a  skin  was first observed (<J> = 16.5%). The 
in itial sk in  was also  over a  sm all region of the  surface only (not covering th e  whole film), 
and  it was noted, from observation of sub seq u en t films, th a t the  first sign  of sk in  form ation 
could occur random ly anyw here on the  latex surface.

The sk in  was seen  to sp read  in  the  form of a  front, outw ardly, from th e  site of its 
first presence, w ith concentric bands of iridescence of differing colours (F igure 8.3). S u ch  
iridescence is indicative of crystalline long range order in  the  latex  particle packing, w ith 
a  particle  separation  of the  order of the  wavelength of visible ligh t (400 —» 600  nm): the  
different colours ind icating  th a t  the  bands in  the drying front co n sis t of regions of latex of 
different packing fraction.

The sk in  was fully formed a t 580 m in (<!> = 44%), a lthough  approxim ately one six th  
of th e  film area  was still white a t  th is tim e indicating wet latex or ‘gel’ u n d e rn e a th  the  skin . 
By 600 m in (O = 56%), the  film was tran sp a ren t all over ap a rt from the  m eniscus a t  the  
cylinder wall, which was las t to dry — possibly due to it being unrepresen ta tive ly  th ick  
(surface —> substra te) com pared to  th e  rest of the  film.

The rate of evaporation decreased 
rapidly after 550 m in due to the  
decreased  open wet area, w hilst O 
increased  a t a  sim ilar rate. The increase 
in O  caused  the  particles to  be fixed in  a  
s ta tionary  position, su c h  th a t in these  
regions the  film was ‘gel-like.’

A <I> of 74% (corresponding to the 
close packing of uniform  spheres) 
occurred a t a  tim e of 620 m in. This is 
som e 2 h rs  after the  first signs of 
iridescence, however, it should  again  be

Q  ear

B lu e

O p a q u e

G reen

Figure 8.3 Iridescence a n d  film form ation a t a
time of ca 500 min.
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noted  th a t  th e  volume fraction is a n  average figure for the  la tex /film  as a  whole. This non- 
uniform ity o f  drying occurred despite  the  fact th a t the  films were p laced o n  a  levelled 
platform  w hich gave a  final film th ickness w ith (10%  variation across th e  d iam eter. S u ch  
non-uniform  drying is in  agreem ent w ith the  observations of Jo a n ic o t12571 et al., O k u b o13661 
et al. an d  P ram ojaney14021 et a t ,  an d  appears to  be related to sk in  form ation a n d  th e  relief 
of s tr e s s e s 13911 in  the  film by slippage of the  sk in  over the  wet latex  u n d e rn ea th .

C hevalier1951 e ta l ., w hen observing the  drying of core-shell la tex  particles 
(poly(aciylic acid) shell, poly(butyl aciylate)-poly(styrene) copolym er core a n d  w ith  a  
hydrophilic sh e ll of su rfac tan t) noted a  coalescence front (as seen  in  th is  s tu d y  for 
Eudragit® NE) for a  drying film, w hich spread  from the periphery  inw ards. Only in  th e  case  
of th e  cleaned latex  w as it claim ed th a t  the  film dried uniformly. (Note, however, uniform  
drying w as no t evident in  th e  drying of the  surfactant-free latices, o r the  d ialysed Eudragit® 
NE  a s  u tilised  as  p a rt of th is  s tu d y  {see C hapter 9}.) Eudragit® NE  is reported  to  con ta in  
endogenous su rfac tan t (3 .3% l2041), an d  the  drying front described  by Chevalier is 
p resum ably  sim ilar to  th a t  observed for Eudragit® NE. VanderhofF observed th a t  a s  a  latex  
film underw en t fu rther g radual coalescence, incom patible su rfa c ta n t was exuded to  th e  film 
su rfa c e 15001. No su ch  exudation was observed by S.E.M. in  th is  s tudy , b u t th is  could  be due  
to  e ither the  polymer and  su rfac tan t displaying better com patibility, or due  to  th e  polym er 
film undergoing only very slow, if any, fu rther polymer fusion /film  densification  after 
casting, or m ore simply, due  to  the  low level of su rfac tan t n o t being  visible.

In m any cases, ‘is lan d s’ of iridescence/sk in  were formed on  the  drying la tex  w hich 
eventually  m erged an d  led to  the  form ation of the  ‘fissured’ surface. Eudragit® N E  film s  
were found to  have a textured m att-fin ished  upper surface. This surface tex tu re  norm ally 
consisted  of one or two relatively large vein-like ‘fault’ lines (‘m ud-cracks’) w ith  th e  
rem ainder of the  surface covered w ith a  m uch  finer level of crazing. W hether th e  larger 
m ud-cracked  effect consisted  of fissures or ridges in  th e  film surface w as som etim es 
difficult to  ascertain : the  cracks, if th a t  is w hat were present, were very shallow , an d  too 
narrow  to  allow their th ickness to  be m easured  with the  flatfooted dial gauge. However, 
films th a t  swelled were typically more opaque in  the regions o f th e  m ud-cracks, p erhaps 
indicative of a  less dense  struc tu re , allowing a  greater degree of hydration; sh in in g  o f a  light 
th rough  a  film typically gave shadow  over the  bulk  of the  film area, w hereas th e  m ud- 
cracks allowed a  greater in tensity  of light to be passed ind icating  th e  film w as th in n e r  in  
th e  region of th e  crack. It w as no t apparen t, however, w hether th e  film w as sligh tly  th ick er 
to  one side of the  fissure com pared to the  other: as m ay occur if the  sk in  from one drying 
front were able to  rise over the  sk in  of a  second front a t th e  po in t of the ir confrontation.

C hevalier1951 et al. noted th a t  the  final region of the  film to dry appeared  hazy, an d  
suggested  th a t  th is was due  to  residual su rfactan t, concen tra ted  a t  th is  point. The 
Eudragit® NE  films in  th is  s tu d y  showed no su ch  affect, appearing  of uniform  tran sp aren cy .

The ra te  of film drying was linear (with a  correlation coefficient o f r2 = 0.9997, 
ignoring th e  in itial lag an d  final stages of drying) over m uch  of its range (Figure 8,4). This 
ind icates a  process controlled by the  rate  of evaporation. Plotting th e  cum ulative w eight loss 
as a  function of the  square  root of tim e (t'/a, as  depicts F ickian desorption) y ields a  curve
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w hich is linear (r2 = 0.9993), b u t over a  m uch  sm aller range of th e  drying tim e (ca 260 m in, 
tow ards the  end  of drying, com pared to  ca  400 m in  {i.e., m ost of th e  range} for the  curve 
proportional to  t). It is significant th a t  th is  range occurs tow ards th e  end  of the  drying 
period: indicating a  change in  the  m echan ism  of diying from a n  evaporative process, to  a  
diffusion controlled process. The fact th a t  th e  poin t a t  w hich th e  change (of m echanism ) 
occurs canno t be predicted  m ore precisely is again  a  resu lt of the  non-un ifo rm  diying, s u c h  
th a t  th e  two m echan ism s would operate concurrently , w ith the  exception o f th e  final stages 
of drying (after full sk in  form ation: «  580 min).

The lower surface (substra te  side) of th e  films showed no s ig n  o f  ‘m ud-cracking’,
appearing  sm ooth  and g lossy . This would ind icate th a t the  u p p er su rface  features were 
a  re su lt of sk in  form ation. However, ano ther consideration is th e  fact th a t  th e  polymer is 
in  con tac t w ith the  Pyrex glass su b s tra te . G lass h as  a  higher coefficient of h e a t conduction  
th a n  a ir  w hich will affect the  drying a t  th e  two surfaces. The im plication of th is  arises w hen 
th e  m ajorily of th e  w ater h as  been  removed and  th e  latex is sub jec t to  a  th erm al annealing  
process: the  su b s tra te  side being sub jec t to a  greater degree of therm al tra n sm ittan ce  th a n  
th e  a ir side, as  d iscussed  by P ram ojaney14021 et al.

Freeze-fracture cross-section  T.E.M.s of Eudragit® NE  films c a s t un d er th e  
conditions described above are show n in  Plate 8 .1  and  Plate 8 .2 . The s tru c tu re  observed 
in  th ese  p lates m ay accoun t (due to its in teraction  with light) for th e  m att, grainy, 
appearance  of th e  films, an d  possibly resu lts  from vestiges of the  particles, w hich have been  
greatly deformed. However, th e  s tru c tu re s  show  poor correlation w ith  th e  Eudragit® NE  
particle  size (i.e., are  bigger th a n  expected) an d  m ay simply be a rtifac ts o f the  fracture  
m echanism . It was th o u g h t th a t  th e  points of fracture were being influenced  by th e  
d istribu tion  of endogenous su rfac tan t w hich could c luster an d  provide a re a s  of w eakness 
w ith in  th e  film.

D espite the  v isual differences betw een th e  upper and  lower su rfaces of th e  film, no 
difference could be seen  in  S.E.M .s of the  u pper and  lower surfaces. L e h m an n 13131 noted  
th a t  Eudragit® NE  films (M.F.F.T. of less th a n  283  K) cast a t tem pera tu res  of 10 -»  20  K 
above the ir M.F.F.T. showed no sign  of particu la te  s truc tu re  w ith in  a  few m inutes after 
diying. The z-average m ean  P.C.S. particle d iam eter o f Eudragit® NE  w as 163 .0  nm , an d  
had  a  m onom odal d istribu tion  w ith a  polydispersity value of 0 .022. No particles (or th e  
s tru c tu re  seen  in  th e  F.F.T.E.M.s) were evident in  th e  S.E.M.s.

8.2.2 Eudragit® RL
The form ation of Eudragit® RL films loaded w ith 15% triace tin  per g ram  of RL solids, 

a t  313 K oven tem peratu re , were m onitored an d  changes in  various param eters  are show n 
in  Figure 8 .6  and  Figure 8 .7 . Like th e  Eudragit® NE, a  fifth order polynom ial could be fitted 
to  th e  cum ulative weight loss d a ta  (with a  correlation coefficient r2 = 0.99998):

W = -5 .8 1 1 8 0 1  x 10 -1315 + 9.164145 x 10"lot 4 -  5 .5 1 7 6 8 3  x 1 0 '7t 3 +
(8 .2 )

1.629733 x 10-4t 2 + 9 .3 7 1 6 0 3  x 1 0 '4t + 1.924172 x 10 '2
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Figure 8 .4  Cum ulative weight loss during  the  drying of a  Eudragit® NE film as  bo th  a  
function  of time, an d  the  square  root of time.
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Figure 8.5 Cum ulative weight loss during  the  drying of a  Eudragit® RL film as  bo th  a
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function  of time, an d  the  square  root of time.
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Plate 8 . 1 (957363) Freeze-fracture cross-section T.E.M. of 
Eudragit~ NE film cast for 24 hrs at 313 K 

Plate 8.2 (957364) Freeze-fracture cross-section T.E.M. of 
Eudragt.t~ NE film cast for 24 hrs at 313 K. 
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Figure 8.6 Oven conditions during  th e  d iying of a  Eudragit® RL film c a s t from 5% polym er 
solids conten t. A = first sign of a  skin; B = hexagonal dim ples appeared  over front h a lf  of 
film; C = dim ples nearly vanished.
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Figure 8 .7  Plots of cum ulative w eight loss, and  percentage volume fraction of polym er solids 
du ring  th e  casting  of a  Eudragit® RL film.
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A plot of d W /d t  show s th a t the  ra te  of evaporation increased  slightly, over th e  ‘linear’ 
region, u p  to  a  tim e of 458 m in. This w as a t th e  approxim ate tim e w hen  a  sk in  w as first 
seen , an d  corresponds to  a  value of <E> (calculated a ssu m in g  a  polymer density  of 
1.15 g cm '3) of approxim ately 14%. I sa a c s12511 an d  P ram ojaney14021 et al. bo th  found quite 
large increases in  the  evaporative flux tow ards th e  end  of film form ation (at th e  end  of the  
c o n s ta n t ra te  period) which Isaacs a ttrib u ted  to gelation o f th e  latex  giving a  larger 
evaporative surface area. No su c h  increase was evident for e ither Eudragit® RL or Eudragit® 
NE. The average d iy in g  rate of th e  Eudragit® R L  was 0.026 g m in '1 (or 
3 .6 6 8 x 1 0 '4 g m in'1 cm'2) w hich is veiy slightly less th a n  th e  value for th e  Eudragit® NE. 
This m ay e ither be due to  the  film being more hydrophilic, a n d  th u s  holding onto its  w ater 
(due to  hydrogen bonding), or to  the  h igher R.H. of the  oven. (A plot o f the  n ea r identical 
Eudragit® NE  d a ta  is show n in  Figure 8 .7  for com parison.)

A plot of th e  cum ulative drying ra te  of Eudragit® RL as a  function  of t'A alongside the  
p lot as  a  function  of time, £, shows th a t, like Eudragit® NE. th e  curve is linear as a  function 
of t over a  m uch  greater range (than  th a t  as  a  function of t%) (Figure 8 .5  a n d  Figure 8.4). 
It is clear th a t  th e  bu lk  of th e  diying process is a n  evaporative process ra th e r  th a n  a  
diffusive process.

Eudragit® RL films dried in  a  m uch  m ore uniform  m anner, w ith respect to  film 
surface  area, th a n  the  Eudragit® NE films. The skin, first observed a t  a  tim e of 455 m in, 
covered approxim ately one h a lf  the film after 540 m in an d  th e  whole film 10 m in  later. 
W hereas th e  Eudragit® NE  dried in  th e  form of a n  advancing front, th e  Eudragit® RL was 
seen  to  be still w hite and  opaque u n d e rn ea th  th is  complete sk in , w ith no clear regions to 
th e  film. The sk in  took the  form of a  p a tte rn  of approxim ately hexagonal shaped  ‘dim ples’: 
w hite a n d  opaque a t  the  centre, bu t less opaque towards the  edges of th e  dimple, m aking 
th em  well defined an d  giving the  appearance of a  honeycom b. (These dim ples were possibly 
Rayleigh-Benard convection cells.) At 555 m in  (<£ = 32%), th ese  featu res covered th e  film 
surface, each  being ca 0.5 cm  across. This was m uch  greater th a n  the  Eudragit® RL latex  
P.C.S. z-average particle diam eter o f  177 .3  n m 1. The ra te  of evaporation was also  slightly  
less th a n  for the  Eudragit® NE a t  an  equivalent packing fraction (<E> = 32%).

As drying progressed, the  ‘dim ples’ flattened: a t 565 m in  (<£> = 36%) th e  film 

appeared  m uch  m ore translucen t, being only slightly hazy, a n d  by 605 m in  (<£ = 64%), the  

d im ples were barely visible. The crystalline cubic close packing  fraction (<P = 74%) occurred 
a t  a  tim e of 620 m in, a n d  the  film appeared  com pletely clear a t  a  tim e of 635 m in.

In a  dried  Eudragit® RL film w hich h ad  been rem oved from its su b s tra te , the  
‘d im ples’ (which had  been observed during  casting) were still faintly visible as  shallow  
inden ta tions if th e  film was held su c h  th a t  th e  eye was looking flat across th e  surface (and

xThe P.C.S. z-average particle diam eter of Eudragit® RL differs to  th a t  o f Eudragit® RS 
w hich w as 151.9 nm . This difference, an d  th e  fact th a t  th e  latices show ed broader size 
d istribu tions th a n  Eudragit® NE was p resum ably  due to  the ir pseudo-la tex  n a tu re  a n d  the ir 
m ethod of preparation.
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th e  ligh t was a t  th e  correct angle!). Eudragit® RL films were otherw ise clear (which was 
p resum ab ly  a  good indication  of the  p lasticiser com patibility w ith  th e  polymer) a n d  fau lt 
free, a n d  slightly  tacky  (unlike th e  Eudragit® NE  w hich w as not tacky). D espite th e  u se  of 
a  p lastic iser, th e  films were quite brittle a t  am bien t tem perature , an d  were easily fractu red  
d u rin g  th e  course  of norm al handling. A lthough brittleness is indicative o f a  hard  (relatively 
h igh  Tg) polymer, th e  films showed no sign  of residual particu la te  s tru c tu re  w hen observed 
u n d e r  th e  reso lu tion  of S.E.M., dem onstrating  th a t  the  polymer w as sufficiently p lian t for 
particle  deform ation to  occur a t  the  film casting  tem perature. P la te  8 .3  show s th e  u pper 
(polym er-air) side of th e  film, an d  P la te  8 .4  the  fracture c ross-sec tion  of th e  film.

8.2.2.1 Fate of triacetin in Eudragit® RL
As previously stated , triacetin  was normally added  to  Eudragit® RL a t  a  

concen tra tion  of 15% per gram  of polymer solids. On soaking in  w ater for 12 h rs, th e  film 
lost 97.7%  of th is  addition. Soaking for 48 h rs an d  96 h rs gave figures o f 100%. M onitoring 
of th e  leaching  o f additive from the film spectrophotom etrically ind ica ted  th a t  m ost of the  
triace tin  was actually  leached out w ithin the  first hour of soak ing1. (Note, L eh m an n13131 
claim s th a t  Eudragit® RL contains no em ulsifiers or additives a p a rt from ascorbic acid 
(0.25%) to  a c t as  stabiliser.) Rapid leaching of film additives s u c h  a s  p lastic iser or 
su rfa c ta n t h a s  a lso  been  observed by Okor13551, and  Donbrow an d  F re id m a n t124,12S1. Okor 
found th a t  97% of th e  added triacetin  leached from a  solvent c a s t Eudragit® RL{100) film 
w ith in  30  m in.

S.E.M .s of Eudragit® RL films leached of their plasticiser, an d  th e n  dried for 24  h rs  
a t  313  K show ed no  s ign  of pores resu lting  from the  leaching  process, a lthough  th is  is 
possib ly  due  to  th e  degree of d ispersion of the  plasticiser an d  th e  inability  of the  S.E.M. to  
resolve su c h  detail. P la te  8 .5  an d  P la te  8.6 show  the S.E.M .s of th e  polym er-air side an d  
th e  frac tu re  cross-section, respectively, of Eudragit® RL films w hich have been  leached of 
th e ir  added  triace tin  for 96 h rs  and  th en  dried a t  313 K. The cracks are  presum ed  to  be due 
to  th e  s tre ss  im parted  by drying the  films which would be more brittle  following the  rem oval 
of th e ir  p lastic iser.

T riacetin  itse lf is non-film  forming under the  u su a l casting  conditions in  th e  oven, 
leaving only a  veiy fine residue. W innik15431 et al. com m ents on the  u se  o f p lastic iser in  latex  
p a in ts , a n d  th e  im portance of the  p lasticiser to  aid the  film form ation process, b u t a lso  th a t  
it sh o u ld  be quickly evaporated off (fugitive plasticiser) during  film form ation su ch  th a t  the  
final film is no t left soft. S uch  evaporation presum ably  did no t occur w ith the  triace tin  
(boiling po in t = 5 3 1  K 13171) added £o these  Eudragit® RL films since  th e  final film was 
m alleable (com pared to  the  plasticiser-free film) (and, as s ta ted  above, triace tin  could be 
detec ted  w hen leaching), i.e. , th e  majority of the  triace tin  was re ta ined  by the  polymer.

t r i a c e t in  show ed a  narrow  peak in  the  UV region (peak a t  212 nm ; end ing  a t 
approxim ately 240  nm  with very little tail to h igher wavelength). B ecause  th is  peak  was 
close to  th e  lower lim it of th e  Philips spectrophotom eter (and th e  cutoff due to  a ir 
absorption), no  concentration  m easurem ents were m ade. W hen the  d isso lu tion  p roducts 
of Eudragit® RL were scanned  th is peak was visible, b u t no o thers were. (This allowed 
m easu rem en ts  of th e  anilines (see paragraph  8.6.7) a t w avelengths ) 280  nm .)
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Differential Plot Cumulative Plot
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Figure 8.8 Pore d istribu tion  of a  Eudragit® NE  film, by m ercury  porosim etry.
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Figure 8 .9  Pore d istribu tion  of a  Eudragit® RL film, by m ercury  porosim etry,
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8.3 Mercury porosim etry on Eudragit® films.
An a ttem p t was m ade to  find evidence of a  pore s tru c tu re  in  Eudragits® NE, RL and  

RS  u s in g  th e  technique of m ercury porosim etry1. F igure  8.8 show s th e  re su lta n t d a ta  for 
th e  Eudragit® NE film, plotted  as  bo th  a  cum ulative volume curve, a n d  a lso  as  a  differential 
type curve. The form er of these  two types of curves illustrates a  pore (radius) d istribu tion  
by m eans of a  su d d en  change of gradient, w hilst the  la tte r show s th e  p resence  of pores by 
m eans of a  peak. A sm all peak  was p resen t a t  betw een 5 —> 6 /ura, w ith  m ore peaks a t  h igh 
p ressu re  (radii (0 .05  /im). The peak  a t  5 fim  (at relatively low p ressu re , «  1 .4x10 s N m '2) 
sh o u ld  resu lt from pores w hich were evident in  the  S.E.M. However, none were seen. 
Possible explanations of th is  are  (i) th e  fact th a t  the  in truded  volum e is relatively sm all, 
im plying th a t  th e  pores, if  p resent, are few in  num ber, or (ii), th a t  th e  polym er was 
com pressed  a s  th e  p ressu re  increased. This peak was evident in  a ll sam ples of Eudragit® 
NE  investigated  (see C hapter 10). The peaks a t  the  lower end  of th e  size range centre 
a round  ca  10 n m  and, a s  such , were beyond the  resolution of th e  S.E.M. (20 nm ).

F igu re  8 .9  shows a  differential type plot for m ercury  porosim etry on  Eudragit® RL. 
Very little in  th e  way of any  s tru c tu re  is apparent, aside from a t  th e  h igh  p re ssu re  end  of 
th e  scale. This is to  be expected, from the  visual appearance of th e  Eudragit® RL film: being 
veiy clear an d  tran sp a ren t. A porous film s tru c tu re  tends to  ap p ear w hite an d  opaque due 
to  differences in  refractive index an d  diffraction of light strik ing  a  su rface  w hen  its  s tru c tu re  
is sm aller th a n  the  wavelength of light. The slightly greater cum ulative in tru d ed  volume 
found for the  Eudragit® NE  film, and  th e  greater porosity seen  in  th e  plot for th e  Eudragit® 
NE  film m ay accoun t for the  fact th a t  the  Eudragit® NE  film is no t qu ite  so  tra n sp a re n t as 
th e  Eudragit® RL film.

The resu lts  for a  Eudragit® RS  film showed no  significant difference to  th o se  for the  
Eudragit® RL film.

8.4 The carbon dioxide permeability of Eudragit® films.
The C 0 2 perm eability coefficients of films prepared from Eudragits® NE, RL  an d  L 

were m easu red  as a  function of film age over th e  course of a  m on th  (Table 8 .1). The 
litera tu re  on gas perm eability displays a  large range of varying u n its  m aking  com parisons 
difficult. Helpfully, Lebovits13071 provides a  num ber of conversion factors2. The u n its  given 
in  th e  table are  those from the  equation  used  in  the  calcu lation  (see C hap ter 7), w ith  no 
sim plification, and  as  used  by th e  Polymer H andbook,3981.

^ o t e  th a t  com pression of the  m ercury is accounted  for in  th e  resu lts .
2The difference in  u n its  a rising  from the  determ ination of a  gas perm eability  coefficient 

com pared to  any  other perm eability coefficient arises from the  fact th a t  in  th e  la tte r, the  
sam e u n its  are  generally used  to  express the  concentration in  th e  concen tra tion  differential, 
as are  used  to  express th e  am oun t of perm eant in  the  flux (i.e., a  concen tra tion  gradien t 
is th e  driving force w hen calculating, for example, a  solute perm eability  coefficient). 
However, th e  flux of a  gas is norm ally based upon  a  rate  of change of volum e a t  fixed 
p ressu re , w hilst a  p ressu re  differential is the  driving force. Y a su d a15481 details  th e  necessary  
changes to be m ade in  order th a t  the  gas perm eability coefficient be expressed  w ith 
d im ensions of L2/f  if deem ed necessary.
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Table 8.1 Eudragit® film carbon dioxide perm eability resu lts  (at am bien t tem peratu re).

FILM TYPE AGE PERMEABILITY COEFFICIENT (±S.D.) 
/cm3 cm s"1 cm"2 cm.Hg*1

NE 30 D 0 1.99(±0.03)x10*9

25 hrs 1.99(±0.04)x10"9

49 hrs 2.21 (±0.02) x1 O'9

73 hrs 2 .09x10"9

6 days 1 .92x10'9

8 d 1 .93x10"9

2 w eeks 1.59x1 O’9

3 w 1.37x1 O'9

1 month 1.31x10"9

RL 30 D (+ TRIACETIN) 0 3.72x10"10

24 hrs 3.29x10"10

48 hrs 3 .68x10"10

6 d 2.61 x10"10

L 30 D (+ TRIACETIN) 0 2.66x10"9

In relation to its m olecular size, COa is normally found to  have a n  anom alously  h igh 
perm eability  w hen com pared to o ther com m on gases due to its relatively h igh solubility  in  
acry late /m ethacry la te  films12421. The perm eability o fC 02 in  poly(ethyl acrylate), for exam ple, 
is h igher even th a n  H e l2421, despite  the  sm aller atomic size of He. Kum ins an d  R o tem an12961 
quote the  Van der W aals’ d iam eter of C0 2 as being 3.23 A (0.323 nm ) {cf. 2 .65 A for H e12961 
an d  3.10 A for N211451), an d  found th a t  a s  the  gas diam eter increased, the  m in im um  free 
volume required for diffusion increased  exponentially in  poly(vinyl chloride-poly(vinyl 
acetate) copolymer. S ta n n e t t14631 et al. note th a t the cross-sectional d iam eter of a  m olecule, 
as determ ined by its ability to pass th rough  a  zeolite window, is a  good m easu re  of the  
ability of a  gas to move in a  restrictive environm ent. S tan e tt cites Koros 12901 et al. for 
show ing the  ability of a  m olecule su c h  as  C 02 to move in  restrictive environm ents (with 
greater ease th a n  either CH4, N2, or Ar, b u t not He), and  suggests th is  is due to  th e  linearity  
of the  m olecule. Koros presum ed it w as the  ability of C 0 2 to undergo lengthw ise oriented 
diffusion ju m p s su ch  th a t  the  effective cross-section of the  m olecule is reduced. (The 
linearity  of N2 did not provide it w ith a  sim ilar ability, and  no explanation  for th is  was 
forthcoming.) Based on  the  values evident in Table 8.1, the  flux of a  gas w hich w as slower 
th a n  COz would be difficult to m easure  accurately using  the D aventest a p p a ra tu s .

In the  case of the  Eudragit® NE films, the resu lts  show  th a t  over the  course  of a  
m onth, the COz perm eability coefficient decreased (Figure 8.10) by 32% com pared to the  
initial value, having first increased  by 11%. The initial increase is a ttrib u ted  to  relocation
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a n d /o r  exudation of endogenous su rfac tan t (not, however, visible on th e  film surface  
presum ably  because of th e  low level of addition {i.e., 3 .3% |204̂ ), prior to  increased  film 
densification by further gradual coalescence162 “ ‘/a u to h e s io n 1524,525,5261 (see C hap ter 4), 
leading to the  decreased perm eability coefficient.

Latex film aging h a s  also been observed by C hainey1911 et al. u sing  He gas as  a  
probe. Chainey m easured the  perm eability of films cast from hom opolym er latices an d  
solvent cast films of the sam e latex, and  found th a t  the  perm eability of the  latex  cast film 
decreased over a  period of 30 days, b u t never reached the lower value estab lished  for the  
solvent cast film.

B alik1271 et al. suggested  th a t  the  aging phenom ena of latex  films w as due  to  a  
residual porosity (with pore sizes less th a n  the  wavelength of light and  down to a  few 
nanom etres). The evidence of the  m ercury porosim etry experim ents perform ed on th ese  
Eudragit® films did indeed indicate th a t  a t  higher p ressu res and , hence, sm aller pore rad ii 
(ca 0.01 /im), there  was a  likelihood of some s tru c tu re  as seen  in  the  increasing  num ber 
of peaks in  th is  region (Figure 8 .8  an d  Figure 8.9).

The m ercury porosim etry on Eudragit® NE had  showed som e evidence o f a  pore 
s tru c tu re  a t approxim ately 5 jum (Figure 8.8). It would be expected th a t  if th ese  pores were 
con tinuous th rough  the film, th en  the  film would not be able to  su s ta in  th e  vacuum  
necessary  for th e  gas perm eability experim ental procedure. The films were, however, able 
to  su s ta in  su c h  a  vacuum  -  signifying little evidence of large con tinuous pores.

 ■*— NE 30 D

Figure 8.10 The effect of film age on the  carbon dioxide perm eability  coefficients of 
Eudragits® NE and  RL.
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The C 02 perm eability  of Eudragit® RL is n o t directly com parable to  th a t  of 
Eudragit® NE, since C 02 would be expected to  have a  different solubility  in  ea ch  polymer. 
Additionally, w ith a  Tg of ca  328 K l255,3131 (and th is  value probably  lowered by betw een 
10 —> 20  K 13131 by th e  addition  of th e  15% triacetinp lastic iser), th e  Eudragit® RL polym erw as 
in  its g lassy  s ta te  a t  am bien t tem perature , w hereas Eudragit® NE, w ith  a  Tg of ca  265  K 12041, 
was in  its rubbery  s ta te  a t  am bien t tem pera tu re . However, from A rrhenius-type stud ies, th e  
Tg of a  polymer h a s  been found to  affect the  gas perm eability only in  ce rta in  in stances: 
Y asuda an d  H iro tsu15491 cite a  num ber of references where th e  effect of th e  Tg on gas 
perm eability  was exam ined, leading to  one of the  following th ree resu lts : (i) th e  Tg show ing 
no  effect on  the  gas perm eability; (ii) th e  Tg having a n  effect with a ll gases; (ill) th e  Tg having  
a n  effect only on som e of the  gases un d er investigation. For a  pore-free polymer above its 
Tg, diffusion of a  gas is activated, dependen t on the  mobility of th e  polym er ch a in s , and  th e  
con tinua l form ation (and elim ination) o f‘holes’ to  allow passage of th e  gas, w hilst below th e  
Tg, gas diffusion is dependen t on the  free volume ‘fixed’ in  the  polym er (as d iscussed  in  
C hap ter 5). In  agreem ent w ith th is, K um ins an d  R o tem an12951 found th a t  th e  gases: H^, He, 
Ne, 0 2, NH3, CO an d  C 02 all gave diffusion coefficients, th ro u g h  poly(vinyl chloride)- 
poly(vinyl acetate) copolymer, th a t  decreased  w ith increasing  V an der W aals’ d iam eter. 
However, only C 02 show ed any  anom alous behaviour (i.e., a  d iscon tinu ity  in  th e  trend  of 
diffusion ra te  as  a  function  of tem perature) a t  e ither of th e  Tg’s found for the  copolymer, a n d  
they  a ttrib u ted  th is  to  the  size of COa (which is only 0.11 A bigger th a n  CO) being g rea ter 
th a n  th e  free-volume provided by the  ‘holes’ formed for diffusion.

Table 8 .1  a n d  Figure 8 .1 0  show  th a t  the  plasticised Eudragit® RL C 0 2 perm eability  
was still decreasing  slightly  w ith time. A lthough the  brittle  n a tu re  of the  film m ade it less 
able to  w ith stand  the  s tre ss  of con tinued  experim entation after th e  6 days of d a ta  given in  
the  table, th e  extrapolated  line on th e  g raph  does show  th e  decreasing  perm eability  trend .

The COz perm eability of Eudragit® L (+ 15% triacetin) a s  given in  Table 8 .1  w as 
sim ilar to th a t of Eudragit® NE. This m ay be expected due  to the  sim ilarity  of th e  polymer 
s tru c tu re s  in  w hich th e  m ain  difference arises in  the  carboxyl groups of Eudragit® L. S u ch  
groups are  more likely to  affect th e  perm eability of polar m olecules in  a n  aqueous 
environm ent ra th e r  th a n  th e  perm eability of a  gas.

8.5 The water vapour permeability of Eudragit® films.
The w ater vapour perm eability of various Eudragit® films w as determ ined  

gravim etrically, u s ing  a  m ethod sim ilar to  th a t  u sed  by B anker an d  P a rk l30), P a te l13851 et al. 
an d  R ou lstone14251 et al., (describecMn C hapter 7). Roulstone criticised  som e inadequacies 
of th e  m ethod for no t reducing film boundary layer effects, a n d  also  for the  long 
experim ental tim es involved giving th e  films tim e to swell due to  sorp tion  of th e  w ater 
vapour. However, th e  m ethod was described by R oulstone as su itab le  for providing relative 
resu lts  for the  com parison of like films, w hich did show  good reproducibility.

Table 8 .2  gives th e  w ater vapour perm eability coefficient values a tta in ed  for th e  
various Eudragit® polymer types. As was usual, films were cast a t  313 K for 2 4  h rs. (All 
films, w ith the  exception of those films cast from Eudragit® NE, con ta ined  triace tin
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Table 8.2 Eudragit® film w ater vapour perm eability coefficients.

FILM*
ORIENTATION

PERMEABILITY 
COEFFICIENT 

71x10'® g  hr* cm*1 cm.Hg*1

S.D.

/1x10"®g hr'1 cm*1 cm.Hg*1

Eudragit* NE

SUBSTRATE 1.65 ±0.08

AIR 1.70 ±0.05

Eudragit® RL <+ TRIACETIN)

SUBSTRATE 2.65 ±0.06

Eudragit® RS  (+ TRIACETIN)

SUBSTRATE 2.14 ±0.08

Eudragit® L (+ TRIACETIN)

SUBSTRATE | 1.39 ±0.04

t  O rientation refers to the  side of th e  film facing the w ater vapour, i.e., po lym er-substra te  
or polym er-air side.

{15% g.polym er'1}). It is seen  th a t th e  greater hydrophilicity of Eudragit® RL, com pared to 
Eudragit® RS  (see C hapter 6), endowed it w ith the h igher perm eability  coefficient. The 
carboxylated (and, hence, presum ably  hydrophilic) Eudragit® L d isplayed the  lowest value 
of the  th ree  types of polymer under investigation: lower even th a n  Eudragit® NE. This is 
possibly a ttribu tab le  to  hydrogen bonding betw een the weak acid carboxyl groups add ing  
rigidity to  th e  polymer stru c tu re  an d  reducing the  polymer ch a in  flexibility required  for 
tran spo rt. Udeala and  Aly148S|, sim ilarly found the  w ater vapour tran sm issio n  of solvent c a st 
Eudragit® L 100  (m easured as a n  uptake) to be less th a n  th a t o f Eudragit® RL 100.

A control experim ent consisting  of alum inium  foil, sealed to  the  sam ple bottle w ith 
th e  sam e ‘polymer glue’ [i.e., freeze-dried polymer dissolved in  organic solvent: u sually  
m ethyl e thy l ketone) as u sed  to seal th e  films to their bottles, was found to give no  weight 
loss [i.e., no  w ater vapour flux), ind icating  th a t the  m easured values were entirely  due to 
perm eation through the  film ra th e r th a n  through  the ‘glue.’

The experim ent was repealed on six identical films as a  te s t  of reproducibility. 
Swelling of the  films due to w ater sorption was not apparen t from v isual inspection  i.e., 
films rem ained  clear, w ithout tu rn in g  opaque as  do films exposed to  liquid w ater (as 
opposed to  w ater vapour).

All films exam ined (with the  possible exception of the  Eudragit® L film) show ed a 
linear w ater vapour transm ission  ra te  with time, up  to 200 h rs. In  the  experim ents a t  81% 
R.H. difference, the films did not condense liquid water, and  so  a n  activated tran sp o rt
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Time /hrs

Figure 8.11 Plot for th e  determ ination  of the  Eudragit® w ater vapour perm eability 
coefficients. (Note: 1 = film th ickness; A = exposed film area; 1.92 = w ater vapour p ressu re  
difference across the  film.

i

Reciprocal Film Thickness 
________ Ipin'_____________

Figure 8 .12 Plot of w ater vapour flux as  a  function of Eudragit® NE  film reciprocal 
th ickness.
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m echan ism  is anticipated . The tim e lags, before the  steady  s ta te  flux was achieved, varied 
accord ing  to  polym er (Figure 8 .11) a n d  were possibly a  re s u lt  of differing degrees of 
swelling. Eudragit® NE  showed a  positive in tercept on th e  tim e axis, w hereas Eudragits® RS, 
RL a n d  L show ed a  negative in tercep t w hen the linear region of th e  line w as extrapolated. 
The linearity  of th e  Eudragit® RL p lo t implies th a t  fu rther g radua l coalescence e ither did no t 
occur, or h ad  no significant affect on  th e  w ater vapour perm eability, over a  200 h r  period. 
Note th a t  th o se  films showing th e  negative tim e lags were th o se  films th a t  initially  
con ta ined  th e  p lasticising triacetin . A negative tim e lag im plies a  pe rm ean t flux th a t  
decreases w ith  tim e, com pared to  the  initial value, possibly ind icating  th a t  th e  film 
s tru c tu re  is chang ing  either a s  a  resu lt of the  film swelling to  a  sm all extent, o r relocation 
of th e  p lastic ise r w ithin the  film.

8.5.1 Water vapour permeability and Fick’s law.
The derivations of the  various perm eability coefficient form ulae (see C hap ter 7 and  

A ppendix A) a re  from Fick’s laws of d iffusion1311, and  th e  film perm eability  c a n  only be 
described  a s  genuinely Fickian if  both  laws are obeyed. One com ponent of th is  is th a t  the  
perm eability  coefficient is independen t of film th ickness. The w ater vapour perm eability  of 
Eudragit® NE  w as m easured  as a  function of film th ickness. A dherence to  F ick’s law  is 
m anifest in  th e  linearity  of a  p lot of th e  vapour flux (shown as  th e  ra te  of w eight loss from 
th e  experim ental sam ple bottles, an d  w hich is proportional to  vapour flux) a s  a  function  of 
film reciprocal-th ickness (Figure 8.12). Least squares regression  analysis on  th is  d a ta  
provides a  correlation coefficient, r2, of 0.831. It would th u s  seem  reasonab le  to  assum e 
th a t  th e  w ater vapour perm eation is no t Fickian in  n a tu re  [i.e., w ith respec t to  film 
th ickness), an d  th a t  the  flux of w ater vapour decreased as a  function  of increasing  film 
th ick n ess. This points to the  fact th a t  th e  m ethod is no t particu larly  valid for producing a  
definitive perm eability  coefficient, and  is only su itab le for sim ple com parative te s ts  of films.

L inear regression on the  w ater vapour flux as a  function  of film th ick n ess  yields a  
value of r2 = 0.929, indicating a  be tter correlation th a n  for the  vapour flux a s  a  function of 
reciprocal th ickness.

A possib le explanation for the  non-linearity  of the  F ickian-type plot a rises  from the  
w ater vapour causing  the  films to  swell. Films were often observed to  be bowed inw ards -  
possibly due  to  a n  in ternal vapour concentration gradien t c a u sin g  th e  lower film face to 
swell m ore th a n  th e  open face. B ecause the  films were res tra in ed  in  the ir m ovem ent by the  
‘adhesive’ fixing th e  films to the  bottles, there  would be a  difference in  th e  s tre sse s  im parted  
to  a  th in n e r  film w hen com pared tp  a  th icker film. Consequently, these  s tre sse s  m ay aid 
or h in d er th e  degree of swelling caused  by th e  w ater vapour. U deala a n d  Aly14851 found th a t  
w ater vapour sorp tion  by a  num ber of solvent cast Eudragit® films varied as  a  function of 
film th ick n ess. B a n k e r1291 et al. a lso  found non-Fickian behaviour for the  perm eation  of 
w ater vapour th ro u g h  hydrophilic, s ubstitu ted  cellulosie film: th e  w ater vapour perm eability  
coefficient increasing  w ith increasing  film th ickness (when Fick’s laws dem and  th a t  the  
perm eability  coefficient be invarian t as a  function of film th ickness). This he a ttr ib u ted  to 
th e  existence of Van der W aals’ forces an d  hydrogen bond form ation betw een the  w ater and  
hydroxyl groups of th e  polymer an d  its associated  plasticiser. For m ore hydrophobic films 
(e.g., PBMA), th e  perm eability coefficient was found to be m u ch  m ore con stan t.
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8.6 The so lu te  perm eability of Eudragit® films.
Initial experim ental work validated the reproducibility o f th e  so lu te  perm eation  

experim ental procedure a n d  th e  effect, if any, of the  various experim ental param eters.

8.6.1 4-nitrophenol as a solute.
4-nitrophenol was selected  as  a  solute, following earlier s tu d ies  by W icks15321 an d  

R ou lstone14231, for its solubility  in  bo th  w ater an d  the polymer film, an d  for its ease  of 
detection  in  th e  U.V. spectrum . Pum ping 4-nitrophenol th ro u g h  th e  m easu ring  
spectrophotom eter, in  th e  absence  of a  film, showed it to  be stab le  for th e  d u ra tio n  of a  
typical (24 hr) solute perm eation  experim ent. The change in  abso rbance  of a  4-n itrophenol 
so lu tion  was negligibly sm all, as show n in  Figure 8.13. It is se en  th a t  in  th e  case of th e  
sam ple of 4-n itrophenol m onitored together w ith a  control (reference) sam ple  su c h  th a t  it 
w as norm alised to  a  zeroed baseline, th e  concentration, as a  function  of tim e, was relatively 
flat w hen  com pared to  th e  unreferenced  line. This therefore overcam e th e  deficiency of th e  
spectrophotom eter being a  single beam  (as opposed to a  dual beam ) in stru m en t. B ecause 
th e  cells were in  a  movable carriage, th e  controlling software w as able to  sto re  th e  reference 
value an d  autom atically  d ed u c t it from th e  sam ple m easurem ent. (A d ua l beam  in stru m e n t 
would m easu re  th e  two sam ples sim ultaneously.) As s ta ted  in  C hap ter 7, a n  un certa in ty  
in  th e  film th ickness, of u p  to  a  10%, was typically present, a n d  in  the  m ajority o f films 
investigated, th is  would be th e  m ajor contributory  factor to  th e  experim ental u n certa in ty  
in  any  perm eability coefficient. The exception to  th is  is the  so lu te  perm eability  coefficients 
of th e  surfactan t-free  films (C hapter 9) w hich were, in  some cases, of very low m agnitude 
-  th e  films effectively acting  a s  barriers over the  course of a  typical 24  h r  experim ent.

The values of the  4-n itrophenol perm eability coefficients of th e  Eudragit® films are  
given in  Table 8 .3 . Eudragit® RL films h ad  a  greater solute perm eability  coefficient th a n  
Eudragit® RS  films. This w as p resum ably  due to  the  Eudragit® RL polymer being  m ore 
hydrophilic in  n a tu re  (i.e., in  th e  case of th e  Eudragit® RS, qua te rnary  am m onium  groups 
a re  p resen t in  the  ratio  of 1:40 n eu tra l ester groups, w hilst for Eudragit® RL, 5%  of th e  
groups are  q u a te rnary  am m onium  groups) su c h  th a t  it was likely to  be m ore hydrated . The 
ra te  of diffusion m ay therefore be enhanced  either by i, a  polym er p lastic isation-type of 
effect, or ii, by allowing th e  p e n e tran t to  diffuse through w ater -  in  w hich th e  ra te  of 
diffusion would be expected to  be greater th a n  w hen diffusing th ro u g h  polymer.

Sam ples of Eudragit® RL films were investigated for so lu te  perm eability  after having  
been  leached (48 hrs) of th e ir p lastic iser (i.e., for a  time greater th a n  the  tim e required  for 
th e  e lu tion  of th e  m axim um  a m oun t o f ‘teachable’ p lasticiser -  refer to  parag rap h  8.2.2. 1). 
The re su lt of th is  experim ent dem onstrated  th a t  the  4-n itrophenol perm eability  
coeffic ien t of a  plasticiser-free Eudragit® R L  film was 2 .68 (± 0 .18 )x l0 '7 m 2 hr'1 w ith  a  
m inim um  value of 2.54x1 O'7 m 2 h r '1. The plasticiser th u s  effectively increases the  
perm eability com pared to  th a t  of th e  film leached of its additives (plasticiser p lus those  
persis ting  from m anufacture) by a  factor of ca 1.4. However, these  resu lts  do no t indicate 
th e  mode by w hich th e  perm eation is increased: w hether e ither due  to  th e  greater m obility 
of th e  polymer cha in s (i.e., tru e  plasticisation), or due to porosity orig inating in  the  film as
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No Reference Referenced

Figure 8.13 Effect of spectrophotom eter d rift/4 -n itrophenol p e rm ean t abso rp tion  onto 
pum p  tubing, on baseline stability.

,-^Y A  A -t r r . ,g p p l

Figure 8.14 Plots for the  calculation of the  4-nitrophenol perm eability  coefficient of 
Eudragit® films.
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Table 8 .3  4-n itrophenol perm eability coefficients for the  various Eudragits® films.

EUDRAGIT®
TYPE*

PERMEABILITY 
COEFFICIENT 

/m2 h r 1

S.D. (%) 

/m2 hr*1

MINIMUM 
VALUE 
/m 2 h r 1

NE 4.00x10-® 0.36x10 ® (9) 3.55x10-®

RL 3 .81x10'7 0.08x1 O'7 (2) 3.74x1 O'7

RS 1.53x10-® 0.11x10-® (7) 1.50x10-®

L FILM DISSOLVED*

t  All films (except Eudragit® NE) contained 15% triacetin . 
t  Note th a t  Eudragit® L is soluble, forming polymeric sa lts , above pH 5.5.

a  resu lt of the  leaching of the  p lastic iser in  th e  aqueous environm ent. This u se  of the  
p lastic iser was, however, unavoidable in  the  q u est for m anageable, free, Eudragit® RL films 
an d  th is  was especially the  case w hen additives were included in  th e  film (C hapters 10 & 
11) su c h  th a t  the  films could not be wetted (leached) before the  perm eation  experim ent.

Figure 8 .1 4  show s representative exam ples of the  plots from w hich the  
4-n itrophenol perm eability coefficients of the  various Eudragits® were calcu lated . Note th a t 
the  carboxylated Eudragit® L is seen  to dissolve, due to  polymeric sa lt form ation, after 
approxim ately 1 h r  -  insufficient tim e to  allow a  perm eability coefficient to  be calculated. 
The p la teau  value seen  is no t th a t  for the  equilibrium  concentration , b u t is a  function of 
th e  m axim um  m easurab le  absorbance of the  spectrophotom eter -  a  reading  th is  h igh would 
not norm ally used  due to  the  very low in tensity  of light transm itted .

8.6.2 Effect of experimental variables on the 4-nitrophenol solute permeability of 
Eudragit9 NE films.

Experim ental variables th a t  m ight have affected the  calcu lation  of th e  solute 
perm eability  coefficients were investigated in order th a t th e  consequences of su c h  change 
could be accounted  for, if necessary .

8.6.2.1 Effect of stirrer speed.
U nder norm al c ircum stances, both  (perm eant donor and  receiver) sides of the 

perm eability  cell were stirred , a t  100 r.p.m ., by glass propeller-type s tirre rs . S tirring 
en su red  good mixing w ith in  the  cell and  avoided sta tic  (unmixed) regions. The effects of 
boundary  layers (Figure 8 .15) ‘ag a in st’ the  film m u st be considered as a n  in h eren t p a rt of 
th e  system  once an  equilibrium  flux has  been achieved, b u t can  be m inim ised by stirring  
of the  m anner used  (see C hapter 7). As s ta ted  above, s tirring  w as usua lly  executed a t 
100 r.p .m ., b u t for the  purpose of th is series of experim ents, the  s tirre r  speed  was varied, 
in  separa te  perm eability cells (i.e., in separa te  perm eability m easurem ents), from 
50 —> 250 r.p.m . for bo th  com partm ents (donor and  receiver) a t th e  sam e tim e.

It was also possible to vary the  speeds of the  individual cham bers of th e  cell (donor 
an d  receiver), and  th u s  perm eability coefficients were also  calculated  for w hen either or
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both  sides of the  perm eability cell were left unstirred . (When only one side of th e  cell was 
unstirred , the  o ther side w as stirred  a t  the  u su a l 100 r.p.m.) R esults are  show n for the  
4 -n itrophenol solute perm eability of Eudragit® NE as a  function of s tirre r  speed  in  
Table 8 .4 .

The table indicates th a t  the  variation of s tirre r speed has  no significant influence 
on th e  effects of boundaiy  layer resistance  on perm eation in  these  pum ped cells. All values 
of perm eability  coefficient fall w ith in  the  experim ental uncertain ty , for the  typical 
experim ental conditions, of 4 .00(±0.36)x 10'8 m 2 hr'1 presum ably  as a  resu lt of m ixing being 
a ss is te d  by the  efflux from th e  (pumped) re tu rn  tube  from the  spectrophotom eter flowcells.

8.6.2.2 Effect of not greasing the flanges on the permeability cell.
W hen a  film was used  in  the  solute perm eability cell, increased  opacity  im plied th a t  

it swelled, to  a  lesser or greater ex ten t dependen t on the  polymer in  use. In th e  case of the  
Eudragit® NE, th is  swelling sim ply am ounted to the film appearing  to  tu rn  w hite an d  
tran s lu cen t. The Eudragit® RL, however, swelled to  a  m uch  greater extent, a n d  because th e  
film w as gripped between th e  flanges of the  two halves of the  perm eability cell, th is  sw elling 
cau sed  the  film to be d istended  in to  one or o ther of th e  cham bers of cell. W hichever 
cham ber the  film moved in to  appeared  to  occur a t random  (both sides of th e  cell were filled 
s im ultaneously  so  th a t th e  process of filling was not a  contributory  factor. Also, deliberately 
filling one side of the  cell before the  o ther had  no effect -  p resum ably  due  to  the  film being 
relatively inflexible and  held ta u t by the  flanges of the  cell).

Boundary Layers

co Donor
Solution

Receiver
Solution

iiiMMCO
1c

0o
co
o

Distance

Figure 8.15 Schem atic of concen tration  profile across boundary  layers (before the  
a tta in m e n t of concentration  equilibrium  in the film).
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Table 8 .4  Effect of stirrer speed on  4-nitrophenol solute perm eability  coefficient of 
Eudragit® NE.

STIRRER SPEED PERMEABILITY COEFFICIENT 
/1x10** m* h r 1

Both unstirred 4.23(±0.3)

Receiver unstirred 4.02

Donor unstirred 3.85

BOTH COMPARTMENTS STIRRED
/r.p.m.

50 4.39

100 4.00(±0.36)

150 4.28

200 4.07

250 4.35

It was th ough t th a t the  excessive m ovem ent of the  Eudragit® RL was possibly due 
to  sw elling caused  by the  silicone grease used  to seal the  film aga in st the  flanges of the  
perm eability  cell. To tes t th is hypothesis, a  num ber of Eudragit® RL films were investigated 
w ith th e  cells ungreased.

The m ean 4>nitrophenol perm eability  coeffic ien t of the  Eudragit® RL film s in  the  
ungreased perm eability cells  w as calculated  as 3 .83 (± 0 .07 )x l0 '7 m 2 hr'1. This value is 
a lm ost identical to th a t for those films in  the  greased cells. Similarly, the films were seen  
to  swell in  the  sam e m anner as th e  greased cells. Thus, it was concluded th a t  th e  greased 
flanges did not affect the solute perm eability coefficient, m eaning  th a t it w as possible to 
con tinue  to use su c h  greased cells, m aking the  practical hand ling  of the  perm eability  cell 
th a t  m uch  easier.

For films which swelled to  a n  opaque white in w ater, evidence th a t  th e  greased 
flanges provided a  w atertight seal was the  lack of swelling w ithin the  area  of th e  flanges. 
On rem oval of a  film from a  cell, it appeared  w ith the  open cen tre  section white, su rrounded  
by a  tra n sp a re n t disc a t the  position of the  flange, and  white again  in  the  region of any  film 
overhanging the  cell externally (i.e., in  the  co n stan t tem pera tu re  bath). This a lso  provided 
evidence th a t very little perm eation occurred transversely  w ith in  the  film, ou tw ards from 
the  cell and  away from the region under investigation.

8.6.2.3 Effect of variation of the latex percentage solids content.
Aqueous Eudragits® were supplied  a t  concen trations of 30% (W/W) solids dry 

weight. These were usually  d ilu ted  to 5% W /W  for film casting. However, th e  effect of 
variation in  the latex solids content, on so lu te  perm eability, was investigated.
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Table 8 .5  Effect of percentage polymer-solids of casting  latex  on th e  4 -n itrophenol 
perm eability  coefficient.

PERCENTAGE CASTING 
SOLIDS

PERMEABILITY COEFFICIENT 
/1x10"* m* hr1

5 4.00

10 3.97

15 4.13

20 4.21

25 4.04

30 4.27

A series of experim ents were perform ed upon Eudragit® N E  in  w hich th e  casting  
percen tage so lid s were varied from  30% to  5% W/W polym er so lid s, w hilst all films were 
c a s t for th e  u su a l 24  h rs a t 313 K. (The films were c ast from differing volum es of latex to 
give a  final film th ickness of approxim ately 100 ^m .) Table 8 .5  a n d  Figure 8 .1 6  presen t 
th e  re su lts  of these  experim ents, an d  again show  th a t  the  perm eability  coefficients were 
w ith in  th e  experim ental uncertain ty  of those resu lts  for th e  s ta n d a rd  casting  conditions 
(24 h rs , 313 K, an d  5% polymer solids content), giving a  m ean resu lt (from th e  five runs) 
for th e  4-n itrophenol so lu te perm eability coeffic ien t of 4 .12 (± 0 .12 )x l0 '8 m 2 hr'1. (The 
fact th a t  the  lines do not overlay one ano ther resu lts  from sm all variations in  the  film

Figure 8 .16 Perm eability plots for Eudragit® NE films c ast from latices of differing 
percen tage solids content.
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th ickness, w hich resu lts  in  a  variation in  th e  lag tim e b u t is accounted  for in  th e  
calcu lation  of a  perm eability coefficient.)

V anderhoff15071 et al. am ong others U05,4511, s ta tes  th a t  the  in itia l ra te  of evaporation 
of w ater d u ring  casting  from a latex  is identical to  the  evaporation ra te  from w ater on  its 
own (or con ta in ing  a  sim ilar am oun t of su rfactan t), i.e., th e  latex  particles them selves have 
little effect on  evaporation, un til th e  final stages of film form ation. However, th ere  are 
factors w hich m ight have led to  different film morphologies an d , hence, perm eability  
coefficients, as  a  consequence of casting  from different percentage solids conten ts. W hen 
castin g  from a  low percentage solids content, as the  aqueous p h a se  evaporates d u rin g  
casting, th e  percentage solids will increase to  th e  equivalent of th o se  h igher values th a t  
were investigated. The m ain  difference betw een these  five experim ental ru n s  was th u s  th e  
tim e it took to  form  dry film and , hence, the  tim e th a t th e  film rem ained  in  the  oven after 
th e  w ater h ad  evaporated. {I.e., a  film of h igh percentage solids will d ry  faster th a n  a  film 
of low solids {if m ean t to give films of identical thickness} because  of the  reduced am o u n t 
o f w ater p resent.) S uch  a  film will th en  be undergoing a  th erm al an nealing  process for a  
g rea ter leng th  o f tim e th a t  could affect the  resu lt. Also th e  tim e th a t  th e  latex  sp e n t in  th e  
w et s ta te  could affect the  degree of aggregation -  especially for latices o f m arginal stability .

8.6.2.4 Effect of variation of film casting temperature (i.e., film drying rate).
At lower tem pera tu res, w ater evaporates from a  latexm ore slowly, possibly resu ltin g  

in  a  be tte r film 1216,2461. This is countered by th e  increased h a rd n ess  of th e  polymer resu ltin g  
in  increased  resis tance  to  particle deform ation. Latex c ast films a re  know n to  increase  th e ir 
degree of coalescence w ith age, a n d  the  gas perm eability h a s  been  s e e n 1841 to decrease w ith  
increasing  film age. It was though t th a t  a  film c a s t a t a  h igh tem p era tu re  would undergo  
th is  aging process a t a n  enhanced  rate  (com pared to  a  film c a s t a t  lower tem perature), due  
to  th e  increased  mobility of the  polymer chains and, hence, yield films w ith lower in itia l 
perm eability  coefficients com pared to  those films cast a t  th e  u su a l tem perature .

The effects of casting  tem peratu re  on  Eudragit® NE  la tex  films was investigated 
u sin g  4-n itrophenol so lu te  perm eability m easurem ents on films c a s t a t  tem pera tu res in  th e  
ran g e 2 7 8  K —> 343 K (Table 8.6). The resu lts  show  th a t in  th e  range of 313 343 K there
is no  significant change in  th e  perm eability coefficient, w ith all values lying w ithin th e  range 
o f experim ental uncerta in ties  (all uncerta in ties  are s tan d ard  deviations calcu lated  from  the  
range of resu lts  determ ined  a t each  tem perature).

Films c a s t a t  tem pera tu res below 303 K took over a  week to form. The film c a s t a t 
278  K (in a  fridge) appeared  ‘crystalline’ w ith random ly spaced  regions form ing a  s tar-like  
p a tte rn  of brittle  polymer, th a t  had  fractured, presum ably  due  to  th e  s tre ss  of con tracting  
(and  despite  Eudragit® NE  having a  Tgo f265 K 12041). The films c a s t a t  e ither 281 K, am bien t 
tem pera tu re , or a t  303 K showed no su ch  features, looking sim ilar to  all o f the  o ther films. 
The increase in  th e  perm eability coefficient of the  films c a s t a t  th e  lower tem pera tu res is 
th u s  p resum ably  due to  increased  in ternal s tru c tu re  (or a  greater n u m b er of faults) a n d  a  
lesser degree of coalescence providing a  less dense (film density  a s  opposed to  relative 
polym er density) p a th  for th e  4-nitrophenol diffusion.
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Table 8.6 Eudragit® NE 4-nitrophenol so lu te  perm eability as  a  function of film casting  
tem pera tu re .

CASTING
TEMPERATURE

/(±3) K f  C}

PERMEABILITY 
COEFFICIENT 
/1x10* m2 hr*1

S.D. 

71x10* m2 hr1

MINIMUM
VALUE 

71x10* m2 hr*1

278 {5} Discontinuous film

281 {8} 10.1 0.07 10.0

303 {30} 6.08 1.29 4.36

313 {40} 4.00 0.36 3.55

323 {50} 3.48 0.11 3.45

333 {60} 3.70 0.14 3.56

343 {70} 3.66 0.13 3.48

Since there  is no change in the 4-nitrophenol perm eability  coefficient of Eudragit® 
NE  a t  tem pera tu res above 313 K, it can  be implied th a t th is  th erm al trea tm en t (£  313 K for 
24  h rs) is sufficient to coalesce the films as  m uch as practicable w ithout preparing  a film 
from a  polymer m elt. C asting in  th is m anner should th u s  provide a  su itab le  baseline film 
for fu rth e r solute perm eation experim entation; a  film th a t  avoids th e  pitfalls of having a 
perm eability  th a t  is liable to  vary to any great extent w ith in  a  sh o rt time.

A film formed from a  latex in w hich it takes longer for th e  aqueous phase  to 
evaporate m ay resu lt in  a  better degree of packing of th e  latex particles {i.e., fewer faults) 
s ince th e  particles have a  g reater time to rearrange them selves before they  destab ilise  on 
com ing into close contact. Jaycock an d  Kayem12541 showed, by using  a  destab ilising  
d isp e rsan t (used to stab ilise  the  pigm ent in  latex paint, b u t which destab ilises the  latex), 
th a t  poly(vinyl acetate) latex  film heterogeneity was increased, due  to  increased  flocculation, 
w hen com pared to a  film containing no d ispersan t. H oyl2461, and  H a n se n l2161, investigated 
the  add ition  of glycols to  latices, which slowed the  evaporation ra te  of w ater due to 
hydrogen bonding, allowing the  particles sufficient tim e to  re-order du ring  drying, therefore 
resu lting  in  greater coalescence.

J u h u e  an d  L ang12611 p resen t an  opposing argum ent for good particle  packing, citing 
evidence from atom ic force m icroscopy (A.F.M.) on surfactan t-free  PBMA, c a s t a t 307 K 
u n d er vacuum , in  w hich a h igher surface density  of hexagonal c luste rs  {i.e., g reater packing 
order) w as seen  com pared to a  film dried under norm al p ressu re  and , hence, more slowly. 
This w as explained as resu lting  from the  film cast un d er vacuum , w ith a  h igher ra te  of 
evaporation, having a  sh o rte r tim e in w hich to  flocculate before the  point of destab ilisa tion  
was reached. Ju h u e  is in  concurrence w ith C ote11001 et al. who, by using  light sca ttering  and  
E.M., a lso  found th a t  an  increased  casting  tem perature  led to a  more hom ogeneous film 
(Poly(vinyl acetate), latex-cast a t  tem peratu res ranging from 296 K —> ) 373 K). Cote s ta ted  
th a t  the  increased  kinetic energy and, hence. Brownian motion, of the particles was able
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to  overcome th e  factors, su c h  as  particle-particle repulsion, w hich m igh t o therw ise coun ter 
uniform  particle packing.

Eudragit® R L  film s cast at 333 K had  sim ilar perm eability  coeffic ien ts  
(3.62(±0.20)x 10'7 m 2 hr'1) to  those cast a t  313 K(i.e., 3 .81(±0 .08)x l0 '8 m 2 h r 1). This would 
th u s  seem  to  imply th a t  Eudragit® RL is also  ‘fully’ coalesced a t  th e  regu lar casting  
tem pera tu re  of 313 K.

8.6.3 Effect of film age on the 4-nitrophenol solute permeability of Eudragit® NE.
Eudragit® NE  films were aged for one m onth  a t  am bien t tem pera tu re , in  th e  dark  

a n d  in  a  desiccator (containing silica gel as  the  desiccant). The m ean  4-n itrop h en ol so lu te  
perm eability  coeffic ien t of th ese  1 m onth  old film s was 5 .0 5 (± 0 .1 8 )x l0 '8 m 2 hr'1, w ith 
a  m in im um  value of 4.92x1 O'8 m2 h r 1. This m ean value is th u s  som ew hat h igher th a n  
expected (i.e., higher, an d  ou tside the experim ental uncertain ty , o f th e  unaged  film): the 
an tic ipa ted  increase in  polym er-chain fusion, due to  fu rther g rad u a l coalescence or 
au tohesion , being assum ed  to  decrease th e  perm eant flux. It is possib le th a t  th e  expected 
increased  coalescence has  occurred together w ith exudation of endogenous su rfac tan t 
yield ing a  lesser degree of dispersion, therefore allowing easie r leaching  of th is  su rfac tan t 
w hen  th e  film is hydrated  (possibly allowing m icropore formation) a n d , hence, increasing  
th e  m easu red  perm eability coefficient.

8.6.4 Investigation of a side-dependence to solute permeability.
Som e films have dem onstrated  asym m etric perm eability properties, w hereby the 

perm eability  coefficient o f th e  perm eant travelling in  one direction is different to  th e  value 
w hen  travelling in  th e  reverse direction. S u ch  a  difference h a s  been  a ttr ib u ted  to  (i) a  ‘sk in ’ 
of alypically  h igh density  film (by O kubo13661 et a l  w ith respect to  so lven t c a s t films), or (ii) 
a  porous surface sk in  caused  by latex particle flocculation(21: bo th  sk in s  being a t th e  air- 
w ater interface. R oulstone14271 et a l ,  however, a ttribu ted  th e  asym m etry  to  films having a 
g rea ter surface a rea  on  the  a ir side, finding th a t  4-n itrophenol perm eated  th e  films faster 
w hen  th e  donor perm eant w as against th e  polym er-substrate  side of th e  su rfactan t-free  
PBMA film. This difference in  perm eability coefficients d isappeared  over th e  course  of a  
m onth , a n d  corresponded to  a  decrease in  the  film s tru c tu re  as  recorded by T.E.M.

The m ajority of films probed elsewhere in  th is  thesis, were orien ted  w ith the 
po lym er-substra te  film surface facing the donor perm eant solution, u n le ss  otherw ise sta ted .

8.6.4.1 Eudragit® NE film side-difference.
The side dependence phenom ena for Eudragit® NE  was negligibly sm all a n d  w ithin 

th e  experim ental uncerta in ty  of the  m ethod. The ‘typical’ perm eability  coefficient for 
Eudragit® NE  w hen the  substra te -side  was facing th e  4 -n itropheno l perm ean t was 
4 .00(±0 .36)x l0 '8 m 2 h r '1. This com pared w ith 4.18(± 0 .24)x l0 's m 2 hr'1 w hen  th e  air-side 
of the  film was facing th e  4-nitrophenol. S.E.M .s an d  T.E.M.s (Plate 8 .1  an d  Plate 8.2) 
of Eudragit® NE  films show ed a  surface free o f ‘pinholes’ or pores, th u s  som ew hat negating 
th e  reasons proposed above for producing a  directionally orien tated  perm eability  coefficient.
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8.6.4.2 Eudragit® RL film side-difference.
W ith the  air-side of Eudragit® RL film facing the  perm eant, th e  4-n itrophenol 

so lu te  perm eability  coeffic ien t was 3 .88(±0.08)x l0 '7 m 2 hr'1. This com pared  w ith 
3 .81(± 0 .08)x l0 '7 m2 h r '1 w ith th e  film in  th e  opposite orientation, show ing th a t  perm eability  
dependence resu lting  from film orien tation  is lost to  th e  experim ental uncerta in ty .

Like the  Eudragit® NE, th e  Eudragit® RL films (+ triacetin) have been  show n  to be 
free of an y  s tru c tu ra l detail w hen  viewed under the  S.E.M. (Plate 8 .3  an d  Plate 8.4).

8.6.5 Fickian applicability.
As w ith th e  w ater vapour perm eability (paragraph 8.5.1), th e  expediency o f u sing  

a  F ick ian  based  equation  w as investigated, looking a t th e  effect of film th ick n ess, a n d  also 
pe rm ean t concentration, on th e  4-nitrophenol perm eability coefficient.

8.6.5.1 Effect of film thickness on solute permeability coefficient.
Fick’s law 1311, w hen applied to m em brane perm eation, s ta te s  th a t  th e  perm eability  

coefficient be independen t of film th ickness, whilst the  flux of perm ean t shou ld  be inversely 
proportional to  film th ickness. (See C hap ter 5.) The 4 -n itrophenol perm eability  coefficients 
of Eudragit® NE  films c ast to  varying th icknesses (using differing volum es of latex, of 5% 
polymer solids content) of betw een 70 /im  —► 230 pim were investigated. Figure 8 .1 7  shows 
a  plot of 4 -n itrophenol flux versus film reciprocal th ickness. (The plot ac tually  show s the  
ra te  of change of 4 -n itrophenol concentration  {as a  function of reciprocal th ickness}  w hich 
is proportional to  the  flux.) Regression analysis on the  (least squares) line of b e s t fit yields 
a  value of r2 = 0.985, ind icating  th a t  the  calculated perm eability  coefficients are 
in dependen t of film th ickness, in  agreem ent with the  F ickian definition. (Note th a t  in  
Figure 8 .17 , th e  error bars  refer to  the  typical error in  film th ickness of 10%, a n d  a  typical 
error in  th e  perm ean t flux of 14% as found in  a n  experim ent for five identical sam ples.)

The perm eability  coeffic ien ts, calculated w hen the  film th ickness  w as varied  over 
approxim ately 200  f.im, give a  m ean  value o f  4 .06(±0.3)x l0 '8 m 2 hr'1. This com pares to  the  
previously quoted value of 4 .00(±0.36)x l0 '8 m2 h r '1 for a  group of experim ents p repared  to 
give films of the  sam e th ickness.

The Eudragit® RL films show ed a  poorer correlation betw een flux a n d  reciprocal 
th ickness, th a n  th e  Eudragit® NE  films, with a  correlation coefficient of r2 = 0.741., This 
leads to  a  correspondingly greater uncerta in ty  in th e  value of th e  m ean  perm eability  
coeffic ien t for these  r e s u l ts - o f  3 .44(±1 .0)x l0 '7 m 2 hr'1 (cf. 3.81 (±0.08)xl O'7 m2 h r '1 for the 
series o f films c ast to unvaiy ing  th ickness {e.g., 100 ^m}). This is p resum ably  as  a  resu lt 
of the  triace tin  incorporated in to  the  film. Although it is no t know n w hat effect th ickness 
has  on th e  ra te  of triace tin  leaching, it is no t unreasonable to  assum e th a t  th e  effect of any 
polym er-perm eant-additive in teractions will be magnified as film th ick n ess  increases.

At th e  tem pera tu re  of the  solute perm eation experim ent (303 K), th e  film will be 
relatively close to  its p lastic ised  Tg of ca  308 K (see C hapter 6). This fact can  be influential
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Reciprocal Thickness /ixIC^prri1

Figure 8 .17 Fickian reciprocal th ick n ess  plot for the  perm eation of 4 -n itropheno l th ro u g h  
Eudragit® NE film.
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Figure 8 .18 The effect of perm eant concentration  on the  perm ean t flux th ro u g h  E u d rag its1 
NE  an d  RL films.
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on  th e  perm eability  coefficient in  relation to  th e  m otion of th e  polym er chains. N on-Fickian 
behaviour h a s  been related  to  the  polymer chain  relaxation r a t e 123,1711 (i.e., ra te  of 
a tta in m en t of equilibrium  of tim e dependen t stresses) below th e  polym er Tg, w hereas above 
th e  polymer Tg, there  exists a n  equilibrium  in  su ch  properties an d  th e  size d istribu tion  of 
th e  polymer ffee-volume a n d  m ean cavity volume may affect th e  F ick ian  m echan ism s of 
perm ean t so rp tion  an d  d iffusion11711.

8.6.5.2 Effect of the 4-nitrophenol permeant concentration on the solute 
permeability coefficient.

A lthough Fickian independence of th e  perm eability coefficient w ith p e rm ean t 
concen tra tion  h a s  been observed!166,186,4461 for various types of polym ers, th is  is n o t always 
th e  case. E.g., Hwang and  T an g12491 found anom alous Fickian (concentration) behav iour for 
th e  perm eation  of dissolved oxygen th rough  silicone rubber m em branes (which w as th ough t 
to  be a n  effect of the  chang ing  boundary  conditions).

The perm eability o f films was m easured  using  4 -n itrophenol as  th e  perm eant, a t  a  
range of concen trations (Table 8.7). The resu lts  for Eudragit® NE  give a  m ean  perm eability  
coeffic ien t of 3 .86(± 0 .3 )x l0 '8 m 2 h r 1 w hen the  perm eant con cen tra tion  w as varied  
b etw een  0 .1 0  g dm"3 and 0 .2 5  g dm'3. This is w ith in  the  lim its of experim ental u n ce rta in ty  
of th e  resu lt for th e  series of experim ents on Eudragit® NE u s in g  th e  perm ean t a t  th e  u su a l 
in itia l concen tration  of 0.2 g dm '3, an d  is in  agreem ent w ith Fick’s  law ’311 w hich s ta te s  th a t  
th e  perm eability  coefficient shou ld  be independen t of the  p e rm ean t concen tration .

Fick’s law  also s ta te s  th a t  th e  flux of perm eant is d irectly  proportional to  the  
p e rm ean t concentration. Figure 8 .18  show s the  relationship  betw een flux an d  perm ean t 
concen tra tion  w here th e  regression coefficient, r2, is 0.944. D eviations from th e  ideal are 
generally a  resu lt of perm eant-polym er in teractions. The non-ionic n a tu re  of Eudragit® NE, 
m ake any  in terac tions unlikely to  occur.

In th e  case  of Eudragit® RL (+ triacetin), the  relationship  betw een perm ean t flux and  
p e rm ean t concen tration  is slightly better th a n  for Eudragit® NE  (r2 = 0.977).

The m ean  4-n itrophenol perm eability coeffic ien t through Eudragit® R L  was 
3 .70 (± 0 .14 )x l0 '7 m 2 hr'1, w hich com pares well w ith the value o f 3 .81 (± 0 .08)x l0 '7 m 2 h r '1 
for a  series of films where th e  perm ean t concentration was a t  the  m ore typical 0.2 g dm '3. 
The 4-nitrophenol, w hen u sed  a t  pH 6, is )99%  in  its und issoc iated  form (pKa = 7.15), 
m aking  its in terac tion  w ith the  polymer less likely, despite the  an ionic  n a tu re  of Eudragit® 
RL (see C hapter 6) w hen in  a n  aqueous environm ent.

8.6.5.2.1 Uptake of 4-nitrophenol by Eudragits® NE and RL films.
At th e  end  of a  4-n itrophenol perm eation experiment, b o th  Eudragit® NE  an d  RL 

films had  swelled w ith w ater, m aking them  opaque. The films appeared  white, w ith  a  green 
tinge (darkest in  Eudragit® RL). On drying th e  films lost the ir opacity, b u t th e  Eudragit® RL 
film in  particu la r rem ained ta in ted  green  due  to  absorbed 4 -n itrophenol. The up tak e  of 
4 -n itrophenol by Eudragit® NE  and  Eudragit® RL (+ 15% triacetin) was m easu red  as  a
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Table 8.7 Effect of 4-nitrophenol concentration  on the  Eudragit® film perm eability  
coefficient.

CONCENTRATION OF 
4-NITROPHENOL 

/gdm4

PERMEABILITY 
COEFFICIENT 
/ 1 x 1 0 '*  m* hr1

Eudragit*  NE

0.10 3.96

0.15 3.41

0.175 3.57

0.20 4.00

0.225 4.08

0.25 4.16

MEAN = 3.86(±0.3)x10*® m2 hr1

Eudragit® RL (+  TRIACETIN)

0.08 34.8

0.10 38.8

0.15 36.8

0.20 38.1

0.225 37.5

0.25 36.1

MEAN = 37.0(±1.4)x10"® m2 hr1

function of concentration . This allowed the equilibrium  4-n itrophenol polym er-w ater 
partition  (solubility) coefficient, S, to  be determ ined:

S = Cpolymgr (8.3)
^ a q u e o u s

where:
C polymer = equilibrium  4-nitrophenol concentration in  polymer (g g '1 polymer);
Caqueous = equilibrium  4-nitrophenol concentration in  w ater (g g '1 water).

Values of 94.2(±12.7) and  278.6(±21.6) were determ ined for Eudragit® NE  and  
Eudragit® RL, respectively (Figure 8.19). These values allow for the  w eight lo ss  from  the  
film  due to  leaching o f  endogenous surfactant and/or added p lastic iser  based on
0.35%  (~11% o f  th e  original am ount o f  3.3%) for Eudragit® N E, and 15.5% (104% o f  
original am ount added) for Eudragit® RL, as determ ined gravim etrically. (Such w eight loss 
is accounted  for in all en su ing  u p tak e /p a rtitio n  calculations {such th a t  u p tak es  are  given 
in  u n its  of gram s per gram  leached film weight}. The up take of w ater by the  film was not 
accounted  for, however, b u t was negligible {(0.25%} w hen com pared to  the  to ta l m ass of
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w ater a s  a  whole in  the  experim ental sam ple, su c h  th a t  the  change in  concen tra tion  of the  
solute solution due to  w ater up take by th e  film would also be negligible.)

The 4-nitrophenol partitioned in to  the Eudragit® RL to  a  greater ex ten t th a n  the  
Eudragit® NE. This is in  concurrence w ith the h igher solute perm eability  coefficient of 
Eudragit® RL. In the  case of both  Eudragit® NE an d  Eudragit® RL polym ers, there  w as a 
good correlation betw een th e  initial so lu te  concentration  and  the  up take  of so lu te  by the  
polymer (r2 = 0.981 and  0 .987 for Eudragits® NE an d  RL, respectively).

8.6.6 The activation energy of 4-nitrophenol solute permeation through Eudragit9 
NE and RL films.

Perm eability is defined as the  product of the  solubility coefficient, S, an d  the 
diffusion coefficient, D. Both of the  param eters D and  S are know n to  be tem pera tu re  
activated, and  can  be expressed in  term s of A rrhenius-type equations (C hapter 5). Hence, 
the  activation energy of perm eation c a n  also  be expressed in  a  sim ilar m anner.

The energy of activation for the  perm eation of 4-nitrophenol th rough  Eudragit® NE 
was determ ined by m eans of a n  A rrhenius-type plot (Figure 8.20). The correlation betw een 
the  LnJPerm eability Coefficient /m 2 s '1] an d  reciprocal tem pera tu re  was found to  be good, 
giving a  regression coefficient, r2, of 0.949. The energy o f  activa tion  for th e  perm eation  
o f  4-n itrophenol through Eudragit® N E  was calculated  to be 5 0 .5  kJ m ol'1. (Note th a t  in  
Figure 8 .20 , th e  error bars refer to  the  m axim um  and  m inim um  values found 
experim entally .)

yyy/l-v.

Equilibrium Nitrophenol Concentration in Water 
___________________/1x10~* g (g.watei)'1_______________

Figure 8.19 Equilibrium  4-nitrophenol up take  g raphs for Eudragits® NE and  RL
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Eudragit® RL a lso  showed a  good correlation betw een variables for th e  A rrhenius 
plot, w ith  a  value of 0 .987  for the  correlation coefficient, r2. As expected from th e  h igher 
value found for the  4-nitrophenol solute perm eability coefficient for Eudragit® RL com pared 
to  Eudragit® NE, the  activation  energy for 4-n itrophenol perm eation  through Eudragit® 
R L  was lower th a n  th a t  of Eudragit® NE, a t  4 0 .7  kJ mol*1.

8.6.7 Anilines as solute permeants.
A series of aqueous solutions of aniline an d  su b stitu ted  an ilines (diluted in  buffer 

pH  6) of increasing  size (aniline, m ethyl aniline, ethyl an iline  an d  propyl aniline) were used  
as  p robes o f porosity. S e ro ta [446] et al. u sed  a  larger group of sim ilarly  rela ted  m olecules 
(m olecular weights from 93 —* 123) as  perm eants th rough  polyethylene, finding th a t  the  
order o f perm eability could be correlated to  th e  order of th e ir  partition  coefficient in  a  
hexane-w ater solvent system . In a  porous m em brane system , it would be expected th a t  the  
solubility  of the  aniline in  the  m em brane m aterial would become less relevan t w ith  
increasing  pore size an d  pore num ber density, a s  the  tra n sp o rt m echan ism  changed  from 
a n  activated  solution-diffusion m echanism  to  one in  w hich convective tra n sp o rt th ro u g h  
th e  pores becam e the  predom inan t tra n sp o rt process.

W hen the  pore size exceeded th e  m olecular size of th e  pene tran t, it  would be 
expected th a t  th e  calcu lated  ‘apparen t’ perm eability coefficients would ten d  to  coincide as  
p e rm ean t m olecular size /solubility  in  th e  polymer becam e less pe rtin en t to  th e  tra n sp o rt 
p rocess. This feature is evident if the  perm eation of th e  series of an ilines th ro u g h  filter 
p apers is investigated. Figure 8 .21  show s the  perm eation of th e  four an ilines th ro u g h  a  
M illipore (Millipore U.K. Ltd., London, UK.) (0.45 /tm) filter to  have sim ilar a p p a ren t 
perm eability  coefficients. The four lines show n yield g rad ien ts w ith a  s ta n d a rd  deviation of 
l . l x l O '7 m2 h r '1 (or 9.7x1 O'8 m2 h r '1 if th e  line for propyl aniline, w hich show s a  v isually  
different g rad ien t for reasons d iscussed  in  th e  following parag raphs, is ignored). The 
m olecular volume, V, (un its of cm3 g.m ol'1) of the  an ilines c a n  be calcu lated  u s in g  the  
atom ic contribu tions as determ ined by Le B a s13061 (data cited by Wilke a n d  C h a n g 15351). This 
yields values of 110.2, 132.4, 154.6, and  176.8, for aniline, m ethyl, ethyl, an d  propyl 
an ilines, respectively. From  th is data , if  it is assum ed  th a t  th e  an ilines are  spherica l in  
shape , th e n  the ir respective m olecular radii, r, are  given by:

w here NA = Avagadro’s co n stan t = 6 .022x1023.
The respective radii of aniline, methyl, ethyl, an d  propyl an ilines can  th u s  be ca lcu la ted  as 
3 .52 A, 3.74  A, 3.94 A, an d  4.12 A, w hich gives a n  ind ication  th a t  the  approxim ate pore 
d iam eter for unim peded aniline tran sp o rt m u st be ) 8.3  A.

Table 8 .8  gives th e  perm eability coefficients and  up tak es  of th e  respective an ilines 
th ro u g h  Eudragit® NE an d  Eudragit® RL. The perm eability coefficients are  higher th a n  for 
4 -n itrophenol. The propyl aniline is th e  odd one out, in  th a t, b ecause  of its  lower aqueous 
solubility, it was used  a t  a  lower concentration: 2 mM as opposed to  8 mM. Hence, a lthough

(8.4)
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Figure 8 .20 A rrhenius-type plots from the  perm eation of 4-n itrophenol th ro u g h  Eudragits® 
NE a n d  RL films.

Aniline Ethyl Aniline

Methyl Aniline Propyl Aniline

Time /hrs

Figure 8.21 The perm eation  of anilines through Millipore filter papers (0.45 /im ).
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+ Aniline x  Methyl Aniline a Ethyl Aniline □ Propyl Aniline

■■111*
w m s m s m m

Time /hrs

Figure 8 .22 Plots for th e  calculation of the  aniline perm eability coefficients of Eudragit® NE 
films.

gr.gT.LL

+ Aniline x  Methyl AniRne a Ethyl Aniline □ Propyl AniHne

Time /hrs

Figure 8 .23  Plots for the  calculation of the  apparen t aniline perm eability  coefficients of 
Eudragit® RL films.
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Table 8.8 Aniline perm eation and  equilibrium  uptake by Eudragit® films.

ANILINE

= = = = = = = ......■ - ■ ■ ■ = =

PERMEABILITY
COEFFICIENT
/1x10'7 m2 hr*1

Eudrac

UPTAKE BY 
FILM 

/g (g.fllm)’

lit9 NE

PARTITION
COEFFICIENT1

ANILINE 0.91 0.0040 7.67

METHYL ANILINE 1.47 0.0575 - 60.77

ETHYL ANILINE 2.84 0.1115 123.96

PROPYL ANILINE 1.97 0.0345 138.68

Eudragit* RL <+ 15% TRIACETIN)

ANILINE 3.05 0.0057 7.68

METHYL ANILINE 3.17 0.0381 58.53

ETHYL ANILINE 3.16 0.0671 72.35

PROPYL ANILINE 1.84 0.0247 96.86

t  D eterm ined from single uptake value only.

it is possible to com pare perm eability coefficients for all an ilines, it is no t possible to 
directly  com pare up take  values. The partition  coefficients, a lbeit determ ined  from the  
up take  a t  a  single concentration, are therefore provided.

D uring the  course of an  aniline perm eation experim ent, th e  Eudragit® films becam e 
swollen an d  discoloured (brown): th e  degree of colouration d ep en d en t on the  aniline. In the  
case  of Eudragit® NE, up takes of the  first th ree anilines increase (Table 8.8) w ith increasing  
leng th  of alkyl group -  and  the partition  coefficients show  th is  tren d  to  be con tinued  for 
propyl aniline. This would be expected in th a t  the more hydrophobic the  side chain , the  
m ore predom inantly  it would be expected to partition  into th e  hydrophobic polymer, as 
opposed to  the  w ater. (If the  am ount of a n  aniline taken  up  by th e  film is calculated  as  a 
fraction of th e  in itial aniline concentration, th en  it is found th a t  betw een ca 0.3% an d  8% 
of the  an ilines are  lost to the  Eudragit® NE film {cf. 0.5 —> 6% for Eudragit® RL} su ch  th a t  the  
in itial concen tra tion  term , C0, is a n  overestim ate of the  true  value. This is no t accounted  
for1 in  the  perm eability coefficient calculation because the  resu lt is only in tended  to 
investigate porosity. If porosity exists, su ch  th a t the perm eability coefficients are of sim ilar 
m agnitude, the  solubility in the  film is less significant since th e  p e rm ean t will travel m ainly 
th rough  the  pores. However, if porous tran sp o rt is occurring, the  calcu lated  ‘perm eability 
coefficient’ is no t a  real perm eability coefficient {i.e. , not a  property of the  polymer}, b u t does 
give a n  ind ication  of the  relative ra te  of tran spo rt th rough th e  film {compared to the  non- 
porous film} an d  is therefore in terpreted  as an  apparent perm eability  coefficient.)

1Allowing for propyl aniline up take  (in C0) increases the  perm eability  coefficient, bu t 
insufficiently to obey the  trend  -  indicating th a t diffusivity in  the  polym er is also low.
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The plots for th e  calcu lation  of the  perm eability coefficients of the  an ilines th rough  
Eudragits® NE a n d  RL are  show n in  Figure 8 .22  and  Figure 8 .2 3 , respectively. D espite all 
films being of sim ilar th ickness  (ca 90 —> 100 fim), it is clearly seen  th a t  th e  an ilines break  
th ro u g h  th e  Eudragit® RL w ithout any  significant time lag, an d  m u ch  m ore quickly th a n  in  
th e  case of the  Eudragit® NE, which shows a lag of ca 2 h rs . It is a lso  seen  th a t  the  
grad ien ts  of the  lines for aniline, m ethyl aniline and  ethyl aniline, w hen perm eating  th e  
Eudragit® RL, a re  all approxim ately equal w hereas th is is no t the  case w ith  th e  Eudragit® 
NE. (The anom alous g rad ien t of the  line for the  perm eation of propyl an iline  th rough  
Eudragit® RL is p resum ably  a  function of the  degree of solubility a n d  diffusivity in  the  film. 
It is also  possible th a t  th e  ‘porosity’ {see following paragraph} allowing th e  concordant 
g rad ien ts  is insufficient to  allow convective tran sp o rt of the larger propyl an iline  m olecule.)

Figure 8 .2 4  is a  plot of the  aniline perm eability coefficients as  a  function of the  
an iline  up takes, w hen perm eating  both Eudragits® NE and  RL. The correlation  coefficient, 
r2, for each  of these  lines is 0.946 and  0.717 for Eudragits® NE a n d  RL, respectively. Despite 
th e  fact th a t  only th ree  po in ts are used  in calculating these coefficients, it is ap p a ren t th a t  
there  is g reater correlation betw een the aniline perm eation th ro u g h  Eudragit® NE  an d  the  
partition  of the  an ilines in to  the  film, th a n  is the  case w ith th e  Eudragit® RL (i.e., in  the  
case  of th e  Eudragit® RL, th e  correlation coefficient implies th a t  perm eability  is no t directly  
proportional to th e  solubility). It is suggested th a t the  reason for th is  is aqueous pathw ays 
a ris ing  from both  the  presence of triacetin  in  the Eudragit® RL film, a n d  the  polymer 
functionality . If a  netw ork of aqueous pathw ays is formed due  to  th e  leaching of the  
triacetin , a n d /o r  film swelling in  the  regions of hydrophilicity a ris ing  from the  polym er’s

K V I  
^  \ ________

Aniline Uptake 
/g (g.polymer)'

Figure 8 .24 Correlation betw een aniline perm eability coefficient a n d  pe rm ean t up take for 
Eudragit® NE  an d  RL films. (A = aniline; M = m ethyl aniline; E = ethyl aniline.)
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functional groups, th en  th e  m echan ism  by w hich the  anilines pe rm eate  the  film will be a  
com bination  of bo th  aqueous (convective) diffusion an d  activated  diffusion.

If th e  swollen aqueous pathw ays do exist, it would seem  reasonab le  to  a ssu m e  th a t  
th e  ra te  of diffusion of the  an ilines th rough  them  would be faster th a n  th ro u g h  th e  polymer.
I.e., th e  aqueous pathw ays would p resen t a  route of lower res is tance  to  p e rm ean t tra n sp o rt 
by v irtue of th e  fact th a t  a  liquid undergoes greater therm al m otion th a n  a  solid. This would 
hold tru e  even if it were assum ed  th a t th e  pathw ays were n o t con tinuous since  the  
p e rm ean t would only need travel th rough  polymer in  a  region of film w hich was th in n e r 
th a n  th e  bulk. Evidence for the  existence of su c h  aqueous pathw ays is se en  in  Figure 8 .23  
w here there  were no  lag tim es for th e  perm eation of the  an ilines th ro u g h  Eudragit® RL, and  
also  from the  fact th a t  despite  th e  different solubility coefficients o f th e  an ilines, a n d  the ir 
different sizes, they  all (with the  exception o f propyl aniline) perm eate  th e  film a t  th e  sam e 
ap p a re n t rate . A film undergoing perm eation by solution-diffusion shou ld  show  good 
correlation betw een th e  perm eability  coefficient and  th e  p e rm ean t u p tak e /so lu b ility  -  as 
se en  for Eudragit® NE  (Figure 8.24); Eudragit® RL, however, dem o n stra ted  only poor 
correlation betw een th e  ap p a ren t perm eability coefficient an d  p e rm ean t solubility.

8.7 Effect of water on Eudragit® films.
W ater has  th e  effect of causing  bo th  Eudragits® NE a n d  RL to  swell. This was 

v isually  ap p a ren t in  the  way th a t  films changed  from being tra n sp a re n t to  opaque after 
soak ing  in  water. It was determ ined (gravimetrically) th a t  th e  Eudragit® N E  and Eudragit® 
R L  film s show ed an  equilibrium  increase in  w eight o f  0 .6213(±0 .041) g (g.film)'1 and 
1.1194(±0.02) g (g.film)*1, resp ectively , due to  water uptake a t  am bient tem perature. 
(Abdel-Aziz111 found the  w ater up take  by solvent c a s t Eudragit® RL 100  to  be 
1.4154 g (g.film)*1 a t  280 K; cf. 0 .0718 g (g.film)*1 for Eudragit® RS 100.)

The m ovem ent of w ater th rough  Eudragit® NE film was m onitored u sin g  THO. The 
perm eability  coefficient of th e  w ater being determ ined from th e  concen tra tion  of THO in  
no rm al (unlabelled) water: PTHO = 1.72x10*® m 2 hr*1. This figure is a lso  p resum ably  th e  rate  
of un labelled  w ater tra n sp o rt th ro u g h  the  swollen film. The g raph  in  Figure 8 .2 5  show s the  
change in  the  num ber of d isin tegrations per m inute (d.p.m.) as a  function  of tim e, in  both  
th e  donor an d  receiver sides of th e  perm eability cell, and  also th e  to ta l d .p .m . in  th e  cell. 
This d a ta  w as used  to  calcu late th e  fraction of the  known in itial concen tra tion  of labelled 
w ater th a t  h a d  perm eated  and , hence, the  perm eability coefficient. The horizontal na tu re  
o f th e  to tal d.p.m . p lot [i.e., th e  upperm ost line in  Figure 8 .25) ind ica tes th a t  very little of 
th e  labelled w ater was lost to  th e  film (or glassware). (Note th a t  less th a n  0.008%  was 
rem oved from either side of th e  cell during  the  removal of sam ples for analysis. B ecause of 
th e  sm all am ount, it was no t replaced.)

From  the  definition of the  perm eability coefficient, P, of:

P =DS  (8 -5 >

W here:
D = Diffusion coefficient (m2 hr*1);
S = Solubility or partition  coefficient.
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Donor dpm

Figure 8.25 M onitoring of the  perm eation of tritium  labelled w ater th ro u g h  Eudragit® NE 
film.
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Figure 8.26 Perm eation of labelled w ater (THO) th rough  Eudragit® NE  films, bo th  w ith and  
a g a in s t a  flux of 4 -nitrophenol.
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Table 8 .9  The perm eability of THO as a  function of 4-n itrophenol perm eation  th ro u g h  
Eudragit® NE  films.

THO FLUX DESCRIPTION 
& FILM ORIENTATION1

THO PERMEABILITY COEFFICIENT 
/1x10*  m2 hr'1

NO 4-NITROPHENOL -  
SUBSTRATE SIDE 1.72

WITH 4-NITROPHENOL -  
SUBSTRATE SIDE 3.52

AGAINST 4-NITROPHENOL -  
AIR SIDE

1.30

t  O rien tation  refers to  the  direction of the  labelled w ater (THO) w ith respec t to  film castin g  
orientation. (The 4-n itrophenol was always perm eating th rough  th e  film’s su b s tra te  side.)

Given values ofP = 1.72x10® m2 h r '1, and  S = 0.6213, th e n  th e  diffusion coefficient 
of w ater (at 303 K) can  be calculated as D = 2.77x10'® m2 h r '1 (or 7.70x10'® cm 2 s '1). A 
diffusion coefficient of 7.70x10® cm2 s '1 com pares with the  self-diffusion coefficient of w ater 
of 27 .5x 10'5 cm 2 s '1 (at 303 K), as  extrapolated from da ta  cited by L a k sh m in a ra y a n a ia h 13021 
in  a  review of m em brane transport. This difference of th ree  orders of m agnitude  im plies th a t  
the  tra n sp o rt of w ater was tak ing  place in  a  highly restrictive environm ent.

8.7.1 Effect of the flux of 4-nitrophenol on the flux of water.
The flux of tritia ted  w ater th rough  Eudragit® NE  films w as m easu red  d u rin g  the  

course of a  typical experim ent to  determ ine the 4-nitrophenol perm eability  coefficient of a  
Eudragit® NE  film [i.e., the  experim ent giving a  4-nitrophenol perm eability  coefficient of 
4.00x10 ® m2 h r 1): the  THO flux being m onitored both with and  ag a in s t th e  4 -n itrophenol 
flux (in separa te  experim ents). The films were oriented su ch  th a t  th e  4 -n itrophenol was 
always passing  from su b s tra te  side to a ir side. The perm eation o f 4 -n itropheno l has 
previously been  show n to  be independen t of film orientation (see p a rag rap h  8.6.4.1), and  
there  was no reason  to  believe th a t  the  perm eation of w ater behaved differently. Any 
difference in  w ater perm eability should  th u s  have been d ep en d en t solely on  the  
4 -n itrophenol flux. The com parative resu lts  of these experim ents are  show n in F ig u re  8 .26 , 
an d  the  calcu lated  perm eability coefficients given in  Table 8 .9 . It is seen  th a t  w hen 
travelling in  the  sam e direction as the  4-nitrophenol, the  THO had  a  faster flux th a n  in  the  
absence  of 4-nitrophenol. It was th u s  concluded th a t  the  concen tra tion  g rad ien t of 
4-n itrophenol a ssis ted  the  ‘equilibrium ’ w ater diffusion flux in  th is  direction -  possibly 
influenced by association  of the  4-nitrophenol and  w ater by hydrogen bonding. Conversely, 
the  flux of w ater was seen  to be inhibited w hen travelling aga in st th e  flow of 4 -n itrophenol 
ind icating  th a t  a n  osm otic process was not controlling w ater tra n sp o rt th ro u g h  th e  film.

8.8 Perm eation of electrolyte through Eudragit® film s.
The m ovem ent of a  perm eant th rough  a film m ay be e ither by solution-diffusion 

(activated diffusion) or by bulk flow (convective diffusion, or Poiseuille or K nudsen  flow if
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a  p ressu re  grad ien t exists) th rough  pores, or a  m ixture of bo th  m echan ism s. D ifferentiating 
betw een the  two m echanism s is difficult if bo th  occur sim ultaneously , an d  capillary flow 
can  be independen t of perm eant size un less  the  pore d iam eter is of a  sim ilar dim ension to 
th a t  of the  perm eant. D ifferentiating betw een activated  a n d  capillary diffusion can  be 
fu rth e r com plicated if the  pores do n o t form a n  in terconnected  netw ork. The perm ean t flux 
in  th is  case would appear as if for a  film of lower density . Rogers an d  S te rn b erg14211 
com m ent th a t  if there  is cohesive in teraction  betw een perm ean t m olecules, th en  perm eant 
c lu ste ring  m ay occur leading to reduced  mobility com pared to th a t  of the  free molecule.

Typically, differentiating betw een a  convective flux a n d  a  flux due to solution- 
diffusion is done by m easuring the  diffusive flux of a  perm ean t due to a  concentration  
g radien t, a n d  th en  observing the effect of a  hydraulic p ressu re  g rad ien t across the  film. The 
p resence of a  hydraulic p ressure  increasing  the  porous perm eation ra te  b u t n o t the  
solution-diffusion p ro cess1553]. In th is  s tudy , the  films were found to be too fragile to be able 
to w ith stan d  a  pressure  sufficiently h igh to give a  change in  the  m easu red  perm eation rate.

An alternative m ethod is to determ ine w hether ions are able to perm eate a  film. In 
th e  absence  of a  coarse porous netw ork, or a n  ion exchange m echanism , a  film shou ld  
provide a  barrier to ions. Eudragit® NE, being non-ionic in  n a tu re , shou ld  th u s  be a  barrier 
to th e  perm eation of a n  aqueous solution of KC1, provided th a t  (i) no pores ex ist in  the  film, 
a n d  (ii) th e  hydration of the  polymer by w ater does n o t induce sufficient void space as to 
provide a  contiguous aqueous pathw ay th rough  w hich th e  ions are able to move.

In the  case of Eudragit® iVE, the  perm eation of KC1 (0.2 M) w as investigated by 
m easu ring  the  change in  conductivity on the  receiver side of the  perm eability  cell, held a t 
a  c o n s ta n t tem perature o f298 K, No in c re a se  in  c o n d u c tiv ity  w as found, o ther th a n  th a t  
se en  in  a  control sam ple of distilled w ater cau sed  by dissolved a ir (typically 10 fiS  cm '1, due 
to d isso lu tion  of atm ospheric COa -  cf. a n  equilibrium  concen tra tion  of KC1 shou ld  yield a  
conductivity  of 12 .856xl03 fxS c in '1). The lack of a  KC1 flux is indicative of the  fact th a t  
pores, if p resen t in  Eudragit® NE, are sm aller th a n  the  ionic rad iu s of K+ or Cl" ions 
(hydrodynam ic rad ii13501 = 3.31 A an d  3.32 A, respectively; cf. the  respective Van der W aals’ 
ra d ii11451 of 2 .30 A and  1.80 A). This lack of porosity is in  agreem ent w ith Gopferich and  
L ee12041 who investigated the effects of endogenous su rfac tan t in  Eudragit® NE w hen the  
polym er was used  in the preparation  of a  pharm aceu tica l m atrix-type su s ta in ed  release 
devices. M atrices prepared from Eudragit® NE in  w hich the  su rfa c ta n t had  been extracted  
(by refluxing in  water) gave drug  (clenbuterol) release ra tes  w hich were reduced by ca 67%. 
The h igher rate of release by the  m atrices contain ing  su rfa c ta n t was ascribed  as possibly 
due to increased  hydration of the  polymer due to the  su rfac tan t, an d  not due to the  
form ation of continuous pores.

The m easurem ent of electrolyte perm eation th rough  Eudragit® RL (+ 15% triacetin) 
was com plicated due to the  d issociation of the  quate rnary  am m onium  groups w hen the  film 
w as in  aqueous solution (in addition to the  com plication caused  by the  leaching of the  
triacetin). Hence, the  perm eation of radioactively labelled NaCl w as investigated, w ith the 
change in  perm eant on the donor side being m onitored by scin tilla tion  coun ting  of sam ples 
rem oved from the perm eability cell.
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Donor

Figure 8 .27 The perm eation of chlorine-36 labelled NaCl th rough  Eudragit® RL film, show ing 
th e  activity in bo th  com partm ents of the  perm eability cell, an d  th e  to ta l activity.

Donor

Figure 8 .28 The perm eation of sodium -22 labelled NaCl th rough  Eudragit® RL film.
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The flux of 36C1“ (Figure 8.27) was seen  to reach  a  p la teau  (norm ally ind icating  
equilibrium  in  the  cell), however, before the equilibrium  concen tra tion  w as reached , it w as 
found th a t  6 1(±1)% of the  to ta l of added labelled chloride ‘d isappeared .’ This w as n o t due 
to leakage of the  perm eability cell, an d  no trace of the  36C1~ w as found in  th e  co n s ta n t 
tem pera tu re  ba th . It w as th u s  presum ably a  feature of the  film: the  labelled chloride e ither 
being exchanged for the  unlabelled  chloride, or the  increase in  ion concen tra tion  causing  
the  film to associate  its ions (a m ixture of labelled and  unlabelled) su c h  th a t  the  equilibrium  
concen tra tion  of labelled chloride was no longer available for m easurem ent.

The perm eation o f  NaCl through Eudragit® RL, in  w hich Na+ w as th e  labelled ion 
{i.e., 22Na+) w as also investigated (Figure 8.28). No loss in  th e  to ta l Na+ added  w as found, 
an d  a perm eability coeffic ien t o f  1 .2 6 x l0 '7 m 2 h r 1 w as determ ined  for w hen  the 
perm ean t w as ag a in st th e  su b s tra te  side of the  film. W ith th e  p e rm ean t ag a in s t th e  donor 
side of th e  film, the  perm eability coefficient was 1.22x1 O'7 m2 h r '1. The values are  w ith in  the  
ca  10% uncerta in ty  induced  by variation in  film th ickness.

The perm eation of Na+ ions does indicate the presence of pores in  Eudragit® RL w hen 
in  solution. Although Cl- ions m ay perm eate via an  ion exchange m echan ism  w ith  the 
d issociated  ions of the  film, Na+ ions do require a  porous netw ork in  order to be observed 
on the  receiver side of the  film.

The resu lts  for the  electrolyte perm eation experim ents therefore provide fu rth e r 
evidence th a t  a n  aqueous netw ork exists in  the  Eudragit® RL films, p resum ably  as  a  resu lt 
of both  triace tin  leaching an d  polymer hydrophilicity, b u t no t in  the  Eudragit® NE  films. The 
hydrodynam ic radii of the  Na+ an d  Cl~ ions are given as 3 .58 A a n d  3.32 A, respectively, by 
N ightingale13501, giving a n  indication of the  absolute m inim um  pore size necessary  for th e ir 
perm eation, in  the  absence of o ther m odes of transport.

8.9 Summary and co nclu sions..
Relative perm eability coefficients have been reported for th e  perm eation  of various 

gases, so lu tes, w ater vapour an d  w ater th rough  a  selection of com m ercial Eudragit® latex- 
c a s t films -  concen tra ting  m ainly on Eudragits® NE an d  RL.

D espite v isual differences observed during casting, an d  th e  g rea ter hydrophilicity 
of Eudragit® RL, com pared to Eudragit® NE, both  films were found to dry in  approxim ately 
the  sam e tim e. N either the  dried Eudragit® RL or Eudragit® NE films were seen , u n d e r  the  
S.E.M., to show  s tru c tu re  on a particu late level. M ercury porosim etry, an d  th e  evidence 
from COz gas perm eability resu lts  show ed neither film to be particu larly  porous, a lthough  
Eudragit® NE did exhibit a  greater apparen t in truded  volume by m ercury  porosim etry: 
possibly due to com pression of the  film (the com pression of Eudragit® RL being inh ib ited  
by its functionality).

The COa gas perm eability of both  Eudragits® NE a n d  RL decreased  w ith  film age 
ind icating  th a t  film density  was increasing as a  function of tim e -  p resum ably  due to
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increased  interdiffusion of th e  polym er chains. Aging was n o t evident in  th e  so lu te  
perm eability  resu lts , where presum ably  it was m asked by th e  effects of polym er swelling.

The difference in  appearance  of th e  upper an d  lower su rfaces of th e  Eudragit® NE  
an d  RL films (with reference to  casting), was no t reflected in  th e  so lu te  perm eability  resu lts  
[i.e. , a s  perm eability  asymm etry), b u t was possibly lost w ithin the  experim ental uncerta in ty . 
The w ater vapour perm eability resu lts  for Eudragit® NE  would perhaps show  a  very m inor 
film asym m etry, b u t the  fact th a t  the  perm eability coefficient was seen  to  be d ep en d en t on 
film th ick n ess  tends to m ake these  resu lts  som ew hat less reliable.

Experim ental factors th a t  m ay have affected th e  solute (4-nitrophenol) perm eability  
resu lts  have been  show n to have no detrim ental affect on th e  so lu te  perm eability  of 
Eudragit® NE, a n d  the perm eability h as  been  show n to be F ickian w ith resp ec t to  bo th  film 
th ick n ess  an d  in itial perm ean t concentration. Film casting  tem pera tu re  was likewise seen  
to  have no  effect on the  so lu te  perm eability coefficient, un less  the  casting  tem pera tu re  
approached  th e  polymer Tg.

W ith regards to Eudragit® R, th e  leaching of th e  added (15%) triace tin  p lastic ise r was 
seen  to have a  significant effect on the  solute perm eability. Eudragit® RL film pre-leached  
of triace tin  show ed a  lower 4-n itrophenol perm eability coefficient th a n  a  film con ta in ing  
triacetin , a lthough  the greater hydrohilicity of Eudragit® RL com pared to  Eudragit® RS  was 
still a p p a re n t in  the  solute perm eability resu lts  of the  triace tin -bearing  films.

The plasticiser-free Eudragit® RL film gave a  4-n itrophenol perm eability  coefficient 
th a t  w as approxim ately seven  tim es greater th a n  th a t  found for Eudragit® NE -  again  
assu m ed  to  be due  to th e  greater hydrophilicity of th e  Eudragit® RL polymer. P erm eant 
tra n sp o rt th ro u g h  Eudragit® RL was found to be F ickian w ith respec t to  perm ean t 
concentration , b u t not film th ickness. This was ascribed to  the  greater difficulty o f leach ing  
triace tin  from th e  th icker films.

The 4-nitrophenol solute perm eability of both  Eudragit® NE  a n d  Eudragit® RL film 
as a  function  of tem pera tu re  followed A rrhenius-type behaviour, and  th e  ac tivation  energies 
were determ ined.

Rogers an d  S te rn b e rg14211 indicate th a t  th e  presence of a  m icroporous s tru c tu re  
w ith in  a  film allows the convective tra n sp o rt of a  perm eant, an d  th a t  su c h  tra n sp o rt m ay 
be in d ependen t of the  perm eant size un less the  perm ean t is of g rea ter th an , or a  
com parable size, to the  pore size. The perm eability coefficients of a  series o f an ilines of 
increasing  size o f side ch a in  were seen  to  be independen t of an iline size in  th e  case of 
Eudragit® RL, b u t not Eudragit® NE. Correlating th is  w ith the  s tru c tu re le ss  n a tu re  of the  
films (by S.E.M.), the size-independent perm eability ra te  of Eudragit® RL w as p resum ably  
as a  resu lt of th e  leaching of the  triace tin  plasticiser, com bined w ith the  functionality  of the  
polymer, leading to  a n  aqueous netw ork th rough  w hich the an ilines were able to  travel by 
convective diffusion (rather th a n  solution-diffusion). Evidence for w hich a rises  from the  
independence  of th e  perm eability coefficient from th e  aniline up tak e  by th e  films, an d  the  
fact th a t  th e  an ilines show ed little or no  tim e lag w hen perm eating Eudragit® RL.
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The perm eation  of w ater th rough  Eudragit® NE  was found to  occur in  b o th  directions 
(donor receiver and  receiver —> donor, w ith reference to  th e  direction o f th e  solute 
perm eant), b u t th e  rate  w as dependen t on w hether th e  4-n itrophenol perm ean t w as m oving 
in  th e  sam e d irection or no t {e.g. , th e  ra te  was g reater w hen travelling in  the  sam e direction 
as  4-nitrophenol). In all cases, however, th e  w ater an d  4 -n itrophenol fluxes were of 
com parable m agnitude, an d  the  resu lts  show ed th a t  osm osis d id  no t con tribu te  to  the  
4-n itrophenol perm eation.

Eudragit® NE was seen  to  be im perm eable to  ions of K+ a n d  Cl", again  ind ica ting  th a t  
it h a d  no pores of a  size greater th a n  th e  (hydrated) ionic rad ii (and th a t  no  ion exchange 
m echan ism  occurred). Eudragit® RL (+ triacetin) did  allow th e  passage  of Na+ a n d  Cl" ions, 
b u t de term ination  of the  m agnitude of th e  flux, e ither conductively or u s in g  rad io-tracer 
m ethods, was com plicated due to  dissociation of ions from th e  film and  ion exchange, 
respectively. T ha t Na+ ions were tran spo rted  across the  film indicated  th a t  convective 
pathw ays of sufficient diam eter were p resen t in  th e  film, b u t th ese  could n o t be detected  
by S.E.M. or F.F.T.E.M. in  th e  dried film.
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Results and Discussion, Chapter 9: 
Morphology and Permeability of 

Surfactant-free Films.

9.1 Introduction.
B Q ilm s p repared  from  surfactan t-free  latices of a  num ber of poly (alkyl m ethacrylate) 
Sal polym ers have been  investigated as  p a rt of projects by C h a in ey 1841, a n d  R ou ls tone14231. 
The hom opolym er films prepared for u se  in  th is  study  were m ean t as  a  con tinua tion  of th a t  
work, a n d  a lso  to  give a  com parison w ith  th e  Eudragit® films investigated  as  th e  m ajor p a rt 
of th is  s tu d y .

The poly(alkyl methacrylates) investigated were prepared by surfactant-free em ulsion 
polym erisation  a s  described  in  C hapter 7, a n d  included poly(n-butyl m ethacrylate) (PBMA), 
poly(n-am yl m ethacrylate) (or poly(pentyl m ethacrylate), PAMA), a n d  poly(n-hexyl m eth 
acrylate) (PHMA). The m onom ers are  a ll relatively insoluble in  w ater, an d  Table 9 .1  gives 
th e  m onom er solubility  a s  determ ined by m easuring  th e  to ta l organic carbon  con ten t of a  
sa tu ra te d  so lu tion  o f m onom er in  w ater. Latices were o f a  hydrodynam ic p artic le  s ize  o f  
approxim ately  650(±50) nm for PHMA and PAMA, and 500(±50) nm  for PBMA, as  
de term ined  by pho ton  correlation spectroscopy (P.C.S.).

W eight average m olecular w eights (MJ were 1 ,3 8 3 ,000 (± 144,000) for PBMA1; 
6 7 8 ,0 0 0  for PAMA; a n d  35 0 ,0 0 0  for PHMA, as  m easured  by G.P.C. It was im portan t th a t  
th e  d ifferent b a tch es  of a  given polymer were of com parable m olecular w eight since 
K am in sk a12661 h a s  show n (for polystyrene films) th a t th e  m olecular w eight of th e  polym er 
can  affect th e  (air) perm eability (e.g., film perm eability decreased  a s  m olecular w eight 
increased).

The PHMA a n d  PAMA polymer particles were found to  be too soft to  be sized by 
electron  m icroscopy -  th e  electron beam  causing  the  polymer to  flow a n d  therefore d isto rt 
th e  particles. Therefore, P.C.S. was used . R oulstone14231 sized PBMA latices by b o th  T.E.M. 
a n d  P.C.S. finding good correlation betw een the  respective m ethods. W hen m easu ring  
particles by P.C.S., a  latex  s ta n d a rd  w as employed first a s  a  ca lib ra tion -tes t of th e  
in s tru m e n t se t-up .

For u se  in  film casting, latices were cleaned by extensive d ialysis, b u t w here latex  
functionality  was im portan t, a  final stage of m icrofiltration w as included.

9.2 Latex film form ation and morphology.
Following C h a in ey1841 and  R ou lstone14231, free films p repared  from surfac tan t-free  

latices were considered  as model system s: i.e., system s in  w hich th e  properties of th e  films 
were en tirely  dep en d en t upon the  polym er an d  its casting  conditions.

1 Units: Polystyrene equivalents.
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Table 9.1 M onomer solubility in w ater, a t am bient tem perature.

MONOMER % (W/W) MONOMER CONCENTRATION1

BUTYL METHACRYLATE 0.0041

AMYL METHACRYLATE 0.0017

HEXYL METHACRYLATE 0.000723

t  Values accoun t for background contam ination of w ater of 0.00017% . Q uoted precision 
(5%  RSD.

9.2.1 Casting and morphology of PBMA surfactant-free, free-films.
PBMA has a relatively high Tg, (in relation to am bien t tem perature) w ith quoted 

v a lu e s13121 in the  range o f286 —» 308 K (presum ably due to differences of m olecular weight). 
The b rittleness a t am bien t tem p era tu re1 of the  free-films, produced in th is  study , would 
suggest th a t  the  h igher end  of the  quoted Tg range would best describe the  polym er used  
in th is  study . Zosel an d  Ley15671 claim  a Tg of 302 K, and  give a M.F.F.T. of 296 K. Film 
casting  (72 hrs) was performed well above th is tem peratu re  range (at 353 K).

For com parison w ith the Eudragit® films of C hapter 8, the  oven conditions du ring  
the  casting  of a  PBMA film (at 313 K, from a latex a t 5% polymer solids content) were 
m onitored, an d  are show n in Figure 9.1. Figure 9.2 ind icates the  various visual 
observations m ade during  the drying process.

Like the Eudragit® NE films, the PBMA films were observed to dry in a  non-uniform  
m anner, w ith drying spreading, in the  form of a  front, from one or more points of 
nucleation . Drying proceeded in a  m anner sim ilar to th a t of the  Eudragit® NE film s. 
However, the iridescence th a t had  been seen  with the Eudragit® NE films was very m uch 
stronger in the case of the PBMA films, with easily d istingu ished  ban d s of colour th a t 
preceded the form ation of a  narrow  region of sk in  a round  the dry, clear area  of film. The 
fact th a t  the  iridescence show n by the PBMA films was greater th a n  th a t  of the  Eudragit® 
NE suggests the crystalline ordering of the latex particles occurred to a  g reater ex ten t in the 
PBMA. This is a ttribu ted  to the  extended range of the double layers of the  electrostatically  
s tab ilised  PBMA particles, com pared to the sho rte r range in terac tions of the  sterically  
stab ilised  Eudragit® NE latex.

Figure 9.1 show s the changes in  weight loss and  R.H., for films c a s t a t 313 K. Like 
the Eudragit® films (of C hapter 8), the  tem perature above the film increased  by 1 K w hen 
the film dried. Figure 9.2 show s th a t iridescence was first observed w hen the  to tal 
(average) volume fraction, O, was 21%, a t  a  time of 525 min, and  th a t  the  iridescence was 
visible across the whole film a t  a  time of 540 min (<X> = 24%). (When casting  the Eudragit®

^ h e  laboratory in w hich th is work was performed usually  had  a relatively high am bien t 
tem pera tu re  of approxim ately 295 K. b u t could get as  high as 302 K in mid sum m er.
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—t— Temp. —x— C u n . W1 Loss — R. H.  wm

1200 1400 1600

Time /mins

Figure 9.1 Oven conditions during  the  drying of a  PBMA film c a s t from 5% polymer solids 
con ten t a t  313 K. A = iridescence (21.2% vol. fraction); B = fully formed sk in  (83% vol. 
fraction).

Vol. Fraction

m s m

Patch of skin visfcle 
vol. fraction = 28%

F is t dear frlm -

ill
Figure 9.2 Plots of cum ulative weight loss, an d  percentage volum e fraction of polymer solids 
con ten t du ring  the  casting  of a  PBMA film. (Note the  com parison w ith Eudragit® NE.)
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Plate 9 .1 (301004) S.E M. of the upper air, side of a 
poly(butyl methacrylate) film cast for 72 hrs at 353 K. 

Plate 9.2 (301005) S.E.M. of the upper. air, side of a 
poly(butyl methacrylate) film cast for 72 hrs at 353 K. 
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NE film, iridescence w as never se en  to  cover the  whole film.) The firs t sign o f sk in  form ation 
was a t  <I> = 28%  (562 min), a t  th e  sam e position of the  original iridescence. This s ite  (of 

in itial sk in  formation) w as henceforth  the  first position of clear film  (<3> = 33%) a t  a  tim e of 
562 min: th e  clarity sp read ing  to  th e  whole film area (except a ro u n d  th e  m en isc u s) in  a  tim e 
of 645 m in  «I> = 83%) from th e  s ta r t  of the  experim ent.

Com paring th e  drying of Eudragit® NE to  th a t of PBMA (Figure 9.2), i t  is ev ident th a t  
th e  s tead y -sta te  ra te  of evaporation of th e  w ater was th e  sam e for b o th  films, a n d  the  drying 
curves are, hence, of a  correspondingly sim ilar shape. Some s lig h t difference in  th e  two 
curves is ap p a ren t in  th e  region w here th e  ra te  of w ater evaporation s ta r ts  to  decrease: th e  
PBMA appearing  to dry m u ch  m ore sudden ly  th an  the  Eudragit® NE. However, bo th  films 
took th e  sam e tim e to  move from  th e  first sign of iridescence to  a  fully c lear film.

The fully dried PBMA film (w hen removed from the su b s tra te )  h ad  a  m a tt fin ish  on 
th e  u p p er surface (polym er-air interface), and  a  glossy fin ish  on th e  lower su rface  (polymer- 
su b s tra te  interface). The up p er side of the  film also showed ‘m ud-c racks’ (as se en  on th e  
Eudragit® NE). However, th e  fea tu res seen  on the  PBMA film surface were fewer in  num ber, 
b u t m ore prom inent.

An in teresting  fea tu re  of the  freshly prepared d iy  PBMA film  (occurring in  th e  film 
c ast a t  313 K, b u t n o t th a t  a t  353 K) was th a t  w hen re-soaked in  w ater a n d  th e n  rem oved 
to  dry in  air, th e  film was observed to  undergo  diffraction iridescence. This w ould d isappear 
in  a  m atte r  of seconds, b u t could be restored if the  film was re-im m ersed  in  w ater. This 
effect could be reproduced over a  period of 2 weeks, after w hich it stopped . This would th u s  
ind icate th e  p resence of s tru c tu re , a t  least on the  film surface, w hich w ould ap p ear to  be 
enhanced  to  a  dim ension com parable to  the  wavelength of visible light w hen  swollen w ith  
w ater (hence, th e  iridescence being only apparen t after soaking). On swelling, th e  PBMA 
films did n o t im bibe sufficient w ater to  tu rn  opaque (in co n tras t to  th e  Eudragit® films) b u t 
rem ained  clear, except in  th e  regions of the  ‘m ud-cracks’ (again suggesting  th a t  th ese  were 
a reas  of w eakness w ith in  th e  film). This lack of w ater up take  w as reflected in  th e  speed  of 
d iy ing  a n d  loss of iridescence. The to ta l cessation  of th e  iridescence effect after a  2 week 
period reflects th e  effects of fu rth e r g radual coalescence on film densification.

PBMA films, c a s t for 72 h rs  a t  353 K, were exam ined by S.E.M. (Plate 9 .1  to 
Plate 9.3). The upper surface of th e  film, w hich appeared to  be m att-fin ished  a n d  tex tu red , 
show ed a  good exam ple of th e  close-packing of spheres (particles), a lbeit w ith  occasional 
m issing  particles. The PBMA particle diam eter is seen  to be ca 500  n m a n d  m onodisperse, 
w hich com pares to  a  size of 5 3 0 .3  nm  a s  m easured by P.C.S. (the P.C.S. also  confirm ing 
the  latex  to  be relatively m onodisperse w hen using  th e  m ulti-angle software {see C hap ter 
7}). B eneath  th e  holes left by th e  m issing  particles, it is possible to  see  th e  underly ing  layers 
of particles, an d  it is a lso  evident th a t  no  particles are d isto rted  from spherical. The 
underside  of th e  film (Plate 9 .3) also shows some struc tu re , b u t th e  particles are  deform ed 
to som e ex ten t -  in  keeping w ith th e  sm ooth, glossy, appearance of th is  side of the  film. The 
particle deform ation m ay resu lt from either (i) adhesion  of the  particles to  th e  glass, or (ii) 
from com pression of the  particles ag a in s t the  substra te . The su b s tra te  side of th e  film also
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show s a  num ber of sm all holes (Plate 9.3), far sm aller th a n  th e  particle  size, w hich  were 
n o t ap p a ren t on the  film’s upper surface. The resu lts  of th e  so lu te  perm eability  experim ents 
also  implied th a t  th ese  holes d id  n o t pass  through  th e  en tire  th ick n ess  of th e  film (see 
parag raph  9.3.1). The holes possibly resu lt from the  fact th a t  th e  latex  con ta ined  no  
su rfac tan t: in  addition to  a ssis tin g  in  latex  stabilisation, a  su rfa c ta n t m ay a id  su b s tra te  
w etting by reducing  th e  surface ten sio n  and , hence, preventing d isjo in ing  of th e  la tex  w h en  
wet, and  pinholing of th e  latex film.

A fractu re  cross-section  S.E.M. (not included) of the  PBMA film did n o t show  th e  
particu la te  s tru c tu re  of the upper a n d  lower surfaces of th e  film, desp ite  the  fact th a t  the  
m issing  particles, as se en  in  th e  m icrograph of th e  upper surface (Plate 9.1), show ed som e 
s tru c tu re  in  layers close to the  surface. This lack of s tru c tu re  w as possibly a n  anom aly  of 
th e  fracture m ethod causing  th e  polymer to  flow (despite th e  frac tu re  being perform ed 
u n d e r liquid nitrogen), or the  lack  of focus in  the p ictu re  due  to  th e  roughness of the  
fracture su rface a n d  low dep th  of field of th e  microscope. Also con tribu to ry  w as th e  fact 
th a t  the  film (Plate 9 .1  to  Plate 9.3) was aged over th ree  m on ths by th e  tim e the  
m icrographs were taken . Plate 9 .4  shows a n  example of a  PBMA (T.E.M.) film frac tu re  
cross-section  (prepared by the  tensile  sn a p  m ethod of replication {see C hap ter 7}), an d  
confirm s th e  better resolution o f T.E.M. a n d  th is  m ethod (com pared to  S.E.M .). This film 
w as from a  different b a tc h  of PBMA latex  (prepared to a  sim ilar recipe a s  those  films looked 
a t  previously), and  w as cast for only 3 h rs  a t  353 K. The film w as n o t observed u n til five 
days after casting, a n d  although indistinct, th e  particle boundaries a re  still v isible in  the  
m icrograph, albeit grossly deform ed from their original spherical shape. T.E.M.s (not 
presented) of su ch  films cast for 72 h rs  show ed a  sim ilar degree o f s tru c tu re .

The S.E.M .s of th e  outer su rfaces of th e  films c ast for 72 h rs  show  a  s tru c tu re  m u ch  
closer to th a t  typically seen  for non-film -form ing polystyrene, th a n  for a  film form ing latex: 
presum ably, th e  films are not w hite and  opaque (as are  d iscon tinuous polystyrene films 
w ith  particles of th is  size order) due  to  deform ation of th e  particles in  th e  b u lk  o f the  film.

9.2.2 Casting and morphology of PHMA and PAMA surfactant-free, free-films.
PHMA has a  lower Tg th a n  PBMA (263 ->  268  K [3991 {cf. »  302 K for PBMA}) m ak ing  

it e lastic  a n d  tacky to  touch  a t  am bien t tem perature. The PBMA films were c a s t  a t  
approxim ately 50 K above their Tg, and  so  a  tem peratu re  of 313  K was chosen  a s  th e  
casting  tem pera tu re  for the  PHMA films. D ata  on film drying are  show n in  Figure 9 .3  an d  
Figure 9.4. Despite th e  sim ilarities in  th e  sh ap e  of th e  cum ulative w eight loss plots for 
PHMA, com pared to  bo th  Eudragit® NE  (as show n in Figure 9.4) a n d  PBMA, a  n u m b er of 
differences were observed. Unlike th e  surfactant-free PBMA, surfac tan t-free  PHMA la tex  
show ed no observable iridescence. W ithin ju s t  7 m in  from th e  observation  of a  w et 
opaque (white) latex w ith  no iridescence or sk in , the front one th ird  of the  film w as found 
to  be dry a n d  clear: bordered from th e  wet latex  by a  th in  band  of sk in  or flocculated latex. 
As the  front of the sk in  expanded across th e  surface of the  latex, sm all ‘lagoons’ of latex  
rem ained  wet, trapped  in  the  film an d  covered with a  sk in  (see schem atic  in  Figure 9.4). 
The opacity of these  trapped  regions decreased with tim e, initially to pa tches of film w ith  
a  hazy appearance, an d  finally, to  diy, tra n sp a re n t film. These regions were th u s  th e  la s t

Modification of the permeability of polymer latex films. p-9 :7 -



Results and Discussion, Chapter 9: Morphology and Permeability of Surfactant-free Films.

to  dry  except for the  m eniscus of the  latex  aga inst the  re ta in ing  cylinder-w all. That 
iridescence w as no t observed for PHMA is a ttrib u ted  to  the  so ftness o f th e  polym er cau sin g  
th e  spheres to  deform  on in itial contact.

The in itial regions of film, which dried relatively quickly, show ed no sign  of ‘m ud- 
c rack s.’ However, th e  final film d id  d isplay two or th ree relatively wide veins th a t  extended 
a  relatively long d istance over th e  film surface. It is believed th a t  th ese  m ud-cracks border 
th e  final section  of the  film (as a  whole) to  dry w ith those a reas  of trapped  la tex  th a t  were 
visible as  hazy pa tches un d er th e  skin. (M ud-cracks were still ev ident in  a  PHMA film cast 
a t  353  K, ind icating  th a t  either: i, th e  polymer was unable to  ‘flow’ an d  fill th e  residua l void 
left following th e  escape of the  trapped  water; or ii, two or more regions of approach ing  sk in  
overrode one ano ther, in  th e  m an n er of tectonic plates, to  leave a  ridge.)

The cum ulative weight loss curve for PHMA can  be superim posed  a lm ost exactly  on 
to  th e  curve for Eudragit® NE  (Figure 9.4). This again, like th e  curve for PBMA, ind icates 
th a t  the  film drying tim e was independen t of th e  m ethacrylate polym er type, a n d  a lso  o f any  
added  su rfac tan t. It a lso  show s th e  film form ation rate  was in d ep en d en t o f la tex  particle  
size {cf. PHMA «  600 nm , Eudragit® NE = 1 6 3  nm ) -  in  agreem ent w ith P ram ojaney14021 e t al. 
a n d  V anderhoff15071 et al. (but in  co n tra s t to  som e of the  groups earlier w ork ,397i).

Unlike th e  PBMA films, no  evidence of any  in ternal s tru c tu re  w as found in  PHMA 
or PAMA films, w hen c a s t for 6 h rs  a t  313 K, an d  viewed under th e  T.E.M. (following freeze- 
frac tu re  a t  liquid n itrogen tem pera tu res, u sing  th e  tensile s n a p  m ethod {as described  in  
C hap ter 7} a n d  replication w ith in  hours of casting). PAMA w as sim ilar to  PHMA, having  a  
sim ilarly  low Tg (263 —> 2 6 8  K 13" 1). Plate 9 .5  a n d  Plate 9 .6  show  th e  freeze-fracture cross- 
sections of sam ples of PHMA a n d  PAMA film, respectively. It is of note th a t  th ere  is no  
evidence of the  original particles (P.C.S. d iam eter »  600 nm), a lthough  th e  films do show  
a  som ew hat grainy s tru c tu re  th a t  is m ost evident for th e  PAMA. This is in  ap p a ren t 
d isagreem ent w ith Distler an d  K anig(121) who argued th a t  latex  particles w ould never 
achieve com plete coalescence due  to  incom patible polymer ch a in  endgroups on  the  surface 
of th e  particles h indering  the  m u tu a l interdiffusion of the  chains. It is a lso  in  co n tra s t to 
th e  T.E.M.s of Eudragit® NE  (C hapter 8, Plate 8 .1  and  Plate 8 .2) w hich is of com parable 
Tg a n d  did show  som e residual s tru c tu re . It is, however, possible th a t  th e  boundaries were 
p re se n t as regions of differing film density  or hydrophilicity, com pared to  th e  b u lk  of the  
film, b u t were ind istingu ishab le  by the  co n tras t levels available by T.E.M.

9.2.3 Porosity of PBMA films.
The porosity of a  PBMA film, c a st for 72 h rs  a t  353 K w as probed u s in g  the  

techn ique of m ercury porosim etry. No definable peaks, ind icating  th e  p resence o f pores, 
were found (Figure 9.5). However, voids a n d /o r  com pressibility in  th e  film did  lead to  a  
sm all am o u n t of s tru c tu re  below a  nom inal pore rad ius of 0 .07 jum. This is possibly related  
to  th e  ‘p inholes’ as seen  in  Plate 9 .3 . The low in truded  volume of m ercury  (( 43 m m 3 g'1 a t 
1999 bar {1 b a r  = 10s Pa} {cf. 800 m m3 g*1 found, for example, in  th e  case  of th e  PBMA film 
leached  of Eudragit® L, in  C hap ter 11}) would seem  to suggest th a t  th ese  holes a re  surface
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^ I  1 ■WSSpMiMm- —+— Temp. —x — Cum . W*t Loss —ft— R.H. wzmtmmm.

1600

Time /mins

Figure 9 .3  Oven conditions d u ring  the  drying of a  PHMA film c a s t from  5% polym er solids 
co n ten t a t  313 K. A = wet latex; B = fully formed skin.

m m m
—t— Cum. W t Loss ........ (NE Vol. Fraction

No skin or iridescence —

Front 1/3 of tlm dry and deer 
(\d. taction = 28%)

Wet latex trapped under tlm 
(\d. taction = 54%)________

Wet latex 
Opaque flm

dear tlm

Figure 9 .4  Plots of cum ulative w eight loss, an d  percentage volume fraction  of polym er solids 
co n ten t during  the  casting  of a  PHMA film. (Note the  com parison w ith  Eudragit® NE.)
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- Differential Plot Cumulative Plot

:

Figure 9 .5  Pore d istribu tion  in  a  PBMA film by m ercury  porosim etry.

ZZXMmJJMUkt n i l  immim
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Figure 9 .6  Com parison of plots giving the  very low 4-n itrophenol perm eability  coefficients 
as  s ta te d  in  the  body text. Film PI was cast for 72 h rs, and  Film P2 for 3 h rs.
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Table 9.2 PBMA film perm eability coefficients for 4-n itrophenol so lu te , ind icating  the 
poor reproducibility, and  the effect of the  num ber of films m easu red  on th is  uncertain ty .

NUMBER OF FILMS USED 
IN CALCULATION

AVERAGE PERMEABILITY 
COEFFICIENT (±S.D.) 

/ma hr1

PERCENTAGE
UNCERTAINTY

12 2.35(±2.20)x10‘9 94

6 7.80(±5.27)x10'1° 68

3 3.82(±1.95)x10-10 51

fea tu res only an d  do not protrude far into the film. The in truded  volume w as sim ilar to th a t 
found by R oulstone14231 for solvent cast PBMA. (The negative poin ts on the  differential curve 
are  a n  artifact of the m ethod, occurring (i) w hen the in truded  volume is of sim ilar 
m agnitude to the m ercury com pression {blank}, or (11) w hen th e  in tru d ed  volume takes an  
inord inate  tim e to equilibrate, for a  given pressure  increase. The la tte r  m ay occur if non- 
cylindrical ‘ink well’ type pores are present, or if the polym er ‘relaxes’ after com pression.)

9.2.4 Electrolyte permeation.
None of the surfactant-free films allowed the perm eation of KC1 (initial concentration  

0.2 M) as  m easured  by the change in conductivity on the  receiver side of the  perm eability 
cell: the  conductivity only changing by a m agnitude sim ilar to th a t  of a  control solution of 
double distilled w ater stored under sim ilar conditions. This is indicative of the  film having 
no pores of a  diam eter greater th an  the hydrated radii of the  electrolyte ions {I.e., 3.31 A 
a n d  3.32 A for K+ and  Cl’, respectively13501).

9.3 Solute permeability of surfactant-free films.
9.3.1 PBMA.

Table 9.2 gives the resu lts  for the perm eability coefficient of 4 -n itrophenol for a 
n u m b er of PBMA films cast for 3 hrs a t  353 K. The resu lts  varied widely. The poor 
reproducibility  arose despite the fact th a t the  films were inspected  visually for pinholes, and  
rejected  if any were found. (Obviously, pinholes as seen  in Plate 9.3 would not be visible 
to the  naked  eye.)

C hainey1841 and  R oulstone14231 used only the lowest th ree  concordan t resu lts . The 
a ssu m p tio n  being th a t the lowest calculated perm eability coefficient m u st be the correct 
one, an d  any th ing  higher was due to a fault in the film.

R easons for the high failure rates of PBMA films can  only specu la ted  upon, b u t may 
be a ttrib u tab le  to the practical problem s involved in casting  a n d  han d lin g  the  films. PBMA 
h a s  a relatively high Tg, and  w hilst film casting  was perform ed above the  Tg of the polymer, 
the  perm eation experim ents were performed only ju s t  w ith in  the  up p er lim it of the  range 
cited in the  lite ra tu re13121 {i.e., 286 —» 308 K). The b rittleness of the  PBMA free-films did 
suggest th a t  the  Tg was above room tem perature. S.E.M. evidence show ed th a t  the films had 
an  ordered, particulate, s truc tu re , in agreem ent with R ou lstone ,4231. It is th u s  possible th a t
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th e  films h ad  sim ilar defects in  th e  particle packing of th e  latex  to  those  found in  tru e  
crysta ls  {e.g., d islocations, ‘grain* boundaries, vacancies) w hich could possib ly  lead to  
w eakness in  the  s tru c tu re .

Alternatively, it is possible th a t  th e  ‘m ud-cracks’ were responsib le  for w eakness in  
th e  films. Invariably, w hen a  film sp lit du ring  handling, it was along  th e  lines o f a  m ud- 
crack , p resum ably  because  th is  was th e  th in n e s t a rea  of th e  film.

A fu rther problem  associated  w ith the  h igh Tg of PBMA, w as th a t  of rem oving th e  
films from  th e ir  casting  substra te . The films were brittle an d  required  heating  to  a s s is t  in  
th e ir  rem oval from th e  substra te . This was done by soaking  in  ho t water, a n d  required  
careful control in  order to  avoid deform ation and  s tre tch ing  of th e  film during  rem oval. This 
w ould unavoidably  p u t ex tra  s tra in  on  th e  film w hich could lead to  s tre ss  fau lts.

Variable porosity  arising  from latex  instab ility  w as n o t th o u g h t to  be a  problem . The 
PBMA C.C.C. to  a  BaCL, solution was determ ined as being 2 0  mM (± 15%), w hich com pares 
favourably to  typical values for su rfactan t-free  polystyrene la tic e s l393).

9.3.1.1 PBMA latex films cast for 72 hours.
B ecause of the  h igh  failure ra te  of PBMA films c a s t for 3 h rs , casting  for a  longer 

period w as te s ted  as  a  m eans of im proving film reproducibility. It w as found th a t  th e  resu lts  
were m u ch  m ore reproducible if the  PBMA film s rem ained a t  3 5 3  K for 72 hrs. The films 
p roduced  were found to  be virtually to ta l barriers to  4-n itrophenol a n d  gave none o f th e  film 
failures w hich were a  com m on feature of th e  films c ast for 3 h rs . Over th e  period of one 
week, no  visually  discernible colour change was ap p aren t in  th e  receiver side of th e  
perm eability  cell (the presence of 4-n itrophenol norm ally revealed by the  green co louration 
in  th e  cell). A ttem pts to spectrophotom etrically  m easure  abso rbances show ed stepw ise 
changes due to  th e ir being on the lim its of in stru m en t resolution, a n d  gave 4-n itrophenol 
fluxes w hich were im m easurably  low, b u t estim ated to  give perm eability  coeffic ien ts  of 
th e  order of ( lx lO '10 m 2 hr'1. This is in  agreem ent w ith  the  resu lts  of R ou ls tone14231 for 
films annealed  for th e  sam e time. These casting  conditions were th u s  employed for th e  work 
based  on  PBMA films in  th e  following C hapters. Figure 9 .6  show s typical curves for PBMA 
films c a s t for e ither 3 h rs  or 72 h rs.

PBMA films in  w ater never swelled to  the  ex ten t w hereby th ey  tu rn e d  opaque (unlike 
all o ther films investigated in  th is study), w hich suggests th a t  no  aqueous pathw ays existed 
th ro u g h  th e  films.

It is th u s  concluded th a t  the  ex tra  hours of h ea t trea tm en t accelerated  th e  process 
of fu rth e r g radual coalescence, giving w hat could be described as  a  ‘fully coalesced’ film, 
w ith  a  correspondingly m ore reproducible resu lt for solute tran spo rt. A M.B.K. so lv en t cast 
PBMA film  gave a  4-n itrophenol so lu te  perm eability of sim ilarly low m agnitude to  th e  
annealed  latex  c a s t film suggesting th a t  it  offered no  worse a  degree of polymer c h a in  fusion 
th a n  th e  coalescence of th e  latex c ast film. This m ight be expected for the  fundam enta lly  
d ifferent process of casting  from a  tru e  solution, where film form ation arises from  polym er 
c h a in  e n ta n g lem e n t1301 as the  solvent evaporates, ra th e r th a n  particle  coalescence.

Modification of the permeability of polymer latex films. p -9 :13 -



Results and Discussion, Chapter 9: Morphology and Permeability of Surfactant-free Films.

9.3.2 PAMA and PHMA.
If the  poor reproducibility of PBMA films c a s t for 3 h rs  a t  353  K was due  to  the ir 

relatively h igh  Tg preventing com plete coalescence u n d er th e  castin g  conditions used  (and 
th ereafter h indering  fu rther gradual coalescence), th en  it was proposed  th a t  a  polymer of 
lower Tg would help  alleviate the  problem . PAMA and  PHMA, w ith  su b -am b ien t Tg’s  (of 
betw een 263 —> 268 K |3121) were th u s  chosen  for th is  reason. A castin g  tem p era tu re  of 313 K 
was u sed  su c h  th a t  th e  films were c a s t a t  approxim ately th e  sam e n u m b er of degrees above 
th e ir  Tg as  were the  PBMA films above theirs. However, the  reduced  casting  tem pera tu re  
m ean t a  longer period in  th e  oven in  order to  evaporate the  w ater, i.e., 15 h rs.

The PHMA film s were found to  be som ew hat more difficult to  h an d le  th a n  th e  PBMA 
films: being extrem ely  tack y (and tend ing  to  cohere) an d  very e la s tic  in  the ir physical 
properties. R etention of a  s ta tic  charge, on removal from the  su b s tra te , m ean t th a t  the  films 
were liable to  curl and  become a ttached  to  them selves. PHMA films were found to  adhere  
to  th e  g lass casting  su b s tra te  to a  greater degree th a n  th e  PBMA films -  necessita ting  
soak ing  them  in  w ater (but obviously w ithout heating) to a s s is t  in  th e ir  removal. However, 
th e  excessive elasticity  of th e  polymer m ean t th a t  they  were easily s tre tch ed  a n d  warped, 
from  w hich they  did  not fully recover. (Refrigerating the  films, for rem oval, did no t alleviate 
th e  problem .) S im ilar problem s also existed w ith PAMA films.

The 4-n itrophenol so lu te  perm eability coeffic ien t o f  la tex  c a st  PHMA film  was 
8.20(±0 .85)x l0®  m 2 hr'1. A M.B.K. so lven t ca st PHMA film  gave a  lower 4-nitrophenol 
perm eability  coeffic ien t of 5.48(±1.2)xlO® m 2 h r 1. Latex-cast PAMA film h ad  a  lower 
4-n itrophenol so lu te  perm eability  coeffic ien t th a n  PHMA, of 2 .5 8 (± 0 .3 6 )x l0 'e m 2 hr'1.

The surfactan t-free  films investigated th u s  fitted a  tren d  w ith  th e  4-n itrophenol 
perm eability  coefficients increasing  in  th e  order of polym er hydrophobicity, i.e., 
PBMA —> PAMA —> PHM Areflectingthe increase in  solubility of 4 -n itropheno l in  th e  polymer 
w ith  increasing  hydrocarbon side chain  length.

9.3.2.1 Effect of film casting temperature on the 4-nitrophenol solute permeability 
of PHMA.

Eudragit® NE  (see C hapter 8) films becam e increasingly b rittle  a s  th e  casting  
tem pera tu re  decreased (to below sub-am bient) -  eventually  becom ing d iscon tinuous, w ith 
correspondingly anom alous resu lts  in  the  4-nitrophenol so lu te  perm eability  coefficient. A 
n u m b er of PHMA film s were cast at am bient tem perature for 14 days: th e  la tte r 7 of 
w hich were u nder vacuum  to a ss is t w ith w ater removal. The 4-n itrophenol so lu te  
perm eability  coeffic ien t of the  resu ltan t films was 8.50(±0 .5)x l0 '° m 2 hr'1. This is w ith in  
th e  experim ental uncerta in ly  of the  perm eability coefficients of films c a s t a t  313 K for 
15 h rs  (i.e. 8 .20(±0.85)x l0 '9 m2 h r '1), and  is presum ably  due  to  th e  low Tg of PHMA (ca 
263 K), an d  the  fact th a t even a t am bient tem perature, th e  films were already  well above 
th e ir  M.F.F.T. This feature, together w ith the  F.F.T.E.M.s [e.g., Plate 9.5) show ing a  
s tru c tu re le ss  film would seem  to indicate th a t  an  increase in  ca stin g  tem pera tu re , above 
313 K, would be unlikely to  have a  significant affect on  the  4 -n itropheno l flux since the  
tem pera tu re  increase would be unlikely to  affect the  film’s s tru c tu re  an y  further.
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Table 9 .3  The effect of film orien tation  on the  w ater vapour perm eability  of latex  an d  solvent 
c a s t PHMA films.

FILM
ORIENTATION1

PERMEABILITY COEFFICIENT 
71x10'* g hr1 cm'1 cm.Hg'1

S.D.
/1x1C* g hr*1 cm'1 cm.Hg'1

LATEX CAST PHMA

SUBSTRATE 1.093 ±0.21

AIR 1.084 ±0.34

M.E.K. CAST PHMA

SUBSTRATE 0.382 ±0.084

AIR 0.438 ±0.074

+ O rien tation  refers to  th e  side of the  film facing the w ater vapour.

9.3.3 Dialysed Eudragit® films.
Upon extensive dialysis, Eudragit® NE developed ‘liquid opal’ colouration (critical 

irid escen ce l251) indicative of the  m onodispersity of the  size d istribu tion . Film s c ast from 
dialysed Eudragit® NE  were visually no different to films cast from th e  und ialysed  latex. 
However, th e  4-n itrophenol solute perm eability coefficient of a  film c a s t from the  dialysed 
latex  was found to  be decreased  by a  factor of 78% com pared to  a  film c a s t from the  
und ialysed  latex. The 4-nitrophenol perm eability coeffic ien t o f  th e  d ia lysed  Eudragit® 
N E  film  was 8 .84(± 0 .25)x l0 '°  m 2 h r 1, cf. 4 .00(±0.4)xl0‘8 m2 h r 1 for the  un-d ialysed  film. 
The difference in the  resu lts  for the  dialysed and  undialysed films p resum ab ly  due to the 
additive (endogenous su rfac tan t) th a t gave the  0.35% weight loss to  th e  undialysed 
Eudragit® NE  latex film on soaking in w ater (see C hapter 8). This would no t be p resen t in 
th e  dialysed latex film a n d  therefore not leach during  the  course  of th e  perm eation 
experim ent. In experim ents u sing  su sta ined  release devices p repared  from m atrices of 
Eudragit® NE, Gopferich an d  Lee12041 found the  m agnitude of th e  ra te  of d ru g  release to 
decrease by approxim ately tw o-thirds for a  device in w hich th e  su rfa c ta n t w as removed, 
com pared to  one in  w hich it was present. Gopferich found from D.S.C. evidence th a t  the  
su rfac tan t formed a  sep ara te  phase  in  a  su rfac tan t-con ta in ing  film -  p resum ed  due to 
incom patib ility  betw een th e  su rfac tan t and  polymer. E xudation of su c h  incom patible 
m ateria l w as no t evident on  the  undialysed films used in  th is  s tudy . However, th is  m ay be 
due  to the  sm all am oun ts involved. The increase in solute flux on additive leaching is 
d iscussed  fu rth e r in  C hapter 10.

9.4 The water vapour permeability of surfactant-free PHMA films.
Latex film perm eabilities lower th a n  their solvent c a s t equivalen ts have been 

rep o rted |323- 425 4271 w hen w ater vapour was the  perm eant. Table 9.3 gives th e  w ater vapour 
perm eability  coefficients of PHMA films, as a  function of film orien tation  for bo th  latex and  
M.E.K. solvent c a st films. No side dependence was evident an d  the  latex  cast film 
perm eability  coefficient is g reater th an  th a t of the  solvent c a st film -  in d irec t co n tra s t to 
R oulstone’s  l423, 4251 findings for PBMA.
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Table 9 .4  The helium  perm eability coefficients of PHMA films, a t  am b ien t tem pera tu re .

FILM AGE PERMEABILITY COEFFICIENT
/days /1x10* cm3 cm s*1 cm*2 cm.Hg*1

0 3.02

2 2.64

18 2.36

9.5 The g as permeability of surfactant-free films.
The gas flux th rough  a  latex cast PBMA film was found to  be too fas t to  m easure 

u sing  the  D aventest ap p a ra tu s  (see C hapter 7), irrespective of w hether th e  film had  been 
c a s t for 3 h rs  or 72 h rs a t  353 K, due to  film fracture in  the  a p p a ra tu s .

The perm eability of PHMA films, cast for 15 h rs a t  313 K, w as m easu red  using  both 
N2 and  He gases. The N2 gas perm eability coeffic ien t o f  PHMA film  was 
4 .31  (±0.8)x 10'10 g.p.u.

C h ain ey1911 et al. investigated the  aging of both  su rfac tan t-free  PBMA latex  and  
solvent c a s t films u sin g  a  dynam ic m easuring  technique. R esults show ed th a t  th e  He 
perm eability  of the latex  cast film decreased to  a  co n stan t level over the  course  of two 
weeks. The solvent c a st film perm eability was invarian t over the  course  of several m onths, 
b u t was always lower th a n  the value found for the  latex cast film. The N2 perm eability  o f  
a M.E.K. so lven t cast PHMA film was determ ined as  b e in g 2 .7 3 (± 0 .3 )x l0 '10 g.p.u.: a  factor 
of ca  0.6 less th a n  the  value for the  latex cast film.

The aging of PHMA film was investigated using  He gas as  a  probe. (The N2 was 
exchanged for He in  order to  increase the gas flux.) Results a re  given in  Table 9 .4 . This 
show s a  slowly decreasing  trend  in  gas perm eability coefficient over a  period of 18 days. 
B ecause of th e  slow rate  of decrease of perm eability (possibly due  to  the  film being highly 
coalesced after casting), it would seem  reasonable to assum e th a t  the  gas perm eability  of 
th e  latex c a s t PHMA m ay never reach  the value found for th e  solvent c a s t film (as was 
found by C h a in ey1911 et al. for PBMA).

9.6 Sum m ary and conclusions.
The casting  ra tes  of the  PBMA and  PHMA surfactan t-free polym er latices have been 

show n to be little influenced by the  polymer type, and  the ra te  was found to  be the  sam e 
as  th a t  for the  su rfac tan t-p resen t Eudragit® NE  latex.

Iridescence was m ore apparen t in  the case of the  hard  (by v irtue of its h igh  Tg) PBMA 
surfac tan t-free  latices (com pared to the  Eudragit® and  PHMA latices) as  the  particle  packing 
density  increased . The s ofter polymer particles presum ably  deform ed more readily  s uch  th a t 
th e  ordered ‘diffraction grating’ effect only existed for a  very sh o rt period before particle 
deform ation occurred.
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All su rfac tan t-free  latex  films show ed the  ‘m ud-cracked’ affect: th o u g h t to  be cau sed  
as a  consequence of th e  s tre sse s  in  th e  sk in  which was formed a s  th e  latex  d ried  from the  
top dow nw ards. Even for PHMA form ed a t  90 K above its Tg, th e  polym er d id  no t flow 
sufficiently to  heal th e  surface texture.

The lower Tg PHMA an d  PAMA latices produced films (at 50 K above th e ir  Tg) 
show ing no  residual particu la te  s tru c tu re  w hen observed by freeze-fracture T.E.M., b u t  th e  
PBMA la tex  particles a t  th e  upper surface of a  PBMA film were readily  observed by S.E.M. 
as undeform ed spheres, w ith  a n  occasional m issing particle allowing th e  sp h e res  below the  
top layer to  be seen. The vestiges of spheres were a lso  visible on th e  su b s tra te  side of the  
film. However, these  were deform ed by com pression aga in st th e  g lass su b s tra te .

M ercury porosim etry show ed th e  PBMA films to be non-porous, ind ica ting  th a t, 
a lthough  little or no  deform ation w as evident in  the  upper and  lower layers o f particles, th e  
void-volume sym bolising h a rd  close-packed spheres (26%) was n o t presen t, show ing the  
particu la te  s tru c tu re  to  be a  surface feature only, an d  no t represen ta tive  of th e  bu lk  of the  
film.

PBMA films c a s t for 72 h rs  a t  353 K, ra the r th a n  3 h rs , gave m uch  reduced  rates  
of so lu te  flux, b u t the  perm eability  coefficient was th e n  on th e  lim its of de tec tion  w ith th e  
available a p p a ra tu s . The 4-n itrophenol so lu te  perm eability coefficients o fthe su rfac tan t-free  
hom opolym er films increased  in  a  m an n e r w hich reflected their degree of hydrophilicity, i.e. , 
PHMA having  a  greater 4-n itrophenol perm eability coefficient th a n  PAMA, w hich in  tu rn  
h ad  a  g rea ter perm eability coefficient th a n  PBMA. Polymer Tg sh o u ld  also  be considered  
here, however. PBMA, w hich acted  as  a  barrier to 4 -n itrophenol perm eation, a lso  h ad  the  
h ig h est Tg and , hence, th e  lowest polym er chain  mobility. G lassy polymer, w ith  its  reduced  
ch a in  mobility, would be expected to  show  a  reduced perm ean t flux and , from  th e  range of 
Tg values quoted in  th e  literature , it is possible th a t  th e  PBMA polym er w a s  in  its  g lassy  
s ta te  d u rin g  th e  course  of the  perm eability  experim ents.

The in itial w ater vapour perm eability coefficient of a  so lven t c a s t PHMA film was 
lower th a n  th a t  of a  latex  c a s t film, as  was th e  average solute perm eability  coefficient. The 
gas perm eability  coefficient of so lvent-cast PHMA film was invarian t w ith film age. The gas 
perm eability  coefficient of the  latex  c ast film was higher th a n  th a t  of the  so lvent c a s t film, 
b u t did decrease w ith age. Both solvent an d  latex cast PBMA films were v irtually  barriers 
to  4 -n itrophenol over th e  periods investigated.

The solvent c a s t polymer films always had  lower perm eability  coefficients th a n  the  
corresponding  latex  c a s t films. D espite F.F.T.E.M. show ing no  evidence of in terpartic le  
boundaries for latex  c a s t PHMA film, the  gas perm eability re su lts  following film aging 
together w ith th e  h igher flux of th e  latex cast film (com pared to  th e  solvent c a s t film) 
suggest th a t  in terpartic le  boundary  effects a re  still im portan t -  w ith  film densification  in  
those regions still possible.

The perm eation  of a  solute th rough  a  film m ay potentially  be aided or h indered  by 
th e  p resence  of particle  boundaries depending on w hether th e  ra te  lim iting process is
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diffusion th ro u g h  th e  polym er or a  sorption-dissolution process. In  a  film th a t  con ta in s 
particle boundaries (i.e., regions of lower polymer chain  nu m b er density), it  w ould be 
expected th a t  polym er cha in  mobilily would be a t a  m axim um  a t  th e  boundaiy , hence, 
leading to  ease  of form ation o f ‘holes’ th rough  w hich a  perm ean t can  diffuse. S u c h  regions 
would p resum ably  allow the  diffusion of water, as well as  perm eant, a t  a  h igher ra te  th a n  
th e  bu lk  polymer. This m ay th en  lead to  a  contiguous aqueous pathw ay th ro u g h o u t th e  
film, easing  pe rm ean t diffusion. However, if the  pathw ays are  n o t con tiguous, th e n  
p e rm ean t m ay be repeatedly  forced to  dissolve into th e  polymer, a n d  th e n  back  in to  th e  
w ater, su c h  th a t  if  the  so rp tio n / d isso lu tion  is ra te  limiting, th e n  th e  pathw ays w ould h in d er 
diffusion com pared to  a  hom ogeneous film showing relatively am orphous film properties 
a n d  w here so rp tio n /d isso lu tio n  need  only occur a t the  film boundaries. The resu lts  for th e  
perm eation  of 4-n itrophenol th rough  PBMA show  th a t  the  ra te  of perm eation  evidently  did 
decrease w ith a  decrease in  the  film struc tu re . However, so rp tion-d isso lu tion  need  no t 
necessarily  be th e  ra te  lim iting step: as  coalescence increases, m u tu a l in terd iffusion  of 
polymer ch a in  ends increases and , hence, cha in  mobility is decreased  due  to  in creased  film 
densification in  in terpartic le  regions. Hence, the  ease of hole form ation, n ecessa ry  for 
diffusion, is also  decreased  an d  it w ould also be expected th a t  th e  ra te  of perm eation  would 
decrease. The m u tu a l interdiffusion of the  polymer chains m ay be h indered , however, by 
th e  h igh n u m b er of incom patible end  groups a t  the  particle-particle  interface. These end  
groups could, however, a lso  serve to  increase th e  hydrophilicity of th is  region. This is be tte r 
appreciated  in  su rfac tan t-p resen t films, where th e  su rfac tan t w ould norm ally  reside  a t  the  
particle  interface, increasing  th e  hydrophilicity still fu rther. However, C hevalier1951 et al. 
observed film form ation, u s in g  n e u tro n  scattering  an d  E.M., no ting  th a t  th e  su rfa c ta n t 
‘shell’ a round  th e  particle m ay becom e either fragm ented, fragm ented a n d  expelled to  the  
film surface, or retained , as coalescence occurs.

M any of th e  observations in  th is  C hapter are related to  th e  polymer Tg: th e  polym er 
w ith  th e  sub -am b ien t Tg show ing less s tru c tu re  th an  the  polym er w ith a  relatively h igh  Tg. 
A lthough th e  differences in  Tg were accounted  for in  the  respective casting  tem p era tu re s  of 
th e  film s, to  in te rp re t th is  as  being im portan t would imply a  linear re la tionsh ip  betw een th e  
degree of particle  coalescence an d  tem perature . Thermal annealing  tim es w ould therefore 
seem  to be a s  relevant a s  tem perature , as show n by the  fact th a t  less s tru c tu re  w as se en  
in  a  PBMA film w hen c a s t for a  longer tim e. The PHMA, having a  su b -am b ien t Tg, effectively 
undergoes the  sam e type of therm al annealing  a t  am bient tem pera tu re  as  would PBMA k ep t 
perm anen tly  in  a n  oven a t  elevated tem perature , and  th is  is evident in  th a t  th e  process of 
fu rth e r g radual coalescence is fu rther advanced for PHMA com pared to  PBMA. Conversely, 
th e  PBMA, w hen  held a t  am bien t tem perature , would possibly be in  its g lassy  s ta te  su c h  
th a t  the  process of fu rth e r gradual coalescence, or autohesion, would occur only slowly -  
if  a t  all.
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Sucrose as a Film Additive.

10.1 Introduction.
I I he a im  of th e  work d iscussed  in  th is  C hap ter was to investigate th e  effects on  the

perm eability  of th e  films of add ing  a  non-ionic, low m olecular weight, an d  extrem ely 
w ater soluble additive in  th e  form of sucrose.

Li an d  T u 13191 stud ied  th e  ability o f a  concentration  g rad ien t of a  d ru g  (aceto- 
m inophen) in  a n  ethylcellulose latex  film m atrix  to  give a  controlled d rug  release, a n d  found 
th a t  th e  addition  of increasing  am oun ts of sucrose  (in the  range 0% —» 20% of th e  w eight of 
th e  m atrix) served to  increase th e  release ra te  of the  drug, w ithou t chang ing  th e  
p redom inantly  linear release profile. The leaching  of the  sucrose  was sa id  to  lead to  the  
form ation of overlapping pores w hich provided water-filled chan n els  for th e  diffusion o f d rug  
w ith in  th e  m atrix, a lthough  no  evidence of porosity  (other th a n  th e  increased  release rate) 
was p resented .

Donbrow an d  F re id m an11251 s ta te  a  n u m b er of different conditions w hich m ay resu lt 
from  th e  addition  of a  hydrophilic additive in to  a  relatively hydrophobic film, a n d  w hich 
m ay occur individually or in  com bination. The addition of th e  additive m ay resu lt in:

X a  change in  th e  polym er m atrix  configuration, and  th e  relative proportion of 
am orphous to  crystalline polymer. The film m ay increase  in  its  degree of 
hydrophilicity, w hilst still resem bling a  hom ogeneous film;

X a  con tinuous hydrated  network;
X void-like porosily;
X a  con tinuous porous network;
X increased  film tra n sp o rt properties resu lting  from a  p e rm ean t show ing increased

diffusion a n d /o r  solubility coefficients in  the  additive.

At low levels of sucrose addition, m olecular d ispersion  in  the  dried  film m ay be 
possible, b u t a t  h igh  concen trations su p e rsa tu ra tio n  during film form ation could resu lt in  
crystalline regions of sucrose deposition.

It was hoped th a t  investigating th e  perm eation  properties o f films either con ta in ing  
(leaching), or pre-leached of sucrose  would provide some evidence as to  th e  fate of a  w ater 
soluble film additive, su c h  as m ight be u sed  in  a  pharm aceutical-type coating. It m ight also  
be noted th a t  th e  properties of a  film contain ing  low levels of sucrose  would be analogous 
to  the s itu a tio n  w hereby a  w ater soluble d rug  core is spray-coated w ith a n  aqueous latex  
w hen the  d rug  m ay partially  dissolve in to  th e  coating before it h a s  dried.

10.1.1 Conventions used.
The sucrose was added  as an  am o u n t per gram  of latex  solids con ten t [e.g., 

g  (g.NE)'1). Latices were norm ally d ilu ted  from th e  supplied  30% W /W  solids con ten t in  th e  
case  of th e  Eudragits® (or from the  percentage solids as m easu red  gravim etrically in  the
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{self-prepared} surfactan t-free  latices) to  5% solids con ten t for casting. Therefore, sucro se  
w as added  w ith reference to th is  5% solids con ten t su c h  th a t  a  1:1 ra tio  of suc ro se  to  
polym er solids co n ten t is 1 g of sucrose for every 1 g of polymer (term ed 100% (g.NE)'1). All 
sucro se  loadings are  given in  term s of a  percentage of th e  initial latex  solid con ten t (and  no t 
a  percentage of the  final film weight). (The percentage quoted is therefore n o t a  % W /W . The 
terminology, for example, % (g.NE)*1 is used  to  d istingu ish  betw een polym er th a t  con ta ins 
su rfac tan t, an d  th a t  leached of su rfac tan t w hich is typically quoted as  a  % (g.film)'1.)

Eudragit® RL contained  triace tin  as  a  p lastic iser (0.15 g g'1 = 15% (g.jRL)*1). This was 
no t included  in  the  calcu lation  of th e  loading of sucrose, a n d  Eudragit® RL  films described  
in  th e  tex t as ‘additive-free’ did  con tain  triace tin  un less otherw ise sta ted .

10.2 O bservations of sucrose-containing films: film struc tu re  and aging.
10.2.1 Eudragit® NE.

Eudragit® NE films contain ing  low concentrations of sucrose appeared  iden tical to 
th e  sucrose-free films. As the  loading of sucrose increased, films becam e progressively m ore 
opaque, b u t never becam e totally opaque even a t  the  m axim um  experim ental loading of 
180%. As th e  opacity increased, so  did the  degree of gloss on the  film surfaces, w hich w as 
p resum ed  to  be due to  th e  increased  sucrose levels. The upper su rface of th e  film (polymer- 
a ir  interface) was alw ays more tacky th a n  th e  polym er-substrate  interface. W hereas the  
lower film surface alw ays appeared  glossy (like the  sucrose-free film), th e  u p p e r surface, a t 
low levels of sucrose addition, was m att an d  som ew hat grainy in  appearance . However, as 
th e  con ten t of sucrose increased above 80% (g.NE)'1, th is  su rface-coarseness a lso  increased  
to  levels where there  appeared  sm all, individual, hem ispherical ‘prom inences’ th a t  varied 
in  size u p  to  ca 1 m m  in  diam eter.

For films con tain ing  ) 100% sucrose load, concentric rings of sligh tly  increased  
opacity  were apparen t, presum ably  where sucrose su p e rsa tu ra tio n  occurred in  a  drying 
front (and in  co n tra s t to  the  m ultiple nucleation  fronts observed w ith  th e  sucrose-free 
films). As the  sucrose loading increased, th e  m ud-cracked appearance  of th e  sucrose-free 
films dim inished, to  be replaced by the  aforem entioned blister-like ‘p ro tru sio n s.’ At very 
h igh  sucrose  con ten ts () 150%), th e  b listers appeared  to  merge, an d  th e  u pper film surface  
appeared  sh in y  and  sm ooth. S uch  films were, however, still tacky w hen touched , im plying 
th e  surface was still com posed m ainly of polymer.

W hen sucrose-contain ing  Eudragit® NE films were w etted for m ore th a n  a  few 
m inu tes , they  become opaque (white) as a  re su lt of hydration a n d  swelling. S uch  opacity  
was different to  th a t  caused  by th e  sucrose, an d  was lost w hen the  film dried. Film s th a t  
were originally relatively opaque before wetting, dried w ith greater tran sparency . However, 
for th o se  sucrose contain ing  films soaked for only sh o rt periods [e.g., {1 hr), sm all w hite 
pa tches  developed on  th e  surface over a  period of a  few days. These p a tch es  did no t ap p ear 
in  films soaked for longer th a n  1 hr.

From  observations of films stored for 4 —> 5 days a t am bien t tem pera tu re , it was 
ev ident th a t  surface pro trusions formed on  films in  w hich there  h ad  previously been  none.
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In  those  films which had  show n su c h  pro trusions, their n u m b er appeared  to  increase  u n til 
th ey  becam e continuous, forming a  com plete layer, com parable to  th a t  observed in  those  
films con ta in ing  ) 150% sucrose. S toring th e  films in  th e  d iy  a tm osphere  of a  desiccato r 
(contain ing silica gel as  the  desiccant) supp ressed  th is  phenom ena of em erging p ro tru s io n s , 
ind ica ting  th a t  hum idity  w as necessary  in  th e  m echan ism  of the ir appearance . I.e., a n  
u p tak e  of w ater by th e  film, no t sufficiently g rea t so  as to  re su lt in  visible sw elling (opacity) 
of th e  film, provided th e  necessary  routes for exit (exudation) of th e  film’s additive.

10.2.2 Eudragit® RL
Sucrose-loaded Eudragit® RL films looked as  n ear perfect a s  d id  th e  sucrose-free 

films, a t  lea s t un til th e  sucrose load was ) 30%. As the  loading was fu rth e r increased , the  
films appeared  to exhibit a  slight haze, indicative of little sucrose  being exuded  to  th e  film 
surface. The concentric rings observed in  th e  Eudragit® NE  films a t  th e  h ig h est levels of 
sucrose  add ition  were never apparen t in  the  Eudragit® RL films. However, rings of th is  type 
were som etim es seen  in  the  w etted film, w ith these  rings appearing  to  swell and , hence, 
becom e slightly  more opaque th a n  th e  res t of th e  film. Sucrose-con ta in ing  Eudragit® RL 
films tu rn e d  opaque on w etting (unlike their sucrose-free coun terparts  w hich  rem ained  
tran slucen t). The wet film was very fragile, an d  gel-like, a n d  required  g rea t care  in  handling .

The surface exudations, as  observed on Eudragit® NE  film, were never se en  on 
Eudragit® RL  films suggesting  greater com patibility betw een sucrose  a n d  th e  m ore 
hydrophilic Eudragit® RL polymer.

10.2.3 Surfactant-free PBMA.
Surfactan t-free PBMA becam e increasingly opaque w hen  loaded w ith sucrose , in  th e  

m an n e r of th e  Eudragit® NE  films. PBMA films were very difficult to  hand le , w hen additive- 
free, because  o f their b rittle  na tu re , a n d  th is  was exacerbated by sucrose add ition  su c h  th a t  
they  could n o t easily be stud ied .

10.2.4 Microscopic structure.
10.2.4.1 Eudragit® NE.

Plate 10.1 to  Plate 10 .4  show  Eudragit® NE  films con tain ing  30% sucrose  a n d  c a s t 
for 24  h rs  a t  313 K. W hilst Plate 10.1 appears to  show  regions on  th e  film’s polym er-air 
interface w hich are possibly crystals of sucrose em bedded in to  th e  polymer, Plate 10.2  
show s a  different a spec t of th e  sam e surface, in  w hich s u c h  regions are  n o t m anifest. This 
possib ly  ind icates th a t  th e  aforem entioned d istribu tion  of sucrose resu ltin g  from relief of 
su p e rsa tu ra tio n , visible a t  loads ) 100%, is also  p resen t a t  sucrose  levels of (100% . Sm all 
exudations a re  evident (Plate 10.2) on the  film surface: m any  of w hich ap p ear to  con ta in  
a  sm all inden ta tion  or pore. Exam ples of th ese  exudations are  show n in  g rea ter de ta il in  
Plate 10 .3  a n d  Plate 10.4. Plate 10 .4  shows the  upper surface/freeze-frac tu re  cross- 
section  of th e  film, an d  the  sizing bar shows the  prom inence to  have a  base  d iam eter of 
ca  50 jum. This is well above the  Eudragit® NE  particle size (of ca  163 nm , by P.C.S.) 
im plying th a t  the  prom inence was no t sim ply a  latex particle  expelled a t  th e  film surface. 
Plate 10.3  show s the  prom inence to  be som ew hat spherical in  shape, an d  hence  n o t

Modification of the permeability of polymer latex films. p-10:3-
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Results and Discussion, Chapter 10: Sucrose as a  Film Additive.

crystalline (as w ould sucrose em bedded in  the  polymer). S u ch  prom inences did n o t appear 
on  th e  sucrose-free Eudragit® NE  film implying th a t  they  did  n o t consist of endogenous 
su rfac tan t. It w as concluded th a t  the  prom inences consisted  of polym er w hich w as being 
p u sh ed  upw ard from  beneath  by exudations of sucrose (which w as incom patible w ith  the  
polymer), a lthough  no artifact existed (as seen  by fractu re  cross-section , P la te  10.4) 
d irectly  b e n e a th  th e  exudation. The non-crystalline n a tu re  o f th e  prom inences on the  
sucro se  con ta in ing  films also  im plied th a t  they  consisted  of polym er w hich was capp ing  the 
su c ro se1 exudations. The ‘pore’ observed in  th e  top of the  exudation  provides a  possible 
m eans of escape  for th e  sucrose w hen the  film is im m ersed in  w ater.

The lower film face (polym er-substrate side, during  casting), a lbeit con ta in ing  28% 
sucrose  a s  opposed to  30%) appeared  featureless (never exhib iting  exudations to  th e  ex ten t 
of th e  u p p e r face) an d  slightly  grainy, as did the  sucrose-free films (see C hap ter 8), Any 
fea tu res th a t  m ight have been p resen t were beyond th e  reso lu tion  of the  S.E.M. This 
suggests  th a t  th e  face consisted  predom inantly  of e ither polym er or sucrose.

The form ation of a  sk in  on th e  drying latex  (as d iscu ssed  in  C hapter 8) suggested  
th a t  th e  b u lk  of th e  w ater m u st evaporate th rough  th is  sk in  in  o rder for th e  film to  dry. The 
possib ility  therefore exists th a t  th e  escaping  w ater leaves ‘c h a n n e ls ’ w hich provide a n  easier 
m eans o f passage  th rough  the  polymer for the  exuding sucrose . S u ch  channels could  exist 
in  a  n u m b er of forms, e.g.:

X pathw ays of reduced polymer density, resu lting  from th e  aforem entioned ‘pathw ays
of evaporation,’ i.e., th e  la s t  p a rt of th e  polymer to  be com pletely dried;

X pathw ays of hydrophilicity resu lting  from the  sucrose . Since the  sucro se  has  a
greater affinity for th e  w ater th a n  th e  polymer, th e n  it  c a n  be envisaged th a t  the  
ch an n els  of rising w ater form ‘colum ns’ of sucrose, concen tra ted  as th e  escap ing  
w ater dries (i.e., in  term s of a  volcano analogy, like a  solidified vent);

X pathw ays of reduced polymer density  /  hydrophilicity resu ltin g  from particle-particle
interfaces. The interfacial particu la te  hydrophilicity resu ltin g  from th e  polym er 
ch a in  endgroups on  the  particles* surfaces -  endgroups w hich also  lead to  a  
reduction  in  polymer density  due to  the ir m u tua l repulsion .

The existence of channels of hydrophilicity or reduced  polym er density  w ould th e re 
fore rep re sen t bo th  the  easiest m eans of ‘escape’ for th e  su c ro se  w hen leaching  in  water, 
a n d /o r  th e  easies t p a th  for sucrose exudation by th e  polym er. (Z hao15611 et al. a n d  U rban 
an d  E vans o n 14891 dem onstrated  (using F.T.I.R. spectroscopy) th a t  excess w ater soluble 
su rfa c ta n t could be carried to  the  polym er-air interface by th e  flux of evaporating water.)

S.E.M .s were prepared of identical films th a t  had  been  leached of sucrose (30%), in  
w ater for 24  h rs , a n d  th en  dried, again  for 24  h rs, a t  313 K. T hese proved to be featureless. 
At low m agnification, the  crystal-like p a tte rn  (as seen  before leaching  in  Plate 10.1) was

xMono & disaccharides are  described as crystalline: th e  sp a tia l m olecular s tru c tu re  of 
sucro se  being  accurately  resolved by crystallographic m ethods (i.e., n eu tro n  sc a tte r in g 1711).

Modification of the permeability of polymer latex films. p-10:6-



Results and Discussion, Chapter 10: Sucrose as a Film Additive.

not p resen t. Higher m agnification, revealed th a t the  su rface featu res described for the  
sucrose-con ta in ing  films were also absent. The leach ing /dry ing  process seem ed to remove 
all of th e  sucrose (at least to  levels below those resolvable by th e  S.E.M.), w hilst the  fu rther 
drying period, a t  a  tem pera tu re  48 K above the  Tg of the  sucrose-free polymer, appeared  to 
allow th e  film to ‘h ea l’ any porosity resu lting  from the leaching process. (The resu lts  from 
experim entation  on  th e  film’s solute perm eability {see parag raphs 10.6.1.3 an d  10.6.1.4} 
imply th a t  any  fea tu res resu lting  from additive leaching would be lost a t  any  drying 
tem pera tu re  above th e  Tg.)

10.2.4.2 PBMA.
Plate 10.5  to  Plate 10 .18  show  sucrose-containing PBMA films, c a s t for 72 h rs  a t 

353 K. The S.E.M .s feature a  sizing bar to  give a n  indication of the  m agnification, an d  are 
coded a s , for exam ple: B M /15S /U N /1 . This code gives:

POLYMER TYPE/ADDITIVE LOAD/UNLEACHED or LEACHED/POSITION 

where, for example:
15S = 15% sucrose (or 40S = 40% sucrose);
UN = unleached  (or 96L = leached for 96 hrs);
1 = upper (polymer-air) film surface. (The key to  th e  num bered  positions,

in  relation to film orientation, are explained in  Figure 10.1. N um bers 
1 and  2 are the  upper and  lower film faces w ith  respect to  casting  
orientation; 3 —*• 6 are regions {e.g. , upper, cen tre, lower an d  full} on the 
fracture cross-section.)

Plate 10.5  a n d  Plate 10.6 show  th e  upper surface of a  PBMA film con tain ing  15% 
sucrose . Plate 10 .5  is the  lower m agnification sh o t show ing a n  a b u n d an ce  of th e  white 
prom inences, th a t  were also seen  on the S.E.M.s [i.e., Plate 10.1 to  Plate 10.4) of sucrose-

Cross-Section

Substrate Side

Figure 10.1 Key to  S.E.M. position with respect to  film orientation.

Modification of the permeability of polymer latex films. P - 10:7 -



Results and Discussion, Chapter 10: Sucrose as a  Film Additive.

con ta in ing  Eudragit® NE  (albeit a t  a  larger diam eter). The h igher m agnification p ictu re  in  
Plate 10 .6  show s th e  close packed  particles of the  PBMA latex, su rro u n d in g  a  prom inence. 
The prom inence is approxim ately ten  tim es sm aller th a n  th a t  se e n  in  Eudragit® NE 
(however, th ese  PBMA films did. con tain  less additive {15%, cj. 30%}). The d isrup tion  o f th e  
latex  particles a t  th is  point would tend  to  suggest th a t  th e  partic les were being p u sh ed  
aside by the  exudation  process. Since th e  PBMA was p repared  surfac tan t-free , th ese  
exudations m u s t be of sucrose. Unlike th e  exudations on  th e  Eudragit® NE, tho se  on  the  
PBMA show  no  cen tra l ‘pore,’ a n d  th e  exudations seem  to s it  above th e  film, ra th e r  th a n  
sp read ing  over th e  film, as did those on th e  Eudragit® NE  -  possib ly  d u e  to  differences in  
sucrose-polym er com patibility.

The lower side of additive-free PBMA films (see C hapter 9) show ed close packed  latex  
particles, com pressed from con tac t w ith th e  substra te . The S.E.M .s of the  lower side of 
PBMA films con ta in ing  15% sucrose show  (Plate 10.7 an d  Plate 10.8) a n  accum ulation  of 
sucro se  -  again  suggesting  th a t  th e  films dried from th e  latex-air in terface dow nw ards.

Plate 10 .7  show s th e  su b s tra te  side of the  film a t  relatively low m agnification. 
D espite there  being  less sucrose  in  th ese  films com pared to  th e  aforem entioned Eudragit® 
NE  (+ 2 8 /30%  sucrose-loaded) films, exudations of sucrose were p re se n t a t  th is  interface. 
High levels of exudation  on  b o th  sides of th e  PBMA again  suggest th a t  th e  PBMA is less 
com patible w ith  th e  sucrose th a n  was th e  Eudragit® NE.

Plate 10 .8  show s th e  su b s tra te  side of the  film a t h igh  m agnification. The close 
pack ing  of the  latex  particles, th a t  was observed in  the  additive-free film  (C hapter 9) and  
on  the  upper side of th is  film (around th e  extrusions) was no longer p resen t. Particles are 
seen  em bedded in  a  second phase  [i.e., a  phase  inversion from  su cro se  in  polym er to 
polym er in  sucrose). S uch  a n  accum ulation  of sucrose, a t  th e  base  o f th e  film, would occur 
if th e  film dried from top to  bottom : the latex  u n dernea th  the  sk in  w ould con ta in  sucrose 
a t  increasingly  concen tra ted  levels, due to  th e  sucrose being dissolved in  th e  w ater. Then, 
in  a  m an n er analogous to  w hich a  sucrose solution would leave a  residue  of sucrose  on 
evaporation of the  w ater, the  ‘residue’ of sucrose in  the latex  system , dissolved preferentially  
in  the  aqueous phase, would be expected to  be found m ainly a t  the  bottom  of th e  film. As 
th e  film dried, th e  ‘chan n els’ v ia which the  w ater evaporated would becom e sa tu ra te d  w ith 
sucrose  (or s a tu ra te d  sucrose  solution), lim iting th e  tra n sp o rt o f th e  sucrose  to  the  
polym er-air interface. This accum ulation  of sucrose a t the  bottom  of th e  film w ould be aided 
by th e  fact th a t  PBMA is a  h a rd  polymer, an d  therefore more likely to  force incom patible 
‘c lu s te rs’ of sucrose away from the  drying regions of film, w hereas a  softer polym er would 
be m ore likely to  deform  aro u n d  su ch  clusters.

Like th e  additive-free PBMA films d iscussed  in  C hapter 9, th e  frac tu re  cross-sections 
of th e  PBMA films contain ing  15% sucrose (cast a t  353 K for 72 h rs) show  no evidence of 
th e  latices particu la te  n a tu re  (Plate 10.9  and  Plate 10 .10  show  th e  face of th e  cross- 
section  n ea r to  th e  upper an d  lower surfaces of the  film, respectively) -  suggesting  a  h igh  
degree of coalescence an d  particle  deform ation w ithin th e  film’s in terior. There ap p ear to 
be e ither exudations of sucrose onto the  face of the  cross-section, a n d /o r  regions of sucrose  
em bedded w ithin  th e  film, an d  surprising ly  (considering th e  evidence of th e  S.E.M .s of the
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u p p e r a n d  lower films faces) they  ap p ear to  occur in  greater nu m b er n e a re r th e  top  surface 
o f th e  film (coded B M /15S /U N /3).

To the  n aked  eye, films containing 40% sucrose (unleached) appeared  uniform ly 
opaque. The S.E.M., however, revealed regions of film w hich apparen tly  show ed a  lesser 
degree of exudation, (cf. th e  upper left an d  lower righ t-hand  regions o f Plate 10.11). The 
region con tain ing  exudation  is also show n in  Plate 10.12. In  add ition  to  th e  blister-like 
exudations, it c a n  be seen  th a t  there  were regions on th e  film in w hich  th e  close packing 
o f th e  particles becom es d isrup ted  a t  these  h igher levels of sucrose addition. P late 10.13  
show s, in  g rea ter detail, th e  d isrup tion  to the  latex particle packing  d ensity  of a  region of 
film su rround ing  a n  exudation. Tendrils appear to  be draw n from th e  su rro u n d in g  particles 
to  th e  exudation  -  possibly due  to  coalescence betw een th ese  particles a n d  a  polym er ‘sk in ’ 
w hich  is being forced upw ard by th e  exuding sucrose. If th e  region su rro u n d in g  the 
exudation  is less dense  to  th e  ex ten t th a t it is som ew hat porous, it  m ay provide a  m eans 
by w hich sucrose  is leached from th e  film in  a n  aqueous environm ent.

A h igher m agnification view of a  region of the film w hich appears  to  show  fewer 
exudations is show n in  Plate 10.14. It is seen  th a t  far from there  being  no  sucro se  in  th is 
region, th e  latex  particles, a lthough  close packed, appear to  be em bedded in  sucrose . This 
would th u s  seem  to imply th a t  a t  the  higher levels of sucrose loading, th e  sucro se  is less 
uniform ly d istribu ted  across the  surface of the  film -  possibly as a  re su lt of th e  relief of 
sucro se  su p e rsa tu ra tio n  in  th e  latex  drying front.

The su b s tra te  side of the  film (micrographs not included) show ed no  obvious sign 
of th e  latex  particles since th e  sucrose formed a  sm ooth layer w hich concealed th e  particles.

The upper an d  lower surfaces of the  PBMA films leached  of 40% sucrose  are  show n 
in  Plate 10.15  a n d  Plate 10 .16 , respectively. The upper face of th e  film ap p ears  sim ilar to  
th a t  of a  film leached of 15% sucrose (not included). However, a t  h igher m agnification the 
particles are  less d istinct, possibly as  a  resu lt of not all th e  sucrose  being  rem oved, or to 
a  g rea ter degree of particle deform ation (due to  the presence of non-deform able sucrose 
betw een the  particles). The lower face of the  film (Plate 10.16) show s large d iscon tinu ities 
(crevices) w hich p resum ably  correspond to regions of leached sucrose  a n d  possib ly  lost 
particles (if particles were em bedded in the  sucrose).

Plate 10 .17  show s th e  m id-region of th e  fracture cross-sec tion  of a n  un leached  
PBMA film loaded w ith 40% sucrose. Only sucrose is visible, w ith a  few ex traneous features 
th a t  m ay be due  to  p ro trud ing  latex  particles. S.E.M.s (not included) show ed th a t  su ch  
regions existed th roughou t th e  full th ickness of the  film. The films, w hich typically weighed 
less th a n  1 g, of w hich only 0.4 g would be sucrose, were leached in  250  g of water. It 
w ould th u s  be su rp rising  if th e  leaching of th e  sucrose was inh ib ited  to  any  g rea t extent 
due  to  the  concen tra tion  of sucrose in the  water. (The solubility  of suc ro se  {using 
extrapolated  d a ta  from reference12731} in  w ater is approxim ately 225 g (100 g.water)"1, a t 
303  K.) Plate 10 .18  show s th e  fu ll-th ickness cross-section of the  film after leaching  for 
96 h rs. There appears to  be a  m ixture of porosity an d  coalesced polym er (or possibly

Modification of the permeability of polymer latex films. p-10:9-



Plate 10.5 (301013) S.E.M. of the upper side (polymer-air 
interface) of the white prominences on the unleached PBMA 
(+ 15% sucrose) film surface 

Plate 10.6 (301015) S.E.M. of the upper side (polymer-air 
interface) of the white prominence on the unleached PBMA 
(+ 15% sucrose) film surface. 
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Plate 10. 13 (30 1117) Region of exudation in a PBMA film 
containing 40% sucrose. 

Plate 10.14 (301202) Region of no exudations in a PBMA 
film containing 40% sucrose. 
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Plate 10.17 (30 1311) S.E.M of the fracture cross-section of 
the unleached PBMA fllm + 40% sucrose. 

Plate 10.18 (301313) S.E.M of the fracture cross-section of 
the PBMA tl1m leached of 40% sucrose. 



Pl
at

e 
10

.1
9 

(3
01

31
4)

 S
.E

.M
. 

of 
the

 
to

p-
re

gi
on

 
of 

the
 

fr
ac

tu
re

 
Pl

ate
 

10
.2

0 
(9

46
65

7)
 F

re
ez

e-
fra

ct
ur

e 
cr

os
s-

se
ct

io
n 

T.
E.

M
.

cr
os

s-
se

ct
io

n 
of 

the
 

PB
MA

 
film

 
le

ac
he

d 
of 

40%
 

su
cr

os
e.

 
of 

a 
PB

M
A 

film
 

le
ac

he
d 

of 
5% 

su
cr

os
e.



Plate 10.21 (946658) Freeze-fracture cross-section T.E.M. 
of a PBMA film leached of 5% sucrose 

Plate 10.22 (946659} Freeze-fracture cross-section T.E.M. 
of a PBMA film leached of 5% sucrose . 
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T heoretical Maximum 5 mins

illll

Figure 10.2 Plot of the  percentage loading of sucrose (per gram  of Eudragit® NE  film) versus 
the  percentage of sucrose leached (per gram  of Eudragit® NE) for various leach ing  tim es.

5 mins

Initial % Sucrose

Figure 10.3 Percentage of initial am o u n t of sucrose lost from a  Eudragit® NE  film, after 
leaching for various tim es, as a  function  of initial sucrose content.
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re s id u a l sucrose). Plate 10.19 shows the top region of the  fractu re  c ross-sec tion  show n in 
Plate 10 .18 . It is apparen t th a t  no definite particu late  s tru c tu re  exists in  th is  region of the  
film. However, the  degree of porosity su rrounding  th is coalesced region suggests  th a t  if the  
region did consis t of sucrose, th en  it would have been readily  leached  (after 96 h rs  
leaching). O ther S.E.M .s (not presented) th roughou t the  film’s frac tu re  cross-section  
revealed a  sim ilar struc tu re . It is concluded th a t  the  sm ooth-looking regions of film seen  
in  Plate 10 .18  consist of coalesced PBMA ra th e r th a n  sucrose  (c f . resu lts  of leaching 
sucro se  from Eudragit® NE {paragraph 10.3.1} in  w hich the  sucrose  is found to be readily 
leached  in  a  period of (96 h rs, as used  here).

In co n tra s t to the  h igh level of porosity in  the  40% loaded films, films loaded w ith 
5% sucrose  (Plate 10.20 —> Plate 10.22) show ed no porosity -  even w ith  th e  enhanced  
defin ition  of the  tensile, sn ap  freeze-fracture T.E.M. m ethod of m icroscopy. At th is  (5%) load, 
th e  PBMA particle boundaries are visible in  the  fracture cross-section , b u t are highly 
deform ed. This deform ation is greater th a n  th a t  of the  40% level of sucro se  addition , w hilst 
the  particle  boundaries are  possibly more visible th an  in  the  case  of th e  additive-free film 
(show n in  C hap ter 9) c a st for 3 h rs. Particle boundaries are conceivably m ore visible in  the  
sucrose-con ta in ing  film because the boundaries are where the  sucro se  is m ost likely to be 
found; deform ation m ay occur less a t  higher sucrose loads because  th e  sucrose  is less 
deform able th a n  the  polymer and  therefore inh ib its particle deform ation/coalescence.

10.3 Leaching of sucrose  from Eudragit® latex films.
The loss of sucrose from films was m easured  gravim etrically as a  function of the  

tim e th e  film w as soaked in  w ater (periods from 5 m in —> 48 hrs). Film s were dried to 
c o n s ta n t w eight before the  weight of the leached film was recorded.

10.3.1 Leaching of sucrose from Eudragit® NE film.
The ra te  of loss of sucrose from Eudragit® NE films is p lo tted  in  Figure 10.2 and  

Figure 10.3 . The loss of sucrose appears, in  some instances, to be g rea ter th a n  the  load 
originally added  to the  films. This is despite the  loss of endogenous s u rfa c ta n t12041 being 
accoun ted  for in  the  calculation of sucrose loss. (Note th a t  w hen  specific values of weight 
loss from the  sucrose-free film were not m easured  {after leach ing  for a  certa in  time}, an  
average value of 0.35% per gram  of Eudragit® NE was used.) The experim ental values of 
sucro se  loss exceed the  theoretical m axim um  of 100% by u p  to ca 13%. This m ay be in p a rt 
due to experim ental uncertain ty . However, it was ap p a ren t in  som e S.E.M .s of sucrose- 
co n ta in ing  films th a t  polymer particles appeared to be d ispersed  in  the  sucrose, an d  
uncoalesced . (This was evident in the  pictures of the  PBMA film, e.g., th e  underside  as seen  
in  Plate 10.16.) It would be expected th a t  su ch  latex particles w hich  were d ispersed  in 
sucrose , a n d  detached  from the  bulk of the film , would therefore be lo st as  th e  sucrose 
dissolved and , hence, yield the  h igher th a n  expected w eight loss.

The sucrose leaching da ta  show  th a t  above ca 15% add ition , there  is a  su d d en  
increase  in  the  am oun t of sucrose which can  be removed from th e  film a t  sh o rt leaching 
tim es {i.e., {6 hrs). If it is assum ed  th a t th is increase occurs a t  a  sucro se  load hereafter 
called Csuc, th e n  the  following points sum m arise the conclusions d raw n from the  graphs:
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X Below an d  a t  sh o rt leaching  tim es ((6 hrs): sucrose  is no t easily  leached  -
p resum ably  as a  re su lt of the  percolating w ater having insufficien t tim e to  pene trate  
the  polym er an d  reach  the  d ispersed  sucrose. This difficulty in  leach ing  sucrose  
show s th a t  it does n o t sim ply reside on the  surface of th e  film.

X Below Csuc and  a t  long leaching tim es () 6 hrs): the  w ater pen e tra tes  th e  film to a
greater ex ten t an d  th e  sucrose is leached more easily.

X Below Csuc, th e  d ispersed  n a tu re  of the  sucrose yields no  significant porosity, b u t
progressive percolation of w ater, a n d  leaching of sucrose, m ay yield sufficient void 
volum e to  allow increased  am oun ts of sucrose to be leached  over th e  longer periods 
of leach ing  -  possibly by allowing th e  w ater to plasticise th e  polymer.

X Above Csuc, there  is a  m arked increase in  the  am ount o f sucro se  leached  from the  
film a t  sh o rt leaching  tim es. This resu lt is probably a  com bination  o f (i) h igher levels 
of sucrose  resid ing a t  the  film’s surfaces, from whence it is m ost easily  removed, 
an d  (ii) th e  greater porosity resu lting  from increased  am oun ts  o f sucrose  
progressively leached on th e  front of th e  percolating w ater as  it m oves tow ards th e  
film’s  interior.

The difficulty in  removing sucrose  w hich is contained by  th e  polym er m atrix  (i.e., 
a t  low levels o f addition, an d  sho rt leaching tim es), is a n  ind ication  of th e  low diffusivity of 
su c ro se  w ith in  th e  polymer (see parag rap h  10.4.1). Evidence from  m onitoring film drying 
(and  S.E.M .s w hich show ed sucrose concen tra ted  a t the  base o f a  film) have show n th a t  
film form ation s ta r ts  w ith a  sk in  (of polymer) on  the  surface of th e  w et la tex  -  trapp ing  the  
w et latex, w hich contains th e  sucrose, beneath . In order for th e  film  to  con tinue  to  dry, th e  
b u lk  w ater m u s t diffuse th rough  th e  sk in  before evaporating. The least d en se  polym er in  
th e  sk in  will ex ist betw een ad jacen t latex  particles, in  the  regions o f coalescence, a n d  it is 
therefore betw een particles th a t  the  w ater (containing sucrose) w ould predom inan tly  diffuse. 
It is also  probable th a t  w ater (sucrose solution) would become trap p ed  in  th e  voids betw een 
close packed  latex  particles w hen th e  particles first cam e into con tact. A ssum ing th a t  the  
su c ro se  would rem ain  preferentially in  the  aqueous phase of th e  latex, th e  evaporation of 
w ater from th e  drying film will therefore ten d  to  concentrate (deposit) suc ro se  in  th ree  
p laces, i.e., (i) in  the  la s t region of bu lk  w ater (wet latex) a t  the  base  of th e  film (as seen  in  
th e  m icrographs), (ii) in  th e  in terstices th a t  existed before deform ation of th e  latex  spheres, 
a n d  (iii) in  th e  channels  th rough  w hich the  w ater, trapped  below th e  sk in  of th e  drying film, 
exited  th e  film. Additionally, sucrose exudation from the dried film  would ten d  to  c lu ste r 
th e  sucrose, a n d  concentrate  it a t  th e  film -air interface. This d ispersion  of sucro se  w ith in  
th e  film is significant w ith regard to  leaching. In ran k  order of ease  o f sucro se  leaching from 
a  film im m ersed in  water, sucrose would be m ost easily lost from  a  film -water interface, 
followed by sucrose  close to  the  film surface, followed by sucrose  in  the  bu lk  of th e  film.

The a c tu a l leaching resu lts  therefore show  th a t  a t low levels of suc ro se  addition, 
th e n  th e  sucrose  m u st be well d ispersed  in  th e  film. Sucrose in  th e  bulk  would only leach  
if a n  aqueous channel existed th rough  to  the  surface of th e  film, and  su c h  hydrophilic 
ch an n els  would exist as a  resu lt of po in t ‘iii’ in  the  above parag raph , a n d  also  due  to  
suc ro se  exudation. At h igher levels of addition, greater am oun ts of sucrose  a re  found on
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th e  film surface due to  bo th  increased  levels of exudation a n d  also  concen tra tion  o f th e  
suc ro se  a t th e  base of th e  drying film from where it is m ore easily  leached. Additionally, 
h igher concentrations o f sucrose w ith in  the  film lead to aqueous chan n els  w hich m ay  be 
larger a n d /o r  more frequent su c h  th a t  sucrose w ithin th e  bulk  of th e  film is a lso  m ore 
easily  leached.

The leaching of sucrose from  Eudragit® NE  film m ay be com pared w ith  d ru g  release 
s tu d ie s  u s in g  m atrix  (monolithic) devices. The leaching of the  d rug  propanolol-H Cl from  
s u c h  m atrix  devices c a s t from aqueous Eudragit® NE latex  (with th e  d ru g  dissolved in  th e  
aqueous phase) has been  show n by Bodmeier a n d  P ae ra tak u l1571 to  only give p a rtia l release: 
th e  release profile show ing a  p la teau  before the  m axim um  theoretical value. The release of 
propanolol-H Cl was in terp reted  u s in g  the  classification designated  by B a k e r t26], dep en d en t 
on  th e  volum e fraction of drug  in  th e  m atrix: 0 —> 5% V /V  = sim ple m onolithic d ispersion; 
5 —> 10% V /V  = com plex m onolithic dispersion; an d  15 —*■ 20% V /V  = m onolithic m atrix . 
Plotting  th e  percentage of drug rem ain ing  in  th e  device as a  function of load show ed th a t  
a t  low loadings, ca 80% of the  d rug  was trapped . This was followed by a  p la te au  a t  ca  40% 
d ru g  rem ain ing  trapped  in  the  film, a t  betw een 50 —* 100 mg (g.polym er)'1, a n d  a n o th e r 
p la te au  (« 20%) a t  d rug  loadings ) 150 mg (g.polymer)'1. These p la teaus were sa id  to  
correspond to  the  differing classification of m atrix  device. At low in itia l d ru g  loadings (where 
th e  d rug  w as dissolved in  the  polymer), release was said  to  be slow a n d  to  be a  resu lt of 
diffusion th rough  th e  polymer; a t  interm ediate levels of drug  load (i.e., th e  first p lateau), 
w hen  the  d rug  was b o th  dissolved in  the  polymer and  dispersed, release  was a s  a  re su lt of 
diffusion bo th  th rough  th e  polymer and  th rough  liquid filled cavities; w h ilst a t  h igher 
loadings, release was via diffusion th rough  w ater filled pores. The Eudragit® NE  film was 
found to  be im perm eable to  the  drug, over the  tim e period of th e  experim ent (in co n tra s t 
to  th e  porous film), a n d  th is  was sa id  to  imply th a t  the  additive-free film show ed very slow 
d rug  partition ing  a n d  diffusion, suggesting  th a t  th e  drug  was em bedded deeply w ith in  th e  
m atrix  a t  low loading levels as show n by th e  fact th a t  a  large proportion rem ained  trap p ed  
w ith in  th e  matrix.

It is presum ably  a n  equivalent feature to  Bodmeier’s p la teaus th a t  are  found in  th e  
resu lts  of th is  study  for th e  am oun t of sucrose leached as a  function of sucro se  load: below 
C ^ , sucrose  leaching is m ainly diffusion controlled, w hilst above th e  level of C ^ , increasing  
film porosity  a ssis ts  th e  leaching process.

10.3.2 Leaching of sucrose from Eudragit® RL film.
The resu lts  for th e  leaching of sucrose from Eudragit® RL a re  given in  T ab le  10.1 . 

Eudragit® RL was apparen tly  less likely to  lose polymer from th e  film d u ring  sucrose  
leach ing  (i.e., there are no  losses of greater th a n  100%). After leaching  in to  a  s in k  so lu tion  
of w ater for 24  hrs, a  m ean  loss of sucrose of 95.9(±0.8)% of the  in itia l load occurred (after 
having  accounted  for th e  loss of film plasticiser from the  Eudragit® RL fraction  of th e  film 
weight) independen t of th e  initial sucrose content. Allowing a  fu rth e r 72 h rs  leaching, 
resu lted  in  no significant fu rther loss of sucrose from the  films. Eudragit® RL w as 
apparen tly  far more com patible w ith  the  sucrose: showing far less ex u d a tio n /su rface  
sucrose  th a n  did Eudragit® NE, an d  none of the  films leached th e  full theo re tical am o u n t
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Table 10.1 Sucrose loss from Eudragit® RL films as  a  function of leaching tim e.

SOAK TIME 24 hrs

% LOAD1 20 40 60 80 100

CORRECTED* % LOST 97.12 94.89 95.73 95.94 95.99

SOAK TIME 96 hrs

% LOAD 20 40 60 80 100

CORRECTED* % LOST 94.37 95.91 96.04 97.44 98.79

t  Initial percentage load per gram  of (triacetin-free) Eudragit® RL dried film weight, 
t  Percentage loss of am oun t of sucrose added to film, corrected for the  loss of 104% of the  
initial load of 15% triace tin  (as found for the  sucrose-free film) from th e  Eudragit® RL 
fraction of the  film.

of sucrose -  despite the leaching of triace tin  p lastic iser which w as show n in  C hap ter 8 to 
yield aqueous pathw ays th rough  which the  sucrose m ay also have been leached.

10.4 Perm eation of labelled sucrose .
The perm eation of sucrose (0.133 g dm '3) th rough  latex films w as m easured  using  

C-14 labelled sucrose.

10.4.1 Sucrose permeation through sucrose-free and sucrose-loaded Eudragit® NE 
films.

The perm eation of sucrose th rough  sucrose-free Eudragit® NE films is show n in 
F igu re  10.4. This plots the  num ber of d isin tegrations per m inute  of c a rb o n -14 in  both  the  
donor an d  receiver sides of th e  cell (the film was oriented w ith th e  po lym er-substra te  side 
facing the  donor solution), an d  also the to ta l num ber of d isin tegrations. It is im m ediately 
ap p a re n t th a t  a  negligible am oun t of sucrose perm eated the  film, over th e  tim e sp an  of the  
experim ent (i.e., ((1% of the  initial activity of ca 47000 d.p.m .). However, th e  am oun t of 
sucrose  on the  donor side of the  cell, a n d  the  to tal am ount of sucrose (i.e., num ber of 
counts), is seen  to decrease (to a  m uch  greater ex ten t th a n  th e  increase on the  receiver 
side). This decrease in  the am oun t of sucrose available for analysis was no t due  to  leakage 
from the  perm eation cell, or due to  adsorp tion  onto  the  glass of the cell itself (the latter 
determ ined  in a  separate  control experim ent w ithout a  film present). Similarly, it canno t 
be a ttr ib u ted  to  the  half-life of carbon-14, w hich a t 5730 years 11461 would lead to  negligible 
decay over the  experim ental period of less th a n  100 h rs. The significance of th is  decrease 
in  available sucrose is the  implied sorption in to  the  Eudragit® NE film, possibly due  to 
swelling of the  film with w ater contain ing the  sucrose, and  is ca  3.9% (in a  tim e of 50 hrs) 
of the  initial concentration  (0.133 g dm '3).

The perm eation of sucrose th rough  sucrose-loaded (40%) Eudragit® NE films is 
show n in  F igu re  10.5. As w ith the  aforem entioned sucrose-free film, the  perm eation of 
labelled sucrose is seen  to be negligible. After 50 h rs, ju s t  0.74%  (too little to be visible on 
the  graph) of the  available sucrose had perm eated the film (cf. = 0.25% in  the  case of the  
sucrose-additive-free film).
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Figure 10.4 The perm eation of carb o n -14 labelled sucrose th ro u g h  additive-free Eudragit® 
NE  film.
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Figure 10.5 The perm eation of carbon -14 labelled sucrose th ro u g h  Eudragit® NE  film loaded 
w ith 40%  sucrose.
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Figure 10.6 The perm eation of ca rb o n -14 labelled sucrose th ro u g h  Eudragit® RL film.
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Figure 10.7 The perm eation of ca rb o n -14 labelled sucrose th rough  PBMA film.
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It w as show n previously th a t  a  Eudragit® NE  film w ith  a  40% loading of sucro se  
w ould leach  th e  full com plem ent of sucrose in  (6 h rs. D espite th is  p resum ed  opening  of 
th e  film s tru c tu re , it w as seen  th a t th e  flux of sucrose  from one side of a  Eudragit® NE  film 
to  th e  o ther was negligible. It is therefore dem onstrated  th a t  aqueous chan n els  w hich allow 
th e  sucro se  w hich is con tained  w ithin th e  film to be tran spo rted  to  th e  film surface do exist, 
b u t  channels  th a t  a re  con tinuous th rough  the  film, and  w hich a re  o f a  su itab le  size to  allow 
th e  tra n sp o rt of th e  sucrose w ithout blockage o f th e  channel, do not.

10.4.2 Sucrose permeation through Eudragit® RL films.
Figure 10 .6  show s the  perm eation of sucrose th ro u g h  Eudragit® RL. Unlike 

Eudragit® NE, it is se en  th a t  a t  ca 50 h rs, the  cell was very nearly  a t  equilibrium . The plot 
of th e  to ta l n um ber o f disin tegrations is show n to  be alm ost paralle l to  th e  tim e access, 
ind ica ting  th a t  very little of the  perm eant sucrose was sorbed by th e  film ({2% of th e  to ta l 
in  50  h rs  cf. ® 4% re ten tion  of sucrose load in  gravim etric leach ing  resu lts). A ssum ing th a t  

after a n  in itia l lag o f ca  7 *-*8 h rs du ra tion  (i.e., longer th a n  th e  tim e to  leach  the  p lastic iser 
from th e  polymer {see C hapter 8}), th e  flux was relatively linear u n til s u c h  tim e a s  there  
would be a  greatly reduced  concentration  gradient, th e n  th e  apparent perm eability  
coeffic ien t for sucrose through Eudragit® RL (+ 15% triacetin) w as 4 .2 0 x l0 '7 m 2 h r 1.

If th e  leach ing  of triace tin  resu lts  in  porosity of sufficient size to  allow sucrose  
passage, th e n  the  sucrose  perm eability coefficient m ay be expected to  ten d  tow ards th e  
value for th e  diffusion coefficient of sucrose  in  w ater. This c a n  be show n as  follows. The 
flux, J , of a  perm ean t is described by Fick’s law (see C hapter 5) as:

j  = D (C o ~'C t)  (10.1)
I

where:
D = diffusion coefficient;
I = film th ickness;
C0 - Ct -  concentration  g radien t across the  film.

The flux, J , therefore has u n its  of g c m 2 s ’1. For th e  experim ental s itu a tio n  o f a  
porous film, th e  to ta l flux, J T, is described by th e  su m  of the  com ponent fluxes, w hich m ay 
co n sis t of a  con tribu tion  from a  flux of perm ean t th rough  th e  polym er (JP) (by so lu tion- 
diffusion) an d  from a n  aqueous com ponent (J^) (convective diffusion):

J r ^ J p + J ^  (10.2)

Typically, a n  aqueous flux will be far greater th a n  a  flux th ro u g h  polymer due  to  
there  being less diffusive resistance. Hence, for a  porous film, or a  film im perm eable to  th e  
p en e tran t (as m ay be th e  case for w hen electrolyte is the  perm ean t or, as  in  th is  case, 
w here th e  resu lts  suggest th a t  m ethacrylate polymers are im perm eable to  sucrose  {over th e  
tim e fram e of th e  perm eation  experiment}), the  to ta l flux will ten d  tow ards th e  flux th ro u g h  
th e  aqueous system , i.e.:

(10.3)
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Experim entally, it is the  ra te  of change of concen tra tion  th a t  is determ ined:

* £  (10.4)
d t

w hich h a s  u n its  of g  cm'3 s '1, a n d  is therefore no t directly  com parable to  the  flux. The 
problem  m ay be overcome if bo th  flux and  ra te  of change o f co ncen tra tion  are expressed 
in  sim ilar forms, e.g., th e  ra te  of change of th e  num ber of m oles, n, of perm eant. Thus:

= (10.5)
d t d t

w here V  = volume of the  receiver solution; 
an d  also:

—  = J x (10.6)
d t

where A '  = effective area  for diffusion {i.e., a rea  of pore openings).

Therefore:

- xV . J kA'  (10.7)
d t

or, from  equation  (10.1):

rv dC 1SV A ,D =   X ------7-----------------r  (10.8)
dt A ’( C „ - C , )

w here L /A '  = effective diffusional pa th leng th  per u n it  pore-opening  area.

A sim ilar equation  is often used  to  determ ine th e  perm eability coefficient, P, (Appendix A):

p ^ ^ 2 . x J X _  (10.9)
d t  A C 0

It is therefore seen  th a t  a n  experim entally determ ined perm eability  coefficient would 
effectively give a  diffusion coefficient if tran sp o rt occurred p redom inan tly  th ro u g h  porosity, 
a n d  if  th e  effective diffusional p a th  length an d  pore area  a re  accoun ted  for. In  th e  case of 
sucrose  perm eation  th rough  Eudragit® RL, L /A '  is unknow n. However, if  th e  m easured  
perm eability  coefficient is assum ed  to  be a  diffusion coefficient, th e n  com parison  w ith  the  
tru e  aqueous diffusion coefficient (assum ing no in terac tions betw een polymer and  
perm eant) provides a  m easure of L /A '. Alternatively, the  perm eability  coefficient m ay be 
considered  a s  a  diffusion coefficient even if th e  true  film th ick n ess  a n d  a re a  are  used,
yielding w hat is th e  effective diffusion coefficient [DeJf) of th e  p e rm ean t in  th e  polymer:

D „ <x —— oc D x eeJT
1 (10 . 10)

where:
Xj = tortuosity;
8 = volume fraction of aqueous regions.
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The diffusion coefficient for a  sucrose solution can  be calcu lated  u s in g  th e  equation  
of Wilke a n d  C h a n g 15351:

D = 7.4 x 1 0 -8   (10.11)
r\V oe

where:
T = tem p era tu re  = 303 K;
x  -  correction factor for hydrogen bonding = 2.6, for w a te r15351;
M = so lvent m olecular weight = 18;
T| = viscosity  (assum ed  to  be viscosity of water) a t  303 K, = 0.7975 cP115311; 
V  = m olar volum e, as given by:

V -  - n  (10.12)
3 A

where:
Na = Avogadro’s co n stan t = 6.022X1023;
r = sucro se  m olecular rad ius (assum ing sucrose  to  be spherical): th e  values 

vary in  th e  literature -  C olton1981 e ta l .  give it  a s  4.7 A, w hilst
W isniewski an d  K im 15441 give the  square  of th e  rad iu s  of sucro se  as
27 .70  A.

(V can  also  be determ ined using  the  atom ic con tribu tions as given by Le 
B a s 13061. Both m ethods give sim ilar values for V.)

Therefore, a ssum ing  a  sucrose rad ius of ca  5 A, th e n  a d iffusion  coeffic ien t for 
su crose  in  water, at 3 0 3  K, calcu lates as 0.61x10'® cm 2 s'1 (i.e., 2.20xl0*6 m2 h r 1). (This 
com pares to  calcu lated  an d  litera tu re  values given by C olton1981 et al. a s  0.345x10'® cm 2 s '1 
a n d  0.697x10'® cm 2 s '1 {at 310  K}, respectively, and  0 .41x10’® cm2 s *1 as  calcu lated  by
W isniewski an d  K im 15441 a t  296  K, again  using  the  m ethod of Wilke a n d  C hang .)

Hence, a ssu m in g  th e  experim entally determ ined perm eability  coefficient equals a n  
effective diffusion coefficient, th en  DeJJ = 4.20x1 O’7 m2 h r ’1; cf. = 2.20x1 O'6 m 2 h r 1. 
Therefore e/x, = 0.19. Also th e  ratio  of the  diffusion coefficient in  th e  pore to  th a t  in  free 
so lu tion  c a n  be rela ted  to  a n  assum ed  spherical pore rad ius, rp, an d  perm ean t rad ius, r, 
by th e  following eq u a tio n 141L 5441 (attributed by Peppas an d  M eadow s13901 as  being a  general 
form  of a n  equation  derived by F ax en 11521):

Deff 1- 1-2 .104 — + 2.09I r -0 .9 5 (10.13)

By a  process of ite ration  on a  com puter, an d  assum ing  the  rad iu s  of sucrose  = 5 A, 
th e n  th e  average pore rad ius is calculated to  be 15.76 A.

10.4.3 Sucrose permeation through surfactant-free PBMA films.
The perm eation  of labelled sucrose th rough  PBMA film c a s t for 72 h rs  a t  353 K is 

p lo tted  in  F igu re  10.7. The p lo t is sim ilar to th a t  of Eudragit® NE, i.e., a  sm all am o u n t of 
th e  sucrose  ({5% of the  total) is transported  th rough  the  film, before tra n sp o rt appears to

^ c P  (centipoise) = l x l O '3 kg m '1 s '1
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Table 10.2 The up take  of w ater by sucrose-contain ing  Eudragit® NE  films.

INITIAL SUCROSE LOAD
/% (g . NE)-1

0

CORRECTED WATER UPTAKE1 
/% (g.polymer)'1

62.1

15 87.0

30 68.7

40 73.1

80 85.2

+ Corrected for additive loss, i.e., th e  uptake is the  wet film weight as  a  percentage of the  
w eight of polymer after leaching an d  drying.

cease. Also like the  Eudragit® NE, it is apparen t from the decrease in  th e  total n u m b er of 
d isin tegrations counted  in  the  cell, th a t  a  certain  am ount of th e  labelled sucrose  is lost to 
the  film: in  a  tim e of 50 h rs, the  am oun t sorbed is approxim ately 2.8%  of the  initially added  
sucrose. Plots of bo th  the  to tal num ber of disin tegrations and  th e  n u m b er of d isin tegra tions 
in  th e  donor side of the  perm eation cell parallel each  o ther after ca  10 h rs, ind icating  th a t  
the  sucrose w hich is tak en  up  by the  film is lost from analysis d u rin g  the  first 10 h rs.

10.5 Uptake of water by sucrose-containing Eudragit® N E  films.
The up take  of w ater by sucrose loaded Eudragit® NE films is given in  T able  10.2. 

The values are  corrected for the  weight loss due to sucrose (and  su rfac tan t) leaching  by 
virtue of the  polymer weight being m easured  after film leaching (for 12 hrs) an d  drying.

The table indicates no real trend  in  the  up take of w ater as a  function  of sucrose 
load, o ther th a n  show ing th a t  the  up take  is greater th a n  for th e  sucrose-free film. However, 
the  resu lts  are  sub jec t to  a  h igh cum ulative error (« 10% for each  level of loading) due to 
the  leaching of the  sucrose, an d  also  the  m ethod w hereby excess w ater was sim ply blotted 
off th e  film’s surface. The overall deviation in  the  resu lts  is only slightly  greater, a t 
approxim ately 13%, th a n  the  individual uncertain ties and , hence, any  tren d  is easily 
m asked. The resu lts  for the  sucrose loaded films do, however, ap p ear to  show  a n  increased  
w ater up take  com pared to the  sucrose-free film, and  th is  could re su lt from th e  easier 
access to  the  film’s interior due to  the  leaching of the  sucrose, in  com bination w ith 
increased  void-volume w ithin the  film. S uch  an  increase in  void volume, o r capillarity, could 
itself be an  increased  cause  of uncerta in ty  in the  experim ental m ethod: the  ac tion  of 
b lo tting  the film tend ing  to draw  w ater ou t of the  capillaries or pores. This un certa in ty  
would therefore increase w ith increasing  porosity and, hence, p resum ab ly  sucrose  loading.

In order to overcome the  inadequacy of the  m ethod, a n  a ttem p t was m ade to 
m easure  the  up take  of w ater vapour by a film suspended  on a  m icrobalance over a 
sa tu ra te d  solution of am m onium  su lpha te  (i.e., 81% R.H.). However, th is  m ethod was found 
to  be ineffectual due to the  prolonged tim es required for the  films to  achieve a n  equilibrium  
up take  of w ater vapour (after two weeks, a  film had  not s ta rted  to  tu rn  opaque, a s  would 
occur in  the  case of a  Eudragit® NE  film positioned under w ater in  a  few hours a t most).
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10.6 Solute perm eation through Eudragit® films either containing, or p re
leached of sucrose .

Eudragit® films were sub jected  to  (i) aqueous 4 -n itrophenol a n d  (ii) aqueous aniline 
perm eability  s tud ies. The form er was u sed  to  observe th e  tren d  in  so lu te  perm eability  as  
a  function  of th e  loading of sucrose w ith in  the  film, w hilst a  series of su b s titu te d  an ilines 
of increasing  side chain  size was u sed  to  investigate th e  porosity  o f th e  films. The 
perm eation  stud ies  investigated  the  perm eability of films e ither leach ing  sucro se  d u rin g  the  
course of th e  experim ent, or having been  pre-leached of sucrose.

A com plication arising  from th e  leaching of the  films (and, in  som e cases, drying of 
th e  leached films {i.e., pre-leached films}) was a  change in  film th ick n ess  -  w hen  film 
th ick n ess  is a  param eter in  th e  equation  for calculating th e  perm eability  coefficient. The 
rem oval of th e  sucrose, followed by a  period of drying, allowed the  film to  ‘con trac t’ in to  the  
void volum e left by th e  liberated sucrose. However, w hen a  free-film w as leached, a n d  dried, 
th ere  w as a  tendency  for th e  film to  curl, m aking the m easu rem en t o f th e  th ick n ess  difficult 
a n d  inaccu ra te  w hen u sing  th e  flat-footed dial gauge (see C hap ter 7). This was com pounded 
by th e  fact th a t  th e  films u sed  in  th is  series of experim ents were leached  in situ , in  the  
perm eability  cells.

It was therefore decided th a t  th e  th ickness of the  film as c a s t would be u sed  as the  
com m on fram e of reference w hen calcu lating  the  perm eability  coefficient. Perm eability 
coefficients are  therefore term ed a p p a r e n t  perm eability co effic ien ts  denoting  the  
apparent increase in  perm eability arising from th e additive in  th e  film . This is 
appropriate  if th e  void volume, re su lta n t from sucrose leaching, is no t lo st (due to fu rth e r 
coalescence of th e  film), as  m ay occur (see following parag raphs) in  a n  aqueous 
env ironm ent w here the  sucrose  is replaced by water, or w hen  th e  polym er h a s  a  relatively 
h igh  Tg. S u ch  coalescence can, however, occur if the  polymer is o f a  low Tg an d  film is 
leached an d  th e n  undergoes fu rth e r drying. Hence, o ther possible varia tions in  th ick n ess  
th a t  m ight be considered include:

X  a n  a p p a ren t perm eability coefficient (hereafter term ed  Plpolymer) aris ing  from the
polymer alone (assum ing to ta l sucrose loss). This perm eability  coefficient is 
determ ined  using  a  calcu lated  value of film th ickness. (Since th e  films were c a s t as 
d iscs o f know n diam eter, th en  th e  contribution to  th ick n ess  of a  know n w eight of 
sucrose  {density 1.5805 g cm '3t531]} could be calculated . A ca lcu la ted  th ick n ess  is, 
however, sub jec t to  a n  increased  experim ental u n certa in ty  if  polym er is a lso  being 
lost -  as  m ay occur if  latex  particles are d ispersed in  sucrose, a s  d iscu ssed  earlier.);

X  a n  a p p a ren t perm eability coefficient (hereafter term ed Pi+residuai aucrose) calcu lated
usin g  the  th ickness  of polymer + the  residual sucrose  (determ ined gravim etrically, 
a fter leaching). This is again  determ ined using  a  calcu lated  film th ickness.

10.6.1 Permeation of 4-nitrophenol through Eudragit® A/E film + sucrose.
Table 10.3  gives the  ap p aren t 4-nitrophenol perm eability  coefficients determ ined  

for Eudragit® NE  films loaded w ith  sucrose to  levels up  to  180% i.e., a  ratio  o f polym er to 
sucrose  of 1 g : 1.8 g. Figure 10.8  an d  Figure 10.9 show  th e  d a ta  graphically.
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wimM

Figure 10.8 The ap p a ren t 4-n itrophenol perm eability coefficients for Eudragit® NE  films, as 
a  function  of film (initial) sucrose  content.

120%

180%

*,r«r

Time /hrs

Figure 10.9 Trends in  the  4-nitrophenol perm eability coefficients of sucrose  loaded 
Eudragit® NE films.
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Table 10.3 A pparent perm eability coefficients for the  tran sp o rt of 4 -n itrophenol th rough  
sucrose-loaded Eudragit® NE films.

INITIAL 
SUCROSE LOAD

/% (g.NE)*1

PERMEABILITY
COEFFICIENT
/1x10*7 m2 hr"1

INITIAL 
SUCROSE LOAD

/% (g.NE)"1

PERMEABILITY
COEFFICIENT
/1x10*7 m2 hr*1

0 0.40 35 1.85

2 0.36 40 2.14

4 0.51 45 1.78

6 0.72 50 2.00

8 0.93 55 2.16

10 1.06 60 2.39

12 1.02 65 2.18

14 1.09 70 2.34

16 1.29 75 2.37

18 1.45 80 2.64

20 1.60 100 N/A

22 1.72 120 2.68

24 2.22 140 2.49

26 1.99 160 FILM FAILED

30 2.02 180 2.72

Figure 10 .8  shows the  tren d  in the  ap p a ren t perm eability coefficient as a  function 
of th e  films’ in itial sucrose conten t, w hilst Figure 10.9  shows som e of the  d a ta  used  to 
calcu late  the  perm eability coefficients. The m axim um  loading [i.e., 180%) was a  resu lt of 
the  film becoming d iscon tinuous. A t) 180% sucrose content, regions of the  film consisted  
predom inantly  of sucrose, w hich adhered  to  the  substra te , and  sp lit on removal.

From Figure 10.8  it is evident th a t  th e  d a ta  can  be fitted to  a  num ber of lines of 
best fit dependen t on the  level of sucrose addition. Between the sucrose-free Eudragit® NE 
film a n d  a  sucrose loading of ju s t  over 20%  (g.NE)'1, the  apparen t perm eability coefficient 
is seen  to increase a t a  relatively steep  g rad ien t th a t is proportional to  the  loading of 
sucrose  (correlation coefficient r2. = 0.959). The line (given by a  least squares fit) does not, 
however, cross the  perm eability-axis a t  a  value of the  sucrose-free film (i.e.,
0 .4x10 7 m2 h r 1), being described by the  equation:

P x l 0 7 = 6 .7 6 3  x 10 -2C %sucrose + 0 .2 8 9  (10.14)

A t) 20% sucrose addition, the  g rad ien t of the line of best fit th rough  th e  points in 
Figure 10.8  is decreased  by a  factor slightly greater th an  an  order of m agnitude, an d  the 
(solid) line is described by:
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P x 107 -  5 .877 x 10"3C%suerose +1.810 (10.15)

The po in ts described by th is  line do, however, show  a  poorer degree of correlation  th a n  
those  described by equation (10.14), w ith a  correlation coefficient, r2 = 0 .653.

As the  sucrose loading approaches 180%, it is possible th a t  th e  perm eability  
coefficient is tend ing  to p lateau . The final four points on  the  g raph  in  F igu re  10 .8  could 
a lso  be fitted to  a  different line of best fit (as indicated  by the  d ash ed  line):

P  x 107 = 4 .03 X 1 0 - C * ^  + 2.58 (10.16)

The C%sucrose te rm  of the  equation  is tend ing  to  become less significant a s  th e  a p p a ren t 
perm eability  coefficient inclines towards a  lim iting value as described by the  co n stan t-te rm  
of th e  equation. This is se en  in  F igure  10 .9  by the  tendency  of th e  plots for th e  h igher 
loadings of sucrose to  come closer together, despite  th e  increased  sp a n  betw een th e  
different levels of sucrose load. If these  final points do indicate th a t  th e  perm eability  
coefficient has  reached a  lim iting value (the line can  n o t be ex tended  fu rther due  to  film 
failure), th en  th e  curve described by E quation  (10.15) would also  change  to  th a t  ind icated  
by th e  dotted  line. This line is described by:

P  x 107 = 1.0999 x 10-2C%sucrose + 1.258 (10.17)

The linear correlation betw een perm eability c o n stan t and  film additive co n ten t [e.g., 
a s  described  by Equation (10.14)) has been  observed by other w orkers. D onbrow and  
F re id m a n 1,251 investigated th e  addition of polyethylene glycol to  so lvent c a s t ethyl cellulose, 
a lso  finding a  linear relationship . Donbrow gave the  coefficient of s u c h  a n  equation  (i.e., th e  
factor 6 .763x 10'2 of equation (10.14)) the  term  “perm eability en h an cem en t coefficient, Ep”, 
su c h  th a t:

PB = E pCpec+P0 (10.18)

where:
PE -  enhanced  perm eability coefficient;
C = additive concentration  (% W/W);
P0 -  perm eability coefficient of additive-free film.

From  the  relationship  betw een perm eability coefficient a n d  diffusion coefficient:

P = DS (10.19)
where:

P = perm eability coefficient;
D = diffusion coefficient;
S = solubility coefficient;

D onbrow  also determ ined a n  diffusion enhancem en t coefficient [ED) su c h  th a t:

De = E 0C„eo + D0 (10.20)
Given the  assum ption  that:

a n d £ D 4  U ° '21)
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D onbrow  found th a t  values of ED for a  range of p e rraean ts  of differing solubilities 
were all of th e  sam e order. This therefore im plied th a t th e  e n h an cem en t of th e  perm eability  
w as a  function  of the  d rug  solubility, i.e., th e  m echan ism  of tra n sp o rt w as still a n  activated  
diffusion process, ra th e r th a n  tran sp o rt th rough  capillaries. The en h an ced  perm eability  was 
therefore deem ed to  resu lt from the  sho rtened  path leng th  th ro u g h  th e  film -  a  re su lt o f the  
leached  film th ickness  -  since porosity was insufficient to  allow th e  passage  of inorganic 
ions (NaOH). (Although th e  average polym er th ickness m ay rem ain  th e  sam e, closed pores 
{as opposed to  con tinuous pores} would lead to  pathw ays in  w hich th e  th ick n ess  of 
polym er, th ro u g h  w hich a  perm eant m u s t pass, would be reduced.)

E quations (10.14) an d  (10.15) or (10.14) and  (10.17) c a n  be equated  to  find the  
(initial) sucrose  loading (range) a t w hich th e  change in  a p p a ren t perm eability  coefficient 
tre n d  occurs, e.g., u sing  Equations (10.14) a n d  (10.15):

6 .763  x 10-2C %suc_  + 0 .289  -  5 .877  x 1 0 “3C %sucrose + 1.810
(10.22)

.••C%sucrose = 2 4 . 6 %  (g .N E ) '1

R epeating for Equations (10.14) and  (10.17) yields a  value of 22.8%  (g.NE)'1. Therefore, 
a ssu m in g  th a t  beyond a  sucrose load of ca  20%, the  poin ts show n in  F ig u re  10 .8  form a  
curve, th e n  th is  range of c a 2 3  —> 25% correlates w ith th a t  q uan tity  term ed C ^ .  (Previously 
d iscu ssed  in  parag raph  10.3.1 for the  gravim etrically m easured  leaching  of suc ro se  from 
Eudragit® NE  films as a  function  of leaching tim e. I.e., in  th e  region of a  film c o n ten t (before 
leaching} of 15 —» 28%, a  change was seen  to  occur sifter w hich it becam e increasingly  easy  
to  remove th e  sucrose initially  added to  th e  film.)

To sum m arise , it is found that:

X h igh  levels of sucro se  are leached relatively quickly, an d  th e  ap p a ren t perm eability
coefficient tends tow ards a  lim iting high;

X low levels of sucrose  are more difficult to  leach (e.g., th e  2% load is n o t leached
before th e  end of th e  perm eability experiment), an d  th e  ap p a re n t perm eability  
coefficient increases w ith increasing  sucrose load (and, hence, ease  of leaching).

It could be specu la ted  th a t  sucrose m ight fill th e  26% void fraction w hich  exists 
betw een close packed uniform  spheres an d  th a t  th is  could be th e  source o f a  critical 
sucro se  loading. It should  be noted, however, th a t  if C%sucrose occurs a t  24.6%  (g.NE)'1 th e n  
th is  corresponds to  ca  14% volume fraction (assum ing th a t  th e  density  of Eudragit® NE 
polym er = 1 .0 4 I147i, and  th a t  of sucrose = 1 .5 8 0 5 15311).

Perm eability coefficients have been  described as ‘ap p a ren t’ since they  are  calcu lated  
from  the  film th ickness as  cast. Perm eability coefficients m ay also  be calcu lated  a ssu m in g  
th e  (calculated) th ickness of the  polymer alone (i.e., P(po(ymer, w ith  th e  th ickness due  to  the  
sucro se  su b trac ted  from th e  m easured  th ickness). R esults are  given in  T able 10.4 . Despite 
th e  added un certa in ty  in  th e  calculated  resu lts , it is seen  th a t  th e  increase  in  ap p a ren t 
perm eability  coefficient is n o t sim ply a  resu lt of the  film th ickness, a n d  th e  perm eability  is
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Table 10.4 Com parison of ap p aren t 4-nitrophenol perm eability coefficients for Eudragit® NE 
films + sucrose , calculated using  either the  polymer th ickness or film th ick n ess.

INITIAL 
SUCROSE LOAD

/ % (g.NE)’'

CALCULATED4

/1x10*r mr hr*1

EXPERIMENTAL4 
PERMEABILITY COEFFICIENT 

/1x10*7 m2 hr*1

2 0.36 0.36

4 0.46 0.51

6 0.58 0.72

8 0.81 0.93

10 0.83 1.06

12 0.79 1.02

14 0.78 1.09

16 1.17 1.29

18 1.15 1.45

20 1.22 1.60

t  A ssum ing a  (calculated) th ickness of polymer alone, 
t  A ssum ing th e  cast film th ickness.

still seen  to  increase linearly (r2 = 0.91) with increasing sucrose conten t. A lthough the  
add ition  of sucrose  to the  film resu lts  in  an  increase in  film th ickness, a t  20% addition, the  
increase  in  th ickness is ju s t  ca 10%, w hereas the  perm eability coefficient is increased  by 
greater th a n  am order of m agnitude. The im plication of the  calcu lated  perm eability 
coefficient (for polymer alone) being greater th a n  th a t of the  sucrose-free polym er film is a  
change in  th e  film density  a n d /o r  a  change in  the  m echan ism  of th e  perm ean t transport. 
For a  film th a t  rem ains wet, the  leached sucrose would be expected to  be replaced by w ater 
and , hence, it would seem  appropriate  to use the original film th ickness, a s  cast, to 
determ ine th e  m agnitude of the  ap p a ren t perm eability coefficient.

10.6.1.1 Effect of 4-nitrophenol permeation on the transport of water.
It w as found th a t  the  perm eation of 4-nitrophenol th rough  the  sucrose-free film led 

to  a  difference in the  ra te  of tran sp o rt of radioactively-labelled w ater (THO) (by a  factor of 
2.71), d ep en d en t on w hether the w ater was travelling w ith or aga in st the  4 -n itrophenol flux 
(see C hap ter 8). In a  film loaded with 40% sucrose, the  ap p a ren t THO perm eability 
coefficient increased  by greater th a n  a n  order of m agnitude. In  con tras t to  the  resu lts  for 
th e  sucrose-free  film, the  w ater moving in a  direction opposing the  4 -n itrophenol flux 
show ed a  h igher flux th a n  th a t  moving in the  sam e direction as the  4-n itrophenol. However, 
th e  difference between the resu lts  was m arginal (a factor of only 1.08), a n d  com parable to 
th e  rates of 4-nitrophenol perm eation. When m oving in  th e  sam e d irection  as th e  
4-n itrophenol, the apparent THO perm eability coeffic ien t was 2.10xlO*7 m 2 hr'1, 
w hereas w hen opposing the 4-n itrophenol d irection  o f  transport (and, atypically, w ith 
th e  THO m oving from the  air side to  the  su b stra te  side of the  film), th e  apparent THO 
perm eability  coeffic ien t was 2 .2 6 x l0 '7 m 2 h r 1.
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The resu lts  for the  perm eation  of THO, in  th e  presence o f a  flux of 4-n itrophenol are 
w h a t would be expected if an  osm otic potential existed, su c h  th a t  th e  THO flux w ould be 
g rea tes t in  th e  d irection of the  h igh concentration  of 4 -n itrophenol. As s ta ted  above, 
however, th e  difference in  flux (between the  two directions) is only 7%, w hich is typically 
w ith in  th e  experim ental uncerta in ty  of th e  perm eation experim ents.

10.6.1.2 Investigation for an asymmetric permeability difference.
A lthough th e  sucrose-free Eudragit® NE  film had  show n no  sign  of a n  asym m etric 

perm eability  coefficient, w ith  reference to  the  film orientation d u rin g  film casting, th e  facial 
differences observed in  sucrose-loaded films im plied th a t  a n  asym m etric  perm eability  m ay 
be possible in  su c h  films.

For a  Eudragit® NE  film  in itia lly  loaded w ith  25% su crose  and, hence, on  the 
‘plateau* side of C ^ , a n  apparent perm eability coeffic ien t of 2 .00 (± 0 .06 )x l0 '7 m 2 hr’1 
w as m easured w hen th e  substrate s id e  o f  th e  film  was orien ted  to  th e  4-nitrophenol. 
C hanging  th e  direction su c h  th a t  th e  polym er-air s id e  o f  th e  film  was oriented  to  the  
perm eant y ielded  an  apparent perm eability coeffic ien t o f  2 .1 0 (± 0 .12 )x l0 '7 m 2 hr'1.

Therefore it is evident th a t  any  difference in  perm eability a ris in g  from  the  o rien tation  
o f th e  film is again, like th e  sucrose-free film, e ither no t p resen t or lo st in  the  experim ental 
un certa in ty  of th e  resu lt.

10.6.1.3 Films leached of sucrose and dried.
The sucrose-con tain ing  Eudragit® NE films d iscussed  above were leached o f their 

load of sucrose  during  th e  course of the  perm eation experim ent. D ue to  th is  chang ing  level 
o f sucrose, it was decided to  investigate the  perm eability o f th e  films leached of their 
suc ro se  before th e  s ta r t  [i.e., pre-leached) of th e  perm eation experim ent, for com parison.

The m ethod initially used  involved m ounting  the  film in to  th e  u su a l double 
cham bered  perm eability cell and  leaching the  sucrose in situ  (from both faces of th e  film) 
in to  w ater for a  period of 96 h rs. The w ater in to  w hich the  su c ro se  was leached w as th en  
rem oved from th e  perm eability cell an d  replaced w ith th e  p e rm ean t/b u ffe r solutions needed 
for th e  perm eation experim ent.

In perform ing th e  above procedure, the  leached film w as left o u t of aqueous so lu tion  
(i.e., open  to  th e  atm osphere) for ca  15 m inutes. This had  a n  affect on  the  m easured  
perm eability  coefficient. For exam ple, a  film loaded initially  w ith  25% sucrose  has 
previously been  show n to  have a n  ap p a ren t 4-nitrophenol perm eability  coefficient of ca 
2x1 O’7 m2 h r '1. Performing the  above leaching procedure gave a  value of 0.5x1 O'7 m 2 h r '1.
I.e., a  value only slightly greater th a n  the  value for the  sucrose-free film -  suggesting  th a t 
th e  effect of th e  sucrose leaching was adversely affected by th e  sh o rt period th a t  th e  film 
w as ou t of the  w ater. It was therefore decided to investigate the  effect on the  perm eability 
coefficient of drying th e  leached film. In con trast, films were a lso  leached  of sucrose for a n  
identical period, an d  the ir perm eability coefficients were determ ined  w ithou t the  films being 
allowed to  dry (- the  resu lts  are d iscussed  in  parag raph  10.6.1.4).
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Table 10.5 The a p p a re n t 4-nitrophenol perm eability coefficients of Eudragit® NE  films 
leached  of sucrose, a n d  th en  either dried or kept wet before the  perm eability  m easu rem en t..

INITIAL 
SUCROSE 

LOAD 
/% (g.NE)*1

DRIED4 
PERMEABILITY 
COEFFICIENT 
/lx10-* m2 hr'1

DRIED4
P i  polymer)

/1x10*9 m2 hr'1

ORIGINAL44 
PERMEABILITY 
COEFFICIENT 
/ixK r9 m2 hr’1

WET* 
PERMEABILITY 
COEFFICIENT 
/1 x10"* m2 h r1

0 8.8n 40 73(±5)

5 2.27 2.22 604t 157

10 1.70 1.68 106 182

25 16.9 13.5 20044 208

30 19.8 16.4 202 163

40 26.7 20.9 214 115

t  After leaching  (96 h rs) an d  drying (24 h rs  / 3 13 K); calculated u s in g  film th ick n ess  a s  cast, 
t  After leaching a n d  drying as above; determ ined using  calcu lated  polym er th ickness.
* After leaching  (96 h rs) , b u t kept wet, calculated using  film th ick n ess  a s  c a st 
t t  E stim ated  from available experim ental values.

Of film leaching  sucrose  during  perm eability experim ent, 
t t  Value of dialysed Eudragit® NE su ch  th a t  film is used  as cast, i.e., no  need  for leaching 
an d  drying.

Film s were leached of sucrose for 96 hrs, in water, w hilst fixed in th e  perm eability  
cell, an d  th en  dried a t  313 K for 24 h rs (i.e., sufficient time for th e  films to achieve co n s ta n t 
weight). R esults are  show n in Table 10.5  and  Figure 10.10. (Note th a t  th e  legend on the 
g raph  ind icates th e  in itial loading of sucrose prior to  leaching.)

To sum m arise  the  terminology, resu lts are given in  Table 10 .5  for ap p a ren t 
perm eability  coefficients assum ing  a  film th ickness calcu lated  m aking  one of two 
assum ptions:
Colum n 2 ‘dried perm eability  coefficient’ gives a n  ap p aren t perm eability  coefficient 

calcu lated  using  a m easured film th ickness as c a st [i.e., th e  u su a l m ethod). In 
the  case of a  sucrose-free film, the  value for dialysed Eudragit® (see C hap ter 9) 
is u sed  -  w hich would presum ably  be the  equivalent of leaching  and  drying a 
Eudragit® NE  film cast from the  latex ‘as supp lied’ a n d  therefore leached of 
endogenous surfactan t;

Colum n 3 th is  dried perm eability coefficient (P, poiymsr) is calcu lated  a ssu m in g  th a t  all of the 
added  sucrose  is leached, and  is th u s  the  perm eability coefficient assu m in g  th a t 
perm eation occurs only th rough  the (calculated) th ick n ess  of polymer alone; 

Colum n 4 these  resu lts  are the  apparen t perm eability coefficients for a  film leaching  the 
initial load of sucrose during  the  course of the experim ent (- d a ta  supplied  for 
com parison  purposes).

From  Figure 10 .10  (which shows the results in colum n 3, i.e., to give Plpolymer) it is 
seen  th a t  resu lts  show  a n  increase in  perm eability above an  original sucro se  load of 10%: 
th e  perm eability  of a  film having been leached of 25% sucrose  and  dried  show ing a
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perm eability  th a t  is increased  by a  factor of ca  10 (com pared to  th e  film leached  of 10% 
sucrose) -  from a  value below th a t  of the  dialysed polymer, to  above it. This division occurs 
across th e  sucrose loading referred to  previously as C ^ . S uch  a  d ivision is a p p a re n t in  bo th  
of the  ap p a ren t perm eability  coefficients for th e  leached an d  dried  films in d ep en d en t of th e ir 
m ethod of calcu lation  (Table 10.5). The tren d  is show n in  Figure 10 ,12  u s in g  P(pofj/mer.

It is evident from Table 10.5 th a t  th e  apparen t perm eability  coefficient of th e  
leached film m ay be reduced  to  a  value below th a t  of a  film c ast from  dialysed Eudragit® NE, 
a n d  th is  is p resum ably  as  a  resu lt of the  additional therm al an n ea lin g  tak in g  place during  
th e  second  drying stage, after leaching. The increased perm eability  of th e  sucrose- 
con ta in ing  (and leaching) films is purely a  function of th e  leaching  of the  sucro se , an d  the  
residua l void-volume in  the  film th a t  rem ains. The fact th a t  th e  perm eability  o f th e  leached 
films is decreased  after as sh o rt a  tim e as 15 m ins ‘drying’ ind ica tes th e  ability  o f the  film 
to  ‘heal’ th is  void-volume. Allowing the  film to  completely dry, to  a  c o n s ta n t weight, is th e n  
seen  to  com pletely nullify th e  effects of th e  sucrose, an d  also  th e  effects of th e  film’s 
endogenous su rfac tan t, u p  to  th e  point term ed C ^;  above th is  point, th e  perm eability  is 
se en  to  increase desp ite  the  sucrose  having been  completely rem oved from  th e  film. Hence, 
it  is seen  th a t  above a  certain  level of sucrose loading (C^J, there  rem ains a  res id u a l effect 
on  th e  film’s tra n sp o rt properties after leaching the  additive, im plying th a t  th e  film is no t 
able to  com pletely ‘heal’ the  porosity  or overcome the  re su lta n t reduced  polym er density  
th a t  a re  residual from  su ch  h igh  levels of sucrose addition.

10.6.1.4 Films leached of sucrose, but not dried.
In  co n tras t to  the  films d iscussed  in  paragraph  10.6.1.3, films were leached of 

sucrose  in  the  perm eability cells, and  4-nitrophenol perm eant w as added , in  th e  form of 
crysta ls, to  the  buffer used  to  leach  the  sucrose. In th is way, th e  films were k ep t in  a n  
aqueous environm ent an d  no t allowed to dry a t  any  stage betw een th e  sucrose-leach ing  an d  
th e  s ta r t  o f the  perm eability  experim ent. R esults are tabu la ted  in  Table 10 .5  -  colum n 5 
(for com parison w ith th e  dried films), an d  plotted in  Figure 10 .11  an d  Figure 10.13.

The ap p a ren t perm eability coefficient of the  leached film did n o t decrease in  
m agnitude below th e  value for th e  sucrose-free Eudragit® NE  film, a n d  all va lues were very 
m uch  greater th a n  th e  films th a t  were leached and  dried (by g rea ter th a n  a n  order of 
m agnitude). This im plies th a t th e  leaching of the  additive did lead to  th e  form ation of void 
volum e w ith in  th e  film, or porosity -  e ither of w hich would lead to  a n  increase  in  flux.

For sucrose loadings below the  critical sucrose con ten t (called C ^ ),  th e  apparen t 
perm eability  coefficients were all greater th a n  the  values for films in  w hich sucrose  was 
leaching  du ring  th e  course o f th e  perm eability experim ent. The lower levels o f sucrose 
add ition  had  previously been show n to be th e  m ost difficult to  leach  (the 2% load of sucrose 
tak ing  longer th a n  20 h rs  to  leach). Therefore the  increased p re-leach ing  tim e before the 
s ta r t  of perm eation p resum ably  accounts for the  increased  perm eability . Above C ^ , 
however, th e  ap p a ren t perm eability coefficients appeared to decrease (Figure 10.13). This 
is ten tatively  ascribed  to  wet s in te ring  of th e  polymer after rap id  rem oval of res id u a l sucrose 
d u ring  th e  pro tracted  period of pre-leaching.

Modification of the permeability of polymer latex films. p-10:38-



Results and Discussion, Chapter 10: Sucrose as a Rim Additive.

■ ■ L i
Time /hrs

Figure 10.10 The perm eation  of 4-nitrophenol th rough  Eudragit® NE  films after being 
leached of sucrose, an d  dried.

Time /hrs

Figure 10.11 The perm eation  of 4-nitrophenol th rough Eudragit® NE  films after being 
leached of sucrose, an d  kep t wet.
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Initial % Sucrose Load

Figure 10.12 Trend in  the  ap p a ren t perm eability coefficient (Plpoiymer) of Eudragit*  NE  films 
leached of sucrose, an d  dried.

Figure 10.13 Trend in  the  ap p aren t perm eability coefficient of Eudragit* NE  films leached 
of sucrose , an d  kep t wet.
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10.6.1.5 Arrhenius activation energy for the diffusion of 4-nitrophenol through 
Eudragit® NE films + sucrose.

The activation energy for the  perm eation of 4-nitrophenol th ro u g h  Eudragit® NE 
films both  loaded w ith 40% sucrose, and  leached of 25% sucrose (and dried) were 
determ ined. The resu lts  are plotted in  Figure 10.14.

The calculated perm eability activation energies, E^np, are  found to follow the  ran k  
order of th e  ap p aren t perm eability coefficients: i.e., E*np = 3 4 .6  kJ m ol'1 for Eudragit® NE  
contain ing  40% sucrose; 5 0 .3  kJ m ol'1 for Eudragit® N E  leached  o f  25% sucrose
(calculated from the  ap p aren t perm eability coefficients determ ined using  th e ir  in itial film 
th ickness); (and 50.5 k J  mol'1 for sucrose-free Eudragit® NE  {see C hap ter 8}) w hilst the  
respective perm eability coefficients (at 303 K) are 2.14x1 O'7 m2 h r '1, 0 .1 6 9 x l0 '7 m2 h r'U and  
0.4x10 7 m2 h r 1). It is seen  th a t  rem oval of the  sucrose from the  film increases the  
activation energy to n ear th a t  of the  sucrose-free film indicating th a t  once the  additive is 
removed, th e n  its effect is negated if th e  film is allowed to dry.

(Note th a t  if th e  leached film th ickness is used  to  calcu late  the  ap p a re n t 
perm eability  coefficient (P,po,ymCT) for the  film leached of 25% sucrose, th e n  the  activation 
energy is increased  slightly to 50.9 k J  m o le 1.)

10.6.1.6 Effect of film thickness on the 4-nitrophenol permeation through sucrose- 
containing films.

The Fickian applicability, w ith respect to film th ickness, of sucrose-free Eudragit® 
NE was investigated in  C hapter 8 an d  showed a good correlation betw een th e  4-n itrophenol 
flux an d  film reciprocal th ickness w ith a  regression coefficient, r2, of 0 .985 . (Note: flux is

-X- NE + 25% Sucrose (Leached)

1/Temperature 
/  1X10-3 K”1

Figure 10.14 A rrhenius -type plots from th e  perm eation of 4-n itrophenol th ro u g h  Eudragit® 
NE films both  containing, an d  leached of sucrose (and sucrose-free for com parison).
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proportional to the  ra te  of change of concentration  g radien t in  th e  perm eability  cell if  th e  
diffusion coefficient is constan t, a n d  ra te  of change of concen tra tion  is therefore p lo tted  in  
th e  g raphs. I.e., in  th is  section th e  term s ‘flux’ and  ‘ra te  of change of concen tra tion ’ are  
u sed  interchangeably.) The 4-n itrophenol perm eability was also  investigated, b o th  for films 
e ither contain ing  o r leached of sucrose, as  show n in  Figure 10.15  a n d  Figure 10 .16 .

Both a  Eudragit® NE  film con tain ing  40% sucrose, an d  one w hose perm eability  was 
determ ined  after leaching 25% sucrose followed by drying for 24  h rs  a t  313 K, show ed good 
correlation betw een the  perm ean t flux a n d  film reciprocal th ick n ess  w ith  lea s t sq u ares  
regression  analysis giving correlation coefficients, r2, of 0 .955 a n d  0.988, respectively.

The resu lts  therefore suggest th a t  there  is little or no  in te rac tion  betw een th e  
4-n itrophenol an d  th e  sucrose (or polymer) for the  th icknesses of film investigated. Any 
su c h  in teraction  would have been ap p a ren t as  a  non-linearity  in  th e  aforem entioned p lots.

10.6.1.7 Uptake of 4-nitrophenol by Eudragit® NE films containing sucrose.
The partition  coefficient of th e  4-n itrophenol perm ean t w as m easu red  for films th a t  

were leaching sucrose during  th e  up take  experim ent, a n d  also  for films th a t  were leached  
of sucrose  and  dried  (i.e., pre-leached). U ptakes were determ ined  from  th e  spectro- 
photom etric change in perm eant absorbance, over a  period of typically 96 h rs: i.e., 
sufficient tim e for th e  equilibrium  up take  to  be estab lished  (as show n by no  fu rth e r change 
in  absorbance). After soaking in  4-n itrophenol solution (0.2 g dm '3), sucro se-con ta in ing  
Eudragit® NE films were swollen an d  opaque, w ith a  sligh t green  d iscolouration ind ica ting  
som e 4-n itrophenol was tak en  u p  by th e  film.

The partition  coefficient for th e  sucrose-free Eudragit® NE  film (see C hap ter 8) was 
94 .15(± 12.74). For a  film  pre-leached o f  10% sucrose (and dried), a  partition  co effic ien t  
o f  98.57(±11.01) w as forthcom ing -  w hich is w ithin the  s ta n d a rd  error of th e  sucrose-free 
film. (All sucrose would be expected to be leached from th is  film, s u c h  th a t  the  value w ould 
be for th e  polymer alone.) For a  film  pre-leached o f  40% sucrose, th e  partition  
coeffic ien t (again calcu lated  using  th e  values of leached film weight, i.e., polym er only) was 
96.42(±18.0), Therefore, as  m ight be expected for films consisting  of th e  sam e polym er 
type, th e  4-nitrophenol partition  coefficients show  little varia tion  betw een th e  values for th e  
sucrose-free film, an d  th e  films pre-leached of their sucrose  load. The u p tak e  of 
4-n itrophenol (concentration 0.2 g dm '3) by a  series of films pre-leached  of sucro se  a t  a  
range of concentrations (between 5%, an d  40% was found to  be effectively c o n s ta n t a t  
0 .0144(±0.001) g (g.film)'1.

R esults for films leaching sucrose depended on w hether th e  leached  film w eight or 
th e  in itia l film weight was used. In th e  experim ental determ inations, th e  sucro se  w as still 
p resen t no m atter w hether it was leached in to  the  4-n itrophenol solution, or leaching  from  
th e  film. However, any  apparen t up take  of 4-nitrophenol by a  10 g dm '3 sucrose  so lu tion  
(i.e., m u ch  greater th a n  th e  am oun t of sucrose th a t would be leached from  a  film d u rin g  
the  m easu rem en t of the  uptake) was found to be negligible. The calcu lated  values for th e

Modification of the permeability of polymer latex films. p - 1 0 : 4 2 -



Results and Discussion, Chapter 10: Sucrose as a Rim Additive.

Reciprocal Thickness /ixlO2 /um1
i t f i i l i

F igure 10.15 F ick ian  reciprocal th ickness (initial film th ickness) p lo t for the  perm eation  of 
4-n itrophenol th rough  Eudragit® NE film + 40% sucrose.

Reciprocal Thickness /IxlO^prri

Figure 10.16 F ick ian  reciprocal th ickness (polymer th ickness) plot for th e  perm eation  of 4- 
n itrophenol th rough  Eudragit® NE  film leached of 25% sucrose.
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Table 10.6 A pparent perm eability coefficients for the tran sp o rt of 4 -n itrophenol th ro u g h  
sucrose  loaded Eudragit® RL films.

INITIAL SUCROSE 
LOAD

f% {g.RL)'1

PERMEABILITY 
COEFFICIENT 
/1x10*7 m2 hr1

INITIAL SUCROSE 
LOAD

/% m m *

PERMEABILITY
COEFFICIENT
/1x10*7 m2 hr*1

0 3.81 27 4.65

2 4.00 30 4.85

4 4.00 35 5.08

5 3.48 40 4.93

6 4.04 45 4.84

8 " 3.85 50 4.69

10 4.11 55 4.79

12 4.32 60 4.91

15 4.47 65 4.54

18 4.59 70 3.85(7)

21 4.51 75 4.67

24 3.10(7) 80 5.20

p artition  coeffic ien t for th e  film s leaching sucrose were found to  be sim ilar to  the  
aforem entioned values, i.e., 98.49(±8.64) and  91.51(±9.21) for the  film s leach ing 10% 
and 40% sucrose, respectively. These were calculated using  the expected leached weight 
a ssu m in g  a  10.5% (g.NE)*1 and  29.8%  (g.NE)*1 weight loss from th e  respective films (as 
found during  the  gravim etric resu lts  w hen m onitoring sucrose leaching). The u p tak e  of 
4 -n itrophenol (0.2 g dm*3) by a  series of films leaching sucrose (at a  range of concen tra tions 
betw een 5% an d  40%) was found to be effectively co n stan t a t  0 .0148 g (g.film)'1 (±18%).

It is therefore evident th a t  the  presence (or absence) of sucrose did little to  enhance , 
or change, the  up take of 4-nitrophenol by the  Eudragit® NE polymer.

10.6.2 Permeation of 4-nitrophenol through sucrose-loaded Eudragit9 RL film.
The ap p aren t 4-n itrophenol perm eability coefficient of Eudragit® RL film was

3.81 x 1 O'7 m2 h r '1 (Chapter 8). The perm eability of such  films (plasticised w ith 15% triacetin) 
was investigated with various loadings of sucrose. R esults are tabu la ted  in  Table 1 0 .6  and  
plotted  in  Figure 10.17. Like the  sim ilar plot for Eudragit® NE (in Figure 10.8), the  
ap p a re n t 4-nitrophenol perm eability coefficients of sucrose-contain ing  Eudragit® RL can  be 
fitted to  two linear equations. Up to  a  sucrose loading of 25% —*• 30%, the  ap p a ren t 
perm eability  coefficient increases w ith increasing sucrose load according to:

P x 107 = 3.738 x 10-2C %sucrosc + 3.753 (10.23)
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show ing reasonably  good correlation w ith a  value of r2 = 0.853. Above a  film sucrose 
co n ten t of 30%, the  apparen t perm eability coefficient tends to  p la teau  a t approxim ately 
4.79x1 O'7 m2 h r '1, with the  b est fit line described by the  equation:

P x 107 = 7.22 x 10-4C%sucrosc + 4 .790  (10.24)

The experim ental uncertain ty , however, yields only poor correlation. Sucrose loadings 
greater th a n  80% —» 100% in  Eudragit® RL films led to  the  film sp litting  on removal from  the 
casting  su b s tra te .

The point of in terception of the  lines described by equations (10.23) and  (10.24) is 
th e  value previously term ed the  critical loading concen tra tion  (C^J, of:

= 2 8 .2 9 %  ( g . RL  )-' .  C “  (10.25)

w hich is the  concentration  above w hich the  increasing  addition  of sucrose to th e  film 
effectively has a  negligible effect on the perm eability coefficient, un til the  film d isin tegrates.

C om paring the resu lts  for Eudragit® RL and  Eudragit® NE films is com plicated by 
th e  differences in  perm eability of the  sucrose-free films and , in  the  case of the  Eudragit® 
RL, by the  added  plasticiser which was show n (C hapter 8) to  increase th e  perm eability 
coefficient of th e  film by a  factor of approxim ately 1.4. S u ch  differences are, however, 
accounted  for by the constan ts  in equations (10.23) an d  (10.14), su ch  th a t  the  g rad ien ts 
of th e  lines described by these  equations are  generally re su lta n t of the  added sucrose. It is 
therefore seen  th a t  the  increase in perm eability in  Eudragit® NE, due to  th e  sucrose 
addition  is approxim ately a factor of 1.8 tim es th a t  seen  Eudragit® RL. I.e., the  suc ro se  is

^  i  m m  • j

Figure 10.17 The 4-nitrophenol perm eation coefficients for Eudragit® RL a s  a  function  of 
film (initial) sucrose content.

Modification of the permeability of polymer latex films. p - 1 0 :4 5 -



Results and Discussion, Chapter 10: Sucrose as a Film Additive.

m ore effective in  increasing th e  aqueous-solute tra n sp o rt properties o f th e  more 
hydrophobic film, w ith the  lower initial permeability. However, th e  final (‘p la teau ’) ap p a ren t 
perm eability  coefficients of the  two types of film show  the  opposite trend , w ith  th e  value for 
Eudragit® RL (of 4 .7 9 x l0 '7 m2 h r '1) being a  factor of approxim ately 1.8 tim es h igher th a n  
th a t  o f Eudragit® NE  (at 2 .5 8 x l0 '7 m2 h r '1).

The differences in  the  p la teau  values are a  resu lt of th e  com bination  o f additive 
(sucrose an d  triacetin) leaching, film hydrophilicity, an d  also possibly th e  differences in  film 
Tg: th e  film w ith  th e  higher Tg (i.e., Eudragit® RL) requiring  g rea ter energy to  ‘heal’ the  
porosity  resu lting  from the  leaching  of th e  sucrose a n d  triacetin .

10.6.3 Permeation (and uptake) of anilines through Eudragit® films.
A series of substitu ted  anilines of increasing alkyl s ide-chain  length  were u sed  as 

a  probe o f porosity, on the prem ise th a t  a  porous film would allow the  differently sized 
an ilines  to  perm eate  the  film a t  approxim ately the sam e rate  (if th e  pores were larger th a n  
th e  m olecular size of all of th e  anilines), w hereas a  non-porous film would n o t du e  to  the  
differing solubilities of the  an ilines in  th e  polymer. It was show n in  C hapter 8 th a t  the  
an ilines  perm eated  th rough  th e  Eudragit® RL films w ith  n e a r  identical ap p a ren t 
perm eability  coefficients. This was considered to  be th e  resu lt of bo th  th e  polym er 
hydrophilicity  an d  the  leaching of the  triace tin  p lasticiser, leading to  th e  form ation of 
aqueous pathw ays. The anilines, however, perm eated Eudragit® NE  films a t  different ra tes. 
In  an tic ipa tion  of analogous behaviour to  Eudragit® RL -  a ssum ing  th a t  sucrose  leaching  
re su lts  in  porosity -  the  perm eation of the  su b stitu ted  an ilines th ro u g h  Eudragit® NE  films 
leach ing  a  load of 40% sucrose were therefore investigated.

Perm eability coefficient d a ta  are presented  in  Table 10.7, along  w ith  th e  up tak e  of 
th e  an ilines by th e  films (m easured film weights are  corrected for the  loss of w eight of 
su c ro se  a s  determ ined  gravim etrically in  paragraph  10.3.1: the  sucro se  show ing no  up take  
o f anilines). The aniline perm eations are also  plotted in  Figure 10.18.

It is ev ident th a t the  perm eability coefficients of all an ilines were a  factor of 
approxim ately  two greater for the  film leaching sucrose, com pared to  th e  sucrose-free film. 
Sim ilarly, the  pre-leached films show  ap p aren t perm eability coefficients {Plpolymer) th a t  were 
closer to  those values of the  sucrose-free films.

D espite th e  inferred porosity resu lting  from th e  leaching of sucrose, th e  an ilines 
obviously did n o t perm eate the  Eudragit® NE  films a t  sim ilar ra tes . This im plies th a t  the  
su c ro se  leaching  did not yield continuous pores o f su itab le  size, an d  th a t  a  solution- 
diffusion m echan ism  was still th e  dom inant tran sp o rt process. (From C hapter 8, th e  rad ii 
of th e  an ilines were 3.52, 3.74, 3 .94 and  4.12 A for aniline, m ethyl aniline, ethyl an iline  an d  
propyl aniline, respectively.)

The u p tak es  of the various anilines, by the sucrose-leaching  films, follow th e  sam e 
ra n k  o rder as th e  uptakes by the  sucrose-free films, an d  the  com m ents applied  to  th e  
sucrose-free  films (Chapter 8) apply equally here. However, w hilst th e  m agnitudes of the  
u p tak es  varied betw een the  sucrose-free film and  th e  sucrose-contain ing  films by factors
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Table 10.7 A pparent aniline perm eability coefficients an d  equilibrium  up take  by Eudragit® 
NE  films e ither con tain ing  or having contained 40% loadings of sucrose .

ANILINE
TYPE

PERMEABILITY COEFFICIENT
/1x10'7 m2 hr1

ANILINE UPTAKE
/g (g.fUm)-1

ADDITIVE FREE Eudragit® NE

ANILINE 0.91 0.0040

METHYL ANILINE 1.47 0 .0575

ETHYL ANILINE 2.84 0.1115

PROPYL ANILINE 1.97 0.0345

Eudragit® NE + 40% SUCROSE, LEACHING

ANILINE 2.01 0.0237*

METHYL ANILINE 3.45 0.0681*

ETHYL ANILINE 5.94 0.1414*

PROPYL ANILINE 3.92 0.0426*

Eudragit® NE PRE-LEACHED OF 40% SUCROSE.

ANILINE
TYPE

PERMEABILITY COEFFICIENT 
71x10*7 m2 hr*

ANILINE 0.893* 1.14

METHYL ANILINE 1.70* 2.11

ETHYL ANILINE 2.40* 3.01

PROPYL ANILINE 1.55* 1.94

+ Corrected for loss of sucrose from polymer.
4 C alculated u sing  (calculated) leached film th ickness, assu m in g  100% sucrose loss.

of 1.18, 1.27, an d  1.23 for the  m ethyl aniline, ethyl aniline, and  propyl aniline, respectively, 
th e  factor for u n su b s titu te d  aniline is 5.93. The increased up tak e  by sucrose-con tain ing  
(leaching) Eudragit® NE  films, imply th a t  the  sucrose aided the  access of the  an ilines into 
the  polymer. The up take  of aniline seem s disproportionate because  the  perm eability 
coefficient of the  sucrose leaching film (when com pared to  the  sucrose-free film) does not 
increase to the  sam e extent. However, if th e  leaching sucrose is leaving sites onto w hich the  
an ilines m ay sorb , th en  more aniline molecules would sorb th an , for example, propyl 
an iline m olecules since the  radii of the  anilines indicate th a t th e  cross-sectional area  of 
an iline is ca  73% th a t  of propyl aniline.

10.7 Perm eation of electrolyte (KCI) through sucrose-contain ing  Eudragit® 
N E  films.

The tra n sp o rt of KCI th rough  sucrose-contain ing  Eudragit® NE films was 
investigated conductom etrically. Electrolyte, like the  anilines, a c ts  as a  probe to film
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l-jpS —-f— Aniline

—x— Methyl Aniline 

) —js— Ethyl Aniline

Propyl Aniline A- • Ethyl Aniline

Aniline D Propyl Aniline

x  Methyl Aniline

■

Figure 10.18 Plot for the  calculation of aniline perm eability th ro u g h  sucrose loaded (40%) 
an d  leached Eudragit® NE  film.

—+— 0% —x -  15% -£r- 22% —B - 25% - e -  28% —T- 40% 80% •••??• Fitter Paper (0.1 fjm) Wmjm
jjMLj « ■ IM J ■■■■»■■ I no..........     * w k S

Ct = W3 concert ration at time t;

I = Film thickness;
V = Rarmeabity cell volume;
A = Exposed flm area;
C = Donor N3 concert rat ion at tinet =0.

Figure 10.19 Perm eation of po tassium  chloride th rough  Eudragit® NE  film loaded w ith 
various levels of sucrose (+ a  Millipore filter paper, for rate  com parison).
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Table 10.8 A pparent perm eability coefficients for the perm eation  o f p o tass ium  chloride 
th rough  sucrose-leaching  Eudragit® NE films.

INITIAL SUCROSE LOAD
/% (g.NE)*1

PERMEABILITY COEFFICIENT 
/ m2 hr1

0 6 .0 7 x 1 0 11

15 9 .13x10’11

22 2.78x1 O'9

25 4.68x1 O'0

28 5.28x1 O'0

40 8.38x1 O’8

80 11.2x1 O'0

porosity. In the  absence of pores, or an  ion exchange m echanism , electrolyte would not be 
expected to  perm eate a  polymer film (and th is was indeed a p p a ren t in  C hap ter 8, for the  
additive-free Eudragit® NE film).

The ap p aren t perm eability coefficients derived for the  tra n sp o rt of KCI th rough  
Eudragit® NE contain ing  a n  increasing load of sucrose are  show n in  Table 10 .8  and  
Figure 10.19 . Over the KCI concentration range used, the  conductiv ity  was found to vary 
linearly  as  a  function of concentration (using d a ta  from the  H andbook of C hem istry and  
Physics (531‘) and  therefore experim ental da ta  could be converted directly  in to  a  perm eability.

Evident from Figure 10.19  is the  change in film tra n sp o rt properties th a t  occurs 
in  the  region of a  sucrose-loading of 22 —> 25% (g.NE)'1, -  i.e., C ^ . Below very little KCI 
was tran spo rted  across the  film. Above 25%, however, the a p p a ren t perm eability  coefficient 
increased  by greater th a n  a n  order of m agnitude, com pared to  a  suc ro se -con ten t of 22%. 
Despite th is  large increase in KCI flux, the  receiver cell perm ean t concen tra tion  was still 
less th a n  ca  26% th a t of the  equilibrium  concentration after 20  h rs. (Under th e  sam e 
conditions, a  0.1 /im  pore size Millipore filter reaches equilibrium  in  a  little over 12 hrs.)

Perm eability resu lts  for those perm eants which were soluble in  th e  film (e.g., 
4-nitrophenol) have tended  to  imply th a t the  film tra n sp o rt properties were near a  
m axim um  (rate) a t C ^ .  However, the  KCI tran spo rt resu lts  im ply th a t  it was only after a 
sucrose loading of C ^  th a t the  film sta rted  to  develop any  side-to-side (continuous) 
aqueous pathw ays. The differences possibly resu lt from the  differences in m olecular size. 
Sucrose is reported to have diam eter of approxim ately 5 A 198, 5441 w hereas the  hydrated  Cl" 
ion rad ius is given as 3 .32 A 13501, whilst the  sm aller K+ ion is given a s  3.31 A 13501. Despite 
th e  slightly larger size of the  sucrose molecule, however, it h a s  been  seen  th a t  it can  be 
com pletely leached from the  film, a lthough the leaching was found to  be considerably  easier 
(quicker) a t  the  h igher sucrose loadings -  a t loadings h igher th a n  C ^ ,  th e  sucrose being 
com pletely leached in less 1 hr. If sucrose leaching leads to  ffee-volum e or void space, th en  
it is a t best of a  dim ension only m arginally greater th an  the  m olecular d im ensions of the
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electrolyte (and p resum ably  less th a n  th a t  of sucrose w hich was found n o t to  perm eate  
th ro u g h  th e  Eudragit® NE  film), an d  also  highly tortuous.

KCI, being insoluble in  Eudragit® NE polymer, is p resum ed  to  tra n sp o rt in  th e  
p resence of leachable additive by a  diffusive (convective) m echan ism  in  aqueous pathw ays 
su c h  th a t  th e  ap p a ren t perm eability  coefficient equals the  effective diffusion coefficient, Dejr 
(cf. p -10:27-). The aqueous diffusion coefficient (D^) of K+ c a n  be ca lcu la ted  as 
4 .6 1 x l0 '6 m2 h r '1 using  equations (10.12) and  (10.11) (from p-10:27-) for th e  m olecular 
volum e a n d  diffusion coefficient, respectively. D ^ /D ^  can  therefore be ca lcu la ted  a n d  used  
to  determ ine th e  relevant average pore radii, rp, from equation  (10.13). A p lo t of D ^ /D ^  
v ersus rp can  be used  to  determ ine the  value of rp for a  given value of D ^ /D ^ ,  an d  a  plot of 
Dcff/D^ (or rp) versus the  percentage of sucrose load in  the  film show s th e  effective increase  
in  porosity  as th e  sucrose is added  (Figure 10.20, and  Figure 10.21).

At 25% sucrose  load, th e  pore rad ius is 4.96 A (Figure 10.20) [cf. th e  rad iu s  of K*q 
of 3.31 A 13501). However, above 25%  (i.e., C ^ , whereafter th e  KCI flux s ta r te d  to  increase 
ind ica ting  increasing  film porosity) th e  pore rad ius rem ains virtually  constan t; ris ing  to
5.82 A a t  80% sucrose  load (Figure 10.21). It is apparen t th a t  th e  add ition  of sucro se  to 
th e  film leads to  th e  form ation of continuous aqueous pathw ays (of a  size su itab le  for KCI 
tran spo rt) in  only a  sm all range of addition (20 —> 30%). Above 30%, a n d  desp ite  th e  
increasing  KCI perm eability, th ere  is little further pore enlargem ent: th e  increase  in  KCI 
perm eability  possibly resu lting  from  increased pore num ber density , or reduced  tortuosity .

For a  Eudragit® NE  film  pre-leached o f  25% sucrose, th e  apparent KCI 
perm eability  coeffic ien t w as reduced from 4.68x1 O'8 m2 h r '1 for th e  film still leaching  its 
additive load, to  a  negligible 7 .5 9 x l0 'n  m2 hr’1, again  im plying th a t  m u ch  of the  film’s 
porosity  is rem oved by th e  drying process.

10.7.1 Osmosis.
Since th e  sucrose-free Eudragit® NE film is im perm eable to  electrolyte [cf. a  film 

loaded w ith sucrose  above C ^ ), it is possible th a t  a t the  in term ed ia te  levels of sucrose 
add ition  the  film is effectively ac ting  as a  sem i-perm eable m em brane: allowing th e  diffusion 
of w ater b u t no t electrolyte. U nder su c h  circum stances, it  is possible th a t  a n  osm otic 
po ten tia l exists w hich m ay affect th e  m easured value of the  so lu te  perm eability  coefficients.

The so lu te  perm eability  cell was open to  the  a tm osphere  s u c h  th a t  th e  effect of 
osm osis would be a n  increase  in  the  level of the  aqueous p h ase  on th e  s ide  of th e  film 
con ta in ing  the  sa lt  solution. No su ch  variation in  the  levels of the  so lu tions in  e ither side 
of the  cham ber was ever noted. Hence, any potential osm otic p ressu re , w hich  w ould be 
a p p a re n t as a  hydrostatic  p ressu re  head, was presum ably insignificant [i.e. , (5  m m  water).

10.8 Porosity of sucrose-containing Eudragit® films.
The porosity of a  Eudragit® NE film after having been  leached of 30% sucrose  (and 

dried) w as investigated by th e  techn ique of m ercury porosim etry. The re su lta n t d a ta  is
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Figure 10.20 Effective po tassium  chloride diffusion coefficient as  a  function  of pore rad ius.
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Figure 10.21 Relationship betw een po tassium  chloride diffusion coefficient, an d  film 
porosity, as a  function of sucrose load.
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Figure 10.22 Pore d istribu tion  in  a  Eudragit® NE  film leached of 30%  sucrose.
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Figure 10.23 Pore d istribu tion  in  a  Eudragit® RL film leached of 24% sucrose  (and
plasticiser).
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plo tted  in  F igu re  10.22. Sim ilar d a ta  for a  Eudragit® RL film leached  of 24%  su cro se  (in 
add ition  to its u su a l 15% plastic iser content) is plotted in  F igu re  10.23.

The difference betw een the  resu lts  for the  sucrose-leached  a n d  th e  sucrose-free  
Eudragit® NE film is readily apparen t, w ith th e  differential plot show ing sm aller peaks, 
a ro u n d  a  pore size of 0.01 jum for th e  unleached  films. This p resum ab ly  resu lts  from  th e  
secondary  annealing  stage given to  th e  leached film, i.e., th e  drying after th e  leach ing  o f th e  
sucrose . This resu lt therefore confirm s the  4-nitrophenol perm eability  resu lts  for p re 
leached  and  dried films w hich show ed lower perm eabilities th a n  films th a t  were e ither 
leach ing  sucrose, or leached and  k ep t wet.

The d a ta  for th e  sucrose-leached  Eudragit® RL film show s little difference to  th a t  of 
th e  sucrose-free Eudragit® RL film (still contain ing it’s plasticiser), w hich is a lso  show n in  
th e  graph. The overall cum ulative in tru d ed  volume (at 1999 bar) w as found to  decrease  very 
sligh tly  from 37 mm3 g'1 to  34 mm3 g '1. However, th is  appears to  be insignificant, a n d  show s 
th e  film is unab le  to  su s ta in  a  porous netw ork after drying a t  313 K, desp ite  a  Tg of 
328 K 13131 (note th a t  th e  added p lastic iser would be leached w ith th e  sucrose  {see C hap ter 
8}). O f the  added  24% sucrose, it m ay be assum ed  th a t  ju s t  over 95% w ould be leached, 
(based on th e  gravim etric leaching resu lts  -  see  parag raph  10.3.2). Of th a t  rem ain ing  
trap p ed  w ithin th e  film, its crystalline n a tu re  would p resum ably  resu lt in  a  reduced  
com pressibility  of the  polymer, an d  it is possibly th is  feature w hich  is reflected in  th e  
difference in  th e  porosim etry resu lts  for the  leached film com pared to  th e  sucrose-free  film.

In sum m ary, the  sucrose h as  little effect on  the porosity of a  film th a t  h a s  been  
leached  and  dried, ind icating  th a t  th e  large increase observed in  so lu te  perm eability  resu lts  
is predom inantly  a  consequence of th e  effects of the  aqueous environm ent.

10.9 Water vapour perm eation through su crose-con ta in in g  and su c r o s e -  
lea ch ed  Eudragit® film s.

The w ater vapour perm eabilities of sucrose-free Eudragit® NE  films (see C hap ter 8) 
were th ickness dependen t (i.e., non-F ickian w ith respect to  film th ickness). Sim ilarly, 
Eudragit® NE films (50 —> 200 /tm) loaded w ith 40% sucrose show ed a  h igh  degree o f s c a tte r  
in  a  p lo t of w ater vapour flux1 as a  function of film reciprocal th ickness. Least sq u a res  b es t 
fit lines did, however, show  slightly  greater correlation betw een p e rm ean t flux a n d  
reciprocal th ickness  (r2 »  0.90) -  as expected for Fickian-type d a ta  -  ra th e r  th a n  pe rm ean t 
flux a s  a  function of th ickness (r2 »  0.80).

Films loaded w ith varying am oun ts of sucrose showed increased  a p p a re n t w ater 
vapour perm eability coefficients com pared to  the  sucrose-free film, b u t tre n d s  in  th e  
perm eability  as a  function of sucrose  load were difficult to  in te rp re t as a  re su lt of the  
relatively h igh levels of experim ental uncertain ty . The perm eability tre n d  possibly decreases 
w ith  increasing  con ten t of sucrose in  th e  films, an d  th is is ap p a re n t for th e  leached  an d

‘The flux was assum ed  to  be proportional to  the  rate  of change of weight. (See C hap ter
7 for experim ental m ethod .)
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Table 10.9 A pparent w ater vapour perm eability coefficients for sucrose-loaded  (and leached) 
Eudragit® NE films.

INITIAL SUCROSE LOAD

/% (g.NE)'1

MEAN PERMEABILITY 
COEFFICIENT 

/1 x10* g hr * cm '1 cm.Hg*1

S.D.

/1x10'6 g hr'1 cm '1 cm.Hg*1

Eudragit® NE + SUCROSE

0 1 . 6 5 ± 0 . 0 8

2 2 . 1 4 ± 0 . 2 8

1 0 1 . 8 8 ± 0 . 3 3

1 5 2 . 0 2 ± 0 . 1 2

2 2 1 . 9 4 ± 0 . 1 0

3 0 1 .5 1 ± 0 . 1 3

Eudragit® NE  PRE-LEACHED OF SUCROSE

0*1 potym«r)

2 2 . 2 8 ± 0 . 1 6

1 0 2 . 1 9 ± 0 . 2 0

1 5 2 . 1 2 ± 0 . 1 9 9

2 2 2 . 1 3 ± 0 . 1 9

3 0 1 . 9 2 ± 0 . 1 1

u n leached  films (Table 10.9). It is therefore su rp ris in g  th a t the  sucrose-con ta in ing  films 
show  a n  increased ap p aren t perm eability  coefficient w hen com pared to  the  sucrose-free 
Eudragit® NE film. Similarly, those films leached of sucrose dem onstra te  perm eability 
coefficients th a t  are h igher th a n  the  sucrose-free film. The sucrose  therefore appears to 
increase  the perm eability coefficient a t low levels of addition, b u t th en  decreases it a t h igher 
levels of addition -  possibly due to the  crystalline sucrose itself being less perm eable th a n  
the  polymer, an d  the  sucrose inh ib iting  the  polym er chain  m otion su c h  th a t  the  polym er 
becom es less perm eable.

At high levels of sucrose addition ()22% ) the w ater vapour flux (for those films 
con ta in ing  the additive) tended  to decrease slightly  over the  course  of the  experim ent 
(250 hrs), and  th is  was though t to  be due to m igration of the  sucrose from the  film’s in terior 
to  the  surface, where it becam e visible as white blister-like patches. For films loaded w ith 
40% sucrose, the  initial perm eability coefficient of a  50 pim th ick  film, averaged over a  tim e 
betw een 0 & 70 h rs, was a  factor of 1.46 greater th a n  the th a t averaged over a  tim e betw een 
170 & 240 hrs from the  s ta r t  of the  experim ent. For a 200 pim th ick  film, the  perm eability 
coefficient differed by a factor 1.99 w hen com paring values over th e  sam e periods. Again 
th is  could resu lt from the  increased  quan tity  of sucrose in  the  th icker film w hich would 
amplify the  effects of any  w ater vapour-sucrose in teraction. The aforem entioned correlation
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coefficients rem ained relatively unchanged, independen t of over w hich  period th e  flux 
ve rsu s  reciprocal th ickness (or th ickness) rela tionship  w as investigated.

10.10 The perm eation of carbon dioxide g a s  through s u c r o s e  contain ing  
Eudragit® NE film s.

The ap p aren t COa perm eability coefficient of Eudragit® NE  film con ta in ing  25%  
sucro se  was found to  be decreased com pared to  th a t  found for th e  sucrose-free film: 
P  = 1.59x1 O'9 g .p .u .1 (cf. 1.99x1 O'9 g.p.u. w hen sucrose-free). This decrease  in  perm eability  
coefficient is p resum ably  a  resu lt of the  impervious n a tu re  of the  crysta lline  regions of 
su c ro se  w ith in  th e  film leading to  th e  C 02 having to  take  a  m ore to rtu o u s  path .

The Higuchi equation p re d ic ts11671 th e  effect of regularly  d ispersed  spherical filler 
partic les  upon  the  perm eability coefficient:

2P12( l - 4 . 2) + P1P2( l - 2 ^ ) - G P 1( i = A . )  (2P, + P 2X l-< f2) 
p  I Z l i  2 _̂________________  (10.26)

*  ~ I P - P  \ 2
P,(2 + +„) + P„(l -  (2P, + Xl -  ^  )

where:
= effective steady  s ta te  perm eability coefficient;

Pj & P2 -  perm eability coefficients of co n stitu en t polym ers (i.e., Eudragit® NE  
and  sucrose, respectively);

<j>2 = volum e fraction of d ispersed  (i.e., sucrose) phase;
G = co n stan t based  on dielectric co n s ta n t d a ta  for powders a n d  

suspensions: typical value quoted as 0.8, b u t possib ly  as  low a s  0.4. 
A ssum ing  th a t  sucrose is spherical a n d  regularly d ispersed, an d  if  th e  C 0 2 perm eability  
coefficient of sucrose is assum ed  to  be 0 g.p.u., th en  the  above equation  is reduced  to:

2P*(l - 4 0 - G P , ( ~ ) 2(2P,Xl -  + i)
P ^   ---------------------- - L 2  /-------------------  ,10 .27)

P1( 2 + ^2) - G ( — ) ( 2 P ,X l -* , )

Hence, if Pj = 1.99x 10'9 g.p.u., an d  knowing th e  weight fraction of suc ro se  (0.25) su c h  th a t  
th e  volum e fraction <j>2 can  be calcu lated  th u s:

-  72 5 7 - ^ 1 0  1 ( i a 2 8 )
1 /1 .5 8 0 5 + A-.04)

where:
1.5805 = density  of sucrose (g cm*3)15311;
1.04 = density  of Eudragit® NE (g cm '3)114r71;

yield ing a  value of <t>2 = 0.14 (i.e., 1 - <j>2 = 0.86), th en  calcu lates to  be 1.52xl0*9 g.p.u.
There is, therefore, good agreem ent (±5%) betw een the  H iguchi theory  a n d  th e  experim ental
resu lt.

xg .p .u . = gas perm eability coefficient u n its  = cm3 cm  s '1 cm '2 cm.Hg*1.
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Table 10.10 Apparent perm eability coefficients for the tran sp o rt of 4-n itrophenol th rough 
sucrose loaded PBMA films.

INITIAL SUCROSE LOAD 
/% (g.PBMA)1

PERMEABILITY COEFFICIENT 
/1x10*7 m2 hr1

0 »  0.001

5 0.15

20 2.36

40 6.68

10.11 Surfactant-free films.
Because of the handling difficulties of high Tg polym ers, it was necessary  to soak the 

PBMA films before they could be removed from the casting  su b s tra te . The resu lts  presented  
are therefore for films pre-leached of the ir additive, an d  dried, a t  am bien t tem peratu re  for 
24 h rs. The film th ickness used  to calculate the perm eability coefficients is th a t  of the 
leached and  dried film. However, the S.E.M .s of PBMA leached of its additive [e.g., 
Plate 10.15 to Plate 10.19) show an  open porous s tru c tu re  [i.e., ind icating  less ‘healing’ 
following leaching) such  th a t the leached film th ickness, would be expected to be sim ilar 
to th a t of the initial th ickness.

10.11.1 Permeation of 4-nitrophenol through PBMA films pre-leached of sucrose.
Because of the difficulty in preparing films of usab le  size, very few solute 

perm eability resu lts  were obtained.

In C hapter 9, it was found th a t the additive-free PBMA film, w hen c ast for 72 hrs 
a t 353 K, presented a barrier th a t was virtually im perm eable to 4-nitrophenol, giving a 
perm eability coefficient of ca lx  10'10 m 2 h r 1. C onsisten t w ith the degree of porosity seen  in 
the  S.E.M .s (Plate 10.15 to Plate 10.19), the apparen t perm eability coefficients of sucrose- 
con tain ing  films were found to increase by nearly three orders of m agnitude, w ith a load 
of as  little as 5% sucrose per gram  of polymer. The resu lts  (given in Table 10.10), although 
few in num ber (and as single results, w ith an  unknow n degree of uncertain ty), do show  an  
increasing  trend  in apparen t perm eability coefficient, w ith increasing  sucrose load, 
ind icating  the effectiveness of the sucrose in providing w hat m u st be (when considering the 
im perm eable natu re  of the additive-free film {and, hence, PBMA polymer}) continuous 
pathw ays through which the perm eant travels: presum ably  in an  aqueous environm ent.

10.11.2 Porosity of PBMA films leached of sucrose.
The porosity of PBMA films pre-leached of both  5% an d  40% sucrose was 

investigated by m ercury porosimetry. A plot of the re su lta n t pore d istribu tion  is seen  in 
Figure 10.24. (Note th a t the graph’s legend indicates the  initial sucrose con ten t of the film 
before leaching.) Compared to the additive-free PBMA film, there  is little difference in the 
pore d istribu tion  of the 5% sucrose-leached film, to accoun t for the  large increase in 
4-n itrophenol permeability.
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The 40% sucrose-leached film shows a  m assive increase in  porosity. W hereas the  
additive-free film had  show n a specific cum ulative in truded  (mercury) volume of 43 m m 3 g '\  
th e  film leached of 40% sucrose yielded a  value of 188 m m 3 g 1. For com parison, th e  5% 
sucrose-leached  film was only slightly greater th a n  the  additive-free film a t 46 m m 3 g '1.

It is seen  th a t  th e  peaks p resen t in  th e  additive-free film, a t  less th a n  0.01 p m  pore 
rad iu s are  increased  in  size in the  40% sucrose-leached film. There is th en  a  sm all gap in 
th e  pore d istribu tion  before a  c lu ste r of peaks sta rting  from ju s t  u n d e r 0.1 /im  u p  to  1 /*m. 
These peaks are  close to  the latex  particle rad ius, and  are  possibly indicative of som e 
d isp lacem ent in  the  particle packing.

10.12 Sum m ary and conclusions.
Sucrose is am extremely w ater soluble additive, w hich show ed no tendency  to 

partition  into a  non-ionic acrylate /m ethacry la te  polymer (i.e., labelled sucrose  would not 
perm eate Eudragit® NE).

D uring latex film formation, the  sucrose did, however, becom e trapped  in  th e  film 
during  th e  evaporation of w ater upon drying. A num ber of possibilities ex ist for the  
d istribu tion  of the  sucrose  additive w ithin th e  films: (i) m olecular ly dispersed; (ii) d ispersed  
in th e  latex  particu la te  voids (i.e., d ispersed in  the  ca 26%  void volum e betw een spheres: 
volum e th a t  would be present, a t  least un til particle deform ation s ta rted  to occur upon 
casting); (iii) channelled  into the  ‘fau lts’ in  the  particle packing; (iv) on the  film’s  surfaces, 
etc. O bservation of film drying indicated  th a t  a  polymer sk in  was formed initially d u ring  film 
casting: sucrose  was therefore presum ably  incorporated in to  chan n els  by w hich the 
evaporative flux of w ater exited th is  th ickening  polymer sk in .

Pore Radius /pm

Figure 10.24 Pore d istribu tions in  surfactant-free PBMA films leached of sucrose.
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The incom patibility of th e  sucrose w ith E udragit NE  w as ind ica ted  by exudations of 
th e  additive to  th e  film surfaces, w hen the  film was in  a  hum id  environm ent, a n d  the 
re su lta n t opacity  of th e  sucrose contain ing  films.

In order for sucrose to be removed by leaching, on fu rth e r exposure  to bulk  w ater, 
hydroph ilic /po rous pathw ays to  the  film surface would be required . The ra te  of leaching  
w as faster a t  higher levels of sucrose addition  reflecting a  m ore extensive [i.e., h igher 
n u m b er density , wider a n d /o r  longer) netw ork of aqueous channels .

A connective pathw ay from one side of the  film to th e  o ther would no t be essen tia l 
for sucrose  leaching  w hich could take  place towards e ither film su rface  (and therefore both  
cham bers of th e  perm eability cell).

Exudations of sucrose appeared (by the  S.E.M.s) to  be covered by a  layer of polymer, 
a n d  th is  was confirmed by the films being tacky to  touch  (as w as Eudragit® NE, b u t  not 
sucrose). B ecause the  polymer was im perm eable to  sucrose, th is  im plied th a t  th e  sucrose  
w as exiting th e  films via the  d isrup tions to  particle packing  (which were observed, for 
exam ple, on  PBMA films -  i.e., films in  w hich particle packing  could be observed).

The exudation of incom patible m aterial from films h a s  been  noted by a  n u m b er of 
w orkers, m ost notably  B radford[62' 631 et al. E xudation of sucrose  from th e  films investigated 
in  th is  s tu d y  would obviously affect the ir perm eability properties. A m ovem ent of the 
sucro se  to  th e  surface of the  film would reduce th e  quan tity  of leachab le  sucrose in  its 
in terio r -  lessen ing  th e  possibility of pore form ation upon  leaching  (assum ing  closure of the  
polym er beh ind  the  exudation). S uch  a  m igration to  the  film su rface  m ay have opposing 
effects on th e  tra n sp o rt properties of th e  film dependen t on w hether th e  p e n e tran t is 
gaseous or in  aqueous solution. For e ither type of perm eant, the  to rtuosity  of the  diffusional 
p a th  would be reduced, as would any  restric tion  to polymer ch a in  segm en tal m otion caused  
by th e  sucrose, and  also  im perm eable regions of the  film would be reduced  in  num ber. 
However, a  concen tra ted  layer of sucrose  a t the  film surface m ay yield a  continuous, 
im perm eable barrier to  a  (dry) gas. For a n  aqueous perm eant, su c h  a  layer of sucrose would 
dissolve far m ore quickly, th an  sucrose d ispersed  in  the  polymer, du e  to  the  ease o f access 
for th e  water, an d  would th u s  have no n e t influence on film perm eability.

The consequences of the  existence of hydrophilic channels  in  a  norm al perm eation 
experim ent w ould be (i) greater freedom for polymer cha in  segm en tal m otion (plasticisation), 
a n d /  or (ii) th a t  th ese  were the  ‘preferred’ pathw ays of greater flux -  even for perm eants w ith 
a  m arked  tendency  to  partition  in to  the  polymer phase, since diffusion in  w ater is so  m uch  
fas te r th a n  in  polymer. Using th e  equation  of Wilke an d  C hang (equation (10.11)), an  
aqueous diffusion coefficient is typically of th e  order of lx lO '5 cm 2 s '1 -  e.g., the 
4 -n itrophenol aqueous diffusion coefficient is 9.1 lx lO '6 cm 2 s '1 (calculated given a  fla t {i.e., 
absorbed} a rea  of 52.5 A2, w hich was assum ed  to  be c ircu lar su c h  th a t  a  rad ius could  be 
calculated; a  sm aller “end-on” area  was a lso  given as 25 A21332,443,4441). The 4-n itrophenol 
perm eability  coefficient of sucrose-free Eudragit® NE  was 4 x l0 '8 m 2 h r '1 (« lx lO '7 cm 2 s '1), 
im plying a  diffusion coefficient in  the  polymer (given th a t  P = DS {see C hapter 5}) of
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approxim ately  lx lO '9 cm 2 s '1, assum ing  a  solubility (partition) coefficient of 94.2 (see 
C hap ter 8).

It is evident, however, a t  least up  to  a  critical loading of sucro se  (C ^J th a t  in  order 
to  u tilise  th ese  pathw ays to  reach  the o ther side of th e  film, th e n  th e  p e rm ean t m u st also 
be capab le  of solution-diffusion tran spo rt in  th e  polymer phase. Below th e  level of C ^ ,  the  
aqueous pathw ays are  ‘blind alleys’ to  bo th  sucrose (as a  perm eant) a n d  KCI. However, 
4 -n itrophenol, w hich is able to partition  in to  the  polymer as well as  diffuse in  a n  aqueous 
environm ent, show ed a  linearly  increasing flux -  a t  least u p  to  th e  po in t C ^ .  R ogers14211 
no tes th a t  th e  p resence of non-in terconnected  microvoids will generally increase  th e  rate  
o f p e rm ean t tran sp o rt, as found here, b u t cohesive forces betw een p e rm ean t m olecules m ay 
lead to  c lustering  w hich m ay negate the  increased  cha in  mobility resu ltin g  from the  voids, 
therefore reducing  th e  tra n sp o rt properties.

The p resence  of a  continuous netw ork of in terconnected  voids would allow 
convective flow|421,5501 in  add ition  to  the  norm al solution-diffusion type (activated) tran spo rt. 
A hydrau lic  perm eability  could not be determ ined for the films th a t  were th o u g h t to  be 
porous since  they  h ad  insufficient s tren g th  to  m ain ta in  their in tegrity  u n d e r a  p ressu re  
g rad ien t sufficient to  give a  su itab le increase in  flux. However, a t  sucrose  loadings ) C ^ , 
connective aqueous pathw ays which were continuous from side-to-side of th e  film were 
show n to  exist, since  KCI flux becam e evident -  b u t only to a  lim ited ex ten t. The ap p a ren t 
4 -n itropheno l perm eability  coefficient increased  m uch  less dram atically  above C ^ ,  w hen  
it appeared  th a t  fu rth e r sucrose addition resu lted  in  m uch  g reater levels of exudation  an d  
su cro se  resid ing  a t  th e  film surfaces.

The pathw ays created  by sucrose leaching, even above a  loading o f are, a t  least 
a t  th e ir  narrow est point, only of m olecular dim ensions, since convective diffusion o f the  
range of su b s titu te d  an ilines predom inantly  th rough  aqueous pores w as n o t possible. 
Surprisingly , th e  tra n sp o rt of sucrose across films leaching sucrose  a t  a  leve l) Csuc w as also  
no t possible. The add ition  of sucrose a t  loadings ) did yield a  KCI flux th a t  increased  
sligh tly  w ith increasing  load, and  the film did eventually d isin teg ra te  (at a  load ) 180%) 
im plying th a t  sm all quan tities  of sucrose were still being d istribu ted  to  th e  film in terior an d  
n o t ju s t  on  th e  film surface. Since the  average pore rad ius did n o t increase  greatly, a n d  the  
4-n itropheno l perm eability  coefficient s ta rte d  to  p la teau  on th e  h igh  side of C ^ ,  th e n  th ese  
h igh  loadings o f sucrose  presum ably  reduced  tortuosity  and  increased  th e  n um ber density  
of th e  aqueous pathw ays ra th e r  th an  increased  pore size to any  g rea t extent.

These resu lts  for Eudragit® NE film con trasted  w ith those for Eudragit® RL w hich did 
perm it th e  aforem entioned sucrose tran sp o rt -  even w hen sucrose-free. Eudragit® RL films 
show ed increased  com patibility with sucrose addition by a lesser degree of opacity a n d  a  
reduced  tendency  to  exude sucrose. The d ispersion of sucrose in  th e  films is com parable 
to, for exam ple, th e  d ispersion  of a  drug in  a  polymer in  a  m onolithic device. Bodm eir and  
P a e ra ta k u l1571 quote B a k e r '261 for the classification of su ch  devices a s  e ither m onolithic 
d ispersions or m onolithic solutions. A tra n sp a re n t film contain ing  a  m onolithic so lu tion  
[i.e., so lu tion  on a  m acroscopic level) generally appears clear, w hereas a  d ispersion  appears 
opaque. The add ition  of sucrose to  films of Eudragit® RL appears to  bridge th is  d istinction
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a s  th e  load increases. In  th e  case  of Eudragit® NE film, the  bridge (film opacity) occurs a t 
a  m uch  lower level of addition [i.e., the  film becom es progressively m ore opaque from the 
low est levels of addition), b u t th is  m ay be due  to  c lustering  of th e  sucrose  on  exudation.

The ability of Eudragit® RL film to  tran sp o rt sucrose in  so lu tion  w as m ost likely due 
to  the  increased  polymer functionality  (ra ther th a n  com patibility, a n d  com pared to 
Eudragit® NE) com bined w ith th e  leaching of triace tin  plasticiser: b o th  of w hich  could (and 
presum ably  did) lead  to  the  p resence of hydrophilic pathw ays.

W hether porous pathw ays created in  non-ionic polymer films by sucrose  addition 
a n d  leaching can  be m ain ta ined  w hen th e  film was later dried depended, as in  th e  original 
film form ation, on th e  drying tem peratu re  relative to  the  Tg of th e  polymer. E.g., leaching 
h igh  levels of sucrose from PBMA film was found to leave large pores bo th  on th e  surface 
a n d  internally. However, th is  greater porosity in  PBMA, as revealed by b o th  m ercury 
porosim etry an d  th e  large enhancem en t in  th e  rate  of 4 -n itrophenol perm eation, m ay also 
re su lt from less com patibility betw een the  polymer an d  additive, i.e., if sucro se  a n d  polymer 
com patibility can  lead to  increased  film hydrophilicity (as in  Eudragit® RL), th e n  
incom patibility  of sucrose  w ith th e  polymer, as  in  PBMA, can  also  lead to  porosity  due  to 
th e  increased  exudation  an d  c lustering  of th e  additive.

Sucrose can  be used, u p  to  a  critical loading (C ^), to en h an ce  so lu te  tra n sp o rt in 
a  controlled m anner, w hilst its addition is likely to  reduce gas p h ase  perm eation, bu t 
m arginally  increase  w ater vapour flux: the  la tte r factors having possib le im plications for 
controlled release p roduct storage.
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11.1 Introduction.
I I he  previous C hapter d iscussed  a  film additive, sucrose, th a t  w as expected to  be
| Im olecularly d ispersed, an d  easily leached from the  film in  a n  aqueous environm ent, as 
a  m ethod of increasing  the  perm eability of latex films. This C hap ter considers th e  effects 
o f o ther film additives.

Hydroxypropyl m eth ylcellu lose  (HPMC {Celacol HPM450 BP1}) is a  (cold) w ater 
so luble2 non-ionic cellulose ester, w ith a  degree of polym erisation of 2 5 0 13921, im plying a  
m olecular w eight of 58,500. W hen in  contact w ith sm all am oun ts of w ater, th e  polymer 
sw ells an d  forms a  gel. The polymer is widely used  pharm aceutically , an d  also  by  th e  food 
industry . The hydrophilic n a tu re  of th e  polymer m eans th a t  i t  is widely u tilised  in  the  
p repara tion  of hydrogels. For th e  purpose of th is  project, th e  HPMC w as u sed  to  give the 
poly(m ethaciylate) latices a  greater degree o f‘swellability’ w hen in  a n  aqueous environm ent: 
to  encourage th e  form ation of aqueous pathw ays for th e  tra n sp o rt o f aqueous so lu tes.

Eudragit®  L  3 0  D is a n  exam ple of a  w ater soluble polym er latex, form ing polymeric 
sa lts  a t  pH ) 5.5. It is typically used  for enteric pharm aceu tical coatings or m atrixes. For 
th e  purpose of th is  study , it was used  as a  ‘large’ (130 fi m  0 ) soluble additive in  th e  films: 
a s  a  m eans to  provide latex  particu la te  sized pores, a s  opposed to m olecular sized pores 
w hich  were show n in  the  previous C hapter to be readily healed on  allowing th e  film to  dry.

A nu m b er of o ther additives, as described in  th e  text, a n d  m eans of increasing  film 
perm eability  were also  looked a t  briefly.

11.2 Hydroxypropyl m ethylcellulose as a film additive.
HPMC w as added to  Eudragit® NE  films as a  percentage per g ram  of Eudragit® NE 

solids conten t. The lower solubility of the  HPMC (as a  resu lt of th e  HPMC gelling in  aqueous 
solution), com pared to  sucrose, together w ith the  difficulty of dissolving it in  w ater led to 
a  m u ch  lower m axim um  level o f addition.

11.2.1 Appearance and structure of Eudragit® NE films containing HPMC.
Of all th e  types of film investigated during the  course of th is  project, Eudragit® NE 

films con tain ing  HPMC were the  m ost easily handled  (presum ably due  to  the  influence of 
th e  higher Tg HPMC3 on th e  Tg of the  film). Agitation of HPMC a s  a  highly viscous solution 
needed  to  be avoided or a ir bubbles were prone to  become trapped  an d  re ta ined  in  th e  dried 
film. The Eudragit® NE  + HPMC films were easily removed from the  castin g  su b s tra te .

^ 5 0  refers to  the  viscosity (mP s '1) of a  1% solution.
2Solubility is d esc rib ed13921 as ‘lim itless,’ b u t lim ited by so lu tion  viscosity.
3Okham afe an d  Y ork[3531 m easured  the  Tg of a n  HPMC as approxim ately 429 K 

(dependen t on  film age an d  storage conditions).
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In  appearance, th e  films show ed a  m att texture, having lost th e  g lossiness a n d  som e 
of the  tran sp aren cy  o f th e  HPMC-free film. The films also lost th e ir  tack iness, w ithout 
gaining any  rigidity, b u t did seem  to acquire a  s ta tic  charge. At low levels of HPMC add ition  
((12%), th e  films show ed a  veiy fine pa tte rn  of ‘m ud-cracks.’ As th e  level o f add ition  
increased, th e  m ud-cracking  decreased, or was m asked by increased  g rain iness of th e  film.

On soaking  in  w ater, Eudragit® NE films contain ing  HPMC swelled, b u t no t 
uniformly, an d  tu rn ed  uniform ly opaque. Swellings were in  th e  form of b listers w h ich  were 
swollen w ith  (presum ably) HPMC solution. S uch  blisters could occur, for exam ple, (i) as  a  
resu lt of poor HPMC d istribu tion  in  the  film, as m ight occur d u e  to  relief o f HPMC 
sa tu ra tio n  in  th e  drying latex, or (ii) due to  isolated hydrated  HPMC trap p ed  in  th e  film  w ith 
no access to th e  film surfaces, su c h  th a t  a n  osmotic potential could be  c reated  betw een the  
trapped  HPMC an d  th e  s in k  solution outside the  film. The p re-leached  a n d  dried  film s were 
of sim ilar appearance  to  the  additive-present films p resum ably  ind ica ting  som e re ten tion  
of th e  additive (see p arag raph  11.2 .2).

The exudations observed on Eudragit® NE  films w hen sucro se  was u se d  a s  a n  
additive were never se en  w hen HPMC was p resen t as the  film additive. This ind ica tes e ithe r 
a  greater degree of com patibility betw een the  two polymers, or th a t  th e  ra te  of exudation  
was insufficient (due to  th e  higher m olecular weight of th e  HPMC) to  allow visible am oun ts 
of HPMC to  ap p ear on  th e  film surface.

11.2.2 Leaching of HPMC from Eudragit® NE  films.
R esults for th e  loss of HPMC from Eudragit® NE films on leach ing  in  w ater are 

show n in  F igu re  11.1 a n d  F igure  11.2. It is apparen t th a t  th e  full load of HPMC w as not 
leached, a n d  th a t, in  general, th e  am ount of HPMC leached varied  alm ost in  d irect 
proportion to  the  film content. The vast m ajority of HPMC th a t  is leached  from th e  film does 
so  in  th e  first hou r bu t, as  w ith the  sucrose additive, the  lower loading of HPMC (0.06 g g'1 
of Eudragit® polymer) h as  greater difficulty leaching th a n  the  h igher loadings. Again, th is  
is p resum ably  a  resu lt of progressive porosity, re su ltan t from leaching, aid ing  th e  leach ing  
of HPMC em bedded deeper w ithin th e  film.

The inability  to  leach  the  full initial load of HPMC is a scribed  to  th e  sw elling o f the  
film. The ability  of the  film to  accom m odate blisters of w ater is a n  ind ication  th a t  th e  film 
would also  con ta in  any  HPMC th a t  is dissolved in  th a t water. This fact, com bined w ith  the  
viscosity of HPMC solution, would together explain th e  incom plete leaching  o f HPMC 
following a  period of im m ersing the  film into water, and  drying.

Typically, desorp tion  from a  polymer would initially be expected to  be diffusion 
controlled a n d  directly proportional to  the square  root of tim e, t '/31234' 2351 (un til the  
concen tra tion  of d eso rban t decreased to give an  exponential decrease  in  th e  ra te  of 
desorption). D issolution controlled leaching is, however, directly proportional to  t l439,44°1. 
The dependence of th e  HPMC desorption from Eudragit® NE a s  a  function  o f the  sq u a re  root 
of tim e (t'/2) a n d  as a  function  of tim e was determ ined, w ith ne ither re la tionsh ip  show ing 
particu larly  good correlation. This w as presum ably due to  the  leach ing  of th e  additive
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Theoretical Maximum

5 mins

Figure 11.1 Plot of the  percentage of HPMC leached (per gram  of Eudragit® NE) v ersu s the  
percentage of HPMC loaded (per gram  of Eudragit® NE) for various leaching tim es.

5 m ins —ts-

Initial % HPMC Load

Figure 11.2 Percentage of th e  initial am o u n t of HPMC lost from a  Eudragit® NE  film, after 
leaching for various tim es, as a  function of initial HPMC conten t (per gram  of Eudragit® NE).
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NE + HPMC HPM C-Free NE

0.001

Pore Radius /pm

Figure 11.3 Pore rad ius d istribu tion  in  a  Eudragit® NE  film leached of HPMC (25% per gram  
of polymer).

' Initial % HPMC Load

Figure 11.4 The ap p aren t 4 -nitrophenol perm eability coefficients for Eudragit® NE films as 
a  function of (initial) HPMC content.
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leading to  a  change in  th e  release m echanism : desorption by diffusion th ro u g h  th e  polym er 
chang ing  to  diffusion th rough  pores. The m echanism  would also  ap p ear to be changed  as  
a  re su lt o f depletion of th e  additive leading to  an  exponentially decaying release ra te  overall.

11.2.2.1 Pore distribution of Eudragit® NE films leached of HPMC.
The pore size d istribu tion  of a  Eudragit® NE  film leached of HPMC (96 h rs) a n d  dried 

a t  313 K (24 hrs), was determ ined u sing  th e  technique of m ercury  porosim etiy. R esu lts  are 
show n in  Figure 11.3, together w ith the  resu lts  for the  HPMC-free film for com parison.

Like the  Eudragit® NE  films leached of sucrose, there  is n o  evidence o f th e  HPMC 
leach ing  process leading to  a  porous netw ork in  th e  Eudragit® WE polymer, a n d  a lso  like th e  
sucrose  leached film, th e  HPMC leached film appears to  show  less porosity (or possibly less 
com pressib le free-volume) th a n  th e  HPMC-free film. From  th e  HPMC leach ing  resu lts , 
however, it  would be expected th a t  a  fraction of th e  HPMC still resides w ith in  th e  film. The 
ability  of th e  soft Eudragit® WE polymer to  heal following leaching  (as se en  previously 
following sucrose leaching {Chapter 10}) is again  seen  to  preclude lasting  pore form ation.

11.2.3 Solute permeability of Eudragit® NE films loaded with HPMC.
Solute perm eability resu lts  have only been  investigated for th e  film in  th e  process 

of leach ing  its con ten t of HPMC additive, an d  values of th e  a p p a ren t perm eability  
coefficients have been calculated  using  the  film th ickness as cast.

11.2.3.1 The 4-nitrophenol permeability of Eudragit® NE + HPMC loaded films.
The effects on th e  perm eability of a  film due to the  p resence of HPMC m ay  arise  in  

a  n u m b er of ways:

X diy, c lustered  HPMC (i.e., a  predom inantly  am orphous polymer) could be perm eable
to  a  solute to a  greater or lesser extent, th a n  the  Eudragit® m ethacry late-acry late  
copolymer;

X trapped  HPMC, w hich was observed to  swell in  a n  aqueous environm ent, could lead
to  aqueous pathw ays, th rough  w hich th e  perm eant m ay be expected to  flow (diffuse) 
a t  a  faster ra te  th a n  th rough  the  polymer itself, d u e  to reduced  polym er density  or 
p lastic isa tion  -  allowing th e  polymer chains greater freedom  of m ovem ent;

X aqueous leaching of the  HPMC m ay lead to porosity of sufficient size to  allow a
convective so lu te  perm ean t flux.

The apparen t perm eability coefficients for the  tran sp o rt o f 4 -n itrophenol th rough  
Eudragit® WE films loaded w ith different am oun ts of HPMC are  tab u la ted  in  Table 11.1 , an d  
show n graphically  in  Figure 11.4. Again, like the  effect of sucrose on film perm eability , it 
is seen  th a t  there  is a n  initial increase in  apparen t perm eability coefficient th a t  is in  d irect 
p roportion (correlation coefficient, r2 = 0.96) to  the  am oun t of HPMC added  to  th e  film, i.e.:

P x 107 = 7.261 x 10-2C %hpmc + 0.638 (11.1)

The ‘perm eability enhancem en t coefficient’ of 7 .2 6 1 x l0 '2 is only slightly  g rea ter th a n  th a t  
ca lcu la ted  for sucrose (6 .7 6 3 x l0 ‘2 ). The line of best fit for the HPMC resu lts  is, however,
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Table 11.1 A pparent 4-n itrophenol perm eability coefficients for Eudragit® NE  films 
con ta in ing  HPMC.

HPMC LOAD 
% (g.N£)-1

APPARENT PERMEABILITY COEFFICIENT
/1x10*7 m2 hr'1

0 0.400

3 0.877

6 1.08

9 1.29

12 1.55

15 2.03

18 1.83

21 2.30

24 2.39

25 2.65(±0.50)t

27 2.55

30 2.61

35 3.08

t  M ean value ± s.d.

linear over a  greater range of addition  (than  sucrose), appearing  to fit the  d a ta  u p  to a  film 
co n te n t of 35%. However, the  HPMC solubility (restricted by viscosity) lim its th e  am oun t of 
HPMC in  the  latex su ch  th a t  a t  h igher levels of addition, the  latex possibly con ta in s a  less 
th a n  expected load due to  gelation of the  HPMC (as opposed to d ispersion  in  th e  latex).

The linear trend  in  perm eability coefficient is apparen t despite  th e  aforem entioned 
non-uniform  swelling of the  film. If the  blister-like swellings were sufficiently accom m o
d ating  to  w ithhold their water/HPM C solution th en  the  average th ick n ess  of polymer 
th ro u g h  w hich the  p ene tran t diffuses, in  the  region of a  swelling b u t independen t of any  
aqueous pathw ays which resu lt from HPMC leaching to a  surface, m u st be approxim ately 
co n stan t. Therefore w hilst aqueous pathw ays would con tribu te  to  perm eability  
enhancem en t, blister-like swellings would not (and apparently  do not) en h an ce  or reduce 
p e rm ean t diffusion to any  great extent. In the  region of a  swelling the  pe rm ean t is effectively 
travelling  th rough  parallel films which, despite the  corresponding change in  boundary  
conditions, do no t greatly affect the  s tan d ard  deviations of the  resu lts  for films loaded w ith 
identical quan tities of HPMC.

HPMC had  the greater effect (when com pared to  sucrose) on th e  ap p aren t 
4 -n itrophenol perm eability coefficient a t loadings ) 15 —> 20% where th e  ap p aren t 
perm eability  coefficient was of h igher m agnitude [e.g. ,)~  2.6x1 O'7 m2 h r '1 a t  ca  25% HPMC; 
cf. *  2.0x1 O'7 m2 h r 1 a t ca  26% sucrose).
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Table 11.2 A pparent 4-nitrophenol perm eability coefficients for Eudragit® NE films leached 
of 25%  HPMC (+ side difference phenom ena).

FILM1
ORIENTATION

P ♦*1+ residual HPMC
/1x10*7 m2 hr1

P
/1x10"7 ma hr*1

P ** 1  polymer
/ixio*7 m7 h r1

SUBSTRATE 2 . 1 5 ( ± 0 . 0 0 4 ) 2 . 6 1  ( ± 0 . 0 0 7 ) 2 . 0 4 ( 1 0 . 0 0 3 )

AIR 2 . 1 5 ( ± 0 . 0 0 7 ) 2 . 6 4 ( 1 0 . 0 1 4 ) 2 . 0 0 ( 1 0 . 0 0 6 )

t  Side of film (with reference to film casting) facing donor perm eant. 
* D eterm ined using  an  estim ated  film th ickness.

11.2.3.1.1 Eudragit9 NE films leached of HPMC (& the effect of side difference).
The perm eation of 4-nitrophenol th rough  a  Eudragit® NE  film pre-leached (24 hrs) 

of 25%  HPMC was investigated. To calculate a n  ap p aren t perm eability  coefficient for the  
pre-leached film, the  th ickness of the  polymer + residual HPMC should  be used  (i.e., term ed 
P u rem du ai h p m c)•t °  give a  true  com parison. However, because the  am o u n t of trapped  HPMC was 
difficult to  ascerta in  accurately  (the resu lts  showed a  decrease in  th e  am oun t leached over 
ex tended  {96 hr} leaching tim es {Figure 11.1 an d  Figure 11.2}), th en  the  perm eability 
coefficient was difficult to  determ ine. Values are therefore quoted for (i) P uresiducd h p m c  

assu m in g  20% of the  original HPMC1 rem ained unleached  in  the  film, together w ith (ii) the  
ap p a re n t perm eability coefficients calculated  from the  in itial film th ickness (P), an d  (iii) the  
perm eability coefficient calculated  from the  th ickness of polym er alone ( P , ^ ^ ) .  The range 
betw een these  se ts  of resu lts  presum ably providing an  estim ate  of the  uncerta in ty  in  the  
quoted values. The orientation of the  leached film, w ith respect to  the  donor perm eant 
solution, was also  investigated for evidence of a  side-difference in  perm eability. R esults are 
given in  Table 11.2.

The d a ta  shows th a t  the  pre-leached an d  dried films did not exhibit a  side 
dependence phenom ena w ith respect to  the  4-n itrophenol perm eability. The apparen t 
perm eability  coefficient resu lts  are, however, unexpectedly h igh  since  the PUresldual hpmc value 
is of th e  sam e m agnitude a s  th a t found for a  film leaching a n  in itia l load of ca  20% HPMC. 
B ased on the  gravim etric HPMC leaching resu lts  of Figure 11.2, th e  pre-leached film would 
be expected to  re ta in  som e residual HPMC -  w hich can  p resum ably  ac t to enhance  the  
perm eability of a  film following a prior period of leaching an d  drying. However, only 20% —* 
25%  residue of the  original load is expected (implying a perm eability  coefficient com parable 
to  a n  initial load of ca 6%): the  anom aly presum ably  due to  the  non-uniform  film swelling.

11.2.3.1.2 Arrhenius activation energy for 4-nitrophenol permeation.
The effect of tem perature  on the  perm eation of 4-n itrophenol th rough  Eudragit® NE 

films loaded w ith 25% HPMC was investigated, an d  the  resu lts  a re  show n in Figure 11.5  
in  the  form of an  A rrhenius-type plot. The activation  energy, as determ ined from the  
g rad ien t of the  line of best fit, was 10.67  kJ m ol'1 (which com pares to  50.5 k J  m o l1 for the  
additive-free film, and  34.6 k J  mol'1 for a  film contain ing  40% sucrose).

•Thickness of HPMC calculated  (using m ethod employed to  calcu late  sucrose  th ickness 
in C hap ter 10) assum ing  a  HPMC d en s ity 13921 of ca 1.3 g cm '3.
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Table 11.3 V ariation in  apparen t 4-nitrophenol perm eability coefficient of Eudragit® NE + 
HPMC (25%) loaded films, as a  function of initial film th ickness.

FILM THICKNESS 
Jfjm

APPARENT PERMEABILITY COEFFICIENT 
/1x10‘7 m2 hr1

65 2.68

95 2.31

124 2.35

149 2.29

180 2.00

MEAN APPARENT PERMEABILITY COEFFICIENT = 2.33(±0.24)

11.2.3.1.3 The effect of initial film thickness on the 4-nitrophenol permeation 
through HPMC containing films.

The flux of 4-nitrophenol th rough  Eudragit® NE films con tain ing  HPMC a t  a  
concen tra tion  of 25% per gram  of polymer was found to be Fickian, w ith respect to  film 
reciprocal th ickness  over the  range of 69 jum - ♦ 1 8 0  /im , b u t there  is less correlation 
betw een th e  perm ean t flux and film reciprocal th ickness (r2 = 0.914) th a n  was show n for 
the  HPMC-free film (r2 = 0.985). The resu lts  are show n in  F igu re  11 .6  (the erro r bars 
ind ica ting  the  typical 10% uncertain ty  in film thickness).

The m ean  value for the ap p aren t 4-nitrophenol perm eability  coefficients was 
2 .33 (± 0 .24 )x l0 '7 m2 h r 1. However, there  were signs of a  tren d  of decreasing  ap p a ren t 
perm eability  coefficient with film th ickness (Table 11.3). A ssum ing a  porous or hydrated  
netw ork w as formed through  the film due to either d isso lu tion  or swelling of th e  HPMC, 
th e n  it is likely th a t  the  network contained a  viscous solution of HPMC (i.e. , the  gravim etric 
leaching resu lts  indicate the presence of residual HPMC in  the  leached films). W hen 
com pared to  a  solely aqueous network, the viscosity of the  HPMC so lu tion  would restric t 
the  rate  of diffusion of the  4-nitrophenol. This effect would be am plified in  a  th icker film 
since it would be slower to leach HPMC due to its viscosity im peding its own dissolution.

11.2.3.2 The permeation of anilines through Eudragit® NE + HPMC loaded films.
The perm eation  of the series of anilines of increasing  side ch a in  length  th rough  

Eudragit® NE + HPMC is shown graphically in F igure 11.7, w ith  the ap p a ren t perm eability  
coefficients given in  Table 11.4, together with the  uptake of th e  an ilines by the  polymers. 
The ap p a re n t perm eability coefficients were all greater th a n  those  of th e  HPMC-free film.

The ap p a ren t perm eability coefficients are of the sam e order of m agnitude as  those 
for perm eation  th rough  sucrose loaded Eudragit® NE films (C hapter 10). However, the  
individual resu lts , for perm eation th rough  the  HPMC loaded films vary -  w ith som e anilines 
show ing a  h igher perm eability, and  som e a lower perm eability, th a n  th e  com parable resu lt 
for the  sucrose  loaded films. By com paring the m ean and  s ta n d a rd  deviation of the  resu lts
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\
Figure 11.6 F ickian reciprocal th ickness (initial film th ickness) plot for th e  perm eation of 
4 -n itrophenol th rough  Eudragit® NE film + HPMC (25%).
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Figure 11.7 Plot for th e  calculation of aniline perm eability th ro u g h  HPMC loaded (25%) 
Eudragit® NE  films.

m m m
Aniline Ethyl Aniline Methyl Aniline

-X - Methyl Aniline Aniline Ethyl Aniline

HPMC-free NE

NE + HPMC
(25%)

Time /hrs

Figure 11.8 Increase in  aniline concentration  on the receiver side of Eudragit® NE  films 
loaded with HPMC (25%).
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Table 11.4 A pparent aniline perm eability coefficients and  equilibrium  u p tak es  by Eudragit® 
NE  films leaching  HPMC.

ANILINE
TYPE

APPARENT PERMEABILITY COEFFICIENT* 
/1x10*7 m2 hr*1

ANILINE UPTAKE* 
/g (g.fllm)*1

ANILINE 3.66 0 .0867

METHYL ANILINE 3.33 0.3526

ETHYL ANILINE 2.92 0 .4773

t  Film s initially loaded with 25% HPMC.
+ U ptakes calcu lated  using  in itial (cast) film weight and  therefore acco u n t for up take  by 
b o th  the  Eudragit® NE and  HPMC. However, the  initial load of HPMC w as c o n s ta n t (20%) 
a n d  the  resu lt is only used  to  show  each aniline a  exhibits different solubility.

for th e  perm eation  of aniline, m ethyl aniline, and  ethyl aniline, th en  th e  suc ro se  loaded film 
exhib its a  h igher deviation (3.80(±1.99)xl0 '7 m2 h r 1) th a n  does th e  HPMC loaded film 
(3 .30(± 0 .37)x l0 '7 m2 h r 1). I.e., th e  perm eation of the  th ree  an ilines th ro u g h  the  HPMC 
loaded film is closer to  th a t expected for a  porous film, in  w hich th e  m olecular size and 
p e n e tran t solubility (in the  polymer) has less effect.

The sim ilarity  in the  tran spo rt rates of the  an ilines th ro u g h  films of s im ilar 
th ick n ess  is a lso  apparen t from the  plot of the  increase in  p e rm ean t concentration  
m easu red  on th e  receiver sides of the  perm eability cells during  the  perm eation  experim ents 
(Figure 11.8). The com parable fluxes are indicative of th e ir independence  of aniline 
solubility  (given th a t the  solubility of the anilines does vary, as seen  in  Table 11.4) in  the 
Eudragit® NE  films. This feature of alm ost identical ra tes  of change of concentration  
g rad ien t was not apparen t for the  HPMC-free films (also show n on Figure 11.8), and  was 
n o t evident for the  films leaching sucrose (40%).

The values of the  ap p a ren t 4-nitrophenol perm eability coefficient m ay be used  as 
a  pred ictor of th e  occurrence of aniline tran spo rt by a  convective diffusion m echanism . At 
25%  HPMC addition  where coincident aniline tran sp o rt ra tes  do occur, the  4-nitrophenol 
perm eability  coefficient of Eudragit® NE was found to be ca 2.6x1 O'7 m2 h r 1 (Table 11.1). 
This is of com parable m agnitude to the  4-nitrophenol perm eability coefficient of a  Eudragit® 
NE  film loaded with 80% sucrose. However, a  40% sucrose loaded Eudragit® NE film gave 
a  4 -n itrophenol perm eability coefficient of ca 2 .1 x l0 '7 m2 h r '1, an d  su c h  films did not 
exhib it convective aniline transport. It therefore m ight be expected th a t  the  an ilines would 
n o t perm eate a n  HPMC loaded film by a convective m echanism  w hen th e  4-n itrophenol 
perm eability  coefficient was (2 .1 x l0 ‘7 m2 h r 1. Hence, (from th e  d a ta  in  Table 11.1) a

Eudragit® NE  film containing £ 20% HPMC would be expected to  tra n sp o rt th e  an ilines by 
a  (predom inantly) solution-diffusion m echanism , a s  opposed to a  convective m echanism .

11.2.4 Water vapour permeability of Eudragit® NE + HPMC loaded films.
The ap p a ren t w ater vapour perm eability coefficients of Eudragit® NE films contain ing  

25%  HPMC were of sim ilar m agnitude to those observed for the  sucrose  con ta in ing  films 
-  being slightly greater th an  the  resu lts  for the  HPMC-free films. This m ight be ex pected1291
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Table 11.5 A pparent w ater vapour perm eability coefficients for Eudragit® NE  films, e ither 
con ta in ing  or leached of HPMC (25%).

FILM
ORIENTATION

PERMEABILITY COEFFICIENT 
/1x10**g hr*1 cm '1 cm.Hg*1

UNLEACHED

S.D.
/1x10*® g hr*1 cm*1 cm.Hg*1

SUBSTRATE 2.03 ±0.16

PRE-LEACHED

SUBSTRATE 1.85* ±0.05

AIR 1.97* ±0.11

*  Pi+restduai h p m c  as  determ ined u sing  experim entally m easured film th ickness.

due  to the  increased  polar n a tu re  which resulted  from the cellulosic polymer. R esults are 
given in  Table 11.5, for bo th  unleached  and  leached films. The effects of any  difference in  
perm eability  coefficient resu lting  from the differing sides of the  films (i.e., su b s tra te  or air 
side w ith reference to  casting) is lost in  the  experim ental uncertain ty .

11.2.5 Carbon dioxide permeability of Eudragit® NE + HPMC loaded films.
The apparent C 02 perm eability coefficien t o f  Eudragit® NE  film s conta in ing  25%  

HPMC was determ ined as 1 .37x10  ° g.p .u1. This is lower th a n  the  values for th e  HPMC- 
free film, and  is indicative o f a  reduced diffusivity/solubility of COa in  th e  HPMC-loaded 
film, com pared to the  Eudragit® NE polymer alone. It is, however, more su rp ris in g  th a t  the  
value is lower th a n  th a t found for the sucrose-containing film. The re su lt appearing  to 
ind icate  th a t  the  tortuosity  in  the  p a th  through the sucrose-contain ing  film (assum ing  th a t  
the  sucrose  forms im perm eable clusters) provides less h inderance th a n  the  HPMC. The 
higher m olecular weight HPMC could, however, require a  greater cooperative polym er ch a in  
segm ental m otion (than  the  sm aller sucrose molecule w hich p resen ts  a  sim ple barrier) in 
the  su rro u n d in g  Eudragit® polym er (and HPMC) to provide a diffusional pa th .

11.3 Eudragit® L 3 0  D a s  a film additive.
Eudragit® L differed from the  o ther film additives investigated in  th a t  it is itse lf a  

latex  (see C hapter 6) and  is of com parable particle size to the  latex  from w hich the  additive- 
free film is formed (i.e., 130.7 run for Eudragit® L; cf. 163.0 nm  for Eudragit® NE, by P.C.S.).

B ecause the  Eudragit® L is not in solution w hen the film is formed (i.e., th e  pH is 
below 5.5), mixing (see C hap ter 7) of the two latices (both a t 5% solids conten t) causes  a  
significant d ilu tion  of the  Eudragit® NE (although the  total polymer solids co n ten t rem ains 
a t 5%). For example, w hilst casting  a  film from a fixed volume of latex p repared  from a  1:1 
mix of Eudragits® NE  and  L shou ld  yield a  film of com parable th ickness to  a  film prepared 
from e ither of the  two types of latex used  individually, the  th ickness of Eudragits® NE  would 
be ca  50% of th a t  for a  film c a s t using  one of the o ther additives u tilised  in  th is  study .

^ .p .u . = gas perm eability coefficient un its  = cm3 cm  s '1 cm '2 cm .H g'1.
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11.3.1 Film structure.
11.3.1.1 Structure of Eudragit® NEfilms, either containing or ieached of Eudragit® L

Mixed Eudragit® NE an d  L films were tran sparen t, an d  m ore brittle  th a n  the  
Eudragit® L-free Eudragit® NE  films due to the  high Tg of the  Eudragit® L 1 w hich w as used  
(in th e  m ixed polym er film) plasticiser-free. The brittleness of th e  film  therefore increased  
w ith increasing  proportion of Eudragit® L: th e  film eventually frac tu ring  un d er th e  s tre ss  
due  to  contraction  (com bined w ith  adhesion  to the  casting  su b s tra te )  on  dry ing  a t  the  
h ighest levels of addition  () 180%).

Plate 11.1 to  Plate 11 .4  show  th e  upper and  lower faces, a n d  th e  frac tu re  cross- 
sections2, o f mixed Eudragit® NE-Eudragit® L (1:1 ratio, i.e., 100% Eudragit® L per g ram  of 
Eudragit® NE) films. There was no particu late  (crystalline-like) close-packed s tru c tu re  
p resen t in  th e  films after coalescence. (NB. The code on Plate 11 .2  proclaim s th e  p late  to 
depict a n  upper film surface. However, th e  code represents the  o rien tation  by w hich th e  film 
was p resen ted  to  th e  m icrographer, who th e n  aligned th e  film, to  th a t  described  in  the  
P late’s  label, before the  m icrograph was taken . It is, in  fact, th e  po lym er-substra te  side of 
th e  film.) B oth  th e  upper an d  lower faces of the  film were sim ilar, a lthough  sm all ‘p in -ho les’ 
were evident in  th e  lower polym er-substra te  face. It is presum ed th a t  th e  p a tte rn  on  th e  film 
surface is evidence of hard  Eudragit® L polymer particles random ly d istrib u ted  in  a  well- 
coalesced m atrix  of the  softer Eudragit® NE  polymer.

The fracture cross-sections (Plate 11 .3  and Plate 11.4) show  u n s tru c tu re d  particle 
packing  (i.e., no  hexagonal close packed particles), again  show ing w hat ap p ear to  be 
pinholes. It is possible th a t  th e  s tru c tu re  is simply a  resu lt of th e  h a rd  particles being 
em bedded in  the  soft polymer (typically h a rd  polymer particles would show  a  hexagonal 
close packed  crystal-like structure): their packing being d isrup ted  by th e  ability  of th e  softer 
polymer to  ‘flow’ betw een them  (albeit insufficiently to  fill the  pinholes); or is possib ly  a  
resu lt of th e  incom patibility betw een th e  two polymer types (i.e., s tab ility  would have been  
reduced  by th e  change in  pH necessary  to  m ix the two polym ers {see C hap ter 7}, su c h  th a t 
th e  latices would be more easily coagulated as  the  w ater evaporated d u ring  casting  a n d  the  
particles were b rought in to  closer contact).

Carboxylated Eudragit® L dissolves in  neutral to  alkaline conditions (at pH  ) 5.5), 
form ing polymeric sa lts . Eudragit® NE is non-ionic and, hence, pH ind ep en d en t w ith  respec t 
to  its d isso lu tion  (and transport) p ro p ertie s11471. It is therefore possible to  dissolve the  
Eudragit® L polymer ou t of th e  mixed polymer film, using  a  so lu tion  of su itab le  pH.

Eudragit® NE was found to  gel an d  dissolve in  to luene (d issolution is slow  d u e  to  the  
h igh  m olecular weight), w hereas Eudragit® L showed little or no  tendency  to  dissolve in  
toluene, an d  rem ained unchanged  in  appearance. A Eudragit® NE film soaked  in  to luene 
rem ained  relatively intact, b u t deformed quite m arkedly an d  dissolved sufficiently for it to 
become detached  from the casting  su b stra te .

'Tg of Eudragit® L = 303 K !313>; Tg of Eudragit® NE = 265 K 12041.
2A11 fractures were performed under liquid nitrogen.

Modification of the permeability of polymer latex films. p-11:13-



Plate 11.1 (203210) S.E.M. of the upper side (polymer-air 
interface) of a Eudragit" NE + Eudragit" L ( 1: 1) film . 

Plate 11.2 (203211) S.E.M. of the lower side (po1ymer
su~trate interface) of a Eudragit• NE + Eudragit• L ( 1:1) 
film. 



Plate 11 .3 (20320 l) S.E.M. of the fracture cross-section of 
a l : 1 NE + L film 

Plate 11.4 (203202) S.E.M. of the fracture cross-section of 
a l: I NE + L film. 



Plate 11.5 (2029 17) S.E.M of the upper side (polymer-air 
interface) of a Eudragit~ NE + L (I: I) film leached in buffer. 

Plate 11.6 (202117) S.E.M. of the fracture cross-section of 
a Eudragit• NE + L ( 1 : 1 ) film leached in buffer. 
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Plate 11.9 (302313) S.E.M. of the upper s1de (polymer-air 
interface) of a Eudragit~ NE + L (2:3) film leached in buffer. 

Plate 11.10 (302406) S.E.M. of the fracture cross-section of 
a Eudragit3 NE + L (2:3) film leached in buffer. 



Plate 11.11 (302410) S .E.M. of the near-upper surface 
fracture cross-section of a Eudragit~ NE + L (2:3) film leached 
in buffer. 

Plate 11.12 (302407) S.E.M. of the near-upper s urface 
fracture cross-section of a Eudragita NE + L {2 :3) film leached 
in buffe r. 
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Results and Discussion, Chapter 11: Film Additives Other Than Sucrose.

The ability to  leach either type o f polymer, w ith their differing Tgs (which s p a n  
am b ien t tem perature) perm its the  effect of polymer Tg and  leaching (porosity) to  be observed

11.3.1.1.1 Films leached in buffer.
On soaking a  mixed polymer film (1:1 ratio of Eudragit® NE : L  polymers) in  buffer 

(pH 6), the  film swelled an d  appeared  white and  opaque (as d id  th e  Eudragit® L-free 
Eudragit® NE  film). O n drying, th e  film re tu rned  to  being tra n sp a ren t, a n d  rem ained  flexible 
in  th e  m anner of a  low Tg polymer.

W hilst th e  film was wet, it was som etim es possible to  peel th e  film in to  two layers 
a n d  th is  was initially ascribed  to  stratification of the  two polym er types. However, su c h  
stra tifica tion  was n o t ap p a ren t in  the  S.E.M .s of th e  leached or u n leached  films. P late 11.5  
show s the  polym er-air surface of a  Eudragit® N E /Eudragit® L film (1:1 polym er ratio) 
leached  in  buffer for 96 h rs . Com parison w ith th e  plate of th e  equivalen t un leach ed  film 
(Plate 11.1) reveals little v isual difference. The sam e is not true , however, for th e  frac tu re  
cross-section: e.g., Plate 11 .6  (cf. Plate 11.3  an d  Plate 11.4), w here the  leached  film 
ap p ears  to  have a  less grainy appearance -  possibly due to  loss o f th e  h a rd e r particles.

Possible reasons for th e  lack of difference in  surface fea tu res m ay include  th e  
inability  of the  buffer to  fully leach the  Eudragit® L (note th a t  the  su rface p a tte rn  previously 
ascribed  to being due  to the  presence of ha rd  Eudragit® L particles is still p resent), or the  
ab ility  of the  soft Eudragit® NE  polymer to  ‘heal’ the  particu late  sized holes th a t  would 
re su lt  from the  leaching  of the  Eudragit® L. However, the  former reason  is unlikely, based  
on  gravim etric evidence (paragraph 11.3.2), an d  film healing due  to  polymer flow would 
p resum ab ly  remove all surface features. F u rther evidence of Eudragit® NE  film s tru c tu re  
w as, however, forthcom ing from leached films prepared from a  m ixture  of 2 p a rts  Eudragit® 
NE  to  3 p arts  Eudragit® L (i.e., 150% Eudragit® L per gram  of Eudragit® NE).

Plate 11 .7  to  Plate 11.9  show  th e  upper film surfaces of a  buffer leached film a t  a  
range of increasing  m agnifications. These films show  the  effect of leach ing  to a  far g rea ter 
ex ten t th a n  the  films prepared  from the  polymers mixed to a  1:1 ratio . Knowing th a t  the  
buffer leaches only th e  Eudragit® L, it is in teresting  to see th a t  th e  film, after leaching, 
show s th e  vestiges o f th e  latex  particles, albeit deformed from th e ir original spherica l shape. 
This is a  feature no t previously seen  either in  the  additive-free o r leached ex-sucrose- 
con ta in ing  Eudragit® NE  films. The im plication of th is  s tru c tu re  is th a t  the  Eudragit® L was 
well d ispersed  w ith in  the  Eudragit® NE, an d  th a t  the  harder Eudragit® L polym er lim its the  
ex ten t to  which deform ation of the  Eudragit® NE latex particles c a n  occur.

The fracture cross-section  of the  Eudragit® NE + Eudragit® L (2:3) polym er film does 
not, however, show  su c h  particu late  detail (Plate 11.10  to Plate 11.14). Different regions 
of th e  cross-section  showed different s tru c tu re , w ith part of the  film appearing  greatly  
cracked , w hereas o ther regions were virtually featureless. Plate 11 .11  and  P late 11.12  
b o th  show  regions of the  cross-section close to  the  upper surface (polym er-air interface) of 
th e  film, and  are obviously quite different. This effect (i.e., variation in  s truc tu re ) w as also 
observed in  the  cen tre  of the  cross-section, and  also  in  the c ross-sec tion  n ea r th e  bottom
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Results and Discussion, Chapter 11: Film Additives Other Than Sucrose.

su rface  of the  film (although only th e  cracked regions are show n here: Plate 11 .13  an d  
Plate 11 .1 4  show  th e  cen tre  and  bottom , respectively). The cracked regions of film m ay be 
purely  a n  artefact of th e  fracturing  technique, b u t it is also possible th a t  they were regions 
of res idua l concentrations of th e  h a rd  Eudragit® L (re: the  rifts w hich occur in  PBMA + 
Eudragit® L loaded films d iscussed  in  parag raph  11.3.1.2), w hich could no t w ith stan d  th e  
s tre sse s  of drying after leaching.

A fu rther detail to  note (tha t is ap p a ren t in  Plate 11.10) is th e  film th ick n ess. The 
film, as  c a s t would be expected to be approxim ately 100(±10) f im  th ick , an d  ye t th e  p late 
show s a  film th a t  is only approxim ately 40 —> 45 fim  thick. This is evidence th a t  a  fraction 
of th e  film (i.e., approxim ately 60 —> 65%) is lost (com patible w ith  a  possible loss o f 60% for 
a  film prepared  from Eudragit® NE + 150% Eudragit® L (i.e., 2:3)). This p resum ably  
illu s tra tes  the  loss of s tru c tu re  from th e  in terior of th e  film: the  soft Eudragit® NE  polymer 
having  ‘collapsed’ in  on itself, an d  coalesced (‘healed’).

11.3.1.1.2 Films leached in toluene.
Mixed Eudragit® NE  an d  Eudragit® L (1:1 ratio) films rem ained  tra n sp a re n t w hen 

soaked  in  toluene, unlike those  films soaked in  buffer. However, on  drying the  films rapidly 
tu rn e d  w hite an d  opaque ((1 min), an d  rem ained opaque even after 96 h rs  u n d e r vacuum  
a t  a  tem pera tu re  of 313 K: indicating th a t  th e  film was not sim ply swollen w ith to luene. The 
opacity  differed from th a t  of a  wet film (which w as more tra n s lu c e n t th a n  opaque), being 
a  m ore b rillian t white, an d  having a  sm ooth  m att fin ish  as opposed to  a  glossy wet-look 
fin ish  w hich allowed som e light transm ittance.

Addition of a  drop of buffer (pH 4 —*■ 6) m ade th e  film tra n sp a re n t (after drying). Films 
soaked  for a  fu rther 96 h rs  in  buffer (pH 6), after having been  leached in  to luene  did no t 
d isin tegrate , however, im plying th a t  sufficient Eudragit® NE  rem ained  to give th e  film a  
degree of s tru c tu ra l integrity.

The opaque films leached in  to luene were very brittle an d  becam e tra n sp a re n t on 
soak ing  in  water. Re-soaking the  film in  to luene failed to  redeem  the  dry  opacity. A ssum ing 
th a t  th e  aforem entioned residua l Eudragit® NE  partially  dissolved in  th e  toluene, perhaps 
giving a  gel, it would film form on drying in  th e  m anner of a  solvent c a s t film, possibly 
coating th e  Eudragit® L particles, an d  preventing th ese  dissolving in  buffer (or a t  least 
preventing  th e  escape of the  dissolved L su c h  th a t  th e  particles were, in  effect, ‘reform ed’ 
on drying).

F ractu re  cross-sections of a  film leached in  toluene are show n in  Plate 11 .15  and 
Plate 11.16. (NB. The ‘B’ and  ‘T’ in  the  film code are  irrelevant in  th e  case o f th e  cross- 
sections.) Plate 11 .17  a n d  Plate 11 .18  show  higher m agnification sho ts  of th e  film in  
Plate 11 .16  w hereas Plate 11.19  an d  Plate 11 .20  show  th a t  in  Plate 11 .15 . It was 
previously show n for the  buffer leached film, th a t  th e  film th ickness was less th a n  expected, 
a ttr ib u ted  to  contraction  of the  Eudragit® NE polymer, following leaching, d u rin g  drying. 
Plate 11.15  shows a  film w hich is p resum ably  predom inantly  Eudragit® L, a n d  w hich is 
approxim ately 98 /urn th ick, i.e., close to  the  expected th ickness  as  cast. This would
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therefore seem  to  uphold the  idea th a t  a  hard  polym er is be tter able to  s u s ta in  a  porous 
s tru c tu re , com pared to a  soft polymer.

Plate 11 .17  to Plate 11.20, w hich are of th e  film interior, reveal a  highly porous 
s tru c tu re . Pores are also visible on the  film surface and , hence, th e  possib ility  th a t  they  
form  a  con tinuous netw ork of cross-connected channels  th ro u g h  th e  film m u st be 
considered . Plate 11.21 an d  Plate 11 .22  show  the  polym er-air interface a t  two different 
m agnifications. The Eudragit® NE latex particles were 163 nm  (P.C.S. z-average size), w ith  
low polydispersity  (see C hapter 8). However, there  are  a  n um ber of reasons for th e  range 
o f pore sizes seen  in  the  film: e.g., i, th e  degree of particle deform ation; ii, th e  full d iam eter 
of th e  particles no t necessarily  being visible a t  th e  surface; iii, ‘healing’ of th e  polymer; iv, 
m ore th a n  one particle lost. The pores visible in  Plate 11.22 are  ca  83 n m  for w hat ap p ear 
to  be holes re su lta n t from single particles, w hich is less th a n  th e  Eudragit® NE  particle  size. 
It is ev ident from  the  shape  of the  pores, however, th a t  in  som e cases, m ultip le n e a re s t 
ne ighbou r particles have been  leached.

Plate 11 .23  and  Plate 11.24  show  th e  lower face of th e  1:1 ra tio  Eudragit® NE  + 
Eudragit® L film w hich has  been  leached in  toluene. The lower face appears very sim ilar to  
th e  u p p e r face (Plate 11.21 an d  Plate 11.22), as m ay be expected if th e  two latices are 
hom ogeneously mixed.

11.3.1.2 Structure of PBMA films, either containing or leached of Eudragit® L.
Eudragit® NE mixed w ith Eudragit® L provided a n  exam ple of a  m ixture of a  soft 

polym er an d  a  ha rd  polymer, and  show ed their ability or inability  to  re ta in  porosity after 
leach ing  one or o ther of th e  polymer types. Mixing Eudragit® L in to  PBMA, w ith its Tg of 
approxim ately 303 K I567), is therefore a n  example of m ixing two h a rd  polym ers.

Plate 11 .25  to Plate 11.32 show  a  film of 1:1 ratio  PBMA + Eudragit® L (i.e., 100% 
Eudragit® L per gram  of PBMA) leached of Eudragit® L in  buffer pH 6 for 96 h rs , a n d  dried. 
M icrographs o f increasing  m agnification of the  upper film surface are  show n in  Plate 11.25  
to  Plate 11.28. It is im m ediately obvious th a t the  film s tru c tu re  differs to  th a t  of the  
Eudragit® NE  a n d  Eudragit® L film. W hereas the  la tte r tended  to  show  porosity due  to  
individually  leached particles, the  porosity in  the  PBMA and  Eudragit® L ap p ears  to  be in  
th e  form of large rifts, w hich separate  islands of layered, close packed  PBMA particles. 
Looking inside th e  rifts, th e  degree of porosity appears sim ilar to  th a t  seen  in  th e  cross- 
sections of the  Eudragit® NE  + Eudragit® L films, w ith sufficient n um ber of (PBMA) latex 
particles bridging the  rifts to  give the  film some s tru c tu ra l integrity.

Plate 11 .29  shows th e  leached film in  cross-section, w hilst th e  upper, centre, and  
lower regions of th is cross-section are show n a t h igher m agnification in  Plate 11.30, 
Plate 11 .31 , and  Plate 11.32, respectively. These films were leached w hilst still a ttached  
to  the  g lass casting  substra te , due to the ir very brittle na tu re . However, th e  th ree  regions 
o f the  cross-section  appear to show a  uniform  degree of Eudragit® L having been  leached. 
Nowhere in  the  film’s  interior were there  regions show ing the  close packed  particle  s tru c tu re  
found on  th e  film’s surface, implying th a t  the  surface is covered by a  non-con tinuous sk in .
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Plate 11.21 (202909) S .E .M. of the top surface (polymer-air 
interface) of a Eudragit., NE + L ( 1:1) film leached in toluene . 

Plate 11.22 (202908) S.E.M. of the top surface (polymer-air 
interface) of a Eudragit' NE + L ( l : 1) film leached in toluene . 
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Plate 1 1.29 (302413) S.E.M. of the full fracture cross
section of a PBMA + Eudragit" L ( 1 : 1) film leached in buffer. 

Plate 11.30 (302414) S.E.M. of the near-top fracture cross
section of a PBMA + Eudragitf' L ( 1: 1) film leached in buffer. 



Pl
at

e 
11

.3
1 

(3
02

41
5)

 S
.E

.M
. 

of 
the

 
ce

nt
re

-s
ec

tio
n 

fr
ac

tu
re

 
Pl

at
e 

11
.3

2 
(3

02
41

6)
 

S.
E.

M
. 

of 
the

 
ne

ar
-b

ot
to

m
 

fr
ac

tu
re

 
cr

os
s-

se
ct

io
n 

of 
a 

PB
MA

 
+ 

Eu
dr

ag
it*

 
L 

(1
:1

) 
film

 
le

ac
he

d 
in 

cr
os

s-
se

ct
io

n 
of 

a 
PB

M
A 

+ 
Eu

dr
ag

it®
 

L 
(1

:1
) 

film
 

le
ac

he
d 

in
bu

ffe
r. 

bu
ff

er
.



Results and Discussion, Chapter 11: Film Additives Other Than Sucrose.

Unleached —x— Buffer Leached

ij 0.001

Pore Radius /pm

Figure 11.9 Pore d istribu tion  of a  Eudragit® NE + L (1:1) film leached  of Eudragit® L in  
buffer pH 6.

—x -  Toluene LeachedUnleached

0.001

Pore Radius /p/m

Figure 11.10 Pore d istribu tion  of a  Eudragit® NE + L (1:1) film leached of Eudragit® NE  in 
toluene.
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The degree of porosity w ithin the fracture cross-section  appears to be less th a n  th a t 
found for the  Eudragit® NE + Eudragit® L film, and  it is no t obvious th a t the  pores are 
con tinuous through  the film’s s truc tu re . However, the  larger particle size of the  PBMA latex 
(i.e., approxim ately 500 nm, cf. 163 nm  for Eudragit® L) m ay give the  illusion of the porosity 
being of a  lesser extent.

The films were extremely brittle, and  it was not possible to remove them  from the 
su b s tra te  in pieces of sufficient size to exam ine their perm eability  properties.

11.3.1.3 Pore size distribution of films prepared using Eudragit® L as an additive. 
11.3.1.3.1 Eudragit® NE + L films.

M ercury porosim etry was used  to investigate the  pore d istribu tion  of mixed 
Eudragit® NE and  Eudragit® L films (1:1 ratio of polymers), an d  also films (1:1 in itial ratio) 
leached  of e ither Eudragit® L in buffer, or Eudragit® NE in  to luene (Figure 11.9 and 
Figure 11.10, respectively).

As expected, the film leached of Eudragit® L (to leave the  softer Eudragit® NE) 
show ed little evidence of porosity -  com parable with the un leached  film. For the  situation  
in  w hich the  soft polymer was leached to leave the hard  polymer, a  large pore d istribu tion  
w as found, cen tred  about a  pore radius o f0.05 -*  0.06 p m  (Figure 11.10), w hich is slightly 
below the  particle radius of the leached particles.

11.3.1.3.2 PBMA + Eudragit® L films.
The pore radius distribution in a PBMA film leached of Eudragit® L (1:1) was also 

investigated  using  m ercury porosim etry to probe film s tru c tu re . (Figure 11.11). Pore

400-

Pore Radius /pm

Figure 11.11 Pore distribution of a  PBMA + Eudragit® L (1:1) film leached of Eudragit® L 
in  buffer pH 6.

0.001
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d istribu tions  are  seen  to  occur a t  ca  0.16 pm , 0.35 pm , a n d  0 .7  p m  -  show ing som e 
correla tion  w ith th e  Eudragit® L particle rad ius of ca 0.065 p m  (with factors of ca  2.5, 5.4, 
a n d  10.8, respectively).

The specific cum ulative in truded  volume of the  PBMA film leached  of Eudragit® L 
was m u ch  greater th a n  th a t  seen  for the  Eudragit® N E /Eudragit® L films: th e  la tte r  w hen 
leached  of Eudragit® NE  yielding a  value of 334 mm3 g 1, a t  1999 bar, w hich  com pares to  
a  figure of over 800 m m 3 g'1 for the  PBMA film leached of Eudragit® L.

11.3.2 Leaching of Eudragit® L from Eudragit® NE films.
The am o u n t of Eudragit® L leached (into buffer pH 6) from  m ixed Eudragit® NE + 

Eudragit® L films, of various loads, was determ ined as a  function  of leach ing  tim e 
(Figure 11 .12  to  Figure 11.14).

Com pared to  th e  m olecularly d ispersed additives, in  w hich  leaching from the  film 
will be d ep en d en t on th e  tim e for the  s ink  solution to reach  th e  additive, a n d  th e  tim e for 
it to  diffuse o u t th ro u g h  th e  polymer (or aqueous pathways), th e  leach ing  of Eudragit® L will 
additionally  depend on  th e  tim e for the  relatively large, h igh m olecular weight, Eudragit® 
L particles to  dissolve. This presum ably  accounts for the  fact th a t  a t  a  tim e of 6 h rs  after 
beginning  leaching, less th a n  100% of the  in itial load of Eudragit® L h a s  been  rem oved from 
th e  film (despite th e  ability  to  leach 100% if given sufficient tim e, e.g., 12 hrs), cf. for th e  
d ispersed  additives th e  m axim um  leachable quantify  is rem oved w ith in  ca  1 h r  of th e  film 
being in se rted  in to  th e  s in k  solution.

W hereas a t sh o rt leach  tim es {e.g., 5 m ins —> 1 hr), th e  am o u n t o f Eudragit® L 
leached  appeared  relatively co n stan t (independent of initial load -  see  Figure 11.13), a t a  
tim e of 6 h rs , th e  a m o u n t of Eudragit® L leached from the  Eudragit® NE  decreased  as a  
function  of initial load. This would seem  to imply th a t  a t  a  tim e of 6 h rs , th e  leaching  was 
less d ep en d en t on th e  dissolving of the  polymer particles and , hence, m ore dependen t on  
th e  ability  of the  dissolved Eudragit® L polymeric sa lts  to diffuse ou t of th e  film. At a  tim e 
of 12 h rs , th e  m ajority o f th e  Eudragit® L was lost from the  film.

Plots of th e  leaching  process as bo th  a  function of tim e a n d  th e  sq u are  root of tim e 
(Figure 11 .1 4  a n d  Figure 11.15, respectively) rep resen t d isso lu tion  a n d  diffusion 
controlled release, respectively. W hilst the  plot for diffusion controlled release (t '/a) is the  
m ore linear of the  two, it  is ap p a ren t th a t ne ither plot fully depicts th e  release profile in  th e  
expected linear m anner. It is seen  th a t  there  is a  ‘s tep ’ [e.g., r1) in  th e  resu lts  (centred a t  
ca  6 hrs), w hich increases in  size w ith increasing  load of Eudragit® L. This is p resum ably  
a  resu lt of th e  aforem entioned com bination of the  tim e tak en  to  dissolve th e  particu la te  
Eudragit® L latex  before leaching can  occur, an d  its slow diffusivity if uniform ly d istribu ted  
w ith in  th e  film. At h igh  loadings of Eudragit® L, where the  ‘s te p ’ is m ost pronounced, the  
Eudragit® L will be m ost a b u n d a n t an d  will therefore require increased  d isso lu tion /d iffusion  
tim es. N either plot being  linear would also resu lt from the  Eudragit® L occurring  bo th  on  
th e  surface of the  film an d  in  its interior su c h  th a t  leaching is a  com bination  of bo th  a  
d isso lu tion  (for the  surface located Eudragit® L) and  diffusion controlled m echanism .

Modification of the permeability of polymer latex films. p - 1 1 :3 5 -



Results and Discussion, Chapter 11: Film Additives Other Than Sucrose.

Initial % L Load

Figure 11.12 Percentage of Eudragit® L leached (per gram  of Eudragit® NE) versus the 
percentage of Eudragit® L loaded (per gram  of NE) for various leaching  tim es.

Figure 11.13 Percentage of the  initial load of Eudragit® L leached from a  Eudragit® NE film 
as a  function of the  initial Eudragit® L conten t (per gram  of NE).
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100%

Time / hrs
\

Figure 11.14 Plots of Eudragit® L leaching from Eudragit® NE  films as  a  function  of time.

100%

wsm Baffl

wmm

Figure 11.15 Plots of Eudragit® L leaching from Eudragit® NE  films as  a  function of the 
square  root of time.
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11.3.3 Solute permeability.
11.3.3.1 The 4-nitrophenol permeability of Eudragit® NE + L loaded films.

The ap p a ren t 4-n itrophenol perm eability coefficients of Eudragit® NE  loaded w ith 
various levels of Eudragit® L (in buffer pH 6 and, hence, leaching the  Eudragit® L) a re  given 
in  Table 11.6, and  Figure 11.16. The apparen t perm eability coefficient in itially  increases 
linearly w ith increasing  load of Eudragit® L, b u t a  break  occurs in  th e  line of b e s t fit 
betw een a  Eudragit® L loading of 0.2 —*• 0 .3 g g 1 of Eudragit® NE. The in itia l increase  in  
ap p a ren t perm eability coefficient is described by:

P x lO 7 = 9.106 x 1 0 -2C%l + 0 .278  r 2 = 0 .910  (11.2)

w hilst a t  h igher Eudragit® L film content, the  line is described by:

P x lO 7 .  1.967 x  10-2C%l + 2 .023  r 2 = 0 .8 7 1  (11.3)

The in tersectio n  o f  the two lin es occurs at a Eudragit® L  loading o f  
24.44%  (g.JVE)*1, (which com pared to a  value of 24.6% for the  sucro se  loaded film). At a  
Eudragit® L loading of 180% (per gram  of Eudragit® NE), th e  film was found to  d isin teg ra te  
as  the  Eudragit® L was leached.

11.3.3.1.1 Investigation of film permeability asymmetry.
It is possible th a t  the  differences between the non-ionic Eudragit® NE  an d  anionic 

Eudragit® L could lead to differing degrees of instability for each  latex du ring  film casting  
(evaporation of th e  water). This could lead to stratification of the  polym er types, and  
consequently , a  perm eability th a t  was dependent on film orientation. The differences in

Initial % Eudragit L Load

Figure 11.16 The apparen t 4-n itrophenol perm eability coefficients for Eudragit® NE, a s  a  
function of Eudragit® L con ten t (% per gram  of Eudragit® NE).
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Table 11.6 A pparent 4-n itrophenol perm eability coefficients for Eudragit® NE  films 
con tain ing  Eudragit® L.

Eudragit® L LOAD 
/% (g.MET1

APPARENT PERMEABILITY COEFFICIENT 
/1x10'a m2 hr’1

0 4 .00

0.5 4.17

1 5.51 (±0.43)

2 4.71

5 5.10

7.5 8.22

10 7.04(±0.50)

12.5 16.3

15 36.6

17.5 19.7

20 23.7(±2.05)

22.5 18.0

25 30.7

30 28.7

40 26.0

60 28.6

80 37.3

100 42.3(±0.09)

120 49.5(±0.6)

140 47.5

150 45.3

160 51.1

) 180 FILM FAILS

perm eabilities are show n in  Figure 11 .17  and  Figure 11.18 (for two repeat ru n s  of each  
orientation), and  the  perm eability  coefficient d a ta  is given in  Table 11.7.

The resu lts  show  a  sm all difference between the m ean values for each  orientation, 
ou tside of the  uncerta in ty  as given by the  s tan d ard  deviation in  the experim ental resu lts , 
b u t w ithin the  10% uncerta in ty  in film th ickness (to which th e  perm eability  coefficient is 
directly proportional). It is ap p aren t th a t  no  significant asym m etric perm eability  difference 
existed in  the  Eudragit® NE  + L (1:1 ratio) films.
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Substrate
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F igure 11.17 Increase in  the  concen tration  of 4-nitrophenol on th e  receiver side of Eudragit® 
NE + L (1:1) films of differing orien tation  to the  donor perm eant solution.

mm : : Time /hrs

Figure 11.18 Plot to  determ ine the ap p a ren t 4-nitrophenol perm eability  coefficients of 
Eudragit® NE + L (1:1) films of differing orientation to the  donor perm ean t solution.
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Table 11.7 Variation in  Eudragit® NE + L (1:1 ratio) apparen t 4-n itrophenol perm eability  
coefficients w ith  film orientation.

FILM
ORIENTATION1

APPARENT PERMEABILITY COEFFICIENT
/1x10*7 m2 hr*1

S.D. 
/1x107 m2 hr*1

SUBSTRATE 4.23 0.092

AIR 4.60 0.042

t  Film  side facing perm eant donor solution.

11.3.3.1.2 Arrhenius activation energy for 4-nitrophenol permeation.
The activation  energy for th e  perm eation  o f  4-n itrophenol through a 1:1 ratio  

Eudragit® NE + Eudragit® L  film  was determ ined from the  A rrhenius-type plot show n in 
Figure 11 .19  as 18.24  kJ m ol'1. This value is higher th a n  th a t  found for the  (25%) HPMC 
loaded film b u t lower th a n  th a t  of the  (40%) sucrose loaded film an d  also  the  additive-free 
Eudragit® NE  film [cf. 10.67, 34.6, an d  50.5 k J  m o l1, respectively).

It would be expected th a t  the  pore size d istribu tion  resu lting  from the  leaching  of 
particu la te  Eudragit® L would be greater th a n  th a t from leaching m olecular HPMC. The 
rou te  of a  perm eant th rough  the  Eudragit® NE  film leached of Eudragit® L would therefore 
be o f less resistance  and , hence, yield a  lower perm eation activation energy. However, the  
(presum ed) d ispersed  n a tu re  of the HPMC, w hilst yielding sm aller pores, m ay produce a 
h igher pore density, an d  weight for weight provide for a  greater possibility  of a  contiguous 
pore network: e.g., if a  single particle of Eudragit® L were to  be ‘d ispersed ’ in  a  Eudragit®

1

1/Temperature 
/  IxlO -3 K-1

Figure 11.19 A rrhenius -type plot for the  perm eation of 4 - nitrophenol th ro u g h  Eudragit® NE 
+ L (1:1 ratio) film.
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NE  film, w hilst a n  equivalent weight of HPMC were to be d ispersed  in  a  second  film, th e n  
a  p en e tran t m olecule would have a  h igher probability of h itting  the  HPMC (or a  m olecule 
of HPMC) th a n  th e  Eudragit® L latex  particle. In addition, th e  HPMC w as observed to  
hydrate  th e  film to  a  greater extent. This swelling can  be considered as forcing a p a rt th e  
Eudragit® NE  polymer chains -  allowing increased  chain  mobility (i.e., p lastic isation) and , 
hence, ease  of diffusion of th e  perm eant.

11.3.3.1.3 Effect of film thickness on the 4-nitrophenol permeation through 
Eudragit® NE films containing Eudragit® L

The perm eation of 4-n itrophenol th rough  1:1 ratio  Eudragit® NE + L films w as found 
to  be F ickian w ith respect to  film th ickness  (Figure 11.20) w here r2 = 0.947. Figure 11.21  
show s th e  increasing  lag tim es w ith increasing  film th ickness. The ra te  of change of 
concen tra tion  w as assum ed  proportional to  the  flux (which is defined as  th e  p ro d u ct o f th e  
ra te  of change o f concen tration  an d  th e  perm eant diffusion coefficient) an d  it is th is  ra te  
o f change of concentration  w hich is actually  plotted, an d  term ed ‘flux’, in  Figure 11.20: th e  
flux being  determ ined over approxim ately the  first hour after th e  lag period.

It is n o t su rp rising  th a t  th e  flux was Fickian, since the  film consisted  m ainly  of 
Eudragit® NE  due  to  the  leaching of its Eudragit® L load. However, no t a ll Eudragit® L would 
be expected to  be leached in  the  first 10 h rs  (see Figure 11.12 an d  Figure 11.13). The 
Eudragit® L-free Eudragit® NE  film was found to  show  Fickian perm eation properties, w ith  
resp ec t to  film th ickness, an d  th is  film consisting  m ainly of Eudragit® NE w ould be expected 
to  show  sim ilar properties. If the  film were to be highly porous, it would be expected th a t  
th e  m u ch  greater flux of 4-n itrophenol th rough  th e  aqueously filled pores would m ask  th e  
activated  tra n sp o rt th rough  th e  polymer. This would p resum ably  lead to  th e  flux being  
in d ep en d en t of film th ickness. The fact th a t  the  flux did  decrease as  a  function  of film 
th ick n ess  im plies th a t  the  com plete leaching  of the  Eudragit® L h ad  no t occurred 
sufficiently  (at th e  experim ental tim e a t w hich th e  flux was m easured) for th e  form ation of 
con tinuous, connecting pores th rough  the  full th ickness of the  film.

11.3.3.1.4 Eudragit® NE + L films leached in toluene.
As show n in  the  m icrographs (Plate 11.15 —* Plate 11.24), a  Eudragit® NE  + L film 

leached  in  to luene was porous. However, the  leached film did not d isin tegra te  w hen soaked  
in  buffer pH 6 -  implying sufficient residual Eudragit® NE  existed to  provide s tru c tu ra l 
in tegrity  a n d /o r  to  protect th e  Eudragit® L by either preventing access by th e  buffer, or 
con ta in ing  the  Eudragit® L w ithin a  shell of solvent cast Eudragit® NE su c h  th a t  if it did 
dissolve, it  rem ained constra ined  to  film form again  on drying.

D espite th e  evidence ofporosity, the  apparen t 4-nitrophenol perm eability  coefficients 
were lower th a n  those of th e  buffer leached film. This was p resum ably  a  resu lt of th e  loss 
of th e  pore s tru c tu re  w hen soaked in  buffer (pH 6) during the  perm eability experim ent [i.e. , 
it w as s ta te d  previously th a t  th e  w hite opacity of the  to luene-leached film was perm anen tly  
lo st after re-soaking in  buffer: indicative of a  loss of porosity). The to luene-leached  
Eudragit® NE + L  (1:1 ratio) film  gave a  m ean apparent perm eability  co effic ien t of 
PumdaaiNB = 2.35(±0.72)x 107 m 2 hr'1 (cf. 4 .00x10 8 m2 h r '1 for Eudragit® NE film).
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Figure 11.20 Fickian reciprocal th ickness (initial film th ickness) plot for the  perm eation  of 
4-n itrophenol th rough  Eudragit® NE  + L (1:1 ratio) films.

■wvz

Time /hrs

Figure 11.21 Receiver cell 4 -nitrophenol concentration  for Eudragit® NE + L (1:1) films of 
various film th ickness.
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Figure 11.22 Plot to  determ ine the aniline perm eability of Eudragit® NE  + L (20% ) films
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Figure 11.23 Plot to determ ine the aniline perm eability of Eudragit® NE  + L (100% ) films.
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Table 11.8 A pparent aniline perm eability coefficients for Eudragit® NE + L films.

ANILINE APPARENT PERMEABILITY COEFFICIENT 
/1x10*7m2 hr1

0% L LOAD (/.«., Eudragit NE)

ANILINE UPTAKE* 
/g (g.film)'1

ANILINE 0.91 0 .0040

METHYL ANILINE 1.47 0 .0575

ETHYL ANILINE 2.84  

20% L LOAD

0 .1115

ANILINE 4.20 0.019

METHYL ANILINE 3.89 0 .060

ETHYL ANILINE 3.19 0.133

100% L LOAD

ANILINE 7.67 0.010

METHYL ANILINE 7.37 0.033

ETHYL ANILINE 7.40 0.076

t  Both the  polym er an d  the  polymer-additive are liable to  show  affinity for th e  an ilines.

11.3.3.2 The permeation of anilines through Eudragit® NE  + Eudragit® L films.
The perm eation  of a  range of anilines th rough  Eudragit® NE + L films was 

investigated a t  two different loadings of Eudragit® L (100% an d  20%  per gram  of Eudragit® 
NE solids content); as used  previously to  examine the  effect of th e  degree of porosity on  the 
perm eation of sim ilar m olecules of different size (Table 11.8 , Figure 11.22 and  
Figure 11.23). It is evident th a t the  higher additive load [i.e., 100%) yields ap p aren t 
perm eability coefficients th a t  are both greater in m agnitude an d  w hose m agnitude is more 
coincident, desp ite  the  differing solubilities of each  individual an iline  for th e  film. This 
implies th a t th e  activated tran sp o rt m echanism  is less relevant for th e  higher loading, due 
to increased  perm eation th rough  pores or channels resu ltan t from the  additive leaching.

Eudragit® NE films containing 20%  of Eudragit® L absorbed  greater am oun ts of the  
an ilines th a n  films contain ing  100% of Eudragit® L (Table 11.8), ind ica ting  th a t  Eudragit® 
NE apparen tly  had  a  greater affinity for the  anilines th a n  Eudragit® L, w hen in  mixed films. 
This, in tu rn , implies th a t a  (hypothetical) film containing both Eudragit® NE  a n d  unleached  
Eudragit® L shou ld  show  a  lower ap p aren t perm eability coefficient, if tra n sp o rt occurs via 
a  solution-diffusion type m echanism , th a n  should the  additive-free Eudragit® NE film. I.e.:

P = DS (11.4)

For the  films d iscussed  here, however, the  reduction in solution-diffusion type transport, 
resu lting  from residual Eudragit® L still unleached from the  film a t  th e  tim e th a t  the 
perm eability m easu rem en ts were m ade, is presum ably countered by th e  increased  porosity
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Table 11.9 A pparent w ater vapour perm eability coefficients of Eudragit® NE + L films.

EUDRAGIT® L LOAD 
/% <g.NE)*1

MEAN (±S.D.) PERMEABILITY COEFFICIENT 
/1x10* g hr*1 cm'1 cm.Hg'1

0 1.65 (±0.08)

20 1.24 (±0.22)

40 1.36 (±0.23)

60 1.19 (±0.23)

80 1.14 (±0.09)

100 1.16 (±0.19)

L (+ 15% TRIACETIN) (NO A/£) 1.39 (±0.04)

due to  latex-size particu la te  leaching (as opposed to  m olecular leaching): the  m agnitude of 
the  increase  in  the  rate  of diffusion in an  aqueous environm ent p resum ably  being far 
greater th a n  the  decrease in  the  rate  of diffusion caused  by am increase  in  the  to rtuosity  in  
the  p a th  of the  d iffusant due to the  Eudragit® L.

Com paring the resu lts  (Table 11.8) of the  mixed Eudragit® NE  + L films to  those of 
the  Eudragit® L-free Eudragit® NE films shows apparently  anom alous up take  resu lts  if it is 
a ssum ed  th a t  Eudragit® NE h as  a  greater affinity for the  anilines th a n  Eudragit® L (as was 
suggested  above). However, the  leaching of sm all am ounts of Eudragit® L m ay open the  
Eudragit® NE  s tru c tu re  sufficiently for it to show  an  increased up take  w hen com pared to 
the  Eudragit® L-free film. Since the  Eudragit® NE film loaded w ith 100% Eudragit® L 
consists  of only 50% Eudragit® NE th en  there  is less Eudragit® NE  to  take  up  th e  anilines.

11.3.4 Water vapour permeability of Eudragit® NE + Eudragit® L films.
In C hapter 8, it was show n th a t the  w ater vapour perm eability  coefficient of a  

Eudragit® NE  film was higher th a n  th a t of Eudragit® L. Therefore as  m ay be expected, the  
ap p a ren t w ater vapour perm eability coefficients of Eudragit® NE  films loaded w ith  various 
levels of Eudragit® L are a lso  lower th a n  th a t of the Eudragit® L-free Eudragit® NE  film. The 
mixed films actually  yield perm eability coefficients th a t are also lower th a n  th e  Eudragit® 
L film. However, ‘additive-free’ Eudragit® L films were p lasticised w ith triace tin  (15% (g.L)1) 
w hich p resum ably  accounts for the  higher value. Results are given in  Table 11.9. Despite 
the  relatively high levels of experim ental uncertain ty , the  decreasing  trend  in  perm eability  
coefficient w ith increasing  Eudragit® L load is apparen t in the  resu lts  (Figure 11.24).

11.3.5 Carbon dioxide permeability of Eudragit® NE + Eudragit® L films.
The C 0 2 perm eability coefficients of mixed Eudragit® NE  + L (1:1) films were 

determ ined as described in  C hapter 7 for (i) the  film as cast, (ii) films leached of Eudragit® 
L in buffer, and  (iii) films leached of Eudragit® NE in toluene for 24 h rs  (Figure 11.25). (The 
leached film th ickness was used  to  calculate the  perm eability coefficients {P/+residUflJ polymer} ° f  
the  leached films w hilst the  initial film th ickness was used  for the  un leached  film .)
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Initial % Eudragit L Load

Figure 11.24 W ater vapour perm eability coefficients of Eudragit® NE  + L films a s  a  function 
of percentage Eudragit® L loading per gram  of Eudragit® NE.

Additive4ree
NE

(+Triacetin)

x  NE + L (Buffer Leached) a  NE + L (Toluene Leached)

2000 3 0 0 0

Figure 11.25 G raph to determ ine the  carbon dioxide flux {i.e., d h /d t  {see A ppendix A}) 
th ro u g h  Eudragit® NE + L (1:1 initial polymer ratio) films.
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Table 11.10 A pparent carbon  dioxide perm eability coefficients for Eudragit® NE + L films.

FILM STATUS APPARENT PERMEABILITY COEFFICIENT, 
/ cm5 cm s ‘1 cm4 cm.Hg*1

UNLEACHED 3.71 x10‘10

LEACHED IN BUFFER 3.36x1 O'9

LEACHED IN TOLUENE 5.47x1 O'9

A lthough the  leached films showed higher fluxes an d , hence, perm eability  
coefficients (Table 11.10), th a n  films containing both types of polymer, all fluxes were  
m easurab le  on  a n  a p p a ra tu s  in  w hich porosity typically leads to  fluxes w hich are  too great 
to m easu re  [i.e., a ssum ing  th a t  it is possible to initially a tta in  th e  necessary  vacuum , the 
heigh t change of the  m ercury colum n occurs in  seconds, as opposed to  m inutes). This 
im plies th a t  no  pores ex ist w hich are  continuous th rough  th e  full th ick n ess  of the  film 
(despite th e  porosity observed in  the  S.E.M.s). I.e., sufficient polym er rem ains to  ac t as a  
barrier in  th e  film -  so  th a t  a t  som e po in t it is necessary  for th e  COa to dissolve in to  the  
polymer, thereby  slowing the  ra te  of diffusion (and allowing the gas perm eability  ap p a ra tu s  
to re ta in  a  vacuum  for sufficient tim e for the  m easurem ent to  be taken).

11.4 Other Additives.
11.4.1 Eudragit9 A/E film + triacetin (piasticiser).

Triacetin  was used  to p lastic ise  the  two Eudragit® polym ers investigated  [e.g., 
additive-free Eudragit® L, an d  Eudragit® R L/R S  and  RL + additives) whose Tg’s were h igher 
th a n  am bien t tem peratu re . A lthough Eudragit® NE does not require plasticising, a  sam ple 
of su c h  films was tested  w ith triace tin  added a t various levels in  order to  investigate its 
effect.

W hilst the  addition of triace tin  (15%) to Eudragit® RL film was found to  increase  the  
ap p a ren t perm eability coefficient (see C hapter 8), the sam e was no t true  w hen th e  triace tin  
was added  to  th e  Eudragit® NE: the  ap p a ren t perm eability coefficient decreased  passing  
th rough  a n  ap p a ren t m inim um  a t  2% addition  (Table 11.11). (Above 10% th e  film w as too 
tacky to be of use.) The resu lts  are  no t unexpected in th a t o ther w orkersieg’' 1991 have found 
p lastic isers to initially decrease film tran sp o rt properties, w hen the  p iastic iser aids film 
coalescence du ring  casting, after w hich increasing the am ount of (water soluble) p iastic iser 
allows leaching and , hence, increases perm eant tran sp o rt rates.

11.4.2 Sodium chloride as a film additive.
The m icrographs of the  upper and  lower surfaces of PBMA films show n in the  

previous C hap ters have dem onstra ted  the  close packed natu re  of the  latex particles prior 
to film form ation. S uch  packing is presum ably  presen t in all films investigated  (assum ing  
surfac tan t-free  PBMA is one of the  least stable latices used), b u t is not observed by the  
techn iques used  due to  film form ation m aking the particle boundaries m ore diffuse. In a n  
a ttem p t to increase film porosity by rem oving the packing ability of the latices, films were 
c ast from latices contain ing  sodium  chloride to destabilise th e  particles su ch  th a t
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Table 11.11 The effect of added p iasticiser on the ap p aren t 4 -n itrophenol perm eability  
coefficient of Eudragit® NE.

TRIACETIN CONTENT 
7% (g.tfE)-1

APPARENT PERMEABILITY COEFFICIENT 
/1x10* m 2 hr'1

0 4.00

1 3.07

2 2.74

5 3.10

10 3.12

coagulation occurred before the  particles were arranged in  close packed form ation. Not only 
have destabilised  latices been show n to exhibit increased  sponge-like po rosity13661, due  to 
th e  poorer particle packing, b u t a lso  to show  a n  increased w ater u p ta k e 14581 (com pared to 
stab ilised  latices of th e  sam e polymer).

11.4.2.1 Dialysed Eudragit9 NE films loaded with NaCI.
Films c ast from dialysed Eudragit® NE loaded w ith low levels of NaCI ((2%) looked 

identical to  additive-free Eudragit® NE film s: the  lower levels of addition  s howing no obvious 
sign  of gross particle destab ilisation . As the  level of addition  was increased  () 2%), th e  film 
becam e progressively m ore opaque, and  showed typically crystalline ‘flower-like’ p a tte rn s  
on the  film surface. S.E.M.s of (dialysed) Eudragit® NE films loaded w ith 10% NaCI are 
show n in Plate 11.33 to  Plate 11.36.

Plate 11.33 is a  low m agnification m icrograph of the  upper film surface, show ing 
th e  crystalline patterns. S uch  pa tte rn s were, as m ight be expected, no t evident on  the  
additive-free dialysed Eudragit® NE latex film, which appeared featureless. C rystals a re  in 
evidence th rough  the  whole of the  fracture cross-section (Plate 11.35). The w hite dots seen  
in  Plate 11 .34  an d  Plate 11.36 show  distinctly  crystalline edges, w hich co n tra s t w ith the  
hem ispherical prom inences seen  in  the  sucrose loaded films. The polym er itse lf appears  no 
different to  any  other Eudragit® NE film, showing the particles to  be well coalesced a round  
th e  NaCI. The discrete crystals of NaCI additive are no t well d ispersed  w ith in  the  film, 
show ing th a t  it has little com patibility w ith the polymer.

The ap p aren t 4-n itrophenol perm eability coefficients of Eudragit® NE films loaded 
w ith various levels of NaCI are given in Table 11.12.

R esults are not easily in terpreted  due to  the fact th a t any  increase in  perm eability  
m ay arise from: i, the  film being cast from a latex th a t is destab ilised  (or w hich will become 
u nstab le  as the  NaCI concentration  increases as the  w ater evaporates during  film casting); 
or ii, the  leaching of the  NaCI leading to  increased film porosity (in the  m an n er of the  
sucrose additive used  in C hapter 10). It is evident, however, th a t  a lthough  the
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Table 11.12 A pparent 4-n itrophenol perm eability coefficients of films c a s t from dialysed 
Eudragit® NE  latex + sodium  chloride.

NaCI LOAD
/% (gJV£)-1

APPARENT PERMEABILITY COEFFICIENT
/1x10'7 nr*2 hr*1

0 0.0884

0.25 1.01

0.5 1.22

1 1.32

2 1.27

5 1.10

10 1.13

20 1.17

4-n itrophenol perm eability  coefficient was greatly increased (com pared to  the  additive-free 
d ialysed latex film, w hich was itse lf less perm eable th a n  the undialysed  latex film), there  
was no  tren d  of increasing  perm eability w ith increasing level of additive addition . It is 
p resum ed  th a t the  sc a tte r  in  the  d a ta  is a  resu lt of the  poorer level of particle packing, due 
to latex  instability, an d  hence inferior film quality.

11.5 Summary and conclusions.
The tran sp o rt properties of th e  Eudragit® NE films loaded w ith HPMC were generally  

sim ilar to those of th e  sucrose loaded films: the  differences being m ainly ascribed  to  non- 
uniform  blister-like swellings, an d  the  inability to leach the full load of HPMC additive. The 
trapped  HPMC possibly im bibing w ater to swell the  film due to an  osm otic po ten tia l being 
formed betw een the  HPMC and  the  external aqueous phase. The HPMC could be en trapped  
in th e  film due to its h igh m olecular weight, causing  it to  be slow to  diffuse th ro u g h  the  
polymer, an d  because of its high viscosity w hen in  aqueous solution.

If it is assum ed  th a t  the  HPMC is concentrated  into channels  by the  film drying 
process (like those channels  described for the  sucrose loaded Eudragit® NE), th e n  on 
leaching  it would be expected th a t  these  channels  would swell (due to  the  HPMC) to  a n  
ex ten t greater th a n  th e  bulk  of the  film. In doing so, however, th e  high viscosity  of 
concen tra ted  HPMC solu tions m ay lead to the  leaching process itse lf being m uch  slower 
th an , for example, sucrose  under s im ilar conditions -  again  leading to  trapped  HPMC over 
the  tim e frame of the  perm eability experim ents.

Like the  sucrose contain ing  Eudragit® NE films, films leached of HPMC an d  dried 
show ed no sign of residual porosity.

The 4-n itrophenol solute perm eability of the  HPMC loaded Eudragit® NE  films 
show ed a n  ‘enhancem en t coefficient’ th a t was greater th an  for sim ilar films loaded w ith
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sucrose . At th e  h ighest levels of HPMC addition, th e  m agnitude o f the  a p p a re n t perm eability  
coefficient was greater th a n  th a t  for the  h ighest loadings of sucrose (even th o u g h  the  
h ig h est HPMC load was less th a n  the  h ighest sucrose load), an d  despite th e  higher viscosity  
of th e  aqueous HPM C-containing channels  (com pared to  sim ilar sucrose-con ta in ing  
channels) th rough  w hich th e  4-nitrophenol is proposed to  travel due  to  the  channels  
providing a n  easier p a th  th a n  the  polymer. The higher viscosity p resum ably  lowers th e  
aqueous 4-n itrophenol perm eability, b u t th is  reduction  is perhaps com pensated  for by th e  
film being able to re ta in  a  greater fraction of th e  HPMC (than  sucrose) due to  (i) the  
aforem entioned higher HPMC solution viscosity and  (ii) possibly because  o f be tter 
com patibility betw een Eudragit® NE and  HPMC th a n  betw een Eudragit® NE  an d  sucrose. 
The ability  to  re ta in  HPMC implies better hydration  during  th e  course  of a  perm eation 
experim ent, since there  is a  reduced  probability of w et s in tering  occurring after th e  additive 
is leached. However, the  non-uniform  swelling of th e  HPMC loaded films im paired th e  
reproducibility  of the  perm eability resu lts  an d  led to  h igher levels of un certa in ty  in  b o th  
perm eability  resu lts  an d  gravim etric leaching resu lts  -  a  problem  exacerbated in  th e  p re 
leached  films due to  the  variable n a tu re  of th e  am ounts of residual HPMC, w hich was 
possib ly  c lustered  in  the  regions of the  film th a t  showed th e  blister-like swellings.

As m ay be expected from the  h igh perm eability resu lts , th e  activation energy of 
perm eability  for the  HPMC loaded films w as lower, being approxim ately one fifth o f th a t  of 
th e  additive-free films, an d  one th ird  of th a t  of th e  sucrose loaded films.

The h igh degree of aqueous porosity of HPMC loaded Eudragit® NE  films was 
a p p a re n t in  th e  perm eability resu lts  of th e  an ilines w ith increasing  side ch a in  leng th  and, 
hence, hydrophobicity. The film initially loaded w ith 25% HPMC yielding approxim ately 
sim ilar ap p a ren t perm eability coefficients, independen t of an iline  solubility  in  th e  film: th is  
being  indicative of a  tra n sp o rt m echan ism  th rough  a  porous network, a n d  independen t of 
th e  need  for th e  aniline to dissolve into th e  polymer.

Film  tra n sp o rt properties were decreased  if  the  HPMC loaded film was not wetted, 
ind ica ting  th a t, for example, a  gaseous perm ean t finds th e  p a th  th ro u g h  the  film to  be 
relatively m ore tortuous th a n  in  the  case of the additive-free film; p resum ably  as a  resu lt 
of th e  h igher Tg of th e  HPMC decreasing polymer ch a in  segm ental m otion com pared to  the  
HPMC-free Eudragit® NE film. Even w ater vapour, w hich m ight be expected to  hydrate  the  
HPMC and, hence, the  film, showed little change in  ap p a ren t perm eability  coefficient 
com pared to  the  additive-free film.

Films prepared from a  Eudragit® NE  + Eudragit® L m ixture of latices consisted  of 
bo th  a  soft polymer an d  a  h a rd  polymer. S tru c tu ra l observations were in terp re ted  based  on 
th ese  facts, an d  the  ideal case  in  w hich a  soft polymer would appear well coalesced and  
featureless, w hereas a  h a rd  polymer would be expected to  show  spherical close packing, 
of th e  type typically used  to  describe sim ple m etal atom  s tru c tu re s , an d  possibly yield a  
friable film.
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The un leached  polymer appeared  to show  a  m atrix  of coalesced Eudragit® NE  w ith  
w hat w ere presum ed  to  be ha rd  Eudragit® L particles random ly d istribu ted  in  th e  Eudragit® 
NE  m atrix: the  Eudragit® L show ing no ordered particle packing.

Film s soaked  in  buffer (pH 6) swelled su ch  th a t  they  appeared  opaque w hen  wet. 
However, they  dried  tra n sp a re n t -  indicating th a t  little or no  porosity was conferred on  th e  
d iy  film after leaching  the Eudragit® L. This lack of s tru c tu re  ind icated  th e  ability  o f the  
Eudragit® NE  to  ‘heal’ latex particle-sized ‘holes.* It was a lso  possible, however, th a t  
Eudragit® L, confined by the  bu lk  of the  Eudragit® NE m atrix, could rem ain  trap p ed  (even 
w hen  dissolved by th e  buffer) if  th e  p a th  by w hich the  buffer percolates in to  th e  film show s 
insuffic ien t void-volume for th e  removal of the  Eudragit® L w hen in  its  s a lt  form: th e  
Eudragit® L form ing a  solvent-cast ‘particle* on film drying.

The d istribu tion  of th e  Eudragit® NE  and  L was a p p a ren t from th e  S.E.M .s o f th e  
Eudragit® NE  films leached of h igh loadings of Eudragit® L, w here it w as possib le to  see 
deform ed Eudragit® NE ‘particles.’ The presence of s u c h  in terlinked  particles giving the  
leached  film its s tren g th  an d  a lso  showing the  reduced ex ten t of th e  deform ation th a t  was 
possib le for particles constra ined  by the  w ell-distributed Eudragit® L particles.

Eudragit® NE  + L films having been  leached of NE  in  to luene dried w hite, ind icating  
a  h igh  degree of residual porosity: resu lting  from the  h a rd  Eudragit® L particles being 
unab le  to  coalesce an d  fill th e  space. This was also ap p a ren t in  th e  film th ick n ess  of the  
leached  films: th e  film leached o f Eudragit® NE appearing  far closer to  th e  th ick n ess  of the  
film a s  cast, w hereas the  film leached of Eudragit® L con tracted  to  accoun t for th e  filling of 
th e  volum e fraction left by th e  leached polymer.

All S.E.M .s of Eudragit® NE + L films leached of Eudragit® NE  show ed a  h igh degree 
of porosity, bo th  on  the  film surface and  also w ithin the  bu lk  of th e  film. It w as found th a t  
th e  opacity  and , hence, porosity in  the  toluene leached films could be rem oved by sh o rt 
exposure  of the  film to buffer: th e  buffer presum ably dissolving th e  Eudragit® L sufficiently 
to  allow  it to  flow, an d  become ‘solvent-cast’ in  the  pores on  drying.

It was show n th a t a  film leached of Eudragit® L could lead to  pore form ation by 
p reparing  an d  leaching a film consisting  of two hard  polymers, i.e., PBMA + Eudragit® L.

The porosity of both Eudragit® NE  + L films leached of Eudragit® NE, an d  PBMA + 
Eudragit® L films leached of Eudragit® L was readily ap p a ren t in  th e  resu lts  of th e  m ercu iy  
in tru s io n  porosim etry experim ents. Both types of film show ed pore d istribu tions  cen tred  
ab o u t a  single m ain  pore rad ius. However, th is  did not correlate to  th e  leached latex  particle 
size (presum ably a s  a  resu lt of film coalescence, after leaching, an d  the  leach ing  of particle 
m ultip le ts  leading to  a  d istribu tion  of pore sizes).

The leaching  of Eudragit® L from mixed Eudragit® NE  + L films appeared  to  indicate 
th a t  th e  m ajority o f the  Eudragit® L could be leached (possibly 95 -> 100% of th e  in itia l 
load). However, leaching tim es were far longer th a n  for th e  o ther additives investigated:
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presum ably  as a  re su lt of the  tim e required to  dissolve a particu la te  system  as opposed to  
a  m olecular system , b u t also  a s  a  resu lt of the  high degree of d ispersion  o f th e  two 
polym ers co nstitu ting  the  film, implying th a t  th e  dissolved Eudragit® L would have to  travel 
th ro u g h  a  porous netw ork in  order to exit th e  Eudragit® NE  m atrix  (a netw ork w hose slow 
form ation would inh ib it its development). As such , the  tim e required  for m axim um  leach ing  
was typically g rea ter th a n  th e  tim e for th e  typical perm eation  experim ent to  reach  
concen tra tion  equilibrium  in  th e  perm eability cell. (The leach ing  of Eudragit® NE  w ith  
to luene yielded a  film th a t  rem ained in tac t w hen also  in serted  in to  buffer. This was 
a ttr ib u ted  to  th e  Eudragit® NE  gelling to  a  certain  extent su c h  th a t  th ere  was sufficient 
residua l Eudragit® NE {possibly solvent-cast} to  give th e  film som e s tru c tu ra l in tegrity  w hen  
th e  Eudragit® L was a lso  leached. The solvent cast Eudragit® NE  possibly acting  to  con ta in  
the  Eudragit® L and , hence, prevent its leaching.)

The resu lts  for the  leaching of Eudragit® L differed from those  of the  o ther additives 
investigated  in  th a t  th e  am ount leached a t  any  tim e was inversely proportional to  th e  in itia l 
load. I.e., th e  h igher the  film con ten t of Eudragit® L, the  m ore difficult it was to  leach; 
w hereas th e  h igher th e  sucrose (or HPMC) content, th e  m ore easily it was leached. Again 
th is  is p resum ably  as  a  resu lt of the  difficulty of accessing, an d  hence  dissolving, th e  
Eudragit® L em bedded deep w ith in  the  bulk  of the  film, a n d  th e  tim e th e n  requ ired  to 
dissolve once access h ad  been  achieved. Particulate d ispersion  (as opposed to  m olecular 
d ispersion) is less likely to  lead to  the  form ation of contiguous pathw ays by v irtue o f th e  
decreased  level of d ispersion  th a t  would be exhibited by sim ilar (weight) loadings of the  
additives.

D espite the  evidence of th e  S.E.M.s for dry films, it m igh t be assu m ed  (as was 
show n for the  sucrose  leached films) th a t  th e  buffer leached Eudragit® NE + L films, w hen 
kep t wet, do exhibit a  level of porosity sim ilar to  th a t seen  in  th e  films leached of Eudragit® 
NE. The loss of porosity on drying being solely a  resu lt of th e  coalescence of th e  soft 
polymer.

Solute perm eability resu lts  for the  Eudragit® NE + L films were s im ilar to  th o se  of 
the  o th er additives, showing a n  initial linear increase in  th e  ap p a ren t 4 -n itrophenol 
perm eability  coefficient, before tend ing  to p la teau  a t  approxim ately 25%  Eudragit® L load. 
The h ig h es t a p p a ren t perm eability coefficients were h igher th a n  those  observed for the  
sucrose  loaded Eudragit® NE films, b u t com parable w ith th e  HPMC loaded films.

The activation energy o f 4-nitrophenol solute perm eation  for th e  film leach ing  
Eudragit® L was low, b u t not qu ite  so low as th a t for the  HPMC additive. This probably  
arose due to the  particu la te  Eudragit® L being less well d ispersed , on  a  weight for w eight 
basis, in  th e  Eudragit® NE th a n  th e  HPMC, therefore reducing th e  probability, an d  hence, 
num ber, of con tinuous pathw ays.

The perm eation  of the  series of an ilines through  th e  Eudragit® L leached Eudragit® 
NE + L films im plied th a t  the  tra n sp o rt was still dependen t on th e  an iline solubility  to  a  
g rea ter ex ten t th a n  for sim ilar levels of HPMC addition: only a t  a  loading of 1:1 did th e
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a p p a re n t perm eability  coefficients ten d  to  a  sim ilar value. This p resum ab ly  reflects n o t the  
difference in  the  size of th e  pores resu lting  from the  leaching of e ither HPMC or Eudragit® L, 
b u t m ore likely th e  fact th a t  the  pores resu lting  from the  Eudragit® L leaching  are  less likely 
to  be con tinuous th ro u g h  the  film th ickness (and therefore n ecessita ting  th a t  th e  an ilines 
do dissolve into the  polymer a t  some point during transport, w hereas the  HPMC pores do 
not). The lack of non-con tinuous porosity w as confirmed by the  very low gas perm eability  
coefficients observed.

Note th a t  if the  ap p aren t 4-nitrophenol and  an iline  perm eability  coefficients are  
com pared, it  is seen  th a t  the  4-nitrophenol perm eability coefficient is ca  4 .2x10 ‘7 m2 h r '1 
w hen  th e  an iline perm eability is predom inantly  via a  convective tra n sp o rt m echan ism  -  as 
in  th e  case of Eudragit® NE  loaded w ith 100% Eudragit® L. At a  Eudragit® L load o f 20% , 
w here th e  aniline perm eability showed a  greater degree of dependence on th e  an iline  
solubility, theapparen t4-n itrophenolperm eabilitycoefficien tw as ca2 .4 x  10'7 m2 h r '1. W hen 
th e  film w as loaded w ith HPMC (25%), the  anilines again  showed som e degree of variance 
in  th e ir  respective perm eabilities, and  th e  4-nitrophenol perm eability  coefficient a t  th is  
(25%) load was 2 .7 x l0 '7 m2 h r '1. Hence, com paring these  4 -n itrophenol perm eability  
coefficients for th e  respective additives (Eudragit® L and  HPMC) i t  m igh t be expected th a t  
th e  an ilines would not show solubility -independent tran sp o rt in  th e  HPMC (25%) loaded film 
[i.e., no t u n til th e  HPMC additive load yields a  4-nitrophenol perm eability  coefficient of the  
o rder ca  4.2x1 O'7 m2 h r '1). Hence, it is also  no t su rp rising  th a t  th e  an iline perm eability  of 
th e  suc ro se  loaded (40%) film investigated in  C hapter 10 did n o t show  solubility- 
ind ep en d en t tran spo rt. From  the  4-nitrophenol perm eability resu lts  of th e  sucrose loaded 
film (Table 10.3), it m ight be expected th a t  convective tra n sp o rt w ould begin to  dom inate 
th e  tra n sp o rt m echan ism  above a  sucrose load of ca  80%.

The add ition  of p iasticiser to  Eudragit® NE  appeared  to  enhance  the  degree of 
coalescence, initially reducing  the ap p a ren t solute perm eability, b u t  m aking th e  film 
excessively tacky.

Addition of sodium  chloride to  dialysed Eudragit® NE  in  a n  a tte m p t to  destab ilise  
th e  latex  led to a  film giving relatively high, bu t unpredictable, a p p a re n t 4-n itrophenol 
perm eability  coefficients. Although the  destab ilisa tion  was no t evident by the  reso lu tion  of 
th e  S.E.M .s of th e  films, the  lack of reproducibility in  th e  resu lts  p resum ably  does resu lt 
from th e  poorer quality  of the  film. The m icrographs did show  th e  p resence of th e  NaCI, 
w hich was in  evidence on th e  film surface and  in  the  film interior. Leaching of these  
crysta ls would also  account for the  increased  perm eability com pared to  the  additive-free 
film.
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Functionalised Latex Films

12.1 Introduction.
a tex  particle  su rfaces can  be functionalised to  produce a  variety  o f covalently bound 
chem ical groups o r biochem ical m oie ties,28,39S|. W hen th e  particles a re  used  in  th e  form  

of a  d ispersion , post reaction recovery by destab ilisation  leads to  loss of valuable latex. If 
th e  sam e latices could be used  w hen c a s t as  a  film, or a s  a n  additive in  a  film, w hilst 
re ta in ing  th e ir  activity, th en  re-u tilisa tion  would be possible. The ease  o f access to  the  
functional groups is th e n  of prim e im portance. Although D istler a n d  K an ig11211 identified 
hydrophilic m ateria l located a t in terparticle  boundaries in  films, freeze-ffacture cross- 
sections of films usually  occur across the  diam eter of th e  particles, ra th e r  th a n  betw een 
layers, suggesting  added  s tren g th  a t th e  particle boundaries prom pted  by hydrogen  bonding 
o f functional groups.

A lthough n o t a  film additive in  th e  sam e context a s  th e  aforem entioned additives, 
acrylic acid  w as used  as a  polym erisation additive in  a  sh o t grow th t y p e leg"891 reaction. 
A PBMA latex  was polym erised w ith a  sh o t of acrylic acid (AA) added  d u rin g  the  final stages 
o f th e  polym erisation in  a n  a ttem p t to  increase th e  hydrophilicity of th e  partic les’ surfaces, 
a n d  hence, the  hydrophilicity of the  in terparticle  boundaries in  a  coalesced  film. Increasing  
th e  density  of th e  charged netw ork in  the  film, it was hoped, would in crease  the  perm eation 
ra te  of th e  film.

If a  perm ean t is norm ally transported  th rough  th e  film by a  solution-diffusion type 
activated  m echan ism  (which is therefore dependen t on a  degree of hydrophobicity  of the  
p e rm ean t to  yield som e com patibility betw een polymer an d  perm eant), i t  is possib le th a t 
increasing  th e  hydrophilicity of the  film m ay inh ib it tra n sp o rt by reduc ing  the  tendency  of 
th e  perm ean t to  dissolve in to  the  polymer. It is th u s  necessary  to  increase  th e  level of 
charge to  a  su c h  a  degree th a t  the  film is likely to  swell greatly  w ith  w ater, allowing the  
p e rm ean t to  travel th rough  th a t  w ater (where it would have a  h igher diffusion coefficient 
th a n  in  th e  polymer) w ithout being inh ib ited  by the  necessity  of hav ing  to  w ait for the 
relatively slow  polymer chain  m otion to  open a  diffusion-hole. I.e. a t  th e  very least, it is 
n ecessary  for th e  w ater to  plasticise the  film.

12.2 Preparation of functionalised latex particles.
V ijayendran '5211 determ ined from stud ies of copolym erisation reactions th a t  the  

concen tra tion  of various acrylic acids, of differing degrees o f hydrophilicity, e ither in  the  
aqueous p h ase  of th e  reaction, on the  particle surface, or bu ried  w ith in  the  particle  was 
essen tia lly  d ependen t on th e  solubility of the  acid in  th e  m onom er (styrene). The m ost 
inso luble acid  was found m ainly in  the  water; the  m ost so luble  in  th e  particle; w hilst AA 
w ith  its lim ited solubility in  styrene was found m ainly on  th e  particle  surface. S ako ta  and  
O kaya14331 used  a  “shot-grow th” technique to  get a  h igh  load () 80%) incorporation of 
carboxyl groups onto  a  latex  particle surface on addition  a t  95% conversion. In  order to
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m ake use  o f th is  techn ique, it was necessary  to first s tu d y  th e  k inetics of PBMA 
polym erisation in  order to  identify the correct tim e for a  “sh o t” addition.

The kinetics an d  m echan ism  of surfactant-free em ulsion polym erisation h as  been 
little s tu d ie d 193 2291 w hen com pared to the  emulsifier p resen t system s used  com m ercially 
a n d  where th e  qualitative theory  of H ark in s12211 an d  the  quantita tive  theories of S m ith  and  
E w art14571 are  well estab lished . Agreement with su ch  theory is reduced  as  the  aqueous 
solubility  of a  m onom er increases. However, for m onomers having  a  s im ilar aqueous 
solubility  to  th a t  of styrene, it may be anticipated  th a t the  k inetics a n d  m echan ism  m ight 
be sim ilar.

Total organic carbon analysis showed th a t  BMA solubility w as 0.0041%  W /W  (cf. 
sty rene  0.0031%  W/W). D espite th is similarity, it is apparen t from conversion-tim e curves 
for th e  two m onom ers th a t  there  are  considerable differences.

For styrene, the  conversion-tim e (C-t) d a ta 11961 (see Figure 12.1) was in  accord with 
Sm ith-E w art case III core-shell polym erisation or the  surface p h ase  polym erisation of 
W essling a n d  H arriso n 15301, w hich predicts C273 versus t to  be linear. M olecular weight 
d a ta 12291 show ed bimodal peaks w hich implied a  reaction proceeding a t  two loci, presum ed 
to  be the  core and  the  she ll of the  particles, as  a  resu lt of a  m onom er concentration  
g rad ien t w ith in  the  particles 1931 consisting of a  m onomer starved  core, relative to th e  shell 
th ro u g h  w hich m onom er m u st diffuse to gain access to the  core.

% Cbrversion - x -  Number Density ■111

Figure 12.1 Plot of percentage conversion of m onom er to  polymer an d  latex  particle  num ber 
density  du ring  the  course of a  styrene polym erisation11961.
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% Conversion —x - Num ber Density

i Time /mins

Figure 12.2 Plot of percentage conversion of m onom er to polymer a n d  latex  particle  num ber 
density  du ring  th e  course of a  butyl m ethacrylate polym erisation.

Figure 12.3 Plot of latex particle size (by photon correlation spectroscopy) d u rin g  the  course 
of a  butyl m ethacrylate polym erisation.
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In  th is  work, it can  be seen  (Figure 12.2) th a t  for BMA, th e  fam iliar p a tte rn  of 
lim ited coagulation of nuclei w ith growth a t  constan t n um ber d en sity  occurs, b u t  th a t  th e  
conversion-tim e d a ta  in  in terval II is linear in  con trast to  the  C2/3 dependence  observed for 
s ty ren e1.

W ith respect to  the  d a ta  for th e  BMA reaction, it is seen  in  Figure 12 .3  th a t, unlike 
styrene, th e  PBMA particle size increased  linearly up  to  th e  m axim um  size. Sim ilarly, after 
th e  in itia l lag period, th e  percentage conversion curve was also  linear, d u rin g  th e  m id-part 
o f th e  reaction, once th e  particle  num ber density  had  reached  a  m in im um  -  th e  num ber 
density  decreasing  to  a  relatively co n stan t level after approxim ately 40 m ins (after 
approxim ately 5% conversion). The conversion versus tim e curve therefore suggests  Sm ith- 
E w art case  II kinetics.

It is noticeable from th e  kinetic  g raphs th a t the  particle size reaches a  m axim um  a t 
a  tim e of ca  130 m inu tes from reaction  in itiation. However, th is  corresponds to  only 44.91%  
conversion of m onom er to  polymer. D espite the  con tinua tion  of th e  c o n s ta n t ra te  of 
conversion after th is  point in  tim e, it is assum ed  th a t  a t  th is  conversion, a ll rem ain ing  
m onom er exists in  th e  polymer particles. The reaction recipe con ta ined  45 g m onom er 
initially, im plying th a t  a t  44.91%  conversion, th e  rem aining m onom er = 24 .79  g. A ssum ing 
th a t  1 g of m onom er converts to  1 g  of polymer, th en  w hen th e  particles cease  to  grow, 
th ere  exists 24.79  g of BMA m onom er in  20.21 g of PBMA polym er (i.e., 
1.2266 g BMA : 1 g PBMA). Since th e  m olecular weight of BMA = 1 4 2 , a n d  PBMA h as  a  
d e n s ity 13" 1 of 1.055 g e m '3, th e n  th e  solubility of the  m onom er in  th e  polymer = 
9.12 m oles dm '3 (cf. sty rene solubility = 5 moles dm '3).

Knowing the  ra te  of reaction  (Rp) from the  g rad ien t of th e  linear region of the  
conversion curve, th e  average n um ber of radicals per particle (7T) d u rin g  in terval two can  
be calcu lated  from:

% co n v . AT )
V 100 Mj -  fcpN p[M ]n (12.4)

d t  p N a

where:
Nm = in itial n u m b er of moles of monomer;
kp = propagation ra te  co n stan t (mol'1 dm3 s '1);
Na = Avagadro’s c o n stan t (m ole'1);
NP = particle nu m b er density  (dm '3);
M = concen tra tion  of m onom er in  polymer particles (mole dm '3).

^ o te  th a t  Sm ith-Ew art k inetics predict th e  following rela tionships:
Smith-Ewart Case fl: c « t  r 3 « t  R o c r ° (12.1)

Smith-Ewart C ase 111: c 2̂  * t r 2 « t  Kp « r ‘ (12.2)
(Core-Shell model)

Smith-Ewart Case III: r ^ « t  R p « r ^  (12 3)

for conversion (C), particle rad ius (r), and  rate  of polym erisation (Rp) as  a  function  of 
reaction  tim e (t).
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The propagation rate  co n stan t a t the  reaction tem pera tu re  of 323 K can  be 
determ ined from an  A rrhenius-type equation, given th a t kp = 369 mol 1 dm 3 s '1 a t  303 K 1761 
an d  the  activation energy of the reaction = 20 .4x103 J  mol 113261.

Therefore given th a t the  rate of reaction = 6.48x 10'5 mol dm  3 s '1 and 
kp = 609 mol'1 dm 3 s '1, then:

6.48 x lO '5 = (  -6Q9--;--N| x (7.2 x 10 14) x (9.12) x n
\ 6 . 0 2  x  1 0  /  v ) \ t

n = 9.8 particle ' 1 ^2  5)

i.e., the  average num ber of radicals per particle, n »  10 ra the r th a n  the  0.5 required by 
Sm ith-Ew art II kinetics. The high value of n and  the greater solubility  of m onom er in 
polymer tend  to suggest a  reaction in  the bulk of the particle, an d  the  unim odal m olecular
w eigh t14231 suggests th a t in  con trast to styrene, a  single locus, I.e., bu lk  (m ost probably) or
surface phase  are involved.

D is a n a y a k a 11201 et al. h a s  
con trasted  the type of freeze-fracture 
p a tte rn  observed for polystyrene -  i.e., 
a  developed s tru c tu re  w ith radial lines 
from the  centre  to the  surface: sa id  to 
be characteristic  of a  core-shell 
m echanism  of growth -  with the 
regularly organised globules observed 
in m ethyl m ethacrylate em ulsion 
polymer generated by hom ogeneous 
n u c le a tio n |1631. The evidence of the 
ten sile -snap  freeze-fracture T.E.M. of 
PBMA shows the radial pa tte rn  show n 
by styrene -  and  believed to be 
indicative of a  core-shell m echanism  
(see Plate 12.1).

Although clearly different from styrene kinetics, a  firm conclusion  as to the 
m echan ism  of the soap-free BMA polym erisation is th u s  difficult an d  no t fu rth e r developed 
in  th is  work where the m ain  aim  was to estab lish  the time for ‘sh o t’ addition .

The recipe for the  sho t growth BMA-AA polym erisation was described  in  C hapter 7. 
It was in tended  th a t the  sho t of AA was to be added w hen the  BMA h ad  achieved 90% 
conversion to  the polymer. From the  results for the  percentage conversion (of m onom er to 
polymer) an d  (PCS, z-average) particle size taken  from the reaction m onitoring (shown in 
Figure 12.2 and  Figure 12.3, respectively), it was estim ated th a t the  sh o t shou ld  be added 
a t a  tim e of 245 mins. (Reaction reproducibility is of obvious im portance, a n d  it was found 
th a t storage of the m onomer, following distillation to remove the inh ib itor, w as detrim ental 
to th is  objective, even when the  monomer was refrigerated to  prevent therm al

Plate 12.1 Freeze-fracture T.E.M. of a  PBMA latex 
particle.
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polym erisation.) M easurem ent of a  sam ple tak en  m om ents before th e  add ition  of the  sh o t 
(243 mins), show ed the  ac tua l conversion a t  th is time, for the  reaction  to  w hich th e  sh o t 
was added, was 84%. After com pletion of the  reaction, the latex  was s team  stripped  to 
remove any  residual monomer, and  th e n  cleaned by m icrofiltration (including a n  acid 
w ashing stage to convert the  carboxyl groups to  the  acid form).

12.3 End group titrations.
Figure 1 2 .4 1 shows a n  end poin t for carboxyl groups (when titra ted  ag a in s t sodium  

hydroxide) of 186 p \  for 20 m l carboxylated PBMA latex (hereafter coded K54), equivalent 
to 42 pm ol g '1). K54 latex film prepared  from 5 ml of latex cast for 72 h rs  a t  353 K shows 
no accessib le carboxyl groups w ithin the  film or even on the film surface. K54 latex  film 
loaded with 40% sucrose (cast for 72 h rs  a t  353 K, and  leached for 96 h rs  in  water) show s 
a  carboxyl end  point a t  27  fi\ or 58% of the  end point to be expected for 5 m l of latex. This 
resu lt therefore correlates w ith the perm eation  stud ies in  C hapter 10 in  w hich it was show n 
th a t  sucrose opens hydrophilic pathw ays for ions to en ter the  film.

12.4 Solute permeability of functionalised PBMA latex films.
PBMA latex film was found (C hapter 9) to  effectively a c t as a  barrier to  the  

4-n itrophenol perm eant over the  tim e frame of a  typical perm eability experim ent. The 
acrylic acid functionalised PBMA latex  film provided no m easurab le  im provem ent in  
4 -n itrophenol flux: the  film again  p resen ting  a barrier over a  period of 72 h rs.

K54 Latex

Titrant Volume /pi

Figure 12.4 End-group analysis of carboxylated PBMA latices a n d  film.

!The a u th o r acknowledges M. Ashm ore for performing the  titra tions as  p a rt of a n  
underg radua te  project. The figure depicts d a ta  reconstructed  onto  the sam e se t of axes 
(differing NaOH concentrations having been used  originally to increase sensitivity).
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12.5 Sum m ary and conclusions.
It h a s  been show n th a t the  polym erisation kinetics of BMA m onom er differ from  

th o se  of styrene desp ite  the  sim ilar aqueous solubilities of the  two m onom ers.

These prelim inary findings using  th e  AA-shot PBMA, w hich  could n o t be p u rsu ed  
fu rth e r  d u e  to con tractual tim e lim itations, suggest th a t  w ater soluble, leachab le  additive 
could  be used  to m ake latex  films su itab le  for u se  as  reactive su b s tra te s  for, e.g., cataly tic  
reactions where expensively syn thesised  latex would be reusable.
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Final Summary and Conclusions.

13.1 Sum m ary of results.
13.1.1 Film appearance and structure.
13.1.1.1 Film casting.
I lecause th e  m ajority of the  latex  drying processes involve evaporation from  w hat is
I effectively bulk  water, the  drying curves to  th e  various latices were v irtually  identical
(when c a s t u n d e r  the  sam e conditions) in  shape, and  independen t of polymer hydrophilicity  
[e.g., th e  drying curve for Eudragit® RL could be overlaid on th a t  of Eudragit® NE, and  
sim ilarly  for PBMA).

Film s were observed to dry non-uniform ly across the ir surface area, a n d  also  from 
th e  top downw ards, w ith  a  ‘sk in ’ forming initially. The p rospect of th e  polym er hydro
philicity  affecting th e  final stages of drying (where w ater m u st diffuse th ro u g h  polymer) was 
n o t evident in  th e  resu lts  -  possibly as a  resu lt of the  non-uniform ity  of d iy ing  across the  
film’s  su rface  area, su c h  th a t only average latex  particle packing  fractions could be 
determ ined  for the  latex /film  as a  whole.

13.1.1.2 Additive-free films.
All of th e  films u sed  were tra n sp a re n t to  varying degrees -  Eudragit® RL show ing the  

h ighest clarity. O ther films were som ew hat hazy, b u t with sufficient tran sp a ren cy  to  allow 
a  b lu rred  im age of a n  object w hen viewed th rough  th e  film. Again w ith  th e  exception of 
Eudragit® RL, a ll films show ed a  tex tu red  polym er-air side, w ith  e ither g rain iness or a  ve in 
like netw ork o f‘m udcracks.’ S uch  m udcracks were m ost visible in  th e  su rfac tan t-free  films. 
The m udcracks were believed to  be a  resu lt of the  s tresses  of diying, an d  th e  p resence  of 
p lastic iser in  som e of th e  Eudragit® films m ay have alleviated th e  feature. (Note th a t  
Eudragit® L tended  to  crack, on drying, w ithout th e  plasticiser.) Eudragit® RL was 
particu larly  featureless, show ing no sign  of m udcracking. All latex  c a s t films appeared  
sm ooth, a n d  hence presum ably  m ore dense, a t  the  po lym er-substra te  in terface

U nder the  S.E.M., Eudragit® NE  and  RL films showed no signs of residua l latex 
particle  s tru c tu re , e ithe r on the  surface or internally. The enhanced  reso lu tion  of T.E.M., 
com bined w ith  the  tensile  snap  m ethod of film fracture, also failed to reveal any  s tru c tu re  
in  th e  low Tg PAMA a n d  PHMA films. PBMA films tended  to  show  latex  particles on  b o th  film 
su rfaces (albeit com pressed a t  the  polym er-substrate  interface), desp ite  a  casting  
tem p era tu re  well in  excess of th e  polymer Tg, b u t no in terpartic le  s tru c tu re  was evident 
in ternally  by S.E.M., an d  was negligible by F.F.T.E.M.

13.1.1.3 In the presence of additives.
The presence of sucrose in  the  films tended  to  increase  th e  level of film opacity 

(which increased  w ith increasing  load). Eudragit® NE films con ta in ing  HPMC h ad  a  m att 
appearance , an d  reduced tackiness. Eudragit® L did no t change the  v isual appearance  of 
th e  Eudragit® NE films to  w hich it was added.
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NaCl w as added to  dialysed Eudragit® NE  to destab ilise  the  latex, an d  d is ru p t 
particle  pack ing  during  film form ation, as  a  m ethod of producing  a  porous film. Visually, 
su c h  a  film appeared  identical to  th e  additive-free film a t  low levels ((2%) o f NaCl addition. 
As th e  level o f NaCl increased, so  did the  film opacity. This was possibly d u e  to  bo th  the  
p resence  of th e  NaCl, com bined w ith  poorer particle packing: th e  p resence of th e  NaCl also 
being visible as crystalline form ations on the  film surface. S.E.M. fracture  cross-sections 
show ed crysta lline  NaCl ind icating  th a t  the  additive was no t entirely  m olecularly d ispersed .

Porosity w as only evident in  films w hen leached of additive and  w hen  th e  polym er 
h ad  a  Tg above am bient. PBMA leached of e ither Eudragit® L, or sucrose, show ed porosity  
(both v ia S.E.M. an d  m ercuiy  porosimetry). This was also the  case  w hen Eudragit® L was 
leached  o f Eudragit® NE. However, w hen a  soft polymer was leached of additive, no  porosity  
was observed {e.g., Eudragit® NE  leached of e ither sucrose or Eudragit® L).

13.1.2 Additive dissolution.
D issolution of a n  additive from the  films was dep en d en t on the  additive load, its 

level of d ispersion  {i.e., m olecular or particulate), an d  th e  m olecular w eigh t/s ize  of the  
additive. Low levels of additive were generally m ore difficult to  leach  th a n  h igh  levels. This 
w as a  re su lt of th e  low levels being better d ispersed  w ith in  th e  film s, w ith no  easy  pathw ays 
for th e ir  exit, or the  en trance  of th e  dissolution m edium . At h igh  levels o f addition , su c h  
pathw ays would be created  by th e  d issolution of th a t  additive closest to  th e  film -air 
interface. It was found th a t  HPMC could no t be fully leached, even a t  long d isso lu tion  tim es 
-  p resum ab ly  due  to  its h igh viscosity (which would be accen tuated  in  th e  aqueous 
env ironm ent of the  lim ited porosity resu lting  from the  HPMC leaching).

The leaching  of Eudragit® L from Eudragit® NE. films was com plicated by th e  
necessity  to  dissolve th e  com paratively large particles.

13.1.3 4-nitrophenol permeability.
13.1.3.1 Additive-free films.

All films, except PBMA, were found to be perm eable to  4-n itrophenol. PBMA was 
found to  show  no  m easurable  4-n itrophenol flux over the  experim ental tim e period.

The 4 -n itrophenol perm eability coefficients ofthe th ree  surfac tan t-free  polym erfilm s 
increased  w ith  increasing  hydrophobicity of the  polymer, i.e., PHMA ) PAMA ) PBMA. This 
reflected the  expected trend  in  solubility  for a  hydrophobic perm eant in  increasingly  
hydrophobic polymers. In the  case of PBMA, it was found th a t  th e  sca tter o f th e  resu lts  was 
decreased  by increased  therm al annealing: the  un -annea led  film show ing a  large 
experim ental uncerta in ty  w ith resu lts  sp read  over a n  order of m agnitude. Given th is  fact 
a n d  th a t  th e  m ore hydrophobic PAMA/PHMA polymers show ed h igher perm eability  
coefficients, it would appear th a t  th e  increased perm eability of some of th e  un -an n ea led  
PBMA films w as a  resu lt of faults in  the  film s tru c tu re  or particle packing.

Of th e  th ree  Eudragit® polymers, the  perm eability coefficient increased  in  th e  order 
RS {NE {RL. Eudragit® RL was expected to  exhibit a  h igher perm eability th a n  Eudragit®
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RS  a s  a  resu lt of its increased  hydrophilicity and , hence, the  increased  probability of the  
p erm ean t being  able to  move th rough  a n  aqueous environm ent -  w ith the  associa ted  
decreased  restric tion  to  its m ovem ent.

The hydrophilicity of the  Eudragit® R  polymer films w as enhanced  by th e  addition  
of plasticiser: th e  perm eability coefficient of Eudragit® RL film leached  of p lastic iser being  
lower th a n  th e  un leached  film. Similarly, the  hydrophilicity of Eudragit® NE  was increased  
by th e  p resence of endogenous surfac tan t: a  dialysed film show ing a  reduced perm eability  
com pared to  th e  undialysed film w hich contained leachable su rfac tan t.

The resu lts  for the  Eudragit® polymers suggested  th a t  th e  perm eability  coefficient 
was dep en d en t on th e  hydrophobicity of the  polymer, in  ag reem en t w ith the  resu lts  for 
su rfac tan t-free  films. However, if w ater swelled th e  film [e.g., due  to  th e  p resence  of 
hydrophilic polymer, su rfac tan t or p lasticiser) th e n  th e  increased  diffusion coefficient 
possib le in  a n  aqueous environm ent led to  a  film w ith supp lem en ted  tra n sp o rt properties, 
even if no  tru e  porosity (i.e., porosity of sufficient size to  allow  unim peded perm ean t 
passage, as  opposed to tra n s ien t porosity) existed.

13.1.3.2 In the presence of additives.
The 4-n itrophenol perm eability coefficient show ed a n  in itia l linear increase  w hen  

sucrose  was u sed  as  the  additive leaching du ring  the  course of th e  perm eation  experim ent. 
Beyond ca 25% addition, the  perm eability showed a  m uch  shallow er ra te  of increase -  up  
to  180%, a t  w hich poin t the  film failed structurally . (The reason  for th e  loss of linearity  was 
be tte r defined by th e  u se  of electrolyte an d  the  aniline perm eants.)

The ability  of a  soft polymer to re ta in  porosity after leach ing  a  w ater soluble additive, 
a n d  drying, was investigated using  Eudragit® NE leached of sucrose. W hen a  level of 
sucrose  add ition  (which had  yielded a  relatively large increase in  4-n itrophenol perm eability  
coefficient w hen th e  sucrose was leaching during  perm eation) w as leached and  dried prior 
to  th e  perm eation  experim ent, th e  enhancem en t of perm eability  was found to be lost. In 
con tras t, leaching  the  film b u t no t allowing it to  dry allowed th e  enhanced  perm eability  to 
be sub s tan tia lly  retained. This th u s  gives a n  im pression as  to  th e  ability of the  low Tg 
polym er to ‘heal’ itself, upon diying. The sam e im pression is provided by S.E.M. evidence 
w hich show ed Eudragit® NE leached of sucrose to  be pore-free, w hilst PBMA leached of 
sucrose  was porous.

Eudragit® NE films containing HPMC gave an  initial linear increase  in  perm eability  
coefficient u p  to  higher levels of addition th a n  did  sucrose, a n d  to  a  perm eability coefficient 
of h igher m agnitude. This greater efficiency resu lted  from th e  increased  difficulty in  
leaching  th e  HPMC -  a ttribu ted  to  the  ability of the  HPMC-loaded Eudragit® NE  films to 
im bibe w ater, w ith  the  form ation of a  viscous gel.

A two stage increase in  perm eability was seen  w hen Eudragit® L was used  a s  a  
leachable additive. Like HPMC, however, the  level of en h an cem en t was greater th a n  th a t  
resu lting  from sucrose, as show n by their respective perm eation  activation energies.
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13.1.4 Aniline permeability.
13.1.4.1 Additive-free films.

Eudragit® RL films displayed a  tran sp o rt m echanism  in  w hich perm eation  occurred 
th ro u g h  e ither aqueous channels or pores as opposed to  a  solution-diffusion m echanism . 
D espite th e  different solubility coefficients, of the  series of an ilines, th e  perm eability  
coefficients tended  to  coincide: presum ably  as a  resu lt of bo th  th e  leaching  of th e  triace tin  
p lastic ise r an d  th e  hydrophilicity of the  functionalised polymer. None of th e  su rfac tan t-free  
latex  films displayed convective transport. Despite the  p resence  of th e  su rfa c ta n t in  
Eudragit® NE, it too showed solubility dependen t aniline perm eability  coefficients. The 
m agnitude  of th e  perm eability coefficient and  aniline up tak e  (for ethyl aniline, m ethyl 
aniline, a n d  aniline) by Eudragit® NE  showed th e  sam e ran k  tren d  a s  th e ir  hexane-w ater 
p a rtition  coefficients as  determ ined by S e ro ta [4461 et al.

13.1.4.2 In the presence of additives.
Eudragit® NE  films containing Eudragit® L exhibited convective tra n sp o rt a t  h igh  

levels o f addition. The value of the  4-nitrophenol perm eability coefficient for th e  Eudragit® 
L load a t  w hich convective aniline tran sp o rt occurred in  a  m ixed Eudragit® NE + L film 
could possibly be u sed  to  predict w hether coincidental an iline tra n sp o rt ra tes  would occur 
in  o ther film -additive com binations. Therefore, based on  th e  values of their 4 -n itrophenol 
perm eability  coefficients, convective tran sp o rt is an tic ipated  a t  only the  h ighest levels of 
HPMC addition  (to Eudragit® NE), w hilst in  the  case of the  sucrose  additive, th e  solution- 
diffusion m echan ism  would appear to  operate u p  to  levels of add ition  of ca  80%.

13.1.5 Electrolyte permeability.
13.1.5.1 Additive-free films.

W hilst Eudragit® NE films were im perm eable to  electrolyte (i.e., they  were non- 
porous, insoluble in  w ater, and  provided little or no opportun ity  for ion exchange), 
Eudragit® RL films were found to  be perm eable.

13.1.5.2 In the presence of additives.
Eudragit® NE  films loaded w ith sucrose above ca 25%  (i.e., above th e  lim it of the  

linear tre n d  in  4 -n itrophenol perm eability coefficient) show ed a n  electrolyte flux of 
increasing  m agnitude. Analysis of the  perm eability coefficient (which w as a ssu m ed  to  be 
equal to  th e  diffusion coefficient in su c h  situations) showed th e  porosity to  be only of 
slightly  g reater rad iu s  th a n  th a t  of th e  perm eating electrolyte: a  feature  th a t  is in  accord 
w ith th e  very slow  ra te  of a tta inm en t of equilibrium  in the  perm eability  cell (com pared to 
w hen th e  m em brane dividing the  cell was a  filter paper) -  b u t giving fu rth e r suppo rt for a  
porous tra n sp o rt m echanism .

13.1.6 Sucrose permeability.
Eudragit® NE  films were im perm eable to  sucrose, bo th  w hen additive-free a n d  w hen 

loaded w ith sucrose  a s  a  film additive. This resu lt implies th a t  the  porosity w hich was 
necessary  in  order to  leach  sucrose additive trapped  w ithin  the  film is no t necessarily  
con tinuous th ro u g h  th e  film to allow perm eation. The slow leach ing  of low levels of sucrose  
additive imply th a t  th e  sucrose was no t sim ply on the su rface of th e  film. The ability  to
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leach  s u c h  low levels of sucrose points to th e  fact th a t  it was trapped  in  channels  w ith in  
th e  film th a t  do have access to  th e  film surface.

C onsidering th e  h igh  levels of porosity observed in  som e of the  leached  h a rd  polymer 
films {e.g., PBMA leached of sucrose or Eudragit® L), and  assu m in g  th a t  th is  sam e level of 
porosity occurs in  soft polymer films (at least un til th e  films are  dried), it is qu ite  su rp ris in g  
th a t  con tinuous porosity does no t exist. It is, however, possib le th a t  a  ce rta in  degree of 
‘healing’ (sintering) occurs w hen the  films a re  wet: sufficient to  im pede th e  tra n sp o rt of 
sucrose, once th e  sucro se  additive has  been leached.

Additive-free Eudragit® RL  films did allow the  tra n sp o rt of suc ro se  -  due  to  th e  
leaching  o f triace tin  a n d /o r  greater polymer hydrophilicity. The ‘pores’ form ed h ad  a  rad iu s 
approxim ately th ree  tim es th a t  of the  sucrose m olecular rad ius.

13.1.7 Gas and water vapour permeability.
None of th e  additives, w hen p resen t in  the  films, increased  th e  ra te  of COz 

perm eation. Perm eability coefficients were often decreased w hen com pared to  th e  additive- 
free films, and  th is  w as due to  e ither the  additive being less perm eable th a n  the  polymer, 
or the  polymer ch a in  m otion being hindered.

D espite a  n u m b er of the  additives increasing  the  hydrophilicity  of th e  film, exposure 
of th e  film to  w ater vapour never led to swelling (whitening) to  th e  ex ten t show n w hen 
exposed to  liquid w ater. None of the  additives yielded a  large increase  in  th e  w ater vapour 
perm eability  coefficient.

13.1.8 Increased polymer hydrophilicity.
W hilst Eudragit® NE  films showed higher 4-n itrophenol perm eability  coefficients 

th a n  th e  corresponding dialysed films, th is  w as probably due  to  th e ir con ta in ing  leachable 
su rfac tan t (which was no t p resen t in  th e  dialysed films). The sam e is typically tru e  of films 
show ing increased  tra n sp o rt ra te s  a t  levels of su rfac tan t addition  above surface  coverage 
found by other w orkers ,c'9" 741. Increasing th e  hydrophilicity of PBMA films by u sing  a n  
acrylic acid coating on a  PBMA latex  showed th a t  the  increased  hydrophilicity  was no t 
necessarily  readily accessible. The addition of a  leachable additive {i.e., sucrose) increased  
the  accessibility  of th e  carboxyl groups, w hich m ight m ake su ch  a  film capab le  of catalytic 
activity.
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13.2 Final conclusions.
The tran sp o rt properties of a  polymer latex  film have been  found to  be enhanced , 

in  a  system atic  m an n er in  so lu te  perm eation experim ents by th e  add ition  of w ater soluble 
hydrophilic additives.

13.2.1 The influence of the physical properties of the polymer.
The polymer Tg is of great im portance an d  the properties of a  polym er film depend 

on  th e  storage tem pera tu re  a n d /o r  the  environm ent in  w hich th e  film is utilised .

X Soft polym er1 particles [e.g., Eudragit® NE) coalesced, on  film form ation, to  a  degree 
w hereby they  appeared  featureless (on a  particu late  scale) u n d e r  th e  F.F.T.E.M. 
H ard polymer [e.g. , PBMA) particles, however, still show ed evidence of vestigial latex 
particles a t th e  film surfaces.

X A film prepared  from a  h a rd  polymer latex  showed a  greater level of iridescence 
w hen casting, w hen  com pared to a  film c ast from a  soft polymer.

X A h a rd  polym er latex  film leached of its additive re ta ined  a  degree of porosity  on 
d iy ing  [e.g., PBMA leached of sucrose or Eudragit® L, or Eudragit® L leached  of 
Eudragit® NE). A soft polymer film leached of its additive was found to  re tu rn  to  the  
construction  o f th e  additive-free film (e.g., Eudragit® NE  leached of its additives).

The ability to  p repare  a  porous film (especially a  free-film, as opposed to  a  coating) 
h a s  a  nu m b er of con trad icto iy  requirem ents. To reta in  th e  porosity (following additive 
leaching) required to  increase  film perm eability dictates th e  use of a  h a rd  polymer. S uch  
a  polym er is, however, lea s t su itab le  for film forming -  a t  w orst form ing a  powder. If the  
polym er does coalesce in to  a  film, th e n  the film is likely to  show  extended aging properties, 
s u c h  as  increasing  densification of particle boundaries an d  fu rther g radual coalescence. 
S u c h  characteris tics  lead to  greater unpredictability  in  the  properties of coatings p repared  
from  su c h  polymers, w hen  com pared to coatings prepared from soft polymers in  w hich 
aging is m inim ised d u e  to th e  particle coalescence being fu rth e r advanced (i.e., Eudragit® 
NE  was found to  show  little change in  solute perm eability properties after accelerated  aging 
by h igh  tem pera tu re  annealing).

The h igher m obility of soft polymer cha in s is therefore m ost likely to  produce a  well 
coalesced film due to th e ir  m otion providing sufficient ch a in  fusion during  the  casting  
period to yield a  film in  w hich any  fu rther cha in  interdiffusion is no different from  th a t  of 
a  film c a s t from a  m elt or (good) solvent; i.e., th e  fu rther g radua l m otion of th e  ch a in s  need 
n o t necessarily  be th o u g h t of as coalescence, as it is less likely to  influence th e  properties 
of the  film, an d  is sim ply th e  random  motion of th e  polymer cha in s  constitu ting  th e  film as 
a  whole. The sam e can n o t be said  for a  h a rd  polymer, in  w hich th e  fu rth e r gradual 
coalescence is increasing  the  s tru c tu ra l s treng th  of the film, leading to  a  lessening  of the 
p a rticu la te  s tru c tu re .

^ o f t  or h a rd  polymer refer to  th e  Tg of the  polymer being either below or above am bien t 
tem pera tu re , respectively.
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The effects of film, aging in  a  h a rd  polymer could be rem oved by longer ca stin g  tim es, 
a n d  h igher casting  tem peratu res. This was tru e  for su rfac tan t-free  PBMA, w here a n  
increase  in  the  casting  tim e from 3 h rs  to 72 h rs led to  a  film w hose perm eability  properties 
were vastly  superio r (in term s of reproducibility) an d  w hich show ed m u ch  less pa rticu la te  
s tru c tu re  com pared to  films observed (under the  F.F.T.E.M.) in  previous w ork14231.

13.2.2 The influence of water.
A perm ean t w hich is soluble in  a  polymer will diffuse th ro u g h  it due  to  th e  random  

cooperative m olecular m otions of the  polymer chains, i.e., ind ep en d en t o f the  p resence  of 
w ater. Typically, a  hydrophobic p en e tran t is m ost likely to  dissolve in to  a  hydrophobic 
polym er. As a  resu lt of its m ethod of form ation (i.e., free-radical em ulsion  polym erisation) 
a  polym er latex  is likely to  have a  certa in  degree of hydrophilicity due  to  th e  p resence  of 
su rfac tan t. In  th e  case of a  surfactan t-free  em ulsion polym erisation, th e re  will be charged 
polym er chain  end  groups on the  particle surfaces. S uch  hydrophilicity is likely to  increase 
the  perm eability  of a  film by allowing w ater into the  film providing a  p a th  of less diffusive 
res is tan ce  (e.g., th e  4-nitrophenol perm eability of Eudragit® RL is g rea ter th a n  Eudragit® 
RS). E fe n ta k is11371 et al. concluded, however, th a t th e  role of su rfa c ta n t in  d rug  d isso lu tion  
from a  hydrophobic polymer m atrix  was to  increase the  release ra te  o f th e  d ru g  due  to  
leach ing  and , hence, pore form ation, ra th e r  th an  its ability to  increase  th e  “w ettability” (as 
determ ined  from  con tac t angle m easurem ents an d  calculations of sp read ing  coefficients) 
of th e  m atrix. This would appear, however, to  be related  to  th e  a m o u n t of additive or 
coalescing aid, etc.: increased  coalescence reducing th e  ra te  of tra n sp o rt of w ater, and  
aqueous solutes, un less leaching of th e  additive leads to  porosity. This m ay therefore be 
dep en d en t on th e  location of th e  additive. For example, if the  additive (e.g., su rfac tan t) is 
‘perm anen tly ’ bound  to th e  latex particle surfaces in  th e  film, or if  h e a t tre a tm e n t has  
effectively ‘sealed-in’ the  additive, th e n  th is un-extractable additive m ay im bibe w ater by 
a n  osm otic p ro c e ss14581. The im bibition will be limited, however, due  to  th e  increasing  
hydrosta tic  p ressu re  in  the  water-sw ollen regions due  to  th e  res is tan ce  of th e  polym er to 
deform ation. Swelling of HPMC loaded Eudragit® NE  films w as possib ly  e n h an ced  by a n  
osm otic process. A lthough th e  HPMC would not be grafted to  the  polymer, a  sim ilar effect 
m ay re su lt due  to  the  difficulty of leaching the viscous gel.

The p resence of w ater may have a  number, of effects on th e  tra n sp o rt properties of 
a  polym er latex  film. Not only would it allow the  perm eation  of p e n e tran ts  w hich  are 
inso luble  in  th e  polymer alone, b u t it m ay also ac t to  p lasticise th e  polymer, a lbeit localised 
in  th e  hydrophilic regions of th e  film (possibly a t the  particle boundaries). P lasticisation  
would p resum ably  increase th e  rate  of transport of both  hydrophobic an d  hydrophilic 
perm ean ts . At th e  lowest levels of addition  of m olecular additives su c h  as suc ro se  o r HPMC, 
leach ing  does no t resu lt in  porosity of a  size su itab le  to  allow un im peded  perm ean t 
tran sp o rt. The enhancem en t of perm eability m ay therefore be considered  to  resu lt from  the  
g rea ter void space  w ithin the  films yielding a greater degree of polym er ch a in  m otion due 
to a  loosening of th e  film struc tu re .

Perm eation th rough  th e  films used  in these stud ies m ay be in terp re ted  a s  (i) pure 
solution-diffusion type (activated) transport, (ii) perm ean t tra n sp o rt th ro u g h  hydrophilic 
a n d /o r  p lastic ised  pathw ays, an d  (iii) (unimpeded) tra n sp o rt th ro u g h  pores -  in  w h ich  the
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pore d iam eter is g reater th a n  th e  p e rm ean t size, and w hich p ass  from side-to -side of th e  
film. E ach  of these  m ay occur singularly, or together. Note th a t  item s (ii) a n d  (iii) differ in  
th a t  for the  la tte r case, the  pores m ight be considered to  be in  p e rm an en t fixed positions 
an d  o f fixed size, w hereas in  th e  former case  p lasticisation channels  will be tra n s ie n t an d  
dep en d en t on th e  cooperative m otion of th e  polymer chains -  a lbeit to  a  lesser degree th a n  
case (i) where p e rm ean t tra n sp o rt will depend on the probability of th e  p e n e tran t to  secu re  
a  (diffusive) hole of su itab le  size. The change from tran sp o rt type (ii) to  (iii) being g radual, 
dep en d en t on  the  initial load of leachable additive.

4 -n itrophenol does n o t readily perm eate through the  su rfac tan t-free  PBMA film, b u t 
does perm eate in  the  presence of various additives. Similarly, th e  increased  4 -n itrophenol 
perm eability  coefficient of su rfac tan t-p resen t Eudragit® NE  la tex  films w hen  com pared to  
dialysed Eudragit® NE  films is purely a n  enhancem en t due  to  th e  p resence  of su rfac tan t. 
If, however, a n  additive fails to  increase th e  gas perm eability of a  film, it  m u s t be assu m ed  
th a t  th e  additive itse lf does no t p lastic ise  th e  polymer. An increase  in  th e  perm eability  
coefficient of a n  aqueous so lu te  is, therefore, predom inantly d ep en d en t on th e  additive 
allowing a  greater am oun t o f w ater in to  th e  film.

13.2.3 The influence of the film additives.
The d istribu tion  of th e  various additives has been  ascribed  to  th e  m an n e r in  w hich 

the  films dry from top to bottom . D istribu tion  of a  w ater soluble additive c a n  occur in  a  
n um ber of ways. A ssum ing th a t  th e  additive is, before casting, uniform ly d istribu ted  to tally  
in  th e  aqueous phase:

X the  additive can  become trapped  in  the  interstices betw een th e  coalescing particles
(the inability  of additives su c h  as  sucrose to perm eate the  film tends to  imply th a t  
th e  additive will only be found a round  or between particles a s  opposed to  betw een 
polymer chains);

X if initially dilu te, th e  additive m ay be preferentially concen tra ted  in  th e  aqueous
phase  leading to  an  increasing  concentration  g rad ien t tow ards th e  base  of th e  film. 
The evaporation of w ater from th e  base  of the  film th ro u g h  th e  sk in  m ay, however, 
c a n y  th e  additive tow ards the  film surface, to  be deposited  in  th e  film if the  
concen tra tion  of additive in  th e  evaporation channel is a t  sa tu ra tio n : lead ing  to  a  
concen tra tion  g rad ien t w hich decreases towards th e  u pper film surface;

X th e  rapid  a tta in m en t of a  sa tu ra te d  solution of the  additive m ay resu lt in  a  h igh
concen tra tion  of additive a t  the  base  of the film, b u t will a lso  lead to  a  h igh
concen tra tion  in  th e  in terior of th e  film due to th e  additive having  no  option b u t to  
precipitate as increasing  am oun ts o f w ater are evaporated du rin g  film drying.

E ach  of the  above prem ises tends to  imply th a t  although  th e  additive m ay show  a  
concen tra tion  g rad ien t tow ards one film surface or the  other, additive would be expected 
th roughou t th e  film. F u rth e r d istribu tion  m ay occur as a  re su lt of incom patibility  of th e  
polymer an d  th e  additive lead ing  to:

X clustering  in  the  in terior of th e  film;

X expulsion a t  the  film surfaces;
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as a  resu lt of in terfacial ten sion  favouring polymer-polymer cohesion over th a t  of polym er - 
additive. S.E.M .s of leached hard  polymer films tended  to  show  uniform  porosity acro ss th e  
th ickness of the  film, ra th e r  th a n  a t  ju s t  one face, confirm ing th a t  th e  additives w ith in  th e  
film were generally well d istribu ted . A ccum ulation of additive a t  th e  film su rfaces [e.g., 
sucrose  on Eudragit® NE) is w asteful s ince  it does noth ing  to  en h an ce  perm eability. Being 
quickly dissolved, it would do little to in h ib it solute perm eation.

The addition  of the  particu late  Eudragit® L to a  Eudragit® NE  film, for exam ple, 
differs in  th a t  its d istribu tion  is more dependen t on its ab u n d an ce  a n d  degree o f mixing, 
w hen com pared to  a  m olecular additive. Since the  Eudragit® L additive a n d  the  film-form ing 
Eudragit® NE  latex  are of sim ilar particle size, th en  w ith a n  equal m ixture of the  two latices, 
a n d  sufficient initial mixing, it is reasonable to assum e th a t  a  uniform  d istrib u tio n  c a n  be 
achieved. This may, however, be prejudiced during  film casting  by th e  differing stab ilities 
of the  latices, a n d  the fact th a t  th e  differing surface functionality  m ay lead to varia tion  in  
the  proximity of approach  of nearest neighbour particles d ep en d en t on  latex  type, e.g., 
Eudragit® NE  versus Eudragit® NEi Eudragit® NE versus Eudragit® L; o r Eudragit® L v ersu s 
Eudragit® L. As w ith the  o ther additives, however, porosity due  to  th e  leaching  of Eudragit® 
L appeared  uniform  across the  full film th ickness, w hen observed u n d e r th e  S.E.M., 
show ing no  evidence o f a  stratified  film.

All of th e  leachable film additives investigated tended  to  yield a  tren d  in  th e  p lot of 
ap p a ren t perm eability coefficient (as a  function  of additive load) w hich  initially increased  
linearly, w ith load, before tend ing  to  p lateau . The break  in  th is  curve ten d ed  to  occur a t  th e  
poin t where the  film tran sp o rt m echan ism  changed from being predom inan tly  v ia a  
solution-diffusion m echanism  to one w here convective tra n sp o rt occurred  (as evinced by 
electrolyte passage  th rough  a  film th a t w as previously a  barrier).

The m easured  ap p a ren t perm eability coefficient would be expected to  be a  function  
of all types of transport: i.e., it is a  function of the  m easured  increase  in  perm ean t on the  
receiver side of the  film, and  the  respective fluxes are ad d itiv e [1671, i.e. :

—  o= J 1+ J , + .......  + J „  (13.1)
d t  1 1

where:
J  = respective fluxes of each  various mode of transport;
C = receiver concentration.

From  th is it  would be expected th a t  the  m easured  ap p aren t perm eability  coefficient m ight 
increase w ith increasing  load of additive, u p  to  the  poin t w here a  convective flux occurs, 
after w hich th e  ap p aren t perm eability coefficient would increase  to  a  g rea ter ex ten t due  to 
th e  higher diffusion coefficients found in  w ater (when com pared to  polymer). There w as no 
su d d en  increase in flux (despite perm eant tran spo rt being fas te r in  a n  aqueous 
environm ent com pared to in  th e  polymer) due to the  fact th a t  convective tra n sp o rt is no t 
a  sudden  occurrence in  th e  film. Considering the  effect of th e  increasing  loadings of additive 
a t  a  point where a  hypothetical single continuous pore is abou t to  form: th e  leaching  of the  
additive a t  th is  point effectively decreases the  th ickness of th e  film a t th is  point. [I.e., a  
closed pore exists in  w hich convective tra n sp o rt occurs th rough  a  fraction  of th e  average
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film th ickness.) This decrease in  th ickness is a  uniform  an d  linear process s u c h  th a t  if the  
break -po in t occurs at, for example, 25%, th e n  a t  a  loading up  to  24.99* there  is still p resen t 
th e  th in n e s t of films su c h  th a t  convective tran sp o rt cannot y e t occu r th ro u g h  th e  full 
th ickness, i.e., tra n sp o rt m ay be by solution-diffusion th rough  i, th e  polym er [e.g., J ,)  and  
ii, in terpartic le  boundaries [e.g., J 2), w ith convective flux [e.g., J 3) g radually  increasing  from 
a n  additive load o f 25% upw ards.

W hen th e  additive is c lustered  w ith in  the film, th en  th e  non -con tinuous pores 
form ed are  likely to  be narrow -necked ‘inkwell’ type voids.

T hat a n  additive su c h  as sucrose can  be completely leached  from a  film, albeit 
slowly a t  low loadings, suggests th a t  the  pores have access to one o f th e  film su rfaces. The 
fact th a t  the  labelled sucrose (perm eant) is, however, unable to  perm eate  from  one side of 
th e  film to  th e  o ther, a t  additive loadings below 25%, suggests th a t  th e  pores are  no t 
con tinuous th ro u g h  th e  full th ickness of the  film. W here th e  additive is well d ispersed  
th ro u g h o u t th e  film, b u t is p resen t in  insufficient am ounts to lead to  coarse ch an n els  on 
leaching, th e n  th e  access of w ater to the  c lusters will be through  only narrow  hydrophilic 
pathw ays -  w hich explains th e  slow k inetics of leaching.

It is th e  increase in  th e  num ber an d  size of the  hydrophilic pathw ays, from 
in terpartic le  boundary  p lastic isa tion  u p  to  m acroscopic pores, w hich leads to  the  
system atic  increase in  perm eability coefficient w ith increase in  additive loading.

W ith reference to  the  m odes of tran sp o rt th rough  a  latex film, a n d  equation  (13.1), 
th e  flux th rough  a n  additive-free film would be either solely due to  p e rm ean t tra n sp o rt in  
so lu tion  in  th e  polymer, if possible (or otherwise tran spo rt v ia hydrophilic pathw ays 
re su lta n t from latex  particle’s  surface hydrophilicity and  adsorbed  su rfa c ta n t an d  its 
hydration), then :

—  o c j "  (13.2)polymer

The diffusion coefficient is, a t  th is  tim e, th e  diffusion coefficient of th e  polym er film.

The additive, a t  low loadings, is well d ispersed  in  hydrophilic ch an n els  w hich resu lt 
from  its in itial d ispersion  du ring  casting, an d  its carriage to  the  su rface d u ring  film drying. 
Leaching of th is  d ispersed  additive, and  its replacem ent by w ater yields a  h igher flux due 
to  th e  w idening of the  channels  /pathw ays th rough  th e  polymer. The tra n sp o rt of the  
p e rm ean t is still im peded by the  polymer, and  no continuous, wide, pores exist. Due to  the  
ease  of pe rm ean t tra n sp o rt th rough  these  routes, <Jpolymer tends to  be negligible, w ith  respect 
to  to ta l film transpo rt, a n d  is replaced by J p(as£(cisal(ori. This flux increases w ith increasing  
con ten t of additive in  the  film and , hence, the  m easured  diffusion coefficient also  increases.

Once con tinuous porosity exists, allowing unim peded film tra n sp o rt (albeit by a  
to rtuous route), then:

—  <*J + J  ‘ (13.3)
plasticisation '  pomslty
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It is believed th a t  th is  is th e  ra te  of change of concen tra tion  observed in  th e  receiver 
perm eability  cell after th e  in itial linear increase in  perm eability coefficient. The diffusion 
coefficient associated  w ith  is th a t  of th e  perm eant in w a te r  (as opposed to  polymer),
a n d  is therefore effectively a  c o n stan t for th e  conditions of the  experim ent.

It would be expected th a t  4piast(ctsaf(ori would ten d  to J poroslty, a s  th e  additive load 
increased . However, it  is believed th a t  th e  porosity does not increase  to  su c h  a n  ex ten t 
before the  film falls apart, an d  therefore there  is always a  highly to rtuous p a th  th a t  m u st 
be tak en . (Hence, the  low electrolyte fluxes observed.)

The th ree  m ain  additives investigated each had  their own advantages, w ith  respec t 
to  th e ir  ability to increase film perm eability. Sucrose is a  relatively sm all m olecule w hich 
dissolves quickly. This allows it to  be well d ispersed  and  readily leached  from th e  film. 
HPMC does no t dissolve in  w ater quite so  readily, and  forms a  relatively v iscous so lu tion  
on  disso lu tion . This viscosity would ten d  to  im pede the  diffusion ra te  of a  perm ean t in  the  
HPMC solution. In  m itigation, however, th e  viscosity also  m eans th a t  th e  additive is no t 
readily  removed from th e  film su c h  th a t  there  is less of a  tendency  for th e  film to  heal, even 
a fter drying: the  residual HPMC allows th e  possibility to repeat th e  process of perm eation  
w h ilst leaching (albeit as  if s ta rtin g  from a  lower level of additive). In addition  to  th e  
leach ing  of th e  additive leading to  porosity (or sim ply a  decrease in  localised film th ic k n e ss ), 
th e  h igh  degree of swelling show n by HPMC would ten d  to imply th a t  even if th e  additive 
were no t to leach, it would have a  p lastic ising  effect on the  film as  a  consequence o f w ater 
im bibition.

Eudragit® L is possibly th e  lea s t effective of th e  additives. The gain  w hich m ight 
re su lt from its large size (and, hence, large pore size) is in  reality  lost due  to  th e  tim e it 
tak e s  for s u c h  a  large body to  dissolve, a n d  due  to  the  decreased ability  to  d isperse  a  given 
w eight of additive w hen com pared to a  m olecular additive. Despite th is , however, a  b reak  
in  th e  4-n itrophenol ap p a ren t perm eability  curve, as a  function of Eudragit® L load, was 
still in  evidence, and  th e  activation energy of 4-nitrophenol perm eation  w as n ea re r to  th a t  
show n  by th e  HPMC additive th a n  th a t  of th e  additive-free Eudragit® NE  film.

E ach  of the  additives investigated can  effectively be u sed  to  increase  film 
perm eability. Low levels o f  addition o f  an  additive ten d  to allow control of perm eation  via 
a  solution-diffusion m echan ism  of film tra n sp o rt due  initially to  in creased  a ccess  o f  water  
in to  th e  film  (and possible p lastic isa tion  of the  film by the water), and a d ecrease in  
e ffec tiv e  film  th ickn ess. Higher leve ls  o f  additive load lead to  co n v ectiv e  film  
transport, allowing th e  perm eation of electrolyte an d  yielding tra n sp o rt th a t, to  a  greater 
extent, is independen t of perm eant solubility in  th e  polymer (i.e., below th is  level of 
addition , tran sp o rt is perm -selective dependen t on  the  solubility of th e  perm ean t in  the  
polymer), b u t shows little effective increase in  perm eability, p resum ably  due  to  th e  fact th a t  
th ere  is a  h igh degree of to rtuosity  in  th e  porous netw ork, and  also  due  to  th e  narrow ness 
of th e  pore diam eter. Increasing  the  level of additive still fu rther was found to  lead to  a n  
increase  in  th e  electrolyte trams port th rough  the  film, implying e ither a n  increase  in  the  
pore n u m b er density, or a  w idening of th e  existing pore diam eter. W hilst s u c h  a n  increase  
allowed som ew hat greater electrolyte transport, th e  effect on th e  o ther perm ean ts  was
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m i n i m a l  com pared to  the  in itial increase in  perm eability. This was p resum ably  a  resu lt of 
th e  lim iting am oun t of additive w hich could be con tained  by the  film s u c h  th a t  desp ite  the  
increasing  porous network, th e  tortuosity  of th a t  netw ork becom es a lim iting factor, and  
no  significant increase in  film tra n sp o rt is seen  before th e  additive loading is s u c h  th a t  film 
fails struc tu ra lly .

13.3 Future work.
A lthough the additives investigated in  th is  s tudy  have been  show n to  increase  the 

aqueous so lu te  tran spo rt properties of th e  films investigated, none of th e  films have show n 
th e  ideal desirable properties required of a  polymer for su c h  investigations (i.e., easily 
charac te rised  tran sp o rt properties b rought abou t by good additive d ispersion , ease of 
handling , etc.) Obviously, however, th e  idealism  of the  properties are dep en d en t on  the 
application  of th e  film. W ith regard to  a  s tudy  of perm eability, an d  th e  desire to  find a  
m eans for aqueous so lu te-independen t tran spo rt, requirem ents have been  found to  be 
eontradicto iy:

X  A latex  th a t  is a  good film form er is typically tacky, and  no t easily hand led .

X  A latex  th a t  is no t tacky, an d  w hich is of sufficiently h igh  Tg to  yield perm anen t
porosity  following leaching an d  drying is typically no t a  good film former. 

Eudragit® NE  solved som e of these  problem s, b u t  was too soft to  re ta in  porosity, and  
con ta ined  leachable su rfac tan t w hich com plicated th e  charac te risa tion  of its tran sp o rt 
properties. None of the readily available m ethacrylate m onom ers polym erises to  yield a  
polymer of su itab le  Tg. Therefore, for fu ture  study , the  preparation o f  an  idealised  
surfactant-free copolym er whose Tg is betw een th a t  of the  ‘too soft’ Eudragit® NE  a n d  ‘too 
h a rd ’ PBMA m ay be worthwhile.

Film  stratification  would be of value to th e  decorative/ protective coatings industry , 
w here a  cheaper polymer could be used  to  give bu lk  th ickness  to  a  be tte r quality  (i.e., 
appearance  or performance) skin. However, stra tification  of a  film is no t easily  achieved. A 
proposed m ethod for stratification (based on the  fact th a t  w ater soluble additives have been 
found to  accum ulate  to  som e extent, during  casting, a t  th e  final site  of bu lk  w ater -  i.e. the 
base  of th e  film) arises from th e  ability of th e  Eudragit® L latex to  form a  sa lt  a t  a  se t pH. 
A film c a s t from  a m ixture of no n -sa lt form ing latex  [e.g., Eudragit® NE) an d  Eudragit® L in  
w hich th e  pH  is ad justed  su ch  th a t the  Eudragit® L is in  its sa lt  form w ould presum ably  
yield a  film in  w hich the  sk in  is form ed initially, from  th e  Eudragit® NE, w hilst th e  Eudragit® 
L becom es increasingly concentrated  beneath . F u rth e r evaporation of the  aqueous phase 
would eventually  lead to the  precipitation of th e  Eudragit® L w hich would effectively yield 
a  solvent (water) cast base to th e  film. The final film would therefore show  a n  increasing  
concen tra tion  gradient of Eudragit® NE  tow ards th e  polym er-air interface, w ith an  
increasing  concentration  gradien t of Eudragit® L tow ards the  po lym er-substra te  interface.

An alternative m ethod m ay be to  c a st a  film from latices of differing densities. 
Polymers typically used  for latices are unlikely to  show  sufficient density  varia tion  to  yield 
s tra tifica tion  w ith dep th  of aqueous phase. However, a  num ber of m ethods have been 
reported  by w hich (multi-)hollow latex spheres m ay be p ro d u ced l271,36113631. A m ixed latex 
consisting  o f solid and  hollow spheres would p resum ably  yield a  film in  w hich the  solid
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sp h e res  co n stitu te  the  base, an d  th e  hollow spheres th e  polym er-air in terface. (Hollow latex  
sp h e res  have been  prepared w ith the  purpose of being able to  flo a t[271): a  feature  w hich 
fu rth e r increases the  probability of stratification.)

The carboxylated shot-grow th latex  was prepaired w ith  th e  in ten tion  o f increasing  
th e  degree o f hydrophilicity in the  latex particle boundaries of a  film, w ith th e  hope th a t  th is  
w ould lead to  hydrophilic channels or pathw ays th rough  w hich a  p en e tran t m ay travel. The 
acidic n a tu re  of su c h  pathw ays provides for the  possibility of a  chem ical reac tion  occurring 
w ith  the  p e n e tran t as  it moves th rough  the  film: e.g., a n  acid cata lysed  reaction . S uch  a 
reaction  could p resum ably  be the  acid catalysed inversion of sucrose: i.e., sucrose  on the 
donor side of th e  film to  yield invert sucrose on the  receiver side. The films used  in  th is  
s tu d y  (with th e  possible exception of Eudragit® L w hich would, in  any  case, d isin tegra te  if 
n o t crosslinked) lacked the  necessary  degree of acidity, an d  would obviously need to  be 
m ade sufficiently porous to allow the  perm eation of sucrose. (Sucrose w as no t able to 
perm eate  th e  additive-free films. This implies th a t  w hen sucrose  does perm eate a  film 
leached  o f a n  additive to  yield sufficient porosity, th en  th e  sucrose  travels betw een particles 
ra th e r  th a n  th rough  the  packed polymer chains w hich constitu te  a  particle. The 
carboxylation o f the  full polymer cha in  as  opposed to  ju s t  th e  latex  particle  surfaces is 
therefore unnecessary .)

Finally, m any of the  additives and  polymers considered m ight be su itab le  for u se  as 
pharm aceu tica l coatings. Many of the  intricacies associated  w ith  free-films would be 
alleviated (albeit, perhaps, a t  th e  expense of a n  entirely  new  se t of problem s) by 
investigating  th e  film + additive com binations w hen sprayed onto d rug  cores. S u c h  a  project 
sh o u ld  be feasible for a  pharm acist w ith ready access to  a  supp ly  of d rug  cores, and  ben ch 
sized coating  ap p ara tu s .

m* •  m
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Appendix A: 
Derivation of Formulae used in 
Analysis of Experimental Data.

A1. Analysis of m ercury porosim etry results.
non-w etting liquid canno t spon taneously  en te r a  capillary  (pore) w hich  has a  w etting  

angle o f ) 90° due to  the  surface tension  (capillary depression). The p ressu re  required  
to  c au se  in tru sio n  is a  function  of pore rad ius. A ssum ing cylindrical pores, th e  pore rad iu s , 
r, is th u s  given by the  W ashburn eq u a tio n 14 791 for capillary w etting:

r  ,  g lS .osB (A.1)
P

where:
y = surface tension  (N m '1};
0 = con tac t angle (degrees); &
P — exerted p ressu re  (Pa).

For a  capillary of c ircular cross-section, the  surface ten s io n  o f th e  liquid is exerted  
over th e  con tac t area, over a  length  equal to  the  pore circum ference. The surface tension
force ac ts  perpendicularly  to  the  p lane of th e  surface of contact, a n d  is given by:

Force ~ 2jtry (A.2)

The force tend ing  to  p u sh  the  liquid o u t of th e  capillary is given by:

Force^j =2jirycos0 (A.3)

Acting aga in st th is  is the  externally applied p ressure, w hich ac ts  over th e  a rea  w ith in  th e  
co n tac t circum ference an d  is given by:

Forcel„,„.„ .̂> Jtr2p (A.4)

At equilibrium , th ese  two forces are  equal su c h  that:

2 juy co s0  = jrr2P (A.5)

This sim plifies to  give th e  W ashburn  equation.

A

A ssum ing th a t  th e  surface tension  of m ercury y = 480 mN m '1 a n d  th a t  the  con tac t 
angle  is 141.3°, it is found that:

7 5 0 0  (A oxr  « -------- (A.b)
P

where:
r = pore rad ius (nm); &
P = applied p ressu re  (Pa).

Note th a t  th e  con tac t angle of 141.3° as quoted by C arlo -E rb a1791 is a n  average value
determ ined  from a  “large num ber of different sam ples” giving values in  th e  range
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Appendix A* Derivation of Formulae used in Analysis of Experimental Data.

125° —> 152°, an d  is dependen t upon the n a tu re  of the  sam ple. Similarly, su rface tension  
is also a  variable, w ith tem perature, from 484.2 —» 472 mN m '1 as the  tem pera tu re  changes 

from 298 —* 323 K.

The m ethod m akes a num ber of assum ptions, e.g . , th a t  the  pores are cylindrical an d  
th a t  the  pore shape is co n s tan t th roughou t the  pore size range. For irregularly shaped  
pores, the  ratio  betw een the  pore cross-section (related to p ressu re  exerted) an d  th e  pore 
circum ference (related to surface tension) is no t proportional to the  rad iu s, an d  depending  
on the  pore shape will ten d  to give a  lower th a n  expected resu lt for the  pore rad iu s  from 
equation  (A.6). In practice, problem s can  also arise if the pore opening is narrow er th a n  the 
pore volume. This leads to a  false in itial reading of p ressu re  an d  volume su c h  th a t  after the 
p ressu re  h as  been se t to a  particu la r required value, it m ay drop slightly, w ith tim e, as  the 
‘in side’ of the  pore is filled. This problem  is m inim ised by allowing the  p ressu re  reading  to 
stab ilise  before the in truded  volume is read  from the  display.

A2. Derivation of the water vapour permeability coeffic ien t equation.
A perm eability coefficient is a  m easure of the  ease of perm ean t tra n sp o rt th rough  

a  film. The flux per u n it a rea  is generally described by the  p roduct of a  perm eability 
coefficient and  the  driving force, where the  driving force is a  concen tra tion  g rad ien t or a 
p ressu re  differential. The m ethod for determ ining the w ater vapour perm eability coefficient 
a ssu m es th a t  the  flux of w ater vapour is under steady  s ta te  conditions, a n d  th a t  the 
am o u n t of w ater vapour w ith in  the  film is negligible. From  Fick’s first law, the  am o u n t of 
w ater vapour (g h r 1), d W /d t  p assing  through  the  film of u n it a rea  is given by th e  flux, J:

If C0 & C£ are the  concentrations a t  time t = 0 an d  t -  t, respectively, a n d  if the 
th ick n ess  of the film I is given by x2 - x v  then:

If S is the  solubility of the  w ater vapour w ithin the film, an d  p  th e  p ressu re  of the  
w ater vapour, th en  from su b stitu tio n  of H enry’s Law, i.e.:

(A.7)

Integrating:

J Q  d x  = - D £  dC  = D £  dC (A.8)

(A. 9)

C = S p (A. 10)

we get:

(A. 11)
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Appendix A: Derivation of Formulae used In Analysis of Experimental Data.

But, DS = Pw, th e  w ater vapour perm eability  coefficient. Hence, by re-arrangem ent, 
for a  film of a rea  A, th e  w ater vapour perm eability coefficient is given by th e  following:

P.. = (A. 12)
d t \A A p

A3. Derivation o f th e g a s  flux equation as  required by th e  D aven test  
apparatus.

At any  time, t, th e  gas p ressu re  is given by:

Pressure -  pgh (A 13)

where:
p = density  of m ercury  (g cm '3); 
g = gravitational force (cm s '2); &
h = heigh t of m ercury  colum n w ith respect to  th e  in itia l h e ig h t (cm).

If th e  volume of the  lower cham ber (see F igure  7.3) of th e  a p p a ra tu s  is given by
equation  (A. 14):

Volume  = V0 + ah  (A  14)

where:
V0 = to ta l volum e b eneath  film (to th e  top of th e  m ercury  colum n) (cm*3); 
a  = cross sectional area  of m anom eter capillary (cm’2);

S u b stitu tio n  of equations (A 13) and  (A. 14) in to  the  ideal gas equa tion  (A. 15):

PV = nRT  (A 15)
th u s  gives:

PV  = pgh(V 0 + a h )= n R T  (A  16)

PV  = pg(V0h + a h 2) = nR T  (A17)

The gas flux is th u s  th e n  given by:

d nFlux  = —— 1 rd(pv)i
R T d t

99
R T

V0 — + 2 a h — I (A. 18)
0 d t  d t

The driving p ressu re , pgH - h  during  the  course of th e  experim ent is essen tia lly  
c o n s ta n t a t  approxim ately 1 atm , where H  is th e  heigh t of a  co lum n of m ercury  a t 
a tm ospheric  p re ssu re 1. This implies:

d n  P d V  pg{H - h ) d V  (iL1Q)
dt  R T  d t  R T  d t

xThe variable 7i’ can  have dim ensions of e ither length  or p ressu re  d ep en d en t on  context. 
W hen u sed  as in  E quation  (A. 16), it takes dim ensions of length  (cm), b u t w hen  u sed  in  the  
form (H - h), it ac ts  as  a  correction factor to  a  p ressu re  an d  therefore h a s  u n its  cm.Hg.
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And therefore:

implying:

d n  ^ p g ( H - h ) d V _ = p g r  + 2 a h -,dh_ , ^ 20)
d t R T  d t  R T 1 0 J d t

F l u x = ^ -  = V ° ^ Q -  (A.21)
dt  H - h  d t

It shou ld  be noted  th a t  in  practice, the  h term  is constan tly  changing. The term  
d h / d t  is therefore determ ined  from  th e  linear region of th e  g rad ien t o f a  g raph  of th e  change 
in  h e igh t of th e  m ercury  colum n as  a  function of tim e. The te rm  V0 + 2 a h , w hich is 
effectively th e  volum e of th e  cham ber below the  film + the  volum e of th e  capillary to  th e  top 
of th e  m ercury  colum n, is sim ilarly  changing  as a  function  of tim e b u t is tak e n  to  be a 
c o n s ta n t w ith the  value of h  being tak en  as th a t seen  a t the  m idpoin t of th e  experim ent 
(i.e.,when h is th e  m id-value of th e  change in  height of the  m ercury  colum n).

A4. Derivation o f th e  so lu te  perm eability coeffic ien t equation .
D eterm ination of th e  solute perm eability coefficient is u su a lly  achieved by m eans 

of a  Barrer type plot, as  described  in  C hapter 5. This is a  g rap h  of concen tra tion  of 
pe rm ean t as a  function of tim e. For F ickian diffusion, su ch  a  plot is linear after th e  initial 
lag period, du ring  w hich tim e th e  film is becom ing sa tu ra te d  w ith  perm ean t. In  C hap ter 5, 
the  equation  of th e  B arrer plot w as given from a  so lu tion  to  Fick’s  second  law  as:

M  = _ CjL (A.22)

where:
M = m ass of d iffusan t per u n it area  tran spo rted  th ro u g h  th e  film;
D -  diffusion coefficient;
I = film th ickness, i.e., x  = 0 —> I;
Cj = concen tra tion  in  the polymer a t  x  = 0.

The steady -sta te  g rad ien t is therefore given by:

d M  _ DCX D SC 0 (A.23)
d t ~ I = I

if th e  donor perm ean t solu tion  concentration, C0, is given by:

Cx = SC0 (A.24)

Also, M can  be converted to  a  concentration (i.e., on  the  receiver side of th e  film) by 
th e  inclusion  of the  volume, V, of th e  receiver solution. Hence, if th e  perm eability  coefficient 
is given by:

p  =DS  (A.25)

T hen th e  g rad ien t of th e  linear region of a  B arrer plot (dC/dt)  will th u s  give the  perm ean t 
flux. The so lu te  perm eability coefficient, Ps, (m2 h r '1) can  th e n  be determ ined  from:
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I x V
A x C 0

(A.26)

where:
d C / d t  = p erm ean t flux (g dm '3 h r '1);
I = film th ickness  (m);
V = volume of receiver solution (m3);
A  -  a rea  of film exposed to  perm eant so lu tion  (m2); &
C0 = initial perm ean t (donor) concentration  (g dm '3).

This m ethod of derivation of the  perm eability coefficient m akes a  n u m b er of 
assum ptions:

X th a t  th e  donor perm eant concen tration  rem ains co n stan t d u rin g  the  course  o f the
experim ent;

X th a t  th e  film does no t swell su c h  th a t  its th ickness changes d u rin g  th e  experim ent.

The answ er provided by th is  m ethod is th u s  necessarily  a  com prom ise: th e  donor 
concen tra tion  obviously does change as solute perm eates th e  film, a n d  for hydrophilic  film s, 
w ater up take  does cause  th e  film to  swell. Also, perm eants are  typically soluble in  th e  film 
s u c h  th a t  so lu te  is effectively lost from the  experim ent.

For th e  purpose of determ ining  the  solute perm eability coefficient, R o u ls to n e14231 
m inim ised th e  form er of these  two assum ptions by determ ining  th e  so lu te  flux from  the  
po in t w hen th e  change in  concen tration  was less th a n  1% of th a t  from  th e  in itia l donor 
concentration . However, during  th e  course of th is study, it was realised  th a t  th is  m ethod 
leads to o ther problem s:

X for films of a  relatively h igh  flux, it is possible th a t  a  concen tra tion  change o f greater
th a n  1% can  occur before the  end of the  lag period su c h  th a t  it  is n o t th e  true  
steady -sta te  linear flux th a t  is m easured;

X for films of a  relatively low flux, it is difficult to  determ ine the  en d  of th e  lag  period,
su c h  th a t  th e  slope of a  plot of concentration w ith tim e m ay ap p e ar linear from  tim e 
zero.

It m ay possibly have been  better for Roulstone to have used  a  sa tu ra te d  so lu tio n  of 
perm eant, in  th e  donor side of the  perm eability cell, w ith th e  concen tra tion  m ain ta in ed  by 
having an  excess of perm ean t solid present.

A n u m b er of researchers su c h  as Sakai and  T anzaw a14301 a n d  S an li a n d  A ra s14351 
have used  a n  equation  based  upon  the  integrated form of Fick’s first law. The derivation  of 
a n  equation  of a  sim ilar form is given by F ly n n 11671 e ta l .  The equa tion  is based  on  the  
assum ptions th a t  there  exists a  s teady  s ta te  system  in w hich th e  m em brane  is sa tu ra te d  
w ith  the  perm ean t an d  th a t  the  concentration  gradien ts a t  th e  film -liquid in terfaces 
in stan tan eo u sly  a d ju s t su c h  th a t  there  is a  continuum  w ithout any  s te p  in  concen tra tion . 
The m ethod su m s the  solutions to  th e  two cases of diffusion: in to  th e  m em brane from  the  
ex ternal donor, and  from the  m em brane in to  the  ex ternal receiver phase. The relative 
am o u n t of p e rm ean t (as opposed to  concentration) in  the  film is a ssu m ed  to  be negligible.

Modification of die permeability of polymer latex films. p-A :5~



Appendix A: Derivation of Formulae used in Analysis of Experimental Data.

Ass tim ing th a t  th e  concen tra tion  gradien t w ith in  th e  film is linear, th e n  the
concen tra tion  gradien t a t  a  tim e, t, across a  film th ickness x  = I is given by:

_ d £ . m 9j S  9a . (A.27)
d x  I

W here Cj an d  C2 a re  the  in terfacial concentrations in  th e  film, on th e  donor an d  
receiver sides, respectively.

These are rela ted  to  the  donor an d  receiver solution concen trations by the ir p a rtitio n  or
solubility  coefficients, S.

From  Fick’s  first law, th e  flux, J , p er u n it area  a t  tim e, t, is given by:

j  ,  g jH  = . D B D ( 9j  ~ 9 z )  (A.28)
d t  d x  \ I )

W here M is the  to ta l am oun t of m ateria l in  the donor p h ase  a t  tim e, t.

At tim e, t, th e  perm ean t so lu tion  concentration on th e  donor side of th e  film, 
a ssu m in g  a  negligible am o u n t of perm ean t in  th e  film, is given by:

C0 -  M ° ~ M (A.29)
D

where VD is the  donor volume, su b sc rip t 0 implies a t  a  tim e w hen t = 0, and  
su b sc rip t D im plies th e  donor phase.

The corresponding concen tra tion  in  th e  receiver side is given by:

a  = (A.30)

S u b stitu tin g  in to  equation  (A.28):

dM  d S  ( M D - M  _ M r + M \  {Â 31)
d t  I \ VD VR

Therefore:

dM  DS/ Vh(Md - M ) - V c (M„ + M )\
d t  ~ I I  VDVK J

And so:

dM DS V rM d - M ( V r +Vd) - V dM r \
d t I

dM (DS ){y 0 + y n VrMD - y DMR J
dt { I Jl v Dv R J VD +Vr  J

(A. 33)

(A.34)
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Let:

V  M -  V  M
8 = _ £ _ £ _ £ _ £  (A 35)

V  *  V  
R D

Then, in tegrating  equation  (A.34):

j'M dM r » l k  + k

0 1 § » J v»v« J
{A. 36)

w hich  gives:

-ln{6 - M f
OS'! K  + VK

v vV D V R

(A. 37)

-Infs -  M] -  Lrij/3 -  0] = f̂— 1
k  + k t (A38)

I ' JI w  J

Ml (DS)  \ VD +VR» M -(“ V  VD R

(A 3 9 )

S u b stitu tin g  for J3:

-In

V M -  V MR D D R

V  + VR D

- M

V M - V  My R JWD D R

V + VVR VD
■( V VD R

(A 40)

W hich sim plifies to:

-In ~  V d M r  ~  W V r  +  V y  f D S l I  V D +  V ,

V M - V  MR D D R

(A 41)

In our perm eability  cell, the  donor volume = receiver volume: i.e., VD = VR = V. Also, 
a t  t = 0, Mr  = 0. Therefore:

-In
VMd -  0 -  2MV _ f 2 v 1

VMd - 0 1 [ v 2 J (A 42)

-In
VMd -2M V

v m I
f2DSVI IV j

(A 43)
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-In
2 V(Md - M ) - V M d \ (2 DS

VMr
(2DSY
lv J

(A. 44)

Dividing the  top an d  bottom  of th e  log. function by V2:

-In

'2 V[Md -M )  VMd

V2 V2 _ 2DSt
v m d IV
V2

(A. 45)

Therefore:

2{Md -M ) _ m d ‘
2 DSt = -In v y {A. 46)

IV
y

At tim e t  = 0, MD/ V  = initial donor concen tration  = C0.
At tim e t = t, (MD - M)/V -  in s tan tan eo u s donor concen tration  = Ct. 
Therefore:

2 DSt  
IV

= -In
2Ct - C 0

= 2 .3 0 3 logj
2Ct - C 0

(A. 47)

B ut th e  perm eability  coefficient, P = DS, hence, from su b stitu tin g  for DS,  a n d  re-arranging:

tj , 2 .303 IV .  ^P_t = -------------log
s 2A  & 2Ct “ C0

(A. 48)

Experim entally, we observe the  system  w ith respect to the  increase  in  concen tra tion  
on  th e  receiver side of th e  perm eability cell, as opposed to  the  decrease in  concen tra tion  on 
th e  donor side, su ch  th a t:

D . 2 .303IV . „
Pst = 2A l0gl C 0 - 2 C t

(A. 49)

I
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Philips User Programming 

Software.

he Philips User Program m ing Software w hen used  to  retrieve data , required  a  b a tc h  file
| (nam ed w ith  a  \CTL' extension, e.g., GETDATA.CTL) of com m ands. A generic exam ple 
of su c h  a  b a tch  file is as  follows:

Line 1 opens a  d a ta  file on th e  s ta ted  drive, in  th e  subdirectory  a t th e  end  of the  
s ta te d  p a th  in  a  file called ‘filenam e.dat’, e.g., ! OPEN C:\DATA\NEWDATA.DAT.

Line 2 form ats th e  num ber of colum ns in to  w hich th e  d a ta  will be placed, in  the  
d a ta  file. This would norm ally correspond to  the  num ber of flowcells in  u se  e.g., ! FORMAT 
6 .

Line 3 is the  com m and to  download the  d a ta  (all) as  absorbances.
Lines 4 & 5 th e n  close the  da ta  file, an d  exit the  Philips software, re tu rn in g  th e  u se r 

to  th e  DOS com m and prom pt.

E ach  tim e the  above file was used , it was necessary  to  change th e  nam e of th e  d a ta  
file [e.g., filenam e.dat in  th e  above example) to prevent it overwriting th e  previously saved 
file, a n d  also  to se t the  num ber of cells u sed  in  order th a t  th e  correct num ber of colum ns 
w as form atted.

V ersion 1.0 of th e  Philips software was found to  be incom patible w ith  the  
HIMEM.SYS/EMM386.SYS extended m em ory drivers (necessary  to  ru n  th e  sp readsheet) of 
M icrosoft’s® Disk O perating System  (MS-DOS®) version 5.0, resu ltin g  in  th e  com puter 
crash ing . This could be overcome by rem oving these  com m ands from th e  com puter’s 
configuration files before ru n n in g  the  Philips software, an d  th e n  replacing them  afterw ards.

The following program  would control the  spectrophotom eter from th e  s ta r t  to  th e  
fin ish  o f a n  experim ent. The wait s ta tem en ts  pause th e  program  (requiring a  key-press on 
th e  com puter to  restart) allowing operations, su ch  as  the  filling of th e  perm eability  cells, 
to  be carried  out. They are  not strictly  necessary , b u t give a n  ind ication  on th e  com puter 
sc reen  of th e  program ’s progress.

! OPEN [hard disk]:[pathl\filenam e.dat 
! FORMAT [number o f cells, including any reference cells] 
GET ALL ABS 
! CLOSE 
! DOS

1

! WAIT SETTING UP CELL PROGRAMMER 1

CELL ON NORMAL CYCLES 500 TIME 15.0

CSTEP T 03 
CE2 ON SAMPLE 
CE3 ON REFERENCE
CE4 ON SAMPLE 
CE5 ON SAMPLE
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CE6 ON SAMPLE 
CE7 ON SAMPLE 
CE8 OFF 
CE1 OFF . .11

! WAIT STRIKING DEUTERIUM LAMP 
DEUTERIUM ON

..12

! WAIT SETTING METHOD
FIXED AT 320 ABS LSMOOTH INTEGRATION 0.01 CYCLE

..14 

..15 
..15 cont.TIME 0.02 HIGH 3 LOW -0.3

ZERO
CSTEP T02
! WAIT READY TO RUN
RUN
SAVE DATA

..17

..18

..20

! OPEN [hard disJc]:[path]\filenarne.dat 
! FORMAT [number o f cells, including any  reference cells] 
GET ALL ABS 
! CLOSE 
! DOS

..21

Line 2 se ts  up  the  cell program m er to  take  500 read ings a t 15 m inute  intervals.
Line 3 moves cell 3. the  reference cell, in to  th e  light beam , ready  for se ttin g  a  zero.
Lines 4 —> 11 se t up  the  flowcells as  being either off, sam ples, or references. Cell 3 

was always u sed  as th e  control. Cell 2 contained a  b lanking-plate: it was to  here  th e  cell 
program m er w ent betw een the  readings (for the  15 m in. break) to  pro tect the  detec to r from 
being perm anen tly  exposed, an d  also  so th a t  no  so lu tion  w as perm anently  in  th e  light 
beam .

Line 13 tu rn s  on the  deu terium  lam p. (This w as norm ally left on  perm anen tly  due 
to  the  fac t th e  spectrophotom eter w as in  use full tim e, a n d  to save having to allow for the  
20 m inu te  w arm -up period.)

Line 15 se ts  th e  m ethod: se tting  the  w avelength to  320  nm ; to  take absorbance  
readings (as opposed to  percentage transm ittance); w ith  low sm oothing (this is no t 
applicable in  th is  example, b u t allows ‘noise’ in  a  signal du ring  a  long in tegration  tim e to 
be sm oothed); to  take  a n  absorbance reading for a  du ra tion  of 0.01 seconds on  each  cell 
du ring  each  pass; the  cycle tim e option is no t applicable in  th is  exam ple, b u t allows cycling 
of the  read ing  of the  individual cells during  a  single pass of th e  cell tran spo rte r: i.e., the  
group of cells could be m ade to m ade to  move in to  the  m easu ring  position 500  h und red  
tim es (using  line 2) w ith each  cell being m easured  a  se t n u m b er of tim es w hilst in  th e  beam  
(line 15); an d  finally, line 15 se ts  values for the  h igh an d  low absorbances. (The values 
show n are  th e  m inim um  and  m axim um  seen  on  the  spectrophotom eter d isp lay  screen. 
However, th e  com puter d a ta  recorded absorbances u p  to  approxim ately 6 absorbance  un its , 
desp ite  th e  fact th a t  th is  is, practically  speaking, m eaningless.)

Line 17 se ts a  zero value: again  not necessa iy  if a  reference sam ple is used .
Line 18 steps the  cell program m er to  the  b lanked  off cell.
Line 19 s ta r ts  the  m ethod
Line 20  stores the  conten ts of the  volatile mem oiy, a fter th e  500 cycles. Only after 

th is  po in t is th e  d a ta  safe.
Lines 21 —> 25 are as in  th e  previous program , an d  save the  d a ta  to th e  com puter.

The d a ta  file on the  com puter d isk  is stored in  a n  ASCII form at. This is readable  by 
m ost sp read sh ee t program s, b u t th e  d a ta  is in  su c h  a  form th a t  it can n o t yet be used . E ach  
(15 m inute) cycle will be transferred  onto a  row of th e  sp read sh ee t program , however, only 
one colum n will be u sed  (assum ing th e  sp readsheet em ulates graph-paper). In o rder to  use  
th e  da ta , it is necessary  for each  num ber to occupy a  single cell, i.e., four cells m easured
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every 15 m inu tes  for 2 h rs  would require a  grid of four colum ns by  n ine  rows (to include 
tim e as 0). The ASCII d a ta  can  be converted to th is  form at u sin g  th e  ‘p a rse ’ function  bu ilt 
in to  m ost sp readsheets .
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