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PERMEATION THROUGH POLYMER LATEX FILMS

by

MALCOLM CHAINEY 

ABSTRACT

The perm eation ch a rac te ris tics  of films form ed from polym er la tices have 
been studied. Three areas of work were involved, namely preparation  of polym er 
latices, preparation of films from these la tices and determ ination  of the film 
perm eabilities.

A wide range £f polym er la tices w ere produced by su rfac ta n t-free  emulsion 
polym erisation, which is known to produce a monodisperse product of 
controllable partic le  size. The kinetics of th e  sty rene reaction  w ere determ ined 
and com pared with the predictions of several published theories.

Film forming core-sheli la tices were prepared by a novel ’shot-grow th ' 
technique, in which the core partic les are  polym erised m s itu . This technique 
was found to  produce a monodisperse product a t a lower number density of core 
particles than required by conventional seeded grow th techniques.

A freshly prepared la tex  contains im purities such as un reac ted  monomer 
and reaction biproducts. The trad itional methods of purification, nam ely dialysis 
and ion-exchange are ineffic ien t in the rem oval of some of these im purities, and 
can lead to fu rther contam ination. The m icro filtra tion  technique devised during 
this study proved to be rapid and e ffic ien t in removing contam inants.

Several techniques for preparing thin film s from  polymer solutions or la tex  
dispersions reported in the lite ra tu re  were evaluated . A fter extensive tria ls  all 
were re jected , as the minimum thickness of film which it was possible t<5 cas t 
was a t least an order of m agnitude larger than th a t required. A flash casting 
technique was devised and successfully em ployed to prepare a wide varie ty  of 
thin films. Polym er film s prepared by this method were ch arac te rised  by 
scanning electron  microscopy.

The gas perm eabilities of homopolymer films cast from solution and latex  
dispersions were measured. The perm eabilities of solvent cas t films rem ained 
constant for the period of several months over which they were exam ined. The 
perm eability coeffic ien ts of most la tex  films s ta r ted  off a t a value considerably 
higher than th a t of the corresponding solvent cast film and then dropped a t a 
ra te  dependent on the polymer concerned. This reduction is a ttr ib u ted  to ageing 
processes occurring within the film a f te r  casting. Latex film perm eability  
coefficien ts are  always higher than those of solvent cas t films, and this suggests 
th a t latex films never becom e com pletely homogeneous.

The perm eabilities of heterogeneous film s cast from  blends of two 
homopolymer la tices and from  core-shell la tices  also diminish a f te r  casting. The 
ra te  and ex ten t of this reduction decreases with increasing con ten t of hard, 
undeformable dispersed phase.
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PERMEATION THROUGH POLYMER LATEX FILMS

by

MALCOLM CHAINEY 

ABSTRACT

The perm eation charac teristics  of films formed from polym er la tices have 
been studied. Three areas of work were involved, namely preparation of polymer 
latices, preparation of films from these latices and determ ination of the film 
perm eabilities.

A wide range of polymer la tices were produced by su rfac tan t-free  emulsion 
polym erisation, which is known to  produce a monodisperse product of 
controllable particle size. The kinetics of the  styrene reaction  w ere determ ined 
and com pared with the predictions of several published theories.

Film forming core-shell la tices were prepared by a novel ’shot-grow th' 
technique, in which the core particles are polymerised in s itu . This technique 
was found to produce a monodisperse product a t a lower number density of core 
particles than required by conventional seeded growth techniques.

A freshly prepared latex contains im purities such as unreacted monomer 
and reaction biproducts. The trad itional methods of purification, namely dialysis 
and ion-exchange are inefficien t in the removal of some of these im purities, and 
can lead to further contam ination. The m icrofiltration technique devised during 
this study proved to be rapid and e ffic ien t in removing contam inants.

Several techniques for preparing thin films from polymer solutions or la tex  
dispersions reported in the lite ra tu re  were evaluated. A fter extensive tria ls  all 
were rejected , as the minimum thickness of film which it was possible to  cast 
was a t least an order of magnitude larger than th a t required. A flash casting 
technique was devised and successfully employed to  prepare a wide variety  of 
thin films. Polym er films prepared by this method were characterised  by 
scanning electron microscopy.

The gas perm eabilities of homopolymer films cast from solution and la tex  
dispersions were measured. The perm eabilities of solvent cast films rem ained 
constan t for the period of several months over which they were exam ined. The 
perm eability coeffic ien ts of most latex films s tarted  off a t a value considerably 
higher than th a t of the corresponding solvent cast film and then dropped a t a 
ra te  dependent on the polymer concerned. This reduction is a ttrib u ted  to  ageing 
processes occurring within the film a fte r  casting. Latex film perm eability 
coefficien ts are  always higher than those of solvent cast films, and this suggests 
th a t la tex  films never becom e com pletely homogeneous.

The perm eabilities of heterogeneous films cast from blends of two 
homopolymer la tices and from core-shell la tices also diminish a f te r  casting. The 
ra te  and ex ten t of this reduction decreases with increasing con ten t of hard, 
undeform able dispersed phase.
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One of the more im portan t fea tu res  of polymeric m ateria ls  is the ir ability 
to  dissolve m olecules of gas, vapour or liquid and allow the  transport of these 

m olecules through the solid phase. This property has many practica l 

applications, and som etim es unwelcom e repercussions.

Polymer film s are widely employed as p ro tec tive  barriers, when, for 
exam ple, m etals are painted to prevent corrosion, paper is coated  to render it  

m oisture resis tan t, or foodstuffs are packaged to  reduce their ra te  of 

deterio ra tion . In these applications, the perm eability of the film can be a m ajor 
consideration. The p lastics industry, in particu lar, has devoted considerable 

research to  improving the barrie r properties of packaging m a te r ia ls ^ .
In the field of chem ical engineering, polymer films are som etim es used to

e ffe c t the separation of m ixtures, e.g. the  ex traction  of helium from natural gas,
(2)the  drying of organic solvents and the desalination of seaw ate r' More

recen tly , the feasib ility  of using fluorinated polymers in pollution control
system s has been exam ined. Promising results for the rem oval of hydrocarbons 

(3)have been obtained . The degree of selectiv ity  achieved by a polymer depends 
on its ability to d iscrim inate betw een dissolved molecules on the basis of size, 

shape, polarity , charge or other fac to rs, and this is often  highly dependent on 
p reparation, conditioning and operating conditions.

Polymer films may be used to control the ra te  a t which a substance is 
released into its environm ent. This property is exploited by the pharm aceutical 
industry in the production of sustained release dosage f o r m s ^ ,  A typical 

exam ple is the 'cold cure' capsule, which contains tiny drug-containing polymer 

partic les. The thickness of polymer coat controls the ra te  a t which the drug is 
released from the partic le . By this means, several com ponents can be included 

in one capsule, and each can be released a t varying ra tes  to give the optimum 
th e rapeu tic  e ffec t.

Som etim es, a polymer film may be present in situations where its  lim ited 
perm eability  is a hindrance. This arises, for instance, when a charcoal adsorbent 
is coated by the binder attach ing  it  to the fabric of p ro tec tive  clothing, or when

2



i t  must be coated  with a hydrophilic m ateria l to m ake it  biocom patible and 

hence suitable for use in clin ical h aem o p erfu s io n ^ . In th e se  cases, the polym ers 

used must have a high perm eability  to  the adsorbates for the charcoal to  be 
utilised effic ien tly .

Polym ers are m anufactured by many d ifferen t processes, depending on the  

type of polymer and the polym erisation mechanism involved. One m ethod which 

has becom e increasingly im portan t over the last decade or so, is emulsion 

p o ly m e risa tio n ^ . In this process, a monomer emulsion is produced by ag ita tion , 
norm ally in the presence of su rfac tan ts , and is then polym erised by a free  radical 

in itia to r. The suspending medium is alm ost always w ater. The principal 

advantage of this process over other means of addition polym erisation is th a t the  

usual inverse relationship betw een the  ra te  of reaction  and m olecular w eight 
does not apply. O ther benefits include easier therm al contro l of the  reac tion  and 

a final product of low viscosity: problems of handling and disposing of toxic and 
flam m able organic solvents are  also reduced.

The product of the reaction  is a la tex , i.e. a colloidal dispersion of polym er

in w ater. In some cases, the  la tex  finds d irec t application in its liquid s ta te , for
(7)exam ple, paint form ulations, or in adhesives and binders . However, the m ore 

usual route is for the la tex  to  be coagulated to recover th e  solid polym er. A fter 

washing and drying, the polym er can be extruded, moulded or o therw ise 
processed, like any other polym er.

The transm ission (and other) properties of a polym er will be a ffec ted  by

both the method of preparation and the subsequent processing. C h arac te ris tics
such as m olecular weight, degree of disper.^ity, ex ten t of chain branching, and

degree of crystallin ity  are determ ined principally by the  polym erisation process.
Changes in these ch arac te ris tic s  usually has some e ffe c t on the  perm eability  of

the polym er. These e ffec ts  have been system atically  studied by many 
(8-13)workers, ” and the use of perm eating molecules as m olecular "probes" is a 

■promising technique in the  study of polymer morphology. However, the

subsequent trea tm e n t received by a polymer has a much m ore subtle influence on 

its  properties. Annealing a polym er film, for exam ple, may produce no 
d e tec tab le  change in any of the ch arac te ris tic s  likely to  a f fe c t the  transm ission 

properties, but the annealed film will alm ost certa in ly  have a d iffe ren t 
perm eability .



A. EMULSION POLYMERISATION

The firs t reported a ttem p ts  a t polymerising monomers in aqueous
suspension were made in the years 1 9 0 9 -1 9 1 5 ^ ”* The process, which was

intended to  mimic the  production of isoprene la tex  by the rubber tre e , involved

the  use of p ro tective colloids, such as gelatin , egg albumin or starch  to  stabilise

the  emulsions. The reactions were carried  out a t am bient te m p era tu res  and in

the absence of in itia to rs. These conditions led to long reaction  tim es, of the
order of six weeks, which were hopelessly im practical. With the in troduction of

soap and in itia to r in 1926, the production of synthetic rubber la tex  becam e a
p rac tica l possib ility ^7,18)^ A w artim e shortage of natura l rubber prom pted

intensive investigation of the  preparation  of synthetic s ty rene/bu tad iene la tex .
(19)

The results of these studies were reported  by H arkins' , whose qualita tive

theory  of partic le  form ation in system s containing su rfac tan t above its  c ritica l

m icelle concentration , has becom e generally accepted . The quan tita tive

tre a tm e n t of Smith and E w a r t^ ^  has been successful in explaining the  k inetics

of emulsion polym erisation in a lim ited number of cases, the  m ost widely
reported  being th a t of styrene. However, in other situations, particu larly  those

involving the  more .water soluble monomers, the agreem ent betw een theory and 
(2 1 )experim ent is poor

The in itia l reaction m ixture of an emulsion polym erisation consists of four 

com ponents, nam eiy:-
(i) Water

(ii) Monomer(s)

(iii) S urfactan t (usually anionic, and often  m ixtures of impure

com m ercial products)
(iv) Water soluble in itia to r (usually an inorganic peroxide)

Som etim es, other m ateria ls  may be added to influence the  course of the

reac tion  or the ch arac te ris tics  of the resulting polymer; these include chain 

tran sfe r agents and buffers.
The polymer ch a rac te ris tics  are  also influenced by the way in which the  

polym erisation is conducted. In the batch  process, the reac tan c ts  are  added to a 

s tirred  tank, which is heated to  the decom position tem pera tu re  of the  in itia to r; 
a f te r  the  reaction  is com plete, the product is pumped away. A lterna tive ly , the  

reac tan ts  are added continuously to a stirred  tank. P artly  reac ted  la tex  is 

pumped into one or more tanks, where the reaction proceeds to com pletion. This 
is term ed the continuous process. A third a lte rna tive , known either as the semi 

batch  or semi continuous process involves adding the monomer(s) to  the



rem aining reac tan ts  in a s tirred  tank. This method is norm ally employed when it  

is required to  operate  under monomer starved conditions.

Monomers commonly encountered in industrial applications include:

(i) acrolein

(ii) acrylonitrile

(iii) butadiene and its  derivatives

(iv) esters  of acrylic and m ethacrylic acids

(v) ethylene

(vi) isoprene

(vii) styrene and its derivatives

(viii) vinyl a c e ta te  and o ther vinyl esters

(ix) vinyl chloride

(x) vinylidene chloride

The mechanisms of polym erisation vary from monomer to  monomer. Some

form  polym er in which the monomer is soluble (e.g. styrene) and others form

precip ita ting  polymers (e.g. acrylonitrile).

The product of such a reaction  is typically a polydisperse la tex  of small

average p artic le  size typically ca.300 nm and high solids co n ten t (40 - 60% w/w).
The am ount of su rfac tan t included in th e  recipe is normally m ore than adequate

to give com plete surface coverage of the partic les, so th a t th e  la tex  is stab le to
coagulation under a wide range of conditions. Where this is not the case ex tra

stab iliser may be added a f te r  the  reaction  to, assure s tab ility .

By carefully  controlling the reaction  conditions, and in particu la r the types
and concen tration  of su rfac tan t, it is possible to produce la tice s  having very
narrow  size distributions. The Dow Chem ical Company (Dow Chem ical

Company, Midland, Michigan, U.S.A.) has com m ercially produced monodispersed
(22)polystyrene and poly (vinyl toluene) la tices since 1947 . Such la tices have

been widely used as calibrants for apparatus such as C oulter counters, light

sca tte rin g  instrum ents, u ltracen trifuges, e tc .

Emulsion polym erisation in the  absence of su rfac tan t has been known since
1946^2^ .  It achieved prominance in 1965 when M atsumoto and Ochi^2^  used the

process to prepare monodisperse la tices easily and reproducibly, w here before, in
th e  presence of su rfac tan t, this had required careful contro l of the reaction

(25)m ixture com position and conditions

Industrially, the omission of su rfac tan t has considerable disadvantages, the

ra te  of polym erisation is lower and the solids content must be kept low (less than

20%) to  avoid coagulation. However, the  process is of considerable academ ic 
(26-47)in te r e s t  K inetic studies becom e more precise, because the  e ffec ts  of
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su rfac tan t on in itia to r decom position and as a chain tran sfe r agent a re  avoided. 
The surface characterisa tion  of the resulting la tex  is uncom plicated by the 

presence of adsorbed su rfac tan t, which is d ifficu lt, if not impossible, to  remove 
com pletely . A wide range of partic le  sizes (100 nm - 1 ym) can be prepared in a 
single stage p r o c e s s , a n d  these are  now widely used as p artic le  standards and

calibrants.

One of the main reasons for the  in te res t in su rfac tan t free  polymer la tice s  
lies in the ir po ten tial u tility  as 'model* colloids for use in fundam ental studies of 

colloidal properties and stab ility . The properties required of a model colloid are  

th a t it  should be a monodisperse dispersion of hard, undeform able spheres, 

stabilised  en tirely  by surface charges, whose type and distribution are  known. 

Potassium  persulphate in itia ted  polystyrene la tices w ere widely acclaim ed as 

satisfying these c rite ria . It was thought th a t the remaining im purities 
(e lectro ly te , residual monomer and reaction  by-products such as benzaldehyde) 

could be readily removed by the existing cleaning techniques of dialysis and ion- 

exchange. However, several unforeseen problems arose. The use of peroxy 

in itia to rs , such as potassium  persulphate, a t elevated tem pera tu res provided an 
oxidising medium in which styrene was readily converted to  benzaldehyde and

(Li.li If.9)
benzoic acid ’ . It was realised th a t existing cleaning techniques were not

always com pletely e ffec tiv e  in the rem oval of these or o ther im purities, and
(if 7)fu rtherm ore, often  them selves contam inated the la tex . . The su rface

sulphate groups proved susceptible to hydrolysis on storage, making the  exac t 
natu re of the charge stablising groups u n c e r t a i n . B a c t e r i a l  contam ination 

caused significant changes in the  surface ch a rac te ris tics  of polystyrene 
la t ic e s ^ 0 .̂

R ecent advances have overcom e some of these problems. Several new
in itia to rs  have been reported which avoid the problem s of oxidiation side
reactions and/or provide stab le endgroups. Amongst these are peroxy compounds
giving rise to suiphonate endgroups^5 and w ater soluble analogues of

(6)azobisisobutyronitrile . Of these, azo in itia to rs producing endgroups of a single
(52)type o ffer the g rea tes t p r o m is e ^ '.  New cleaning techniques are  also available 

(these are discussed in C hapter II).

However, several fundam ental problems rem ain. The most serious of these
(53 )

is the  occurrence of anomalous regions in the partic les. These are presum ed 
to arise from the low m olecular weight m ateria l form ed in the early stages of 

the r e a c t io n ^ ^ .  Since the number of endgroups is g rea te r in the anomolous 

regions, the distribution of charge around the partic le  surface will be uneven. 
A nother problem has been revealed by recen t studies of la tex  com pressibility^*^

(55)
and p artic le  deposition on co llecto r surfaces which suggest th a t a s te ric
contribution to stab ility  is not entirely  absent. Thus, the goal of preparing

6



polym er la tices satisfying the  c rite r ia  required of a model coloid is still some 

way from fulfilment,,

n

R(M) M* + R* -> R(M) Rn n + 1

Term ination can also occur via a number of chain transfer reactions:

transfer to monomer

1. K inetics and Mechanisms of Emulsion Polym erisation
Since the early theories of H ark ins^  ̂  and Smith and Ew art \  the  

k inetics and mechanism of emulsion polym erisation have been studied by many 

w orkers, of whom B la c k le y ^ , G a r d o n ^ J^7\  N a p p e r^ ^  and U g e ls ta d ^ ^  are 
prom inent. There are many detailed  discussions of these to p ic s ^ ,^ ,^ >̂  and 
only a summary of the main points will be given here.

In common with other free  radical mechanisms, the th ree  basic processes 

in emulsion polym erisation are in itia tion , propagation and term ination . Initiation 
involves the production of free  radicals by the therm al decom position of an 
in itia to r

k.
I 2R ’

and these reac t with monomer m olecules to give monomer radicals, which in turn

add more and more monomer units to form  polym eric radicals of increasing chain '$
length. , |

k i
R* + M RM‘

k
RM* + nM R(M) M' J

Polym eric radicals can reac t with one another to te rm in a te  the chain: this may
ffj

be by com bination f
k n

R(M)mM‘ + R (M) M* —V  R (M) R
n m + n + 2

■:4
or disproportionation ’ |

t I
R(M) M* + R(M) M" — ► R(M) M + R (M) M

m n m n

Term ination with a prim ary radical is also possible.

I

it ■%:
R(M) M’ + M —► R(M) M + M* f

n n

7



tran sfe r to  in itia to r

R(M) M* + I R(M) M + I* n n

tran sfe r to  polymer

This last reaction will result in branching and cross linking in th e  final 

product. In mass, solution and suspension polym erisation reac tions, th e  

polym erisation ra te  and the polymer m olecular weight a re  inversely re la ted . An 

increased ra te  of radical production results not only in an increased in itia tion  
ra te , but also an increased ra te  of term ination , and hence a shortening of the  

polym er chain. In the emulsion system , due to  the  d iscre te  n a tu re  of th e  loci of 
polym erisation, it is possible for the  m olecular weight and polym erisation ra te  to  
increase sim ultaneously, especially a t high su rfac tan t concentrations.

That emulsion polym erisation involves more than m ere polym erisation of 

monomer droplets is shown by the fa c t th a t, while the  monomer d roplets are  

rarely  sm aller than 1 pm , the  resulting polymer partic les can be much sm aller 

(down to 10 nm).

a) Mechanism in .the presence of su rfac tan t m icelles

Prior to  in itia tion, the monomer and su rfac tan t are  dispersed in th e  

aqueous phase. Each can be considered to  be present in th ree  loci:
(i) dissolved in the aqueous phase

(ii) monomer solubilised in su rfac tan t m icelles

(iii) monomer emulsion droplets stabilised by adsorbed su rfac ta n t 

Typically, a m icelle consists of approxim ately 100 su rfac ta n t ions
aggregated  into a spherical s tru c tu re  with a d iam eter of around 5 nm. A t th e
concentrations usually employed, th e re  will be 10 m icelles per cubic

cen tim e tre  of w ater. These becom e swollen to tw ice th e ir original d iam ete r by

solubilisation of sparingly soluble monomer. The size of monom er droplets will
depend on the intensity  of ag itation , but are a t least 1 pm in d iam ete r. For a

10 -3typical form ulation, these would number 10 cm .
When the in itia to r is added, it decomposes in the aqueous phase a t a  ra te  

dependent on its type and the tem pera tu re  of the reac tion . The free  rad icals 
thus form ed reac t with the small am ount of solute monomer to  form  oligom eric 

ion radicals. Each monomer unit added causes the ion radical to  becom e m ore 

hydrophobic, and, when 4-6 units have been added, surface ac tive .

The next stage of the reaction  is partic le  nucleation, which leads to  the  

form ation of a separate  polymer phase. Several m echanism s of p a rtic le



nucleation have been proposed. These mechanisms fall into four c la sse s^ 0) 
depending on the site  a t which the  oligom eric ion radicals in itia te  
polym erisation; namely

(i) m icelles,
(ii) the  aqueous phase,
(iii) monomer droplets, and
(iv) any adsorbed su rfac tan t l a y e r ^ ^ .

Only (i) and (ii) are  normally im portan t. The ch arac te ris tics  of the monomer is 

the  principal fac to r in determ ining which mechanism prevails.

(i) In itiation in m icelles: The oligom eric ion radicals are captured by

monomer swollen m icelles, presumably by exchange with su rfac tan t ions. 

In itia to r radicals are unlikely to  be captured, since th is would require 
tran sfe r of an inorganic species from a polar to  a non-polar environm ent. 
For the usual case of persulphate ion in itia to r and anionic su rfac tan t, the 

repulsion betw een like charges provides a fu rther barrie r to  capture. 

Since the core of the m icelle consists en tirely  of monomer, the 
polym erisation proceeds a t a rapid ra te  until te rm inated  by entry  of a 

second radical. Polym erisation is re -in itia ted  by capture of a third 
radical, te rm inated  by a fourth  and so on. Only 0.1 - 1% of the m icelles 
originally present cap ture an oligom eric radical. Those th a t do absorb 

monomer from the aqueous phase to continue growth. It is also possible 

th a t partic les .are form ed by irreversib le association of the oligom eric 
ion radicals, a mechanism which has been proposed for the su rfac tan t 

free  reaction . In order to  minimise the surface free  energy of the 

system , su rfac tan t adsorbs on the ever increasing surface area of the

_ partic les, and thereby augm ents the ir stab ility . Those m icelles which 

have not captured a radical lose monomer and su rfac tan t to the aqueous 

phase to  replace th a t removed by the particles: u ltim ately  these micelles 
disband. When all the m icelles have disappeared, no new partic les can be 
form ed.

(ii) Initiation in the aqueous phase: This mechanism, more commonly known
(62)as homogeneous nucleation , involves the oligom eric ion radicals 

growing to an ex ten t th a t they becom e insoluble and p rec ip ita te  on 
them selves. The m ore w ater soluble monomers will favour this route, 

since they will be able to polym erise more rapidly and becom e insoluble 

before being captured by a m icelle.
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The precip ita ted  partic les then absorb monomer and adsorb su rfac tan t. 
If sufficien tly  stable, the partic les will m aintain th e ir  d iscre te  identities; 

otherw ise coagulation with other partic les occurs.

(iii) In itiation in monomer droplets. For the polym erisation recipes and 

conditions usually employed, monomer droplets a re  unlikely to cap ture 
radicals, despite the ir larger individual surface a reas. This is simply due 

to  th e re  being 10 tim es as many m icelles, which enjoy a 60 fold 
advantage in to ta l surface area. The absence of polym erisation within 

the droplets has been verified experim entally  by quenching a reaction , 
separating  the rem aining monomer droplets and analysing for 

p o ly m e r^ ^ . The am ount de tec ted  was less than  0. 1% of the to ta l 
polym er during the reaction . Only if the monomer droplets can be made 

very small will there  be significant polym erisation w ithin them .

(iv) Initiation in adsorbed su rfac tan t layers; According to  this mechanism, 

the  oligom eric ion radicals generated  in the aqueous phase diffuse to an 
adsorbed su rfac tan t layer, which could be on th e  surface of a m icelle, 
polym er p artic le  or monomer droplet. At the  beginning of the reaction , 

i t  is likely to  be the m icelles, given the ir much la rger to ta l surface area . 

Once form ed, the polymer partic les  will com pete with m icelles on the 
basis of surface area, and this is qualitatively  sim ilar to  the in itia tion  in 

m icelles m echanism .

Whichever mechanism operates, it should be noted th a t nucleation may 

take place over an appreciable length of tim e, which will resu lt in the la tex  
having a broad partic le  size distribution.

It is usual to  divide the course of an emulsion polym erisation into th ree

in tervals. During Interval I, an initially  two phase system  (w ater and monomer)

becom es a th ree  phase system , due to the form ation of polym er particles. 
In terval I is com plete when the to ta l number of polymer partic le s  present in the  
system  becom es constan t. Interval II lasts from the end of In terval I until the 

system again consists of two phases, monomer swollen polym er partic les and 

w ater. During Interval II, the  number of partic les  and the  monomer
concentration  within the partic les rem ains constant. The polym erising monomer 
in the growing partic les is replaced from the monomer droplets via solution in 

the aqueous phase, until these are exhausted. In terval III is th e  final stage of the 

reaction , during which the monomer remaining within the  partic les is
polym erised.
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b) K inetics of th e  S u rfac tan t P resen t System
The kinetics of emulsion polym erisation have been widely studied both 

theore tica lly  and experim entally . The results provide much of the evidence for 
the  m echanisms described above.

The f irs t th eo re tica l trea tm e n t was developed by Smith and E w a r t^ ^ \  

They devised a general recursion equation, in term s of the  number of partic les 

containing n free  radicals, to  describe Interval II, th e  region in which th e  
to ta l number of partic les has becom e constant. P a rtic le s  containing n free  
radicals, a re  c rea ted  by th ree  processes?

(i) th e  entry  of a free  radical into partic les containing n-1 radicals;

(ii) the exit of a free  radical from partic les containing n + 1 radicals, 
and;

(iii) the  term ination  of two free  radicals in p artic le s  containing n + 2 
radicals.

Similar processes occuring in partic les already containing n free radicals 

result in their disappearance.

By assuming th a t the concentration  of prim ary free  radicals remains 
constan t and th a t the  ra te  of appearance and disappearance of partic les 

containing n free  radicals is equal, i.e. th a t is constan t, they obtained the 

following steady s ta te  equation:

(n+1) (n + 2 )N ,  + N k S ( I + N k
n - 1  N n - 1  o \  V /  n+2 t

n I N + k o S l t j + k t
n( -n+l )

(1: 1)

This equation re la tes  to  the ra te s  of radical en try  into the partic les, p, 

radical tran sfe r out of the partic les, kQ, and term ination , k̂ .; the partic les having 

volume V and surface area S.
Smith and Ew art did not a ttem p t a general solution to  the equation, but 

solved it for th ree  lim iting cases depending on the average number of free  

radicals per partic le , n.

(i) Case 1, n << 0.5. Here the ra te  of radical en try  is much less than the  

ra te  of d isappearance, usually due to a rapid ra te  of transfer out. This 
case would be favoured by more w ater soluble monomers giving 
hydrophilic polym ers.

(ii) Case 2, n = 0.5. This situation  is realised if term ination  of a propagating 

radical in the" partic le  occurs im m ediately a f te r  the acquisition of a
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second free  radical, and the  ra te  of radical tran sfe r out of the partic le  is 

negligible. Application of these conditions gives the  result th a t 

approxim ately equal numbers of partic les will contain one or no 
propagating radicals and th a t alm ost no partic les will contain more than 
one radical. This can be visualised as a partic le  being struck by a 

succession of free  radicals with an average tim e in terval betw een 

collisions. The firs t radical in titia te s  polym erisation, which proceeds a t 

a ra te  governed by the propagation ra te  constan t, kp, until te rm inated  by 
the en try  of the second free  radical. The partic le  rem ains dorm ant until 

the entry  of a th ird  free  radical, and so on. The partic les are thus active  
for half the ir life tim e, which is s ta tis tica lly  equivalent to saying they 

contain half a radical.
By making fu rther assumptions, expressions linking observed

variables such as p artic le  number density, ra te  of polym erisation and
average degree of polym erisation with reac tan t concentrations and

various ra te  constan ts may be obtained, which provide a means of testing
(21 )the  theory. There is considerable experim ental evidence to  confirm  

th a t Case 2 kinetics are obeyed by the emulsion polym erisation of 
styrene in the presence of su rfactan t, provided th a t the p artic le  

d iam eter is less than 150 nm and th a t the ra te  of prim ary free  radical 

generation is relatively  low. A greem ent between theory  and experim ent 

is poor, however, when more w ater soluble monomers (such as vinyl 

a c e ta te  and the lower aliphatic esters of acrylic and m ethacrylic acid) 
are considered.

(iii) Case 3, n>>0.5. The ra te  of entry of free  radicals is g rea ter than the  
ra te  of loss. System s producing large partic les would be expected to  
obey Case 3 kinetics, since more than one radical could exist in the 

partic le  for significant periods of tim e, w ithout in itial term ination  
occuring. Since emulsion polym erisation of styrene in the absence of 

su rfac tan t produces few er and larger partic les than in its  presence
1 ^  O j c  a

(typically 10 cm of 500 nm com pared with 10 cm of average 50 

nm) it is likely th a t Case 3 .ra ther than Case 2 would be a b e tte r  
represen tation .

The Sm ith-Ew art theory has been extended by many authors.

S to c k m e y e r^ ^  obtained a general solution of the recursion equation. 
(65)O’Toole tre a te d  the case in which radical transfer out of the partic les was

(59)not insignificant, and Ugelstad and Hansen considered reabsorption of these

12



radicals. G a r d o n ^ ’’̂  exam ined emulsion polym erisation in the  presence of 
su rfac tan t, from in itia tion  to  the  end of in terval II. G eneral equations w ere 

derived which predicted conversion as a function of tim e, p a rtic le  size and 
m olecular weight as a function of conversion and the  influence of monom er, 
in itia to r and su rfac tan t. However, as V anderhoff^^^ has pointed out, several of 

these  th eo re tica l works have yet to  be corroborated  by experim ent.

c) Core-Shell Morphology in Single Stage Reactions

One of the fea tu res  of styrene polym erisation is th a t the  monomer and 
polymer are m iscible in all proportions. It would, the re fo re , be expected  th a t,  

during partic le  growth, polym erisation would occur in any region within th e  
partic le . However, in a series of papers by Williams and c o - w o r k e r s ^ ’^ ,  i t  

was postulated th a t polym erisation occurs a t or near the  su rface of th e  
monomer swollen la tex  partic les. This behaviour was a ttr ib u ted  to  a monomer 
concentration  gradient, the concentration  being low a t th e  cen tre  of the p artic le  

and high a t its periphery. The resulting partic les were alleged to  display a co re- 

shell morphology.
Williams presented a therm odynam ic argum ent to justify  the ex istence of a

monomer concentration  gradient, and experim ental evidence supporting its
occurrence. Gardon disputed these, and Napper proposed an a lte rn a tiv e

hypothesis. The argum ents and experim ental evidence have been reviewed by 
(66)Vanderhoff , who also proposed a hypothesis to  account for Williams1

11 (76)observations. R ecently , Lehr and Reinecke repeated  Williams' experim ents in
an a ttem p t to resolve the controversy.

The argum ents cited  by Williams in favour of the  core-shell morphology 
model for styrene/polystyrene were based on evidence in four areas:

(i) Small am ounts of butadiene were added to s ty rene monomer which was 
polymerised in the firs t, second and third stages of seeded emulsion 

polym erisation. The polymer was embedded, m icrotom ed, stained with 

osmium te trox ide and examined by electron  m icroscopy. It was 
postulated th a t 99.3/0.7 styrene butadiene copolym er would be 

com patible with polystyrene. When butadiene was added to  the second 
stage, it was found th a t a dark shell appeared, w hereas when it  was 
added to the firs t stage a dark core resulted.

(ii) T ritia ted  styrene was added to the firs t or second stages of 
polym erisation and the  la tex  diluted, placed on a TEM su b stra te , covered 

with photographic emulsion and le f t in the dark for up to  th ree  m onths.
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3-partic les travelling  over short distances developed the silver halide 
grains to give silver easily visible in the TEM. It was shown th a t if the 

shell was sufficiently  thick then tr itia te d  units in the core did not 
develop the  film.,

(iii) Since the random coil configuration in the monomer swollen partic le  

cannot be m aintained near the  surface due to the p a rtic le /w ate r 

in te rface , it was argued th a t the polymer molecules would be located  far 

enough from  th e  surface for the  random coil configuration to  be 

m aintained and th a t this polymer concentration  gradient would be 

balanced by a monomer concentration  gradient.

(iv) The classical equation for the  ra te  of emulsion polym erisation is:

Rp = kp [M] p N n/NA ( I :  )

where is the propogation constant

[m]  is the monomer concentration  a t the  locus of polym erisation in the  la tex
particles

N is the partic le  number density

n is the average number of radicals per partic le

(67)Grancio and Williamsv presented conversion tim e curves which were

linear up to 60% conversion. They found th a t N was constan t during the ir

reactions, and assumed th a t n was also constan t and equal to  7 , corresponding to
Sm ith-Ew art Case 2 kinetics. However, the weight fraction  of monomer in the
partic les decreased by a fac to r of two in the conversion range 0 - 60%. In order

for the ra te  to remain constant whilst the overall monomer concentration  was

halved, it  was argued th a t the  monomer concentration  a t the  site  of
polym erisation must rem ain constan t, i.e. th a t polym erisation occurs in a
polymer rich shell.

(74)Gardon critic ised  Williams' case on the following points:

(i) Williams' data  could be rep lo tted  and in terp re ted  to show positive 

deviations from the linear conversion/tim e relationship.

(ii) It was unlikely th a t the distribution of 'tagging' com onomers in a swollen

latex p artic le  could be frozen by their conversion to copolym ers in a
seeded growth reac tion . The second stage polymer might well be

incom patible with the seed polym er, even if the monomer was freely
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soluble. Also, tr i tia te d  and normal monomers would have d ifferen t 

copolym erisation ch a rac te ris tic s  if the re  was a significant k inetic 

isotope e ffec t.

(iii) There was no basis for the assumption th a t the  hydrophobic middle 

segm ents of the polymer chain could not be s itua ted  a t the  

polym er/w ater in te rface . Gardon drew a tten tion  to the  observation th a t 

polystyrene p referen tia lly  adsorbs onto glass and m etals from dilute 
solution in benzene or cyclohexane giving a higher concentration  a t the 

in te rface  than in the  bulk solution. There was no reason to  suppose th a t 
polystyrene segm ents could not similarly be located  a t the 

p a rtic le /w ate r in te rface  of a styrene swollen partic le .

(iv) The diffusive mean free  path of a monomer m olecule over the tim e 

period required for high conversion was several tim es the  partic le  radius. 

This would tend to even out any inhom ogeneities in the monomer 

concentration .

N a p p e / '7'* considered th a t a core-shell morphology did occur, but fe lt th a t 

this was because the cen tre  of the p artic le  was inaccessible to  the  free  radicals 
which in itia ted  polym erisation of the monomer. Since monomer is consumed a t 

the  periphery of the partic le , this is the  region of low concen tra tion , being
replenished from the monomer swollen core of the partic le .

(66 )Vanderhoff reviewed the foregoing argum ents and m ade the  following 
com m ents:

(i) Although the conversion/tim e curves presented by Williams were 

generally linear, they could also be in terp re ted  as showing slight positive 
deviations. However, the large variation in monomer concentration  in 

the region in which the conversion/tim e curve was linear would be 
expected to  produce much g rea te r deviations. F urtherm ore , slight 

deviations from linearity  w ere to be expected, since the  reaction  
conditions used by Williams w ere outside the range in which Sm ith-Ew art 
Case 2 k inetics are considered applicable.

(77)This conclusion is supported by the work of Friis and H am ieiec . They 

a ttrib u ted  the  positive deviation from linearity  in Williams’ 

conversion/tim e curves to a decrease in the value of the  term ination 
ra te  constan t, k , as the partic le  size increased, since in larger partic les
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the entry  of a second free  radical would not be expected to  produce 

instantaneous term ination* This view was supported by kt values 
obtained from  bulk polym erisation.

(ii) A com parison of the number of sulphate endgroups determ ined by

conductom etric titra tio n  and the  P alit dye partitio n  technique (which 

involves dissolving the polystyrene in benzene and shaking with an

aqueous solution of a suitable dye) suggested th a t non-polar polystyrene 
m olecules do tend to  re tra c t from the polym er/w ater in te rface , i.e. th a t 
the polymer segm ent density is lower a t the p artic le  surface -  con trary  

to  Gordon’s view.

Vanderhoff then proposed an a lte rna tive  hypothesis to  explain Williams'

results. The starting  point is a p artic le  of 15 nm d iam eter comprising a single

polymer molecule of molecular w eight 5.10 and an equal am ount of monomer.

The polymer molecule is said to  adopt a random coil configuration with both

sulphate endgroups located on the surface. Each subsequent cycle of in itia tion

and term ination  results in the  form ation of additional polym er m olecules, all of
which have the  same configuration. There is, however, li t t le  or no

in terpenetra tion  of the chains, except a t th e ir surfaces, in accordance with the
(78)hypothesis of Voilmert . Hence, each new m olecule forces a previously 

form ed molecule into the in terio r of the partic le : th e  ends of the m olecule 
s tre tch  in order to allow the endgroups to remain a t the su rface . Eventually, for 

polymer molecules form ed in the early stages of the reac tion , the  strain  becom es 

too g rea t, and the endgroups are buried beneath freshly form ed polymer. This 

mechanism is in accord with Williams' experim ental resu lts, but avoids th e
contentious postulate of a non-uniform monomer distribution within the p artic le .

(76)Lohr and Reinecke made a fu rther experim ental study of the emulsion 
polym erisation of styrene, including repeats of some of Williams' original work, 

and obtained the following results:

(i) Williams' observations were essentially co rrec t.

(ii) D eterm ination of the p artic le  size distribution by laser aerosol 

spectroscopy, a t various stages of the reaction  showed th a t partic le  
growth is surface dependent this is contrary  to  Sm ith-Ew art case 2 
k inetics which predict th a t partic le  growth is independent of partic le  
size.
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(iii) M easurem ent of the monomer concentration within the partic les a t 
various degrees of conversion showed th a t therm odynam ic equilibrium 

between the monomer phase and the la tex  partic les  is not always 

a tta ined , so th a t the  polym erisation is partially  diffusion controlled. 
This was ascribed to  coalescence of monomer droplets arising from  a 

poor em ulsifier.

(iv) The observed m olecular w eight distributions were too broad, even a t low 

conversions, to support a core-shell polym erisation.

(v) E lectron microscope exam ination of samples containing 5% dim ethyl 

butadiene, prepared by methods intended to encourage a core-shell 
s truc tu re , failed to  reveal such a morphology.

They concluded, ra ther perversely in view of th e  lite ra tu re  to  be discussed 

in Section 2, th a t even in a tw o-stage process, a core-shell morphology was 

unlikely to result with amorphous uncross-linked polymers.

d) Mechanism of the S u rfac tan t-free  R eaction

In the absence of su rfac tan t, the monomer will be present in only two loci, 

namely in solution and in emulsion droplets, which for a given ra te  of ag itation  
will be much larger than in the  presence of su rfac tan t. Radical generation and 
form ation of oligom eric ion radicals take place as described earlie r. Prim ary 

nuclei are thought to be produced in one or nciore of th ree  ways:

(i) the growing free  radicals te rm inate : prim ary nuclei are form ed by 

_ coagulation of these dead species;

(ii) the growing free  radicals achieve a size and concentration  a t which they 

becom e surface active , and associate  by a process akin to m icellisation 
(unlike true m icellisation, the aggregation is irreversib le since the free  
radical species te rm inate  on association);

(iii) the oligom eric free  radicals continue to  grow in length until they becom e 

insoluble and p rec ip ita te .

Any of the above m echanisms would lead to partic les consisting of low 

m olecular weight polymer and having a high surface charge density. These 

partic les  are then considered to imbibe monomer, which is subsequently
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polym erised by oligom eric free  radicals and accom panied by an increase in size. 
The polym er thus generated  will be of high m olecular w eight, so th a t  few new 

charged end groups are incorporated into the partic le . Thus the su rface  charge 
density decreases rapidly during the  in itia l growth of the p artic les. These then 
coagulate until the surface charge density is increased to  a level su ffic ien t to 

confer s tab ility . Compared with the  su rfac tan t present m echanism , th is process 

of nucleation and coagulation takes p lace over a short period of tim e  and hence 

the  resulting la tex  is monodisperse.

Exam ination of m ultisam pled su rfac tan t-free  sty rene emulsion
polym erisation reactions, by transm ission electron  microscopy, has shown th a t

the  p artic le  size distribution rem ains monodisperse from  the stage  when

partic les can firs t be observed (diam eter ca. 10 nm) to  com pletion of th e  
(34)reac tio n ' Similar results have been obtained for su rfac tan t-p resen t system s 

where a monodisperse product is o b ta in e d ^ ^ .

The early stages of the  su rfac ta n t-free  emulsion polym erisation of styrene 
has been examined by a com bination of light sca tte ring  techniques (photon 

correlation  spectroscopy and to ta l in tensity  light scattering ) to g e th er w ith 
transm ission electron  m icroscopy(40,41)^ s ince the light sc a tte re d  by th e  

polymer partic les  would be swamped by the much larger monomer droplets, the 

reactions were unstirred. The reaction  vessel contained e ither a sa tu ra ted  
solution of styrene or a separate  styrene layer above the  aqueous phase. The 
light sca tte ring  results w ere in terp re ted  by dividing th e  reaction  into th re e  
in tervals, A, B and C. During in terval A, the light sca tte red  did not increase 

above the dark count of the photom ultiplier tube. It was thought th a t form ation 
of initial p artic le  nuclei took place during this in terval, but th a t these  nuclei 

were too small to  be detec ted . During Interval B, the am ount of s c a tte re d  light 
increased rapidly. This was a ttr ib u ted  to  both partic le  grow th (by polym er 

form ation and subsequent monomer absorption) and to  partic le  aggregation . 
Transmission electron  microscopy showed the partic le  size d istribu tion  to be 

polydisperse a t this point. Addition of inhibitor to halt polym erisation during the  

early  stages of Interval B indicated th a t sm aller partic les were aggregating and 

coalescing. During Interval C, the  number of partic les aggregating was 

considerably reduced. The partic les were quite large a t this stage, but the ra te  

of growth had dropped, presumably due to monomer starvation  in the  aqueous 
phase.

The processes thought to be occurring during the early stages of the

su rfac tan t free  emulsion polm yerisation of styrene are  sum m arised
(41)schem atically  in Fig. I : iv . As the initial nuclei grow they becom e unstable 

and coagulate and coalesce both with each other and with other p a rtic les  which
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are by them selves stable. This process continues until all the  small partic le s

have disappeared and th e re a f te r , the number density rem ains constan t. The

partic le  size distribution is initially  polydisperse, but narrow s, as the reaction
(on 9 j )

proceeds, due to com petitive grow th ' ’ .

e) K inetics of the S urfactan t F ree R eaction

The kinetics of the emulsion polym erisation of styrene in the presence of

su rfac tan t have been widely studied (see Section lb). There is considerable
(21)experim ental evidence which confirm s the validity of Sm ith-Ew art case 2

kinetics for p artic le  sizes of less than 100 nm. A fter the  nucleation stage of the

polym erisation is com plete, the  su rfac tan t plays only a minor role in th e

reac tion . It might there fo re  be expected th a t partic le  growth in th e  presence

and absence of su rfac tan t would be essentially  the sam e. However, the  reactions
1 5d iffer in the size and number density of the partic les produced (typically 10

partic les/cm  of average d iam eter 50 nm in the presence of su rfac tan t com pared 
12 -3with 10 cm of 500 nm in its absence). F urtherm ore , su rfac tan t free

reactions take longer to com plete (typically 12 com pared w ith 3 hours) and
produce polymer of m olecular w eight an order of m agnitude low er. A nother
possible d ifference is the influence of th e  adsorbed su rfac tan t layer on th e

solubility of monomer in the polymer p a r tic le s^

One contentious aspect of the mechanisms of emulsion polym erisation

concerns the location of free  radicals w ithin the polymer partic les  and the  way

in which monomer is transported  to the  polym erisation sites. The argum ents
over the core-shell morphology, postu lated  by Williams and co-w orkers " to

occur in homopolymer system s due to polym erisation in a monom er rich shell,

have been reviewed in Section 1c. The role of partic le  swelling by monomer,
which is relevant to  this problem, has also been the subject of debate .

(82)Chung-Li e t al. m easured the  ra te  of swelling of large (ca. 2 ym),

freshly form ed polystyrene partic les  in monomer sa tu ra ted  w ater, using a

Coulter C ounter. They found th a t this swelling ra te  was too low to  explain the
observed polym erisation ra te  in seeded growth experim ents. In order to  explain

th e  higher growth ra te , they proposed a heterocoagulation m echanism , whereby
new and unstable monomer swollen partic les w ere form ed in the  aqueous phase,
which subsequently coagulated with the core partic les. A recen t study by 

(83)Goodwin e t al. , using small angle neutron scattering  to  m onitor the  swelling 

ra te  of sm aller polystyrene partic les, found th a t the swelling ra te s  were 

adequate to explain the p artic le  growth ra te  w ithout recourse to  a 
heterocoagulation mechanism. Similar results were obtained by proton 

co rrelation  spectroscopy, during the study of the shot growth technique for core-
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shell la tex  preparations (see C hapter III, Section C).
The d irec t relevance of swelling ra te s  to polym erisation conditions can be 

questioned on several grounds. The monomer diffusion ra te  is presumably 
enhanced in the presence of free  radicals, which, by polym erising the monomer 
in or on the partic les, m aintain a higher concentration  gradient. Indeed, the  

need for appreciable dynamic swelling is in some doubt in view of the work of 

Wessling and H a rr iso n ^ ^ . These authors studied the  polym erisation of 
vinyiidene chloride, a monomer substantially  insoluble in both aqueous and 

polym er phases, and the  copolym erisation of vinylidine chloride and n-butyl 
acry la te , which produces swellable partic les. Similar k inetics were observed for 

both system s, although in the  form er case, polym erisation could not take place in 
th e  partic le . Wessling and Harrison proposed th a t th e  reaction  zone was an 

adsorbed monomer layer, 2.5 nm thick, on the partic le  surface.
Of the various quan tita tive  theories which have been derived to  explain 

emulsion polym erisation kinetics, four are  likely to apply to the su rfac tan t-free  
emulsion polym erisation of styrene.

(i) Sm ith-Ew art Case 3 ^ \  This is p referred  to Case 2, which best explains 

the emulsion polym erisation of styrene in the  presence of su rfac tan t, 
because of the much lower p artic le  number density with respect to  the 

number of free  radicals. The ra te  of polym erisation is given by

k  [ m]

p N
A ( W * )

R -  P J P / A P \ d : 3 )

where k and k^ are the propogation and term ination  ra te  constants, [m]  
r  P

is-the monomer concentration  in the particles, p . is the ra te  of radical
absorption, is the volume of partic les per dm and is Avogadro’s

number. The number average m olecular weight, M , is given byn

H = 1 0 0  k [ m ]  (k  p V / 2 ) ~ 2 ( 1 : 4 )
n  p L J p t  A P

( 5 9 )
(ii) Sm ith-Ew art Case 3 applied to  the core-shell model . This predicts

k [ Ml  /  PA A L
r \ l  c  I A

and

-h
M

n
=  1 0 0  k  [ m ]  s  ( k t s  P A  A  L / 2 ) " 4  ( 1 : 6 )
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where the  subscript s applies to  the  shell, L is th e  shell thickness and A is
3

the  surface area of partic les  per dm

(iii) The surface phase polym erisation m o d e l^ ^  involving polym erisation in 
an adsorbed monomer layer and referred  to above. This theory is 
quan tita tively  sim ilar to (ii).

(iv) The Gardon t h e o r y ^ 5̂ ,  in which general equations are  derived to  

describe the emulsion polym erisation in the presence of su rfac tan t, from  
in itia tion  to the end of In terval II, in term s of variab les which can be 

independently determ ined. These equations can be readily adapted to  

su rfac tan t-free  system s a fte r  the  nucleation stage  by replacing th e  te rm  
involving the su rfac tan t concen tration  by the observed value of th e  

p artic le  number density. The Gardon trea tm e n t m ight reasonably be 
expected to  apply, since it allows for the average number of free  

radicals per partic le , n, to  be much g rea ter than unity, as expected for a 

system  containing few er, larger partic les. Gardon’s theory  predicts;

P y = A t2 + Bt a ; 7 )

w here P is the conversion in term s of volume of polym er form ed per unit 
volume of w ater, and

-  .  ( 4  ANA' d p ) / ( B  pA) Vp ( I : 8 )

[ 1 + (4  ana/ b ^>

A and B are defined by

, 1 . 9 4  1 . 9 4
k  (j) d p .

A = 0 . 1 0 2  -P - — ---- 2  ■! ■■■-  ■ ------
k ° ' 9 4  (1 -< M  ' d  Nt  m p A

and

k d) N _
B =  p m ( 1 : 9 )

2N
A

cjf) is the volume fraction  of monomer in the partic le s  and d and d are  m m p
the densities of monomer and polymer respectively .
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2. P reparation  of Core-Shell L atices

The production of core-shell la tices is an im portan t industrial process and 
many exam ples are to  be found in the p a ten t l i t e r a t u r e ^ " " ^ .  This topic has 

also a t tra c te d  the a tten tion  of workers in the field of emulsion polym erisation, 

as a means of producing e ither larger partic les than can be produced in a single 
stage  r e a c t io n ^ ^  or controlled surface charge densities in model s y s te m s ^ ) .

A varie ty  of methods have been used for preparing core-shell la tices. 
These fall into four categories:

(i) ’Initial charge’, where the  comonomers are both present a t the beginning 

of the  reaction;

(ii) 'Sem i-continuous addition', where one monomer is present a t the s ta r t ,  

and the second monomer is added slowly throughout the course of the 

reaction;

(iii) 'Seeded grow th', where the second monomer is added a t the s ta r t of a 

reaction  to a m ixture containing a previously fully polym erised core 

la tex ;

(iv) 'Shot addition', where the core la tex  is polym erised 'in situ ’, being 
allowed to  reach a fairly  high conversion before the  second monomer is 

charged (either in bulk or continuously).

The seeded and shot growth methods d iffer in th a t p artic les  polym erised 
in situ  will contain more monomer and hence swell more rapidly. A recen t 

developm ent is the power feed p r o c e s s ^ ’ in which a monomer m ixture of 
continuously varying com position is added. The resulting particles have a 

gradient of com position from the core to  the periphery, which can be controlled 
by varying the rate(s) of monomer addition.

The locus of the polym erised second monomer, i.e . aqueous phase, bulk 

polymer or the  in te rface  between them , has been shown to be dependent in p art 

on the reac tiv ity  of the monomer and its affin ity  for these  l o c i ^ ^ .  It may be 

fu rther influenced by the core-shell mechanism believed by Williams and co- 
w o r k e r s ^ - '7'^  to  operate  even for com patible comonomers (see Section lc). 

These facto rs  will g reatly  influence the  morphology of the  partic les in th e  final 
product. For a given com bination of reac tan ts , the  partic le  morphology will also
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be affec ted  by variations in the polym erisation conditions, e.g . mode of monomer 

addition (flooded or starved), ex ten t (if any) of partic le  pre-sw elling, e t c / * ^ .

The various types of partic le  morphology reported  in the lite ra tu re  for
seeded growth system s have been sum m arised by Lee and Ishikaw a^® ^ as
follows. A monomer or m ixture of monomers II is polym erised in the presence of 

homopolymer or copolym er la tex  partic les  I. Depending on the  properties of I 

and II, the product will fall into one of six classes.

(i) If polymer I is insoluble in monomer II, polymer II will form surface

layers like onion skins, e.g. poly(vinyldene chloride)/(poly(n-butyl 
acry la te /* ^ .

(ii) If polymer II is m iscible with polymer I and there  is no difference in

hydrophobicity betw een them , polym er II rich outside layers will be
form ed, resulting in a core-shell morphology, e.g.

(67)polystyrene/polystyrene . This morphology also results when polymer 

II is more hydrophilic than polymer I, e.g. poly(methyl 

acrylate)/poly(m ethyi m e th a c ry la te /* * ^ .

(iii) If monomer II swells polymer I, but polymer II is im m iscible with polymer

I, phase separation can take place, and many d ifferen t structu res are 
possible, e.g. polystyrene/styrene-butadiene copolymer^*

(iv) If polymer I is cross-linked and im miscible with polymer II, polymer II

can be trapped to form two in terpenetra ting  continuous phases 
surrounded by polymer II rich shells.

(v) If polymer II is more hydrophilic than polymer I, a core-shell s truc tu re

results, e.g. polystyrene/poly (ethyl ac ry la te /*

(vi) If polymer I is more hydrophilic than polymer II, polymer phase II

separates into polymer phase I and many d ifferen t s tructu res result, e.g. 

90:10 ethyl acry la te  - m ethacryiic acid copolym er/60:40 styrene- 

butadiene copolymer which form ed an inverted core shell morphology 
while 50:40:10 ethyl acry la te-sty rene-m ethacry lic  acid 

copolym er/polystyrene form ed partic les in which the second component 
was dispersed in the f i r s t ^ * ^  (see Fig. 1:2).
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These system s have been extensively studied by Okubo and co-w orkers^  

who have observed w hat they describe as "raspberry" and "confetti" like 

morphologies toge ther w ith voids and other anom alies when polymerising a 
hydrophobic monomer in the presence of a hydrophilic seed. These morphologies 
were a ttrib u ted  to  the hydrophobic monomer polymerising in separa te  domains. 

At high volume fractions of second polym er, partic le  inversion occurred (see Fig. 

I:2a), leaving the seed polymer fragm ented and dispersed in the  second.
A fu rther com plication in the  preparation of core-shell la tices is the  

occurrence of a second crop of partic les, resulting in a la tex  with a bimodal size 

distribution. It has been shown by H e a rn ^ ^  th a t the number density of seed 

partic les  a t constan t tem pera tu re , ionic strength  and monomer and in itia to r

concentrations is an im portan t param eter in determ ining w hether or not these
( R ? )secondary growth partic les  form . Chung-Li e t al. have discussed the 

occurrence of secondary nucleation in term s of heterocoagulation of new 
polym er, form ed in the aqueous phase, with the seed p artic les, re la tive to its 

homocoagulation which can result in stable nuclei.

For reactions carried  out in the presence of su rfac tan t, the  occurrence of

secondary growth partic les has been controlled by m aintaining the concentration

of su rfac tan t a t a value below its c ritica l m icelle concentration , so th a t micelles
(80 97 93 96 1 1 0)are absent from the aqueous phasev 9 However, under these

conditions, su rfac tan t coverage of the partic le  surface is less than com plete and

stability  problems frequently  ensue. The solution to  th is problem is to use a
(99 111)m ixture of anionic and non-ionic surfactants^

In seeded growth processes, the partic les intended to  form  the core of the 
final la tex  partic les are prepared prior to  the coating reac tion . A variation on 

this method is to polym erise the core partic les in situ and add the second 
.monomer a t a point when the firs t reaction  is substantially com plete . This 'shot- 

growth* technique was used by Sakota and O k a y a ^ * ^  as a means of 
incorporating carboxyl groups from  acrylic, m ethacrylic or itacon ic acids on the 

surface of styrene-isoprene copolymer la tices. They found th a t 60% 
incorporation of carboxyl groups could be achieved by addition a t 80% 
conversion, increasing to  80% incorporation a t 95% conversion.



B. LATEX FILM CASTING

Traditionally, polymer sam ples for diffusion studies are  obtained by bulk or 
solution polym erisation. Film specim ens are prepared by casting  from solution in 

a suitable so lven t^  ^  or by industrial processes, such as ex tru sion^  ^  or 

com pression m o u ld in g ^ ^ .  Polym er films can also be prepared from la tex  

dispersions by casting processes sim ilar to  those used for polym er solutions. 
However, film casting from  la tices is much less straigh tfo rw ard , for several 

reasons. The principle s tr ic tu re  is th a t the tem pera tu re  a t which the film is cast 
m ust be above the  minimum film form ation tem pera tu re  (MFT) of the polym er, 
if a continuous film  is to be obtained. This tem pera tu re  is roughly com parable 
with the glass transition  tem p era tu re  of th e  polym er. Polym er la tices dried 

below the ir MFT form friable, discontinuous films, which crum ble to  a powder 

when disturbed. A la tex  is said to be soft if it forms a film a t or below room 

tem p era tu re  (e.g. poly(ethyl acry la te) and poly (vinyl ace ta te )) or hard if it  does 

not (e.g. poly (methyl m ethacry late) and polystyrene).
P rac tica l d ifficu lties arise from  the physical properties (e.g. la ten t h ea t of 

vaporisation) of w ater (the dispersion medium), and the fa c t th a t polym er la tices 

o ften  contain extraneous m ateria ls  (e.g. su rfactan ts  and buffers from the 

polym erisation process, fungicides to  prevent m icrobial contam ination, e tc .). 

The la tte r  applies particu larly  to  com m ercial la tices. These problems are 
discussed la te r.

When a la tex  dispersion is dried by evaporation of w ater from  its surface, 
the  polymer partic les are  driven closer together until th e  stabilising fo rces 

(e lec tro s ta tic  and/or steric) keeping them  apart are overcom e. A so ft la tex  (i.e. 

one above its minimum film form ation tem peratu re) then form s a continuous 
film  by coalescence of the polymer partic les.

The drying of la tex  dispersions has been * studied by several w orkers 

including Myers and S ch u ltz^  S h e e tz ^ * ^  and Vanderhoff e t a l . ^ ^ .  The 

techniques employed ranged from  simple grav im etric determ ination  of w ater loss 

to  the use of sophisticated  apparatus such as an ultrasonic im pedom eter. The 
results of these studies w ere all broadly similar; the  polym er volume fraction  
plo tted  as a function of tim e giving a sigmoidal curve (Fig. 1:3).

Vanderhoff e t a l . ^ ^  in te rp re ted  these curves by dividing the drying 

process into th ree  stages, which are illustrated  in Fig. 1:4. During the firs t 
stage, which lasts until the partic les come into irreversib le co n tac t with each 
o ther, w ater evaporates from the surface of the ia tex . The ra te  of evaporation 
from  the la tex  was shown to  be the same, within experim ental e rro r, as th a t
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from  a dilute solution of su rfac tan t and e lec tro ly te  (i.e. the aqueous phase of the 

la tex). As long as the  surface area  of liquid la tex  film does not change e.g. 

because of disjoining and/or re trac tio n , the ra te  of evaporation will rem ain 
constan t. The in term ed iate  stage is the period in which the polymer partic les 
fuse into a continuous film . The ra te  of evaporation drops off rapidly during this 

stage due to  the reduction in the a ir/w a te r  in terfac ia l area , although the  ra te  

per unit area  rem ains the sam e. The com pletion of coalescence marks the 

beginning of the final stage, during which the residual w ater escapes through 

capillary  channels or by diffusion through the polymer. The small quantity  of 

w ater rem aining in the film and the  lim ited a ir/w a te r in te rfac ia l area  result in a 
very low ra te  of evaporation.

The borderline betw een Stages I and II was exam ined by H w a ^ ^ \  who 

used a specially constructed shallow conical P e tri dish to  observe a drying la tex  

film . The film dried from the outside inwards, and Hwa was able to record 

photographically the existence of liquid, flocculated and coalesced regions. The 

volume fraction  a t which flocculation occurred was determ ined and its variation 
with type of su rfac tan t noted. As expected by analogy with sedim entation, a 

strongly adsorbed su rfac tan t delayed the  onset of flocculation until the partic les 
w ere well packed. A weakly adsorbed su rfac tan t did not e ffectively  stabilise the  

partic les  and a much less densely packed struc tu re  resulted.

Although exhibiting sim ilar volume fraction  versus tim e curves, hard, non 
film -form ing la tices do not behave in the same way beyond the flocculation 

point. These ra te  of drying studies do not, therefo re , assist in elucidating the 
mechanism of coalescence.

1. Initial Stages of Film Form ation

The firs t mechanisms of partic le  coalescence proposed by Dillon, Matheson 

and B ra d fo rd ^ * ^  and la te r by B r o w n ^ ^ ,  take as the ir starting  point the  
prem ise th a t, for a film to be form ed, the forces tending to  cause coalescence 

must exceed the forces tending to  oppose it. Brown considered the possibility of 
four forces causing coalescence and two opposing it; these were as follows:

(i) F s> the force produced by th e  negative curvature of the partic le  surface: 
this occurs only a fte r  two or more partic les have com e into con tac t (i.e. 
a surface tension fo rce causing a reduction in the surface area).

(ii) F , the capillary pressure resulting from the presence of a w ater surface
of negative curvature.

(iii) F , the van der Waais a ttra c tiv e  forces between the partic les.

(iv) F , the grav itational fo rce acting on the particles.
O
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(v) F , the fo rce of repulsion betw een the partic les. (Brown considered only
e le c tro s ta tic  forces, but w here su rfac tan t is adsorbed on the p a rtic le  
surface, the re  may also be a significant s teric  contribution).

(Vi) F q , the  resistance of spherical partic les  to deform ation.

Thus if coalescence is occurring, the sum to ta l of th e  a t tra c t iv e  fo rce m ust 

exceed th a t of the repulsive forces, and this must be tru e  for the  whole film  

form ation process if this is to be com plete , i.e.:

F s + F c + F v + F g > F e + F G (I:10)

Which of these particu lar forces are m ost im portant has been th e  subject of

some debate. Dillon, Matheson and B rad fo rd^2^  argued th a t the  large
reduction in surface area which occurs when the latex partic le s  coalesce would
produce a sufficien t shearing stress to cause viscous flow (Fig. 1:5). They

calcu la ted  the pressure exerted  on the holes between the  packed la tex  partic les
( 12 2 )using the equation of Laplace .

P = 2 y / r  (1:11)

where y is the  surface tension of the  la tex  and r the radius of the hole; they  
obtained a value of 10 Pa for partic les  of 5 nm and by assuming a surface 

tension of 25 mN m“*.. They concluded th a t the holes could not m aintain th is 
pressure due to  the perm eability  of the polymer to air and w ater.

An expression for the ra te  of coalescence by viscous flow was developed by 

Frenkel(123)

e 2 = 3 y t  /  2 tt r n (1: 12)

where t  is the  tim e, n the  viscosity of the polymer and © the half angle of
coalescence (see Fig. 1:6). Dillon e t al applied this relationship to the

coalescence of a 75:25 vinyl chloride-vinylidene chloride copolym er la tex  by
2

m easuring r and e from electron  m icrographs. Their results p lo tted  as 0 against 

1/r  showed reasonable agreem ent with the th eo re tica l s tra ig h t line.
B row n^2^  criticised  the tre a tm e n t of Dillon e t al on several grounds.

(i) That the film form ation occurs concurrently w ith the evaporation of 

w ater, and th e re fo re  th a t the surface tension of polym er could not
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supply the driving fo rce for coalescence. Brown suggested th a t the 

polym er surface tension should be replaced by the  polym er/w ater 
in terfac ia l tension, and th a t a range of 0 - 10 mN m“  ̂ would be rea lis tic  
for this.

(ii) The observation th a t the ra te  of w ater rem oval influences the

coalescence of borderline film forming la tices.

(iil) That porous, incom pletely coalesced film s were form ed by la tices below

the ir minimum film form ation tem pera tu re .

(iv) The ability of lightly cross linked polymer la tices  (where viscous flow

could not occur) to  form continuous films, a lbeit lacking in strength .

Brown then considered the possible forces operating during coalescence 

(listed above): of these, he elim inated the gravitational fo rce  F , as being
O

negligible, and assumed th a t the forces of repulsion, F , a re  g rea te r than the van

der Waals forces of a ttrac tio n , F y (the condition for a stable dispersion). By
im plication, the resulting repulsion was not considered to  be a significant barrier

to coalescence. Brown considered the influence of the surface tension force, F ,s’
to  be small, because this force could only operate when a concave polymer 

surface existed , and this would only be so in the la te r stages of coalescence. 
M oreover, in the presence of su rfac tan t, the  surface tension would be low, and 
this would diminish Fg still fu rther. Having elim inated these forces, the original 
inequality (Eq. 1: 10) reduced to:

Fc >.Fg  (1=13)

>for coalescence to occur.

Brown then went on to a ttem p t a sem i-quan tita tive solution. He 

calcula ted  the capillary pressure, F , using the  ’th roa t' which exists in the plane 

passing through the cen tres of th ree  contiguous partic les, as the  capillary (see 
Fig. 1:6). This gave

Fc = 12.9 A / r  (1:14)

where the fac to r 12.9 arises from geom etrical considerations. Brown took the  

fo rce required to deform the partic les to  be the product of the shear modulus of
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the  polym er, G-, and a geom etrical constant, i.e.

F g  = 0.37 G. A (1:15)

From these results, the condition for film form ation becom es

G . < 3 5 y / r  (1:16)

since G. will be dependent on tem pera tu re , the minimum film form ation 

tem p era tu re  is th a t a t which G  ̂ is equal to  35 Y /  G

G. y /  r = 35 (1:17)

The m echanism s proposed by Dillon e t a l , ^ 2^  and B ro w n ^ ^ ^  predict th a t

the force tending to cause coalescence varies with partic le  size. For la rge

partic les, of the  order of 1 ym , the calcu la ted  forces seem ed inadequate to
(124)cause coalescence. Vanderhoff e t al, drew a tten tio n  to experim ental 

evidence inconsistent with this resu lt. For exam ple, a series of m onodisperse 
s tyrene-butad iene copolymer la tices of p artic le  sizes 0.1 to  1 ym all form ed 

continuous films with essentially  equivalent properties, regardless of p artic le  
size.

To deal with this problem, Vanderhoff e t ai extended the  model of Dillon e t  

al by arguing th a t in the incipient stages of coalescence, th e  radius of cu rvatu re  
betw een two partic les is very small (Fig. 1:7). They m aintained th a t, to  be valid, 

any calculation using the equation of Young and Laplace must include these  radii 
as well as the partic le  radius. According to  th e ir analysis, the  pressure 
d ifference across the p a rtic le /w ate r in te rface  is

P2 - P 1 = 2 Y /  r ' (1:18)

and in the region of coalescence

p 3 -  p 2 = T (1 /r i - (1:19)

Y is the polym er/w ater in terfac ia l tension and the pressures, P and the radii, r, 

a re  shown in Fig. 1:7. 1 / r^ is negative because the polym er surface here is 
concave. By assuming th a t = Py  these equations can be combined to  give

P = P2 - p 2 = Y ^ r l ~ ^/r 2 + (1:20)
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FIG 1 7  THE RADII OF CURVATURE INVOLVED IN THE
C O A L E S C E N C E  OF TWO S P H E R E S  

FROM VANDERHOFF e t  a l ( 1 2 4 ) )



A sufficien tly  small value of would give a pressure la rge enough to  cause 
coalescence,, However, th is pressure diminishes as coalescence proceeds, since

r . will increase.
(125) (121)Mason' ’ critic ised  the models of both Brown' ’ and Vanderhoff e t

aj^d-24) on grouncj th a t fo rce and pressure w ere confused, resulting  in 

erroneous calcu la ted  values for the pressure forcing two partic les  to ge ther. 

Brown's calculations w ere amended to  give a revised condition for film form ation 

of

G .<  266 y / r  (1:21)

However, Mason considered the  mechanism of Vanderhoff e t  al. to  be com pletely  
invalidated because the condition for a large pressure resulted  in th a t pressure 
acting  on a very sm all area  of the  stabilising layer. The stabilising layer would 

be ruptured a t the point of co n tac t, but the surface tension fo rce  would be 

insufficient to coalesce the partic les.
Mason went on to distinguish four cases:

Mode 1 liquid la tex  partic les, having a low elastic  lim it and shear modulus,

will coalesce irrespective  of partic le  size.
Mode II polymer partic les  with a low elastic  lim it and any shear modulus:

here coalescence depends on capillary forces exceeding resistance  

to  deform ation, and will thus be dependent on partic le  size.

Mode III medium elastic  lim it and medium to high shear modulus.

C oalescence will be independent of p artic le  size until the  
stabilising layer is ruptured, and dependent th e re a f te r . Mason fe lt 

th a t this case was unlikely because it required an im probable 

com bination of physical properties.
Mode IV high e lastic  lim it and medium to high shear modulus. H ere the

stabilising layer is easily ruptured, but the polym er will not flow.

This is the resu lt expected when drying a non film -form ing la tex .

Brodnyan and K o n e n ^ ^  a ttem p ted  to verify Brown’s m echanism  by 

correlating  the minimum film  form ation tem pera tu re  of a la tex  with its  p artic le  

size, su rface tension and polymer shear modulus, thereby testing  Equation (1:17) 
which predicts th a t for a given polym er, the quantity  G. y / r  should be constan t 

a t the  minimum film form ation tem p era tu re . They found th a t the  ability  of a 

la tex  to  form a film was not strongly dependent on p artic le  size or surface 

tension. However, the shear modulus of the polymer did fall most rapidly with
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increasing tem p era tu re  in the region of the minimum film form ation 
te m p era tu re , as predicted by Brown. U nfortunately, the  m easurem ent of 

minimum film  form ation tem pera tu re  was subject to  considerable random erro r. 

It was not, the re fo re , possible to prove unequivocally th a t G. y / r  was constan t 
for one polymer type and a range of su rface tensions and partic le  sizes because

of uncerta in ty  in the co rrec t choice of shear modulus.

Although the  d ifferences in the value of G. y / r  for d iffe ren t la tices  of the  
sam e polym er w ere not significant, the  d ifferences betw een d ifferen t polym er 
types w ere much larger, ranging from  a  value of 0.58 for a non-polar copolym er 

to  260 for a polar one. These values are  to  be com pared with the  values 35 and 
266 pred ic ted  by Brown and Mason respectively .

Brodnyan and Konen also noted th e  d ifference betw een the  minimum film

form ation tem p era tu re  and glass transition  tem pera tu re , T , which ranged from
a o ^10 C for non-polar and -3 C for polar copolym ers. They suggested th a t  th is

variation with polymer polarity  toge ther with th a t in G. y /r ,  was partia lly  due to
g rea te r p lasticisation  by w ater of polym er . However, this fac to r  alone

would be insufficien t to  account for the  m easured d ifferences.

The m ost recen t th eo re tica l tre a tm e n t of film form ation  was given by
L a m p r e c h t^ ^ .  The physical model of B r o w n ^ ^  was accep ted , but the

calculation was refined, giving a more re s tric ted  condition for film form ation .

The influence of ra te  of w ater rem oval was recognised by trea tin g  the  polym er

physical properties (i.e. shear modulus and creep com plience) as being tim e

dependent.
The fo rce opposing deform ation F(t), was given as th a t generated  when tw o 

viscoelastic bodies are pressed tog e th er. This was shown to  be

3 /2
(1:22 )F ( t)  = 373 ( t )  1-2 G ( t - T)/T dT

where k is the  (constant) ra te  of evaporation per unit area , 1 is the  thickness of

th e  film  a t 74% space filling and t  is the relaxation tim e. For p a rtic le

coalescence to occur, this fo rce must not exceed the  fo rce  F which arises7 max
from the maximum ex ternal pressure, P- , i.e.r  7 m ax’

F(t) < F (1:23)max
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F and P _  are  rela ted  bymax max 3

F = /2  < l-a 2/ r V  r 2 P (1:24)max max

w here a is the con tac t radius (see Fig. 1:5) when coalescence is com plete and the  

once spherical partic les  are com pletely deform ed into dodecahedra, and the 

geom etric term  assumes the  value 0.0953. The condition for film
form ation then becomes

*
t

1 .33  ( - )  I G <t*-T )/x dx s< P (1:25)max

*
where t  is the tim e taken for com plete coalescence to occur, and is equal to

0.286 i/k.

Lam precht com m ented on the d isag reem en t^ 27  ̂ over the calculation of

P max anc* considered th a t its  p ractica l m easurem ent posed insuperable
d ifficu lties, given the  length of tim e required for equilibrium to  be a tta ined  and
the fac t th a t loss of w ater did not occur uniform ly. Instead, he a ttem p ted  to
estim ate  P from measured values of G(t), k and 1, using Eq. (1:25). This gave 

max R 9
an answer of 1.3.10 N m~ ~ 1280 atm os, which is of th e  sam e order of
m agnitude as th a t given by Brown ^ 2 ^  and corresponds approxim ately to  the

(128)th eo re tica l value for the  tensile strength  of w ater

2. Final Stages of Film Form ation

According to the models described above, the film form ed from  a  la tex

dispersion would be com prised of deform ed polymer partic les  held toge ther by
(129)physical forces. V oyutskir considered th a t these fo rces alone could not 

account for the  m echanical properties of the  film'. Instead, he postulated th e  
m utual interdiffusion of polym er chain ends, term ed autohesion, which tends to  

make the film more homogeneous. The concept of autohesion, which has been 

invoked to explain many polymer phenomena, particu larly  in the field of 

adhesion, has been exam ined experim entally  (see reviews by V oyu tsk ii^"^ ’^ ^ )  

and the  influence of polymer ch arac te ris tics  qualitatively determ ined. As might 

be expected, the ra te  and ex ten t of autohesion were inversely re la ted  to the  
polymer m olecular weight and degree of cross linking: autohesion was g rea tes t 

for polymer molecules with few , long branches and least for those with many 
short branches.

In two studies of la tex  film  morphology, Bradford and V anderhoff(132,133)
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dem onstrated  th a t freshly form ed film s behaved in a m anner consisten t w ith 

autohesion theory. Using a poly (vinyl alcohol) rep lication  technique and 

transm ission electron  microscopy to exam ine film surfaces, they found th a t 
freshly form ed hours a f te r  casting) styrene-butadiene copolym er la tex  film s 
showed clearly  the contours of the  coalesced partic les, even though the  film  was

continuous and transparen t. As the  film s aged, the contours becam e less 

pronounced and b lister-like eruptions appeared. A fter 14 days, the  contours had 

disappeared and the eruptions grown. This exuded m ateria l eventually flowed 
over the surface of the film . It was la te r  shown to be su rfac tan t which had been 

stabilising th e  partic les prior to  drying, and which was incom patible with th e  
polymer.

F urther work showed th a t this process, which was te rm ed  fu rther gradual 

coalescence, could be observed in the in terior of the film . The presence of 

su rfac tan t resulted  in film s having appreciable porosity, which becam e g rea te r if 

the  film was washed with w ater. This porosity appeared to  diminish with age. 

Film s cast from la tices from which the su rfac tan t had been removed by dialysis 

w ere less porous.
The type of substra te  on which the film was cast did not a ffec t the  course 

of the fu rther gradual coalescence. However, styrene-butadiene copolym er 
la tice s  were sensitive to the atm ospheric com position. The fu rther gradual 

coalescence acce lera ted  as the oxygen con ten t increased and stopped com pletely 
in a nitrogen atm osphere. This e ffe c t was a ttrib u ted  to  oxidative softening of 
the polymer.

V ariation in the degree of cross linking and m olecular w eight produced th e  

expected e ffec t. Thus, adding divinyl benzene to the polym erisation reac tan ts  
reduced the ex ten t of fu rther gradual coalescence, whilst adding t e r t -dodecyl 
m ercaptan increased the ra te .

Bradford and V a n d e r h o f f ^ ^  also studied other polym er types, including 

m ethyl m ethacry ia te /e thy l acry la te  and vinylidene chloride/vinyl chloride/ ethyl 
ac ry la te  copolymers. These film s also underwent fu rther gradual coalescence, 
although the su rfac tan t exudations were not observed. Poly (vinyl ace ta te ) la tex  

film s, however, appeared not to age. This was ascribed to  surface hydrolysis 

giving a bound layer of hydrophilic poly (vinyl alcohol), across which the  poly 

(vinyl ace ta te ) chains could not diffuse.

The assertion th a t la tex  film s becom e com pletely homogeneous a fte r  the  
operation of certa in  coalescence mechanisms is con trad ic ted  by the work of 

D istler and K a n i g ^ ^ .  These authors reasoned th a t, although some 

interdiffusion of polymer chain segm ents was to be expected , the  qxtent would 
be res tric ted  by the incom patibility  of the hydrophilic surface groups with the
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buik polym er. These surface groups would include su rfac tan t g rafted  onto the 

p a rtic le  surface during the  polym erisation r e a c t i o n ^ ^  as well as the  charged 
endgroups arising from the in itia to r fragm ents.

D istler and K a n i g ^ ^  produced several pieces of experim ental evidence to  
support their hypothesis. The f irs t indication was given by the turbidity of 

previously clear film s on swelling in w ater. This e ffe c t was ascribed to  

penetra tion  of w ater into the in terio r of the  film , along the  hydrophilic boundary 

layers. If the la tex  from  which th e  film had been prepared was monodisperse 
w ith the partic le  d iam eters betw een 200 -  400 nm, and these partic les were close 

packed in the  film , then Bragg sca tte rin g  could be observed in the  swollen film . 
In order to  confirm  th a t this e f fe c t was not due to deposition of w ater soluble 
m ateria ls , such as in itia to r residues and su rfac tan t, a film cast from a la tex  

containing 1% acrylic acid was tre a te d  with uranyl a c e ta te . This le f t uranyl ions 

bound to the carboxyl groups arising from the  acrylic acid as well as to  acid 

residues from in itia to r fragm ents and g rafted  su rfactan t, m ost of which were 

considered to  be isolated on the partic le  surface. The excess uranyl a c e ta te  was 

removed by careful washing in w ater. A thin section of the tre a te d  film 

exam ined by transm ission electron  microscopy showed a point p a tte rn  with fine 
webs betw een the  points. The webs were in terp reted  as delineating the partic le  

boundaries, with the  points being due to  w ater soluble m ateria ls  in the 
in ters tices.

(134)D istler and Kanig also observed partic le  contours in acry la te  la tex  

film s by using transm ission electron  microscopy with the aid of a contrasting 
techn ique^  This entailed  exposure of an acry la te  containing polymer films 

to  hydrazine hydrate vapour for several days, washing, sectioning and staining 

with osmium te trox ide. Film s tre a te d  in this way had a clearly  visible 

honeycomb stru c tu re , showing th a t the boundaries betw een deform ed latex  
partic les  were m aintained. This honeycomb pattern  was apparent in every la tex  

film exam ined, including those cast from su rfac tan t-free  la tices of a single 

ac ry la te  polymer. The spacing of the honeycomb patte rn  agreed well with the 

p artic le  size of the original la tex , determ ined by transm ission electron  
microscopy.

(134 137)D istler and Kanig ’ also .examined films cast from solutions of 

freeze  dried polymer in te trahydro fu ran . The solutions were sufficiently  dilute 
(0. 1%) for the  'felting ' of the polymer chains in the partic les to  have been 

overcom e, giving a com pletely homogeneous solution. However, partic le  

boundaries were observed in solvent cas t film s of poly(ethyl acry late) and poly(n- 
butyl acry late). The p artic le  sizes were roughly the same as the  honeycomb 

spacing in the la tex  film s, showing th a t the particles had gelled ra ther than
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truely  dissolved in the  solvent* and th a t some self-cross-linking must have 

occurred during the  polym erisation. A crylate monomers contain a labile te rtia ry  

hydrogen atom , and are known to  undergo chain tran sfe r to  polymer side 
reactions leading to  branching and cross-linking^ Film s cast from  a sim ilar 
solution of poly(n-butyl m ethacry la te) w ere featu reless, showing th a t cross

linking does not occur in this po lym er^

3. Conclusions

The various theories of film form ations give a  reasonable qualita tive  J
4 .4

appreciation of the processes occurring when a la tex  dispersion is dried. For th e  

firs t s tage (evaporation of w ater and deform ation of the  polym er partic les) the 

model of B ro w n ^ ^ ^ , as m o d i f ie d ^ '5’^ ^  is now the  m ost widely accep ted  
mechanism . However, even the  la te s t tre a tm e n t^  ̂  still only considers
capillary forces opposed by the  resistance of the partic les to deform ation. The

influence of such facto rs  as flocculation processes during drying, the  softening ,:f

e ffe c t of w ater on many polym ers, surface tension forces in th e  last stages of

coalescence and van der Waals forces have yet to  be q u a n tif ie d ^ 2^ .

Studies of the  long te rm  behaviour of la tex  films have shown th a t changes •«.
(129-133) ~in morphology do occur . Voyutskii’s Autohesion theory  qualita tively

explains these observations. However, in the  light of recen t work by D istler and 
(136-137)Kanig , it  can be seen th a t the  films do not becom e com pletely

homogeneous. The morphology of a la tex  film will alm ost certain ly  influence its  
transm ission properties. M easurem ent of these properties may th e re fo re  assist 
in understanding these morphological changes.
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C. DIFFUSION AND PERMEATION

The discovery th a t a rubber m em brane is perm eable to  gases was made by 
M itchell in 1 8 3 1 ^ ^ .  It was also shown th a t the ra te  of perm eation varied for 
d iffe ren t gases and th a t the gases which penetrated  most rapidly w ere those

m ost easily condensed and most soluble in w ater and other liquids. These ideas 
w ere developed by Graham, who, in a paper published in 1 8 6 6 '* ^  f irs t described 

perm eation in term s sim ilar to those accep ted  today. Graham drew a tten tio n  to 

the  g rea te r sim ilarity  of rubber to  liquid than to a solid, and postu lated  th a t 

perm eation was a th ree  stage process comprising condensation and solution of 
the  gas a t  one face  of the  film , diffusion as a liquid to the  o ther face , followed 
by dissolution and evaporation. The increasing ra te  of perm eation  with 
tem p era tu re  was a ttrib u ted  to  an increase in the softness or liquid n a tu re  of the 
rubber.

The next advance cam e in 1879, when W ro b le w s k i^ ^  derived the 

relationship describing the steady s ta te  of perm eation by combining the  

in teg ra ted  form of Ficks’ F irst Law of Diffusion with Henry’s Law.

The advent of airships, in the  early 1900's, led to m ajor advances in 
experim ental methods of perm eability  determ ination. These w ere applied to 

m easurem ents of hydrogen and helium perm eability  through the rubber coated  
fab rics used in the construction of airship balloons. The determ ination  of 

diffusion coeffic ien ts from perm eation experim ents was made possible in 1920, 

when D a y n e s ^ ^  gave a solution of F ick’s Second Law, which re la ted  i t  to the 
so-called tim e lag. However, it was not until 1939 th a t B a r r e r ^ " ^  fully 
developed the  experim ental techniques necessary to use it. Since th a t tim e, this 

approach has accounted for much of the diffusion, solubility and perm eation  data  
determ ined  so far.

1. D eterm ination of the Diffusion and Perm eability  C oefficien ts

Diffusion may be defined as the process by which m a tte r  is transported  

from one part of the system  to another by random m olecular motions. In the 

con tex t of this work, m a tte r  refers to  gases and vapours and the  system  is the 

polym er film through which they m ust diffuse. Perm eation of a gas or vapour 

through a polymer film , under the influence of a (partial) pressure d iffe rence , is 

a th ree  stage process, com prising solution (condensation followed by mixing) a t 
one face  of the  film, diffusion to  the  other face , followed by dissolution.

Suppose th a t the film is in italiy  free  from penetran t. When one face  is 

exposed to  the  penetran t, th e re  will be an accum ulation within the film and the
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ra te  of dissolution from the opposite face  will rise from zero  to  a constant value. 
This is known as the transien t s ta te  of perm eation. When the constant ra te  of 

dissolution is a tta ined , a steady s ta te  of perm eation prevails.
The sta rting  points for the  m athem atical tre a tm e n t of perm eation are  

F ick 's laws of diffusion, which were form ulated  in 1855 by d irec t analogy with 

heat conduction. F ick’s F irs t Law s ta te s ^

J = -D (1:26)3 x

w here J is the diffusion flow or flux through unit area of film  

D is the diffusion coeffic ien t 

c is the concentration  of p enetran t in the  film 
x is the distance through the film

Consider two planes, parallel to the faces of the film , a t d istances x and 

x + dx from  the high concentration  face  (see Fig. 1:8). If diffusion is considered 

through the x-direction only (x norm al to  the faces of the  film), there  is an 

accum ulation of perm eant, with tim e, within the volum e elem ent bounded by 
these  planes, i.e.

j  -  j  = —
x x 4- dx 3 1 = -D 3_c 

3 x
3_
3 x c + 3 c 

3 x dx
(1:27)

Where dc /d t is the  accum ulation of perm eation as a function of tim e. As dx 
this becom es

3_c 
31

3_
3 x

3 c 
3 x

(1:28)

If the diffusion coeffic ien t is independent of concen tration , th is reduces to



D I F F U S I O N  THROUGH S E C T I O N  OF F I L M . 
P E N E T R A N T  A C C U M U L A T E S  IN V O L U M E  
E L E M E N T  B O U N D E D  BY P L A N E S  x  A N D  x  +  d x



which is the usual form of Fick's Second Law. Where the  diffusion coeffic ien t is 
dependent on concen tration  only, Eq. 1:28 may be transform ed to  give

29_c
a t = D ( c )

a 2a__c
a 2

X

+ a p ( c ) 
a c

a c  
a x (1:30)

If the concen tration  d ifference across th e  film is small, then the  te rm  d D(c)/dc 

will be negligible by comparison with the absolute m agnitude of D(c), the 

concentration  dependent diffusion coeffic ien t. The value obtained by this 
method will be a mean diffusion coeffic ien t D, which is defined by

D =
c - c  1 o c

/c i

D(o) d°  (1:31)
o

Where c^ and cq are the concentrations of diffusant a t the high and low 

concentration  sides of the film respectively . Thus, in principle, it is possible to 

es tim ate  the dependence of D (c) on c.

In p rac tice , m ost perm eation experim ents are  carried  out such th a t cq = 0.

Eq. (1:31) then reduces to

D - i f  D<c > dc ~
C1 J o

In the steady s ta te , the diffusion flow, J , is constan t. Eq. (1:33) may be 
in tegrated  to  give

C1
J = / D dc  = D ( c r Co>

s
" * / c 1 <I:33)

o

where the diffusion coeffic ien t is independent of concentration . Where this is 
not the case, D must be replaced by D, as defined by Eqs. (1:31) or (1:32)



a) C alculation of the  Diffusion C oeffic ien t from T ransien t S ta te  Perm eation  

M easurem ents
The calculation of diffusion coefficien ts from tran sien t s ta te  perm eation 

m easurem ents requires the solution of Eq. 1:26. The system  under consideration 

here is a f la t film of fin ite  thickness 1; t  is the tim e from  th e  s ta r t of the 

experim ent and the concentrations a t the  faces of the  film  x = 0 and x = 1 are  c^ 
and cq respectively , the  appropriate boundary conditions are

c(x,0) = cQ

c(0,t) = c j

c(ljt) = CQ 

and the solution is(^2 ,1 4 4 )

c ( x )  = c + ( c  - c  ) x  + 2 ( c  —c ) T
1 1 o  o 1 ( 1 : 3 4 )

1 TT

Solutions for d iffe ren t geom etries and boundary conditions have been presented 

by Crank and for the m athem atically  analogous process of therm al
conductivity , by Carslaw  and J a e g a r ^ ^ .

The ra te  a t which penetran t em erges from  unit area of th e  face  x = 1 of th e  film 
can be obtained by d ifferen tia ting  Eq. 1:34.

x = 1
c - c  o 1 1 + 2 7  f( - l ) '  

n = l

e x p
2 2^  -n Dt ) ( 1 : 3 5 )
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In tegrating this relationship with respect to  tim e gives Q , the  am ount of 

penetran t which has perm eated  through unit area of th e  film in tim e t 
t

Qt  ■ /  D | t e ]  x= i  d t

D ( c  - c  )0 1
1

< T f
1 + 2 7  ( - l ) n  - l 2 e x p

2 2n = l  n  it D

-2 y  <-i)n - i 2 
2 2n = l  n  it D

(1:36)

The steady s ta te  is reached when t  becom es large and the  exponential te rm  
approaches zero: Eq. 1:36 reduces to

| = D (c  - c  ) t  (c  - c  ) lt  o 1 -  o  1
(1:37)

If Qt is p lo tted  as a function of t  (the so-called 'B arrer' plot) th e  result is a curve 

a t sm all values of t ,  becoming a s tra igh t line at far larger t  (see Fig. 1:9). If the 
s tra igh t line portion is ex trapo lated  back to the t  axis, the in te rcep t is term ed  
the tim e lag, t .  Eq. 1:37 becom es

,2
6D (1:38)

Eq. (1 :3 )^^  is the basis of the  original B arrer perm eation e x p e r i m e n t ^ i n  
which Qt is m easured d irectly  as a function of tim e, and t  is determ ined 

graphically. However, the apparatus used in this work m easures the

instantaneous ra te  of perm eation, 3t , ra ther than the  cum ulative quantity  Qt .

One m e t h o d ^ ^  of calculating the diffusion coeffic ien t d irectly  from this is to  
define a tim e, t ±, a t which 3 is equal to half the steady s ta te  value, 3 . This is2 I  S
re la ted  to the diffusion coeffic ien t by

t ,  = I 2  (1:39)
* 7 . 1 9 9 D

To make use of this equation requires an accu ra te  knowledge of t  = O, i.e. the 

tim e a t which the change in penetran t concentration  above the  film occurs. This 

change in concen tration  is achieved by operating a switching value, which is 
necessarily  some distance upstream  of the film , thereby introducing an uncertain
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FIG M O  N O R M A L I S E D  R E S P O N S E  CURVE OBTAINED FROM 
CONCENTRATION CHANGE PERMEATION EXPERIMENT



’plumbing’ lag. A nother disadvantage is th a t only a single point on the 
perm eation curve is used.

A nother a p p r o a c h ^ ^  is to plot the  normalised perm eation ra te  3 ^ 3  
against tim e (Fig. Is 10). The shaded area , which can be evaluated graphically or 
num erically is defined as M Thus

JM ( 1 - J  / J  ) d t  t  s

Now, recalling th a t

n 3 c  j  _  -D  ̂
t  9 x (1:26)

and

D (c i1 o (1:33)

Eq. 1:35 may be rew ritten  

J
1- -2 /  V < - D n  e x p  ( _  

n  = 1 \

2 2 
- n  it  Dt (1:41)

Hence,

M E
n  = o

n
2 2 

-n tt Dt
( - 1 )  e x p \  2 d t (1:42)

A fter in tegration and rearrangem ent, th is becom es

M 6D
(1:43)

Although this method uses the whole perm eation curve, it still requires an
accu ra te  knowledge of t  = O.

A more sa tisfac to ry  method of calculating diffusion coeffic ien ts, devised
by Pasternak e t a l / * ^  employs an a lte rn a tiv e  solution of the  diffusion

(144)equation, derived by using Laplace transform s The expression for the ra te

at which penetran t em erges from  unit area of the face x = 1 becom es

, ,  ■ - V  ( * )  * < " «
n = o
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Where 3 / 3  is the norm alised perm eation ra te . This approxim ation is valid for
CL/3 <0.97, i.e. over m ost of the  transien t s ta te .

* .  1 2  Substituting y = 3 /3 and x = 1 /4D t gives

-  4 I  ,  2 ny = — t  x exp ( - x  )
77 (1:45)

the right hand side of which is the second derivative of th e  e rro r function.

N um erical values of this function, taken from ref. 148, a re  given in Table 1:1; if 

p lo tted , a th eo re tica l perm eation curve is obtained. To de term ine the diffusion 
co effic ien t, th e  experim ental curve is analysed to give th e  tim es a t which J /3

7 S
takes the values given in Table 1:1. If the corresponding values of (4D t/l ) are 

p lo tted  against these tim es, a s tra ig h t line of slope 4D/1 resu lts .

This method has the advantages of using all the experim en tal data  and not 

relying on precise definition of t  = 0. Moreover, by obtaining a s tra igh t line 

graph, the validity of Fick's Second Law is confirm ed.

b) C alculation of Perm eability  C oeffic ien ts from S teady  S ta te  Perm eation 

M easurem ents

The diffusion coeffic ien t is re la ted  to the steady s ta te  diffusion flow by

T _ D(c - c  )
s ------- - °-  (1:33)

In the p rac tica l situation, it is the pressures, p, above th e  faces of the film

ra th e r than the surface concentrations, c, which are known. These quantities are
(144)rela ted  by Henry's Law , which s ta te s  th a t

c = Sp ' (1:46)

w here S is the  solubility co effic ien t. This relationship is obeyed only a t low 

penetran t concentrations. It is o ften  found th a t for system s in which the 

diffusion coeffic ien t is concentration  dependent, i.e. those  in which the 
p enetran t is a vapour ra ther than a gas, the solubility co e ffic ien t also exhibits a 

concentration  or pressure dependence.
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TABLE 1:1

NUMERICAL VALUES FOR NORMALISED THEORETICAL PERMEATION CURVE 

OF RELATIVE FLUX, y = 3/ 3 , AGAINST NORMALISED TIME
1/x = 4D t/l2.

y = V J s 1 /x 2 = 4 D t/l2 y -  3 /0 3 1 /x2 = 4 D t/l2

0.05 0.220 0.55 0.600

0.10 0.265 0.60 0.650

0.15 0.300 0.65 0.705
0.20 0.335 0.70 0.770
0.25 0.370 0.75 0.845

0.3 0 0.405 0.80 0.940

0.35 0.440 0.85 1.045
0.40 0.475 0.90 1.210

0.45 0.510 0.95 1.570

0.50 0.555
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Com bination of Eqs. 1:33 and 1:46 gives the  well known perm eation  equation

J s "  DS (P1 “Po ) (I:^7)
1

The product DS is term ed the perm eability  coefficen t, P, so th a t

P = DS (1:48)

and

j  = ^  -p Q>
s -------:------- (1:49)

(149)P e te rlin v '  considered th a t the tru e  definition of the perm eability  coeffic ien t 
is Eq. 1:49 and th a t Eq. 1:48 is an em pirical relationship which is only obeyed by 

certa in  ideal system s.

Since is the am ount of p enetran t, Q, which has passed through the film 

in tim e t,

J = Q /t  ,
s (1:50)

For p rac tica l purposes, it is convenient to  remove the area  from  the  definition of 

3s and Q, so th a t these quantities becom e respectively the flow, and the am ount 

of penetran t passing, through a sample of film of area A. Thus

Q = PA t  ( P]L - p Q) (I;51)
_

or, a f te r  rearrangem ent,

P =  Ql ' (1:52)
A t  <P l - Pq)

so th a t the perm eability  coeffic ien t of a film of known surface area and 
thickness can be calculated from  perm eation ra te  data.

C oncentration dependence of the diffusion, solubility and perm eability  

coeffic ien ts has been dealt with theore tically  in the following manner (150). The 

measured perm eability  coeffic ien t is a mean value for the pressure gradient Pj, 
to  pQ, corresponding to the equilibrium surface concentrations c^ and c q  defining 

the mean diffusion coeffic ien t (Eq. 1:31), i.e.

J s = P <PX -P D> (1:53)
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Thus

1

C

f1 D (c )  d c  

c

c ,  - c  1 o P1 ”Po

o01iH
O

P i ” P^ 1 o 1
L, o J -  _ _

(1:54)

The mean solubility coeffic ien t is given by

c.. - c  1 o
P1 - P rt 1 o

so th a t

(1:55)

D S (1:56)
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2. F acto rs  a ffecting  the perm eability  of polymer films

Perm eation  was previously described as a th ree stage process of solution, 
diffusion and dissolution. The p enetran t is considered to be in a condensed s ta te  
during the  diffusion process. Where th e  polymer is amorphous, and above its  

glass transition  tem pera tu re , the  m ovem ent of penetran t m olecules is sim ilar to 

the  m otions of molecules in a liquid. For a polymer below its  glass transition  

tem p era tu re  or one having a significant crystalline con ten t, the  process is more 

com plex. It has, however, been pointed o u t ^ ^  th a t the d ifferences in diffusion 

behaviour betw een mobile liquids, amorphous elastom ers and crystalline solids 

are  ones of degree ra ther than kind. Thus, generalised models need not be 
re s tr ic te d  to  one particu lar s ta te .

An amorphous polymer can be visualised as a tangled mass of polymer 

chains with spaces or holes betw een them . The diffusion of a p enetran t m olecule 
through a film  of such a polymer can then be considered as a series of jumps 

betw een holes. There may also be defec ts  within the film , such as cracks, voids, 

cap illaries or grain boundaries, and these will also con tribu te  to the perm eation 
process.

a. E ffec t of Tem perature ,

Over m oderate ranges, the tem pera tu re  dependence of diffusion, solubility 

and perm eability  coeffic ien ts are  described by Arrhenius relationships (150,151)

■Eĵ  and Ep are  the  activation  energies of diffusion, and perm eation respectively ,
while AH is the heat of solution. D , S and P are constants, s o’ o o

The most frequently  reported departu re  from these relationships occurs in 

the region of the glass transition  tem pera tu re  of the polymer concerned. In log 

co effic ien t vs. reciprocal tem p era tu re  plots, a change in slope betw een two 

s tra ig h t lines is often  observed. The calcu la ted  activation  energies are  normally 
g rea te r above the glass transition  tem p era tu re  than below it. A typical exam ple 

is the da ta  of M e a r s ^ ^  for poly (vinyl ace ta te ). The diffusion, solubility and 
perm eability  coefficien ts for hydrogen, helium, oxygen, neon and argon through 

th is polym er w ere found to behave in this way.

There are some polym ers, however, where this change in slope of the

D = Dq exp (-Ed /RT) 

S = So exp (-AH /RT) 

P = P exp (-E /RT)p

(1:57)
(1:58)

(1:59)
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A rrhenius plot a t the glass transition  tem pera tu re  does not occur, or only occurs 

for ce rta in  gases. S tanne tt and W i l l i a m s ^ d e t e r m i n e d  th e  transpo rt 

properties of gases ranging from  helium to  krypton and carbon dioxide through 
poly (ethyl m ethacry late). The Arrhenius plots constructed  from th e ir data
showed no changes in slope a t the glass transition  tem p era tu re . Kumins and 

(153)R otem an obtained the same resu lt for a vinyl chloride - vinyl a c e ta te  

copolym er for several gases, but with the exception of carbon dioxide w here the  

slope did change.
Over extended ranges of tem pera tu re , it is often  observed th a t Arrhenius 

plots are curved. Van A m e ro n g e n ^ ^  and Barrer and S k i r r o w ^ ^  observed 
deviations from  linearity  in log D and log P against 1/T plots, w ith the activation  
energy decreasing with increasing tem pera tu re .

These e ffec ts  can be discussed in te rm s of the free  volume p ic tu re  of 
diffusion, as discussed in below.

b. N ature of the P enetran t

The size and shape of a penetran t molecule will influence its ra te  of 

diffusion within a polymer film , whilst the solubility will be a ffec ted  by its  

polarity  and ease of condensation. The overall e f fe c t on perm eability  will 
depend on the  interplay of these  facto rs.

The non condensable gases have very low solubilities in polym ers, and 

the re fo re  th e re  is li t t le  po lym er/penetran t in teraction . The predom inant 
influence is m olecular size, and the reduction in diffusion or perm eability  

coeffic ien t with increasing size is well docum ented. For exam ple, the  
perm eabilities of cellulose a c e ta te , polystyrene and poly (vinyl chloride) to  

helium, neon and krypton were s h o w n ^ ^  to decrease rapidly with increasing 
penetran t d iam eter. M olecular weight can also be used as a m easure of size. 

One study^"5̂  has dem onstrated  a good correlation  betw een log D and m olecular 
weight.

As the penetran t size increases and it becom es condensable, its in te rac tion  

with the polym er becomes more pronounced. This has consequences for both 
solution and diffusion behaviour. Organic vapours are appreciably soluble in 

polym ers and the ir e ffec t is to  make both the solubility and diffusion 

coeffic ien ts  highly concentration  dependent. This e ffe c t can be qualitatively  
explained on the basis of sorbed penetran t molecules plasticising the polym er, 
enhancing the solution and diffusion of fu rther penetran t.

In ex trem e cases, involving th e  sorption of organic p enetran ts  by glassy
polym ers, a boundary is observed between unswollen and highly swollen

reg ions^  A dual or two stage mechanism has been proposed to account for
(157)this , which envisages sorption in the unswollen s ta te  to be diffusion
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controlled , w hilst sorption in the swollen s ta te  is controlled  both by diffusion and 

polym er relaxation* Diffusion in the  la tte r  is often  re fe rred  to as anomalous or 

non-Fickian, since diffusion coeffic ien ts are tim e as well as concentration  
dependent.

The e ffe c t of m olecular size appears only to  be im portan t for sm aller
(158)organic m olecules. Studies of hydrocarbon diffusion through natura l rubber 

indicated  th a t for the homologous series of n-alkanes above n-butane, th e  

diffusion coeffic ien t was barely a ffec ted  by increasing carbon chain length. 
M olecular shape is a more im portant consideration, and th is was dem onstrated by 
the observation th a t branched alkanes diffuse m ore slowly than n-alkanes 
containing the sam e number of carbons^

c. N ature of the Polymer
Polym ers are complex m ateria ls  which can be characterised  in many 

d ifferen t ways, e.g. in term s of physical properties, such as density and glass 

transition  tem peratu re , or in term s of s tru c tu re  (degree of branching and cross 

linking). It is virtually impossible to  study system atically  th e  influence of th e se  
ch arac te ris tic s , because changes in one fea tu re  will alm ost certain ly  lead to  

changes in o thers.

In term s of the hole concept of diffusion, it  can be seen th a t the ra te  of 

diffusion will depend on the  number and size of existing holes, and the ease with 

which new holes can be form ed. The form er will depend on the packing of the 

chains and is re la ted  to the free volume and the density. The la tte r  will depend 
on the segm ental chain mobility and the cohesive energy of the  polym er.

In general, polymer properties may change considerably with m olecular 
weight, although most vary in a sim ilar fa sh io n .' M echanical strength  does not 

develop until m olecular weights of 5 -  10,000 are reached. Above this figure, 
m echanical streng th  increases rapidly and then levels off.

1 The e ffe c t of polymer m olecular w eight on perm eability  is variable, 
depending on the polym er/penetran t system s under consideration. A reduction in 

perm eability  coeffic ien t with increasing m olecular w eight is expected, since 
both the diffusion and solubility coeffic ien ts are  likely to  f a l l ^ ^ .  This trend  

has been observed by F u r u y a ^ ^  and I t o ^ ^  for the  perm eabilities of 

polyethylene, poly(vinyl chloride), ethyl cellulose and polyisobutylene to  
nitrogen, carbon dioxide and w ater vapour. A m ore detailed  study by 

K am in sk a^ * ^  found th a t the air perm eability  of polystyrene film s cast from  
benzene solution depended not only on m olecular w eight, but dispersity. The 

polystyrene sam ples were prepared by fractionation  and the  films subsequently 

cast from dilute benzene solution. The perm eability  co e ffic ien t dropped by a
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fac to r of 13 as the  m olecular weight (calculated  from  Kaminska's viscosity data ,
(85) (138)and lite ra tu re  values of k and a  via the Mark-Houwink equation)

5 5increased from 3.5.10 to 12.7.10 . However, several o ther experim ental 
s tu d ie s^ 5 have concluded th a t diffusion and perm eability  coeffic ien ts a re  
not strongly dependent on polymer m olecular weight. The activation  energies

w ere found to be sim ilarly unaffected .

3. Diffusion Mechanisms and Em pirical Relationships

Several theories have been proposed to explain the diffusion of gases 
through polym ers, and in particu lar, to  account for the tem p era tu re  dependence 

of diffusion. Diffusion in an amorphous polymer can be visualised in term s of the  

m ovem ent of p enetran t molecules through a tangled mass of polym er chains and 

holes. In a polym er above its  glass transition  tem pera tu re , as in simple liquids, 
the holes are constantly  disappearing and reform ing as a result of therm al 

fluctuations.

The overall diffusion process results from the m ovem ent of penetran t 

molecules from hole to hole under the  influence of a concen tration  gradient. 
Each jump will require the disruption of polym er-polym er and poiym er-penetrant 

in teractions in order th a t the surrounding polymer chains can rearrange 
them selves to allow the passage of the diffusing molecule. The ex ten t of the 
rearrangem ent, and hence the am ount of energy required to produce it, will 

increase as the size of the hole increases. According to the Boltzmann 

relationship, the number of holes should decrease exponentially with increasing 
size.

This simple picture predicts th a t the diffusion coeffic ien t decreases and 
the activation  energy of diffusion increases for increasing penetran t size, and 
this is in accord with the experim ental evidence discussed above.

The more detailed  trea tm en ts  of diffusion s ta rt with the  basic prem ise th a t 

the penetran t m olecule makes a successful jump betw een equilibrium positions of 

distance X in a random direction with a frequency v. The diffusion coeffic ien t is 
re la ted  to the jump length and frequency b y ^ ^ ^ s

It has been a r g u e d ^ ^  th a t the distance which a penetran t m olecule 

trave ls  in jumping betw een equilibrium positions is unlikely to d iffer too greatly  
from polymer to polym er and th a t the variation in diffusion coeffic ien ts, which 
is several orders of m agnitude, must therefo re  be due to  variations in jump

56



frequency.
A pplication of the transition  s ta te  theory of ra te  processes leads to  the 

following expression for the diffusion co effic ien t

D = k  v d2 e x p  (-A  G+/RT) (1:61)

w here k is th e  transm ission coeffic ien t, v is the vibration frequency of the
■f

diffusing m olecule and AG is the  free  energy of activation . AGt is possessed 

only by the  pene tran t m olecules.
When the  d iffusant has surm ounted the  energy barrie r, i t  is assumed th a t a 

successful jump will occur, i.e. k = 1. It is also assumed th a t the degree of 

freedom  involved in the diffusion step  is a transla tiona l one, w ith the frequency

taken to  be kT/h, where k and h are  th e  Boltzmann and Plank constants
■f t* + respectively . Since AG = AH -TA S

and diffusion is accom panied by a negligible volume change, Eq. 1:61 becom es

t r - f
D = eA e x p  (AS / R )  e x p  ( - E D/R T )  (1:62)

Comparison of this expression with equation (1:57) leads to  relationships 
linking the experim entally  determ ined variables E ^  and Dq w ith AH, AS and X;

Ed  = AH1" + RT (1:63)

D = e x 2 ~ e x p ( A S +/R) (1:64)
° h

The ac tiv a ted  zone theory of diffusion, developed by B a rre r^  assum es

th a t the activation  energy is acquired by the chain segm ents involved in the
diffusion step as well as the  diffusant m olecule. These segm ents and th e
d iffusent m olecule com prise a zone of activation  of f degrees of freedom , which

must acquire a certa in  energy, E, before a diffusion step can occur. According

to  this theory , th e  diffusion coeffic ien t is given by 
f

D = vA

f  = 1

max

E2 /  , Pf
(E /R T ) '
( f  ” 1) I

e x p  ( -E /R T )  ( 1 : 6 5 )

f-1
where f is the  value of f for which (E/RT) /  (f-1)' is a maximum: p , is the max x
probability th a t the f degrees of freedom  will perm it a diffusion jump and v is 

the therm al vibration frequency of the  diffusing m olecule.
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Over m oderate tem p era tu re  ranges above the glass transition  tem p era tu re  

of the  polym er concerned, the activation  energy of diffusion Eq  is essentially  
constan t. B arrer assumed th a t one of the term s in the sum m ation, corresponding

i
to  an optimum number of degrees of freedom  f , would be suffic ien tly  large th a t 
the  rem ainder could be neglected . This is rigorously tru e  if E »  ( f -1) R T ^ ^ .

With th is approxim ation,

Ed  = E- (f-1) RT (1:66)

and the  resulting equation for D becom es

D ' ^  vX p f  (E'/R T > e x p  (E /R T ) (\&7)

2 ( f * -1 ) !

f* can then be calcu la ted , given reasonable values of D, E and v . is assumed 

equal to 1/6 by analogy with the movement of Schottky defec ts  in a cubic 

la t t ic e ^  For the diffusion of simple penetran ts in rubber, a jump length of 
m olecular dimensions requires about 13 or 14 degrees of freedom .

B arrer’s sim plification has been criticised  by E l e y ^ ^  and B rand t^

The la tte r 's  calculations show th a t for some system s, several te rm s in the 

sum m ation are of com parable m agnitude. However, the approxim ation appears 

to be justified , since the accuracy of most experim ental da ta  does not w arrant 

the  more involved calculations required by the  inclusion of m ore te rm s in the 
s u m m a t i o n ^ T h e  resu lt of the Barrer zone theory provides support for the 

hypothesis th a t diffusion results from the cooperative m ovem ent of several 

polymer segm ents.

The tem pera tu re  dependence of the activation  energies of diffusion and 
perm eation can be accounted for by the transition  s t a t e ^ 2  ̂ and z o n e ^ ^ ’* ^  

theories. Van A m e ro n g e n ^ '^  showed th a t the  tem pera tu re  dependence could be 
form ally in terp reted  by transition  s ta te  theory by considering the variations in 
enthalpy and entropy of activation  with tem peratu re . This tre a tm e n t predicts

(1:68)
= a  + R

R is the gas constan t and a is a constant arising from a series expansion

dE 
 D
dT

where
in
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the  derivation. B arrer and S k i r r o w ^ ^  discussed the changes on th e  basis of the 

zone theory  and derived the  following equation:

dE (1:69)
= - w - m

The reduction in activation  energy with increasing tem p era tu re  is in te rp re ted  as

resulting from  an increasing zone of activation .

The question of w hether or not a change of slope in Arrhenius plots occurs
a t  the glass transition  tem p era tu re  of the  polym er concerned has been discussed

by Yasuda and H iro tsu^  . A fter examining the  available data , they
ten ta tiv e ly  propose^ th a t if the value of the diffusion coeffic ien t exceeded a

-1 2  2 -1c ritic a l value (ca. 5.10" m s" ) a t  the  glass transition  tem p era tu re , then no 
change of slope would be observed, regardless of pene tran t size. Although no 

th eo re tica l significance could be a ttach ed  to  this c ritic a l value, a  qualita tive  
in te rp re ta tio n  was proposed. A t tem pera tu res  above the  glass transition  

tem p era tu re , the  polym er segm ental m obility is g rea te r and it  is easier to  
increase the free  volume. The activation  energy increases as a  resu lt, since 

more energy is required to  cause the  necessary perturbation  of the polym er chain 
configuration. However, if the value of the diffusion co effic ien t is sufficien tly  
large a t the  glass transition  tem pera tu re  th e re  will be enough free  volume within 

the polym er resulting from  norm al therm al fluctuations for the  additional 

activation  energy not to  be required.
Several more sophisticated theories of p enetran t diffusions through 

polym ers have been proposed. These involve defining models for th e  m ovem ent 

of polym er segm ents during the passage of penetran t m olecules and detailed  

considerations of th e  energetics of diffusion. C orrelations with o ther polym er 

properties, particu larly  viscosity, are  a ttem p ted . These theories have been 
reviewed by in ter alia , Kumins and K w e i ^ ^  and F u j i t a ^ ^ .  They are , 
however, outside the scope of this thesis, since many of the  param eters  

necessary to  apply them  are unknown for la tex  films.

Several em pirical relationships for perm eation through polym er film s have
/  t  "7  a  1 * r \

been devised “ . Although they have little  theo re tica l significance, they

are useful in getting  a 'feel' for the am ount of penetran t likely to  be transm itted

by a polym er film . This is helpful when designing apparatus for m easurem ent of
transm ission properties when deciding, for exam ple, the  cell dim ensions.

The most useful of these  relationships for gas perm eability  is th a t of
S tan n e tt and Szwarc They found th a t the perm eability  coeffic ien t for a

particu la r po lym er/penetran t com binations, P.j, could be expressed as th e

product of two fac to rs  determ ined by the nature of the polymer (F^) and of the

p en e tran t (G.), toge ther with an in terac tion  fac to r, y-.=  1, i.e.
J A1
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(1:70)

This relationship was shown to hold for a wide range of polym ers with simple 
gases a t one tem pera tu re  (303K).

(1 71 17 **0The 'Perm achor' re la tio n sh ip '1 . was derived fo r the  transm ission of a

wide range of organic penetran ts  through polyethylene and unplasticised 

poly(vinyl chloride).,

a, b and c are constan ts for a particu lar polymer, n is a fac to r which is 

ch a ra c te ris tic  of the penetran t and T is the absolute tem p era tu re . w can be 
evaluated for any common organic penetran t by summing contributions 
(tabulated  in Refs: 171-173) made by its functional groups.

Comparison of Eq. (1:71) with the  log form s of the  A rrhenius equation (Eq. 

(1:37)) and the S tanne tt and Szwarc relationship (Eq. (1:7)), i.e.

In  P = In P -E /RT

shows them  to be of the  sam e type. However, the  po lym er/penetran t 

com binations for which the various constants have been evaluated do not 
overlap, and the constan ts cannot be co rre la ted .

3. H eterogenous Media

In most p ractica l situations, polymer films are not sim ple m ateria ls, but

com plex m ixtures of two or more com ponents. Thus, paint films contain 
pigm ents and many packaging m ateria ls  are lam inates. A common exam ple of 
the  la tte r  is the use of poly(vinylidene chloride) as a lam inate on other, cheaper 

p lastics. Its low perm eability  to  w ater vapour makes it ideal for food packaging 

applications.

Even pure polym ers can be two phase m aterials, if they have crystalline 

regions. The transm ission properties of amorphous and crysta lline  polymer are  

widely d ifferen t and the crystalline conten t and distribution m ust, th e re fo re , be 
taken into account.

H eterogenous media have been classified into th ree  ty p e s ^ 7^ ,  namely:

_ bIn  P -  a  +  —  +  c t t (1:71)

o p

In  F. + In G. + In  y . . 
i  J i j (1:73)
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(i) disperse phase (or phases) in a continuum

(ii) tw o (or more) in te rpenetra ting  continuous phases

(iii) lam inates

These can be fu rther divided into sub-groups which are  distinguished mainly 

by th e  size, shape, orien tation  and distribution of the com ponents.

Of the th ree  main classes, lam inates are  the easiest to  study, since the 

equations derived for these system s are capable of ex ac t solution. The 

corresponding general trea tm e n t for a m ateria l comprising a dispersed phase in a 
continuum is m athem atically  in trac tab le . Most of the work in this area has 

concen tra ted  on dilute suspensions and regular distributions of disperse phase, 

for which approxim ate solutions can be obtained. Much of th e  theo re tica l work 
has been done in the m athem atically  analogous field  of d ie lectric  
p e r m i t t i v i t y ^ e v e n  when the  r 

or therm al conductivity problem s.
p e r m i t t i v i t y ^ e v e n  when the  results are intended for application to diffusion

a. Solution, Diffusion and Perm eation in C rystalline Polym ers

Several experim ental studies of polym ers having crysta lline  regions (e.g.
polyethylene, poly(ethylene te rep h th a la te ), poly(hexam ethylene sebacamide))

have dem onstrated  th a t solution in and diffusion through these  regions does not
occur. The degree of crystailin ity  is easily modified by therm al trea tm e n ts , such

as annealing. (It is, however, im plicit in all these studies th a t such therm al
trea tm e n ts  leave other ch a rac te ris tics  of the polymers, which might a ffe c t the ir

transm ission properties, unchanged). The density is alm ost always used as a

m easure of the degree of crystailin ity : the la tte r  can be calcu la ted  when the

specific volumes of the crystalline and amorphous polymer are known.
The .reduction in diffusion, solubility and perm eability  coefficien ts with

increasing crystalline content was firs t noted by Van A m erongen^ '7^  with gu tta
p ercha . Subsequently, several workers a ttem p ted  to  quantify  the  influence of

(178)crysta ilin ity  on transm ission properties. Lasoski and Cobbs' reasoned th a t if 
solution and diffusion occurred only in the amorphous regions, then the  solubility 

and diffusion coeffic ien ts might be proportional to the volume fraction  of 
amorphous polym er, a ,  i.e.

D = a  D* (1:74)
and S = a  S* (1:75)

w here D* and S* are respectively  the diffusion and solubility coeffic ien ts for a

wag
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com pletely amorphous polym er. Since

P = DS (1:48)

then
P = a 2 P* (1:76)

w here P* is the perm eability  coeffic ien t of a com pletely am orphous polym er. 

This relationship was, applied to  the  perm eation of w ater vapour through 
polyethylene, poly (ethylene te rep h th a ia te ) and poly (hexam ethylene 
sebacam ide). A reasonable correlation  betw een P and a was obtained.

Michaels and P a rk e r^  ^  studied the transm ission properties of oxygen and 
nitrogen through poiyethylenes from various sources. They obtained th e  sam e 

result as Lasoski and Cobbs for the variation in solubility co effic ien ts  w ith 
volume fraction  of amorphous polym er. The diffusion co effic ien t also varied 

with volume fraction  of amorphous phase, but in a fashion d iffe ren t from  th a t 

p red ic ted  by Eq. (1:74). A common instance was th a t of film  sam ples having 

sim ilar amorphous phase con ten ts, but displaying d ifferen t diffusing co e ffic ien ts . 
I t was postulated, by analogy with flow through porous m edia, th a t  th e  path 

which had to  be followed by p enetran t m olecules to avoid crysta lline  regions 
would influence the diffusion coeffic ien t, and th a t this could be accounted  fo r by 

the  introduction of a to rtuosity  fac to r, t  . It was also necessary to  in troduce a 
chain im m obilisation fac to r, 3 , to  account for the reduction in polym er segm ent 

m obility in the region of the crystalline regions. The relationship betw een D and 
D* is then

D = D */ t  3 (1:77)

and thus for P

P = aD * S * / t 3 (1:78)

At constan t a ,  t  should be tem p era tu re  independent, since it depends only on 

the geom etrical arrangem ent of the crystalline regions. However, 3 would be 
expected to  vary exponentially with tem pera tu re , because it is a ffe c te d  by th e  
segm ental m obility.

It is not, unfortunately , possible to  ca lcu la te  the param eters  t  and 3 from 

any ch a rac te ris tics  of polyethylene. However, from an exam ination of th e  
values obtained from the ir experim ental data, Michaels and P a rk e r^  ^  concluded 

th a t the crystalline regions w ere likely to be anisom etric. Subsequently, 

M ichaels and c o - w o r k e r s ( 1 2 , 1 3 )  conf i rmecf the validity of these relationships for
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a wide range of gases through hydrogenated polybutadiene, rubber and 

poly(ethylene te reph thala te).

An a lte rna tive  trea tm en t developed by K l u t e ^ ^ ’* ^  allows for the 

possibility th a t not all the amorphous polymer is utilised by the  penetran t 
m olecules in the ir passage through the film . His relationship betw een the  
perm eability  of a semi crystalline polym er and th a t of a com pletely amorphous 
polym er is

P = * P *  (1:79)

w here th e  function (1 > > 0) accounts for the reduction in the perm eability

of the  sem icrystalline film below a P * . This function, te rm ed  the transm ission

function, can be separated  into a transpo rt volume function, ^  , and a detour

ra tio , ^ 2* The form er allows for the proportion of amorphous polym er e ither
inaccessible to  penetran t m olecules or forming a ’blind alley' and being

ineffec tive  in the  diffusion process. The la tte r  takes account of the  tortuous

path which must be followed by the p enetran t m olecules. Its reciprocal is
(11)th e re fo re  equivalent to the to rtuosity  fac to r of Michaels and Parker .

K lute tested  his equations with the  w ater vapour perm eability  data  of 
Lasoski and C o b b s ^ ^  and claim ed reasonable agreem ent betw een theory and 

experim ent.

b. F illed Polym ers

The transm ission properties of filled polymer film s cannot be tre a te d  in the 

sam e fashion as partially  crystalline polym ers. Although the size and shape of 

the  filler partic les may be b e tte r  defined than polymer c ry sta llites , they may be 

m ore or less perm eable than the  surrounding polymer phase, or highly adsorbent. 
F urtherm ore , filled polymers may contain an additional disperse phase in the 

form of vacuoles. These are to  be expected  in any system  where the  polymer 
does not w et the filler partic les; and have been detected , for exam ple, in zinc 
oxide filled natu ra l rubber by density m easu rem en ts^ ^1,182)^

For the general case of a polymer containing vacuoles and non-adsorbent 
filler in which the penetran t is soluble, the  overall solubility coeffic ien t is given 
by(177)

S = VfSf + Vv + Vo S* (I:80)

where and Vy are the volume fractions of filler and vacuoles and and S*
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are the  solubility coeffic ien ts in the filler and unfilled polym er respectively . 

The volume fraction  of vacuoles can be calcu la ted  if the densities of th e  filler 

polym er and filled film are known. A dsorbent fillers a re  less easily dealt with, 
since they adsorb less when incorporated  as a filler than the  adsorption isotherm  
of the  pure m aterial might suggest. For highly adsorbent fillers, the polymer

medium can only in te rfe re  to  a lim ited ex ten t, and so th e  adsorptive capacity  of 

the  filler is only slightly a f fe c te d ^  Moreover, the  am ount of penetran t 
sorbed by the polymer is negligible by com parison.

For an im perm eable filler, and in the  absence of vacuoles, the solubility 
coeffic ien t is simply

S = Vq S* (1:81)

The e ffe c t of fillers on diffusion is com plicated by th e  am biguity in 

defining the true  diffusion coeffic ien t of the com posite film , since transien t and 

steady s ta te  data  often  yield d ifferen t resu lts. This e ffe c t has been ascribed to  
th e  dead volume of polymer which is not available for steady s ta te  flow, but 
which does p a rtic ip a te  in the  transien t s ta te  p rocess^

The e ffe c t of an im perm eable filler is to reduce the diffusion coeffic ien t 

and hence increase the tim e lag. As with crystalline polym ers, this is because 

th e  penetran t molecules have a more tortuous path to nego tia te . However, in 
th is case, the  reduction in diffusion coeffic ien t cannot be simply co rre la ted  with 
volume fraction  of filler, but must tak e  into account shape and o rien tation  of 

filler partic les. Lam eller fillers are considerably more e ffec tiv e  barriers to  

flow, especially if the lam ellae are  aligned normal to the  d irection  of flow.
The dependence of diffusion on filler shape, o rien tation  and distribution 

can be rationalised  by use of s tru c tu re  facto rs, which are functions of volume 
frac tion . The exact form of the  function varies with shape orien tation  and 
distribution, and, like the relationships to be discussed in the  next section, are  

derived from e lec tro s ta tic  principles.

c. Dispersion of One Polymer in a Continuum of A nother

The th eo re tica l trea tm en t for this system  has been derived in term s of 

d ie lec tric  perm ittiv ity . The film is considered as the d ie lec tric  betw een the 
p lates of a large plane capacito r. The e lec tric  field, E, produces a d ie lec tric  
displacem ent D: these are re la ted  by

D = eE (1:82)

where e Is the perm ittiv ity  of the  film . The displacem ent of charge under the
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influence of an applied e lecric  field  is analogous to  the  displacem ent of 

p enetran t m olecules under the  influence of a po ten tial g rad ien t (cf. F ick’s F irs t 
Law).

Given the perm ittiv ities  of th e  dispersed and continuous phases, e^ and eQ 
respectively , th e  problem is to ca lcu la te  the p erm ittiv ity  of the com posite, e .

( 1 S 7\ ^
Many of the  th eo re tica l trea tm en ts  have been review ed by de Vris' '  and

B a r re r^ 7^ .  Only the results will be sum m arised here, to g e th er with those of an

a lte rn a tiv e  tre a tm e n t derived by H ig u c h i ^ ^  and an em pirical relationship 
(185)devised by P ea rce ' These equations re la te  th e  perm eability  of the

com posite, P , to  the volume fractions, v, and perm eabilities of the  
com ponents. The subscripts 1 and 0 re fe r to  the dispersed and continuous phases 

respectively .

(i) Theory of Maxwell

Maxwell's trea tm en t assumed th a t the Suspensions w ere so dilute th a t 

in teractions betw een the partic les  could be neg lected . The resulting 
expression

m i  ♦ (h —
- P

2P
(1:83)

would the re fo re  only be expected to apply where the volum e fraction  of disperse 
phase was small.

(ii) Developm ent by R ay le ig h ^ 7^ ,  Runge^*7^  and de V r i s ^ ^

Rayleigh developed an expression for t-he specia l case of identical
\

spheres arranged in a simple cubic la ttic e .

. 1 0 / 3_ _ (P„ ~P ) V ,
/ P  + 2P a 1  o  1 + . . . .

P =  P 1 + 3 v  / (  ■ — -  ” v i  + p +  ( 4P  / 3 )  cyt.
m o 1 \  p l  o °  ( 1 : 8 4 )

a is a constan t for the simple cubic la ttic e , de V r i s ^ ^  extended the trea tm e n t 

of Rayleigh to include body cen tred  and face  cen tred  cubic arrangem ents, which 
gave d ifferen t values of a .
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(iii) Theory of B o t t c h e r ^ ^ ,  and Polder and van S e n te n ^ * ^

These authors, who considered the d ie lectric  p roperties of spherical 
powder partic les, assumed th a t the  powder could be represented  as a 
continuous d ie lec tric  whose perm eability  was the  sam e as the bulk solid. 

Their expression for a tw o phase m ateria l is

Pm - 1 V1 (P1 - x> (1 - V  (Po “ 1} (1:85)
3P -2 P  + P -  2Pm 2 m o m

(iv) Theory of B ru g g e m a n ^ ^
it

Bruggeman used the sam e model as Bottcher, but used a d ifferen tia l 

m ethod to ca lcu la te  the  perm ittiv ity  of the  medium. He obtained

Pi  " P /  P \  V 3_1_____ m [ _jo 1
> -P  \  P /1 © \  m/P -P \ P  j  1 "V1 (1:86)1 © \  m /

(v) Theory of H iguchi^  ̂

By assuming th a t the disperse phase partic les w ere point en titie s  with 

a polarisability  proportional to the  radius cubed, Higuchi derived an 
expression for a random dispersion of spheres in a continuum , which took 

into account p artic le -p a rtic le  in teractions. In term s of perm eabilities, this 
equation is

P = m

2Po2( l - V 1)+PoP1( l+2V1)-KPo ( ( P 1- P o ) / ( 2 P o+P1) ) 2 ( 2 P o+P1) ( l - V 1 )

P0 (2+V1)+P1(1 -V 1) -K ( ( P 1- P o) / ( 2 P o+P1) ) 2 ( 2 P o+P1) ( 1 - V 1)

To a firs t approxim ation, the  fac to r K is a fraction  of Vj only. C alculation of a
precise value of K requires, am ongst other facto rs, de ta ils  of the radial

d istribution function for th e  dispersed spheres as a function of th e ir volume
fraction . Higuchi argued, however, th a t an accu ra te  te s t  was possible, even if K 

was unknown. An analysis of perm ittiv ity  data  for powders and suspensions 
dem onstrated  th a t with K = 0.78 Eq. 1:87 predicted  the d ie lec tric  properties of 

binary m ixtures sa tisfac to rily  over a reasonable range of volume fraction , 
provided the shape of the disperse phase did not deviate too much from
spherical.
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(vi) P earce 's  Em perical E quation^  ̂

P earce derived an em pirical equation

(Pffi - Po) / ( P l  - V  " (1 “c) V (1 ~CV  (I:S8)

which was able to account for all the  available l i te ra tu re  data . The 

constan t c was envisaged as being dependent, no t on com position, but 

ra ther the ratio  of the rela tive perm eabilities of th e  com ponents.

Comparison with Experim ent
Several au th o rs^  83,185,187,188) jiave SOught to reconcile  experim ental

data  with resu lts predicted  by the  foregoing theories. Although th e re  are  d a ta

for the perm eability  and therm al conductivity  of com posites, the  com parisons

have mainly been made with d ie lectric  perm ittiv ity  m easurem ents, since these

are capable of g rea te r precision.
(1 83)

De Vris exam ined both d ie lectric  pe rm ittiv ity  and therm al

conductivity da ta  and concluded th a t for P |/P q  < 1> "the Maxwell expression (Eq. 
1:83) gave sa tisfac to ry  agreem ent. The com puted values w ere too large, but by 

less than 10%. For 1 < P j/P q  < 200, the experim ental values lay betw een those 

pred icted  by Maxwell and Bruggeman (Eq. 1:86), the la t te r  giving the larger 
value.

P e a r c e ^ ^  claim ed th a t Bruggeman's expression agreed  with some of the 

available d ie lec tric  data , but required an em pirical 'fo rm ' or 'agglom eration' 

fac to r to cope with the re s t. The form  of this equation was d iffe ren t to  Pearce 's  
em pirical relationship, which is in good agreem ent with much of the data .

Higuchi calim ed th a t his relationship was in sa tisfac to ry  agreem ent with
the available d ie lec tric  perm ittiv ity  d a ta (iS ^ ,  and could also be used to explain

(187) * (188)th e  barrier properties of ointm ents . Peterson applied the Higuchi
relationship to  heterogeneous polymer films containing a  random dispersion of

one polymer in a continuum of another, and obtained exceptionally  good
agreem ent betw een theory and experim ent.
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D. AIM AND SCOPE OF THE PROJECT

The aim of this investigation was to  study the transm ission properties of 
polym er la tex  films with a view to  improving their u tility  as charcoal binders. A 
so ft, film  forming ethyl acry la te /m ethy l m ethacry la te  copolymer la tex  is

curren tly  employed in the  m anufacture of p ro tec tive  clothing. An aqueous slurry 

containing the  la tex  and adsorbent charcoal granules is sprayed onto a non-woven 

fabric , which is then heated to evaporate  th e  w ater. The la tex  forms a film over 
the charcoal, binding it to  the  fabric . The degree of p ro tec tion  afforded by this 

m ateria l is critica lly  dependent on the ra te  of adsorption of toxic m ateria ls  by 

th e  charcoal. This ra te  is reduced by the presence of the  la tex  film  although the 

adsorptive capacity  of th e  charcoal is not m easurably a ffec ted . The 
perform ance of the m ateria l diminishes fu rther on long te rm  storage, and this is 
thought to  be due to  m igration of polymer into the m acroporous s truc tu re  of th e  
charcoal. An additional problem is the occlusion of small la tex  partic les (less 

than 100 nm in diam eter) in the pores of the charcoal during preparation of the  

slurry, which provide a fu rther barrier to adsorption. This investigation entailed  

work in th ree  d ifferen t areas, namely preparation of polym er la tices by emulsion 
polym erisation, preparation  of film s from these la tices  and determ ination of the 
film perm eabilities.

The su rfac tan t free  method of preparation was p referred  for the  firs t of

these objectives because it was known to produce monodisperse la tices of

controllable partic le  size (48) which would be com paritively easy to charac terise  
(28)

. A wide range of homopolymer, copolymer and core-shell la tices can be 

prepared using th is general technique. A consequence of carrying out the 
emulsion polym erisation in the absence ra ther than in the  presence of su rfac tan t 

is the much g rea te r (ca. 10 tim es) partic le  size produced. This is desirable for 
the intended application, since the ex ten t of partic le  occlusion by the charcoal, 
alluded to  above, will be reduced.

Film forming core-shell la tices having rigid, undeform able cores were also 

prepared, since it was an tic ipated  th a t the  m igration of polym er into the  
macroporous s tru c tu re  of the charcoal, referred  to  above, could not occur. It 

was hoped th a t films cast from these la tices would con stitu te  a model 
heterogeneous system , having a regular close packed arrangem ent of core 

partic les  in a continuous medium of film forming polym er. Such films provide a 
means of testing  the various theo re tica l trea tm en ts  of the properties of 
com posite m ateria ls  (176,183,184)^

The usual method for the preparation of core-shell la tices is the seeded 
(80-82 100)growth process ’ in which a seed la tex , which has been previously
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prepared and som etim es cleaned beforehand, is reac ted  w ith  fu rth er monomer. 

E xtra su rfac tan t is o ften  added to assure the  stab ility  of the  larger particles,, 

U nfortunately, th is frequently  leads to the  form ation of a second crop of 
partic les, so th a t th e  final product contains the desired core-shell partic les, 
toge ther with sm aller partic les of the coating polym er. Secondary growth

partic les are  also obtained in su rfac ta n t-free  system s if th e  to ta l surface area of 

the  seed partic les  is less than a ce rta in  c ritica l value

Sakota and Okaya have a ttem p ted  to prepare polystyrene la tices

having a thin coat of functional group containing polym er by adding the  
appropriate m onom er tow ards the end of a styrene em ulsion polym erisation. 
This technique appeared to  have advantages over th e  usual seeded growth 
m ethod, and was evaluated as a means of preparing th e  required core-shell 
la tices.

A freshly prepared la tex  will contain unreacted monom er and reaction

byproducts, such as e lec tro ly te , products of oxidation side reactions such as

benzaldehyde, oligm eric m ateria l e tc . The trad itional m ethods available for

cleaning polymer la tices, namely dialysis and ion exchange, are ineffic ien t in
(47)removing some of these im purities, and can lead to  fu rth er contam ination

A m icrofiltra tion  technique was devised and evaluated in th e  course of this work

and this proved to  be superior to  other methods of cleaning. S urfactan t free
polymer la tices cleaned using using this technique contain only charge stabilised
polym er partic les dispersed in w ater.

S u rfactan t free  la tice s  are  good sta rting  m ateria ls  from  which to cast

films because, w here su rfac tan t is present prior to  film casting , its  fa te  a fte r

p artic le  coalescence is uncertain . Exudations containing su rfac tan t have been
observed on styrene-butad iene copolym er la tex  films ^ ^ t h e i r  occurrence being
a ttrib u ted , to expulsion of m ateria l incom patable with th e  polym er. In other
polym er films w here the exudations do not occur ^ 3 ) ^  th e  su rfac tan t must

rem ain within the in terio r of the film , e ith e r ' dissolved in the  polymer,

accum ulated in the in ters tices  or present as a separa te  in te rp en e tra tin g  network 
(128) It is known th a t during emulsion polym erisation reactions, some

su rfac tan t is g rafted  on to  the partic les  and this m ust rem ain within the
film , w hether or not it  is com patible with the polymer.

Several techniques for preparing films from polym er solutions or la tex
(113 1 89 193)dispersions have been reported in the lite ra tu re  v ; and these were

evaluated in the course of this study. In addition, a flash casting  technique was
devised. This was adapted from a method of tab le t coating  used extensively by

(194 195) the  pharm aceutical industry ’

The transm ission properties of polymer film s have been widely studied, and

69



many d ifferen t techniques for th e ir m easurem ent have been devised. Most fail 

into tw o categories namely sorption and perm eation m ethods Sorption
m ethods m easure the ra te  of penetran t uptake as a function of tim e, from  which 
da ta  the diffusion coeffic ien t can be calcu la ted . The solubility coeffic ien t is 
obtained from the equilibrium uptake. This m ethod is useful for vapour

penetran ts . However, with gases, the equilibrium uptake is too sm all, and occurs 

too rapidly for accu ra te  m easurem ents to  be m ade. Perm eation  m ethods 
m easure the ra te  of penetran t transm ission through th e  film . The diffusion and 
perm eability  coeffic ien ts are  obtained from the tran sien t and steady s ta te s  of 

perm eation respectively . It was an ticipated  th a t the  ia tex  films would be 

frag ile , and there fo re  those perm eation m ethods which exposed the film s to  a 

pressure d ifference were not considered. ’Dynamic' perm eation techniques, 
which have been reported  by several authors (1^6-148,196-198)^

problem . An apparatus sim ilar to  th a t devised by Pasternak  e t al. was
constructed  and used to determ ine the transm ission properties of la tex  films.
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A. MATERIALS

1. Monomers
The monomers used were BDH Laboratory reagent grade (BDH Chem icals 

L im ited, Broom Road, Poole, BH12 4NN) containing a small quantity  (0.001 -

0.002% w/v) of inhibitor (p-methoxy phenol or te rt-b u ty l catechol). They w ere 

purified by double d istilla tion under reduced pressure of nitrogen a t 293-313K; 
the  f irs t and last 10% of each d is tilla te  being discarded. The distilled monomers 

w ere flushed with "white spot" nitrogen (BOC Lim ited, Millbank Road, 

Southam pton, S09 1PP) for ten  m inutes and were stored in sealed Pyrex 
containers a t 253K.

Bifunctional monomers (divinyl benzene and ethylene dim ethacry iate) w ere 
d ifficu lt to d istil e ffic ien tly . The inhibitor was the re fo re  removed by shaking 

with a concen tra ted  solution of sodium hydroxide (three tim es) and w ater (th ree 

tim es). The monomers, sodium hydroxide solution and w ater w ere well flushed 
with "white spot" nitrogen before washing. The purified monomers were flushed 

for a fu rth er ten  m inutes and stored  in sealed Pyrex containers a t  253K. It was 
necessary to prepare the inh ib ito r-free divinyl benzene within one day of use, 

since its colour darkened on longer storage.

2. W ater
All the  w ater used was doubly distilled from a Pyrex glass still, and stored  

in covered Pyrex asp irators or sealed Pyrex flasks. The conductivity  was 
m easured routinely before use and was always less than 1.5 yS cm - *. Periodic 

checks on the surface tension showed this to be in the range 71.9 - 72.0 mN m- *.

3. Potassium  Persulphate

Fisons A nalytical reagent grade potassium persulphate (Fisons Scientific 
A pparatus L td., Bishop Meadow Road, Loughborough, L eicestersh ire) was 

recrysta llised  tw ice from double distilled w ater. A sa tu ra ted  solution was 
prepared a t room tem pera tu re  and stored  overnight a t 276K. The crystals  w ere 
filte red  off and the process repeated . The product was dried and stored in a 

desiccator, which was kept in a dark cupboard.

4. Surfactan ts

Sodium dodecyl sulphate was supplied by Fluka (Fluorochem Ltd., Dinting 

Vale Trading E sta te , Peakdale Road, Glossop, Derbyshire SK13 9NV). Its purity 
was established by the absence of a minimum in the plot of surface tension 

against log concentration .
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C etyl trim ethy l ammonium bromide was BDH L aboratory  R eagent Grade 

and was used as supplied.

5. Biocides
Sodium azide and form aldehyde were BDH analar grade. Kathon 866 MW 

was supplied by Rohm and Haas Ltd. (Lennig House, 2 Masons Avenue, Croydon, 

Surrey, CR9 3NB). Thim erosal; phenyl m ercuric a c e ta te ; 3-m ethyl 4-chloro 

hydroxybenzene; 4-chioro m -cresol and chlorohexidene d ia c e ta te  w ere supplied 
by ICI Pharm aceu ticals Division, A lderley Edge, C heshire. Ail the  biocides were 

used w ithout purification.

6. Solvents

A cetone, to luene and chloroform  (BDH Analar grade) and butanone (Fisons 
laboratory  reagent grade) w ere used w ithout purification.

7. Gases

Hydrogen, nitrogen, oxygen, argon and carbon dioxide w ere supplied by 

BOC L td., Millbank Road, Southam pton S09 1PP. Helium was supplied by Gas 

and Equipment L td., Unit E12, Heslop, Telford, Shropshire,. Gases w ere used 
w ithout purification.

8. M iscellaneous

Sodium chloride was BDH Analar grade and was used as supplied.
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B. LATEX PREPARATIONS

1. Basic Polym erisation Procedures

Polym erisations w ere carried  out in 1, 2 or 5 dm 3, th ree  necked round 

bottom ed flasks, depending on the  scale of the reac tion . The flasks w ere 

equipped with a reflux condenser, nitrogen bleed and PTFE paddle s tirre r 
(Fig. II. 1). Before use, th e  flask with s tirre r  was repeated ly  rinsed with double 

distilled  w ater, until the  conductivity  of th e  washings dropped to  less than 1.5 yS 
cm “*. The flask was m ounted in a w ater bath a t the app rop ria te  tem p era tu re  

(+0.1K). The s tirre r  speed was m aintained a t 360 rpm for all reactions.
Prior to the  addition of in itia to r, the  reaction  m ixture was allowed to  

a tta in  the tem pera tu re  of the  bath while being flushed w ith nitrogen via a long 
bleed tube. A short bleed was substitu ted  when the  reac tion  was in itia ted . The 

nitrogen flow ra te  was reduced to  the minimum necessary to  m aintain a nitrogen 

blanket over th e  reaction  m ixture to  avoid loss of m onom er. Any m ateria ls  

added during the reac tion  w ere well flushed with n itrogen im m ediately  before 
addition. On com pletion of the  reac tion , samples w ere withdraw n for a 
g rav im etric  solids con ten t determ ination  and transm ission e lec tron  microscope 

(TEM) exam ination. Samples fo r TEM w ere diluted im m ediately  100 tim es with 
cold w ater and stored  in a cool place.

Several reactions w ere sampled throughout th e ir  course in order to  

determ ine the partic le  size and solids con ten t as a function  of reaction  tim e. 
These m ulti-sam pled reactions w ere in itia ted  as described above. Two minutes 

before the  sampling tim e the  s tir re r  was stopped, to  allow th e  monomer to  form 
a separate  layer. A t the sampling tim e, the  nitrogen in le t was rem oved, a te a t  

p ipe tte  inserted  into the  cen tre  of the aqueous phase of th e  reac tion  m ixture, 
and a sam ple rem oved. The nitrogen in let was replaced and a fas t stream  of 

nitrogen was passed into the  reaction  vessel to expel any a ir which might have 
en tered . The s tirre r  was re -s ta r ted  and the  nitrogen flow reduced to  its  previous 

low ra te .

2. P reparation  of Homopolymer and Seed L atices

The monomer and m ost of the  w ater w ere placed in th e  flask and flushed 
w ith nitrogen. Any sodium chloride required to  adjust th e  ionic streng th  was 
dissolved in a small volume of w ater and added to th e  flask. The potassium  

persulphate in itia to r was dissolved in the  remaining w ater, and flushed with 
nitrogen. A fter tw enty  m inutes or so, when the reac tion  m ixture had reached
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the  required tem pera tu re , the in itia to r was added - this m arked th e  beginning of 

the  reac tion .

3. Seeded Growth Polym erisation R eactions
The procedure was substantially  the  sam e as before, excep t th a t the in itia l

reaction  m ixture contained the  second monomer and th e  seed la tex . Again, 

about tw enty  m inutes was allowed for the m ixture to a tta in  the tem p era tu re  of 

the bath . It was an ticipated  th a t the polym er particles would not be swollen by 
th e  monomer to  any g rea t ex ten t.

4. Shot Growth Polym erisation R eactions

Styrene was polym erised norm ally. A fter the prescribed tim e, a sam ple 

was withdrawn for TEM and solids con ten t analysis, and the  second monom er 
added. The reaction  was continued until polym erisation of the  second monomer 

was com plete.

5. Copolym erisation

Where a m ixture of monomers is being polym erised, it  is necessary to  add 

the  monomers to the reaction  m ixture a t a ra te  slower than the propogation ra te  
of the slowest polymerising monomer, i.e . to  operate under monomer starved 

conditions. If this is not done, the resulting la tex  p artic les  will have a non- 
uniform copolymer com position, with the  cores rich in th e  fa s te r polym erising 

com ponent and the shells rich in the  slower polymerising com ponent (1).

For the shot growth reactions, th e  only m odification necessary was the use 
of a m etering pump to add the monomer m ixture a t th e  requisite  ra te . In th e  

p reparation  of homogeneous and seeded growth core-shell copolym er la tices, the  

in itia to r was included in the  in itia l reaction  m ixture and the  monom ers w ere 
added using the m etering pump.

C. CLEANING OF POLYMER LATICES

1. Introduction

Before a la tex  can be sa tisfac to rily  characterised , any byproducts from the

polym erisation reaction must be rem oved. Methods for cleaning polym er la tices
have been widely investigated , particu larly  in connection with the search for a

'model colloid', for use in fundam ental studies of colloidal s tab ility .

Dialysis and ion exchange have been the trad itional m ethods of cleaning,
but both have disadvantages, many of which have only recen tly  becom e 

(2)apparent . P reparation  of ion-exchange resins is d ifficu lt and tim e consuming,
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and com plete removal of leachable polyelectrolytes from some batches has 
proved impossible. The large volumes of w ater required for dialysis give am ple 

opportunity for contam ination of the  la tex  to  occur. M oreover, both methods 

are slow and ineffic ien t in the  rem oval of residual monomer and oligom eric 
m ateria l.

D ifferent techniques now being developed include m ic ro filtra tio n ^ > ^ }

d ia f i l t r a t io n ^ ,  u l t r a f i l t r a t io n ^ ,  hollow fibre d ia ly s is ^  and tre a tm e n t with 
ac tiv a ted  charcoal c lo th ' The filtra tio n  m ethods make use of f ilte rs  having 

pore sizes only slightly sm aller than the  partic les being cleaned. Provided pore 
blockage can be avoided, solute species may pass easily through the  f il te r .  This 

applies even to  large species such as poly e lec tro ly te  m olecules and su rfac ta n t 

m icelles, which are  too large to  pass through the pores of the sem i-perm eable 

m em branes used in dialysis. Hollow fibre dialysis resem bles conventional dialysis 
in th a t it  relies on the exchange of m ateria ls  across a m em brane. A ctivated  
charcoal cloth is sim ilar in action to  ion-exchange, since its effectiveness 
depends on it being in d irec t co n tac t with the  sol.

M icrofiltration , som etim es called serum exchange, is a process in which 
the  aqueous dispersion medium is continuously replaced. This is achieved by 
pumping double distilled w ater through a cell containing the  la tex . The partic le s  
are  re ta ined  by a filte r , the  la tex  being s tirred  to  prevent the pores becom ing 

blocked. The eluent w ater can be co llected , and by determ ining its conductiv ity  
and surface tension over the duration of the process, the ra te  of cleaning may be 

m easured. The la tex  is considered clean when the conductivity of the  eluent is 
equal to  th a t of the feed w ater (less than 1.5 yS c rn 'b .

The effectiveness of m icro filtra tion  depends on m aintaining the 
concen tra tion  d ifference betw een the partic les and the aqueous phase, thus 
ensuring th a t desorption of im purities is m ore rapid than is the case, for 

exam ple, with dialysis. The presence of slowly desorbing species can be 

m onitored by delaying elution and allowing the concentration  in th e  aqueous 
phase to  build up to  a d e tec tab le  level.

Most of the la tices prepared during this study were cleaned by 

m icrofiltra tion . Dialysis was used in some instances, for exam ple when com plete 
rem oval of residual monomer was not desired.

2. Dialysis

Visking 30/32 cellulose tubing (Scientific Instrum ent C en tre  L td., 1 Luke
3

S tree t, London WC1) was cleaned by boiling in double distilled w ater (ca. 3 dm ) 
for ten  m inutes and repeating the process until the smell of sulphur dioxide 

disappeared. The boiled tubing was kept in distilled w ater and was norm ally used
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within one week.
A

A m ore rigorous clewing process entailed  boiling as before, followed by 

tre a tm e n t with sodium sulphide solution (0.3%, ca. 3 dm^) a t  353K for one 
m inute, washing with d istilled w ater a t 333K for two m inutes, acid ification  with 
sulphuric acid (0.2%) and fu rth er washing with hot d istilled w ater to remove the

acid. This process did not appear to  confer any benefits, but made the tubing

frag ile  and liable to  d is in teg rate  during use.

Dialysis of la tices was carried  out against double d istilled  w ater in Pyrex
glass asp irators. The dialysate was changed daily until no increase in

conductiv ity  occured (i.e. rem ained a t less than 1.5 v»S cm - *).
»

3. Ion Exchange

Four ion exchange m edia w ere employed:

(i) Dowex 50 X8 and 1X8 (BDH)

(ii) A m berlite XAD12 (BDH)

(iii) Advanced Ion-Exchange Cellulose-AIEC (Whatman L aboratory Sales

L td., Springfield Mill, M aidstone, K ent. MEi 2LE).

(iv) Bio-Rad AE1X-4 and AG50W-X4 (Bio-Rad L aboratories L td., Caxton

Way, Hoiywell Industrial E s ta te , W atford, H erts. WD1 8RP).

. The Dowex resins w ere purified by the  procedure of van den Hul and 
Vanderhoff (9). The Bio-Rad A nalytical grade resins, which are  m anufactured 

by purification of the corresponding Dowex resins w ere used w ithout fu rther 

trea tm e n t. The A m berlite and AIEC m ateria ls were cleaned according to  the  
m anufacturers recom m endations. The la tex  was mixed with a five-fold excess of 
resin (based on ion exchange capacity) and m echanically shaken for two hours. 
The la tex  was then separated  from  the resin by filtra tion  through a sin tered  glass 
funnel.

4. M icrofiltration

Two m icrofiltra tion  cells w ere used, depending on the volume of la tex  to 
be cleaned, and these are shown schem atically  in Fig. II.2. P rior to use, the  cell 

was dism antled and the parts  boiled in distilled w ater. It was im perative to 

ensure th a t any residue of the  previous la tex  cleaned was removed from the  body 

of the cell. The cell was then assem bled and double distilled w ater passed 
through until the conductivity of the  eluent was the  sam e as th a t of the  feed 
w ater. This process was repeated  with the  filte r  in position.
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The filte rs  used were normally of the cellulosic, to rtuous path type

(Millipore UK L im ited, Millipore House, Abbey Road, London, NW10 7SP). Some

in itia l work was, however, carried  out w ith Nuclepore f ilte rs  (Steriiin Lim ited,
43-45 Broad S tree t, Teddington, Middlesex, TW11 8QZ). These filters  are made 
from  thin (ca. 10 pm) polycarbonate sheet. The pores are  produced by neutron

bom bardm ent followed by etching. A sim ilar f ilte r  is m arketed by Bio-Rad under 

the  nam e Uni-pore. The nominal pore size of the  f ilte r  was chosen to  be 50 -75% 
of the  la tex  p artic le  d iam eter.

With the  f ilte r  in position and clean, the  la tex  was introduced into the cell 

and w ater pumped through. The s tirre r speed was kept to  a minimum, typically 
100 rpm. This was suffic ien t to elim inate pore blockage. The applied w ater 

pressure was usually 1-2 psi. In most cases, elution was continued for 8 - 10 
hours, corresponding to  approxim ately 10 cell changes. This was sufficient to  

reduce the conductivity  of the eluent to  th a t of the feed w ater. The la tex  was 
le f t in the cell to stand overnight, to  allow any slowly desorbing species to  en ter 

the aqueous phase. The cell was then briefly eluted, and th e  conductivity of the 

f irs t portion of eluent checked. In no case was any change observed.

D. CHARACTERISATION OF POLYMER LATICES

1. Solids C ontent D eterm ination

Solids con ten ts were determ ined gravim etrically  as follows. An aluminium 
planchet was washed in acetone, dried and weighed. A sm all sample of latex (ca

3
2 cm ) was added to  the p lanchet, which was reweighed. The la tex  was dried 

under partia l vacuum (400 mm Hg) a t 333 K until dry, and then stored under 
vacuum until constan t weight was a tta ined .

*
2. E lectron microscopy

a. Transmission E lectron Microscopy (TEM)
A Philips EM600 electron  m icroscope was employed. The latex  sample was 

diluted down to about 10 ppm. One drop was spotted onto a 20 ym Form var film 

coated grid and allowed to air-dry at room tem pera tu re  in a dust free box. 
Normally, th ree  grids were prepared and six micrographs of d ifferen t regions 

taken. The operating conditions, chosen to minimise beam dam age, w ere 

typically 3-4 yA beam current a t 80 kV accelera ting  po ten tial. The electron

*The author is indebted to Mr R A Cox, of CDE Porton Down, for this part of 
the work.
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beam  was focussed on one a rea  of the grid and m icrographs w ere taken  from  
d iffe ren t areas in order to reduce the  exposure tim e to  a minimum.

The m agnification of th e  prints was determ ined from  th e  spacings of a 
carbon replica of a d iffrac tion  grating (2160 lines/m m ). M icrographs of the  
rep lica w ere taken  a t the sam e tim e as those of the  p artic les  to  e lim inate  erro rs

arising from  irregu larities in th e  field which a lte r  when the  beam is sw itched off.

The partic le  size distribution was determ ined by m easuring 100 -  150 

partic les  from d iffe ren t regions of each prin t. The partic les  w ere sized using a 

magnifying eye-piece f itte d  with calib ra ted  graticu le  (Polaron Equipm ent L td., 

60/62, G reenhill C rescen t, Holywell Industrial E sta te , W atford, H erts) m easuring 
to  an accuracy of + 0.05 mm.

To overcom e the  problem of partic le  deform ation which occurs when the  

electron  beam impinges on soft polym er partic les, a  freeze  drying/carbon 
rep lication  technique was em ployed. A drop of suspension was p ip e tted  onto a 

Form var coated grid. Excess liquid was removed with f ilte r  paper, to  leave a 

sm ear of suspension. The grid was im m ersed in liquid n itrogen to  achieve rapid

cooling and then freeze  dried. The specim en was cooled to  approxim ately  123 K,
o *tilte d  to  45 and a p latinum /carbon m ixture evaporated to  provide shadows to

the  p artic les. Carbon was then evaporated  normally. The specim en was allowed

to  re tu rn  to room tem pera tu re  and the  grid removed. The Form var was dissolved

in chloroform  and the la tex  in a suitable solvent. The rep lica was then  exam ined
by TEM or SEM.

b. Scanning Election Microscopy (SEM)

A Cam bridge S tereoscan model 5150 Mkll (resolution 5 nm) was used to  

exam ine the morphology of individual la tex  partic les and film s c a s t from  them . 
L atex dispersions of suitable concen tration  were spotted  onto a brass surface, 

dried in a dust free  environm ent a t room tem pera tu re  and coated  w ith carbon 

and gold. Film specim ens were coated  directly . Scans w ere taken  a t angles 
betw een 0 and 80° to  the v ertica l

3. C onductom etric and P o ten tiom etric  T itrations
Surface charge densities w ere calcu la ted  from conductom etric  ti tra tio n  

d a ta , which were obtained by the method of Vanderhoff e t 
P o ten tiom etric  t i tra t io n ^  which could conveniently be ca rried  out
sim ultaneously, was used as an aid to in terp re ta tion .

The la tex  samples for titra tio n  had been previously cleaned  by the  

m icro filtra tion  technique (including acid wash) described in Section C4. A known
3

volume (ca 30 cm ) of la tex , of predeterm ined solids con ten t, was p laced  in a 50
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cm Pyrex glass beaker. The beaker was covered with a perspex lid having two 
sm all holes for the en try  of nitrogen and sodium hydroxide solution, and two 
large holes for the pH and conductance electrodes. The la tex  was stirred  by 
means of a sm all PTFE covered m agnetic s tirre r  bar. The beaker and electrodes 
w ere housed in a perspex cab inet. The tem pera tu re  w ithin was m aintained a t

298K. The apparatus is depicted  in Fig. 11:3.

The sodium hydroxide standard solution was prepared from  BDH ’CVS’ 

ampoules, the  concentration  being checked periodically. It was added using a 
R adiom eter A utoburette  (Model ABU12, V.A. Howe and Co. Ltd., 88 

Peterborough Road, London, SW6.) via a fine bore syringe needle. The
_ h  3

A utoburette  was capable of delivering down to  1 x 10 cm .

Conductances w ere m easured on a Wayne K err Universal A utobalance 
bridge (model B642, Wayne Kerr Co. Ltd., Durban Road, Bognor Regis, Sussex 

P022 9RL) using a dip type cell with blacked platinum electrodes (Pye Unicam 

Ltd) having a cell constan t of 0.72. Sodium hydroxide solution was added in 

small aliquots, and the conductance and pH noted within 30 s of each addition.

4. F reeze drying
L atices w ere freeze-d ried  for m olecular weight determ ination and 

preparation of solvent cast film s. The la tex  was placed in a flask and cooled to 

193K in a solid C O ^/m ethylated  spirits slush bath. The flask was spun rapidly to 
deposit the frozen la tex  on its sides. This was then pumped under vacuum for 

approxim ately 18 hours, during which tim e the tem pera tu re  rose gradually to  

am bient.

*
3. Gel Perm eation  Chrom atography (GPC)

GPC was used to determ ine polymer m olecular w eights. This technique is 
a form of column chrom atography, in which the sta tionary  phase is a 

heteroporous, solvent swollen polymer network (the 'gel) and the  liquid phase is a 
d ilu te solution (ca £% w/v) of the polymer sample. This solution is passed down 

the column a t a known flow ra te  and the solute polymer m olecules diffuse into 
the porous stru c tu re  of the gel to  an ex ten t dependent on the ir size and the pore 

size distribution of the gel. The sm aller molecules spend more tim e in the pores 
and take longer to  pass through the column. Larger m olecules are  excluded from 
the  sm aller pores and pass through more rapidiy. The am ount of polym er eluting 
from  the column is determ ined by UV spectroscopy, or more usually d ifferen tia l 

re frac to m etry .

*
The author is indebted to Mr D. Hilman and Mrs C. H eathcoat, of MQAD, 

Woolwich Arsenal, for this part of the work.
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The chrom atograph gives resu lts in the  form  of a d e te c to r  response against 

log (m olecular weight) curve, i.e. a m olecular weight d istribution. From  this 

da ta  are  calcu la ted  the number and w eight average m olecular w eights, which are 
respectively  defined by

Mn

 ̂ ” i  Mi  (11:1)

I  “ i

Z » . M 2  . 
M = i  1w Z n . M. i  x1
where n  ̂ is the number of moles of m olecular weight NL. The ra tio  /M~ is
used as a m easure of the  m olecular w eight dispersity of the sam ple, being equal
to  unity for a perfectly  monodisperse sam ple.

GPC is not an absolute technique, but requires ca lib ration . Com m ercially

produced, narrow distribution polystyrene, prepared by anionic polym erisation,
are  available for this purpose^

A W aters model 200 gel perm eation chrom atograph (W aters A ssociates

(Instrum ents) L td., 324, C hester Road, H artford , Northw ich, C heshire CN8 2BR)

was employed for determ ination  of m olecular weights. The column was packed
with styrene/divinyi benzene copolym er beads of 50 ym d iam eter, having pore

if. 7
sizes in th e  range 10 -10 nm. The polymer samples were dissolved in
te trahydro fu ran .

6. Gas-Liquid Chrom atography (GLC)

Styrene and benzaldehyde concen trations were determ ined using a  Pye-104

chrom atograph. A 1.5 m x 4 mm i.d. column packed w ith '5%  carbow ax 20M on
chrom osorb W (80-100) mesh) was em ployed. The nitrogen ca rrie r gas flow ra te  

3 -1was 50 cm min and the  oven tem p era tu re  373K. Under these  conditions, th e
5 - 5sensitiv ity  of the instrum ent to  styrene and benzaldehyde was 5.10 and 1.10 

-3mol dm respectively. Samples for analysis w ere diluted four-fold w ith 
te trahydro fu ran  and m echanically shaken for 30 min.

7. Flam e Photom etry

An EEL flam e photom eter was used to m easure sodium and potassium
-3levels in w ater and polym er. Sensitiv ities to  sodium and potassium  w ere 1.10
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ppm (at 589.3 nm) and 5.10 ppm (at 766.5 nm) respectively.

8. S urfactan t titra tio n
Latex sam ples w ere t i tra te d  with su rfac tan t by the  method of Maron e t a l. 

(13). Surface tensions w ere m easured by the  du-Nouy ring technique.

E. PREPARATION OF LATEX FILMS

1. Introduction

Several techniques for the  preparation of films from  polym er solutions or

la tex  dispersions have been reported  in th e  l i te ra tu re ^  In general, a liquid

film  is form ed on a substra te , and the  solvent or dispersion medium is allowed to
evaporate . The substra te  is chosen such th a t the polymer film may be easily

rem oved either by peeling it  off the substrate , or by rem oval of the substrate

from the  film by chem ical means such as solution or am algam ation. Those

methods most likely to produce film s sufficiently  free  from  contam ination and of

the  required range of thicknesses w ere evaluated as described below.
In addition, a flash casting technique was devised. This method was based

on ta b le t coating process used by the  pharm aceutical industry, in which tab le ts
(20 21)contained in a heated ro ta ting  pan, are  sprayed with a solution of polymer ’ .

To cast a polymer film , a la tex  aerosol was d irected  tow ards a specially 
constructed  PTFE coated hotp late. The aqueous phase was im m ediately 'flashed 
off1,-leaving a thin polymer film behind.

2. Film Casting on a Mercury Surface (14,15)

The m ercury was contained in circu lar glass P e tri dishes of 90 mm 

d iam eter. The approxim ate volume of la tex  required to  produce a film of given 
thickness was calcu la ted  from th e  surface area of m ercury covered and the  

solids con ten t of the la tex . This volume was poure'd carefully  onto the m ercury 
to  avoid the  form ation of globules of la tex  beneath the surface. The liquid film 

did not spread spontaneously and so a small PTFE spreader was used to  cover the 

su rface  with la tex . A 10-15 mm border betw een the edge of the film and the  

side of the P e tri dish was m aintained to prevent the liquid la tex  coming into 
con tac t with glass, to which the dry film might adhere. The P etri dish was 

loosely covered and the film allowed to dry overnight. The dry film was lifted  

off the surface slowly to avoid sm all droplets of m ercury adhering to the  

su rface.
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3. Film Casting on Photographic Paper

A sheet of resin backed photographic paper (203 x 2.54 mm) was held f la t on 

a specially machined vacuum tab le , which had been previously levelled. The 
la tex  film  was cast using a brass drawdown bar. When dry, the  film  was floated  
off the gelatin  surface by placing the  paper in warm w ater. The film  was 

suspended on a brass fram e and le ft to  dry. The film thickness could be varied 
by adjusting the solids con ten t of the la tex  and/or using a drawdown bar of 
d iffe ren t gap.

4. Film Casting in PTFE and Silicone Rubber Dishes

The dish was placed on a surface which was level and free  from  vibration. 

The volume of la tex  calcu la ted  to  give a film  of the required thickness was 

poured into the dish. A PTFE spreader was used to  spread th e  la tex  over th e  
surface, until the liquid film  was in co n tac t with all four walls. The dish was 

then loosely covered, and the  film le ft to  dry.

5. Film Casting on Silanised Glass

A sheet of p la te  glass (220 x 120 mm) was im m ersed in chrom ic acid and 
then rinsed thoroughly with double d istilled w ater. The cleaned surface was 
swabbed with a 2% solution of dim ethyldichlorosilane in 1, 1, 1-trich lo roethane  

(R epeicoat; Hopkin and Williams L td., F reshw ater Road, Dagenham , Essex RMS 
1QJ) and then well rinsed with double distilled w ater. The co n tac t angle of 

w ater against this surface was in the range 94 - 96°.
Latex film s w ere cas t on the surface with the aid of a PTFE spreader. 

Disjoining of the  liquid film occurred frequently , as with th e  PTFE and silicone 
rubber dishes. Application of adhesive tape  to the edges of the p la te  glass, as 

suggested .by Eissler did not prevent this. When a com plete film was dry, it was 

peeled gently from the surface. It was not possible to use the su rface a second 
tim e w ithout re -tre a tm e n t, as the  film adhered strongly to  the  glass.

6. Flash Casting
a. A pparatus

The flash casting technique was used to prepare thin polym er film s from  

most of the homopolymer, copolymer and core-shell la tices  prepared in th e  
course of this study. Some film s w ere also prepared from polym er solutions.

The technique was evaluated using a prototype ho tp late , which consisted of 

a sheet of PTFE, s tre tched  over an aluminium plate (220 x 120 x 6 mm) behind 

which w ere mounted two therm osta tically  controlled heaters . The e lec trica l 
com ponents w ere enclosed to  prevent la tex  from coming into co n tac t with them .
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TABLE 11:1

COOLING MIXTURES

The following liquids w ere used in adm ixture 
with solid carbon dioxide to  produce the 

tem peratu res shown.

Liquid T em perature/K

Cyclohexane 279

Methyl salicy late 26 4
Carbon te trach lo ride 250
o-xylene 2M
Pyridene 231
Ethyl m alonate 223
n-octane 217
Isopropyl e ther 213 •
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Small holes to  accom m odate therm ocouples w ere drilled parallel to  th e  fron t 
face and as close to  it as possible, perm itting  easy m easurem ent of the  surface 

tem p era tu re .
The second ho tp late  on which most of the films w ere cas t was sim ilar to  

the  pro to type. The PTFE surface was bonded to the  fron t face  of a copper block

(220 x 120 x 25 mm), which contained four therm osta tica lly  controlled hea ters .

Provision for a slush bath was made so th a t the  block could be cooled below room
tem p era tu re . The ho tp late  is depicted in Fig. 11:4.

The tem pera tu re  of the hotp late was m easured by placing therm ocouples a t
various depths in the holes provided. The EMF’s were m easured on a m eter (type

electron ic  therm om eter; Comark L td., L ittleham pton, W. Sussex) and could be
outpu t to  a chart recorder.

Several types of sprayer were evaluated including a chrom atography spray
powered by an aerosol propellant cann ister (Fisons S cien tific  A pparatus L td .,

Bishop Meadow Road, Loughborough, L eicestershire), an e lec trica lly  powered

airless paint sprayer (model 969; Burgess Power Tools, Sapcote, L eicestersh ire)

and an aerosol generato r designed to produce an average droplet size of 2 pm 
(22)('Coliison' spray ). The sprayers w ere te sted  to see if they could produce a 

sufficiently  fine aerosol (maximum droplet d iam eter 20 ym) w ithout blockage by 

la tex  polym er. The droplet size produced by the sprayers was estim ated  by 
spraying toluene into a vigorously stirred , dilute solution of sodium dodecyl 

sulphate, and measuring the  size distribution of the  resulting emulsion on a 
C oulter C ounter. The sprayer selected  was a pyrex glass unit (glass spray unit; 

Sigma Chem icals L td ., Fancy Road, Poole, Dorset) used with com pressed air. 

The sprayer, which is shown in Fig. 11:4, is of the conventional atom iser type. 
The la tex  is drawn up a narrow bore glass tube to an o rifice , which is surrounded 

by a larger concentric orifice: a rapid stream  of air passes through th e  la tte r ,  
atom ising the la tex .

b. Method

The ho tp late  was switched on and le f t until the tem p era tu re  oscillations 

se ttled  down. The spray reservoir was filled with la tex  a t the required solids 

con ten t. The block was then sprayed slowly and evenly, a t a d istance of 

approxim ately 1 m. Depending on the thickness of film required some 20 - 50 
passes w ere necessary taking betw een one and th ree m inutes. The in itia l and 

final bursts of spray tended to contain much coarser droplets, so care was taken  

to  ensure th a t the sprayer was s ta rted  and stopped with the  je t aimed to  one side 
of the ho tp la te . Im m ediately a f te r  spraying, the ho tp late  was switched off and 

allowed to  cool to  the tem pera tu re  a t which the film was to  be removed. If this
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was below room tem pera tu re , th e  appropria te  cooling m ix ture was placed in the 

bath  behind the  block (see Table 11:1 for a list of slush baths giving

tem p era tu res  in the range 213 -  279 K).
The film was removed from  the su rface by means of th e  parting rod, to  

which it adhered. With the  block a t the  co rrec t tem p era tu re , th e  grub screw

securing the  rod was slackened. The parting rod was then  pulled away from the

block slowly and evenly thereby  peeling the  film aw ay from th e  surface.

P a rticu la r care  was necessary to  avoid sm all tears, which generally  form ed a t the
edges of th e  film, from spreading to  the  cen tre .

Providing the ho tp late  was a t the  optimum tem p era tu re  for film  rem oval 
for the  polym er concerned, the  film could be peeled from  the  su rface  w ithout 

unduly stressing it .  In most cases, th e re  was no de tec tab le  increase  in the length 
of the film resulting from its  rem oval from the ho tp la te . Even in the w orst 
cases, the  extension was only a few percen t of the  original length  of th e  film .

Although it is d ifficu lt to  ex trapo la te  results obtained w ith polyethylene to  

the  polym ers studied in this work, the  results of Paulos and Thomas on the 
e f fe c t on gas perm eability  of postdrawing polyethylene film , are  relevan t here. 
They found th a t to produce a m easurable drop in the  oxygen perm eability , the  

polyethylene film had to be s tre tched  to  beyond tw ice its  original length. It is 

th e re fo re  likely th a t the am ount by which the  la tex  film s w ere s tre tch ed  during 
th e ir preparation  would not measurably a f fe c t the ir transm ission properties.

A fter the  film had been rem oved, the  PTFE surface of the  ho tp la te  was 

cleaned by washing with a solvent m ixture containing approxim ately  equal 
proportions of acetone, butanone and toluene.

F . MEASUREMENT OF TRANSMISSION PROPERTIES

1* Introduction
The most popular methods for the  determ ination of diffusion coeffic ien ts  

have been perm eation and sorption m ethods. Both rely on solutions of Fick's 
Second Law under the appropriate boundary conditions.

a. Sorption Methods

In this approach, the polym er sam ple, which is in itia lly  devoid of penetran t, 

is suspended in the  p enetran t vapour, a t constan t tem p era tu re  and pressure. 
Solution of the penetran t occurs a t the  surfaces of th e  film , followed by 
diffusion tow ards its  cen tre . The resulting weight increase is m easured as 

function of tim e. U ptake of vapour continues until equilibrium  w ith the vapour 
phase is a tta in ed . If the  vapour concen tration  is now reduced to  zero , penetran t
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will desorb from the film , and the w eight loss can also be m onitored.
The sim plest experim ental m e th o d ^ ^  involves rem oving the film  a t 

intervals and weighing it. More sa tisfac to ry  techniques utilise a quartz  spring or 
m ic r o b a la n c e ^ \  thus elim inating the errors arising from  in terrup tion  of the 
sorption process. The penetran t vapour concentration  may be varied by a lte ring  

the tem pera tu re  or mixing with an inert diluent of low vapour pressure, e.g. 

dibutyl ph thalate .
If the equilibrium betw een vapour and surface penetran t concen trations is

a tta ined  rapidly by comparison with the ra te  of diffusion, then  the  su rface

concentration  can be kept effectively  constan t throughout th e  experim ent. The

condition is usually satified  by polym ers a t tem peratu res well above th e ir glass
transition  tem pera tu re . Under this condition, and w here the diffusion

(27)coeffic ien t is independent of concentration , the ra te  of sorption is given by

-
M

r  Dt  *] i 1 + 2  Z ( - l ) n  i e r f c  ( n l / 2 ( D t ) ^ >  1
[l*J [ „i n=o J end)

w here M and M^ are the masses sorbed a t tim e t  and a t equilibrium  

respectively; 1 is the film thickness and ie rfc  is the inverse com plim entary erro r 
function. For short tim es, this equation simplifies to

4 I ^  ! (11:4)
M 7 4  [ 5 ]
The usual procedure is to plot the  re la tive weight increase, M ^/M ^, against A ll
and ca lcu la te  the diffusion coeffic ien t from the in itia l linear slope. The
solubility coeffic ien t may be calcu lated  from the equilibrium am ount sorbed.
The product of the diffusion and solubility coeffic ien ts then gives the

perm eability  coeffic ien t.
In common with most perm eation experim ents, the film is normally free  of

penetran t a t the s ta r t of th e  experim ent. It may, however, be p re-equ ilib riated
a t a non-zero vapour pressure. This procedure, which is te rm ed  the in terval

(28)type as opposed to  the in tegral type, allows the calcu la tion  of a mean 
diffusion coeffic ien t betw een the  concentrations of initial and final equilibria, as 

defined by Eq. 11:4. It the re fo re  provides a means of estim ating  the  
concentration  dependence of the diffusion coefficien t.

b) Perm eation Methods

In essence, the object of a perm eation experim ent is to  m easure the ra te  of 

transport of penetran t through a film as a function of tim e. The division of th e  

perm eation process into transien t and steady s ta te s , and the  m athem atical
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trea tm e n t of these s ta te s , have already been discussed (C hapter I) and so only 
the p rac tica l aspects will be dea lt with here.

There are  th ree  basic m ethods of measuring pene tran t transm ission ra tes, 
namely pressure, volume and concentration  change m ethods. These are  depicted 
schem atically  in Fig. 11:5. All th ree  m ethods have been used both in academ ic

studies and for routine industrial testing . D etailed descriptions of th e  apparatus
(29)and procedures for th e  la t te r  have been given by Stocker and a com parison of 

the  th ree  methods in determ ining oxygen perm eability  of com m ercial polymer 

films has been made by Taylor e t  a l ^ ^ .
(31)The pressure change method was developed by B a rre n  ' to  determ ine

diffusion and perm eability  coeffic ien ts of gases through polym er film s. The
(32)technique was refined by S tanne tt and co-w orkers , who f irs t used it to 

determ ine vapour transm ission ra te s. Since th a t tim e, it  has been extensively 

used with a large variety  of polymers and penetran ts. A typ ical procedure 

involves placing the  film under te s t in a stainless s tee l cell, which it divides into 

two cham bers. Both sides are evacuated, and residual vapours frozen out with 

liquid nitrogen. The p enetran t, which can be gas, vapour or liquid, is adm itted  to  
one cham ber and the increasing pressure in the other m easured with a McLeod 
gauge.

(33)The volume change method was devised by Todd , who employed a cell 
having a cham ber of large volume on one side and of sm all volum e on the o ther. 

The large cham ber was evacuated  and the te s t gas introduced into the small 

cham ber a t atm ospheric pressure. A horizontal capillary connected  to  the sm all 
cham ber contained a m ercury plug. As gas perm eated into the large cham ber, 

the m ercury plug moved in the  capillary so as to  reduce the  volume of the sm all 
cham ber and m aintain the pressure.

The equipm ent used by Brubaker and K am m erm ey e r^ ^  is sim ilar in design. 

However, the  large cham ber is filled with te s t gas a t e levated  pressure. This 
perm eates into the small cham ber, which is m aintained a t atm ospheric pressure 
by the m ercury plug moving in the  opposite d irection.

Both pressure and volume m ethods change en tail a to ta l pressure 

d ifference across the film , which soft polymer films are  o ften  unable to  
w ithstand. To prevent distortion or destruction of the film , a m echanical 

support, typically a mesh or sintered m ateria l, is required. Although effec tiv e , 
the support may lower the exposed area  of film , introducing an uncertain ty  into 
the result.

A more serious drawback associated  with pressure d iffe ren tia l m ethods is 

the problem of leaks. These can occur a t the edges of the  film and through 

pinholes in the exposed area . The form er can be elim inated to  some ex ten t by
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sophisticated  design (e.g. m ercury seals), but leaks rem ain a frequently  
undetected  source of erro r, and can only be assumed absen t when the two low est 

results are  in good ag reem en t^"^ .
The concentration  change method avoids the necessity  for a to ta l pressure 

d ifference across the film , and relies instead on a d ifference  in partia l pressure 

of penetran t. This is most easily accom plished by s tre tch in g  the film  under te s t  

over a m etal cup containing liquid penetran t (PATRA c u p ^ ^ ) ,  or fabricating  

pouches or bo ttles from the  te s t m ateria l and filling w ith  p e n e tra n t^ 2’^ .  The 
container is placed in a controlled environm ent and w eighed a t  in tervals. Where 

th e  m ateria l is highly perm eable, it may be necessary to  v en tila te  the cham ber 
to  m aintain a zero  concen tration  of penetran t outside the  container. 

A lternatively , for im perm eable m ateria ls  where the w eight losses are small, the  
air in the cham ber may be sampled and analysed for the  penetran t. These 

techniques are popular in industry, being straightforw ard  and rea lis tic . However, 
they are inadequate for m easurem ent of tim e lags, and erro rs in the measured 

perm eability  may arise from stagnant air layers inside the container and an 

uncertain  sample area. M oreover, the  method cannot be used for gases and some 
liquids.

The most popular form of the concentration  change m ethod is the 'dynam ic1 

or 'd ifferen tia l' technique. Again, the  perm eation ce il is divided into two 

cham bers by the film under te s t .  The penetran t flows over one side of the film , 

either as a pure gas, or as a vapour in a carrie r gas s tream , and is term ed the  

'span' gas stream . The perm eating m ateria l is swept aw ay by a second carrie r 
gas stream  (the 'sweep* gas stream ), which is then analysed. D av is^ 9 ,̂ who f irs t 

used this technique, employed chem ical methods to  determ ine the amounts of 

perm eating oxygen and carbon dioxide. Modern instrum ental m ethods, capable 

of much g rea te r sensitiv ity , have been used in several studies by Pasternak  e t 
al.(^0, ^ ) y and other w o rk e rs^ 2-^ .

Where the film under te s t is im perm eable and th e  penetran t d ifficu lt to  

d e tec t a t low concentrations, the penetran t may be re ta ined  in the  second 
cham ber, from which sam ples are withdrawn a t in tervals for a n a i y s i s ^ \  Since 

this method m easures the  cum ulative amount of p en e tran t ra ther than the
p enetran t flux, it  is term ed the in tegral technique.

(47)
Yasuda and Rosengren have described a som ew hat d ifferen t perm eation 

apparatus. R ather than sweeping the perm eating gas to  th e  de tec to r in a ca rrie r 

gas stream , a therm isto r bead is built into the receiving cham ber of the cell. 

The receiving cham ber can e ither be swept by a ca rrie r  gas s tream , in which 

case the therm isto r m easures the instantaneous p en e tran t flux, or it can be 
sealed and the accum ulation of penetran t measured. These cases correspond to
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the d ifferen tia l and in tegral m ethods respectively.
The dynamic method can be extended to  include perm eation of m ixtures, in 

which case samples are taken from the  sweep gas stream  or the s ta tic  second 
cham ber. The penetran ts  may be separated  chrom atographically, or introduced 
d irectly  into a mass spec trom eter. In the la tte r  case, a suitable peak

c h a ra c te ris tic  of each of the  penetran ts is selected , and the am ount of each can 
be determ ined.

The sorption technique has many advantages over perm eation methods for 
obtaining diffusion coeffic ien ts of vapours. There is no need for special seals or 
supports. Sorption kinetics are  relatively  unaffected  by pinholes in the film 

sample which would have a disastrous e ffe c t in a perm eation experim ent. For 

low diffusion coefficien ts, where p ro trac ted  run tim es are  necessary, the  
sorption technique is particu larly  valuable, since errors due to  tem pera tu re  

fluctuations are a t a minimum. Perm eation  methods are much more suitable for 

penetran ts with high diffusion coefficien ts, particularly  gases. In these cases, 

th e  equilibrium uptake would be too small, and occur too rapidly to  be measured 

accurately  by a sorption technique.

2. A pparatus

Perm eability  and diffusion coeffic ien ts were m easured by a dynamic 
technique. As discussed above the penetran t is made to  flow over one side of the 

film , the perm eating m ateria l being swept away and determ ined by an 
instrum ental technique.

At the heart of the appartus lies the cell in which the  film is mounted: this 

is shown diagram atically  in Fig. 11:6. The only theo re tica l constrain t on the cell 
dimensions is the ex ten t of diffusion through the clam ped, unexposed area  of the 

film (the 'edge’ e ffec t). B arrer e t al. (48) have determ ined th a t the error arising 
from  this e ffe c t will be negligible if the ratio  of film thickness to radius of 

exposed film is less than 0.2. The maximum film thickness an tic ipated  was 100 

ym , and this would impose a lower lim it of I mm cell d iam eter. This is well 

below the minimum diam eter necessary to perm it the passage of a detec tab le  
am ount of penetran t.

The sensitivity  of the katharom eter used to d e tec t gaseous penetran ts 

d ic ta ted  th a t the ceil d iam eter should be as large as the availability  of uniform 
film samples allowed. Most of the m easurem ents were made with cells of 35 mm 

d iam eter. Where it was impossible to prepare sufficiently  uniform films of th is 
size, cells of 25 or 10 mm diam eter were used.

It was an ticipated  th a t some of the films would be frag ile, and incapable of 

w ithstanding the transien t pressure differences which occur on operating the
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sw itching valves. For th is reason a support was included in th e  design of th e  
cell. S intered bronze was chosen for this purpose because it  offered  many 

advantages over the stain less s tee l mesh normally employed. These included 

g rea te r m echanical streng th  and ease of mounting in th e  cell. The depth of 
support reduced the cell volume thus reducing the dead space in th e  system , 
while th e  s tru c tu re  ensured turbulen t ra th e r than lam inar flow over the  film  
surfaces. The support was normally rem oved for the gas perm eation work.

The layout of the  apparatus into which the  cells w ere f itte d  is shown in 

Fig. 11:7. A ka tharom eter d e tec to r (Model 158, Servomex Controls L td ., 
Crowborough, Sussex) was employed to  m easure gas concentrations. The flow 

regula tors (model 8744, Brooks Instrum ents Ltd., Brooksm eter House, S tuart 

Road, Bredbury, Stockport, Cheshire SK6 2SR) were housed in a perspex cab inet. 

The tem p era tu re  within was m aintained a t 303 + IK by means of tw o 
the rm osta tica lly  controlled 60 W bulbs and a circu lating  fan. The cell was 

housed in a chrom atographic oven (model LC2F, Phase Separations L td ., Deeside 
Industrial E s ta te , Q ueensferry, Clwyd, CH5 2LR), from which the  injection po rt, 

column and d e tec to r head had been rem oved. A fter m odification, the  oven 

tem p era tu re  could be regulated  betw een 303 and 423 + IK . Gas stream s w ere 
d irec ted  by means of four port switching valves (Carle Instrum ents model 5511, 

Techm ation L td., 58 Edgware Way, Edgware, Middlesex, HA8 8JP).

3. Mounting of Film  Samples

A disc, approxim ately 50 mm in d iam eter, was cu t from  sheet of film . To 

prevent contam ination, the  film  was held betw een two discs of coated paper 
(used as separato rs betw een 47 mm Millipore filters). The sam ple disc was then 
placed on the  bottom  half of the  cell and the  other half positioned d irectly  on 
top, ca re  being taken  to  avoid la te ra l movem ents which might d is to rt the  film . 

The screw s which held the  two halves of the  cell toge ther w ere then tigh tened  
evenly, to  avoid unduly stressing the  film .

Glassy polym er film s w ere very b rittle , and ex trem e care  was necessary 

when cu tting  and mounting the discs, as cracking and tearing  readily occurred. 
In many cases, it  was necessary to  place gaskets betw een th e  film and th e  

m ating surfaces of the cell in order th a t the  cell could be clam ped suffic ien tly  

tigh tly  to  render it leak proof w ithout distorting the  film . D espite these 

precautions, it was not uncommon to  have to  replace a glassy film which had 
ruptured  during the  process of cu tting  and mounting.

With the  film m ounted, the cell could be installed in the chrom atography 
oven. The edges of the  m ating surfaces of the cell, and the  connections betw een 

it and re s t of the  apparatus were painted  with a dilute solution of de tergen t.
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Any leakage was im m ediately d e tec tab le  by the vigorous fro thing which occurred 

in the region of the  leak.

C  O perating Procedure
With the  cell installed, the  apparatus was operated  as follows: The

nitrogen carrie r and te s t  gases w ere sw itched on a t the  cylinder heads. A fter

ensuring th a t gas was flowing through both sides of the  katharom eter, the

am plifier was sw itched on and the  supply voltage se t to the required value
(normally ^.5 V). The heaters and fans in the perspex cab inet and oven were
switched on. The apparatus was then le ft for 30 m inutes to  a tta in  tem pera tu re
equilibrium . When this had been achieved, the  flow ra te s  w ere m easured, using a

bubble flow m eter in conjunction with a stopw atch measuring to  0.1 s. Switching
valves SI, S3 and S5 (see Fig. 11:7) w ere positioned such th a t the flows were
measured by bypassing the cell. If necessary, they w ere adjusted, although day

3 1to  day stab ility  was generally good. The flow ra te s  were normally 25 cm min .

Switching valve SI was positioned so th a t the span gas flowing over the top 

of the film sample was pure nitrogen. The a tten u a to r was set to a value 

appropriate to  the  film under te s t and the recorder pen zeroed. The apparatus 
was le ft for several m inutes to  ensure the absence of baseline d rift. Finally, the 

te s t  gas was d irec ted  over the film by reversing the position of switching valve 

SI, and the perm eation tra c e  was recorded.

Diffusion coeffic ien ts w ere determ ined from the tran sien t s ta te  portion of
the perm eation curves by the method of Pasternak  e t a l . ^ ,  which is described
in C hapter I. The nomalised curve (i.e. J J 3  against t) was analysed to  give thet  s
tim es a t which 3 / 3  was equal to simple decim al, fractions (0.05, 0.10, 0.15 ....
0.95). The tabu lated  values of 4D t/l corresponding to these fractions (Table 1:1) 

w ere p lo tted  against these tim es. Providing the po lym er/penetran t system under 
te s t obeyed Fick's law, a s tra igh t line resulted. The slope was equal to  4D/1 , 
and so the diffusion coeffic ien t could be calcu la ted . It should be noted th a t this 

procedure m easures the duration of the transien t s ta te , and does not require an 

accu ra te  knowledge of penetran t concentration .
The equation relating the am ount of penetran t, Q, passing through a film in 

tim e t, to its  perm eability  coeffic ien t, P, was given in C hapter I as

P  =  ----------------  (11:5)
A t  <P l - P l )

where 1 and A are the thickness and area of the film and p, and pQ are the 

p enetran t concentrations on e ither side of the film . The am ount of penetran t



which passed through the  film and was carried  away by the  sweep gas stream  was 
determ ined from  the  ka tharom eter response by

Q =  ~  s  a k (II;6)

w here f is the  sweep gas flow ra te  (in cm^ m i n ^ s  is th e  ka tharom eter signal in 

mV obt ained a t  am plifier a tten u a to r setting  a. k is the  katharom eter 
calibration  constan t for the penetran t under consideration, and was obtained by 
use of a  suitable calibration  gas m ixture.
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E. REFERENCES

A PREPARATION AND CHARACTERISTICS OF HOMOPOLYMER AND
COPOLYMER LATICES

Single stage reactions, described in Chapter II, w ere used to prepare la tices 

of polystyrene, poiy(methyl acry late), poly(ethyi acry late), poly (n-butyl 

acry late), poly (methyl m ethacry late), poly(ethyi m ethacry late) and poly (n-butyi 
m ethacry la te). Some copolymers of ethyl acry la te  and m ethyl m ethacry la te , n- 
butyl acry la te  and n-butyl m ethacry la te , and ethyl acry la te  and n-butyl 

m e thacry la te  w ere also prepared. D eterm inations of solids con ten t and p a rtic le  

size were carried  out on samples taken im m ediately a f te r  com pletion of the  

reac tion . The remaining la tex  was cleaned by m icrofiltra tion  and fu rth er 
characterised  as described in la te r sections of this C hapter. The ch a rac te ris tic s  

of la tices used in the course of this work are summarised in Tables III-l and III-2.

It is known th a t the surface ch a rc te ris tic s  of polymer la tices a lte r  on long 
term  storage, as a result of chem ical ^  and m icrobial ^  processes. For th is 

reason, the  la tices  were used as soon as possible a f te r  preparation and cleaning. 

Where storage for longer than one week was necessary, th e  la tices w ere tre a te d  
with a proprietry  inhibitor (Kathon 886 MW, Rohm and Haas (UK) L td., Lennig 
House. 2, Masons Avenue, Croyden, Surrey) to  a level of 20 ppm, to  preven t 

m icrobial contam ination. Before use, the la tices were cleaned by 

m icro filtra tion , again usually in sm all quantities.
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B. KINETICS OF THE SURFACTANT FREE EMULSION POLYMERISATION 
OF STYRENE

The preparation of monodisperse polystyrene la tices by emulsion 
polym erisation and their surface characterisa tion  have been widely studied (see 
C hapter I and also Ref. 3). However, very little  inform ation on the k inetics of 
these reactions has been published, although the uniform ity of the partic le  size 
from an early stage of the  reaction (afte r the number density has becom e 

constant) suggests th a t m echanistic inform ation could be readily obtained. This 
Section discusses the results of experim ents carried out in pursuit of this 

inform ation.
The theories most likely to be relevant, and their adaptation, to su rfactan t 

free  reactions have been discussed in C hapter I. The predictions of these 
theories were te sted  by determ ining the e ffec t of reaction variables 
(tem perature, ionic strength  and in itia to r concentration) on reaction 

charac teristics  (reaction ra te , partic le  number density and molecular weight 

development).
A typical example of the kinetic data  obtained from a su rfac tan t-free  

emulsion polym erisation (taken from Ref. 4) is shown in Table 111:3 and the  
conversion tim e curve is shown in Fig. Ill:I.

The decrease in partic le  number density during the early stages of the 

reaction  is clearly shown, a fte r  which it a tta ins a constant value. It can be seen 

th a t during the la tte r  period (the analogue of interval II in conventional emulsion 

polym erisation) the ra te  of reaction is not constant, but increases continuously 
with increasing conversion. A distinct interval III, when all the monomer is 

s itua ted  in the polymer phase, is not readily identified here, and interval II can 
be considered to last until alm ost com plete conversion is achieved. In 
surfactan t-contain ing  systems, Interval III s ta r ts  a t around 55% conversion.

1. E ffec t of Tem perature

Fig. 111:2 shows an Arrhenius plot of In (rate constant) against reciprocal 

tem peratu re , where the ra tes  were assumed to be proportional to  the slopes of
o/o /c

linear C against tim e plots. The data ’ ; were obtained from a series of
reactions carried  out a t tem peratu res in the range 313 - 37IK. The calculated

activation  energy of 69 + 2 kJ m o f 1 com pares with 71 kJ mol' 1 found for
reactions carried  out in the presence of s u r f a c ta n t^  and 105 kJ mol-1 for bulk,

(8)solution and suspension polym erisation .



TABLE 111:3

KINETIC CHARACTERISTICS OF REACTION 34B

Sample Tim e/
min

Conversion

/%

Radius/
nm

a /% P artic le
number
density /cm -^

34B2 15 0.33 29 15 2.68 x 1012

34B3 30 0.55 57 11 0.60 x 1012

34B4 55 1.77 87 7 0.55 x 1012

34B5 85 4.43 104 5 0.81 x 1012

34B6 120 7.75 122 4 0.89 x 1012

34B7 185 17.61 169 9 0.75 x 1012

34B8 240 27.46 197 6 0.74 x 1012

34B9 325 43.63 206 3 1.03 x 1012

34B10 465 71.50 263 3 0.81 x 10i2

34B11 545 92.14 296 2 0.73 x 1012
34B12 620 93.80 297 3 0.74 x 1012
34B13 690 92.25 300 2 0.70 x 1012

34B14 1440 88.70 298 3 0.69 x 1012

~3Styrene concentration : 0.870 mol dm .

-3 - -3Potassium  persulphate concentration: 3.69 x 10 mol dm . 

T em perature: 343 K.
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2. E ffec t of In itia to r C oncen tration

A series of reac tions was carried  out in which th e  in itia to r  co n cen tra tio n , 

DO , was varied betw een 5.10“^ and 1.10"^ mol d rrf3 and th e  ionic s tren g th  was
- 2  3m aintained constan t a t 3.10" mol dm . The e ffe c t of in itia to r co n cen tra tio n  

on th e  ra te  of th e  reac tion  is shown in Table 111:4. A plot of log (ra te ) against log 

[p] ind icates th a t a [ p ]  (Fig. 111:3). This is in reasonab le accord w ith
th e  predictions of the  Sm ith-E w art Case 3 and surface phase polym erisation

i
treatm ents of a  [ P ] 2.

TABLE 111:4 

VARIATION IN RATE WITH INITIATOR

CONCENTRATION

L atex [p]/m ol dm-3 R ate*

MC49 . i x icr2 0.0499

MC55 5 x 10-3 „ 0.0413

MC69 X o 1

0.0493

MC70 1 x 10"3 0.0180

MC68 5 x 10"^ 0.0155

2/3*From  slopes of C vs t  plots 

slope of log R ate  vs log [p ]

= 0.44 +0.06
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3. F acto rs  a ffecting  P a rtic le  Number Density

The mechanisms of su rfac ta n t-free  emulsion polym erisation discussed In 
C hapter I suggest th a t the  p artic le  number density, N, finally a tta in ed  by a
reaction  depends on the number of nuclei generated , and the ir s tab ility . The

number of nuclei generated  is expected to  depend on the  ra te  of radical 

generation , which in turn  is dependent on the  in itia to r concen tra tion  [ p ]  , and 
th e  tem pera tu re  of the reaction . The stab ility  of the nuclei will be dependent on 

the  ionic strength , [ 0  ,of the medium, which controls th e  ex ten t of coagulation 
required for the nuclei to becom e colloidally stable. The influence of these 

fac to rs  can be expressed as

N a  [ P ] X/  [ i ]  y  ( 1 1 1 :1 )

a n d  N a  T /  [ i ]  y  ( 1 1 1 :2 )

Although they both influence the radical generation ra te , and T cannot 

be com bined, since tem p era tu re  also a ffec ts  the partic le  collision effic iency  and 
hence stability .

In order to  determ ine the value of the exponents x, y and z, d a ta  from 

th ree  series of reactions were exam ined (Table 111:5 - 111:7 and Figs. 111:4 - 111:6) 

and the following results obtained:

(i) A t constant in itia to r concen tration  and ionic streng th , the  e f fe c t of 

tem pera tu re  was found to  be (Table 111:5 and Fig. 111:4:

N a  TZ : z = 1 2 .2 4  + 0 .9 6  ( 1 1 1 :3 )

(ii) A t constant ionic streng th  and tem peratu re , the e f fe c t of ionic streng th  

was found to  be (Table 111:6 and Fig. 111:5:

N a  [ i ]  “ y : y = 0 .7 8  + 0 .0 6  ( 1 1 1 :4 )

(iii) At constant ionic streng th  and tem pera tu re  th e  e ffe c t of in itia to r 

concentration  was found to  be (Table 111:7 and Fig. 111:6):

N a  [ P ]  X : X = 2 .3 6  ± 0 .8 4  ( 1 1 1 :5 )
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For com parison, the Sm ith-Ew art theory applied to surfactan t-con ta in ing  

system s gives N a R i oA  [e ]° ‘6, w here Rj is the radical generation ra te  and [e ]  

is the su rfac tan t concen tration . Thus, stab ility  in these system s is controlled by 
the su rfac tan t concen tration , and the number density is insensitive to ionic 
s treng th .

TABLE III:5

VARIATION IN PARTICLE NUMBER DENSITY 

WITH INITIATOR CONCENTARATION

Latex [p ] /mol dm"^ 1012N /cm ~3

MC49 1. 10"2 630,000
MC55

ralO—i 50,500
MC70 1. 10"3 1,800
MC68 5.10“^ 4,200

Slope of log N against log [p] plot -  2.35 + 
0.84.
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TABLE 111:6

VARIATION IN PARTICLE NUMBER DENSITY WITH 
TEMPERATURES)

Latex T/K iO ^N /cm *^

64B 323 0.49
62B 333 0.70
64A 343 1.15
62A 353 1.32
66A 363 2.13

Slope of log N against log T plot = 12.24 + 0.96

TABLE 111:7

VARIATION IN PARTICLE NUMBER DENSITY WITH 

IONIC STRENGTH (10)

Latex
O

[ i ]  /m ol dm” 1012N /cm "3

JH A 6.7 219
JH B 10.5 125
JH C 17.6 100

JH D 20.6 90

JH E 24.6 86
JH F 35.0 54
JH G 50.0 42

Slope of log N against log [ i ]  plot = 0.78 + 
0.06
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Dependence of Conversion and P a rtic le  Radius on Tim e

(5 6)Table 111:8 lists a series of m ulti-sam pled su rfa c ta n t-fre e  reactions ’ 
for which the  conversion, C, and partic le  radius, r, had been determ ined as a 
function of tim e t ,  throughout the  course of the polym erisation. For each 

reaction , log r, log C and log (C /t) w ere p lo tted  against log t .  The slopes of 

these plots are  listed  in Table 111:8. The results ind icate th a t  the  exponent, n, in 

r11 a  t  is on average 1.80 + 0.20 while the  exponent, in Cn a t  is 0.69 + 0.14. 
These results suggest th a t th e  Sm ith-Ew art Case 3 tre a tm e n t applied to  a co re­

shell s tru c tu re , and the  su rface phase polym erisation tre a tm e n t, which predic t 
2 2/3r a t  and C a t ,  are  reasonable th eo re tica l trea tm e n ts  of th e  observed 

kinetics. The conventional Sm ith-Ew art Case 3 tre a tm e n t, which predicts
3/2 i

r a t  and C 2 a  t  is not in such good agreem ent with th e  experim ental data . 
It is not surprising to  find th a t Sm ith-Ew art Case 2 k inetics which pred ic t r^ a t  
and Rp a  r° , are  not followed, in view of the g rea te r p a rtic le  sizes and lower 

partic le  number densities which are  ch a rac te ris tic  of su rfa c ta n t-fre e  reactions. 

Furtherm ore , the  Case 2 tre a tm e n t predicts th a t th e  ra te  of polym erisation is 
independent of conversion, w hereas, experim entally , th e  ra te  is observed to  

increase with increasing conversion. The Gardon tre a tm e n t of In terval II, 
p red icts C /t vs. t ,  plots to  be linear and of constan t slope a t  a given 

tem p era tu re . The slopes of th e  C /t vs. t  plots (Table 111:8) show som ewhat 

g rea te r variations than for the previous trea tm en ts , which casts  some doubt on 

the  suitability  of th e  Gardon trea tm e n t. A d irec t application of the d a ta  to the 

th eo re tica l trea tm e n ts  is a ttem p ted  la te r .

5. M olecular Weight Developm ent

Molecular w eight distributions w ere determ ined by gel perm eation 
chrom atography as a function of conversion for several reac tions. The da ta  for 
su rfac ta n t-free  emulsion polym erisation show several ch a ra c te ris tic  fea tu res, 

nam ely the occurrence of a peak a t 1,000 m olecular w eight in early  sam ples, and 
bimodal peaks which move in tandem  tow ards higher m olecular w eight values as 
th e  conversion proceeds. These fea tu res are  clearly  apparen t in the  da ta  for 

la tex  MC69 which are  shown in Table 111:9 and Figs. 111:7 and 111:8. 
A pproxim ately 40 tim es as much lower m olecular w eight polym er as higher 
m olecular w eight polymer is genera ted . The bimodal peaks w ere not always so 

clearly  resolved, but w ere apparen t in most sam ples exam ined.

It is unlikely th a t the bimodal m olecular weight d istribution arises from 
chain tran sfe r reactions, since these would be expected to  cause the broadening
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TABLE 111:8

RELATIONSHIPS BETWEEN PARATICLE SIZE, PERCENTAGE CONVERSION

AND REACTION TIME

Slopes of Log/log plots 
Latex r vs t  C vs t  C /t vs t

66A 2.09 0.80 -
18A 1.80 0.62 0.63
37B 1.47 0.61 0.75

64A 1.66 0.72 0.37
18B 1.87 0.59 0.72
34B 1.87 0.57 0.75
62A 1.75 0.60 -
142 1.71 0.54 0.90
016 2.18 0.80 0.90

034 1.67 0.61 0.64
018 1.75 0.76 0.30

Mean + standard 1 .80+0.14 0.57 *0.22 0.63 +0,
deviation
% standard deviation 11 20 32



of a single peak, ra th e r than the occurrance of a second peak. In particu la r,
chain transfer to  polym er, which is the only mechanism by which polym er of

higher m olecular weight can be generated , can be discounted. A com parison of
the tran sfe r and propagation ra te  constants for styrene shows th a t tran sfe r
to  polymer will only occur a t low monomer concen trations. Assuming a

-3maximum monomer concentration  in the polymer partic les  of 5 mol dm , i.e. 

the equilibrium concen tration , the stage of the  reaction  a t  which th e  separate  
monomer phase disappears can be determ ined. For reac tion  MC69, th is occurs 

betw een sam ples 9 and 10 (i.e. a t ca 62% conversion, cf 55% for su rfac tan t 
containing system s). R eference to  Fig. 111:7 shows th a t high m olecular w eight

polym er is observed in sam ple 2, i.e. in the  early stages of th e  reac tion , when

th e re  is still a separa te  monomer phase and the  equilibrium  solubility of 

m onomer in polymer can reasonably be expected to  be a tta in ed .
The d ifferen tia l m olecular w eight curves (Fig. 111:8) ind icate  the 

m olecular w eight distribution of polymer form ed in a given conversion in terval. 
The absence of generation of 1,000 m olecular w eight m ateria l a f te r  the  in itia l 

sam ple is evidence th a t fu rther nucleation followed by heterocoagula tion  is not 
an im portan t mechanism in subsequent partic le  growth. This evidence cannot be 

regarded as conclusive, however, since the  gel perm eation chrom atograph 
response is on a n. M. basis, making it  less sensitive to  low m olecular weight

polym er. Small am ounts could th e re fo re  be lost in the baseline e rro r.
Fig. 111:9 shows a plot of ra te  vs. m olecular w eight, for both m olecular 

w eight peaks, to  te s t the hypothesis th a t these quantities are  linearly re la ted . In 
both cases, a reasonable correlation  is observed.

It is ten ta tiv e ly  suggested th a t the  twin m olecular weight peaks arise
from reactions in two loci. Possible pairings include p artic le  su rface /p a rtic le

bulk, partic le  surface/anom alous region and aqueous phase /pa rtic le  bulk as
possible loci in which high and low m olecular weight frac tions are genera ted . In

an a ttem p t to co rre la te  one of these fractions with polym erisation a t the
partic le  surface, a quantity  proportional to  the number of free  rad icals per unit

surface a rea  of partic les was p lo tted  as a function of m olecular w eight. The
param eters (a-x)/r and (a~x)/r, w here (a-x) is the residual in itia to r

concentration  a t the  sampling tim e, calcu la ted  from  the  f irs t order

decom position of potassium  persulphate have been used as a m easure of the
number of free  radicals per unit surface area  of partic les: r is proportional to

the true  surface area , w hereas r is used as a m easure of the e ffec tiv e  surface
( a )

area  since by diffusion theory v , unit area of a large p a rtic le  is less e ffic ien t a t 

radical cap tu re  than the sam e area  of a partic le  of g rea te r curvatu re. The linear 

correlations, shown in Figs. 111:10 and 111:12, are, a t best, reasonable. It is not 
possible to distinguish which of the high or low m olecular w eight frac tions arises
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from  reaction  a t the partic le  surface.

Although it  has not been possible to  distinguish betw een the 

com binations of reaction  loci listed in the  previous paragraph, the following 
observations can be made. The ra te  of reaction  for la tex  MC69 a t low

_3
conversions (when the high m olecular weight peak is insignificant) of 1.5.10

—3 — 1 3mol dm s~ is too high (by a fac to r of ca. 10 ) to  be explained by

polym erisation in the aqueous phase, given published values of the

propagation ra te  constant, the ra te  of in itia to r decom position and the

equilibrium monomer concentration  in the aqueous phase. Whilst no anomalous
regions w ere observed in the partic les  of la tex  MC69, it  would be prem ature to
exclude th a t possibility, since the fac to rs  which lead to  observable anom alies a t

lower tem pera tu res may still be p resen t, but to  a less observable ex ten t. It has
been suggested th a t the anomalous region, having low m olecular w eight
associated  with i t  absorbs - monomer p referentially : the  locally high surface

charge density in the region p ro tec ts  it from radical entry Thus d ifferen t

m olecular weights, arising from polym erisation in the anomalous region and the

partic le  bulk, may be an ticipated .

6. A pplication of Experim ental D ata to  Q uantita tive Theories of Emulsion
Polym erisation K inetics

The d irec t application of the experim ental data  to  the  various 

q uan tita tive  theories is d ifficu lt, since th e re  is considerable uncertain ty  
concerning the co rrec t values of the  necessary param eters. However, in order to  

com pare theory and experim ent, these param eters w ere estim ated  as follows:

(i) The monomer concentration  in the polymer partic les, [M] p was taken to
-3be the equilibrium solubility of styrene in polystyrene, i.e. 5 mol dm . 

This is equivalent to a monomer volume fraction , ^  (the param eter 

required by the  Garden trea tm en t) of 0.58. This choice implies th a t the  
polym erisation of styrene is not controlled by the diffusion of monomer 

to the active sites.

(ii) The propagation ra te  constan t, k^, for styrene a t 343K was evaluated

from the data  presented in the Polym er Handbook The da ta  were
p lo tted  as log k against reciprocal absolute tem pera tu re , and the value

of k a t the required tem pera tu re  calcu la ted  from the slope of th e  least
P 3 -1 -1 . .squares s tra igh t line. A value of 462 dm mol s was obtained.
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(iii) The te rm ination  ra te  constan t, kt , is known to  vary with conversion in 
bulk polym erisations, as the  increasing viscosity of th e  medium makes 

encounters betw een free  radicals less frequent. Hui and H am ielec 

have derived an expression rela ting  kt  and frac tio n a l conversion. This 
expression was adapted to  calcu la te  the value of k^ for a given monomer 
concen tration  in th e  polym er partic les  in emulsion polym erisation by 

replacing the  frac tio n a l conversion with (i -  <f> ), where <J> is the
volume frac tion  of monomer in the  partic les. The resulting expression is

k+ = k exp -  2 (B (1 - <f> ) = C (1 -  <j> )2 = D (1 - cf>)3) ( I I I . 6 )x m m  m

where k+rt = 1.-492.10^
t0  -3B = 2.57 - 5.05.10 T

C = 9.56 - 1.76.10”*2 T
D = 3.03 + 7 .85 .10”3 T.

For T = 343K and <j> = 0.58, th is expression gives a value of k of 2.2
6 3 -1 - 1m10 dm mol s~ . Subsequent calculations require kt  to  be in

m olecular units, i.e. . .

(iv) The ra te  of radi cal absorption, p was assumed equal to  th e  ra te  of 

radical production, and is the re fo re  almost certa in ly  an over-estim ate . 
The ra te  of radical production is given by

pA= 2k^ exp (-k^ t  + in P ). (111:7)

where k^ is the in itia to r decom position ra te  constan t, which for

'potassium  persulphate a t 343 K under acid conditions has the  value 
-5 -12.68.10 s , and P is the in itia l concentration  of in itia to r, which, for

-3 -3reac tion  MC69, was 5.10 mol dm .

(v) The thickness of the shell, L, required for the core-sheli trea tm en t was 
taken as 2.5 nm a f te r  Wessling and Gibbs (13).

Substitution of these param eters into the appropria te equations gives the 

values of reaction  ra te  and number average m olecular w eight predicted  

by the Sm ith-Ew art Case 3, Sm ith-Ew art Case 3 core-shell/W essling 
surface Phase and Gardon trea tm en ts . These predictions are  com pared 

with the experim ental values of ra te  and m olecular weight in Tables
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111:10 and 111:11 respectively . The ra te s  predic ted  by the  Sm ith-Ew art 
Case 3 tre a tm e n t are higher than those observed a t the  beginning of the 

reaction , but the  agreem ent betw een theory and experim ent improves 
with increasing conversion. Conversely, th e  Sm ith-Ew art Case 3 co re­
shell/W essling Surface Phase trea tm en ts  pred ic t a ra te  which agrees 
with the  observed ra te  a t the beginning of th e  reaction  but which 
becom es too low a t the end. The Gardon tre a tm e n t predicts ra te s  which 

are much lower than those observed experim entally .

TABLE 111:10

Comparison Between R eaction  R ates P redicted  by Q uantita tive  Theories 

and Experim ental D ata from  R eaction MC69

C alculated
Sample Exp Sm ith-Ew art Core Shell Gardon

MC69/1 1.4 4.5 1.1 0.068

MC69/2 2.0 5.2 1.2 0.077

MC69/3 2.1 6.0 1.3 0.088
MC69/4 2.3 7.0 1.5 0.098
MC69/5 2.8 7.6 1.5 0.11
MC69/6 3.3 8.3 1.6 0.11
MC69/7 3.9 8.1 1.5 0.12
MC69/8 5.0 9.1 1.6 0.12
MC69/9 7.3 9.9 1.7 0.13
MC69/10 27.7 11.4 1.9 0.14

The m olecular weights predicted by the Sm ith-Ew art Case 3 and 
Sm ith-Ew art Case 3 Core-Sheil/W essling Surface Phase trea tm en ts  decrease 

with increasing conversion, which is the  opposite of the trend  actually  observed. 

These trea tm e n ts  are  not th e re fo re  capable of explaining the m olecular weight 

developm ent in su rfac tan t free  reactions. The m olecular weights predicted  by 
th e  Gardon tre a tm e n t increase with increasing conversion, and are  in reasonable 

agreem ent with the  lower of the  two m olecular weight peaks observed 
experim entally .
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TABLE 111:11

Comparison betw een M olecular Weights P red icted  by Q uantita tive  
Theories and Experim ental D ata from R eaction  MC69

Sample M ^iO ^ m2.io 2

M~n
C alculated 

Sm ith-Ew art 3.10** Core Shell. 106 Gardon.iO^

MC69/1 1.6 0.7 5.5 22 0.63
MC69/2 1.8 0.6 4.8 21 0.74

MC69/3 2.4 0.9 4.1 19 0.89

MC69/4 2.8 1.3 3.5 17 1.0

MC69 /5 3.1 1.0 3.2 16 1.2
MC69/6 3.4 1.5 3.0 16 1.3
MC69/7 5.0 1.4 3.0 17 1.4

MC69/8 4.9 2.0 2.7 15 1.6
MC69/9 5.8 1.2 2.5 15 1.7
MC69/10 6.0 2.4 2.1 13 1.9

A fu rther param eter of im portance in emulsion polym erisation kinetics 

is the  average number of free  radicals per partic le , n. An expression for this 

param eter, was derived by Stockm ayer in an extension of the  original Sm ith- 
Ew art theory.

n = (a /^ ) Io (a)/Ii (a) ' ( 111: 8)

w here I and I. are modified Bessel functions of th e  f irs t kind of order o 1
zero and one respectively , a is defined by

a2 = S a  (111:9)

and a by
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“ = PA Vp/ N k t
( 1 1 1 : 1 0 )

w here is th e  to ta l volume of polymer and N th e  partic le  number
density. A simple approxim ation has been devised by U geistad and 
Mork

n = (*+ a / 2)* ( 111: 11)

and th is is claim ed to  agree to  within 4% with th e  rigorous Stockm ayer 

expression. The Gardon tre a tm e n t also includes an expression for n

n = i  [1 + OfA/B2) P y ]*  (111: 12)

w here A, B and Py are  as defined in C hapter I. The values of n
predicted  by these  expressions are  listed in Table 111:12, toge ther with

experim ental values derived from  Eq. 1:2 using m easured values of R .
P

The values of n obtained from  th e  Stockm ayer expression are  only 
available for the early  stages of the reaction , since the NAG 

subroutines used to  com pute the  value of the  Bessel functions suffer 
num erical instability  a t high values of a. However, where comparison 

is possible, i t  can be seen th a t the values obtained from  th e  U geistad 

approxim ation are  in good agreem ent with those obtained from the 
Stockm ayer expression. Gardon’s trea tm e n t gives values which are  
consistently  sm aller, by a fac to r of about four, than  the  S tockm ayer 

expression. The experim ental data  are  in te rm ed ia te  betw een the  
values predicted  by the  Stockm ayer and U geistad equations and the 

Gardon tre a tm e n t, the  agreem ent being best with th e  la tte r  a t low 
conversions and the form er a t high conversions. The unexpectedly 

high experim ental value obtained for the final sam ple is probably in 
erro r, since a t th is stage of the reaction, the  sep ara te  monomer phase 

has disappeared and the  monomer concentration  in the  partic les will 
be lower than the  equilibrium solubility used in the calculation.
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TABLE Ills 12
«

Comparison Between Values of tv- C alculated from  Equations of 

Stockm ayer, U geistad and Gardon

Sample Exp Stockm ayer
n

Ugeistad Gardon

MC69/1 3.7 11.9 11.8 3.1
MC69/2 6.0 16.1 16.0 4.3

MC69/3 6.3 18.5 18.3 4.9
MC69/4 6.7 20.4 20.3 5.2

MC69/5 8.1 22.7 22.4 5.8

MC69/6 10.6 26.6 6.7
MC69/7 14.7 31.1 8.4

MC69/8 18.2 33.3 8.5

MC69/9 23.1 34.0 8.4

MC69/10 80.8 33.3 7.4

7. Conclusions

Very reproducible data  have been obtained for the k inetics of the 

su rfac ta n t-free  emulsion polym erisation of styrene. The data  have been te sted  
in the  region of constan t partic le  number density (Interval II) against theories 

developed for su rfac tan t-p resen t system s. The dependence of partic le  radius 
and conversion on tim e is best described by trea tm en ts  based on a surface 

polym erisation model. However, these trea tm en ts  predict th a t the m olecular 
w eight should fall with increasing conversion, which is the opposite of the trend 

actually  observed. None of the  theo re tica l trea tm en ts  predic t a bimodal 

m olecular weight distribution.
The quan tita tive  com parison of experim ental da ta  with theory is 

equivocal. The Sm ith-Ew art Case 3 trea tm e n ts  predict reac tion  ra te s  which are 
of the  right order of m agnitude and m olecular weights which are g reater than 

the higher of the two peaks observed experim entally. Furtherm ore , the theories
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pred ic t th a t the  m olecular w eight should decrease with increasing conversion, 
w hereas both m olecular w eight peaks are  found to  increase w ith increasing 

conversion. The Gardon tre a tm e n t predic ts m olecular w eights which are  slightly 
sm aller than the lower of the  tw o peaks, and which increase  with increasing 
conversion. However, th e  p red ic ted  reaction  ra te s  are  much sm aller than th e

experim entally  determ ined ra te s . The agreem ent betw een the  values of n 

p red ic ted  by th e  Sm ith-Ew art Case 3 and Gardon trea tm e n ts  is poor, although 

th e  values calcu la ted  from  the  experim ental da ta  are in te rm ed ia te  betw een th e  

tw o.
The principal reason for the poor agreem ent betw een the  predictions 

of the  various th eo re tica l trea tm e n ts  and experim ental da ta  is th e  inability  of 

any theory to  take  account of polym erisation in more than one locus. A 

con tribu tory^xctor is the  large m easure of uncertain ty  in^the values of th e  
necessary  param eters which is likely to  v itia te  fu rth er a ttem p ts  a t a fully 

quan tita tive  understanding of emulsion polym erisation k inetics.

C . PREPARATION OF CORE-SHELL LATICES

1. R esults of coating reactions

Both seeded and shot growth m ethods w ere used to  

overcoat polystyrene core partic les  w ith poly(methyl acry la te ), poly (e thy l 
acry la te), poly(n-butyl acry la te), poly(methyl m e th acry la te ), poly(ethyl 

m ethacry la te) and poly (n-butyl m ethacry la te). Typical resu lts are  sum m arised 
in Tables III; 13 and 111:14. It was possible to  prepare m onodisperse core-shell 

la tices  reproducibly by both m ethods with any of the above m entioned coating 
polym ers under suitable conditions.

The most common departu re  from m onodispersity was due to  th e

occurrence of sm all (60 -  150 nm diam eter) secondary growth partic le s , giving

th e  final product a bimodal size distribution. These secondary grow th partic le s

w ere form ed when the  number density of core partic les a t  the  beginning of th e
coating  reaction  was below a c ritic a l value. For poly (m ethyl m ethacry la te) as

12the  coating polym er the c ritic a l number densities were approxim ately  1.10 and 
1 1 - 31.10 cm for seeded and shot growth m ethods respectively . Although the  

c ritic a l number density was d ifficu lt to  m easure accu ra te ly  w ith th e  
experim ental techniques available, it  was found to  be lower for the  shot grow th 

technique for all the coating monomers exam ined.

A nother advantage of the shot grow th technique was th a t th e  resu ltan t 

partic les  were always spherical in shape, w hereas the seed grown p a rtic le s  w ere 

often  ra th e r irregular in shape (com pare P la tes 111:1 and 111:2).
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TABLE 111:13

RESULTS OF SEEDED GROWTH REACTIONS

LATEX MCA

Seed l a t e x  , MCI

S iz e /n m  A80

ro/nm 7 . 0

S o l i d s  c o n t e n t  /  Z 8 . 0  

Volume/cm3 50

MC9

MCI

A 80

7 . 0

8. 0  

250

MC31

MC26

AAO

8 .3

6 .9

A25

P a r t i c l e  No 
D e n s i t y / c n f  3 1 . 3 . 1 0 11 6 . 5 . 1 0 11 1 . A . 1 0 12

MONOMER MMA MMA MMA

Volume/cm3 16 11 50

I n i t i a t o r / g  0 . 1 6  0 . 2 5  0 .2 5

Water/cm3 A50 250 50

Temp/K 353 353 ’ 353 .

T o t a l  P o l y m e r i z a t i o n
Time/Min / *  180 180 1385

PRODUCT

MC11

MC8

AAO 

6 . 6  

: 2 . 7  

500
I

5 . 3 . 1 0 11’

EA

15

0 . 2 5

50

353

180

AA0-A50, 10P a r t i c l e  s i z e / n m  5 3 0 ,  1A0 500 ,  65 A70

a/nm ' 5 . 1 , 6 . 3  7 . 2 ,  A . l  3 . 6

Bimodal Bimodal  Monodisperse P o l y d i s p e r s e  

S o l i d s  c o n t e n t  /  2 3 . 6  5 . 6  9 . 6  7 .2

C o n v er s io n  /  Z 9 A 77 25* 92

*L atex  had c o a g u l a t e d  during  r e a c t i o n . -

a*s  f o r  l a r g e  and s m a l l ' p a r t i c l e s  o f  bimodal s i z e  d i s t r i b u t i o n  r e p o r t e d  
s e p a r a t e l y .
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Plate 111:1

TEM of la tex  MC4 (poly(methyl m ethacrylate) coated polystyrene, 
prepared by seeded growth technique). Magn. 19,100.



TEM of Jatex MC5 (poly(methyl m ethacry late) coated polystyrene, 

prepared by shot growth technique) Magn. 19,100.



With poly(ethyl acry la te) as th e  coating polym er, both m ethods gave a 

polydisperse product, i.e. one in which th e re  was a variable coating  th ickness as  

well as the  form ation  of secondary grow th partic les. These secondary grow th 

p artic les  w ere much sm aller (usually ca. 10 nm diam eter) and m ore num erous 
than those form ed by o ther coating  polym ers (com pare P la tes  111:1 and 111:2)

although in term s of mass the  am ounts w ere sim ilar. M onodisperse poiy(ethyl 

acry la te ) coated  polystyrene la tice s  w ere prepared by adding the  e thy l a c ry la te  

m onom er continuously a t a  ra te  less than its  ra te  of polym erisation (following 

the  m ethod given for coating with a copolym er).

Secondary grow th partic le s , w here obtained in th e  final p roduct w ere  

im m ediately  apparen t by th e ir  sm all size (P late  111:3). In the  absence of 

secondary grow th, it  was possible to  prove, by a mass balance ca lcu la tion , th a t  

all th e  monomer added could be accounted  fo r, w ithin experim ental e rro r , by th e  

increase in size of the  p artic le s  (see Table 111:14). By perform ing th is ca lcu la tio n  

in reverse , it was possible to  ca lcu la te  the  am ount of monomer required  to  

produce a given co a t th ickness, and thus to  ‘ta ilo r-m ake ' core-shell la tice s .

2. Role of swelling

Although outw ardly sim ilar to  the  seeded growth m ethod, i t  is app aren t 

from  the above resu lts th a t the  shot grow th technique opera tes  via a  som ew hat 

d iffe ren t mechanism to  the  heterocoaguia tion  mechanism believed to  o p era te  in 

seeded growth reac tions by Chung-Li e t  al. The principal d iffe ren ce
betw een the  tw o m ethods is, of course, the  presence or residual m onom er in th e  

core partic le s  a t  the stage a t which the  coating  monomer is added. This residual 
monomer has been shown to have a profound e ffe c t on the  ra te  of sw elling 

(Table 111:12).

D ifferen t aspects of swelling have been studied by M orton e t  al.

Chung-Li e t  al. U geistad e t  al. and Goodwin e t  al. H ow ever, th e
system s studied varied widely and no c lear p icture em erges. M orton e t a l.

derived an equation showing th a t equilibrium  uptake varied with p a r tic le  size .

They confirm ed the  validity  of the ir tre a tm e n t with swelling experim ents on

polystyrene la tices with a range of p a rtic le  size 37-173 nm and m olecular 
5 7w eights 10 - 10 . They also showed th a t the  equilibrium  uptake of to luene was 

rapid, being a tta ined  w ithin 30 min. U geistad e t  al. working w ith low m olecular 
w eight oligom er w ere able to  achieve large uptakes very rapidly. Chung-Li e t  al. 

found th a t the swelling of large partic le s  (g rea ter than 2 ym) took p lace very  

slowly (Table 111-15), even when the polym er was freshly form ed, and con tained
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Plate  111:3
TEM of la tex  MC10 (poly(ethyl acry late) coated polystyrene, prepared by 

shot growth method) Magn. 9,100.



TABLE 111:15

RATES OF SWELLING AND GROWTH 
A. STYRENE/POLYSTYRENE

L a te x - MC88 MC85 ARG62A Chung-Li

e t al.
------ (16)
Flask B

Goodwin e t al. 

S team -stripped  ^

Monomer 6.6 0 Growth Not s ta te d 0*

C onten t/%
Initial 160 572 222 2890 425

Size/nm

Final
Size/nm 182 588 290 2930 512

Tim e/m in 10 10 28 60 10

T em peratu re /K 353 353 353 333 298

10^ R a te /

cm ^ min”  ̂ cm ^ 47.2 8.63 43.9 0.70 74.8

* assum ed, since la tex  steam -stre ipped

B. BUTYL METHACRYLATE/POLYSTYRENE

L atex MC89 : MC92

Monomer con ten t/% 6.6 grow th

Initial Size/nm 160 259

Final Size/nm 173 282

Tim e/ min 10 10
T em perature/K 353 353
103 R a te /

3 . -1 -3 cm min cm 26.4 29.1
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residual m onom er. Goodwin e t  al. have recen tly  studied th e  ra te  of swelling as a 

function of the cleaning technique. They found th a t swelling occurred quite 

rapidly, irresp ec tiv e  of cleaning technique (dialysis, ion exchange and steam - 
stripping). U nfortunate ly , they do not report the m onom er conten ts of the 
la tices  prior to  swelling, since, for a given partic le  size, th e  ra te  of swelling will 

vary with monomer con ten t. The ra te  of swelling of polystyrene by styrene, as 

determ ined  by photon co rre la tion  spectroscopy was g re a te r  in th e  presence of 

residual monomer (6.6%) than  in its absence (Table III-15), as might be expected. 

However, both resu lts  w ere lower than the  ra te  obtained by Goodwin e t al. for a 
s team -stripped  la tex , which should contain  no monomer. A lower result was 

observed for the  swelling of polystyrene containing residual monomer with n- 

butyl m e th acry la te  and th is is presum bably due to  the g re a te r  incom patibility  of 

th e  m ore polar m onom er.

It can be seen from  Table 111:15 th a t the ra te s  of swelling and growth are 

com parable for both styrene in polystyrene and n-butyl m ethacry la te  in 

polystyrene. H ence, in neither case is there any need to  postulate a 

heterocoagula tion  m echanism  for the shot growth process.

The heterocoagula tion  m echanism  cannot be disproved by transm ission 

e lec tron  m icroscopy or photon correlation  spectroscopy since neither technique 

would be capable of d e tec ting  unambiguosly the presence of secondary nuclei 

prior to  heterocoagula tion  with the core p artic les. In th e  fo rm er case the ir size 
would be below the  lim it of resolution of the instrum ent, and in the la tte r  the ir 

contribution to  th e  light sca tte rin g  would be swamped by th a t of the larger 

partic le s . In principle, it  should be possible, by assuming a constan t partic le  

num ber density throughout the  coating reaction , to  deduce the  presence or 
absence of secondary nuclei by calcu lating  w hether the increasing  solids conten ts 

during .th e  reac tion  could be accounted for by the increasing partic le  size. 

U nfortunately , the  erro rs inherent in the size m easurem ent render this te s t 

insufficien tly  sensitive.

3. Mechanism of shot growth reaction

There is considerable experim ental evidence to  support the idea th a t

conventional em ulsion polym erisations is essentially  a su rface  .phenomenon 
(4 20 21)’ ’ . I n  seeded grow th reactions, it  is known th a t the  seed partic le  number

density is a c r itic a l p a ram eter (at constan t tem pera tu re  and monom er, in itia to r

and e lec tro ly te  concentrations) in determ ining w hether or not secondary growth 
(9)partic les  occur . The number density must be high enough to provide a 

su ffic ien t surface area of hydrophobic in te rface  on which all the  freshly form ed



polym er can deposit.

The mechanism of the shot grow th reaction  involving a c ry la te  m onom ers 

can be s ta ted  in sim ilar te rm s. The solubilities in w a te r and th e  ra te s  of
polym erisation of these  monomers are  g rea te r than those of s ty rene . This
com bination of p roperties will prom ote the  form ation of o ligom eric ion rad icals. 

These would norm ally be expected  to nucleate according to  one of the  

m echanism s discussed in C hap ter I, resulting  in secondary grow th p a rtic le s , 

unless the rad icals are  f irs t captured  by the  core p artic le s . For sim ilar core 

p a rtic le  sizes, and under sim ilar reaction  conditions, i t  was found th a t  the 

c ritic a l number density of core partic les, below which secondary grow th 

partic le s  w ere form ed, was lower for th e  shot growth reac tio n  than the  seeded 

grow th reac tion . This is presum ably due to  a higher cap tu re  effic iency  of the 

core p a rtic le s  in th e  shot grow th reac tion . It is proposed th a t  th is high cap tu re  

effic iency  is due to  the coating monomer actively  polym erising a t  the  

p a rtic le /w a te r  in te rface , becom ing covalently  bound to  th e  core p a rtic le

polym er m atrix  and unable to  tran sfe r back out of the p a rtic le .

It is likely th a t the  c ritic a l number density of core p a rtic le s  necessary  to  
avoid the  form ation  of secondary growth partic les  will be influenced by the  

ch a ra c te ris tic s  of the coating monom er. The higher the  w a te r solubility and /or 

polym erisation ra te  of the monomer, the  more rapidly o ligom eric ion rad icals 

will be form ed, and the g rea te r will be the  number of core p a rtic le s  necessary  to  

cap tu re  them  before secondary nucleation occurs. The fa ilu re  of the  shot grow th 

process to  produce a m onodisperse poly (ethyl acry la te) co a ted  polystyrene la tex  

(w ithout recourse to  monomer starved  conditions) is probably due to  th e  rapid 

polym erisation ra te  of ethyl ac ry la te .

Besides increasing the ra te  of p artic le  swelling, the  residual m onom er will

also influence the  polym erisation of the coating m onom er. In th is re sp ec t, i t  is
(22)in teresting  to  note the results of M angeraj and R ath , in p a rticu la r, the  

e f fe c t of a sm all am ount of sty rene increasing the  ra te  of po lym erization  of 
ac ry la te  m onom ers, in emulsion co-polym erization system s. Thus, th e  

overcoating reac tion  is very sensitive to the am ount of s ty ren e  rem aining in the  

p a rtic le . In some cases, the reac tion  had reached com pletion in a sho rter tim e  

than was p red ic ted  from the ra te  of pure ac ry la te  em ulsion polym erization .

Evidence for the d irec t com bination of acry la te  m onom er units w ith free  

radicals a t the core p artic le  su rface com es from a com parison of scanning 

e lec tron  m icrographs of film s cast from  core-shell la tices. P la te  111:4 shows the  

frac tu red  edge of a film cast from la tex  M C10 (prepared by the  shot grow th 

technique). There is a c lear co n tra s t betw een the polystyrene core p a rtic le s  

(dark) and the polyacrylate co a t (light) which has presum ably been stripped  off
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th e  polystyrene core and then  has collapsed back on f ra c tu re . The sm all globules 

adhering to  the core partic le s  have been in te rp re ted  as po lyacry la te  chains 

d irec tly  bound to  the core p a rtic le  su rface . C learly , th is  d irec t com bination 
cannot occur during a seeded grow th reac tion , and this is confirm ed by P la te  111:5 
which show frac tu red  edges of a film c a s t from  la tex  MC11 (prepared by th e  

seeded growth technique). P la te  111:5 shows an edge frac tu red  a t  room 

te m p era tu re , revealing a separation  of th e  acry la te  c o a t from  the underlying 

seed p artic le s, some of which have anom alous regions observed by Cox e t al.

None of the  exposed core p a rtic le s  show the sm all globules of a c ry la te  

polym er.

P la te  111:6 shows an edge which was frac tu red  a t  liquid n itrogen 

te m p era tu re  in order to  re ta rd  th e  flow of coating polym er as much as possible. 

H ere, some of the  coating polym er rem ains a tta ch e d  to  th e  seed p artic le s . 

Where th is occurs th e re  is only one globule per seed p a r tic le  (cf P la te  111:4, 

where several small globules a re  a ttach ed  to  each core p a rtic le ) and no globules 

are visible on seed partic les  displaying anomolous regions. This ind icates th a t a t  

room tem p era tu re , extensive coating  polym er flow occurs on fra c tu re , and th a t 

polym er contained in the  anomolous regions is rem oved. This suggests th a t  
d irec t binding of coating polym er to  core partic les  occurs in th e  shot grow th 

process, as is dem onstrated  by the  re ten tion  of ac ry la te  polym er on th e  core 

p a rtic le s  for the "shot-grow th" frac tu re  section a t room te m p e ra tu re .
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P la te  111:4

SEM of film cast form la tex  MC10 (poly(ethyi acry late) coated 

polystyrene, prepared by shot growth method). Cross section fractu red  at room 
tem pera tu re . Magn. 24,000.



P late  111:5

SEM of film cast from latex MC11 (poly(ethyl acrylate) coated 

polystyrene, prepared by seeded growth m ethod). Cross section fractu red  a t 
room tem peratu re  Magn. 12,000.



Plate  111:6
SEM of film cast from la tex  MC11 (poly(ethyl acry late) coated 

polystyrene, prepared by seeded growth method). Cross section frac tu red  a t 

77K. Magn. 12,000.



D MICROFILTRATION*

The m icrofiltra tion  technique, described in C hapter II, was evaluated as a 
means of cleaning polymer la tices. The small m icrofiltra tion  ceil f itted  with k7 
mm d iam eter filte rs  was used for this purpose. Ahmed e t al. have evaluated

a sim ilar cell. They derived equations describing the concen tra tion  profile of 

solute and adsorbate species in a la tex  undergoing m icro filtra tion  and showed 
th a t they w ere obeyed in p rac tice  by the model compounds hydrochloric acid and 
potassium  chloride (solute species) and sodium dodecyl sulphate (adsorbate 

species). This work dem onstrated  th a t m icrofiltra tion  was a convenient means 

of determ ining su rfac tan t adsorption isotherm s. The purpose of the work 

described below was to determ ine the e ffe c t of various operational param eters 

on the effic iency of cleaning and decide w hether m icro fiitra tion  was capable of 
cleaning a la tex  to the required degree of purity.

1. F ilte r type

Both Nuclepore and Millipore filte rs  can be used in the  cell. The form er 
are  made from thin (ca 10 ym) polycarbonate sheet. The pores are  produced by 
neutron bombardm ent followed by controlled etching ^  . The m anufactures 

claim  th a t th e re  are no pores larger than the nominal size s ta te d . The filte rs  are 
very delicate  and require carefu l handling.

Millipore filte rs  are  composed of cellulosic fibres. They are  much thicker

(ca. 150 pm) and consequently more robust. R etention of partic les  larger than
the rated  pore size results from  random entrapm ent w ithin the  filte r . The

g rea te r to rtuosity  of this type of f ilte r results in a lower flow ra te  (normally of
the order of 50% lower) for a given pressure. However, a N uclepore f ilte r  has
only about 15% open area (depending on pore size) and it readily becom es

(23)blocked by la tex  partic les. Ahmed et. al. , who'worked exclusively with this 
type of filte r , found th a t la tices of 10 - 15% solids filtered  a t  5 psi clogged the 

f ilte r  and form ed enough coagulum to stop the s tirre r.

Both types of f ilte r w ere evaluated initially. However, the  Nucleopore 
f ilte rs  invariably allowed the passage of la tex  particles: a f te r  about ten cell 

changes, all the la tex  had passed through the filte r. The m ost likely explanation 

for this leakage through the f ilte r , caused either by distortion  during mounting or 

a ttr itio n  of the surface by the s tirre r  bar. Special precautions w ere taken to

*
The author is indebted to Mr P. Cope for some of the experim ental work 

described in this Section.
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try  to  prevent this, including an experim ent in which a 200 nm N ucleopore f ilte r  
was sandwiched betw een two 800 nm Millipore filte rs .

In addition to m echanical w ear of the polycarbonate f ilte r , chem ical a tta c k  
by im purities, especially residual monomer, is possible. T ests showed th a t 
sty rene did not etch  the filte rs , but th a t acry la te  monomers did. Many o ther 

monomers might be expected to  a tta c k  polycarbonate. It is now possible to  

obtain Nucleopore filte rs  made from  polyester and PTFE, but since they w ere 

not avaiiabie until this study was substantially  com plete, they  have not been 

evaluated . Because of the problem s encountered with N ucleopore f ilte rs , m ost 
of the work reported  here is re s tric ted  to  Millipore filte rs .

Although Millipore filte rs  rely on the trapping of larger partic le s  w ithin th e  
f ilte r , no problems with blockage w ere encountered unless a large am ount of 

residual monomer was present. This could be prevented by the  use of a 'drain 

disc' (polyester, non-woven construction  m anufactured by Bio-Rad) which was 
placed above the Millipore filte r . In ex trem e cases, the drain disc becam e 

clogged with a m onom er/polym er coagulum and had to  be replaced. The original 

Millipore filte r  was unaffected .

2. F actors affecting  Eluent Flow R ate

a. Latex partic le  d ia m e te r/f ilte r  pore size

A filte r  was chosen such th a t the average pore size was 50 to  75% of th e  
la tex  p artic le  d iam eter. Large pore size filters  had a g re a te r  open area , 

resulting in higher flow ra te s . Large partic le  size la tices could, th e re fo re , be 
cleaned in a shorter tim e.

b. S tirre r speed

The speed of the m agnetic s tir re r  bar was kept to the  minimum necessary 

to avoid pore blockage, and this was dependent on the p a rtic le  size and solids 
con ten t of the la tex  being cleaned. The minimum speed necessary  increased  

with decreasing partic le  size and increasing solids con ten t. A t high s tirre r  
speeds, some la tices, most notably those of poly (ethyl acry la te) and poly(n-butyl 

acry la te), suffered sheer instab ility , leading to  coagulation and filte r  blockage.
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c. L atex solids con ten t

In general, the eluent flow ra te  did not decrease with increasing solids 
con ten t until this reached a value in the  region of 20%. This made 
m icrofiltra tion  ideal for cleaning su rfac tan t-free  la tices, since a freshly

prepared la tex  usually had a solids con ten t of around 10%, and did not require 

dilution prior to  cleaning. 'D elicate ' la tices, i.e. those prone to  sheer instability , 

som etim es required dilution prior to  m icrofiltra tion  to allow the s tirre r  speed to  

be reduced (see (b) above). S table la tices having much higher solids con ten ts 
could be cleaned, but the eluent ra te  dropped with increasing solids con ten t. 

M icrofiltration  could be used to  concen tra te  a la tex  to  as much as 50% solids. 

This process is particu larly  useful w here the  solids conten t is too low (less than 

2%) for a reliable conductom etric titra tio n  to be carried  out ^ \  A graph 
showing the tim e taken to  clean 5 g of polymer as a function of solids con ten t is 

shown in Fig. 111:13. The polystyrene la tex  had a partic le  d iam eter of 440 nm and 
the  tim e taken includes the th ree  stages of filtra tion , acid wash and filtra tion  to  

rem ove acid.

d. W ater pressure

The elution ra te  could be increased by pressurising the  w ater supply in the 

asp ira to r. A 'w hite-spot' nitrogen cylinder was used for this purpose. The 

variation  in elution ra te  with applied pressure for two d iffe ren t pore size filte rs  
is shown in Fig. 111:14.

3. Cleaning of Latex

a. R ate  of Removal of E lectro ly te

A sample of freshly prepared and un trea ted  la tex  was centrifuged  and the
cen trifugate  and m other liquor analysed by flam e photom etry. The cen trifu g a te

-3was found to contain ISO yg cm sodium. The sodium was derived from  the 

im purity in the potassium  persulphate (measured by flam e photom etry to be
0.002% w/w). The la tex  was m icrofiltered  using double distilled w ater and 

sam ples of the eluent w ater analysed a fte r various volumes had been passed. 
The results in Fig. 111:15 show th a t both potassium and sodium levels in the 

aqueous phase were reduced to  negligible levels a fte r approxim ately five cell 
changes. However, this was no indication as to  the level of sodium and 

potassium  le ft associated  with the polymer phase (i.e. in the inner p art of the 
e lec trica l double
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layer), which as shown by acid washing and ion-exchange techniques can be 
significant (see (b) below). Thus, this technique, in common with dialysis and 

sim ilar m ethods is not capable of ensuring com plete rem oval of e lec tro ly tic  
m ateria l associated  with the polym er phase.

b. E ffec t on Surface Charge

Samples of la tex  were withdrawn during elution and ti tra te d  with 1.10~2

mol dirT^ sodium hydroxide solution. The surface charge fe ll rapidly such th a t

a f te r  10 cell changes (800 cm of eluent; not acid washed) the  surface charge
was very sim ilar to  th a t recorded a f te r  28 days dialysis, i.e . 2.31 yeq g“* and

2.20 yeq g“ *, respectively . This then varied li t t le  with fu rth e r  elution (e.g. a f te r
16 ceil changes a value of 2.44 yeq g~^ was recorded).

A sam ple of la tex  cleaned according to  Ahmed e t a l. w ith a mixed bed

ion-exchange resin gave a significantly higher surface charge of 14.1 yeq g~*

(Fig. 111.16). It was thought th a t the low value on dialysis and m icrofiltra tion  was
(26)due to  the incom plete exchange of cations for. protons . To te s t  th is

hypothesis the la tex  was washed in the  cell with various concentrations of

hydrochloric acid. This was followed by distilled w a te r elution until th e

conductivity  of the  eluent was the sam e as th a t of d istilled  w ater. It was noted
~5th a t the surface charge changed little  until a concen tration  of ca. 6 x 10 mol 

dm ^ acid was reached, whereupon it  increased rapidly to  ca. 13.5 yeq g“* and 
rem ained constan t as the acid concentration  was increased to  0.1 mol dm" (Fig. 

III. 16). The value of 13.5 yeq g“* agreed well with the ion-exchanged value of 

14.1 yeq g“* and it was assumed th a t this corresponded to  the s ta te  where all 
cations had been replaced by protons.

5 3The sharp increase in surface charge a t ca. 5 x 10 mol dm acid

concentration  agreed well with the  calcu la ted  concen tration  of cations required
-5 -3to  be exchanged (i.e. 6 x 10“ mol dm“ ). A 24 h dialysis of the  acid washed

sam ple (6 changes of dialysate a t 400:1 exchange ratio) did not resu lt in any

change of this value (13.6 yeq g * being recorded). This finding is in agreem ent
(23)with the results of Ahmed e t ai. .

c. Removal of styrene and benzaldehyde

The effic iencies with which styrene and benzaldehyde are  rem oved from 

polystyrene la tex  by m icrofiltra tion , dialysis and ion exchange are  com pared in 

Table 111-16. It can be seen th a t m icrofiltra tion  is com pletely  e ffec tiv e  in 

removing these contam inants. By com parison dialysis and ion exchange w ere



TABLE 111:16

EFFICIENCY OF REMOVAL OF STYRENE AND BENZALDEHYDE BY VARIOUS TECHNIQUES

Styrene
Removed/%

Benzaldehyde 

Rem oved/ %

M icrofiltration  (10 cell changes) >99 >99
A m berlite XAD-2 58 50

AIEC 8 75

Mixed Dowex 75 85
Dialysis (1 day) 6 -
Dialysis (20 days) 90 -

N otes

Original concentrations: styrene 71 mg/g polymer

benzaldehyde 8 mg/g polym er

Ion-exchange resins present in 5 x excess (based on exchange capacity). 
C on tact tim e 5h.
Dialysis carried  out a t 20:1 ratio .
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only partially  e ffec tiv e .
The occurrence of 'gel-like* m ateria l, in the form of bridges betw een

juxtaposed la tex  partic les  when observed by transm ission e lectron  microscopy,
(77) (28)has been previously reported v . Labib and Robertson v 7 have found th a t this

m ateria l could be rem oved from  polystyrene la tices by d ia filtra tion . They did

not analyse for this m ateria l, but i t  was alm ost certain ly  s ty rene monomer and

low m olecular weight oligm er M icrofiltration was equally effec tive  in
rem oval of this gel-like m ateria l, as shown by the absence of partic le  bridges in
cleaned la tices.

d. Removal of Benzoic acid

(29)Previous work has shown th a t benzoic acid is form ed during the
emulsion polym erisation of styrene. This is adsorbed a t the polym er/w ater
in te rface , and is d ifficu lt to remove by conventional dialysis. The presence of

even small amounts of benzoic acid can have a significant e f fe c t on th e

conductom etric titra tio n  curve, contributing to  an increase in the ti tra ta b le
-3 -.3

strong acid a t low concentrations (less than 1. 10" mol dm" ) and only appearing 
as a weak acid species in concentrations above this.

S ignificant oxidation of styrene can occur during an emulsion 

polym erisation, even in a nitrogen atm osphere, presum ably by oxidation by th e
persulphate free  radical in itia to r. For exam ple, it was found th a t benzoic acid

3 - 1  3was being generated  a t 1.95 m mol dm h in 11 m mol dm potassium
persulphate solution a t 343K under nitrogen ^ \  Although the levels of

benzaldehyde present during a polym erisation will be very much less than th is,

the re  is still su ffic ien t to  radically a ffec t the nature of th e  surface charge if
converted to  benzoic acid.

To determ ine the efficiency of removal of benzoic acid by the

m icrofiltra tion  technique a clean sample of la tex  MC8 was dosed with 2% (w/w,
polymer) and this was eluted in the usual manner. Samples were withdrawn

during elution and ti tra te d  conductom etrically  (Fig. 111.17). The surface charge
decreased from an initially  high value of 68 yeq g“* (an apparent strong acid
(29) f

) to a constan t value of ca. 13.9 yeq  g' 1 a fte r  25 changes of cell con ten t. It

is of note th a t alm ost 3 tim es as many exchanges w ere required to  remove the
-3benzoic acid (7 m mol dm ) as the equivalent concen tration  of hydrochloric 

acid. This dem onstrates the strong adsorption of benzoic acid on the la tex  
partic les

The surface charge did not drop to  th a t of the original clean sample (2.4 

yeq g" - not acid washed, re fe r Fig. 111:11), but reached a constan t value of 13.9
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yeq g”*. This agrees well w ith the  acid washed sam ple and is not unexpected 
since benzoic acid is partia lly  d issociated a t room tem p era tu re  (6.3 x 10” mol 

dm in the  dissociated form ) and could th e re fo re  enable com plete exchange of 
cations for protons to  be achieved.

e . Rem oval of su rfac tan t

The large m ajority of emulsion polym erisations involve the  use of a

su rfac tan t (3*30) and it  is im portan t to evaluate  the m icro filtra tion  technique in

th is con tex t. This is particu larly  pertinen t since there  a re  conflicting views on
(31 32)the  effic iency of rem oval of ce rta in  su rfac tan ts  by the dialysis technique * .

Since most of the work in this a rea  has been concerned with sodium dodecyl 

sulphate this was chosen for study. R elevant details of th e  polystyrene la tices 
used are  given in Table 111-17.

TABLE III-17 

D etails of Polystyrene L atices

Latex D iam eter/nm Solids Surface A rea
content/% 3 2 in 80 cm L atex/cm

MC8 440 7.30 9.6 x 105

271 MO 2.29 2.7 x 105

A 'so lu tion  of a pure sam ple of sodium dodecyl sulphate and a sam ple of 
clean la tex  MC8 w ere mixed. The concentration  of sodium dodecyl sulphate in

_3
the  la tex  was 12.5 mmol dm : this concentration  was chosen because it is above
the  c ritica l m icelle concen tration  and was capable of reducing the concentration

of the  la tex  to  a constan t low value (38.8 mNm”*). This la tex  was then elu ted

continuously in the  usual manner until the surface tension and conductivity  of

the eluent w ere equal to  those of the  feed w ater (Fig. 111:18). A sam ple of the
-2 -3cleaned la tex  MC8 was ti tra te d  with 1.10 mol dm sodium hydroxide solution

and th is gave an endpoint of 19.4 yeq g~* (cf. acid washed latex). A second

sam ple of the cleaned la tex  was back ti tra te d  with sodium dodecyl sulphate
(331solution according to the  technique of Maron e t al. K 1 until the  surface tension
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decreased to a minimum. The endpoint was used to ca lcu la te  the  c ritica l m icelle
concentration  a fte r  allowing for the am ount which would be adsorbed on the

latex  partic les. This was 7.9 mmol dm com pared with the lite ra tu re  value of
8.0 mmol dm '^  if the uncertain ty  in the c ritica l m icelle concentation  is
5%, then the minimum detec tab le  surface coverage is ca. 10%.

In order to confirm  th a t all the sodium dodecyl sulphate was recovered by

m icrofiltra tion  when it could no longer be de tec ted  by its  e ffe c t on the

conductivity  and surface tension of the eluent w ater, a fu rther experim ent was

conducted. A fresh m ixture of la tex  171 and sodium dodecyl sulphate solution
was prepared and a portion of this was eluted as before. When the conductivity
and surface tension had reached the same values as those of the feed w ater,
elution was halted and the cell le f t stirring  overnight. Elution was continued 13
hours la te r, and there  was no change in the values of conductivity  and su rface

tension of the eluent. This m icrofiltered  la tex  was then le f t standing for one

week so th a t equilibrium between sodium dodecyl sulphate m olecules in the
aqueous phase and those adsorbed on the la tex  partic les was ce rta in  to  have been

a tta ined . The concentration of sodium dodecyl sulphate in the aqueous phase
(35)was determ ined by the method of Barr e t al. v \  A known volume of la tex  was

3
diluted with 100 cm of distilled w ater. Five drops of bromophenol blue 

3
indicai r and 30 cm of chloroform  were added. The m ixture was then ti tra te d

-3 -3with cety l trim ethy i ammonium bromide solution (10 mol dm ) the flask being 

shaken vigorously a fte r each addition. The endpoint was marked by the 

appearance of a blue colouration in the lower chloroform  layer. The 
concentration  of sodium dodecyl sulphate was below the lim it of detection  of 

this m ethod.
Varying concentrations of sodium dodecyl sulphate solution were t i tra te d  

for calibration: these showed th a t concentrations as low as 10"^ mol dm"^ could

be detected  easily. 1% of the monolayer coverage of the  to ta l surface a rea  of
3 -7100 cm of la tex  271 was equivalent to  9.3 10 mol of sodium dodecyl sulphate.

Thus, it can be seen th a t this is a sensitive te s t for this su rfac tan t.

There is a m easure of disagreem ent between the results presented above
(23)and those reported by Ahmed e t al. with regard to the ra te  of rem oval of

sodium dodecyl sulphate. The results of the experim ents reported  here suggest

th a t com plete removal of adsorbed anionic su rface-ac tive  agent is achieved
rapidly. For exam ple \2 \  cell changes (ca. 6 h a t 2.2 cell changes h~*) were
required to reduce the concentration  of sodium dodecyl sulphate in the eluent 

3 -3from 12.5 10 mol dm to a negligible level: this is to be com pared with the 29
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-4 -3 -4h taken  to  reduce the concentration  from  3.35 10 mol dm to  0.17 10 mol
•I

dm by Ahmed et al. It seem s likely th a t equilibrium rem oval of solute and 

adsorbable species applies a t  quite rapid elution ra tes, and it the re fo re  follows 
th a t to  delay elution to  ensure the equilibrium desorption of these species (the 
technique used by Ahmed e t al.) is unnecessary.

4. Separation of D ifferen t P a rtic le  Sizes

The m icrofiltra tion  unit was capable of separating two d ifferen t sized 

la tices, if a Millipore filte r was employed where the pore size was g rea te r than 

the sm aller of the two. For exam ple a la tex  m ixture consisting of 1000 nm and 

100 nm partic les  in a ratio  of 1:40000 was successfully separated  within several 
hours. This would be useful where i t  was required to separa te  the com ponents of 

a la tex  having a bimodel size distribution.

5. Comparison of M icrofiltration and Dialysis Techniques

The experim ents described show th a t m icrofiltra tion  will rem ove all the
adsorbed su rfac tan t from a polystyrene la tex , in as li t t le  as six hours. Dialysis,

however, is a slow process and frequently  only incom plete removal is achieved.

This is principally due to the slow ra te  of diffusion of la rge  m olecules resulting
in a rapid increase in concentration  just inside the su rface  of the  dialysis

(31)m em brane. Edelhauser found th a t the ra te  of dialysis of su rface-ac tive

agent solutions was increased by stirring the inside solution, which would
minimise this e ffe c t. Industrially, dialysis tubes containing la tices  are  ro ta ted  or
ag ita ted  in some way, to achieve the  same end. N evertheless, this slow diffusion

will result, in la tex  partic les being in a region of high concentration  unless they

are close to the  surface of the dialysis m em brane and th e re fo re  the ex ten t of
desorption of su rface-ac tive  agent w iil.be sm all.

C ontrast this situation with th a t inside the m icro filtra tion  cell, where the

aqueous suspending medium is being changed every 30 -  60 minutes. Here, the

latex  partic les are in a region of low concen tration , and the  adsorbed su rface-
ac tive  agent will desorb much more quickly.

If, for any reason the concentration  of su rfac tan t in the aqueous phase is

above the c ritica l m icelle concentration , then its rem oval by dialysis is certa in
to  be incom plete. This has been a ttrib u ted  to m ateria ls originally presen t in the

(31)dialysed la tex  being incorporated in the  m icelles, thereby stabilising them  

Since dialysis relies on diffusion of monom eric species through the dialysis
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m em brane (the m icelle being larger than the pores) rem oval of su rface-ac tive  
agent from  the aqueous phase becom es negligible a f te r  a ce rta in  point. The pore 

sizes of th e  filte rs  used in m icrofiltra tion  are  much larger than the m icelles and 
th e re fo re  this problem does not arise. The micelles are simply washed out of the 
la tex , a f te r  which the process reverts  to the type described earlier.

6. Addition and removal of m icrobial inhibitors

M icrobial a tiv ity  in polymer la tices occurs very readily, leading to  serious 
( 2 )contam ination v \  Microorganisms are to be found in all unfiltered  atm ospheres.

Some, particu larly  those producing spores, can survive the usual processes of

m ateria ls  purification and emulsion polym erisation, and may be present even in a
freshly prepared la tex . Contam ination may also occur during the cleaning of a
la tex  and on subsequent storage. Microbial contam ination is only visually

5 3apparent a t  high levels (e.g. 10 spores/cm  for certa in  fungi which produce

coloured spores) although some techniques of la tex  characterisa tion , such as

e lectron  m icroscopy, may d e tec t it a t lower levels.
The presence and activ ity  of m icroorganisms can have serious im plications

for la tex  characterisa tion  and stab ility . Their m etabolites include carboxylic
acids, which in te rfe re  with determ inations of charged endgroup type and

concen tration . The e ffec t of the microorganism s is often to  drastically  reduce

the surface charge density on the partic les, u ltim ately  leading to  destabilisation 
(2)and coagulation

Various microbial inhibitors are available com m ercially. Several were 

added to samples of polystyrene la tex  a t the m anufacturers recom m ended 
concen tration  to  determ ine th e ir ease of rem oval and e ffe c t on the la tex  surface 

charge density and stab ility . The results are summarised in Table III.18. None 

were en tirely  w ithout e ffec t, causing e ither la tex  instab ility  or irreversib le 

change in surface ch arc te ris tics . They could not 'therefore be used in la tices  

intended for partic le  in teraction  studies or o ther applications where m aintenance 

of surface charge density is im portan t. However, neither sodium azide or 
Kathon 886 MW destabilised the la tex , and the reduction in surface charge 

density caused by their presence is probably no worse than would be brought 
about by m icrobial activ ity .
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7. Conclusions

The m icrofiltra tion  technique has several advantages over o ther m ethods 
for the  cleaning of la tices. It avoids the  prolonged preparation  associated  w ith 

the purification of ion-exchange resins, and it perm its the  rapid rem oval of 

adsorbed su rfac tan t from the  latex , something which may require prolonged 

periods of dialysis to achieve. The apparatus is simpler and hence cheaper than  

th a t required for d iafiitra tion  or hollow-fibre dialysis. A fu rther advantage of 

the  m icrofiltra tion  technique is its  versa tility : apart from  cleaning la tices, the  
solids con ten t may be adjusted easily, and a choice of f ilte rs  of d iffering 
com position and construction may be employed to suit varying circum stances.

Nucleopore filte rs  have the  advantage of being a much b e tte r  sub stra te  for 
e lectron  m icroscope analysis. However, as a routine method for cleaning la tice s  

for charac terisa tion  and o ther purposes, Millipore filters are  more suitable, being 

more robust and easier to handle, able to cope wth residual monom er, higher 

solids con ten ts and g rea te r pressures.
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A. EVALUATION OF LITERATURE TECHNIQUES

Polymer latex films were prepared using the techniques described in 
Chapter II, and were examined according to the following criteria :

(i) Films having a thickness in the range 10 » 100 ym, constan t over a

circular area of ca. 15 cm^ were required. This restric tion  was
imposed by the sensitivity of the katharom eter d e tec to r  used in the
permeation apparatus (described in Chapter II).

(ii) The surfaces of the films were required to be as smooth as possible, and 

the interiors free  from cracks, voids and fissures.

(iii) It was necessary to avoid techniques which contam inated the films, 

especially since the latex precursors had been rigorously cleaned 
beforehand.

1. Mercury Surface

Although apparently simple, this method of film preparation required grea t 

care  in practice, and suffered several drawbacks. The technique was only 
suitable for la tices having a minimum film formation tem pera tu re  a t least 10K 

lower than ambient, otherwise strains set in during the drying process. This 

resulted in distortions in the film, usually in the form of concentrically  circular 

wrinkles. The toxicity of mercury vapour precluded experim ents a t  higher 
tem pera tu res .  The amount of mercury in the film was determ ined by atom ic 

absorption spectrophotometry and found to be 0.1% (w/w). Washing the film in 
dilute nitric  acid and rinsing several times in water reduced this to  0.03 - 0.04% 
(w/w). It is therefore  likely th a t  a significant amount of this contam inant was 
contained within the film, and not just on the lower surface. In an a t tem p t to 
overcome the restric tion on minimum film formation tem pera tu re ,  several films 

were cast on the surface of gallium metal (melting point 31 OK). However, on 

removal, these films were almost opaque, indicating gross contamination. 
Gallium is considerably more r e a c t iv e . than mercury and its surface is readily 

oxidised. It is probable th a t  this oxide layer remains on the film surface on 
stripping.

2. Photographic Paper

Liquid films formed by the drawdown bar were unstable. Most of the la tex 

re trac ted  into large globules of substantial thickness (ca. 1 - 2 mm) leaving a

188



very thin liquid film behind. These regions often produced uniform and very thin 
(less than 10 ym) film samples. Unfortunately, the films were contaminated by 

silver salts and gelatin, which were leached from the coating on the paper. The 
gelatin was held tenaciously within the la tex  film and could still be de tec ted  
a f te r  exhaustively washing in distilled water. Its presence in the film will 
probably influence any morphological changes which occur on ageing, since it is 
likely to  adsorb on the  particle surface, forming part of the  hydrophilic boundary 

layer.

3. PTFE Dish
PTFE is very difficult to machine and it  is doubtful th a t  a specular surface 

can ever be obtained. Furtherm ore , it is easily damaged in use. High 
tem pera tu re  and pressure moulding techniques are used commercially to 
fab rica te  PTFE a r t i c l e s ^ ,  and might have produced b e t te r  results: 
unfortunately, this process was not available.

The major disadvantage with PTFE was its ex trem e hydrophobicity, which 

res tr ic ted  the range of film thickness available to g reater than 200 pm. This is 
due to the high equilibrium thickness of a water film on PTFE (0.5 mm )> below 
which the film will disjoin.

4. Silicone Rubber Dish

Silicone rubber dishes were cast in a specially made aluminium alloy mould.

It was possible to  machine and polish the surface of the mould to  a mirror finish,

imparting a similarly smooth finish to dishes cast in it. However, the surface

was too hydrophobic to perm it the preparation of sufficiently thin latex films.
Furtherm ore , it was discovered th a t  the silicone rubber resin contained fillers,

(3)from which contaminants were easily leached .

5. Silanised Glass

Silanising and mould release agents on glass or metal substrates have been 

reported as a suitable substrate  for the preparation of la tex  films. E i s s i e r ^  
used a dilute solution of fluorosilane or quaternary aikyi ammonium salt on plate 

glass, giving a fluorocarbon or hydrocarbon surface, respectively. It was claimed 
th a t  the fluorocarbon surface was stable, even afte r  t rea tm e n t with chromic 

acid. However, hydrocarbon surfaces were not so durable, being removed by this 
trea tm e n t.

The fluorosilane compounds used by Eissler were development materials, 
and were not available in the  UK. A hydrocarbon suface was prepared by 
trea ting  a sheet of plate glass with dimethyl dichlorosilane. The plate glass was
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of optical quality, and should there fore  have been perfectly  smooth. The trea ted  

surface was very hydrophobic, and the problem of disjoining and re trac tion  

encountered with the  PTFE and silicone rubber dishes was experienced here too. 
Application of adhesive tape to  the edges of the plate glass did not prevent this.

The firs t film cast on this surface could be removed easily, without undue 

s tretching. However, subsequent films adhered strongly, indicating tha t some of 

the hydrocarbon surface had been removed by, and remained on, the latex film 

surface.
• As an alternative to  the silane, a proprietry mould release agent Cilase 

1812 (Compounding Ingredients Ltd., Byrom House, Quay S tree t ,  Manchester, M3 
3HS) was evaluated. This m ateria l was developed for in tegral skin polyurethane 
foams, and the trea ted  surface was claimed to be capable of multiple releases. 
However, subsequent re-use without re tre a tm en t did not prove possible.

6 . Conclusions

All the  conventional techniques of film casting described above had 
disadvantges which precluded the ir  use with su rfac tan t-free  la tices. With the  
exception of PTFE, all the surfaces contaminated the film to  some extent. 
Surface hydrophobicity was another common problem, resulting in the minimum 

available thickness being several times larger than th a t  required. The only 

means of overcoming this problem while still using the  PTFE dish would be to  

reduce the  surface tension of the  la tex  by adding a su rfac tan t,  which would 

d e t ra c t  from the ideality of the  system. Another possible solution lay in forming 

the  polymer film so quickly th a t  the liquid film could not disjoin. This approach 

was suggested by the  flash coating process widely used by th e  pharm aceutical 

industry in tab le t  manufacture. A detailed evaluation of the  technique is given 
below.

B. FLASH CASTING TECHNIQUE FOR THE PREPARATION OF POLYMER

LATEX FILMS

1. Evaluation of Technique using Prototype Apparatus

The prototype hotplate and glass spray unit described in Chapter II were 
te s ted  under a wide range of conditions (e.g. surface tem pera tu re ,  applied air 

pressure, la tex  solids content, d istance between sprayer and hotplate, e tc .) in 

order to determ ine the procedure which gave the best film samples. A poly (n- 
butyl m ethacrylate) la tex was used for the initial work, since this was readily 

removed a t room tem pera tu re  and amenable to scanning electron  microscope 
examination.
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a. E ffec t of Tem perature
The surface tem peratu re  could be varied between 373 and 493K. At

tem pera tu res  below 393K, the firs t burst of spray cooled the hotplate to  below
the boiling point of water, giving the aerosol droplets tim e to coalesce and form
spots or runs on the film surface. The upper tem pera tu re  limit was se t by the

(5 6)melting point or decomposition tem pera tu re  of the polymer concerned' ’ . 
However, it was found tha t poly (n-butyl m ethacrylate) films le ft  a t  493K for 
about ten  minutes became too b rit t le  to remove from the  surface. This e f fec t  
was confirmed by heating a previously prepared film in an oven a t  493K and 

leaving for ten  minutes.

b. E ffec t of Applied Pressure

The average droplet d iam eter at 20 psi was 12 pm, and the maximum size 
17 pm. The droplet size fell slightly with increasing pressure, but below 20 psi, 

the aerosol was visibly coarser. Any a t tem p t to spray a latex at above 50 psi 

resulted in blockage of the orifice, presumably due to shear instability. With 

surfactant-conta ining latices higher pressures could be employed. The pressure 

giving the  optimum delivery of aerosol was found to be in the  range 25 -30 psi.

c. E ffec t of Solids Content

A film prepared from a la tex  of g rea te r  than 8% solids content usually had 
a visibly rough top surface. However, if the latex was too dilute, a large number 
of passes was necessary to obtain the required thickness, and this tended to 

produce a rougher top surface. Within these  limits, the re  was no apparent 
d ifference between two films of similar thickness cast from latices of d ifferen t 
solids content.

d. E ffec t of Latex Partic le  Size

i Films were cast from latices with partic le  diam eters in the range 100 -  900 

nm. There was no discernable e f fec t  of partic le  size on the film properties or 
the ease of preparation.

e. Film Morphology

(i) Film surface cast against PTFE substrate. SEM examination of the 
bottom surface of a freshly cas t  poly (n-butyl m ethacrylate) film showed a 

pa t te rn  of striations (see plate IV: 1). Examination of a piece of the  PTFE 

sheet used in the construction of the prototype apparatus showed a similar, 

but more pronounced pa tte rn  (Plate IV:2). The PTFE sheet is manufactured 

by a process known as skieving, in which the sheet is cut from a ro tating  
P la te  IV :1
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P l a t e  IV: 1

SEM of poly (n-butyl m ethacrylate) latex film. Surface cast against PTFE 
sheet. Magn. 250 x.



100HM

Plate IV:2

SEM of surface of PTFE sheet used in prototype flash casting apparatus 

Magn. 250 x.



PTFE cylinder by a long knife blade, which results in the observed pattern . 

The substrate pattern  is then reflected  on the surface of the film cast 

against it.
As well as being undesirable per se, the striations make the PTFE 

surface slightly porous. This is likely to increase the adhesion of the film 
to  the substrate, making removal more difficult.

(ii) Sprayed Film Surface. A freshly cast poly (n-butyl methacrylate) 

film had a 'lumpy' top surface (see P late  IV:3) presumably arising from the 
last burst of spray during preparation. The largest of these lumps appeared 
to comprise 1 0 - 2 0  individual particles and extend about five particle 
diameters above the plateau (Plate IV:4). On fully aged films, these lumps 
had disappeared, and the surface took on a rippled appearance, with 

depressions of a few ym deep and hundreds of ym across (Plates IV :5 and 
IV:6). The debris scattered  on the film surface depicted in Plate IV:5 is 
probably dust which accumulated during the one month storage period. It 

is possible tha t some dust is trapped in the interior of the film when the 
latex is sprayed, although none was ever observed in fracture  cross 
sections. Film thicknesses were measured with a dial gauge having a fla t 
tip. This tip would be expected to bridge several lumps, giving a thickness 

2 -  3 ym larger than the plateau thickness. The variation in thickness of 
any given film sample was around 10%, so it  was not possible to determine 

if the measured thickness altered on ageing.

(iii) Interior Morphology. Several cross-sections of films, prepared by 

fracturing a t liquid nitrogen tem perature, were examined by SEM. The 
frac tu re  cross-section of a freshly cast poly (n-butyl methacrylate) film is 

shown in Plate  IV:7: this is typical of all such films examined, none of 
which appeared to alter  on ageing. It can be seen tha t approximately equal 
numbers of small lumps and cavities are scattered  around the surface: 
these are probably due to individual polymer chains having separated from 
or removed to, the opposite surface, producing the lumps and cavities
respectively. If the film was allowed to warm up between fracturing and

shadowing, these features disappeared, presumably due to polymer flow. 
The film shown in Plate IV:7 is approximately 20 ym thick, and its latex
precursor had a particle diameter of 480 nm. If it is assumed tha t one
third of the reduction in volume, which accompanies particle coalescence, 
occurs only along the thickness dimension, then the film will be 43 
particles thick. If a particle s tructure existed and was visible to SEM, then
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Plate IV:3

SEM of poly (n-butyl m ethacrylate) latex film. Sprayed surface 
immediately a f te r  casting. Magn. 2,500 x. '



Plate IV:U

SEM of poly (n-butyl methacrylate) la tex film. Sprayed surface 
immediately afte r  casting. Magn. 25,000 x.



Plate IV:5

SEM of poly (n-butyl m ethacrylate) latex film. Sprayed surface one month 
afte r  casting. Magn. 6,250 x.
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Plate IV:6

SEM of poly (n-butyl methacrylate) latex film. Sprayed surface one month afte r  
casting. Magn. 6,250 x.
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Plate IV:7

SEM of poly (n-butyl m ethacrylate) latex film. Cross section fractured 
77K. Magn. 2,500 x.
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Plate IV:8

SEM of poly (n-butyl m ethacrylate) film cast from solution in butanone. 
Cross-section fractured at 77K. Magn. 6,250 x.



i t  should be visible here. No such s truc tu re  was ever observed, even a t  

higher magnifications.

It is interesting to compare the apparently featureless f rac tu re  cross- 
section of a flash cast poly (n-butyl m ethacrylate) la tex film (Plate IV:7) with 
the corresponding solvent-cast polymer films (cast in a dish using butanone as 

solvent) (P late IV:8). This film displays the  same rippled top surface as the  
fully-aged flash cast la tex films. In addition, the re  is a separate  top layer 

approximately 1 pm thick, which may be due to a skin forming on the surface of 
the  film during the  initial stage of drying. This surface layer contains a number 

of what appear to  be air bubbles. These were found even when the  polymer 
solution was degassed under vacuum prior to casting the film.

A further difference between the f rac tu re  cross-sections (which were both 
done a t  liquid nitrogen tem perature) is th a t  the la tex  film is much smoother than 

the solvent cast film. It is ten ta tively  suggested tha t this is due to the  more 
com plete  mixing of polymer chains in the soluton prior to casting, causing 

g rea te r  disruption of the s tructure  on f rac tu re .  The latex film may simply have 

cleaved along a line of partic le  boundaries, presuming these to have been 
maintained.

The interior morphology of a poly(ethyl acrylate) coated polystyrene film is 

shown in P la te  IV:9. The thickness of coat was only just sufficient (50 nm) to  
give a coherent film. This was however, very b rit t le  and flaked off ra ther  than 

peeled from the surface. The film was cas t a t  393K, ie. 20K above the T^ of 

polystyrene. It is interesting to note th a t  the polystyrene core partic les  are 
easily visible as spheres, and have not deformed into dodecahedra. A polystyrene 
la tex  of comparable particle size formed films., under comparable casting 

conditions^which were usually non-porous (as determined by its low permeability 
coefficient). Another featu re  of the  film shown in P la te  IV:9 is the high degree 
of order in the  packing of the la tex particles.

f. Uniformity of Film Thickness

The variation in thickness of sprayed films could usually be kept to less 

than 10%, and, a f te r  practice, variations of as li tt le  as 5% could be achieved. As 
might be expected from the side to  side spraying pattern , the variation across 

this dimension was less than from top to  bottom. The optimum thickness for 
uniformity was in the range 30 -  70 ym. Films thinner than 30 ym were 

generally less uniform and more prone to pinholes. The thinnest non-porous film 

prepared was 16 ym. Films thicker than 70 ym could be prepared, but the top 

surface was often unacceptably rough, due to the high solids content or large
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Plate IV:9

SEM of poly (ethyl acrylate) coated polystyrene core-shell latex film cross- 

section fractured at room tem perature . Magn. 6,250 x.



number of passes required. One m aladroit pass could ruin a film which had taken 

upwards of 80 passes already, so thick films were only a t tem p ted  when stric tly  

necessary.

g. Optimum Tem perature  for Film Removal
When a t tem p ting  to cast films o ther than from poly (n-butyl m ethacrylate) 

la tices on the  prototype hotplate , it  becam e apparent th a t  the  optimum 

tem p era tu re  range for removal of the films varied according to  the  polymer 

type. It was necessary to maintain the  block a t  a tem pera tu re  within a few 

degrees of th e  T of the polymer concerned. If the tem pera tu re  was too high,
O

the film adhered to the surface too strongly and s tre tched  on removal. If too 

low, the film was quite often b r i t t le  and disin tegrated. The optimum removal 

tem p era tu re  for films cast from core-shell la tices  was higher than th a t  of the 

coating polymer. The ex ten t increased with decreasing coating polymer 

thickness and was g rea tes t  (around 40K) where the coating thickness was only 

just enough to im part adequate s trength to the film.

2. Final Design of H otplate

A fter  some experience had been gained with the prototype a second 

hotplate  was designed which incorporated a number of improvements:

(i) The aluminium plate was replaced by a copper block, 25 mm thick, to 

give b e t te r  heat transfer  charac te r is t ics  and ensure a more uniform 
te m p era tu re  distribution on the  surface.

(ii) The PTFE surface was directly bonded onto the fron t face of the block,

thus obviating the problem of surface roughness encountered with the

"PTFE sheet.
*

(iii) A parting rod was included, so th a t  the film could be removed without 

scraping a corner of the block to  lift an edge

(iv) provision for a slush bath was made, so th a t  the block could be cooled

below room tem pera ture .  This perm itted  the removal of polymer films
having a T^ below ambient.

a. E ffec t of Operating Param eters  on Film Quality

The e f fe c ts  of altering various operating param eters  were the same as

those observed with the prototype block. The surface cast against the. PTFE
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substra te  was much smoother, as intended (see P la te  IV:10). It was not possible 

to  examine the  PTFE substra te , since this was bonded to  the copper block. 

However, since films cast against it did not mirror any visible im perfections and 
it was inferred  th a t  the surface was acceptably  smooth.

b. Range of Latex Films Available

A wide range of thin homopolymer, copolymer and core-shell la tex films

were prepared by means of the  flash casting technique. The limits of its
applicability were se t by the tem pera tu re  a t  which the film was removed. Where

the d ifference between this tem pera tu re  and am bient was too great,  hard and

soft polymer films became respectively too b r i t t le  or too elastic , once stripped

from the surface , to  withstand the remainder of the  removal process undamaged.

For this reason, no poly(methyl m ethacry late) or poly (n-butyl acrylate) films
could be prepared. This limitation might possibly be overcom e by housing the

hotp la te  in a chamber such th a t  the surroundings could be maintained at a

suitable tem p era tu re  for com plete film removal. This solution would, however,

preclude manual removal of the  film, and hence involves formidable p ractica l
difficulties. A few polystyrene films were prepared, with g rea t  difficulty, on the
prototype ho tp la te ,  where the PTFE was s tre tched  over the  substrate , ra ther

than direc tly  bonded to it. The surface of the  PTFE on this ho tp la te  was slightly

plient, and probably s tre tched  slightly during film removal. This would have

reduced the tension on the b r i t t le  polystyrene film enabling it  to  be removed.

Copolymer and core-shell la tex  films were prepared by the  flash casting

technique. There were no special problems associated with these films (even

with polystyrene core contents  as high as 68%, which is close to the theo re tica l

maximum). However, films cast from blends (i.e. mixtures of two latices) could

not always be successfully prepared. In particular, blends containing more than

20% polystyrene, in combination with any acry la te  or m e thacry la te  polymer

latex  could not be removed from the hotplate, although the  films appeared to be
(7)

continuous. Min e t  al. found th a t  a film cast from a m ixture containing 50%
each of polystyrene and poly (n-butyl acrylate) la tices, by drying a t room

tem pera tu re ,  formed an opaque, cracked film. In con trast ,  core-shell la tices of

the  same composition, prepared by seeded emulsion polymerisation, formed

clear, continuous films.

Some workers have, however, reported the preparation  of continuous
(8)films from blends of hard and soft la tices. Hughes and Brown were able to

prepare films from a mixture containing equal proportions of polystyrene and
( 9 )poly (methyl acrylate). Peterson prepared films containing 28% polystyrene, 

poly (vinylidene chloride) or poly (methyl m ethacry la te) dispersed in poly (vinyl
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SEM of poly (n-butyl methacrylate) latex film. Surface cast against 
PTFE coated copper. Magn. 2,500 x.



ace ta te) .  To prevent agglomeration of the disperse phase latex on mixing, it was 
necessary to dilute it beforehand. Samples of the films were examined by 

scanning e lectron microscopy. This showed th a t  the polystyrene particles were 
deformed, and this was a ttr ibu ted  to powerful compressive forces generated by 
the continuous phase poly (vinyl ace ta te )  particles on drying. This explanation 

seems unlikely since spherical polystyrene particles have been observed in 
frac tu re  cross-sections of core-shell latex films prepared by the flash casting 
technique (Plate IV:9). It is not certa in  why these particles remain undeformed. 
It is possible th a t  the film was not maintained a t  a sufficiently high tem perature  
for long enough for complete coalescence to occur.

C. APPEARANCE OF LATEX FILMS

This section deals briefly with the visual and mechanical properties of

latex films prepared by the flash casting technique. The clarity, flexibility and
tackyness of d ifferent types of latex film are listed in Table IV: 1 and some

typical tensions - extension curves are shown in Fig. IV: 1. In appearance, the
latex films were rarely transparent although films prepared from freeze-dried
latex polymer by casting from solution often were. In term s of tackiness and

flexibility, the behaviour of latex and solvent cast films usually resembled each

other quite closely. The exceptions were films cast from either core-shell
la tices or blends, which contained a high proportion of a hard core polymer

(usually polystyrene). The films were extremely b rit tle . The corresponding
solvent cast films were similar to a copolymer film containing the two

components in the same proportions. The brittleness of the core-shell and blend

la tex  films is probably due to the influence of hard, undeformable polystyrene
particles which are sufficiently close together as to resist any motion relative to
one another. The blend films were more b rit tle  than core-shell films of the same

composition, and this may indicate aggregation df the dispersed polystyrene
(9)particles, in a manner similar to tha t observed by Peterson . Solvent cast films 

prepared from the same precursors behave differently, presumably because the 

components are more intimately mixed.

The tension-extension curves shown in Fig. IV: 1 show the expected 

rigidity of polystyrene and elasticity  of poly (n-butyl acrylate) and poly (n-butyl 
methacrylate). The core-shell latex films behave in the manner expected of 
filled polymer f i l m s ^ ^ ,  combining the rigidity of the dispersed polystyrene 

particles with the elasticity  of the continuous acrylate  polymer phase.
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TABLE IV: 1 

VISUAL.PROPERTIES OF LATEX FILMS

HOMOPOLYMEJRS
Pol ystyr ene Translucent, b ri t t le ,  non-tacky
Poly(ethyl m e th ac ry la te ) Translucent, b r it t le ,  non-tacky
Poly(n-butyi m e thacry la te ) Translucent, flexible, non-tacky
Poly.(methyl ac ry la te ) Translucent, flexible, non-tacky
Poly(ethyl ac ry la te ) Transparent, flexible, tacky

COPOLYMERS .

ethyl acryl a t  e -m ethy l

m e thacry la te 67/33 Transparent, flexible, tacky
1

20/80 Translucent, flexible, non-tacky-
ethyl ac ry la te - 40/60 Transparent, flexible, tacky
n-butyl m e th ac ry la te 60/40 T ransparent, flexible, tacky

- 80/20 Transparent, flexible, tacky
BLENDS
Polystyrene/poly(n-butyi 20/80 Translucent, b r i t t le ,  non-tacky

m ethac ry la te ) -

Polystyrene/poly(ethyl *

acry la te ) 20/80 Translucent, b r i t t le ,  non-tacky

* 20/80 Translucent, flexible, non-tacky
Poly (ethyl ac ry la te ) 40/60 Transparent,.f lexible , non-tacky
Poly (n-butyl m e th ac ry la te 60/40 Transparent, flexible, tacky

80/20 Transparent, flexible, tacky
CORE-SHELL

19.7/80.3 Translucent, flexible, non-tacky
Polystyrene/poly 26.7/73.3 Translucent, flexible, non-tacky
(n-butyl m e thac ry la te ) 42.2/57.8 Translucent, flexible, non-tacky

60.6/39.4 Translucent, b r i t t le ,  non-tacky

68.6/31.4 Translucent, b r i t t le ,  non-tacky

Polystyrene/poly 20.3/79.7 Translucent-, b r i t t le ,  non-tacky
(n-butyl ac ry la te 32.8/67.2 Translucent, flexible, non-tacky

Poly(n-butyl m e thac ry la te ) 60/40 Translucent, flexible, non-tacky
polyfethyi ac ry la te )
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CHAPTER V

TRANSMISSION PROPERTIES OF POLYMER FILMS

A. EVALUATION OF APPARATUS

B. PERMEABILITIES OF SOLVENT CAST FILMS

C. PERMEABILITIES OF LATEX FILMS

1. Variation in la tex film permeability with age
2. E ffec t of casting tem pera ture
3. E ffec t of storage tem pera tu re
4. E ffec t of particle size

5o E ffec t of polymer type

D. HETEROGENEOUS LATEX FILMS

A. EVALUATION OF APPARATUS

The apparatus used to  determine film transmission properties was equipped 

with a katharom eter to  measure the  concentration of gaseous penetrants. This 
type of apparatus has been successfully employed to measure both diffusion and 

permeability coefficients for certain  polym er/penetrant s y s t e m s ^ .  Limitations 
due to de tec to r  sensitivity and response time have also been r e p o r te d ^ .  Since 

the diffusion coefficient is derived from the approach to  the steady s ta te  of 
permeation, it is imperative tha t the response tim e is shorter than the tim e 
taken to establish this steady s ta te .  In borderline cases, the transient s ta te  can 

be extended by increasing film thickness. However, while the increase in the  

duration of the transient s ta te  is proportional to 1 (where 1 is the film 
thickness), the amount of penetrant passing through the film diminishes in 

proportion to  1. Therefore to  quadruple the duration of the  transient s ta te  

requires a two-fold increase in film thickness, which entails a two-fold reduction 

in penetran t concentration. It is often the case tha t to  measure the diffusion 
coefficient for a particular polym er/penetrant combination requires a film 

thickness so large th a t  the steady s ta te  penetrant concentration is barely 
detectable .

A further disadvantage of the katharom eter as a de tec to r  is tha t its
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concentration response is only linear a t  low concentrations. In the absence of a
specially prepared calibration gas mixture, it is difficult to  reliably calibrate  a

katharom eter a t the low concentrations expected to be present in the sweep gas
s tream . A suitable calibration mixture was available for helium in nitrogen, and
so the  helium permeabilities reported here are believed to  be accurate .

Permeabilities to hydrogen, oxygen, argon and carbon dioxide were also
measured for some of the la tex  films prepared, but as the calibration for these
gases is doubtful, these can only be considered order-of-magnitude estim ates.

The ratios of these permeabilities were, however, in reasonable agreement with
(3)those reported by S tanne tt and Szwarc .

As a te s t  of the apparatus the permeability coefficient and activation

energy of permeations were determined for the helium/polyethylene system.

The polyethylene film, of 12.7 um thickness, was a sample of a batch specially
manufactured for use as a ba tte ry  separator (Smith and Nephew Plastics Ltd.,

English S tree t ,  Hull). The density of the polymer was 0.920 g cm"^ and the
-17crystalline content 35%. The helium permeability was found to be 5.4 10

3 -1  ̂ -1s m kg and the activation energy of permeation 33.2 kJ mol . These values
(4)are in satisfactory  agreem ent with l i tera tu re  values for low density 

polyethylene of 5.1 10 ^  s m^ kg~* and 34.7 kJ mol”^.

B. PERMEABILITIES OF SOLVENT CAST FILMS

There is very li ttle  published diffusion and permeation data for the  
polym er/penetrant systems of in terest.  For example, the Polymer Handbook ^  

lists only poly (ethyl m ethacrylate) out of the six alkyl acry la te  and m ethacrylate  
polymers studied in this work. Furtherm ore, it is necessary to t r e a t  li te ra tu re  

da ta  with.some caution, since differences in the method of measurement used, 
toge ther with a lack of detailed knowledge of the source, history and 

characteristics  of the polymer specimen, results in considerable uncertainty as 
to  their reliability For these reasons, it was necessary to determine the

transmission properties of the polymers of in terest by casting samples of freeze-  

dried la tex  polymer films from solution in suitable solvents. This then allowed a 
direct comparison of solvent cast and latex films.

Films of poly(methyl acrylate), poly(ethyl acrylate), poly(n-butyl acrylate), 

poly(methyl methacrylate), poly(ethyl m ethacrylate) and poly(n-butyl 
m ethacrylate) were cast from solution in butanone. Polystyrene films were cast 

from solutions in toluene. The permeabilities to helium were determined at 

various tem peratures  and the activation energies of permeation calculated. 

Usually, five films of average thickness in the range 15 - 80 pm were prepared.
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The data  for each polymer w ere somewhat sca tte red , and no corre la tion  with 

thickness was apparent. The results, toge ther with the T *s of the polymers are  

presented in Table V:l.
t

The permeability coefficients show an increasing trend with decreasing
T 's. Since both these quantities are influenced by chain stiffness and
intermolecular forces, this is not unexpected. The differences between

individual acrylates and m ethacry lates  are, however, quite small and, in one
case, within experimental error. Between acrylates and m ethacry la tes  as a
class, the difference is much larger. This is presumably due to  th e  re la tive
e f fe c t  of substituting a hydrogen for a methyl group being g rea te r  than, say, a
methyl for a n-butyl group. Another possible reason concerns the  likely

difference in the amounts of branching in acrylate  and m ethacry la te  polymers.

The former contain a labile te r t ia ry  hydrogen, and are the re fo re  susceptible to
chain transfer to polymer side reactions This leads to a more highly
branched polymer chain, which in turn results in a more open s truc tu re  and a

higher permeability. A further possibility is tha t chain transfe r  reactions occur

to  such an ex ten t th a t  the polymer becomes significantly cross-linked. D istler 
(7)and Kanig have observed tha t freeze-dried  poly(ethyl acrylate) and poly(n- 

butyi acrylate), when dissolved in te trahydrofuran, give cloudy solutions 

indicative of gelation ra ther than true  solution. Examination of films cast from 

these solutions by electron microscopy revealed a honeycomb p a t te rn  similar to  

th a t  previously observed with la tex films. The honeycomb pa tte rn s  were 

ascribed to particle boundaries. Their appearance in solvent cas t  films was 
a t tr ibu ted  to sufficient cross-linking in the latex particles tha t the ir  separa te  

identities were maintained, i.e. the  la tex particles had swelled extensively in th e  
solvent but had not lost their integrity . This last possibility can, however, be 

discounted here, since the solutions, from which the films were cas t ,  were 
invariably clear. Also, the  polymers were characterised by gel perm eation  

chromatography. Any significant cross-linking would have resulted in column 
blockage.

Although the data  are  more scattered , the activation  energies of 

permeation appear to increase with increasing permeability and decreasing T . 
This is contrary to the trends normally encountered. High diffusion and 

permeability coefficients are usually associated with low activation  energies 
and, for a related series of polymers, the activation energy of diffusion is 
expected to increase with increasing glass transition tem p era tu re  The

explanation for the behaviour observed here is probably connected with the 

tem pera ture  range for which the activation energies were determ ined - these  

being in the region of the T 's of some of the polymers. It is known th a t  some,
O
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TABLE V:1

HELIUM PERMEABILITIES OF SOLVENT CAST POLYMER
FILMS AT 3Q3K

Polymer Tg/K l O ^ P / S n A g " 1 Ep/k3 mol *

PMMA 378 0.80+0.11 . 26.6 + 0.89
PEMA 338 1.0 + 0.11 28.0 + 1.4
PEMAa 338 0 .95+ 0 .14  (0.59) 26.0 + 0 .84 (26
PBMA 293 1.1 +0.08 25.7 + 0.59
PMA 283 1.8 + 0.10 28.4 +0.74
PEA 249 2.0 + 0.05 32.3 + 0.28
PBA 219 2 .2+ 0 .07 30 .8+ 0 .35
PSb 373 1.3 +0.09 (1.4) 23.8 + 0.46

Polymer films cas t from solution in butanone except (a) 

chloroform and (b) toluene. L ite ra tu re  v a l u e s ^  in parentheses.
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but not all, polymers have a change in the  slope of the  A rrhen ius  plot in the
(9)region of the T with the  calculated activation  energy being higher above T

cS O
No change in slope was observed for polystyrene, poly(methyl m ethacrylate) or
poly(ethyl methacrylate), for which the  T ’s could be straddled. This agrees with
the findings of S tanne tt and Williams for poly(ethyl m ethacrylate). A

change of slope has been observed for poly(methyl acry late) However, since

the  T is below room tem pera tu re ,  and there fore  inaccessible to  the  apparatus, 
§

this could not be confirmed.

• In view of the data  presented by Kaminska (12) which showed th a t  the air 

permeability of solvent cast polystyrene films was strongly dependent on 
molecular weight, it  was im portant to  determ ine the e f fe c t  of molecular weight 
on permeability. Three samples of polystyrene and five of poly (n-butyl 
m ethacrylate), with molecular weights in the range of in te res t ,  were examined. 

The results, presented in Table V:2, show no significant variation in helium 

permeability with molecular weight in the range produced by surfac tan t-free  

emulsion polymerisation. A more detailed study, involving fractionation  of the  

polymer samples was not thought necessary.
There are very few published results with which to  compare the data 

obtained in the present work and agreem ent with the l i t t le  th a t  does e x i s t ^  is 

not always good. For example, S tanne tt  and Williams’ re su l t^  ̂  for the 

permeability coefficient for helium through poly(ethyl m ethacry la te) is only 

some 60% of the value obtained here - a difference which is more than four 
tim es the  experim ental error. The data  were obtained, however, by a pressure 
change method, and the source and previous trea tm en t of th e  film samples were 
also different. The poly(ethyl m ethacrylate) used by S tan n e tt  and Williams was 

e ither  commercially available m ateria l of low molecular weight or obtained by 

slow solution polymerisation thus yielding a higher molecular weight polymer. 
The intrinsic viscosities in chloroform were respectively 0.10 and 0.32. 

Unfortunately, the molecular weights cannot be calculated  from the relationship 
D0 = K Ma since the re  are no published values of K and a for PEMA in 

chloroform. However, no differences in transmission properties were 

encountered. The films were compression moulded or cas t  from solution in 
chloroform and annealed a t  363K for an unspecified duration.

The conditions described above are  markedly d iffe ren t to  those employed 
in this study.

The films were prepared from freeze-dried  la tex  polymer, which had an 

intrinsic viscosity in chloroform of 0.17, by casting from solution in butanone. 

Once dry, the films were stored under vacuum at 333K for 2k hours, during which 

tim e there  was no weight loss.
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TABLE V:2

VARIATION IN HELIUM PERMEABILITY WITH POLYMER MOLECULAR WEIGHT

A - POLYSTYRENE

Latex
Precursor

103Mw 103Mn Mw/Mn 1016P/SM3 kg" 1

MC119 276 38 7.3 1.29 +0.067
MCI20 241 36 6.6 1.31 +0.053
MC121 136 17 8.1 1.29 + 0.047

B - POLY(n-BUTYL METHAC&YLATE)

Latex

Precursor

103Mw 103Mn Mw/ Mn 10i 6p/SM 3 kg"1

Ml 22 877 115 r 7 .6 1.09 + 0.057
MC124 422 80 5.3 1.09 +0.078

MC125 262 86 3.0 1.11 +0.062
MC128 365 70 5.2 1.10 +0.054
MC130 370 71 5.2 ' 1.11 +0.035
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The w ater vapour perm eabilities of poly (alkyl m ethacry lates) have been 

determ ined by M organ^ ̂  using a simple w eighted-cell technique. The film 

samples w ere prepared by casting from  solution in a 70:30 toluene/isopropanol 

m ixture onto a heated chromium plated surface. Their resu lts show th e  same 
trend  observed here of increasing perm eability  with decreasing Tg. Recalling 

the  functional relationships of S tanne tt and S z w a rc ^  (see C hapter I), th e  ratio  
of th e  w ater vapour perm eabilities obtained by Morgan may be com pared with 

the  ra tio  of the  helium perm eabilities determ ined here. The form er gives

P PMMA : P PEMA : P PBMA = : com pared with 1:1.25 : 1.3S. (Had
the helium perm eability  of PMMA been 0.7 instead of 0.8, a d ifference which is 

within the experim ental error of the m easurem ent, the ra tio  would have been 1: 
1.42: 1.57).

C. TRANSMISSION PROPERTIES OF HOMOPOLYMER LATEX FILMS

Having determ ined the perm eabilities of bulk polym er film s, sim ilar 

experim ents were perform ed with la tex  film s so th a t com parisons betw een the 
two could be made. The in itia l work was carried  out with poly(n-butyi 
m ethacry late) film s, since these w ere easiest to prepare and handle. The major 

influences on la tex  film perm eability  w ere considered to  be the ch a rac te ris tics  
of the la tex  precursor (namely partic le  size, polymer m olecular weight and 

surface charge density) and film  tre a tm e n t (preparation and storage conditions). 
In order to  exam ine the influence of casting and storage tem pera tu re , a single 

la tex  was used.

A major problem arising from the film  casting process was the inherent 

irreproducibility  in in itial perm eability betw een d ifferen t film s cast from  the  
sam e la tex . A large variation in in itial perm eability was also apparent with 

film s flash cast from solution. However, th e  low est values recorded w ere in 
good agreem ent with the lowest values obtained from film s dish cast from 

solution. It was th e re fo re  concluded th a t the higher perm eabilities w ere due to  
im perfections in the film . T herefore, several la tex  film s were prepared for each 

variable exam ined, and the  th ree  low est coincident results were taken to  be the 
true  resu lt.

1. V ariation in Latex Film Perm eability  with Film Age

The principal fea tu re  of poly(n-butyl m ethacry late) la tex  film perm eability  
was th a t the perm eability  coeffic ien t was not constant, but decreased over a 

period of tim e (Fig. V:l). The in itia l value varied depending on the tem pera tu re
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-16 3 -1a t which the  film was cast, but lay in the range 6 - 8 10” s m kg" . Over a
period of about 320 hours the  perm eability  coeffic ien t dropped to  a constant 

16 3 Ivalue of 2.8 10 s m kg , which was independent of th e  casting  tem peratu res
betw een 393 and 455K. These values can be com pared w ith  th a t for a solvent 

16 3 1cast film of 1.1 10 s m kg , which did not vary significantly  over a period of
several months.

A ctivation energies of perm eation had to  be determ ined  on d ifferen t 

samples of film , since heating a la tex  film tended to  a l te r  th e  course of the  

ageing process. A fter checking th a t the initial perm eability  agreed with the 
value previously established, the  film was stored  a t 303K for th e  required period 
of tim e. Perm eabilities a t each tem pera tu re  w ere determ ined  as quickly as 

possible, a f te r  ensuring th a t the  perm eation cell had a tta in e d  tem peratu re
equilibrium . A study of the tem pera tu re  dependence of la tex  film  ageing, which
is discussed in Section 3, showed th a t under the  conditions used, heating the  film 

to  obtain the activation  energy of perm eation would not cause a significant 

erro r. The activation  energies of perm eation of freshly  cas t poly(n-butyl 

m ethacry late) la tex  film s lay in the range 7 - 8 k3 mol~ , tending tow ards the 
upper lim it with increasing casting tem peratu re . The ac tiv a tio n  energy rose 
rapidly as the film  aged, and levelled off a t a value of 20 kJ mol~* a fte r  about 

320 hours (Fig. V:2). The corresponding figure for solvent cast poly(n-butyl 

m ethacry late) is 25.7 k3 mol- ^. The increase in ac tivation  energy for la tex  film s 

parallels the reduction in perm eability coeffic ien t, and both are  indicative of 
m orphological changes occurring in the  film .

The in itial activation  energy of perm eation is considerably lower than 
lite ra tu re  da ta  for helium perm eation through other p o ly m e rs ^ , where values of 

15 to  80 k3 mol * have been reported . It is of note, how ever, th a t these data 

w ere obtained with penetran ts such as carbon dioxide and w ate r vapour through 
hydrophilic polym ers, w here penetran t solubility in, and in terac tion  with, the 
polym er is large -  th is is not the case with helium.

Two possible hypothesis were considered, to  explain the  phenomena 
described above.

(i) A long term  ageing process in which the boundaries betw een individual 

la tex  partic les becom es less d istinct as a resu lt of interdiffusion of 
polymer chain segm ents. This mutual in terdiffusion, known as 
autohesion, was firs t postulated by Voyutskii to explain the

m echanical strength  of la tex  film s. The concept of autohesion was 
invoked by Bradford and Vanderhoff eXp[a jn ^he disappearance

of p artic le  contours on the  surface of a variety  of copolym er la tex .film s.
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(ii) Expulsion of in te rs titia l voids, incorporated  in th e  film  by the  flash 

casting m ethod of p reparation . This occurs under th e  influence of 

su rface tension fo rces, and the  reduction in perm eability  is simply an 
a r tifa c t of the casting technique. The expulsion of voids would parallel 
the  sm oothing out of the  sprayed surface with tim e , which was observed 

by scanning electron  microscopy (see C hapter IV).

H ypothesis (ii) was te sted  by preparing film s from  polym er solutions by

the  flash casting technique. These film s w ere exam ined by scanning e lectron
microscopy and appeared to  be free  from voids. If the hypothesis was co rrec t,

the  perm eabilities of these  film s would be expected to  s ta r t  off a t a high value

and then diminish with tim e. Although the s c a tte r  in the  perm eability
coeffic ien ts m easured for th e  solvent cast film s was g re a te r  than  for film s cast

in dishes, agreem ent betw een the  low est results obtained for both se ts  of film s

was good. The perm eabilities of solvent cast film s prepared by th e  flash casting

technique rem ained constan t over a period of several months.

The morphologies of la tex  and solvent cast film s, discussed in C hapter
IV, is relevant to  th is hypothesis. A number of freeze  f ra c tu re  cross sections of
la tex  film s w ere exam ined by scanning electron  microscopy. None showed any
evidence of voids w ithin th e  film s. The presence of voids would probably cause a
local weakness in the  film , through which the  frac tu re  would be expected  to
pass. Comparison of P la tes  IV:7 and IV:8 shows th a t the morphology of the  la tex

film is fa r m ore uniform than th a t of the  solvent c a s t film , which displays
several voids. D espite th e  presence of voids, the  perm eability  of the solvent

c a s t film is lower than th a t of the  la tex  film . On the  s treng th  of th e  foregoing
evidence, hypothesis (ii) was discounted.

The reduction in la tex  film  perm eability  can be discussed in te rm s of

hypothesis (i), although it has not proved possible to  observe any morphological
changes within the  in terio r of the la tex  to  correspond w ith it .  The tim e taken

for the perm eability  to  drop to  a constan t value was of the  sam e order of
m agnitude as the tim e taken (according to Bradford and Vanderhoff ^or

the partic le  contours to disappear from the  surface of copolym er la tex  film s, eg.

nine days for a 67:33 ethyl acry la te-m ethy l m ethacry la te  copolym er la tex  film  
(16)«

The fa c t th a t the  perm eability  coeffic ien ts of fully aged la tex  film s

rem ained higher than those of solvent cast film s indicates th a t th e  la tex  film s
never becam e com pletely homogeneous. This agrees w ith the  observations of 

(7 17)D istler and Kanig 9 , who found th a t partic le  boundaries w ere m aintained in a
varie ty  of ac ry la te  la tex  film s (including those cast from  su rfac tan t free
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la tices). They ascribed this to  the presence of hydrophilic boundary layers in the  
la tex  film , arising from charged end groups, su rfac tan t and o ther w ater soluble 

m ateria ls , across which polymer chain segm ents could not diffuse. They also 
considered th a t the polymer chain ends, which te rm inated  in polar charged 
species, would be unlikely to  p en e tra te  any g reat distance into th e  in terior of a 

neighbouring p artic le  because of its  hydrophobic nature . This is a sim ilar 

argum ent to  th a t used in discussions on the m echanism s of emulsion 
polym erisation to  justify the assertion th a t charged end groups remain on the 
partic le  surface during the reaction  (*8,19)^

The variation in activation  energy of perm eation with film  age is 

indicative of a change in th e  mechanism by which penetran t molecules diffuse 
through a la tex  film . This can be con trasted  with partially  crystalline polymer 

film s, where the  diffusion and perm eability  coefficien ts decrease with increasing 
crystalline content w hereas the  activation  energies of diffusion and perm eation 
rem ain constan t. This behaviour occurs because the  c ry sta llites  are 

im perm eable, and the penetran t molecules must diffuse through the amorphous 

phase. The mechanism of diffusion is the  same regardless of the amorphous 
phase content, and so a constan t activation  energy is obtained.

The proposed mechanism of ageing is as follows: A fte r the initial stage 
of film form ation, a la tex  film  consists of deform ed dodecahedra, delineated by 

hydrophilic boundary layers. For the  system s studied here, these hydrophilic 
regions will consist of the charged endgroups which previously stabilised the 

la tex  partic les with perhaps some carboxyl groups arising from hydrolysis of the  
ac ry la te  or m ethacry la te  es te r. T hereafte r, a certa in  am ount of polymer 

segm ent interdiffusion occurs, as a result of which the hydrophilic boundary 

layers becom e more diffuse, and more closely resem ble the partic le  bulk in 
com position. The ex ten t of th is interdiffusion is lim ited by the  incom patibility 
of the hydrophilic boundary layers and the  hydrophobic in terio r of the partic le  

bulk. Eventually an equilibrium is established in 'which the partic le  bulk and 
boundary layers are still distinguishable. In fac t, i t  is likely th a t some 

interdiffusion occurs before the polymer partic les are fully deform ed. In order 

for this mechanism to be co rre la ted  with the perm eability data, it must be 

assumed th a t the hydrophilic boundary layers are more perm eable than the bulk 
polym er. The process of diffusion through a la tex  film is then a two component 

one of normal diffusion through polymer plus diffusion along the boundary layers. 

The form er com ponent varies l i t t le  with film age whilst the la tte r  becomes 

considerably less im portant. A probable explanation for the higher perm eability 
of the boundary layer is th a t the polymer segm ent density is lower in th a t region. 

This argum ent, too, parallels one used in emulsion polym erisation; in this case,
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concerning the probable polym er segm ent density a t  the  p a rtic le /w a te r  
in te r fa c e ^  ̂ ,20)̂

If this mechanism is co rrec t, the  influences on la tex  film  ageing are  

likely to  be:

(i) partic le  size, which, for a given film  thickness will con tro l the number of
boundary layers in th e  film;

(ii) Surface charge density, which will re flec t the am ount of hydrophilic
m ateria l within the  film ; and

(iii) film trea tm e n t, i.e . p reparation  and storage conditions, which will

influence the ra te , and perhaps ex ten t of polym er segm ent
interdiffusion.

2. E ffec t of Casting T em perature

The transm ission properties of polymer film s are known to  be influenced

by therm al trea tm en t^* ^ . It is claim ed th a t a d ifference as sm all as 5K in
casting tem pera tu re  (betw een 292 and 297K) causes a m easurable d ifference in

( 12)the perm eability  of solvent cast film sv \  It was th e re fo re  im portan t to

determ ine the e f fe c t of casting tem p era tu re  on la tex  film  perm eability .

A series of poiy(n-butyl m ethacry late) la tex  film s w ere cas t a t
tem pera tu res betw een 409 and 455 K. Perm eabilities w ere m easured within tw o

hours of casting. These in itia l perm eabilities are p lotted as a function  of casting
tem p era tu re  in Fig. V:3. An approxim ately linear corre la tion  of decreasing

in itia l perm eability  with increasing tem pera tu re  is apparent.
No th eo re tica l significance can be a ttached  to  th is relationship.

However, if extrapolation  to  higher casting tem peratu res is valid, it can be
-16 3 -1shown th a t an initial perm eability  of 2.4 10 s m kg (i.e. the  perm eability  of 

a fully aged film) would be expected  from a film cast a t about 550K. This is 
above the decom position tem p era tu re  of poly(n-butyl m ethacry la te). I t is 

notable, however, th a t poly (ethyl acry la te) films cast a t the  low est p rac ticab le  
tem p era tu re  (393K) did not show the sam e reduction in perm eability  as observed 

with poiy(n-butyl m ethacry late) film s: this was a ttrib u ted  to  "instan t ageing" 
during casting (Section 5).

The films w ere allowed to age a t 303K, and the perm eabilities m easured 
a t in tervals. The reductions in perm eability  as a function of tim e are shown in 

Figs. V:1 and V:4 to  V:7. Although the in itial perm eability  is lower a t higher
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casting  tem peratu res, the ra te  a t which the perm eabiiity decreases is also lower,

and the films take approxim ately the  same tim e to level off.

The activation  energy of perm eation behaves in much the  sam e way (see
Figs. V:2 and V:8 - V :ll)  although the e ffe c t is less easily d iscernable here
because there  are few er points, and the initial values a t each tem p era tu re  are
m ore closely grouped. '$

II 
%

3. E ffec t of S torage T em perature

In order to determ ine the e f fe c t of storage tem p era tu re  la tex  film s cast 

a t th ree  d ifferen t tem pera tu res (432,438 and 435K) were m ounted in perm eation  

cells and all th ree  stored a t 323K. A fu rther se t of experim ents was carried  out 

on film s stored a t 353K. The reduction in perm eabilities observed as a  function 
of tim e are shown in Figs. V:12 -  V:17. It is apparent th a t the  in itia l slopes are  

s teeper a t higher storage tem pera tu res. However, the tim e taken  to  reach a 

constan t value did not appear to depend on tem peratu re , and the constan t value M
a tta in ed  agreed well with the values obtained earlier.

If the ra te  of ageing is assumed to  be proportional to  the  slope of th e  f

perm eability -tim e curve, then it is possible to calcu la te  an "activation  energy of 

ageing". The slopes of various perm eability -tim e curves a re  listed  in Table V:3, 
and the Arrheneus plot of In (mean slope) against reciprocal te m p era tu re  is 

shown in Fig. V: 18. D espite the sc a tte r  in the slopes, a surprisingly good s tra ig h t

line is obtained. The activation  energy was calculated  to  be 25 k j  mol"**.
(22) -1 ^ Voyutskii quoted a value of 12 k3 mol for autohesion in polyisobutylene of ^

m olecular weight 150,000, and claim ed th a t this was typical for diffusion

processes. The significance of this activation  energy of ageing is not ce rta in ,
-■§

although it is of the same order of m agnitude as the ac tiva tion  energy of

diffusion of small, non-in teracting penetran t molecules through polym ers of
sim ilar com position . The e f fe c t of casting and storage tem p era tu re  on la tex

film perm eability  have been exam ined independently. Comparison of th e  resu lts
shows th a t an increase in casting tem peratu re  produces a g rea te r reduction in

perm eability  than is obtained by heating a previously cast film . For exam ple,
increasing the surface tem pera tu re  from 409 to  438K caused a reduction  in

in itia l perm eabiiity  from 7.9 to  6.4 10~i 6sm 3 kg**1. Using the  ac tiv a tio n  energy
of ageing of 25 kJ mol *, the reduction in perm eability per hour expec ted  a t 438

K was calculated  to be 0.7 10 sm kg . The ex tra  cooling tim e from  th e  f

higher tem pera tu re  would not am ount to more than 5 m inutes so th a t the  overall
16 3 1expected reduction is less than 0.2 10 sm kg .

The g rea te r e ffe c t of a higher casting tem peratu re  is presum ably due to 

the presence of w ater a t the tim e when the  film is being form ed. The softening
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TABLE V:3

INFLUENCE OF STORAGE TEMPERATURE ON SLOPE OF 

PERMEABILITY-TIME CURVE

S torage tem p era tu re  303K

C asting Slope Mean Std. dev

T em peratu re /K

409 92

420 113

432 12S 10S . 14.4

438 i l l

435 96

.Storage tem p era tu re  323K

C asting Slope Mean Std. dev

T em perature /K
432 244

438 242 258 27.7

455 290

Storage tem p era tu re  353K

C asting Slope Mean S td . dev

T em peratu re /K

432 532

438 412 461 62.8
455 440
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(23)e ffe c t of w ater on la tex  partic les has been mentioned by Brodnyan and Konen 

and L a m p re c h t^ ^ , and is likely to  have a significant e ffe c t, given the 

hydrophilic natu re  of the polym ers in question.

4„ E ffec t of P a rtic le  Size

Film s were cast from  th ree  poly(n~butyl m ethacry late) la tices  with partic le  

d iam eters in th e  range 198 to  363 nm. The films were cast a t 438K, mounted in 
th e  perm eation cells and stored a t 303K. These conditions were adopted as 

standard  for all subsequent work. The in itia l and final perm eabilities are  listed 
in Table V:4. It is apparent th a t the d ifference betw een th e  tw o larger p artic le  
size la tex  film s is negligible. The sm allest partic le  size la tex  film had a larger 

in itia l perm eability , although the d ifference betw een this and those of the o ther 

film s was within experim ental error.

3. E ffec t of Polym er Type

The perm eabilities of film s cast from poly(methyl acry la te), poly(ethyl 
acry la te) and poly(ethyl m ethacry late) la tices were determ ined as a function of 

tim e. The film s w ere cast a t 438K and stored  a t 303K. Table V:5 lists the in itial 

and final perm eabilities, the tim e taken  for the  films to  a tta in  the final 
perm eability , and the solvent cast film  perm eabilities for com parison.

a. Poly(methyl acry late)

The reduction in perm eability  coeffic ien t and the increase in activation  

energy of perm eation with tim e for poly(methyl acry la te) film s are shown in 
Figs. V:19 and V:20 respectively . Behaviour observed with poly(n-butyI 

m ethacry late) film s is apparent here too. However, the  tim e taken for the  
perm eab ility  co effic ien t to drop to  a constan t value was much shorter than the 

tim e taken for poly(n-butyl m ethacry late) films (approxim ately 80 com pared 
with 320 hours) and this is presumably due to the lower glass transition  

tem p era tu re  (Table V:3). The constan t value of the perm eability  coeffic ien t was
■3 _]

not, in fa c t, tru ly  constan t, but dropped slightly (by an average 0.3 sm kg ) 

over a period of about two months. It was difficult to study this fu rther fall 
precisely due to  the long observation tim es required and the fa c t th a t not ail the 

film s exam ined behaved in this way. It was not possible to  re la te  this fu rther 

reduction in perm eability  to  the film thickness, nor did heating the film  appear 

to  acc e le ra te  it. It was observed with a sufficient number of film s for the e ffec t 
to  be considered a real one.
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TABLE V:4

EFFECT OF PARTICLE SIZE ON HELIUM PERMEABILITY 

OF POLY(n BUTYL METHACRYLATE) LATEX

L atex P a rtic le  
D iam et er/nm

Surface

charge

density
•j

pC cm "'6

P erm eab ility  1 0 ^
3 1 (sm kg )

Initial .F in a l

MC124 200 6.2 6.49 2.86

MC122 462 8.5 6.39 2.82

MC125 900 6.9 GAO 2.80
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TABLE V:5

HELIUM PERMEABILITY OF LATEX POLYMER FILMS

L atex Polym er T /K 
g

P e r m e a b i l i t y -10 

L atex&

m3 kg’*1 

Solvent

Tim e taken for 

• film  to age/hc

Initial Final C ast^

M-C136 PEMA 338 if. 8 if. 7 (2.0)d 1.0 360d '

M C l 22 PBMA 320 6A 2.8 1.1 320

MC141 PMA 283 6.8 3.6 1.8 80

MC142 PEA 2<f8 2.6 2.6 2.0 0

a. L atex film s prepared  by flash  casting  technique a t 438K and sto red  at 303K.

b. Solvent cas t film s prepared  from  solution in butanone.

c. A pproxim ate tim e  taken  from  casting  to  a tta in m en t of constan t perm eability

(excludes s ligh t, long te rm  reduction  observed with poly (m ethyl acry la te) and 

poly(ethyi ac ry la te )  film s).

d. Aged a t 343K.

247



b. Poiy(ethyl acry late) film s
The in itia l rapid fall in perm eability observed with poly(n~butyl 

m ethacry late) and poly(methyl acry late) films did not occur with poly(ethyl 
acry la te). The perm eability  coeffic ien t did not appear to  a lte r  over a period of 
two weeks, although a slight, long te rm  (6 - 8  weeks) reduction  in perm eability  

was observed for some of the film s examined. In view of the  sm all d ifference 
betw een la tex  and solvent cast film  perm eability coeffic ien ts  (Table V:5), it  is 

likely th a t poly(ethyl acry la te) la tex  film s "age instantly" during the casting 
process. The same result was obtained with poly(ethyl acry la te) film s cast a t the 
low est practicab le  casting tem pera tu re  (393K).

c. Poly (ethyl m ethacry late) film s

The perm eability  coeffic ien ts of poly (ethyl m ethacry la te) film s aged a t

tem pera tu res up to  333K diminished only slightly with tim e. However, on raising

the  storage tem peatu re  to  343K (above the T of 338K) th e  perm eability
§

coeffic ien t dropped more rapidly, reaching a constant value a f te r  360 hours (Fig0

V:21). This dem onstrates th a t the  m olecular motions necessary for the ageing

process to  take  place cease a t tem peratu res below the  T of the  polym er. A
(2 1 ) §sim ilar conclusion was reached by Voyutskii for the varia tion  in the ra te  of 

autohesion with tem pera tu re .

D. HETEROGENEOUS LATEX FILMS

The various theo re tica l trea tm e n ts  applicable to  perm eation  through

heterogeneous polymer films have been discussed in C hap ter I. The only

experim ental a ttem p t to  te s t these theories with heterogeneous la tex  film s
(25)appears to have been by P etersonv , using an approxim ate form  of th e  equation 

.(26)derived by Higuchi for a random dispersion of spheres in a continuous 

medium. The films were cas t from  blends of hard (poly(methyl m ethacry late), 
poly(vinylidene chloride) or polystyrene) and soft (poly(vinyl ace ta te )) la tices, 

dried a t room tem pera tu re . Exact agreem ent betw een theory  and experim ent 
was claim ed, and no variation in la tex  film  perm eability  w ith film  age was 

reported .

This section considers the perm eabilities of heterogeneous film s cast from 
core-shell la tices, which w ere expected to give a regular dispersion of one 
polymer in a continuum of another.
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T heoretical perm eabilities w ere calcu la ted  using th e  equations derived by 

Rayleigh^22  ̂ for a regular, close packed dispersion of one m ateria l in a 

continuum of another; Bruggeman^22) for spherical powder particles; and 
Higuchi^2^  for a random dispersion of one m ateria l in a  continuum of another 
(re fer to  C hapter I). These equations re la te  the perm eability  coeffic ien t of a 
com posite film to  those of its  com ponents and th e ir  volume fractions. 

Additionally, the  equations of Rayleigh and Higuchi contain  constants which 

arise in the  course of the ir derivations. Substitution of appropria te  values into 
these equations gives results which are  indistinguishable within experim ental 
e rro r (see Table V:6). This is a consequence of the sizeable experim ental error 

associated  with perm eation m easurem ents, but m ore particularly  of the 

com paritively narrow range (two or th ree  orders of m agnitude) which encompass 
m ost polymer perm eability  coeffic ien ts for a particu la r penetran t. It is 
th e re fo re  not possible e ither to  confirm  the  validity of these theories of 

heterogeneous media to  gas perm eation system s, or conversely, to  assume the  

validity of these theories and deduce the s tru c tu re  of a heterogeneous film , i.e. 
w hether the dispersed phase is regularly or randomly distributed . However, they 
should predic t the perm eability  of a com posite film , regardless of w hether it is 

prepared from a core-sheli la tex  or a blend of equivalent com position.

TABLE V:6

Comparison of Theoretical Helium Perm eabilities C alcu lated  from Expressions 

Derived by Maxwell, Rayleigh, Bruggeman and Higuchi fo r th e  Polystyrene/Poly
(n-Butyl M ethcryiate) System

Volume Helium Perm eability . 1 0 ^ /s  kg"*1)

F raction  of Maxwell Rayleigh Bruggeman Higuchi
.Polystyrene a  = 0.523 K = 0 K = 0.78

0.2 5.1 5.1 5.1 5.1 5.0

0.4 3.8 4.0 3.9

o
o

oKO

0.6 2.8 3.0 2.9 3.0 2.9

O.S 2.1 2.2 2.0 2.1 2.0

16 3 1Helium perm eabilities of homopolymers used for com putation. 10 /s  m kg

Polystyrene 1.3
Poly(n-butyl m ethacry late 6.4
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Core shell la tex  film s w ere prepared from five poiy(n-butyl m ethacry late)
coated  polystyrene la tices of varying com position. The usual conditions of

casting a t 438K and storage a t 303K were employed. The perm eability

coeffic ien ts were found to decrease with film age in the sam e m anner previously
observed with homopolymer la tex  film s. The ex ten t of the reduction was less
than for poly(n-butyl m ethacry late) homopolymer latex film s, and decreased with
decreasing coating thickness (see Fig. V:22). Where th e re  was a sufficien t
reduction in perm eability for the  ra te  to  be measured accura te ly , this was
sim ilar to  th a t found for poly(n-butyl m ethacrylate) films stored  a t the  same

tem p era tu re . This suggests th a t th e re  is an initial stage, the duration of which is
dependent on coating thickness, in which the film behaves as if it were composed

en tirely  of homopolymer. T hereafte r, the  hard, undeform able core partic les
begin to  ex ert an influence. This may simply be due to th e ir  approaching one

another so closely as to  obstruct fu rth er m ovement by the  coating polym er.
However, it is more likely th a t the segm ental mobility of the coating polymer

chains is impeded by appreciable grafting to the core partic les. This grafting has

been shown to occur in core-shell la tices (see C hapter III), and has also been
( 2 %)d etec ted  in seeded growth system s' \

The in itial and final perm eabilities of the poly(n-butyl m ethacrylate) 

coated polystyrene core-shell la tex  film s, together with those calcu la ted  from 
th e  Higuchi equation are given in Table V:7. The best agreem ent betw een theory 

and experim ent was obtained by using th e  m easured la tex  perm eabilities for the 
shell perm eability  and th e  so lven t-cast perm eability  for the core. Even so, the 

experim ental data  mostly exceed the calcu lated  values, som etim es by a fac to r of 
two. The agreem ent is best for film s having the lowest volume fraction  of core 

partic les, which suggests th a t the  poly(n-butyl m ethacrylate) coating polym er is 
able to age fully w ithout being hindered by the polystyrene core partic les. Film s 

having th e  highest volume fraction  of core particles did not appear to age (Fig. 
V:22), and agreem ent betw een calcu la ted  and experim ental values was best for 

the  in itia l perm eabilities (Table V:7).
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TABLE V: 7

CHARACTERISTICS OF POLY (n-BUTYL METHACRYLATE) COATED 
POLYSTYRENE LATICES AND THEIR HELIUM PERMEABILITIES

j /* O 1
Helium perm eability  10 Is  m kg’ 

Latex C ore Final 4> Core <t> Shell i n i t i a l  F i n a l

D iam eter/nm  D iam eter/nm  c a lc  exp c a lc  exp

MC62 463 525 0.686 0.314 2.6 3.5 1.7 3.5

MC63 436 515 0.606 0.394 3.0 3.7 1.8 3.6

MC42 420 560 0.422 0.578 3.9 4.0 2.1 3.5

MC103 380 590 0.267 0.733 4.7 5.1 2.3 2.6

MC104 500 860 0.197 0.803 5.1 5.4 2.5 2.5

16 3 —1Homopolymer perm eabilities 10 /s  m kg" 

Polystyrene (cast from  solution in toluene) 1.3 

Poly(n-butyl m ethacry late) Latex In itial 6.4 
(cast by flash casting a t 438K Final 2.8
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

Although most of the  work described in this thesis was concerned with the  

preparation  and properties of core-shell la tices and polym er la tex  film s, some 
was a continuation of earlier work on the preparation and characterisa tion  of 

polystyrene la tic e s^  \  A spects of the su rfac tan t-free  emulsion polym erisation 
of sty rene, and problem s associated with the use of polystyrene la tices as model 

colloids have been previously studied. The kinetics of the  nucleation stage were 
exam ined, and a mechanism proposed. This considered th a t the in itia l nuclei 

form ed becam e unstable, flocculated  and coalesced to  produce a la tex  with a 
relatively  polydisperse size distribution, which becam e narrow er on subsequent 

g ro w th ^ 7̂ .

This work has been extended and data  for the post-nucleation stage of the
(4-7)reaction  exam ined. Several published theories derived for emulsion

polym erisation in the  presence of su rfac tan t have been exam ined and adapted to  
su rfac ta n t-free  system s. The trends in experim ental da ta  best agree with the  
predictions of theories based on a surface phase polym erisation model, although 

agreem ent for the full quan tita tive  tre a tm e n t is less than sa tisfac to ry . This is 
partially  due to  large uncertain ties in the  lite ra tu re  values of various constants, 

but also to  th e  inadequacy of the curren tly  available th eo re tica l trea tm en ts . A 
ch ara c te ris tic  fea tu re  of su rfac tan t-free  reactions is the  bimodal m olecular 

weight distribution. The two m olecular weight peaks move in tandem  tow ards 

higher values with increasing conversion. No existing theory predicts this 

bimodal distribution, which is a ttrib u ted  to  polym erisation in two loci. There a re  
four possible loci of polym erisation, namely in the  aqueous phase, the  

polym er/w ater in te rface , the anomalous region and the partic le  bulk. It has not 
proved possible to assign either m olecular weight peak to  polymer generated  in a 

particu lar locus, and fu rther study to  resolve this problem would be worthwhile.
The surface charac terisa tion  of polymer la tices has been com plicated for

many years by the  shortcom ings of the  available cleaning techniques, nam ely
(8)dialysis and ion-exchange . The m icrofiltra tion  cell devised in the course of 

this work proved to  be rapid and effic ien t in the  rem oval of both organic and 
inorganic im purities. Addition of inhibitor and its subsequent rem oval by 

m icro filtra tion  is a sa tisfac to ry  means of preventing m icrobial contam ination in 

la tices whose surface charge is not a prime concern. I t is not, unfortunately , 

sa tisfac to ry  where m aintenance of the latex surface charac te ris tics  is
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im portan t, for exam ple, in model colloid studies.
The preparation of core-shell la tices is an increasingly im portant means of

producing film s and coatings with desirable properties. The shot-grow th
technique devised during this study proved to be a useful method of preparing
core-shell la tices having a hydrophobic core and a hydrophilic shell. Although
la tices of th is type can be prepared by the more conventional seeded growth

m ethod, the  shot growth technique produced a monodisperse product with a

lower number density of core partic les. Swelling and growth experim ents carried

out in connection with this part of the work suggested th a t the  ra te  of the

polym erisation reactions were lim ited by transport of monomer to  the reaction
(9)site . The heterocoaguiation mechanism of monomer supply could not be 

disproved, although it was considered unlikely to  operate in th e  system s studied, 

since the ra tes  of swelling and partic le  growth were com parable.
A part from  differences in reaction  mechanism, betw een seeded and shot 

growth reactions, the products d iffer in the am ount of grafting between core and 

shell. This is apparent from frac tu re  cross-sections of film s cast from la tices 

prepared by the two m ethods. A thin layer chrom atography (flame ionisation 
d e tec to r (TLC/FID) technique has recently  been employed to determ ine the 

am ounts of g ra ft polymer in la tices prepared in seeded growth reac tions^  
A pplication of this technique to la tices prepared by the shot growth technique 

would give a quan tita tive  estim ate  of the ex ten t of grafting.
It is likely th a t d ifferences in the am ount of grafting will be m anifested in 

the m echanical properties of th e  films cast from core-shell la tices. It was not 
possible to  m easure more than basic tension/extension curves for the core-shell 

la tex  film s. However, these curves w ere of a form ch arac te ris tic  of filled 

m aterials. It would be in teresting  to  know if seeded and shot growth la tex films 

perform ed, d ifferen tly , and w hether any trends with ex ten t of grafting (as 
determ ined by TLC/FID) could be discerned.

The preparation  of thin polymer film s, free  of contam ination, from 

su rfac ta n t-free  polym er la tices could not be achieved by means of any previously 
reported  technique. To overcom e this hurdle, a flash casting technique was 

devised and successfully employed to cast film s from homopolymer, copolymer 
and core-shell la tices. The main lim itation of the technique was th a t films of 

polym ers having Tg's too far removed from am bient (less than 248 K and g rea te r 
than 373 K) could not be removed from the PTFE substrate  in tac t. The flash 

casting technique was mainly used with su rfac tan t-free  la tices, and no problems 
with therm al decom position were encountered. However, due caution should be 
exercised if using la tices containing su rfac tan t or other additives, since these 

may decom pose during film  preparation. The resulting film might well have a
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more open or porous s tru c tu re , sim ilar to  th a t produced by chem ical blowing 

agents.

The surfaces of film s prepared by flash casting appeared smooth to  the 
naked eye, but the  sprayed surfaces of freshly prepared poly(n-butyl 
m ethacry late) films w ere rough when viewed by scanning electron  microscopy. 

The surfaces smoothed out on ageing, and a fte r  one month's storage resem bled 
the  surface of a solvent cas t film . This would appear to  suggest th a t surface 

tension forces are operative during th e  final stages of film  form ation and a c t to  
reduce the  film  surface area . The cu rren t theories of film  form ation, w#hich only 

consider capillary  forces, need to  be extended to take account of this.

No partic le  s tru c tu re  was visible on the  surface of or within homopolymer 

and copolym er film s, when exam ined by scanning electron  microscopy even when 
freshly cas t. The g rea te r resolution of transm ission electron  m icroscopy, w ith 
appropriate replication techniques, would probably allow this s tru c tu re  to  be 

observed, and any changes in film  morphology with age m onitored.

The gas perm eability  of films cast from polym er solutions and la tex
dispersions have been shown to d iffer considerably. The perm eability
coefficien ts of m ost la tex  films s ta rted  off a t a value considerably higher than
th a t of the corresponding solvent cast film , and then dropped a t a ra te  dependent

on the type of polymer. The perm eability coefficien ts levelled off a t a value

which was closer to , but still higher than, th a t of the solvent cast film . This

reduction in the perm eability  of la tex  films is a ttrib u ted  to  ageing processes
occuring in the film a fte r  casting. These processes probably involve th e

interdiffusion of polymer segm ents across the original partic le  b o u n d a r ie s '^ .
The fa c t th a t the  perm eability  coefficien ts of fully aged, la tex  film s rem ain

higher than those of solvent cast films has been in terp re ted  as showing th a t la tex

film s never becom e com pletely homogeneous, in accord with the observations of
( 1 2 )D istler and Kanig th a t la tex  film s contain hydrophilic partic le  boundary 

layers. For a given polym er, the  la tex  partic le  size and surface charge density 
were expected to  influence the  film perm eability.

The e f fe c t of partic le  size over a lim ited size range showed no d ifference 

in perm eability . F urther work needs to be done on a much wider size range to  
establish w hether these findings of non-reliance of perm eability  on partic le  size 

are valid. It is not easy to  prepare la tices a t the ex trem es of this range w ithout 
altering  other ch a rac te ris tics . In particu lar, monodisperse la tices of less than 
100 nm d iam eter are d ifficu lt to  prepare by su rfac tan t-free  methods, and ia tices  

of g rea te r than 1 ym usually require the  addition of stab iliser to prevent 
irreversible aggregation. These restric tions will ham per any fu rther work aim ed 

a t determ ining the  influence of p artic le  size on la tex  film perm eability .
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The e ffe c t of surface charge density was not studied system atically

because of the  d ifficu lty  in preparing la ttices  with controlled surface
(13)ch arac te ris tic s . Kamel e t al. have recently  reported  a series of methods for 

producing polystyrene la tices with controlled am ounts of a single type of charged 
endgroup. It is unlikely, however, th a t a sufficiently  large range of surface 
charge densities could be produced by these methods. Higher surface charge 
densities could be produced by incorporating carboxylic acid co-m onom ers or a 
copolym erisable su rfac tan t. Increasing the  size or hydrophilic nature of the  

endgroups or the ir concentrations would increase the size of the hydrophilic 
boundary layer. If the  proposed mechanism of la tex  film ageing is co rrec t, the 
expected e ffec t of a larger boundary layer would be to  increase the  initial and 

final perm eabilities because of its higher perm eability . A larger boundary layer 
would also be a g rea te r im pedim ent to the interdiffusion of polymer chain 
segm ents. This might well have repercussions for the m echanical strengths of 
th e  film .

In view of the industrial im portance of surfactan t-conta in ing  la tices, it is 

im portan t to  exam ine the influence of su rfac tan t on the variation of 
perm eability  with age of la tex  film s. Several types of behaviour can be 
im agined, depending on the  type of su rfac tan t, the degree of adsorption and its 

com patibility  with the  polymer. Bradford and Vanderhoff found th a t su rfac tan ts  
w ere expelled from some la tex  film s, but not from o t h e r s ^ T h e y  also 

found th a t su rfac tan t containing la tices form ed more porous film s than when the  

su rfac tan t had been firs t removed by dialysis. More recen tly , Padget and 
Moreland determ ined th a t partic le  coalescence was acce lera ted  by the

presence of a block copolymer su rfac tan t, an e ffec t which was a ttrib u ted  to  

p iasticisation  of the la tex  polymer. It would be in teresting  to  know if the 

perm eability  of the  su rfac tan t containing films, which would be expected to  
s ta r t  from a very high perm eability  because of their porous s truc tu re , decreased 

with tim e, and if so, to  what ex ten t. This inform ation would be particu larly  
valuable where a la tex  film or coating is intended for barrier applications.
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TABLE A:1

K inetic C harac te ris tic s  of R eaction MC49

Sample Tim e/m in

I

Conversion
/%

Radius/ nm a /% P artic le  
number 

density /cm ” 3

MC49/1 30 4.4 73 2.3 2.3 x 1012

MC49/2 60 7.8 108 3.6 1.3 x 1012

MC49/3 90 12.6 138 1.4 0.98 x 1012

MC49/4 135 20.4 174 1.7 0.80 x 1012

MC49/5 181 40.0 210 1.4 0.89 x 1012

MC49/6 225 38.2 241 1.1 0.56 x 1012
MC49/7 270 53.9 242 1.8 0.78 x 10^2

MC49/8 316 77.7 278 2.3 0 .7 5 x 1012

MC49/9 360 85.2 300 1.8 0.65 x 1012
MC49/10 411 86.1 304 1.7 0.63 x 1012
MC49/11 1405 88.5 310 1.7 1.6 x 1012

-3Styrene concentration  0.S70 mol dm . Potassium  persulphate concentration
-2 -31 x 10 mol dm . T em perature 343 K.



TABLE A: 2

K inetic C harac teris tics  of R eaction  MC55

Sample Tim e/m in Conversion Radius/ nm a /% P artic le  

num ber 

density /cm "

MC55/1 60 6.93 92 8.0 1.9 x 1012
MC55/2 120 14.5 133 1.3 1.3 x 1012

MC55/3 180 25.5 181 0.91 0.88 x 1012

MC 55/4 240 32.9 218 1.3 0.65 x 1012

MC55/5 300 44.8 259 1.3 0.53 x 1012
MC 55/6 360 61.9 277 0.72 0.60 x 1012
MC 55/7 420 82.5 313 1.8 0.55 x 1012

MC55/8 485 96.8 361 0.63 0.42 x 1012

MC55/9 540 98.8 363 0.88 0.43 x 1012
MC55/10 690 990 364 0.85 0.42 x 1012
MC55/11 1460 98.6 354 2.1 0.48 x 1012

-3Styrene concentration  0.870 mol dm . Potassium  persulphate concen tra tion
-? -31.5 x 10 mol dm . T em perature 343 K.



TABLE A:3

K inetic C harac te ris tics  of R eaction MC68

Sample Tim e/ min 

«

Conversion

/%

Radius/ nm a /% P artic le
number

density /cm -

MC68/1 720 14.9 396 1.2 4.9 x 1010
MC68/2 840 20.5 436 1.4 5.1 x 1010

MC68/3 960 26.7 480 0.74 5.0 x 1010

MC68/4 1080 33.3 530 1.0 4.5 x 10i0

MC68/5 1200 44.7 600 1.2 4.3 x 1010

MC68/6 1320 62.6 685 0.88 4.0 x 1010

MC68/7 1440 65.3 680 0.81 4.3 x 1010

MC68/8 2160 65.4 685 0.8 4.2 x 1010

MC68/9 2640 63.4 675 1.9 4.2 x 1010

3
Styrene concentration  0.870 mol dm . Potassium  persulphate concentration  

5 x 10-4 mol dm~^. T em perature 343 K.



TABLE A:4

K inetic C h arac teris tics  of R eaction MC69

Sample Tim e/m in Conversion

/%

Radius/ nm a/% P artic le  
number 

density/cm " 3

MC69/1

oo

8.5 120 1.9 1.0 x 1012

MC69/2 130 11.4 141 2.0 0.85 x 10i2

MC69/3 160 16.4 158 1.7 0.85 x 1012

MC69/4 190 23.5 175 1.6 0.90 x 1012

MC69/5 220 29.1 180 2.1 0.88 x 1012

MC69/6 250 36.1 209 1.2 0.82 x 1012
MC69/7 280 36.3 222 1.9 0.68 x 1012
MC69/8 310 48.1 240 0.77 0.72 x 1012

MC69/9 340 58.8 252 1.3 0.80 x 1012
MC69/10 370 82.6 267 1.3 0.90 x 1012

MC69/11 465 98.6 335 1.1 0.54 x 1012
MC69/12 1350 106 344 0.87 0.53 x 102

-3Styrene concentration  0.870 mol dm . Potassium  persulphate concentration
-3 -3 -2 -35 x 1 0  mol dm . Sodium chloride concen tration  1.5 x 10 mol dm .

T em perature 343 K.



TABLE A:5

K inetic C harac te ris tics  of R eaction MC70

Sample Time/ min

t

Conversion
/%

Radius/ nm a/% P artic le

number
■» 9

density/cm

MC70/1 600 16.1 480 2.1 3.0 x 1010
MC70/2 720 20.2 531 1.7 2.8 x 1010

MC70/3 833 2 8.7 610 1.2 2.6 x 1010

MC70/4 900 35.4 650 0.54 2.7 x 1010

MC 70/5 1200 56.9 665 1.0 2.6 x 1010
MC 70/6 1020 39.8 679 1.7 2.6 x 1010

MC 70/7 1080 63.9 710 1.1 3.7 x 1010

MC70/8 1140 50.7 744 7.0 2.5 x 1010
MC70/9 2380 88.8 10110 11.2 1.8 x 1010

-3Styrene concen tration  0.870 mol dm . Potassium  persulphate concentration
-3 -3 -2 -21 x 1 0  mol dm . Sodium chloride concen tration  2.7 x 10 mol dm .

T em perature 343 K.
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Fig.7 Polydispersity index for Model II.

Figures 8 and 9 show cross plots o f pj vs monomer conver­
sion for different values o f R and p „ j . Such plots would be 
o f significant engineering interest since they show the re­
lationship between the three im portant parameters charac­
terising the product from a reactor. For bo th  the kinetic 
model, it is observed that at the same conversion, the poly­
dispersity index falls as R increases. The graphs are closer 
together for Model I than for Model II, i.e. the results are 
more sensitive to  the value of R for Model II because o f the 
fact that more reactions are associated with the rate constant 
ku .

4. CONCLUSIONS

MWDs and moments have been computed for condensation 
polymerisation o f ARB type monomers violating the equal 
reactivity hypothesis in a segregated, continuous-flow,

05
7-0

30

too
Monomer conversion (V.)

Fig.8 Cross plots of p \  vs monomer conversion for Model I for 
various R  and ju«, I*

too
Monomer co n v e rs io n (*/•)

Fig.9 Cross plots of p / vs monomer conversion for Model II 
for various values of R and pn /.

stirred tank reactor. Results for two kinetic schemes, re­
presenting limiting cases of actual polymerisations, are 
found to lie intermediate between earlier results on batch 
reactors and homogeneous, continuous-flow, stirred tank 
reactors.
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A Microfiltration Technique for Cleaning Polymer Latices
M.C. Wilkinson, J. Hearn,* P. Cope* & M. Chainey*

A m ic ro f iltra tio n  tec h n iq u e  fo r  c lean ing  p o ly m e r la tices is ev a luated . T h e  m o d ified  
m illipo re  m ic ro f iltra tio n  cell em p lo y ed  is d escribed  an d  o p tim u m  o p e ra tin g  co n d itio n s  
given: th e  cell consists o f  a 47  m m  d iam e te r m illipo re  f i lte r  su p p o rte d  o n  a sta in less 
steel m esh  and  c o n ta in ed  w ith in  a P T F E  b o d y . D o u b le  d istilled  w a ter is p u m p ed  th ro u g h  
th e  cell, rem oving  im p u ritie s  fro m  th e  la tex . T h e  la te x  p a rtic le s  are  re ta in e d  b y  th e  
filter: p o re  b lockage is p rev en ted  b y  P T F E  c o a ted  m ag n e tic  s tirre r  bar. T h e  n a tu re  and 
lo ca tio n  (w a te r  o r p o ly m e r phases) o f  th e  m ajo r im p u ritie s  e n c o u n te re d  w ith  p o ly ­
s ty ren e  la tices  are id en tified . T he  e ffic ien cy  w ith  w h ich  m ic ro f iltra tio n  rem oves th ese  
im p u ritie s  is co m p ared  w ith  d ialysis and  io n  exchange. M o nom er, lo w  m o lecu la r 
w eight o ligom er, b en za ld eh y d e , and  su rface  active  agen t are co m p le te ly  rem oved . 
H ow ever, e le c tro ly tic  m a te ria l assoc ia ted  w ith  th e  p o ly m e r phase  is n o t  c o m p le te ly  
rem oved  by  th is  tech n iq u e . M ic ro filtra tio n  m ay  also be  u sed  to  c o n c e n tra te  a la te x  and  
sep ara te  la tex  pa rtic les  o f  d iffe re n t sizes.

1. INTRODUCTION

A wide range o f narrow size distribution inorganic and 
polymeric sols can now be prepared by well-established 
t e c h n iq u e s /1- 6) These have been used in a wide variety of 
applications 0.8) especially in fundamental studies of the 
interactions between particles. Model colloids for this 
latter purpose need to be well characterised and an 
important part o f this process is the technique o f cleaning. 
The cleaning process should be capable o f removing 
impurities from both the bulk phase and the suspending 
medium (usually water) as well as that associated w ith the 
particle/suspending medium interface, w ithout affecting 
the true nature of the sol (e.g. particle size, nature and 
concentration of surface groups, particle morphology).

The cleaning process can only be properly evaluated after 
the nature o f the impurities have been identified. The 
major impurities encountered with polystyrene latices, 
which are probably the most widely studied ‘model’ sols, 
have been identified and methods for their removal have 
been studied by Wilkinson et al> (9_14) Everett et al (1S) 
and others, (2>16) and details are given in Table 1. The ease 
o f removal o f these impurities varies widely; for example, 
electrolyte material is removed readily by conventional 
dialysis or ion exchange whereas styrene monomer and 
oligomeric material are only slowly removed by these 
techniques/9’11’15)

Dialysis and ion-exchange have been used for many years 
as cleaning techniques but the problems associated with 
these have only recently been identified. Different 
techniques are now being developed. These include 
ho How-fibre dialysis, (17) ultra-filtration <18) and the use of 
activated charcoal/19) HoUow-fibre dialysis and ultra- 
filtration are similar to dialysis, although far more rapid, 
for they rely for their effectiveness on the exchange o f 
materials across a membrane or filter. Activated charcoal 
in the form of a wovencloth material is similar in action to 
ion-exchange resin and comes into direct contact w ith the 
sol.

Labib and Robertson (2°) have recently given a brief 
description of a dia-filtration device which gave a significant 
reduction in the time taken for cleaning a latex, compared

Chemical Defence Establishment, Porton Down, Salisbury, Wilts.
*Dept Physical Sciences, Trent Polytechnic Burton St, Nottingham

Table 1. Im purities Found in Polystyrene Latices
Location

Im purity  Water Polymer Particle
Phase Phase Water

interface

Styrene monomer V V V
Oligomers V V V
Thermally polymerised styrene V V V
Sulphuric acid V - -

K+ V - V
Na+ V - V
Benzaldehyde/formaldyhyde V - V
Benzoic acid V - V
Microbiological material V — V

with dialysis. The efficiency o f removal o f impurities was 
measured by monitoring the eluent wash water conduc­
tance, determining the change in surface charge on the latex 
and by TEM examination. This showed the removal of 
small particles, capable o f passing through the pores in the 
filter, and also o f a ‘gel-like’ material, often obversed in 
TEM’s o f latices, and ascribed to monomer or oligomeric 
materials.
This paper describes a microfiltration device, simHar to  
that recently discussed by Ahmed et al, (21) which has 
been independently evaluated. Particular attention has 
been paid to  its efficiency in removing residual monomer, 
emulsifier, electrolyte, benzaldehyde, benzoic acid and 
microbiological materials; contaminants whose presence has 
been shown to be important when attem pting to  prepare 
model collo ids/14) A wide range of filters can be 
employed and samples from 10 cm3 to  1000 cm 3 easily 
cleaned within a day.

2. EXPERIMENTAL

2.1 Microfiltration Unit

A schematic diagram of the unit is shown in Fig. 1. It is a 
modified version o f a commercially available unit made in
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Fig.l Schematic design of microfiltration unit

polycarbonate and marketed by Millipore Ltd.** The main 
components o f the cell were machined out o f PTFE to 
avoid attack of the polycarbonate by various monomers. 
The cell capacity was 80 cm 3 and a standard 47 mm 
diameter filter was employed (a larger cell could be 
employed with an appropriately larger filter — up to 293 
mm diameter). Prior to use it was disassembled and all 
parts boiled in double distilled water for 30 min. The unit 
was then assembled and double distilled water passed 
through (80 cm 3 h ~ 1) until the surface tension and con­
ductance were the same as the feed water. This process was 
then repeated with the filter in position.

Both NucleporeT and Millipore filters can be used in the 
cell. The former consist o f a polycarbonate disc (10 pm 
thick) which has been bombarded with a-particles to 
produce the pores. The manufacturers claim that there are 
no pores larger than the nominal size stated. The 
membranes are very delicate and require careful handling 
in the cell. A similar filter is marketed by Bio-Rad* under 
the name Uni-Pore.
Millipore filters are composed of cellulosic fibres. They are 
much thicker (150 pm) and consequently much more 
robust. Retention of particles larger than the rated pore 
size results from random entrapment within the filter.
The greater tortuosity of this type of filter results in a 
lower flow rate (normally of the order of 50% lower) for a 
given pressure. However, the Nuclepore filter has only 
about 15% open area (depending on pore size) — compared 
with the Millipore filter (Plates 1 and 2) — and it readily 
becomes blocked by latex particles. Ahmed et al, ^  who 
worked exclusively with this type of filter, found that 
latices o f 10—15% solids filtered at 5 psi clogged the filter 
and formed enough coagulum to stop the stirrer.

** Millipore UK Ltd, Millipore House, Abbey R oad, London 
NW10 7SP.

f  Sterilen Ltd, 4 3 —45 Broad S treet, Teddington, Middlesex 
TW11 8 QZ.

* Bio-Rad Laboratories Ltd, Caxton Way, Holywell Industrial
E state, W atford, Herts WD1 8 RP.

Plate 1 0.8 /uni Nuclepore membrane

Both types of filter were evaluated initially. However, the 
Nuclepore filters invariably allowed the passage of latex 
particles: after about 10 cell changes, all the latex had 
passed through the filter. The most likely explanation fo 
for this was leakage through the filter caused either by 
distortion during mounting or attrition of the surface by 
the stirrer bar. Special precautions were taken to try to 
prevent this, including an experiment in which a 0.2 pm 
Nuclepore filter was sandwiched between two 0.8 pm 
Millipore filters.

In addition to mechanical wear o f the polycarbonate filter, 
chemical attack by impurities, especially residual monomer 
is possible. Tests showed that styrene did not etch the 
filters, although acrylate monomers did. Many other 
monomers might be expected to attack polycarbonate. It 
is now possible to obtain Nuclepore filters made from 
polyester, but since they were not available unti this study 
was substantially complete, they have not been evaluated.

Because of the problems of leakage encountered with 
Nuclepore filters, most o f the work reported here is 
restricted to Millipore filters.

Plate 2 0.8juni Millipore membrane
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Although Millipore filters rely on the trapping o f larger 
particles within the membrane, no problems with blockage 
were encountered unless a large amount o f residual mono­
mer was present. This could be prevented by the use o f a 
‘Drain disc’ (polyester, non-woven fabric construction; 
manufactured by Bio-Rad) which was placed above the 
Millipore filter. In extreme cases the drain disc became 
clogged with a monomer/polymer coagulum and had to be 
replaced. The original Millipore filter was unaffected.

Ahmed et al <21) do not report the effect o f residual 
monomer concentration on the efficiency of cleaning.

2.2 Latices

Polystyrene latices used in this work were prepared by the 
emulsifier-free technique and their preparation has been 
described in detail elsewhere/22) The particle sizes and 
solids contents are listed in Table 2.

Table 2. Details of Polystyrene Latices

Surface Area
Latex Diameter/nm % Solids in 803 Latex /cm2

A 440 7.30 9.6 x 105

B 490 2.29 2.7 x 105

2.3 Water

Double distilled water from an all pyrex glass still was used. 
It was flushed with oxygen-free nitrogen to remove 
dissolved gases (carbon dioxide in particular) before use, 
and then stored in a 10 dm 3 aspirator in a sealed system. 
The surface tension at 298K was 72.0 m N m "1 ahd the 
conductivity <  1 pS.

2.4 Determination of Styrene and Benzaldehyde

Styrene and benzaldehyde (method sensitivity 5 x 10—5 
tnol dm - 3  aiid 10“ 5 mol d m ~ 3,.respectively) were 
determined with a PYE 104 gas chromatograph. A 1.5 m 
x 4 mm ID column packed with 5% carbowax 20 M on 
chromo-sorb W (80—100 mesh) was employed. The 
nitrogen carrier gas flow rate was 50 cm 3 m in—1 and the 
oven temperature 373K. Samples for analysis were diluted 
4 times with tetrahydrofuran and mechanically shaken for 
30 min.

2.5 Ion-Exchange Materials

Four ion-exchange media were employed:

#  Dowex 50 X8 and 1 X8 

Bio-Rad AE1X—4 + AG50W -X4

+ AIEC (Advanced Ion Exchange Cellulose)

#  Amberlite XAD12

The resins were cleaned according to the manufacturers 
recommendations and were employed as a 5x excess 
(based on ion-exchange capacity).

2.6 Determination of Sodium and Potassium

An EEL flame photometer was used to  measure sodium and 
potassium levels in water and polymer. Sensitivities were: 
Sodium, 10“ 3 ppm (at 589.3 nm) and potassium 5 x 10‘2 
ppm (at 766.5 nm).

# B ritish  Drug House, Poole, Dorset B H tZ  4NN

+ W hatm an Laboratory Sales L td, Springfield Mill, M aidstone,
Kent ME1X 2LE

2.7 Conductometric Titrations

The latices were characterised by conductometric titration 
which was carried out on 30—35 cm 3 samples o fla tex  at 
25 ± 0.1 °C in a nitrogen atmosphere (sample preflushed) 
with 10“ 2 mol dm - 3  sodium hydroxide solution.

2.8 Surface Tension Measurements

Surface tensions were determiend useing the Du Nouy ring 
technique.

3. RESULTS AND DISCUSSION

3.1 Factors Affecting Water Flow Rate

3.1.1 Latex Particle Diameter/Filter Pore Size
A filter was chosen such that the average pore size was 50 
to 75% o f the latex particle diameter.

3.1.2 Stirrer Speed
The speed o f the magnetic stirrer bar was kept to a 
minimum, typically to 100 rpm. This was sufficient to  
keep pore blockage to  a minimum.

3.1.3 Latex Concentration
The latex concentration was usually 3 to  5% although the 
optimum solids content was less than 20% (Fig 2). Much 
higher solids contents could be cleaned but the eluent rate 
dropped with increasing solids content. The unit could 
be used to  concentrate a latex to as much as 50% solids. 
This process is particularly useful where the solids content 
is too low (<  2%) for a reliable conductometric titration to 
be carried o u t /12)

50-

30-

1* SOLIDS

Fig.2 Time to clean 5g of polymer at different solids contents. 
This includes the stages (i) filtration (ii) acid wash (iii) cleaning 
wash to  remove acid

3.1.4 Water Pressure
The elution rate could be varied by pressurising the water 
supply in the aspirator via a nitrogen (02—free) cylinder. 
The elution rate varied w ith applied pressure but was 
approximately linear between 1 and 2.2 psi (Fig. 3). Most 
o f the work was carried out at pressures between 1 and 3 
psi.

1 0 -

E lU E H T  FLO W  *  ATE /  C ELL C H A N G E S F E S  HOUFt

Fig.3 Variation in eluent rate with applied pressure
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3.2 Cleaning of Latex

3.2.1 Rate o f  Removal o f  Electrolyte 
A sample o f freshly prepared and untreated latex was 
centrifuged and the centrifugate and mother liquor 
analysed by flame photometry. The centrifugate was 
found to contain 180 jug cm - 3  potassium; the mother 
liquor contained 25 jug cm - 3  potassium and 16 /ug cm- 3  
sodium. The sodium was derived from the impurity in the 
potassium persulphate (measured by flame photom etry to 
be 0.002% w/w).

The latex was microfiltered using double distilled water and 
samples of the eluent water analysed after various volumes 
had been passed. The results in Fig. 4 show that both 
potassium and sodium levels in the aqueous phase were 
reduced to  negligible levels after approximately 5 cell 
changes. However, this was no indication as to the level 
o f sodium and potassium left associated with the polymer 
phase (i.e. in the electrical double layer), which as shown 
by acid washing and ion-exchange techniques can be 
significant (refer Section 2.2). Thus, this technique, in 
common with dialysis and similar methods is not capable of 
ensuring complete removal o f electrolytic material 
associated with the polymer phase.

200

E O

o o

600200 400 000
ELUENT/cm*

Fig.4 Efficiency of removal o f sodium and potassium ions

3.2.2 Effect on Surface Charge
Samples of latex were taken during elution and titrated 
against 10—2 mol dm - 3  sodium hydroxide solution. The 
surface charge fell rapidly such that after ca 10 cell changes 
(800 cm 3 o f eluent) the surface charge was very similar to 
that recorded after 28 days dialysis, ie 2.31 jueq g—1 and 
2.20 jueq g ~ 1, respectively. This then varied little during 
further elution (after 16 cell changes a value of 2.44 jueq 
g—1 was recorded).

A sample of latex cleaned according to  Vanderhoff et al <21) 
with a mixed bed ion-exchange resin gave a significantly 
higher surface charge of 14.1 jueq g—1 (Fig. 5). It was 
thought that the low value on dialysis and microfiltration 
was due to  the incomplete exchange o f cations for 
p ro to n s/2  ̂ To test this hypothesis the latex was washed

g-
<4>cc25
g

g .THEORETICAL 
AMOUNT OF 
ACID ON LATEX

I6!

DIALYSEO
LATEX

I0 * 5 1 0 -4 I 0 ' 3
H C I CONCENTRATION / m o l  d m 'J

Fig.5 Effect of acid washing on surface charge

in the cell with various concentrations of hydrochloric 
acid. This was followed by distilled water elution until the 
conductivity of the eluent was the same as that of distilled 
water. It was noted that the surface charge changed little 
until a concentration of ca 6 x 10—5 mol dm - 3  acid was 
reached, whereupon it increased rapidly to ca 13.5 jueq 
g—1 and remained constant as the acid concentration was 
increased to 1 0 ~ 1 mol dm -"3 (Fig. 5). The value o f 13.5 
jueq g“ 1 agreed well with the ion-exchanged value of
14.1 peq g-1  and it was assumed that this corresponded 
to the state where all cations had been replaced by protons.

The sharp increase in surface charge at ca 5 x 10‘5 mol 
dm - 3  acid concentration agreed well with the calculated 
amount o f cations required to be exchanged (i.e. 6 x 10“ 5 
mol dm- 3 ). A 24h dialysis o f the acid washed sample 
(6 changes of dialysate at 400:1 exchange ratio) did not 
result in any change of this value (13.6 lieq g—1 being 
recorded). This finding is in agreement with the results of 
Ahmed e ta l (21\

3.2.3 Removal o f Styrene and Benzaldehyde
Labib and Robertson (20) found that a ‘gel-like’ material 
could be removed from a polystyrene latex when 
filtered using a diafiltration technique. This resulted in a 
‘clean’ latex w ith an almost complete absence o f ‘bridges’ 
between contacting latex particles. They did not analyse 
for this material but it was almost certainly styrene 
monomer and low molecular weight oligom ers/9) The 
microfiltration unit employed in this work was equally 
as effective in removing monomer, low molecular weight 
oligomers and also benzaldehyde (Table 3). The efficiency 
of removal o f these materials can be compared with that 
o f dialysis and ion-exchange, which were found to  be 
generally ineffective (Table 3).

3.2.4 Removal o f  Benzoic acid
Previous work (10) has shown that benzoic acid is formed 
during the emulsion polymerisation o f styrene and this is 
adsorbed at the polymer latex/water interface and is 
difficult to  remove by conventional dialysis. The presence 
of even small amounts o f benzoic acid can have a significant 
effect on the conductometric titration curve, contributing 
to an increase in the titratable strong acid at low concen­
trations (<  10—3 mol dm - 3 ) and only appearing as a weak 
acid species in concentrations above this.

Significant oxidation of styrene can occur during an 
emulsion polymerisation, even in a nitrogen atmosphere — 
presumably by oxidation via the persulphate free radical
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Table 3, Efficiency of Removal of S tyrene and 
Benzaldehyde by various Techniques

% Styrene % Benzaldehyde 
Remo ved Remo ved

Microfiltration
(10 x vol exchange) >  99 > 9 9

Amberlite XAD—2 58 50

AIEC 8 75

Mixed Dowex 75 85

Dialysis (1 day) 6 -
Dialysis (20 days) 90 —

Notes

Original concentrations: styrene 71 mg/g polym er
benzaldehyde 8  mg/g polym er

Ion-exchange resins used on a 5 x excess (based on exchange 
capacity.) C ontact tim e 5h,

Dialysis carried out a t 20:1 ratio.

initiator. For example, it was found that benzoic acid was 
being generated at 1.95 mmol drh3h —1 in a stirred system 
consisting o f 2 cm 3 of benzaldehyde in 100 cm 3 of 11 
11 mmol dm- 3  potassium persulphate solution at 343K 
under nitrogen. Although the levels of benzaldehyde 
present during a polymerisation will be very much less 
than this, there is still sufficient to radically affect the 
nature of the surface charge if converted to benzoic 
a c id /10)
To determine the efficiency o f removal of benzoic acid by 
the micro filtration technique a clean sample of latex A was 
dosed with 2% w/w polymer and this was eluted in the 
usual manner. Samples were taken and titrated conducto- 
metrically during elution (Fig. 6). The surface charge 
decreased from an initially high value of 68 q g " 1 (an 
apparent strong acid: ref 10) to a constant value of ca 
13.9 Ateq g-1  after 25 changes o f cell content. It is o f note 
that almost 3 times as many exchanges were required to 
remove the benzoic acid (7 mmol dm - 3 ) as the equivalent 
concentration of hydrochloric acid. This demonstrates the 
strong adsorption of benzoic acid on the latex particles/10)

r

oa

1000 2000 
ELUENT /cm*

3000 5000

Fig.6 Efficiency of removal o f benzoic acid from latex by elution

The surface charge did not drop to that o f the original clean 
sample (2.4 jueq g—1 — not acid washed, refer Fig. 5); but 
reached a constant value o f 13.9 /req g—1. This agrees well 
w ith the acid washed sample and may not be unexpected

since benzoic acid is partially dissociated at room tem per­
ature (6.3 x 10—5 mol dm - 3  in the dissociated form) and 
could therefore enable complete exchange o f cations for 
protons to be achieved.

3.2.5 Removal o f Surface Active Agent 
The large majority o f emulsion polymerisations involve the 
use o f a surface-active agent (25>26) and it is important to 
evaluate the microfiltration technique in this context. This 
is particularly pertinent since there are conflicting views on 
the efficiency o f removal o f  certain surface active agents by 
the dialysis technique/27-29) Since most o f the work in 
this area has been concerned with sodium dodecyl sulphate 
this was chosen for study in the present work.

A solution o f a pure sample o f sodium dodecyl sulphate 
and a sample of latex A were mixed. The concentration 
o f sodium dodecyl sulphate in the latex was 12.5 mmol 
dm - 3 : this concentration was chosen because it is above 
the critical micelle concentration and was capable of 
reducing the concentration o f the latex to a constant low 
value (38.8 mNm- 1 ). This latex was then eluted contin­
uously in the usual manner until the surface tension and 
conductivity of the eluent were the same as those o f the 
feed water (Fig. 7). A sample of the cleaned latex A was 
titrated against 10“ 2 mol d m ~ 3 sodium hydroxide 
solution and this gave an endpoint o f 19.4 jueq g—1 (cf acid 
washed latex). A second sample of the cleaned latex was 
back titrated with sodium dodecyl sulphate solution 
according to  the technique of Maron et al (31) until the 
surface tension decreased to  a minimum (Fig.8). The end­
point was used to calculate the critical micelle concentra­
tion after allowing for the am ount which would be 
adsorbed on the latex particles. This was 7.9 mmol dm~~3 
compared with the literature value o f 8.0 mmol dm - 3 / 30) 
If the uncertainty in the cirtical micelle concentration is 
5%, then the minimum detectable surface coverage is ca 
10%.

i
E O  LATEX A 

•  LATEX B
z
E

Zo
</>z
U Jt—

o<£
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c£
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200 4 0 0  6 0 0  8 0 0  1000
ELUENT / c m 3

Fig.7 Rate o f removal of sodium dodecyl sulphate from latex
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Fig.8 Variation in surface tension of latex B with added sodium 
dodecyl sulphate.

In order to check that all the sodium dodecyl sulphate is 
recovered by microfiltration, when it can no longer be 
detected by its effect on the conductivity and surface 
tension of the eluent water, a further experiment was 
conducted. A fresh mixture o f latex B and sodium dodecyl 
sulphate solution was prepared and a portion o f this was 
eluted as before. When the conductivity and surface 
tension had reached the same vlaues as those of the feed 
water, elution was halted and the cell left stirring over­
night. Elution was continued 13 hours later, and there 
was no change in the values o f conductivity and surface 
tension o f the eluent. This microfiltered latex was then 
left standing for one week so that equilibrium between 
sodium dodecyl sulphate molecules in the aqueous phase 
and those adsorbed on the latex particles could be 
reachieved. The m ethod o f Barr et al (32) was used to 
determine whether or not any sodium dodecyl sulphate was 
present in the aqueous phase. A known volume of latex 
was diluted w ith 100 cm 3 of distilled water. Five drops of 
bromophenol blue indicator and 50 cm 3 of chloroform 
were added. The mixture was then titrated w ith cetyl 
trimethyl ammonium bromide solution (10—3 mol dm - 3 ) 
the flask being shaken vigorously after each addition. The 
endpoint was marked by the appearance of a blue colour­
ation in the lower chloroform layer.

Varying concentrations of sodium dodecyl sulphate 
solution were titrated for calibration: these showed that 
concentrations as low at 10—6 mol dm-” 3 could be 
detected easily. One percent of the monolayer coverage 
of the total surface area of 100 cm 3 of latex B was 
equivalent to 9.3 x 10~ 7 mol of sodium dodecyl sulphate. 
Thus, it can be seen that this is a very sensitive test for this 
emulsifier.

There is a measure of disagreement between the results 
presented above and those reported by Ahmed et al with 
regard to the rate o f removal o f sodium dodecyl sulphate. 
The results o f the experiments reported here suggest that 
complete removal o f adsorbed surface-active agent is

achieved rapidly. For example 12xfi cell changes (ca 6h at
2.2 cell changes h""1) were required to reduce the concen­
tration of sodium dodecyl sulphate in the eluent from 12.5 
x 10“ 3 mol dm- 3  to a negligible level: this is to be com­
pared with the 29h taken to reduce the concentration from 
3.35 x 10- 4  mol dm-"3 to  0.17 x 10~4 mol dm - 3  by 
Ahmed etal.  It seems likely that equilibrium removal o f 
solute and adsorbable species applies at quite rapid elution 
rates, and it therefore follows that to delay elution to 
ensure the equilibrium desorption o f these species (the 
technique used by Ahmed et at) is unnecessary.

3.2.6 Removal o f Inhibitors
Wilkinson etal  <n ) have shown that microbiological 
activity in a latex can lead to serious contamination.
Surface sulphate groups can be rapidly hydrolysed and 
weak acid metabolites can be formed in advanced stages of 
growth; thus, the latex loses stability and flocculates. 
Microbiological contamination can occur very readily (e.g. 
from glassware, airborne material) and is difficult to 
identify until an advanced stage o f growth is reached.

Various inhibitors are available commercially, and several of 
these were evaluated with regard to their effect on latex 
stability and ease of removal (Table 4). None o f the 
inhibitors proved suitable since they either had a destabilis­
ing effect on the latex or were impure and led to an 
irreversible change in surface characteristics which could 
not be reversed by extensile microfiltration.

Since no satisfactory inhibitor could be found it is essential 
to ensure purity o f materials used in polymerisations and 
care should be exercised in their storage. An analysis at 
various periods during storage should be carried out for 
the presence of microbiological ac tiv ity /1 D

3.3 Separation of Different Particle Sizes

The microfiltration unit was capable of separating two 
different sized latices, if  a Millipore filter was employed 
where the pore size was greater than the smaller of the two. 
For example a latex mixture consisting of 1000 nm and 
100 nm particles in a ratio o f 1:40000 was successfully 
separated within several hours.

3.4 Comparison of Micro filtration and Dialysis Techniques

The experiments described show that microfiltration will 
remove all the adsorbed surface-active agent from a poly­
styrene latex, in as little as six hours. Dialysis, however, is a 
slow process and frequently only incomplete removal is 
achieved/27-28) This is principally due to the slow rate o f 
diffusion of large molecules resulting in a rapid increase in 
concentration just inside the surface o f the dialysis 
membrane. Edelhauser (27) found that the rate o f dialysis 
o f surface-active agent solutions was increased by stirring 
the inside solution, which would minimise this effect. 
Industrially, dialysis tubes containing latices are rotated or 
agitated in some way, to achieve the same end. Neverthe­
less, this slow diffusion will result in latex particles being in 
a region of high concentration unless they are close to the 
surface of the dialysis membrane and therefore the extent 
o f desorption o f surface-active agent will be small.

Contrast this situation with that inside the microfiltration 
cell, where the aqueous suspending medium is being 
changed every 3 0 -6 0  minutes. Here, the latex particles 
are in a region o f low concentration, and the adsorbed 
surface-active agent will desorb much more quickly.

THE BRITISH POLYMER JOURNAL,  VOLUME 13, JUNE 1981 87



Table 4

Surface Charge 
(ijeq g ~ 1)

Inhib itor Surface
Co nee n- Chargec
tra tion L a tex (peq g ~ 'i )

0.3%
3-methyi
4-chloro 
hydroxy- 
benzene

A
(acid washed)

13.50

A fte r
A fte r Micro-

Addition filtra tion
o f (1000 m l A fte r 

Inh ib ito r eluent) Dialysis

8.9 6.5 6.5a

Notes

Probably
imputity

0.001%
thiomesa/b
(morthiolate)

0.0001%
Phenyl
mercuric
acetate

19.2 5.4(8.0) 18.9d

19.2 19.4£

Destabilised
Redispersed
Ultrasonically

Destabilised

a 6  x 3000 ml in 24h 

k Thiomesal — supplied by ICI

c A fter acid washing

^ A fter acid washing (0.125 m HCL)

e A fter acid washing (0.05 m H2 SO4 )

N ote In addition to  the  above th e  following inhibitors were also evaluated. However, none were 
found suitable due to  either irreversible contam ination o f the  latex  or to  their destabilising 
effect.

4-chloro m-cresol, chlorohexidine d iacetate , sulphur dioxide, chlorine, sodium  azide and 
form aldehyde.

If, for any reason the concentration of surface-active agent 
in the aqueous phase is above the critical micelle concen­
tration, then its removal by dialysis is certain to  be 
incomplete. This has been attributed by various authors (271 
to materials originally present in the dialysed latex being 
incorporated in the micelles, thereby stabilising them.(27) 
Since dialysis relies on diffusion of monomeric species 
through the dialysis membrane (the micelle being larger 
than the pores) removal o f surface-active agent from the 
aqueous phase becomes negligible after a certain point. The 
pore sizes o f the filters used in microfiltration are much 
larger than the micelles and therefore this problem does not 
arise. The micelles are simply washed out of the latex, 
after which the process reverts to the type described earlier.

4. CONCLUSIONS

The microfiltration technique has several advantages over 
other methods for the cleaning of latices. It avoids the 
prolonged preparation associated w ith the purification of 
ion-exchange resins, and it permits the rapid removal o f 
adsorbed surface-active agent from the latex, something 
which may require prolonged periods of dialysis to  achieve. 
The apparatus is simpler and hence cheaper than that 
required for diafiltration or hollow-fibre dialysis. A further 
advantage o f this microfiltration technique is its versitility: 
apart from cleaning latices, the solids content may be

adjusted easily, and a choice of filters o f differing com­
position and construction may be employed to suit varying 
circumstances.
Nuclepore filters have the advantage o f being a much better 
substrate for electron microscope analysis. However, as a 
routine m ethod for cleaning latices for characterisation and 
other purposes, Millipore filters are more suitable, being 
more robust and easier to  handle, able to cope with residual 
monomer, higher solids contents and greater pressures.

References

1 Matejevic, E., Preprints, NATO Adv. Study Inst, 'polymer 
Colloids’, 1975, Univ. Trodheim, Norway.

2 Vanderhoff, J.W., Van der Hul, H.J., Tausk, R.J.M. & 
Overbeek, J.Th.G., 'Clean surfaces; their preparation and 
characterisation fo r interfacial studies’, Goldfinger, G. (Ed), 
1970, p l5 , New York: Marcel Dekker.

3 Goodwin, J.W., Hearn, J., C.C. Ho & Ottewill, R.H., Brit. 
Polym. J., 1973, 5, 347.

4 Chung-Li, Y., Goodwin, J.W. & Ottewill, R. H., Origr, Colloid 
& Polym. Sci., 1976, 60, 163-175.

5 Wright, H.J., Bremmer, J.F., Bhimani, N. & Fitch, R.M., US 
Patent 3, 501,432.

6 Ugelstad, J., Kaggerud, K.H., Hansen, F.K. & Berge, A., 
Makromol. Chem., 1 9 7 9 ,1 8 0 ,7 3 7 -7 4 4 .

7 Vanderhoff, J.W., Preprints Org. Coating & Plastics Chem. 
Div., ACS, 1964, 24(2), 223.

8 Stone-Masui, J. & Watillon, A., J. Colloid & Inter. Sci., 1975, 
52, No. 3, 479 -5 0 2 .

88 THE BRITISH POLYMER JOURNAL,  VOLUME 13, JUNE 1981



9 Goodall, A.R., Hearn, J. & Wilkinson, M.C., J. Polym. Sci. 21
Polym. Chem. Ed, 1979, 17, 1019-1037.

10 Goodall, A.R., Wilkinson, M.C., Hearn, J. & Cope, P., Brit. 22
Polym. J., 1978, 10, 205.

11 Wilkinson, M.C., Sherwood, R., Hearn, J. & Goodall, A.R., 23
ibid, 1 9 7 9 ,1 1 ,1 -6 .

12 Hearn, J., Wilkinson, M.C. Goodall, A.R. & Cope, P.,
‘Polymer collo idsII’, Fitch, R .‘., (Ed), 1979, p379. 24

13 Wilkinson, M.C., Hearn, J., Goodall, A.R. & Cope, P .,/ .
Colloid & Inter. Sci., in press.

14 Hearn, J., Wilkinson, M.C. & Goodall, A.R., J. Colloid & 25
Infer Sci., 1981, 14, 173.

15 Everett, D.H., Gultepe, M.E. & Wilkinson, M.C., Colloid <6 26
Inter Sci., 1979, 71(2), 336-349.

16 Yates, D.E., Ottewill, R.H. & Goodwin, J.W., ibid, 1977, 27
62(2), 356-358. 28

17 McCarvill, W.T., & Fitch, R.M., J. Colloid <£ Inter Sci., 1978,
64(3), 403-411. 29

18 Vanderhoff, J.W., Proc. 4th Int. Conf. Organic Coating Sci. & 30
Tech., 1978 ,447—83.

19 Wilkinson, M.C. & Fairliurst, D., J. Colloid & Inter, Sci., 31
1981, 79, 272.

20 Labib, M.E. & Robertson, A.R., J. Colloid & Inter Sci., 1978, 32
67(3), 543-547 .

Ahmed, S.M., El-Aasser, M.S., Pauli, G.H., Poehlein,G.W. & 
Vanderhoff, J.W., ibid, 1980, 73(2), 388.
Goodall, A.R., Wilkinson, M.C. & Hearn, J., J. Polym. Sc i, 
1977,15, 2193.
Everett, D.E. & Gultepe, M.E., Preprints NATO Advanced 
Study Institute: ‘Polymer colloids’, 1955, Univ. Trondheim, 
Norway.
Vanderhoff, J.W., ‘Characterisation o f  metal c& polymer 
surfaces,’ 1977, Vol 2, ‘Polymer surfaces’, Lee, L-H, (Ed), 
London: Acadmic Press.
Blackley, D.C., ‘Emulsion polymerisation’, 1975, London: 
Applied Science.
Warson, II., 'The applications o f  synthetic resin emulsions’, 
1972, London: Ernest Benn Ltd.
Edelhauser, II.A .,7. Polym. Sci., 1969, (C), 27, 291.
‘Colloid science ’, Kruyt, H.R. (Ed), 1952, Vol 1, p68, 
'Irreversible system s’, Amsterdam: Elselvier.
Shaw, J.N .,7. Polym, S c i, 1969, (C), 27, 237.
Elockhark, B.D. & Ubblehode, A.R. J. Colloid Sci., 1953, 8, 
428.
Maron, S.H., Elder, M.E. & Ulevitch, I.N., J. Colloid Sci., 
1954, 9, 89.
Barr, T., Oliver, J. & Stubbings, W.V., J. Soc, Chem. Ind., 
1 948 ,67 ,45 .

THE BRITISH POLYMER JOURNAL,  VOLUME 13, JUNE 1981 89



Calendar of M eetings
Macro Group UK

January 6—7, 1982. The University o f Birmingham.
In association with the Polymer Physics Group and The 
University o f Birmingham a conference on ‘Thermal and 
mechanical properties o f polymers’.

This Conference is in honour of Professor R. N. Haward 
who will then, have retired from the Chair o f Industrial 
Chemistry. The University o f Birmingham, and is intended 
to follow new developments in several research interests o f 
Professor Haward.

(a) the structure and properties o f polymers,

(b) the glass transition and physical ageing, and

(c) polymer fracture

with introductory lectures by Professor E. Baer, Case 
Western Reserve University, Professor A. Keller, The 
University o f Bristol, Professor G. Rehage, The Technical 
University o f Clausthal, Professor J. G. Williams o f Imperial 
College, London and Professor I. M. Ward of The University 
of Leeds.

Full particulars and Registration Forms oan be obtained 
from Dr. J. N. Hay, The Department o f Chemistry, The 
University o f Birmingham, P.O. Box 363, Birmingham B15 
2TT.

90 THE BRITISH POLYMER JOURNAL,  VOLUME 13, JUNE 1981



(when 5% mole ratio o f LiH2P 0 4 is added) and rising to  a 
maximum of 28.9% wt (at 40% mole ratio).

Elemental analysis of the soluble products are consistent 
w ith polyphenylphonosiloxanes modified with lithium 
phosphate groups. The amount of lithium in the soluble 
product rises to  a maximum value of 0.2% wt attained at 
about 10% mole LiH2P 0 4 which corresponds approxi­
mately to 4% o f modifying groups of the total Si and P 
groups in the polymer.

For the reaction in which 10% mole ratio of LiH2P 0 4 is 
used, the Si/P ratio o f the soluble product is close to unity 
indicating a structure as in (I) with a ratio for X of Li/Ph 
approximately 1 :9. As more LiH2P 0 4 is incorporated into 
the reaction the-ratio Si/P increases. Since the analyses 
show that each residue is mainly lithium metaphosphate 
(Li 8.1%: P, 36.1% required for L iP 03 it is concluded that 
self condensation 2 between LiH2P 0 4 molecules occurs 
releasing water which gives rise to  condensation between 
chlorosilane groups (e.g. 3) to yield products soluble in 
chloroform.

0 'L i+ 

2HO— | — OH 

O

Ph

2C1 — Si— Cl

O'Li* 0~Li+

HO— P— O- -P— OH + H,0
II XO ^

r  O ' L i *

(2)

■ H,0

Ph Ph 

Cl— Si— O— Si— Cl + 2HC1 (3)

Ph Ph Ph

In the reactions involving NaH2P 0 4 near quantitative collec­
tion of hydrogen chloride was obtained for 5% mole ratio 
o f NaH2P 0 4 but became lower than expected as more of 
the phosphate is added. However, in contrast to  the Li 
series, significant amounts o f chlorine are found in the in­
soluble residues indicating the formation o f N aC l; also 
none of the soluble products contain any sodium. Thus 
reaction (4) contributes alongside (1) to the formation of 
polyphosphOnasiloxanes.

Ph OH Ph OH

Cl- -Si— Cl + Na+0 ' — P = 0
T I
Ph OH

Cl— Si— O— P = 0  + NaCl

I I (4)Ph OH y )

Products will therefore contain cross-linking groups of the 
type.

Ph O Ph

—Si— O—  »— O— Si— Q—
I I
Ph O Ph

I
Ph— Si— Ph

0
1

Formation o f these units would account for the observed 
rise in Mn from about 800 to  1257. Further evidence for 
cross-linking comes from the infrared of the soluble products 
which shows a decrease in the intensity of tire absorption 
at 930 cm '1 (associated with linear P—O—P bonds) and an 
increase in the intensity of the band at 480 cm '1 (attributed 
to the cross-linked phosphorus atom ).9

In the Li series the soluble products show an increase of 
Tg w ith increase o f Li content. In the Na series, since no 
sodium was incorporated in the polymer, the increase in 
Tg obtained is due to a combination of increased molecular 
weight and the presence of cross-linking.

3.2 Interaction of M e jS iC ^ , MePO(OH)2  and LiH2 P0 4 
or NaH2 P0 4

Again in each experiment the relative proportions of reac­
tants were such that the total number of OH groups was 
always equal to the number o f Cl groups.

Me
I

nCl— Si— CI+ nHO- 

Me

-OH

X
Me

Si— O-

LMe

+ nHCl (6)

X = Me or -  0"Li+ or -  0~Na+

Results are given in Tables 3 and 4. Note that total phos­
phorus figures could not be obtained because of the diffi­
culty of oxidising methyl phosphonate groups, the figures 
given are for phosphorus as phosphate.

The reaction sequences are similar to those obtained for 
the phenyl series. The reaction o f a 1:1 mixture of 
Me2S iC l2 and MePO(OH)2 gives a clear, viscous liquid, 
which is a polymethylphosphonasiloxane probably a mix­
ture o f short chains and cyclics with average n = 2—3.

Thus in the Li series soluble polymers of the general type 
shown in (6) are obtained, a maximum Li content being 
obtained when equimolar quantities of MePO(OH)2 and 
LiH2P 0 4 were used. The molecular weights vary from 
400 to 600 indicating an average n = 3—4. In constrast to 
the LiH2P 0 4/Ph2S iC l2/P hP0(0H )2 reactions, there is 
evidence that Me2SiCl2 and LiPI2P 0 4 interacts to give 
formation o f LiCl and cross-linking groups in the soluble 
product (cf, reaction 5). Thus as the proportion of LiH2P 0 4 
in the reaction mixture is increased the elemental analysis 
of the insoluble residue indicates formation o f LiCl and 
there is also an excess in the soluble product o f phosphate 
over Li+. In the Li series there is again an increase in the 
Tg with Li content. Analysis o f the insoluble residue also 
indicates the formation o f a lithium phosphate (cf reaction 2).

As in the phenyl series little sodium is incorporated in tire 
soluble products due to the formation of NaCl which 
appears in the insoluble residue together with sodium 
phosphate. But unlike the phenyl series there is no 
significant increase in the molecular weight o f the product.
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Preparation of Overcoated Polymer Latices by 
a 'Shot Growth' Technique
Malcolm Chaincy, John Hearn and Michael C. Wilkinson

A ‘sh o t g ro w th ’ tech n iq u e  has been developed  w hich  enab les a m o n o d isp erse  p o ly m er 
latex to  be ovcrco a ted  w ith  a range o f  co a tin g  th icknesses by a d iffe ren t po lym er. T his 
has enab led  a range o f  p o ly m er latices to  be p ro d u ced  w hich  have m echanical and 
d iffusional ch arac te ris tics  w hich  are very d iffe ren t from  e ith e r  th e  seed latex  o r th e  
coating  p o lym er.

1. INTRODUCTION

This paper describes a surfactant-free polymerisation 
technique which has been used to prepare a series of mono­
disperse latices, whose particles consist o f a polystyrene 
core ovcrcoated with an acrylate polymer shell. When the 
coating polymer has a minimum film formation temperature 
(MFT) below room temperature and the coat is of sufficient 
thickness (normally > 5 0  nm), the latex will be film forming. 
Films cast from such latices have an interesting range of 
mechanical properties, from brittleness to toughness and 
flexibility with increasing coat thickness.

The production o f overcoated polymer latices is an impor­
tant industrial process and many examples are to  be found 
in the patent literature.1-7 This topic has also attracted 
the attention of workers in the field of emulsion polymeri­
sation, as a means of producing either larger particles than 
can be achieved in a single-stage reaction 8 or controlled 
surface charge densities in ‘model’ systems.9 It is anticipated 
that films cast from surfactant-free preparations may con­
stitute model films’ for permeability studies, which is the 
main aim of the current work, and further, that the omission 
of the surfactant ‘impurity’ in the cast film may give im­
proved film characteristics.

A variety of methods have been used for preparing overcoat- 
cd latices: these fall essentially into three categories:

(a) in itial charge’ where (i) the comonomers are both 
charged at the start o f the reaction or (ii) the second 
monomer is fed in slowly right from the start and 
throughout the course of the reaction;

(b) ‘seeded growth’ where the second monomer is added 
initially with an already polymerised core latex;

(c) shot addition’ which is a compromise between the 
previous two approaches where the seed latex is 
allowed to reach a fairly high conversion (>60% ) 
before the second monomer is charged.

The most commonly adopted procedure in industrial prac­
tice is a.(ii) where surfactant is also progressively added.
The locus o f the polymerised second monomer, ie aqueous 
phase, bulk polymer or at the interface between them has 
been shown 10 to be dependent in part on the affinity of 
the monomer for these loci and its reactivity, and may be 
further influenced by the core-shell mechanism believed 
by Williams 11 to operate even for compatible monomers.
In seeded growth systems it has been shown 12 that the 
number density of seed particles is an im portant parameter

Chemical Defence Establishment, Porton Down, Salisbury, Wiltshire 
and Department o f  Physical Sciences, Trent Polytechnic, Burton 
Street, Nottingham.
(Manuscript received 2 7 May 1981)

in determining whether secondary nucleation of a new 
crop o f stable particles occurs, ie polymer not bound to  the 
core particles. Chung Li et al 13 have discussed the occur­
rence of secondary nucleation in terms of heterocoagulation 
of a new polymer, formed in the aqueous phase, with the 
seed particles relative to its homocoagulation which can 
result in stable nuclei. *».

The shot growth process has been investigated by Sakota 
and Okay a 14 w ith regard to the efficiency of incorpor­
ation o f carboxyl groups on the surface o f styrene/isoprene 
copolymer laticesC They found that 60% incorporation of 
carboxylic groups at the surface could be achieved by adding 
at 80% conversion — this increasing to 80% incorporation 
at 95% conversion.

In this work, techniques (ii) and (iii) are compared for the 
production of polystyrene latices overcoated with methyl 
acrylate, methyl methacrylate, ethyl acrylate and n-butyl 
methacrylate. The basis of the shot growth technique is to 
polymerise styrene by the usual surfactant-free emulsion 
polymerisation process until the reaction reaches about 80% 
conversion. At this point, the reaction starts to slow and 
the second monomer is added. Normally, no additional 
initiator is necessary, since the half life of potassium per­
sulphate is sufficiently long that there will be an ample 
supply of free radicals. The reaction is allowed to  proceed 
to  completion.

2. EXPERIMENTAL

2.1 Materials

The monomers used were BDH laboratory reagent grade 
containing a small quantity (ca 0.002% v/v) of inhibitor. 
This was removed by distillation under reduced pressure of 
nitrogen at between 293—313K. The distilled monomers 
were stored at 268K until use.

Potassium persulphate, Fisons Analytical Reagent grade 
was used as supplied.
Water was doubly distilled from an all pyrex apparatus and 
stored in pyrex glass aspirators.

2.2 Procedure for Shot Growth Reactions

The polymerisations were carried out in 500 cm 3, three­
necked, round bottom ed flasks, equipped with a reflux 
condenser, nitrogen inlet and stirrer. The flasks were 
immersed in a water bath at 353K. The stirrer speed was 
maintained at 300 rpm.

The styrene and most o f the water were placed in the flask 
and left for about 20 minutes to  come to temperature.
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During this time, the contents of the flask were stirred and 
flushed with nitrogen, via a long inlet tube. The initiator 
was dissolved in the remaining water, flushed with nitrogen 
and heated to the reaction temperature. Addition of the 
initiator marked the start o f the reaction. A short gas inlet 
tube was substituted from the long one, and a slow current 
of nitrogen passed above the aqueous phase.

At the appropriate time, a sample o f latex was withdrawn 
and the second monomer added. Half the sample was 
dialysed for subsequent electron microscope exam ination; 
the remainder was used for a gravimetric solids content 
determination. The reaction was allowed to proceed to  
completion.

In order to  assess the effect of particle concentrations on 
the tendency to  form secondary growth particles, some 
reactions were diluted prior to addition o f the second mono­
mer. The diluent, potassium persulphate solution at the 
initial concentration, was flushed with nitrogen and pre­
heated before addition.

2.3 Seeded Growth Reactions

Polystyrene seed latices were prepared by the normal sur­
factant-free process 15 and extensively dialysed before use. 
The latex, monomer and water (if necessary) were placed in 
the flask as before. The mixture was left to attain  the 
temperature o f the bath, whilst being flushed with nitrogen. 
The initiator was dissolved in water, sparged and heated, 
and added to the reaction.

2.4 Electron Microscopy

A Philips EM600 electron microscope was employed for 
transmission electron microscopy (TEM). The latex sample 
was diluted down to about 10 ppm, and one drop placed 
onto a 20 gm Formvar film-coated grid and allowed to air- 
dry at room temperature in a dust-free box. Usually, three 
grids were prepared and six electron micrographs o f different 
regions taken. In order to obviate the effects of electron 
beam damage, the operating conditions were so chosen that 
any beam damage was minimal, e.g. 80 kV accelerating 
potential at 3—4 (jlA beam current.

The latex particle size distribution was carefully determined 
by sizing about 250 particles if relatively monodisperse 
(standard deviation <  10%) and about 600 if polydisperse. 
Measurements were taken from different regions o f all the 
electron micrographs.

To overcome the problem of particle deformation o f soft 
latices freeze drying (typically 193K) was employed. A car­
bon replica was then made of the dried frozen particles. The 
technique involved pipetting a drop of suspension onto a 
formvar coated grid and removing excess liquid with filter 
paper leaving just a smear o f suspension. The grid was 
immersed in melting liquid nitrogen to achieve rapid cool­
ing. It was then transferred to a suitable freeze dry unit 
and freeze dried at 193K for 30—60 min to remove residual 
moisture. It was then cooled to approx 123K. The speci­
men was tilted to 45° and a Pt/C mixture evaporated to 
provide shadows to the particles. The C was then evaporat­
ed normally. The specimen was allowed to return to room 
temperature, the grid removed and (a) the formvar film 
dissolved in chloroform (b) the latex dissolved in a suitable 
solvent (eg toluene for polystyrene). The replica was then 
examined by TEM.

2.5 Film Casting

Films were cast in shallow silicone rubber dishes and dried 
at 333K and atmospheric pressure.

3. RESULTS

Seeded and shot growth methods were used to  overcoat 
polystyrene with poly (methyl acrylate), poly (methyl 
methacrylate), poly (ethyl acrylate) and poly (n-butyl m eth­
acrylate). Typical results are summarised in Tables 1 and 2. 
It was possible to prepare monodisperse overcoated latices 
reproducibly by both methods with all but poly (ethyl 
acrylate) as the coating polymer. However, if the number 
density o f core particles was below a critical value, small 
(60—150 nm) secondary growth particles were produced, 
and the final product had a bimodal size distribution. The 
advantage o f the shot growth technique is that this critical 
value is lower than for the seeded growth method.

Table 1 Results of seeded grow th reactions

Latex MC4 MC9 MC31 MC11

Seed latex MC1 MC1 MC26 MC8
Size/mm 480 480 440 440
o/nm 7.0 7.0 8.3 6.6
Solids content 
<%) 8.0 8.0 6.9 2.7
Volume/cm3 50 250 425 500
Particle No 
Density/cm '3 1.3.1011 6.5 .1011 1.4.1012 5.3.1011

Monomer MMA MMA MMA EA

Volume/cm3 16 11 50 15
Initiator/g 0.16 0.25 0.25 0.25
W ater/cm3 450 250 50 50
Temp/K 353 353 353 353

Total Polymeri­
sation Time/min 180 180 1385 180

Product

Particle size/ 
nm 530,140 500,65 470 4 4 0 -4 5 0 , 10
a/nm 5.7, 6.3 7.2, 4.1 3.6

Bimodal Bimodal Mono­
disperse

Poly­
disperse

Solids content 
(%) 3.6 5.6 9.2 7.2
Conversion
{%) 94 77 25* 92

* Latex had coagulated during reaction.
0's for large and small particles of bimodal size distribution 

reported  separately.

For example with methyl methacrylate as the second mono­
mer, the critical number densities were approximately 1.1012 
cm '3 and 1.1011 cm"3 for seeded and shot growth methods, 
respectively.

Another advantage of the shot growth method was that the 
resultant particles were spherical, whereas the seed grown 
particles were rather irregular in shape (compare Figs. 1 and 
2).

With poly (ethyl acrylate) as coating polymer, both methods 
gave a polydisperse product, i.e. one in which there was varia­
ble coating thickness as well as the formation of secondary

THE BRITISH POLYMER JOURNAL,  SEPTEMBER 1981 133



t
4 i

t3r * ^  “ * ■ *

•  V . * '

• ^  *  ~ * r ® ,j * A
- * ' * r  -  j p - s * :

r  . ^ * u

#% • •
** v %•* /•*  ,  -

<* .  J  / -

Fig.l MC4 Poly (methyl methacrylate) coated polystyrene 
prepared by seeded growth method. Magnification 20,845.

I k

; x
.

>
f l f

Fig.2 MC5 Poly (methyl methacrylate) coated polystyrene 
prepared by shot growth method. Magnification 20,845.

Table 2 Results of Shot G rowth Reactions

Latex MC5 MC45 MC19 MC10 MC56 MC20 MC24 MC42

Core latex

Size/nm 400 410 370 460 330 420 420
ff/nm 7.0 4.3 6.1 6.2 8.2 35.2 6.7

Solids content (%) 5.9 0.69 4.92 6.74 9.0 4.1 5.4 7.7

Particle No 
Density /cm '3 1.7.1012 1.7.1011 1.9.1012 1.3.1012 2.2 .1012 1.4.1012 2.0 .1012

Monomer MMA MMA MA EA EA BMA BMA BMA

Volume/cm3 16 12 7 16 12 85 20

Initiator/g 0.5 0.12 + 
0.95

0.5 0.5 0.5 9.5 0.5

Temp/K 353 353 353 353 353 353 353 353

Polymerisation Time/min 300 250 290 295 243 300 200 180

Product
Particle Size/nm 490 540 530 4 8 0-510

3 -1 0
500 580 560

o/nm 7.7 6.8 3.6 - - 6.9 11.4 7.4

Solids content (%) 11.4 2.7 11.34 12.0 8.9* 13.0 22.8 15.2

Conversion (%) 55 24 - - -
Particle No 
Density/cm '3 1.9.1012 3.1.1011 1.45.1012 - - 2 .1.1012 2.0 .1012 1.8.1012

* Latex had coagulated.
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growth particles. These secondary growth particles were 
much smaller (usually ca 10 nm) (see Fig. 3) and more 
numerous than those formed with other acrylates although 
in terms of mass, the amounts were about the same.

vV *

J

•<

Fig.3 MCI 1 Poly (ethyl acrylate) coated polystyrene prepared 
by seeded growth method. Magnification 10,050.

3.1 Efficiency of Coating

Secondary growth particles, where obtained, were immed­
iately apparent by their small size. It was possible to prove, 
by a mass balance calculation, that all the monomer added 
could be accounted for, within experimental error, by the 
increase in size of the particles. By performing this calcu­
lation in reverse, it would be possible to calculate the amount 
of monomer required to produce a given coat thickness, and 
thus to tailor make overcoated latices.

difference between the shot and seeded growth methods is 
that in the former case the core particles will contain some 
residual monomer, plasticising them, whereas in the latter 
(providing the latex has been properly cleaned) they will 
not. It has been shown that the rate of swelling of dialysed 
polystyrene latex particles by styrene monomer is slow.13 
It is suggested that the higher capture efficiency of the shot 
growth process is due to the shell monomer actively poly­
merising at the core particle surface, becoming entwined in 
the polymer matrix, and unable to transfer back out o f the 
particle. In contrast, in the seeded growth process, there 
can be no direct binding of shell polymer to the core par­
ticle. The rigid, unplasticised nature of the core particles is 
reflected in the irregular shape of the overcoated particles, 
compared with the perfectly spherical shape of those ob­
tained by the shot growth process.

Films cast from latices having a thin polyacrylate coat (ca 
20 nm thick) have mechanical properties intermediate be­
tween die opaque, discontinuous and clear, continuous 
films resulting respectively from non film forming and film 
forming latices. The SEM’s of the top and bottom  surfaces 
o f these films (Figs. 4 —6) show the hexagonal close packing 
first observed by Bradford and Vanderhoff.15 The fracture 
cross section shows clearly the polystyrene core particles

b ig.4 SEM of bottom surface of film cast from latex MC10 —
poly (ethyl acrylate) coated polystyrene prepared by shot growth 
method. Magnification 6.000.

4. DISCUSSION

The principal object o f this study has been the preparation 
of overcoated polymer latices for subsequent film casting 
work. Nevertheless, it is interesting to interpret the results 
in terms of existing theories concerning emulsion polymeri­
sation.

The factors which favour a secondary nucleation include:

(i) a high polymer concentration in the aqueous phase

(ii) a low total surface area per unit volume, and

(iii) a low capture efficiency of core particles.

That the shot growth process will still produce a monodis­
perse latex at lower core particle number densities, under 
otherwise equivalent conditions of core particle size, initia­
tor concentration, ionic strength and temperature, is pre­
sumably related to the capture efficiency of the core par­
ticles for polymer from the aqueous phase. The significant

Fig.5 SEM of bottom surface of film cast from latex MC10 -  
poly (ethyl acrylate) coated polystyrene prepared by shot growth 
method. Magnification 12,000.
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Fig.6 SEM of broken edge of film cast from latex MC10. 
Magnification 24,000.

and the coalesced coating polymer. Complete phase separ­
ation does not take place upon fracture — small globules of 
acrylate can be seen on core particle surface — and this is 
taken as evidence of direct bonding of acrylate polymer 
chains to the polystyrene surface.
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Preparation of Overcoated Polymer Latices by a “Shot-Growth” 
Technique

Malcolm Chalney,1 Michael C. Wilkinson,2 and John H earn*1

Trent Polytechnic, Burton St., Nottingham, England, and Chemical D efence Establishment,
Porton Down, Salisbury, Wiltshire, England

A surfactant-free emulsion polymerization technique for the preparation of “overcoated” polymer latices is described. 
Particles consist of a polystyrene core coated with an acrylate (methyl acrylate, methyl methacrylate, ethyl acrylate, 
n -butyl methacrylate) shell. Latices are prepared by a “shot-growth" process whereby the styrene is polymerized 
to approximately 80% conversion before the second monomer or mixture of monomers is added. An advantage 
of the shot-growth technique is that a lower number density can be employed without the occurrence of secondary 
growth. There is evidence that the acrylate coat is more strongly bound to the core particles than is the case 
for "seeded-growth” products. Neither process produced a monodispersed product when ethyl acrylate was the 
coating monomer and this was ascribed to homocoagulation (secondary growth) rather than heterocoagufation with 
the core particles. Films cast from “overcoated" latices have properties intermediate between those of a dis­
continuous film and a continuous film.

Introduction
Previous work by Chainey et al. (1981) has described a 

surfactant-free polymerization technique which has been 
used to prepare a series of monodisperse latices, whose 
particles consist of a polystyrene core overcoated with an 
acrylate polymer shell. When the coating polymer has a 
minimum film formation temperature (MFT) below room 
temperature and the coat is of sufficient thickness (nor­
mally >50 nm), the latex will be film forming. Films cast 
from such latices have an interesting range of mechanical 
properties, ranging from brittleness to toughness and 
flexibility with increasing coat thickness (Figure 1).

The production of overcoated polymer latices is an im­
portant industrial process and many examples are to be 
found in the patent literature (Goodman et al., 1968; 
Herman et al., 1966; Meier, 1971; Pfluger and Gebelin, 
1966; Ryan and Crochowski, 1969; and Settlage, 1967). 
This topic has also attracted the attention of workers in 
the field of emulsion polymerization, as a means of pro­
ducing either larger particles than can be achieved in a 
single-stage reaction (Goodwin et al., 1978) or controlled 
surface charge densities in “model” systems (Hearn et al., 
1981). It is anticipated that films cast from surfactant-free 
preparations may constitute “model films” for permeability 
studies and that the omission of the surfactant “impurity” 
in the cast film may give improved film characteristics.

A variety of methods have been used for preparing ov­
ercoated latices. These fall essentially into three categories: 
(a) “initial charge” where (i) the comonomers are both 
charged at the start of the reaction or (ii) the second 
monomer is fed in slowly right from the start and 
throughout the course of the reaction; (b) “seeded growth” 
where the second monomer is added initially with an al­
ready polymerized core latex; (c) “shot addition”, which 
is a compromise between the previous two approaches 
where the seed latex is allowed to reach a fairly high 
conversion (>60%) before the second monomer is charged.

The most commonly adopted procedure in industrial 
practice is (a. ii), where surfactant is also progressively 
added. The locus of the polymerized second monomer, i.e.,

1 T rent Polytechnic.
2 Chemical Defence Establishment.

aqueous phase, bulk polymer or at the interface between 
them has been shown by Greene (1973) to be dependent 
in part on the affinity of the monomer for these loci and 
its reactivity, and it may be further influenced by the 
core-shell mechanism believed by Williams (1974) to op­
erate even for compatible monomers. In seeded growth 
systems it has been shown by Hearn (1971) that the 
number density of seed particles is an important parameter 
in determining whether secondary nucleation of a new crop 
of stable particles occurs, i.e., polymer not bound to the 
core particles. Chung Li et al. (1976) have discussed the 
occurrence of secondary nucleation in terms of hetero­
coagulation of new polymer, formed in the aqueous phase, 
with the seed particles relative to its homocoagulation 
which can result in stable nuclei.

The shot growth process has been investigated by Sakota 
and Okaya (1976) with regard to the efficiency of incor­
poration of carboxyl groups onto the surface of styrene/ 
isoprene copolymer latices. They found that 60% incor­
poration of carboxylic groups at the surface could be 
achieved by addition at 80% conversion and this increased 
to 80% incorporation upon addition at 95% conversion.

The purpose of this work was to compare the shot 
growth technique with the more usual seeded growth 
method and to try to gain a better understanding of the 
role of particle swelling. Both techniques have been em­
ployed to prepare latices of polystyrene coated with a range 
of acrylate monomers. Photon correlation spectroscopy 
(PCS) and light-scattering, which has been used previously 
by Goodall et al. (1980) and Munro et al. (1979) to study 
particle nucleation and growth occurring in the initial 
stages of the emulsifier-free emulsion polymerization of 
styrene, has been used to observe the swelling of poly­
styrene latices by styrene and butyl methacrylate. A 
comparison of the rates of particle swelling and growth 
throws some light on the mechanism of the shot growth 
process. Further information was obtained from scanning 
electron micrographs of the films cast from overcoated 
latices.
Experimental Section

1. Materials. The monomers were distilled twice under 
nitrogen at 293-313 K to remove inhibitor before use. 
Potassium persulfate (Fisons Analytical Reagent grade)

Reprinted from l&EC PRODUCT RESEARCH & DEVELOPMENT, 1982, 21, 171.
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F ig u r e  1. Mechanical properties of films.

was used as supplied. Water was doubly distilled from an 
all-Pyrex apparatus.

2. Shot Growth Reactions. The polymerizations were 
carried out in 500 cm3 or 1 dm3, three-necked, round- 
bottomed flasks, equipped with a reflux condenser, ni­
trogen inlet, and stirrer. The flasks were immersed in a 
water bath at 353 K. The stirrer speed was maintained 
at 300 rpm.

The styrene and most of the water were placed in the 
flask and left for about 20 min to come to temperature. 
During this time, the contents of the flask were stirred and 
flushed with nitrogen, via a long inlet tube. The initiator 
was dissolved in the remaining water, flushed with nitro­
gen, and heated to the reaction temperature. Addition of 
the initiator marked the start of the reaction. A short gas 
inlet tube was substituted for the long one, and a slow 
current of nitrogen passed above the aqueous phase.

At the appropriate time, a small sample of latex was 
withdrawn for subsequent analysis and the second mo­
nomer added. Half the sample was dialyzed prior to 
electron microscope examination; the remainder was used 
for a gravimetric solids content determination. The re­
action was allowed to proceed to completion.

In order to assess the effect of particle concentration on 
the tendency to form secondary growth particles, some 
reactions were diluted prior to addition of the second 
monomer. The diluent, potassium persulfate solution at 
the initial concentration, was flushed with nitrogen and 
preheated before addition.

3. Seeded Growth Reactions. Polystyrene seed latices 
were prepared by the normal surfactant-free process and 
extensively dialyzed before use. The latex, monomer, and 
water (if necessary) were placed in the flask as before. The 
mixture was left to attain the temperature of the bath 
while being flushed with nitrogen. The initiator was dis­
solved in water, sparged and heated, and added to the 
reaction.

4. Electron Microscopy. A Philips EM600 electron 
microscope was employed for transmission electron mi­
croscopy (TEM). The latex sample was diluted down to 
about 10 ppm, and one drop was placed onto a 20- /xm 
Formvar film-coated grid and allowed to air-dry at room 
temperature in a dust-free box. Usually, three grids were 
prepared and six electron micrographs of different regions 
were taken. In order to obviate the effects of electron beam 
damage, the operating conditions were so chosen that any 
beam damage was minimal, e.g., 80 kV accelerating po­
tential at 3-4 n A  beam current.

The latex particle size distribution was carefully de­
termined by sizing about 250 particles if relatively mon- 
odisperse (standard deviation <10%) and about 600 if 
polydisperse. Measurements were taken from different 
regions of all the electron micrographs.

To overcome the problem of particle deformation of soft 
latices, freeze drying (typically 193 K) was employed. A

carbon replica was then made of the dried frozen particles. 
The technique involved pipetting a drop of suspension 
onto a Formvar coated grid and removing excess liquid 
with filter paper thereby leaving just a smear of suspension. 
The grid was immersed in liquid nitrogen to achieve rapid 
cooling. It was then transferred to a suitable freeze-dry 
unit and freeze-dried at 193 K for 30-60 min to remove 
residual moisture and then cooled to approximately 123 
K. The specimen was tilted to 45° and a P t/C  mixture 
evaporated to provide shadows to the particles. The C was 
then evaporated normally. The specimen was allowed to 
return to room temperature, the grid was removed, and 
(a) the Formvar film was dissolved in chloroform or (b) 
the latex was dissolved in a suitable solvent (e.g., toluene 
for polystyrene). The replica was then examined by TEM 
or SEM.

5. Film Casting. Films were cast in shallow silicone 
rubber dishes and dried at 333 K and atmospheric pres­
sure.

6. Laser Light Scattering/P.C.S. A 25-mW heli­
um/neon laser provided coherent illumination for photon 
counting and photocount autocorrelation and was em­
ployed to measure swelling rates of latices. Observations 
were carried out on monomer saturated, oxygen-free, water 
contained in Teflon capped 10-mm quartz or silica glass 
cuvettes. A small amount of monomer was present on the 
water surface and measurements were made within 1 mm 
of this layer to minimize problems of diffusion to the 
swelling particles.

Results
Both seeded and shot growth methods were used to 

overcoat polystyrene with poly (methyl acrylate), poly- 
(methyl methacrylate), poly (ethyl acrylate), poly(rc-butyl 
acrylate), and poly(n-butyl methacrylate). Typical results 
are summarized in Tables I and II. It was possible to 
prepare monodisperse overcoated latices reproducibly by 
both methods with all but poly(ethyl acrylate) as the 
coating polymer. However, if the number density of core 
particles was below a critical value, small (60-150 nm) 
secondary growth particles were produced, and the final 
product had a bimodal size distribution. The advantage 
of the shot growth technique is that this critical number 
density value is lower than for the seeded growth method. 
For example, with methyl methacrylate as the second 
monomer, the critical number densities were approxi­
mately 1 X  1012 and 1 X  10n cm'3 for seeded and shot 
growth methods, respectively.

Another advantage of the shot growth method was that 
the resultant particles were spherical, whereas the seed- 
grown particles were rather irregular in shape (compare 
Figures 2 and 3).

With poly(ethyl acrylate) as the coating polymer, both 
methods gave a polydisperse product, i.e., one in which 
there was a variable coating thickness as well as the for­
mation of secondary growth particles. These secondary 
growth particles were much smaller (usually ca. 10 nm) (see 
Figure 4) and more numerous than those formed with 
other acrylates, although in terms of mass, the amounts 
were about the same.

Secondary growth particles, where obtained, were im­
mediately apparent by their small size. In the absence of 
secondary growth it was possible to prove, by a mass 
balance calculation, that all the monomer added could be 
accounted for, within experimental error, by the increase 
in size of the particles. By performing this calculation in 
reverse, it would be possible to calculate the amount of 
monomer required to produce a given coat thickness, and 
thus to “tailor-make” overcoated latices.



T a b le  I . R e s u l t s  o f  S e e d e d  G r o w th  R e a c t io n s

Ind. Eng. Chem. Prod. R es. D ev., Vol. 21, No. 2, 1982 173

Latex

MC4 MC9 MC31 M C ll

seed latex MCI MCI MC26 MC8
size/nm 480 480 440 440
ff/nm 7.0 7.0 8.3 6.6
solids content, % 8.0 8.0 6.9 2.7
volum e/cm 3 50 250 425 500
particle no. density/cm "3 1.3 X 1 0 11 6.5  X 1 0 “  

Monomer

1.4 X 1 0 " 5.3 X 10 "

MMA MMA MMA EA

volum e/cm 3 16 11 50 15
initiator/g 0.16 0 .25 0.25 0.25
w ater/cm 3 450 250 50 50
tem p/K 353 353 353 353
total polym erization tim e/m in 180 180

Product

1385 180

particle size/nm 530, 140 500, 65 470 4 4 0 -4 5 0 , 10
o /n m b 5.7, 6.3 7.2, 4.1  

bimodal
3.6

bimodal monodisperse polydisperse
solids content, % 3.6 5.6 9.6 7.2
conversion, % 94 77 25° 92

a Latex had coagulated during reaction. b o 's for large and small particles o f bimodal size distribution reported separately.
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F ig u r e  2. MC4 poly(methyl methacrylate) coated polystyrene pre­
pared by seeded growth method. Magnification, 6950.

4

F ig u r e  3. MC5 poly(methyl methacrylate) coated polystyrene pre­
pared by shot-growth method. Magnification, 6950.

Discussion
1. Role of Swelling. Although outwardly similar to 

the seeded growth method, it is apparent from the above

F i g u r e  4. M C ll poly(ethyl acrylate) coated polystyrene prepared 
by seeded growth method. Magnification, 6700.

results that the shot growth technique operates via a 
somewhat different mechanism to the heterocoagulation 
mechanism proposed by Chung-Li et al. (1976) for seeded 
growth. The principal difference between the two methods 
is, of course, the presence or residual monomer in the core 
particles at the stage at which the coating monomer is 
added. This residual monomer has been shown to have 
a profound effect on the rate of swelling (Table III).

Different aspects of swelling have been studied by 
Morton et al. (1954), Chung-Li et al. (1976), Ugelstad and 
Mork (1980), and Goodwin et al. (1980). However, the 
systems studied varied widely and no clear picture 
emerges. Morton et al. derived an equation showing that 
equilibrium uptake varied with particle size. They con­
firmed the validity of their treatment with swelling ex­
periments on polystyrene latices with a range of particle 
size 37-173 nm and molecular weights 106-107. They also 
showed that the equilibrium uptake of toluene was rapid, 
being attained within 30 min. Ugelstad and Mork, working 
with low molecular weight oligomer, were able to achieve 
large uptakes very rapidly. Chung-Li et al. found that the 
swelling of large particles (>2 /nm) took place very slowly
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(Table III), even when the polymer was freshly formed, 
and contained residual monomer. Goodwin et al. have 
recently studied the rate of swelling as a function of the 
cleaning technique. They found that swelling occurred 
quite rapidly, irrespective of cleaning technique (dialysis, 
ion exchange, and steam-stripping). Unfortunately, they 
do not report the monomer contents of the latices prior 
to swelling.

The rate of swelling of polystyrene by styrene, as de­
termined by PCS, was greater in the presence of residual 
monomer (6.6%) than in its absence (Table III) as might 
be expected. However, both results were lower than the 
rate obtained by Goodwin et al. for a steam-stripped latex, 
which should contain no monomer (Table III). A lower 
result was observed for the swelling of polystyrene con­
taining residual monomer with butyl methacrylate and this 
is presumably due to the greater incompatibility of the 
more polar monomer.

Comparison of the rate of swelling of polystyrene by 
styrene and the rate of growth indicates that the diffusion 
of monomer into the particle is not rate determining. 
However, the propagation rate of butyl methacrylate (and 
of other acrylate monomers) is faster than that of styrene, 
and this, coupled with a lower swelling rate, suggests that 
absorption into the particle is the limiting step. Hence in 
neither case is there any need to postulate a hetero­
coagulation mechanism for the shot-growth process.

2. Overcoating of Core Polymer Particles. Neither 
TEM nor PCS would be able to show the presence of 
secondary nuclei prior to heterocoagulation with the core, 
in the former case because their size would be below the 
limit of resolution of the instrument, and in the latter 
because their contribution to the light scattering would be 
swamped by that of the larger particles. In principle, it 
should be possible, by assuming a constant particle number 
density throughout the coating reaction, to deduce the 
presence or absence of secondary nuclei by calculating 
whether the increasing solids contents during the reaction 
could be accounted for by the increasing particle size. 
Unfortunately, the errors inherent in the size measurement 
render this test insufficiently sensitive.

Besides increasing the rate of particle swelling, the re­
sidual monomer will also influence the polymerization of 
the coating monomer. In this respect, it is interesting to 
note the results of Mangeraj and Rath (1972), in particular, 
the effect of a small amount of styrene increasing the rate 
of polymerization of acrylate monomers, in emulsion co­
polymerization systems. Thus, the overcoating reaction 
is very sensitive to the amount of styrene remaining in the 
particle. In some cases, the reaction had reached com­
pletion in a shorter time than was predicted from the rate 
of pure acrylate emulsion polymerization.

It has been argued above that the locus of polymeriza­
tion of the coating monomer is likely to be at the parti­
cle/water interface whereas the residual styrene will po­
lymerize within the core. However, consideration has to 
be given to the fact that a large amount of the monomer 
remains in the aqueous phase, and its behavior there will 
strongly influence the outcome of the reaction. The sol­
ubilities in water, and rates of polymerization, of acrylate 
monomers are greater than those of styrene. This will 
promote the formation of oligomeric radicals, which would 
normally be expected to micellize or coagulate to form 
secondary growth. That this does not occur is presumably 
due to a high capture efficiency of the core particles. It 
is suggested that this high capture efficiency is due to the 
shell monomer actively polymerizing at the particle/water 
interface and thus becoming covalently bound to the core
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T a b le  I I I .  R a te s  o f  S w e ll in g  a n d  G r o w th

A. Styrene/Polystyrene

latex Chung-Li et al., Goodwin e t al.,
MC88 MC85 A RG 62A flask B steam-stripped

m onom er content, % 6.6 0 growth not stated 0°
initial size/nm 160 572 222 2890 425
final size/nm 182 588 290 2930 512
tim e/m in 10 10 28 60 10
tem perature/K 353 353 353 333 298
1 0 3 rate/cm 3 min-1 cm '3 47 .2 8.63 4 .39 1.50 7.48

B. Butyl M ethacrylate/Polystyrene

latex latex

MC89 MC92 MC89 MC92

m onom er content, % 6.6 growth tim e/m in 10 10
initial size/nm 160 259 tem perature/K 353 353
final size/nm 173 282 1 0 3 rate/cm 3 m in '1 c m '1 26.4 29.1

a Assumed, since latex steam-stripped.

F ig u r e  5. SEM of fracture cross section of film cast from latex 
MC10 (prepared by shot-growth method). Magnification, 6165.

particle and thereby unable to transfer back out of the 
particle.

Evidence for the direct combination of acrylate mono­
mer units with free radicals at the core particle surface 
comes from a comparison of scanning electron micrographs 
of films cast from overcoated latices. Figure 5 shows the 
fractured edge of a film cast from latex MC10 (prepared 
by the shot-growth technique). There is a clear contrast 
between the polystyrene core particles (dark) and the 
polyacrylate coat (light) which has presumably been 
stripped off the polystyrene core and then has collapsed 
back on fracture. The small globules adhering to the core 
particles have been interpreted as polyacrylate chains 
directly bound to the core particle surface. Clearly, this 
direct combination cannot occur during a seeded growth 
reaction, and this is confirmed by Figures 6 and 7, which 
show fractured edges of a film cast from latex M Cll 
(prepared by the seeded growth technique). Figure 6 
shows an edge fractured at room temperature, revealing 
a separation of the acrylate coat from the underlying seed 
particles, some of which have anomalous regions observed 
by Cox et al. (1977). None of the exposed core particles 
shows the small globules of acrylate polymer.

Figure 7 shows an edge which was fractured at liquid 
nitrogen temperature in order to retard the flow of coating 
polymer as much as possible. Here, some of the coating 
polymer remains attached to the seed particles. Where 
this occurs there is only one globule per seed particle (cf.

F ig u r e  6. SEM of fracture cross section of film cast from latex 
M C ll (prepared by seeded growth method). Fractured at 293 K. 
Magnification, 6165.

F ig u r e  7. SEM of fracture cross section of film cast from latex 
M C ll. Fractured at 77 K. Magnification, 6165.

Figure 5, where several small globules are attached to each 
core particle) and no globules are visible on seed particles 
displaying anomolous regions. This indicates that at room 
temperature, extensive coating polymer flow occurs on 
fracture and that polymer contained in the anomolous 
regions is removed. This suggests that direct binding of



176

coating polymer to core particles occurs in the shot-growth 
process, as is demonstrated by the retention of acrylate 
polymer on the core particles for the “shot-growth” fracture 
section at room temperature.
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