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SYNOPSIS

• Several detailed aspects of the preparation and 
characterisation of polystyrene latices produced in the
absence of added soap have "been studied,,

Kinetic experiments have 'been carried out at varying • 
temperatures* These studies showed that the rate of poly- 
tier I cation per particle was directly proportional to the 
par l.icle radius and. that growth did not appear to occur 
solely within the particles, nuclei being continuously 
foriU'Vl. in the aqueous phase which undergo heterocoagula- 
tic11 with the primary particles.

The presence of 1 anomalous particles* has been con
firmed and investigated. Their formation is due to the
removal of monomer from the particles prior to electron 
microscopy. The monomer concentration within the part
icles is heterogenous, this heterogeneity is probably due 
to the presence within the particles of a region of low 
molecular weight ( ~ 1000) material which arises during
p ar t i cIe nuc1ea11 on.

Particle nucleation is thought to occur via either a 
precipitation or micellisation process involving free rad
ical oligomers of ~ 500 molecular weight. It is demon
strated that if this is the case and these nuclei aa?e 
stable, they can become unstable on further growth* Coag
ulation then occurs until stability is regained. An init
ial decrease in number _pf_gartici.es has been .pbservedl _
in all reactions studied using electron microscopy. A sim
ilar decrease has also been observed in {reactions followed 
using laser light scattering. ;

It was found that steam stripping was an efficient 
technique-for removing monomer and benz aldehyde from 
la I * •’•os, these moieties being present even after prolonged 
di A Mis, Benz aldehyde- was found to be capable of initia- 
tl:\ styrene polymerisation in the presence of light to 
p‘* ' 'u?e a latex, and also the presence of benz aldehyde 
■villfui a latex could result in the incorporation onto the 
particle surfaces of weak acid groupings *



The use of potassium peroxydiphosphate. as an init
iator for emulsion polymerisation has 'been studied.. It 
was found incapable of initiation when used alone. In the 
presence of heavy metal ions latices were produced, stabil
ised by phosphate groups. When used in conjunction with 
sodium metabisulphite latices were produced predominantly 
«t, mi Llised by sulphonate groups. Sulphonate and phosphate 
groups were found to be much more stable to hydrolysis 
than sulphate groups.



CHAPTER I

A• EMULSION POLYMERISATION IN SOAP CONTAINING- SYSTEMS *

1 ) Emulsion polymerisation
The term emulsion polymerisation* if rigorously 

applied, should only he used to describe systems in which 
a monomer emulsion* .produced "by agitation in the' presence 
of ?iM of ace—active agents, undergoes polymerisation to 
produce a suspension of• polymer particles of colloidal 
dimensions, i.e. a latex; the continuous medium in nearly 
all cases being water. However, it has also been applied 
to other systems in which the product is a latex but the 
initial system is not an emulsion, e.g. the polymerisation 
of water-soluble monomers such as acrylonitrile and vinyl 
acetate, whose polymers’are insoluble; and more recently 
to the polymerisation of water-insoluble monomers in the 
absence of added surface-active agents* Hence, a wider* 
definition of emulsion- polymerisation could be: that 
process whereby a monomer dispersed in.water undergoes 
polymerisation to produce a dispersion of polymer part
icles of colloidal dimensions*

That emulsion polymerisation Is not merely the 
polymerisation of monomer droplets is evinced‘from the 
fact that the emulsified monomer droplets are seldom less 
than 1 jim diameter, whereas the polymer particles- pro
duced are of the order of 0.1 jum diameter. If the product 
of the polymerisation is a suspension of relatively large 
parllcles then the process Is termed a suspension poly
mer I nation*. Although the definitions sometimes overlap, 
sunpm'ision polymerisation shows similar characteristics 
to l/ite polymerisation of bulk monomer where the apueous 
phr.uio plays a minor role (l).

. ... W. ... >.b. ... .   i ........A. ..



2) Industrial Application.
barge tonnages of polymers are now produced indus

trially by emulsion polymerisation,, since it has' the 
advantage that the rate of reaction can be increased 
w:i. iliout the subsequent decrease in molecular weight 
apparent in other systems. In bulk, suspension a; 
solution polymerisations the rate of reaction 
and the molecular weight of the polymer formed ar 
inv-'psely related. An increased rate of polymerisation: 
duo l,o an increase in the rate of radical production 
rer-mUs in an increased rate of termination and hence a 
decrease in the molecular weight. In emulsion systems' 
however, the polymerisation occurs in a large number of 
physically isolated regions, and hence it is possible for 
the rate of reaction and the molecular weight to increase- 
simultaneously. The dispersions formed are. also easier 
to handle than the products from other polymerisation 
systems, and any heat generated within the system is 
easily dissipated via the aqueous phase. The industrial 
process is complex, involving as it does an overlap of 
technologies between polymer chemistry and surface chem
istry* Typical industrial, systems contain not only 
monomer, water, initiator and emulsifier, but usually a 
mixture of several emulsifiers, activators7~buffers, 
chain-transfer agents and other additive's In order to 
produce a product with the desired properties* Monomers 
commonly employed include: a) acrolein, b) aerylonitrile, 
c) butadiene and its '-derivatives, d) chloroprene, 
e) ethylene, f) isoprene, g) methyl acrylate and other 
acrylate esters, h)methyl methacrylate and other meth
acrylate esters, i) vinyl acetate and other vinyl esters, 
j)vinyl chloride, k) vinylidene chloride, l) styrene and 
its derivatives and various co-polymer mixtures of the 
abovo*

The mechanisms of polymerisation vary from monomer 
to monomer, some form polymers in which the monomer Is



insoluble (vinylidene chloride), others where it is 
soluble (styrene), and others which form precipitating 
polymers such as acrylonitrile.
3) Monodlsnerse Latices

Using the system of emulsion polymerisation it is 
possible to produce latices having very, narrow size 
din l.sibutions (standard deviation <2̂ 5), the size of which 
can be varied by altering the reaction conditions. The 
Dow Chemical Company (Midland, Michigan) has been pro- 
duo j fig commercially monodisperse polystyrene and poly- 
vin.v I.toluene latices for about twenty years. Wachtel 
and fjaMer (2) have used the term monodisperse to describe 
sols having a co-efficient of variation in the mean of 
the diameter of <10^. Monodisperse latices have found 
applications in a wide variety of scientific fields e.g.
a) calibration of instruments and techniq/ues such as 
light scattering instruments, optical microscopes. Coulter 
counters and ultracentrifuges, b) medical diagnostic tests 
for rheumatoid arthritis, trichinosis and human preg- . 
nancy etc., c) counting of viruses, d) purification of 
antibodies, e) determination of the pore sizes of filters 
and biological membranes, f) investigating the kinetics 
and mechanism of emulsion polymerisation, and many other 
uses. However, the use of these latices as model colloids
has several drawbacks . In order for., t he. JLatexjbo be used
as a model colloid it is necessary that the nature and 
number of the ionogenic surface groupings be known. The 
presence of adsorbed surfactant at the particle/water 
interface will affect this and its complete removal is 
essential. In some cases the removal by dialysis or ion 
exchange results in the latex undergoing flocculation or 
coagulation (3,4), and in the cases where removal does 
no I lead to coagulation, the actual process of removal 
io either lengthy, as in the case of dialysis, or is 
subject to some doubt, as in the case of removal by ion 
exchange resin (5).



U) History of Emulsion Polymerisation
The earliest investigations into emulsion poly

merisation date from 1910 (6,7) and arose from attempts 
to simulate the formation of isoprene in the ruhher tree„ 
In I.his early work protective colloids such as gelatin, 
egg albumin, blood serum and milk were used to stabilise 
the emulsions, but the reaction times of six weeks were 
found to be impractical. It was later realised that the 
pol'/merisation was catalysed by the decomposition of 
pern/tides formed by the autoxidation of the monomer and 
it vvtia not until 1926-27 that soap and initiator were 
employed for the production of synthetic rubber latices 
(8-10)» In 1932 the commercial production of polyvinyl 
chloride was started at Ludwigshafen (ll) . Over the last 
44 years the amount of polymer produced by emulsion poly
merisation has increased considerably, i.e. in 1960 the 
production of synthetic rubber in Britain was 100,000 
tons/year, and in 1970 this had risen to 300,000 tons (12).

Eikentscher (13), in 1938, was the first to express 
the view that in emulsion reactions the monomer dissolved 
in the aqueous phase polymerised rather than that present 
in the emulsified droplets, the dissolved monomer being 
replenished from the monomer droplets and the rate of 
polymerisation remaining constant unt i 1... the... dr op.l e t s.. 
disappeared. The Second World ’War spurred a considerable 
research and development effort into the commercial pro
duction of synthetic rubbers (styrene/butadiene copolymers) 
and the results of this work were published independently 
after the war by Yurzhenko et al (14) in the U.S.S.R., and 
Harkins (15) In the U.S.A. Harkins’ (15) qualitative 
theory of particle formation in these systems containing 
surfactant above the critical micelle concentration has 
become generally accepted, and in 1948 Smith and Ewart (16) 
quantified Harkins’ mechanism.
5)' I' roc esses Occurring During an Emulsion Polymerisation.

A. typical free radical polymerisation proceeds as

- A
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follows:
A free radical initiator I undergoes cleavage to produce 
two free radicals, ^

x i _ i > 2 R ’ —  (1)
These free radicals then react with, monomer to form a 
polymeric radical, ^ .

R* + m — IL* Rir — - (2)
lc

RM* + nM  E~> R(M)nM* — - (3)
Compnhing with the reaction of polymeric radicals with, 
monomer are various termination reactions:
a) Hombination : ^

ft (M) nM * + R(M)mM*  R(M)nMM(M)inR — - (4)
b) Disproportionation:

R(M)nM* + R(M)mM*  R(M)nM^ + R(M)mM*— -(5)
c) Termination with primary radicals (R‘) can also occur:

R(M)nM* 4- R* R(M)nMR
A number of chain transfer reactions are also possible:
a) Transfer to monomer:

R(M)nM* + M — — R(M)nM'+ TvP —  (6)
b) Transfer to initiator:

R(M)ii?r + 1  — R(M)rM\ I* • (?)
c) Transfer to polymer:

R(M)n1T + P ^ R(M)nMr+ P° —  (8)
6) The Harkins Mechanism    — ----- -- -

The mechanism of emulsion polymerisation in the 
presence of surfactant micelles proposed by Harkins (15) 
can be summarised as follows: initially both emulsifier
and monomer are present in three loci (Pigd.)« The 
emulsifier is present mainly in the form of micelles which 
are In dynamic equilibrium with emulsifier molecules 
dis'Uilved in the water, the rest of the emulsifier acts 
to uinbilise the monomer droplets* The monomer is present 
in solution, as droplets and solubilised in the emulsifier 
micelles. There are about 1 0 micelles per millilitre of 
watim at the concentrations usually employed (17), each of
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which contains approximately 100 soap molecules (17) and
has a diameter of a"bout 5nm (17). The size of the. monomer
droplets depends on the. intensity of the agitation* 'but •
they are not usually smaller than 1 - 10 ym* with about rj '10’ of these droplets per millilitre of water for a
typical recipe (17).

Upon addition of a-free radical initiator, e.g. -
potassium persulphate, free' radicals are formed at a rate
dependent upon the temperature. With potassium persul-

13pha Ui at 323 K approximately 10 radicals are formed per 
milt 1 Litre per second at the usual concentrations employed. 
It J.h unlikely that these radicals can enter the monomer 
swollen anionic micelles "because of electrostatic repul- 
sione, However, reaction with the monomer dissolved in 
the water phase results in the formation of free radical 
oligomers which hecome surface-active at a certain chain 
length. The emulsifierr in the micelles being in dynamic 
equilihrium (residence time 0.19 sec, (18)) with that 
dissolved in the water is then presumably capable of ex
change with the new surface-active species.

That the monomer swollen micelles should be the main 
site of reaction rather than the monomer droplets is seen 
by comparing the surface areas of the two, where typical 
formulations contain micelles having a sixty fold advantage 
in surface area over the droplets.

In the interior of the micelle the free radical end 
of the oligomer encounters a high concentration of sol
ubilised monomer and chain growth proceeds rapidly. The 
propagation rate constant, k , in persulphate initiated 
sty retie polymerisations' at 318 K has been found to be in 
the range of 120 - 170 I moles”"'1’ sec""'1' (19-22) . In the 
polymerisation of styrene at 323 K a micelle being “stung11 
by * -radical expands in one minute to aboiit 250 times its’ 
or in Inal volume. Not all the monomer used in this growth 
is originally present in the micelle, but diffuses to the 
par Uiele from the droplets via the vmter phase. The in-

 ..m. i: i M ? .  a  t  i y i t & M  S t i f  * y  t i l  I ,. . . . . . . . .
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creased polymer/water interfacial area is stabilised "toy 
the adsorption of emulsifier from solution and 'by the,, 
disbanding of soap micelles which have not been ustung1’ 
hy a free radical. Thus, only a small fraction of the 
original micelles "become growing polymer particles, and'15the final latex usually contains some 10 particles per 
millilitre. Harkins reasoned that when all the micelles 
had disappeared no new particles could "be formed.
B . THE KINETICS OF EMULSION POLYMERISATION.

Bmulsion polymerisations are usually divided into 
throe intervals:
1 )  i nterval I  -  during this Interval an initially two 
phasa system (water and monomer) becomes a three phase 
system due to the formation of polymer particles, Interval 
I is complete when N, the total number of polymer particles 
present within the system, becomes constant.
2) Interval II - this lasts from the end of Interval I 
until the system again consists of two phases: monomer 
swollen polymer particles and water, During Interval II 
the number of particles remains constant, as does the
monomer concentration within the particles- G-ardon (26) ■
has pointed out that the polymer particles will not swell T-
indefinitely even if the monomer was a good solvent for 
the polymer. As the particles swell, then their Inter- 
facial free-energy increases, and at equilibrium .the., in- 1
crease in interfacial free-energy is balanced by the free 
energy of mixing. Indeed, the theories of G-ardon (26) 
and Morton et al (19) and published experimental data 
(22, 26, 2?) indicates that the equilibrium volume frac- . 
tion of the monomer at saturation is independent of the 
part,tele size and is essentially constant during Interval 
IX.

'Che equilibrium for swelling of the polymer particle 
by monomer is determined by (28):

  '.. - . . . . . ... . ... S f c i l



RT i In 4> + (1 + m  ) 4>i> + x $ +\ m ' p p
3
P

= 0 (2)
Thus, for constant 7 the equilibrium concentration will 
increase with increasing r ? and this increase will he less 
pronounced the higher the value of x . Howeverthe in- 
ermine in r will he accompanied ‘by an increase in r if no 
furiber emulsifier is added. Also, during Interval IX it 
is unlikely that the particle radius will increase by more 
than a factor of 3, hence the assumption of constant mon
omer concentration seems reasonable.
3) Interval III - this lasts from the end of Interval II 
until the end of the reaction, during this period the 
concentration of monomer dissolved in the polymer and 
water phases dec r ease s.*•
C. THEORETICAL TREATMENTS OR INTERVALS I, II AND III *
1) Interval I. Smith' and Ewart (16) were the first to 
formulate theoretical upper and lower limits as to the 
number? of particles generated. These were based upon 
three assumptions:
a) that the interfacial area, au of a surfactant mole- / g ?
cule absorbed on a soap saturated polymer particle was the 
same as that when it was part of a micelle.
b) that the uptake of free radicals by the micelles and 
latex particles was governed by the laws of diffusion*
c) that the rate of polymerisation was constant \yithin 
polymer particles once nucleated.

The upper limit was derived from the basic assumption 
that free radicals only* enter micelles - obviously untrue 
as evinced by the continued polymerisation after the dis
appearance of the micelles.

Assuming a constant rate of increase in the volume 
of MMoh particle, m , then the surface area of a single 
■par Mole, a" , which was nucleated at time r* at a 
subsequent time t is given by:

2'3 2-'3
= e(t - r*) , —  (io)



where 0 “ (4 7r )2 3M
The total polymeric area per unit volume of emulsion,
at time t is thus:

t
h..P p ❖ a r *t

9

d r * (11)
where p * is the rate of entry of free radicals into 
micelles.
Then

A.P 0.60 P * 0 t 3 ( H i )

When A = a S , where S is the weight concentration of p s s9 s
surfactant, no micelles remain,
complete at a critical time, tcr

cr
Hence-1

K

0.60

Thus, Interval X is 
, where:

3
= 0.53

cr 0.53
3

ci _ Os s

(12)

(13)
To calculate trie lower limit Smith and Bwart (16) assumed 
that the effectiveness of radical capture per unit area 
was independent of the sise of the species on which the 
area was located, i.e. particles can capture radicals with 
the same efficiency per unit area as micelles.

The rate of nucleation is obtained by decreasing p * 
by the fraction of free radicals which enter polymer 
particles:

Mat p *

Then,
drF
at ‘"s

a S s si

p*Q
as8s

( t - T * ) m

(14)

(15)

Snil !.U and Ewart obtained an approximate solution for this 
equal,ion: 2 3 .



This was later proved correct 'by Gardon (89) using a more 
exact numerical analysis. Thus:

/ - 5NT = fc( p p  (a S ) 5 —  (IZ)
\ A* 7  ®  s

where 0.37 < k < 0.53.
Gardon (29) has argued that the Smith-Ewart 'lower 

1 ini I I; is the true prediction of F, based upon geometrical 
arguments on the probability of free radicals in solution 
bed hg captured by particles and micelles at a rate pro
per bj anal to their surface area. His argument involves 
the assumption that the absorption rate of free radicals 
by particles or micelles could be described by collision 
theory, an assumption also made by Fitch et al (30) i.e.,

R c = 4 * w E riS h  . , -  (18)
oor R* « r (proportional to the surface area of the 

particle). Diffusion theory, however, considers that the 
absorption of free radicals is influenced by the concen
tration gradient present around free radical sinks, such 
as micelles! and particles. Assuming irreversible absorp
tion then the first Fickian law (31), given by

t'fi v—\R = 4 it D C > r . H . /,-ve w w Z ^ r i i > —  VIS)
assumes that the diffusional path length is much greater 
than the particle size, i.e. p̂  «; r and the free 
radical flux per unit area should be expected to be 
greater for small particles and micelles«, Recent results 
by Fitch et al (32) involving both seeded and perfectly 
homogenous solution emulsion polymerisations of methyl 
methacrylate indicate that the process of radical capture 
is diffusion controlled. A. later interpretation of the 
resit Lbs for seeded growth lead Pitch (33) to conclude 
tha I bhe collision theory gave a reasonable estimate of 
the capture rate, but that the mechanism of radical cap
ture was diffusion controlled. LaMer and Reiss (34,35)



showed that growth occurs in some aerosol and hydrosol 
particle systems by a simple diffusion mechanism.

Smith and Ewart predictions of a constant rate in. 
Interval IX, with an average number of free radicals per 
par hide, n, indicate that there should 'be a maximum in 
tin* rate of polymerisation at the end of Interval I, In 
thai.r upper limit calculation n - 1, and although they 
did not calculate the value of n for the* lower limit, 
thl.M has heen calculated hy G-ardon (29) to be ~ 0,67, 
However, the most careful rate determinations have not 
exhibited the expected maximum, and Gardon has proposed 
that*, this is because the predicted maximum is experi
mentally indetectable. A numerical analysis carried out 
by Parts et al (36) indicates that it should be detect
able *

It has been shown by several workers (-37-40) that in 
some types of emulsion polymerisation free radicals are 
reversibly absorbed, and are only irreversibly absorbed 
after the addition of sufficient monomer units to make 
them either practically insoluble or surface-active.
Hansen et al (28,41) have recently applied the second 
Pick!an law to the system of radical capture by polymer 
particles. The equations they derived indicated that 
particles containing one radical would jfcnnd to. jibs orb 
radicals at a higher rate from the. water phase than 
micelles or particles containing no radicals. It can be 
seen that a second radical entering a small particle could 
be terminated before desorption occurred. They concluded 
that the average number of free radicals in Interval I 
would never exceed n = 0.5, hence the expected rate in- 
eracue would not occur.
2) Interval II. The two most important parameters of
polymerisation, reactions are the rate of polymerisation,
R , mid the average degree of polymerisation, DP, DP is Pthe average number of monomer units per polymer molecule. 
The pate of polymerisation is given by:



Now:

Thun

Rp = kp [m] [a*] , —  (20)

(81) 

(22)
and: P / '̂ \ 2

[ M] —  (23)

The above two relationships agree well with experimental 
data for "both bulk and solution polymerisations • In 
emulsion systems, the discrete- nature of the reaction 
loci has to he considered, especially with regard to R.t, 
which is much lower in emulsion systems ‘because a radical 
isolated in one particle cannot undergo termination with 
one in another.

In hulk and solution systems,
rj f -n *] *3

" ~ d t — ~ = ‘ ̂ t  t ® ? which can he rewritten
as:

R. =s 2k ̂ •— —  x , where n- is the number of
free radicals in reaction volume v. This equation assumes 
that a free radical can react with Itself“as“well as with 
others. In hulk and solution systems n is large and the 
approximation is valid. Hoy/ever, In emulsion systems n 
is small and the more accurate expression:

R.. = 2k, /iSA x A —  (24)
v v

is used, and R^ thus depends on the distribution of the 
r a litimls among the par tides*

l‘.t is usual in emulsion polymerisations to set the 
ratu of reaction equal to the rate of reaction within a 
single particle multiplied by the total number of part-

12



icles present:
5  f j  k [ M  ] n N

» P - - 4 ~  - ^ - 4 * ----  -  <SS
Smith, and Ewart (16), and later Haward (42), applied

a b ieady state condition to Interval II, assuming that
t Ri remained constant, in order to’obtain information on
n Lite average number of free radicals- per particle• The 
steady state implies that the rate of formation of part
icles containing n radicals, N n , is constant and there- 
fora equals the rate of their disappearance. Particles 
conluLning n free radicals are created by three processes, 
the entry of a free radical into K~n_-| particles, the exit 
of a single free radical from N particles, and the 
termination of two free radicals in particles.
Similar processes in Fn particles result in their dis
appearance

(rn-2) (nfld 5 

(26)

Wn-1 ItT/ + ti+l I N„ I v Kn+2 v /

(K  s '

7 *A
This equation can be simplified, to gives

aNn~ 1 + ^n+l (n+1) + Nn+g.(n+2)(n+l) s F ^ a  + mn+n
(n-l)), # v ■ —  (27)
wheiie ot = pf A v [ and m\v /
r is the interval between successive free radical entries, 
a is indicative of the radical initiation rate and part
icle size, m is indicative of the rate of radical transfer 
out', of the particles to the rate of termination within the 
par t t oles.

In a recent paper by Ugelstad et al (41), the term 
k H is replaced by k, (= the rate constant for desorption
.0 CL f
V

of radicals from the particles)* The term kg S
~v”

13



indicates that the rate of desorption of radicals from 
a particle should he proportional to the. surface area of the 
particle* Ugelstad et al believe that this is only' true- 
in the case of small particles*

/Progress in solving this recursion • relationship has 
been made by Stockmayer. (43), OrToole (44) and Garden 
(43)* Smith and Ewart (16), lacking computer facilities, 
were forced to calculate solutions for three limiting 
con (11.1 ions:
a) Muse 1, n<< 0*5: the rate of radical entry is’much
lean than the rate of their disappearance (m »  a),.
*>) Oase 2, n ^ 0.5: the rate of termination of radicals
is faster than the rate of entry and transfer of radicals
from the particles is negligibly small (m << a < l)•
c) Qase 5, n>> 1 : the rate of entry of free radicals
is much greater than the rate of loss*

Smith and Ewart considered Gase 1 in two different
ways:
i) Termination in the water chase dominating* They 
determined that:

V.n . = lov-  / a ~PJ >. V Ktw/ H
*where a is the distribution coefficient between radicals

/ [  R 81 ^in particles and in solution = [1 ■ p
\ [R * ] w

Hence, v r „n , .

(4 )  * *  V  -  ®
The situation that termination in the water phase is 
dominant is improbable in emulsion polyinexdsatiorscarried 
ont. tri water. However, it has been observed in nonaqueous 
emu ! u ton polymerisation (41) «
ii) Termination in the particles dominating* They deter
mined that: / co \ jl

I p V  \ 2  ( o d \



and thus the rate of reaction is given 'by:
k [m L  / A / Nv ' 4

V  ( p “ ) ‘  .  - -  (S O )

Smith and Ewart found that the results generated 
from Case 2 fitted experimental evidence "best. Free 
radicals enter small particles singly, and the entry of a 
second free-radical is accompanied hy rapid termination, 
i.c# the time interval between successive free radical 
entries is long compared with the time taken for two rad
io a I h within a single particle to undergo mutual termin
ation (n =* 0*5).
Therefore:

tR'] = §j- , —  (31)A
and:

and;
RP = kP w  h~  * ' -’A

DP = k [M] J _  . __ (33)

Thus, the rate of polymerisation is independent.of the 
size of the particle and of the rate of entry of.free rad
icals, and during Interval II remains constant as does DP, 
i.e. JT will also remain constant during Interval II.

For Case 3 (n >) l), Smith and Ewart—only~considered 
the situation where the rate of desorption of radicals was
zero, i.e; . -r . 4

1 ( ~0
n - N \ 2kt ) ’ ~~ ^

and hence: k f . y i

\  » ^  ( i f )  -  <M)

The rate of polymerisation therefore depends upon the 
square root of the total volume of polymer and a plot of 
the square root of the percentage conversion versus time 
should he linear.

Stockmayer (43) obtained a general solution for the 
Smith and Swart recursion eauation:



5 ■ $  r" " s - <M) 

ffirlWaV /inrilal
and,

a - f O T m ? - 1 ” (IZ)
I-rn n be. are Bessel functions of the first kind,, and
aa~ w 8a For small values of a, i«e, slow initiation 

ra(.m3 or small particles or 'both, equations 36 and 37 
'become:

^ = / 1-m \ + ( a \ for m < 1, —  (38)
\ 2 )V2-® )

and,
n = ~ for m > 1 —  (39)m

Equation 38 reduces to Smith and Ewart Case 2 for vanishing 
m and oc,

For large a, I.e. rapid initiation rates or large
particle size, the corresponding equation Is:

H  =  ( | )  +  ( i = a » y  -  ( 4 0 )

Stockmayer also considered the case of negligible 
desorption when p ~ pw and determined:

n = , „  (ii)

(4S)
which for values of “ )> 10 becomes approximately:

n (i)1 s

which is equivalent to the Smith and Ewart Case III,
O’Toole (44) has criticised on physical grounds the 

solution obtained by Stockmayer when the rate of radical 
desorption is small but finite (0 < m < l). He obtained:

n mi a
'm-l(a)

(43)

In Uie cases where a and m are much smaller than unity 
equi\ 1;ion 43 beeomes:

a - -- (M)d a
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'where k^ is the rate constant for capture of polymeric
cl

radicals by a zero order absorption from the, aqueous phase 
or intra-particle initiation, and k^ is the rate constant 
for the first order desorption or chain stopping transfer 
of polymeric radicals* It can he seen that when k^ — > 0, 
then Pi -— > 0.5, i.e. Smith and Ewart, Case 2 . In the 
special case where m =.0 then,

PI
a = m i . - C m )

so I.hat the rate of polymerisation becomes:
•d |, M 

dt; = f e )  “  P w ( f )  2 ( r ^ )  > -  <«>

which can be compared with the Smith and Ewart x'ate 
equation for Case 3, where the compartmentalisation of 
the free radicals is expressed by the factor (£ o m )  -

W l C  a)/
Crardon (45) has noted that the foregoing theories 

of Interval II make at least two approximations that could 
lead to significant error; (i) the steady state approx
imation may not be valid in that the number of reactive 
intermediates (free radicals) could vary considerably, 
and (ii) that in solving the recursion equation v was 
assumed to be constant, which is not the case as it must 
increase during the whole of Interval II. However, the 
necessary requirements for the application of a steady 
state approximation is not that v should be constant, 
but that the rate of change of v should be a slow process 
compared to the rate at which the steady state value of 
n, corresponding to a given value of v, is established.
It Ims been calculated (28) that the rate of radical 
generation during Interval II is an order of magnitude 
greater than the absolute increase with time of the total 
number of radicals during Interval II and thus, the above 
condition is likely to be fulfilled.

Gordon (46) also set out to define the systems to



dt dt M
where F ' is the volume .of polymer formed,v
and * I a4 L«xj ~ - m , —  (49)iVi m ' m

18

which the equations related: '|§§
i) That all reactants are added at the ■beginning of the 
reaction, that a single monomer is used, and that the 
temperature is kept constant. -
ii) That the initiator-is soluble in the aqueous phase 
only, and that the half life is much longer than the 
time of the polymerisation reaction.. This overcomes the 
criticism with regard reactive intermediates stated 
earlier.
(ill } That micellar soap is used at a concentration such 
that- all the effective radicals are adsorbed into the oil .
phase *
(iv) That the rate of diffusion of monomer to the part
icles is greater than its1 consumption by polymerisation*
(v) That the soap is an efficient emulsifier for the if 
monomer and,that it is adsorbed strongly by the polymer.
(vi) That the polymer is insoluble in the aqueous phase-.
(vii) That the monomer is a good solvent for the polymer.
(vili) That the polymer and monomer do not undergo hydro
lysis during the reaction,,

Gardon applied the more general non-steady state ex
pression for the number of particles containing n rad
icals s •
dh 1ST , /k A BL /k.A  ̂ _
at~ .= p"ir~ + \V7 ̂n+s}(n+ )̂®'n+8 “ " \v"/n n̂"f wn, ,.§|

—  (M) |
Equation 46 describes the case for negligible desorption. • )3l
The rate of reaction is' given by: :jj|

- 4[m 1: d , ~  (48) 1
i f

Thus , d Pv
dt

k  
____R
~ ha

0M r  1,5 =P
2 n  * B , —  (50)

where B ~

sna

dm
dP

—  (51) rr.

1-
. * 5 _ » \  ̂ . „* : \ , ■■ . - >fj.. . - _• «— v\ r:, 1 ” f ^  **

 ii...,, l'i ..,, A .  ill.!'...',,,



i.e. the Smith and Ewart rate for Case II.
The particle volume is given "by, v = P

Then, eliminating time and v from equation 47 ‘toy insert
ing, from equations 50 and 52,

-  /  1 lHn \  /  P \  ( k  J K  i - * . !  ) \ r
\ ':IEV/ = W  (Nn-l"'V )[Nn+2(n+S)(n+1)-

Fn(h)(n-1)] —  (53)
Alim, n = , and M" = ^

Garden solved this equation hy introducing the following 
dimeuoionless parameters: , .

Z = 0 .1397  f  fiB W  , —  (54)

proportional to conversion*
x  «  0 .6 98  —  (55)

proportional to time, and:

( 1  ~  4 > m )  " "  ( ~ § )

Then:

5afr, _ R Hi <X_n - ?„) + ££S I “ n(n-l)f
dz

_n & 3.81 ^n-1 ~ ^n} * {~~j ĵ (n+2) (n+1 ) n̂+2_. n

where t- ~ N, , and = 1, and n = \  nf ,n JLJ& nF

(57)

Gardon solved the ahove equations using the boundary con
ditions that Z = 0, f = f^ s= n = 0,5 and f = 0 (n'k 0, l) 
and found that for all practical purposes the solution was 
identical to that of Stockmayer (43)* Garden also found 
that the values of n could he predicted with an accuracy 
of hotter than 8% hy the empirical relationship:

2 \ 0*5



where A = 0*102
1.94 1.94 1.94

k
(%\0.94 Id / 0.94-

kt \ P/ (l-%) KA
Ugelstad and Mork (47) have suggested a simplified 

expression for n:
—  (59)n (0 .85 + |.) .

Comparison of values of n calculated from equation 59 
between x = 0 — *100 deviate hy 'less than 4^ from those 
oh I.slned using the Stockmayer relationship.

According to the Smith and Ewart theory, the mole
cular weight during Interval XI should remain constant. 
They therefore derived the following equivalent equa
tions j

Mn
M.n

and: M.n

SBy P

W rdm
p

0 *,318

(60)

0.4
dmk# M asSs

The treatment of G-ardon gives:
4A3T.d_ J L £B fi

Mn p( (63)
4A-TfB

kO.5”
v

Thus, G-ardon predicted that during Interval II the mole
cular weight should increase.
3) Interval III. During this Interval monomer is present 
hoth in the particles and dissolved to varying degrees in 
the aqueous phase. Thus, Interval III could he divided 
into three suh intervals (37) s If the monomer is reason- 
ahl.v soluble in the water, or in the polymer phase, then 
the. supply of monomer could be sufficient for propagation 
to remain the rate determining step. In fact the last 
55/-o of a styrene polymerisation occurs during Interval 
III (48). However, as the monomer is consumed the internal
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viscosity of the particle hecomes very high and the rate 
of diffusion to the growing free radicals hecomes rate 
determining. A third.,interval may occur through the

viscosity of the particle hecomes very high and the rate 
of diffusion to the growing free radicals hecomes rate 
determining. A third.,interval may occur through the 
changing monomer/polymer ratio within the particles 
reaching a glass transition point at the temperature of 
the reaction. This would lead to a virtual stop in the 
rate of polymerisation because the diffusion of the poly
mer bhains and the monomer is very slow under such glassy 
conditions (49).

The major problem in determining the kinetic theory 
of Interval III is the calculation of the decreasing rate 
of termination with increasing particle viscosity i.e. 
the gel-effect (50-52). This effect often manifests it
self with an increase in the rate of polymerisation during 
the latter stages of hulk polymerisation where the term
ination reaction hecomes diffusion controlled (49).

A recent kinetic treatment of Interval III has been 
carried out hy Friis and Hamielec (55), who made use of 
kinetic results from hulk polymerisation to determine k^. 
as a function of conversion, and used the values in the 
kinetic treatment of the emulsion polymerisation of methyl 
methacrylate. In applying the Smith and Ewart (16) equa
tion they neglected radical desorption from the particles. 
For the hulk polymerisation of methyl methacrylate Balke 
and Hamielec (54) found that:

The glass transition point of methyl methacrylate at 535 K

To use this equation in emulsion polymerisations x must he

where B and C are constants (-5.48 and -2.72 respectively).

occurs when there is 10% monomer present (28). Since k
irwil i be constant up to that point then:



set constant during Interval II, and equal to xQ , the 
conversion at the end of Interval II. (̂ q.) was se^
3.3 x 106 1 moles"'5" sec""5*. ^

The weight ratio of monomer to polymer in the part
icles (q) will he constant during Interval II*

% ! =  —  - ! .  ’ -  (66) c
The average particle volume in Interval II is thus;

V- = # ( >  + Jp- , -  (610

or;

1 /fxQF \,dp
xQo /:N I

m

v = + T - (1/xo ~ 1)) * "  ^p m
In Interval III:

Q Ix 1-x \
I t  dm /- = I2 H  + ~  (S3)

The rate of reaction Is thus given by;
ffl , _  (7 0 )
dt Q„ »A

During Interval II the value of [M] is given hy;

[ M ] — ,~z----- ----5— c , x < x , — * (71)L Jp /1-x + x^ d \ “ c * '— 1

{
and in Interval III hy;

(l-x)cL.
[MlP = / > T T I c i»\ \  • “  (zs)

\ dp/
From the Smith and Ewart (16) equation, values of n could*y*.
he calculated hy applying the values of kj. and v, an.d 
hence conversion versus time plots determined. Excellent 
agreement was obtained between calculated results and ex
perimental results obtained hy Zimmt (55).

Friis et al (56,57) carried out similar calculations 
for both vinyl acetate and vinyl chloride emulsion poly
merisations and in both cases obtained good agreement be
tween calculated and experimental results. They were also

22
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able to predict the molecular weight development for 
these two systems.

Apart from the equations relating to the total num
ber of particles formed, the preceding discussion of 
Intervals II and III should also be applicable to systems, 
con!.?»ining no added surface-active agents, provided that 
the system formed is stable, i.e. provided 'N remains 
cons bant.

Medvedev (23) has postulated an alternative theory 
of r  mi ul si on polymerisation.

It has been observed (24,25) that in some cases the 
total surface area of a latex remained constant during 
most of the reaction during polymerisation, this and the 
observation that the ra-Jbe of polymerisation was constant 
led Medvedev to propose that the adsorbed emulsifier layer 
was the principle locus of polymerisation initiation. He 
also postulated that initiation took place by transfer of 
initiator to soap in the aqueous phase, which then adsorb
ed onto the particle and initiated polymerisation. He 
also stated that the rate of polymerisation- was propor
tional to the square root of both the initiator and emul
sifier concentrations.

The possibility of deterministic and‘stochastic con
tributions to latex poly-dispersity have been considered 
by several workers (58,59). The deterministic contribu
tion arises from the formation over an extended period of 
time, and from dependence of growth on size. The stoch
astic contribution can be a consequence of the discrete 
nature of the participating steps.

Saidel and Katz (60) determined both deterministic 
and stochastic models of emulsion ■ polymerisation to 
predi.it the distribution of molecular weights. If the 
rate, of radical entry is much greater than the rate of 
termination n >0.5, then many polymer chains will be 
growing at the same time within a single particle. Thus, 
the rate of polymerisation in a single particle at any

23
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instant differs very little from the average rate , and a.
deterministic approach is. valid* When* the termination
rate is much greater than the rate of entry, n < 0.5,
it is unlikely that any particle contains more than one
growing polymer chain* Hence there is either- one or none
growing at any particular time, and-average-- .quantities are ‘4j|
nob adequate to characterise the polymerisation unless the rgpj
rate of radical entry and polymer growth are uniform with . Ht§§
rest met to one another. These authors have also extended ■■!|gyfSlthe stochastic approach in order to treat the case of more * :|||
than one growing chain per particle (61). However, Min . >llf 
and Ray (62) have shown that even the case with a small Jfj

* n-$£j|p
number of radicals per particle can he treated in a deter- -|i{§
miniStic fashion*

Saidel and Katz (60) found that the ratio of weight   _  :P
average molecular weight (M ) to number average (M ) was .w n ,'Sm22 for the stochastic model and 1.5 for the deterministic*

Brodnyan (63) showed that for a growth process given

*y: 1  = * ’ \ -- (23) ; U
-when! x = 3 a log normal distribution of radii resulted, .i
ijMx = 2 a normal distribution of radii resulted., >11

x = 0 the Smith and Ewart model pertained* iSiFor polystyrene, Ewart and Carr (59) found x c* 2 u|S
and Vanderhoff (64) x ^ 2.5. Brodnyan (63) found that 'fllrfor methyl methacrylate polymerisations, the rate per *;Mg
unit surface area was essentially constant, but a changing 
particle size distribution from normal to log. normal in- /J|f
dicated that there were two loci of polymerisation, the -;|jl
surface and the interior of the particles, the dominant one 
being determined by the ratio of surface to volume*.
4) nummary. Smith and Ewart (16) theory predicted that:
a) M « ■ [l] 2//g [E] 3/75.
b) Case 2, n = 0.5. lilt

i) R was independant of [ 1 j and v and was constant Jigp mthroughout Interval II as was the molecular weight,
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ii) That the conversion versus time curve was linear,
during Interval II«.
c) Case 3, n>> 1:

i) R was independent of N and increased throughout . p ,
Inl.*:cval II, being dependent on both [i] and % conversion*

!.i) that the percent conversion curve was convex to 
the time axis, (% C)2 « t.

! Li) the molecular weight increased throughout Inter
val II*
The extensions to the Smith and Ewart theory predicted 
tha 1.1
a) The rate of polymerisation and the molecular weight 
increased during Interval II.
b) That the conversion versus time curves were convex to 
the time axis*
h« EXPERIMENTAL EVIDENCE FOR THE' THEORIES Off EMULSION. 

POLYMERISATION- 
Smith (65,66) did a considerable amount of work to 

confirm the Smith and Ewart (16) kinetic relationships.,
By using seeded growth experiments, he determined that the 
number of particles remained constant over a 70 fold in
crease in volume and that the polymerisation rate per 
particle was? (i) independent of particle volume over a 
25 fold range, (ii) Independent of persulphate ‘concen
tration over a 16 fold range, and (iii) independent of

12the number of particles in the range of 2 x 10 ' -
142 x 10 . As predicted-by the theory he found that N

varied with the 0.6th and 0.4th power of emulsifier and 
initiator concentrations respectively, and that the. rate 
of polymerisation remained constant over most of the con
version range, indicating that N and the monomer concen
tre! i on within the particles also remained constant.
Using radio-active persulphate he showed that the number 
of polymer molecules formed depended only on the rate of 
radical generation and not on the particle number.

Bartholome et al (2l) obtained considerable amount of



experimental evidence to support the Smith and Ewart 
theory. They followed the rate of reaction "toy dilatbmetry 
and the particle size hy electron microscopy and found 
that, after a short initial period the rate of "reaction 
remained constant upto an inflection x̂ oint, where it de
creased in accord with first order kinetics. At high 
percent conversions a short lived gel-effect was noticed* 
The conversion versus time curves were interpreted as 
follows: after particle initiation the rate remained
coual.ant due to constant IT and constant monomer in poly
mer I'atio;. the inflection point occurred when all the 
remaining monomer was dissolved in the particles and the 
decrease in rate was due to monomer starvation. Rp and 
IT "both varied with the 0.6th and 0,4th of the emulsifier
and initiator concentrations respectively* R , H     P Pand BP were not influenced hy the styrene/water phase 
ratio over the experimental range. They found the value of 
[ M]p determined hy the inflection point to he 5,5 M, in 
agreement with Smith (65) and Morton (19) who used equi
librium swelling measurements. Van der Hoff (67) has
listed values of [M] determined from conversion timePcurves (Tahle l),

TABUS 1
Values for the Saturation Concentration'' .

of Stvrene in Polystyrene
Latex Particles

Temperature
K [M]p mole l"1 Refer enc e*

298 5.90 (19)
313 5.58 (67)
323 5.15 (67)
323 5.50 . (65)
343 4.80 (67)

A plot of the above data gives [ M ] = 5.50 @ 313 K, 5.24-P@ 323 K and 4.72 © 343 K, with an activation energy of
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et al
-1 K cal mole Bartholome/(21) also found that R

Jfcr
varied linearly with' the number of particles present in

1 1the system and that —  varied linearly with ??-'• k: the
propagation rate constant was found to he 165 1 mole" 
sec ”J* at 318 K.

3 —1 —1lc.b was determined to he 5*6 x ICf 1 mole ' sec f a
value two to three orders of magnitude less than that 
found hy Saha et al (68) for dilute solutions. Van der 
Hoff (l) ascribed this lower rate of termination to the 
much higher viscosity present within the particles, which 
was confirmed hy recent calculations of Gardon (69).

Van der Hoff (l) lists values of the exponents of the 
Smith and Ewart equation for M. With relatively insoluble 
monomers the agreement in most cases was good, hut with 
the more water-soluble monomers such, as vinyl chloride, 
methyl methacrylate and vinyl acetate, there were consid
erable deviations from theory. Indeed it has been postu
lated (41, 70, 71) that for these more water-soluble mon
omers the Harkins (15) nucleation model does not hold and 
that particle nucleation occurs by precipitation of olig
omeric chains from solution, and that the micelles only act 
as surfactant reservoirs<> A similar mechanism has also 
been suggested for the more water-insoluble monomers such 
as vinyl stearate (72) and styrene (73)^

The polymerisation of methyl methacrylate at concen
trations below its* saturation solubility displays no 
abrupt increase in the rate of reaction when the critical 
micelle concentration is exceeded (74)* Similar experi
ments Involving the more water-insoluble monomer styrene 
showed that when the surfactant was increased above the 
critical micelle concentration there was an increase in 
both the rate and number of particles formed (67), in- 
dice ting that nucleation occurs both in micelles and by 
some other mechanism, the extent depending on the solu
bility of the monomer (75). However, it should not be 
assumed that the more water-insoluble the monomer, the
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■better the agreement ..with Smith and Ewart predictions*
Moore (72) studied the polymerisation of vinyl stearate,
solubility 7 x lO" " * 7  moles I- 1  (76) (of: styrene 5 *7 x 10 

Xmoles 1  (77)), and found that the number of particles
generated was independent of the initiator concentration, 
whilst the rate of polymerisation was almost directly 
proportional to it. The maximum rate of polymerisation 
did not vary as the 0 .6 th power of the emulsifier, hut a 
rattier complex relationship was observed. When the mon
omer was almost completely solubilised in the surfactant 
minni Les, the rate of polymerisation was very slow, hut 
as the number of micelles was reduced and the number of 
emulsion droplets increased, the maximum rate also incre- 
ased, reaching a maximum at 0 . 0 2  - 0.05 moles 1  ’ of sur
factant. It should he noted that the rate of free radical 
transfer to monomer is two orders of magnitude greater 
than that of styrene (78), and that the Harkins mechanism 
of emulsion polymerisation demands that the rate of trans
fer of monomer from emulsified droplets to the site of 
reaction through the aqueous phase should he such that it 
is not the rate-determining step. Although the lower
limit of solubility is not known with certainty, Plory
/ \ -9 -1(79) has suggested a figure of 10 moles 1

It also appears that significant deviations from 
theory with the more water-insoluble monomers can arise 
from differences in the emulsifier used. G-errens et al 

(80-82) using 2  - hydroxystearyl sxilphate, found ex
cellent agreement with theory, whereas Vanderhoff (202), 
using the dihexyl ester of ;' . - • • * - *' ,*
sodium sulphosuccinate, found that the number of particles 
ranged from 1  - 20% of those predicted by theory.

ft wart and Carr (59) found an increase in the average 
deviation in the cube of the particle diameter with in- 
crooning diameter and interpreted this in terms of fluc
tuations in n. Roe and Brass (83) found that the rate of 
polymerisation of emulsion systems was initially constant, 
but that as the particle size increased a positive devia-
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tion from constant rate; "became apparent, which they ascri
bed to an increase in n.

Vanderhoff et al (64,84) reasoned that if Rp re
mained constant, particles of different sizes should grow 
at the same rate, and hence smaller particles would tend 
to catch up in size with bigger ones. This was found to 
be the case, but the growth of the small particles was 
much slower than expected. The rate of volume increase 
depended on the S.5 power of the particle diameter, whereas 
Smllli and Ewart, Case 2, predicts the zeroth power, and it
follows from the model that:

where k. = k [Ml „
P A ^ O ARp - Kp.' [M] n = s 3r ^  as 0.5 K ~ Constant,

—  (1±)
thus the rate of radius increase is inversely ’ proportional 
to the radius squared, the rate of relative increase in 
the radius (— ) is inversely proportional to the radius and 
the relative growth of the smaller particles is greater
than that of the larger particles. Recent experimental
results of G-oodall et al (85) showed that the ra;be of

/c\ T* \surface area increase with time was constant, (--~-~) =s k-̂ ,
hence: «

= drf - Vo k r, —  (75)
p dt * *

and,
n = k3r,   r~-_(.Z6)

or the average number of fl?ee radicals is not constant, but 
increases with increasing particle size as does R^* These 
results were obtained for the surfactant free emulsion 
polymerisation of styrene.

Work by Williams and Bobalek (8 6 ) showed that U 
inci'eased with increasing % conversion which they attrib
uted to a decrease in the termination rate constant with 
increasing particle size.

Smith and Ewart, Case III, and the extensions to the 
SmilU and Ewart theory predicts that the conversion versus 
time curve is convex to the time axis. G-ardon (46) J_ists



some of the experimental investigations which do report 
convex conversion/time curves; these include the emul- 
sion polymerisation of styrene, butadiene, isoprene, 
methyl, methacrylate, vinyl acetate and methylacryla-t©*
He also listed numerous experimental data showing a non- 
conn!,tint rate during Interval II when initiator or emul- 
sifil.or concentrations were changed*

It thus appears that provided the Harkins scheme is 
a tree description of the processes occuring during emul
sion polymerisation, then the kinetics of Interval II are, 
in principle, described by either the Smith and. Ewart,
Case 8 , the explicit theory of Stockrnayer and O'Toole or 
the more elaborate computational procedures devised by 
G-ardon. Interval 1 remains a theoretical stumbling block, 
and styrene appears atypical compared with other monomers 
especially in its* behaviour during this period'with regard
to agreement with Smith and Ewart particle number predie-

r "i 0  ( 3tions*. The Medvedev theory predicts that R ft" iEJ *
r 1 0  5 I ^[II , which is difficult j to differentiate experimen
tally from the Smith and Ewart equation at the present 
time * The treatment of Interval III as carried out by*
Friia et al gives excellent agreement between predicted 
and experimentally obtained results and appears capable 
of being applied to a wide range of monomers*
E FORMATION OP FREE RADICALS IN AQUEOUS SOLUTION *
1) Initiator Decomposition.

Kolthoff and Miller (87) have studied the decompos
ition of potassium persulphate in water enriched, with 
oxygen 18 at varying pH, and found that in acid solution 
(0#h moles I~ ‘ H 010^) all the oxygen-produced came from 
the persulphate, whereas in alkaline solution (0 , 1  moles 
l"”5' a OH) all the oxygen came from the water, They there
fore proposed the following reaction schemes: 
a) hncatalysed: * 2 S0 ^ ,

~> HS04  + 0H%
20H*
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(tO Acid catalysed: ^ 2 ^ 8 + + ’
S04 — SO^ + 2  Og y
SOr/ + Ho0  » R0 SO. (dilute
0 2  acid),.

SO. + Ho0 — ■> h o SOr (strong41* o <5 O  • i \acid) *
The observed kinetics could also arise from the chain 
mechanism proposed by Bartlett and Ootman (88)t

S2°82“ SS°4 ’
S0| + H g O  > HSO” + OH* ,
OH* + SgOg2"— > HSO~ + S0£ + i Og ,
SOl + OH* -- > HSO~ + >f 0? t

An alternative mechanism for the hydrogen ion independant 
reaction was put forward by Froneaus and Ostman (89): 

s2°82“ + HgO — ;> HS0~ + SOI + OH*
SOI + Hg0 — » h s o ~ + OH*
20H* -- :> HgO + i Og

Both IColthoff and Miller (87) and Froneaus and Ostman (89)
found that the rate of decomposition in alkaline solution 
was independent of ionic strength, but that under acid 
conditions there was a negative salt effect*

Persulphate decomposition reactions""have “been re
viewed by House (90). The half lives of potassium per
sulphate 1st order uncatalysed decomposition which have 
been calculated from the data of Kolthoff and Miller are 
given in Table 2.
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TABLE 2
VARIATION IN THE HALF-LIFE OB1 POTASSIUM 

PERSULPHATE WITH TEMPERATURE

Temperature K ti minutes 2
298 2,8 x 106
313 7,6 x 104
323 4i x icr .
333 1.9 x 103
343 4.3 x 102
353 1.3 x 102
363 43

Bovey and IColthoff (91,92) found convincing evidence 
that the number of radicals produced by the decomposition 
of persulphate in water was essentially equal to the 
number formed in an emulsion polymerisation system. They 
found at 323 K that the total number of free radicals 
determined from (a) the number of sulphate containing end
groups, (b) the rate of radical formation and, (c) the12 12 polymer molecular weight was 6*3 x 10 .4,2 :x: 10 and

128*4- x 10 respectively. Using styrene monomerf they 
found that in the presence of emulsifier the rate of init
iation was ten times greater than in its absence and they 
interpreted this in terms of the low solubility of the 
monomer, only 10% of the 80^ free radicals produced re
acted with monomer. This conclusion was substantiated by 
the fact that the rate of initiation with the much more 
water soluble vinyl acetate was equal to the rate of 
thermal decomposition of persulphate and was not affected 
by I.lie emulsifier used (93) *
2) Effect of the constituents of emulsion polymerisation 

on initiator decomposition.
a) Effect of surfactants, IColthoff and Miller (8?)
showed that the decomposition of persulphate was affected
by the presence of fatty acid soaps, the rate being greater
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in the presence of soap, i.e. a four-fold increase "being 
recorded with potassium laurate at 325 K, The persul
phate oxidised the soap causing decarboxylation. Similar- 
ily , Ivanchov and Yurzhenko (94,95)' have studied the rate 
of decomposition of persulphate and rate of polymerisa
tion of styrene in the.presence of a series of fatty acid 
3oa|.m from formate to palmitate, and reported that the 
rains were related to each, other. Morris and Parts (96) 
found that sodium dodecyl sulphate and sodium hexadecyl 
sulphate increased the rate of disappearance of persul
phate anions, whereas a fully fluorinated anionic surfac
tant did not appreciably change the rate of decomposition, 
presumably because it was particularily resistant to oxi
dation. (37).

It is not thought (67,91,97) that the enhanced rate 
of decomposition contributes to initiation. Friend and 
Alexander (98) using the water-soluble monomer acrylamide, 
found that the rate of polymerisation was not changed by 
the presence of sodium dodecyl sulphate above and below 
the critical micelle concentration, or Renex 690 (a non- 
ionic alkyl phenyl ether' of polylethylene glycol). Sim
ilar results were obtained using cationic surfactants 
below the critical micelle concentration. These worker's 
did not determine whether these surfactants affected the 
overall rate of decomposition of persulphate... Polyacryl
amide is soluble in water, hence any extraneous effects 
caused by surfactant stabilisation of the polymer art
icles produced with styrene and other monomers was ob- 
viabed. Allen (97) using ammonium persulphate and methyl 
methacrylate found constant persulphate efficiency over a 
rouge of sodium dodecyl sulphate concentrations below the 
crib Leal micelle concentration.
b) l-lffeet of monomers and other oxidiza'ble species. 
Potassium persulphate is a powerful oxidising agent at 
the bemperatures usually encountered in emulsion polymer- 
isaLions (99). Morris and Parts (96) and Patslga (100)
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have found that the rate of disappearance of potassium 
persulphate in the presence of vinyl acetate was accel
erated dramatically. A smaller acceleration was induced, 
hy methyl acrylate and acrylonitrile. Wilmarth and Haim 
(101) have discussed the various mechanisms for the chain, 
decomposition of persulphate in the presence of oxidiza'ble 
add!hives.

Sturzenhofecker (102) showed that the rate of .decom- 
position of persulphate was accelerated in the presence 
of hydrocarbons, e*g. styrene, toluene and ethylhenzene 
a similar increase was found hy Van der Hoff (l) for n- 
octana and henzene.
F . PARTICLE MORPHOLOGY IN EMULSION POLYMERISATION.

In the theories of emulsion polymerisation discussed 
so far, it has heen tacitly assumed that the monomer was 
distributed homogenously throughout the particles. 33ata 
obtained hy Williams et al (86,103-112) led them to ques
tion this basic assumption and to propose a eore-shell 
model, wherein the particles consisted of a monomer-rich 
shell surrounding a polymer-rich core. They studied the 
persulphate initiated polymerisation of styrene in the 
presence of surfactant, and determined, that Interval XX 
ended at about 30% conversion, but that the rate ex
pressed as percent conversion versus time, remained con
stant up to 60% conversion (103,108)* They determined 
that Smith and Ewart (16) Case XI kinetics were in oper
ation in that initiation perturbation studies did not 
lead to a change in the rate of reaction. Smith and 
Ewart, Case II predicts that n = 0.5 and hence the rate 
of polymerisation:

Rp = kp N [M] p n = [ M g  H , —  (32)
2

i.e. independent of [l] . However, [M ] is decreasing
Jrduring Interval III, and in order to explain their results 

they postulated that the monomer was not evenly distrib
uted throughout the particle, but was mainly present in . v
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the surface region. The concentration of monomer within 
this region heing sufficient so that diffusion of monomer 
was not the rate-determining step..

In order to demonstrate the presence of this proposed 
core-shell structure they carried out a. series of experl- ' 
men I.n involving the addition of "butadiene (0.7 wt % in 
styrene) to polystyrene seeds (106,108-110). In the first 
experiment, the butadiene was added to a polymerisation 
which had proceeded to 20% conversion. At the end of the 
rear. I, |.on, a sample of latex was embedded in resin and 
ultt.Ni thin sections were taken and examined in the electron 
microscope after being treated with osmium tetroxide which 
stained the unsaturated butadiene repeat unit. The micro
graphs showed the presence of an unstained core and a 
stained shell. In order to determine whether the core— ; 
shell structure was due to the rate of polymerisation 
being so great as to prevent, particle saturation swelling 
of the initial polymer spheres,, they prepared a polysty
rene seed and saturated it with a mixture of butadiene and 
styrene monomers before initiating the reaction. Again, 
electron microscopy showed a core-shell structure, indica
ting that the primary mode of fresh monomer addition was? 
encapsulation rather than swelling. They also demonstrated 
the core-shell model in experiments utilising tritiated 
styrene (108) .

Napper (113) suggested that their observed results 
may be due to the presence of charged sulphate groups on 
the ends of the polymer chains which would effectively 
anchor the chains at the polymer/water Interface. Second 
stage growth could occur by diffusion of monomer distrib
uted throughout the particle to the periphery thus produ
cing the observed core-shell morphology. In order to 
assc'Mii this, Williams et al (110) carried out polymerisa
tions using benzoyl peroxide initiator, and although the 
core - shell morphology was still evident, the shell was 
much thinner than in the case of persulphate initiation,



indicating that some growth had occurred throughout the 
particle* However, the: amount of staining in the central 
core region due to the presence of butadiene was very 
si1ght*

Bradford et al (114) have previously reported that 
pari Ic'le heterogeneity occurred during seeded polynieris— • 
atinns, using different monomer mixtures for the production 
of the-seed and further; growth*

In an attempt to explain the encapsulation hy mono
mer , Williams et al (111,112) .proposed that a polymer 
molecule in the. periphery of the particle would have a low 
configurational entropy as configurations involving that 
part of the polymer molecule, which should be in the water 
phase, were prohibited. A more entropically favoured 
particle would consist of a central region with a close 
network of entangled coiled polymer chains' and an outer 
region with a diluted network of polymer chains which 
would occupy their most favourable conformations *

Gardon (115,116) has heavily criticised Williams et 
als* interpretation, and his recalculation of their con
version time curves indicated that they were not linear, 
but convex to the time axis* He also showed that the rates 
of monomer diffusion within the particles was rapid enough 
so that concentration gradients would be unlikely even 
after the monomer droplets had disappeared at relatively 
high conversions* Both G-ardon and Ugelstad et al (28) 
have criticised Williams et als assumption of Smith and 
Ewart Case II behaviour on the premise of perturbation 
studies, these authors determined that the expected rate 
increase would be very small, and G-ardon upon recalcula
tion and statistical analysis of the relevant conversion/ 
time curves, showed that it was likely that an increase 
in note had occurred upon the addition of initiator*
G-ardon also stated that it was doubtful whether the dis
tribution of monomers in a swollen latex particle would 
be frozen by their conversion to a copolymer in a two

s 
\ r

36 -



stage emulsion polymerisation. He also criticised 
Williams’ (111,112) thermodynamic arguments in that it 
was unlikely that the polymer chains would he anchored 
to .the interface by single point attachment..-.

Further doubt has recently been cast on the results ' 
of Williams et al through their use -of Triton x - 100 
emulsifier, a nonionic.octyl phenoxy ethylene oxide* 
Recently Piirma et al (117,118) have shown that the emul
sifier Williams et al used gave very different rates of 
polymerisation depending upon the ageing of the emulsi
fier* This was explained by the spontaneous development 
of peroxides in the emulsifier in contact with air. They 
also found that there was a very marked chain transfer 
to the emulsifier, probably caused by the labile benzillic 
hydrogen of Triton x - 100* Williams and Bobalek (8.6) 
reported a marked increase in molecular weight with con
version, . which according to Piirma et al was probably due 
to the emulsifier*

Recently, Wilkinson et al (119,120) and Goodall et 
al (85,121,122) have produced evidence of an heterogenous 
particle structure occurring during styrene and styrene- 
type emulsion polymerisations. Electron microscope 
studies of surfactant free multi-sampled kinetic runs and 
seeded growth processes showed the presence of large 
numbers of particles having nonuniform electron density 
gradients. They interpreted their results in terms- of a 
void present within the particle which could have been due 
to the loss of monomer upon evacuation prior to electron 
microscopy. They proposed that evacuation of particles 
homogenously swollen with monomer would not result in the 
deformations observed, and that therefore most of the 
monomer in the particles was present within a specific 
region.
G-, (.! i IARAC TBR1 SAT I  ON OP LATEX SURFACES..

rn order for a latex to be employed as a model coll
oid, it Is important that the nature and concentration of



the hound surface groups is known. The determination of 
these parameters - involves two stages; the removal of 
excess electrolyte and emulsifier from, the latex and. sub
sequent analysis of the surface groups.
1) The removal of electrolyte and emulsifier from latlces* 
Two techniques are generally used, and which method is the 
most efficacious and unequivocal has heen the subject of a 
connLderahle amount of research.

Dialysis can he an exponential process in which total 
remo'/i.il is doubtful. Edelhauser (123) found that the rate 
of dialysis of sodium dodecyl sulphate against water was 
initially high, hut soon dropped off to a virtual stand
still. without actually reaching equilibrium. Similarly, 
Force et al (124) found that with a 'butadiene/styrene co
polymer latex, stabilised with Dresinate 214, only about 
50̂ 6 of the emulsifier was removed by dialysis for 160 days. 
Similar results for the incomplete removal of emulsifier 
have been reported by other workers (63,125),. Vanderhoff - 
et al (3) using atomic absorption spectroscopy showed that 
even after prolonged dialysis significant amounts of 
sodium from .the soditim dodecyl sulphate used as emulsifier 
and potassium from the potassium persulphate initiator 
were still present. On the other hand, Ottewill. and Shaw 
(126,127) using ^"C labelled sodium dodecanoate, found 
that after nine dia'lyses 98,89?S of the total mass origi
nally present was removed. Similarly, Brace (128) found 

14 35that * C and S radio-tagged sodium dodecyl sulphate could
be completely recovered when added to a polystyrene latex
prepared in the absence of surface-active agent, except 14for braces of C which he attributed to strongly adsorbed 
dodoounol formed by hydrolysis of sodium dodecyl sulphatec 

ottewill (5) has found that the charge of some colloi
dal sols was reversed upon treatment with an ion-exchange 
resin. Schenkel and Kitchener ('129) found that deionised 
water contained a weakly basic polyelectrolyte and warnbdT 
against its use in’experiments involving small surface
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areas. Van den Hul and Vanderhoff ' (3,130,131) have 
developed a procedure which is capable of cleaning ion- 
exchange resins to the extent that no leachahle impuri
ties are detectable in the deionised water produced* 
However, several workers have found that even after'1 
denning, the resins discoloured water upon standing and 
smelled of amines (48). Roy et al (182), in their studies 
on hh.e dye partition technique for the estimation of 
changed groups' in polymers, believed that the low results 
obtained by Van den Hul et al (133) in the analysis of 
the sulphate end groups in a polystyrene latex using their 
method was due to some interfering impurities derived from 
their latex clean-up process. They further suggested, that 
the interfering impurity might be some quarternary or 
ammonium salts derived from the ion exchange resins used 
for cleaning the latices. Indeed, Van den Hul et al (130) 
have stated in a footnote that the effectiveness of the 
process depends on the jjarticular batch of resin used* 
However, their results indicated that once a good batch, 
of resins was purified,;they were more efficient at re
moving adsorbed ionogenic species than dialysis (3,130) 
as illustrated by their experiment involving atomic ab
sorption on an ion exchanged latex, where they found that 
the amounts of sodium and potassium present in the latex, 
were well below those for the equivalent dialysed latex.
In another experiment, using a latex which, had been ion 
exchanged to constant surface charge (3.3 /-< C cm'~'-) , Van 
den Hul et al (3) showed that dialysis did not remove any
more material from the latex (surface charge density 3.4 

”-2/u 0 e m™ J) , they also added five different emulsifiers to
samples of the clean latex, above their critical micelle
con<o >n brat ions, and reionexchanged. In all cases the
emulsifiers were removed completely (surface charge den-

—2sity after reionexchange 3.4 /-< C cm” ) <■ It has been
suggested (134) that beeause of the strong elecfrostatic 
interactions which may develop between the colloidal part-



icles and ion exchange resin heads, it is possible that 
adsorption of the particles may also occur, in which case’ 
the concentration and size distribution of the latex may
be altered upon treatment*

Other impurities which are often present in the latex 
at i lie end of a reaction include monomer and other organic 
species such as benzaldehyde. Dialysis is not very eff
icient at removing these due to their low solubility in 
water (48). Wilkinson ('135) and Gultepe (136) have both 
found that upon steam stripping a well-dialysed latex, an 
oily Layer was present in the distillate having both the 
odour and molecular weight of styrene. Shaw and Marshall 
(13?) have detected residual amounts of styrene in well- 
dialysed latices by infra-red spectroscopy. Greene (158) 
claims that a combination of dialysis against continuously 
running deionized, water for two days combined with absorp
tion into and adsorption onto nonionic bead polymer part
icles of the organic impurities gave good results«. It is 
likely that ion exchange beads would perform a similar, 
task with regards organic impurities.

At the present time both ion exchange and dialysis arc 
used, although dialysis is usually restricted to the puri
fication of latices produced in the absence of emulsifiere 
In a recent discussion of polymer colloids, 'Fitch (139) 
states that dialysis would appear to be the method of 
choice.
2) Surface group- analysis. The surface groups present on 
latices usually arise from initiator fragments chemically 
bound to the ends of the polymer chains, unless an ion- 
ogemlo monomer such as acrylic acid is used. The''groups 
modi, commonly encountered are sulphate, hydroxyl and car- 
bo:x v I * Sulphate groups are produced directly from the 
persulphate initiator (140). Hydroxyl groups can arise from 
the use of hydrogen peroxide initiator or, when present in 
persulphate initiated latices, from either the hydrolysis 
of surface sulphate groups (141) or the polymerisation by ,



hydroxyl radicals produced by a side reaction, of persul
phate with water (87,130, 133,141,142), (see decomposition ; 
of persulphate.

Hydrolysis of.sulphate groups has been demonstrated 
by Ifoarn (48) who found that the number of sulphate groups 
dec mused with time for latices stored at elevated temp
era I.ures. Hydrolysis, has also been shown to occur at room 
temperature by Chen (143) and Everett et al (144), the 
latter workers found the rate to be 2 e 5% per month.

Several techniques have been developed for the quan- 
tits I. Lve determination of the groups bound to the ends of 
the polymer chains. These include conductometric (3,141, 
145) and potentiometric titrations (133,146,147), colori
metric dye interaction techniques (132,148), X-ray fluor
escence analysis (for sulphur) (145), neutron activation 
analysis (for oxygen and sodium) (138), radiotracer meth
ods (90,149), titration with a surface-active- substance- 
of opposite charge until the onset of rapid coagulation 
(138) or a change in the slope of the equilibrium adsorp
tion isotherm (150) is obsex̂ ved, electrophoresis (127,151) 
and infra-red spectroscopy (133,137,147). Only the titra
tion and electrophoresis methods give direct information 
about the surface groups.

A certain amount of controversy has arisen over the 
surface groups present on latices. This"~Ts' complicated 
by the effectiveness of the clean-up process used, espec
ially in the case of latices produced in the presence of 
emulsifier•
a) Characterisation of latices produced in the presence 

of emulsifier. Ottewill and Shaw (127,151) showed by 
elan phoresis the presence of weak acid -groups on latices 
pro-hired using both hydrogen peroxide and. persulphate 
ini. i tutors (the latter also produced strong acid groups) in 
the presence of a variety of emulsifiers and purified using 
dialysis. Similarly, Hearn (48) showed the presence of 
both strong and weak acid groups on polystyrene latices



using the conductometrie titration technique* He also - 
ion-exchanged one of his latices and found that" the strong 
acid end-group concentration had increased, whereas the 
weak acid contribution had disappeared* which he attrib
uted bo impurities leached from the resins. From eleetro- 
phokr-sis results Ottewill and Shaw (-127*151) determined 
tha I. the surface dissociation constant (pK ) of the weak 
acid was 4.64 and that it appeared to he an integral part 
of I he polymer. Similar results were obtained by Smitham 
et «i I (99). Shaw and Marshall (137) compared the infra-* 
red upectra of the latices found to contain carboxylic 
groups with that of a !standard polystyrene* (Distillers 
Co, light scattering standard) and concluded that these 
spectra had contributions from carboxylic acid groups 
which they suggested were phenylacetic acid residues or 
residues with a similar structure. However, in the prep
aration of these latices no attempt was made to exclude 
oxygen * On the other hand Van den Hul and Vanderhoff • 
et al (3,133,145*152), using ion-exchange to purify their 
latices, found only strong acid sulphate groups on poly
styrene latices produced using persulphate and a variety 
of emulsifiers. That ion-exchange was not an inherently, 
unsuitable cleaning technique for carboxyl groups was 
demonstrated by Van den Hul (130), who produced a poly
styrene latex in the presence of acrylic acid using per
sulphate, initiator . After ion-exchange, conductometrie 
titration curves revealed two distinct regions attribut
able to sulphate and carboxyl groups.

Evidence obtained by Stone-Masui and Y/atillon (153) 
indicate that the emulsifier used may affect the type of 
sutM'aoe groups produced. They found that latices produced 
us 1ng sodium dodecyl sulphate, sodium dodecyl sulphonate 
and sodium octadecyl sulphate with persulphate initiator 
only showed the presence of strong acid groups, whereas . 
those produced using potassium stearate and sodium laurate 
emulsifiers showed the presence of large amounts of weak
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acid groups. These workers used ion-exchange resins to 
clean up their latices •

Hydroxyl groups cannot he titrated conductometrieally* 
however they can he detected after their oxidation to car- 
hoxv! groups using the method of Van den Hul et al (154), 
and In this way they have heen detected on latices pro
duced under a wide range of conditions and using hoth. ion- 
exchange and dialysis as clean-up procedures,
h) '• Ijinracterisation of latices produced in the absence of

emulsifier. The same groups as mentioned in the pre
vious section have also heen found on these latices, hut 
the presence of carhoxyl groups is still subject to some 
conflicting evidence. Goodwin et al (141) and other work
ers (48,143,144,14?) have detected carhoxyl groups using 
dialysis as a clean-up procedure. However, Laaksonen et 
al (14?) found that with two latices produced under ident
ical conditions except for different ionic strength (adjus
ted with sodium chloride), one exhibited carhoxyl groups 
whereas the other did not. Furusawa et al (155) found 
only strong acid groups on latices cleaned by ion-exchange, 
whereas Stone-Masui and Watillon (153) have detected both 
strong and weak acid groups on latices similarity purified* 

In a recent paper, Wu et al (156) have postulated 
that pH changes occurring during polymerisation and the 
presence of heavy metal contaminants could he the cause of
carhoxyl group formation. They found that the addition of 

-4 -14 x 10 moles 1 silver nitrate to one of two otherwise 
identical reactions resulted in the formation of carhoxyl 
groups on the latex prepared in the presence of. silver 
nitre {,e, whereas none were present on the latex produced 
in I In absence. Wu et al (156) attributed this to the 
catalysed oxidation of hydroxyl groups. They also found 
thali with, unbuffered reactions, using persulphate initiator, 
the pit showed a strong decrease during the polymerisation, 
and correlated this v/ith a higher proportion of hydroxyl 
end groups which could he oxidised to carhoxyl groups.



t

Similar results have heen observed by Ghosh et al (157), 
who attributed them to an increase in the rate of reaction 
of sulphate free radicals with water under acid conditions 
to produce hydroxyl radicals (158). The increase in the 
number of hydroxyl groups could also be due to the in« 
cre/f iod rate of hydrolysis of sulphate groups, at low pH? * 
Read and Predell (159) have shown that the rate of hydrol
ysis of sodium dodecylsulphate increases markedly as the 
pH (Increases.

vVu et al (156) have shown that with potassium dihy- 
drojpm phosphate and sodium tetraborate buffer systems, 
weak acid groups were produced, even though the final pH 
was 7*0 - 8*7. They attributed this to chain transfer 
with the electrolyte ion to give a weak acid end-group, 
especially in the case of sodium tetraborate, where two 
different weak acid end points were found.

It has been recently, reported that the interpreta
tion of titration curves of latices containing both weak 
and strong acid groups may not be a straightforward pro
cedure. Everett and Gultepe (144) using dialysis as a 
clean-up technique found that latices produced in sur
factant-free systems had both strong and weak acid groups
on the surface. On titrating the latices in 10 moles 
—11 ‘ electrolyte they found that the end-point became diff
icult to interpret, and varied with the per cent solids, 
whilst the strong acid end-point remained constant in 
agreement with Van den Hul et als (3) findings*. They also 
titrated the latices using barium hydroxide, again con
firming Van den Hul et als (3) findings of invariant 
strong acid end-point as compared with sodium hydroxide, 
but. t.hey found that the weak acid was 30 per cent less, 
presumably due to difficulty in interpretation of the 
ti t ration curves.

Yates (146) has demonstrated the applicability of 
po I ontiometric titrations to determine the pKa of v/eak 
acid groups on latices stabilised solely by these groups,
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✓produced using 4, 4 - azobis 4 cyanopentanoic acid as 
initiator. However, in a paper examining po ten'biometric 
titrations as a technique for latex cbaracterisation, 
Laaksonen et al (147) concluded that it was not possihle 
to make a significant distinction between the effects of 
card acyl and sulphate groups on the -binding of hydrogen 
ioim from uncertainties in the equivalence point, the 
concentration of impurities and diffusion potentials«
They thought that the electrophoretic method of Ottewill 
and iiiiaw (151) was probably the best method for latices 
with .Low surface charge densities.
°) Total end-groun determination. It is known that the 
termination of growing polymer chains in the emulsion 
polymerisation of styrene is predominantly by- combination, 
rather than by disproportionation (160-165). Rammarar et 
al (163) found that the molecular weight calculated from 
end-group assay, assuming two end-groups per polymer chain, 
was in excellent agreement with that determined by os- 
momotry. Hence,.there should be two sulphate or other end- 
groups per polymer chain. Indeed, Smith.(149), using 
potassium persulphate containing radioactive sulphur, 
found two sulphate end-groups per polymer molecule in 
polystyrene samples prepared at temperatures between 303 
and 363 K. However, Kolthoff et al (87) found great 
difficulty in reproducing Smiths (149) results, and found 
between 1.2 and 3*1 sulphur containing groups per chain 
and suggested the high values arose from the difficulty 
of completely removing uncombined radioactive sulphur 
from the polymer.

Due to the ionic nature of the sulphate groups and 
the water of hydration of the hydroxyl groups, they should 
tend bo remain at the polymer/water interface* Thus, 
tibriblon data combined with molecular weight data should 
yield a value of two for the number of end groups per 
polymer chain. Workers with surfactant-containing systems 
have found values typically in the range 1 - I *3 (1,3) per
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polymer chain which increased after oxidation of the 
hydroxyl groups to carhoxyl to about 1.6 per polymer 
chain. On the other hand Hearn et al (48,166), using 
dialysis to purify their latices, found that the total 
number of end groups per polymer chain was in the region 
of which Hearn (48) attributed’to the spread of
molecular weights.

Two methods have heen developed for the analysis of. 
end-groups which become buried within the particle during 
polymerisation.
i) Dalit and co-workers (148) have developed the dye- 
interaction'and. partition techniques * In the dye-inter- 
action technique the acid end-groups are detected by 
allowing the benzene extract of a basic dye to interact 
with a solution of polymer in benzene. If acid groups 
are present then a colour change is observed. The optical 
density of the polymer/dye solution is measured and com
pared to a calibration curve prepared using an acid having 
a similar structure to that of the end-groups. In dye- 
partition, a solution of latex dissolved in either benzene
or chloroform is shaken with an equal volume of methylene

-1blue dye dissolved in 0.1 moles 1 hydrochloric acid*
The methylene blue interacts with the acidic groups 
present and is carried into the organic phase. The colour 
developed is then measured and compared to a calibration 
curve as above. Dye-interaction is suitable for deter
mining both strong and weak acid groupings, whereas the 
dye-partition is only suitable for strong-acid determin
ations. The number of hydroxyls can be determined after 
the Ir oxidation to carboxyl groups using the pyridine/ 
phbhuLlic anhydride technique (167). Using these tech- 
niqnrn, G-hosh et al (157) determined that there were 
appiMxiimately two end groups per polymer chain for per
sulphate initiated polymers of styrene and methyl meth- 
aery Late.

Doubt has been cast on the reproducibility and
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accuracy of these dye techniques due to the sensitivity 
of the colorimetric reagents not- only to trace amounts of 
acid, "but also to light and heat. In particular, Bitsch 
(168) found that the number of sulphate end-groups deter
mine! for polystyrene 'by the dye-partition method, was al
ways much lower than that determined by other methods,
ii) Van den Hul and Vanderhoff (130,152) have titrated 
conductometrically latices dissolved in dioxan/water 
mix! ‘ire (80 : 20). They detected the presence of ’buried 
sulphate groups, which when combined with their data on 
surface sulphate and hydroxyl groups took the number of 
end groups per polymer chain to about 2. They found, that 
the total number of sulphate groups determined by this 
technique was- in good agreement with that by X-ray fluor
escence, but, in agreement with Bitsch (168), were always 
greater than those obtained by the dye-partition method.
(see p » 39).
H. EMULSION POLYMERISATION IN THE ABSENCE OF ADDED SOAP,
l) Intr o due ti on.
a) Advantages and disadvantages with respect to emulsifier 

present formulations. The preparation of polymer 
latices in the presence of added surface-active agents has 
some advantages in the context of industrial production, 
namely that the maximum per cent solids-without-coa-gula-- 
tion is greater than is possible in surfactant-free sys
tems, and that the rate of reaction is also greater. 
However, it can be seen from the preceding sections that 
they have certain disadvantages when used for kinetic 
studies due to the effect of the emulsifier on initiator 
decomposition and also the effect of emulsifier as a chain 
transfer agent, (see earlier Williams core-shell theory). 
Dunn (169) considers that surfactants in general are 
difficult to obtain in a pure state. Also the surface 
clmaneterisation of the latices produced is complicated 
by the presence of adsorbed emulsifier and the effective
ness of the techniques used to remove it.



The particle diameters produced in the presence of 
added surfactant in a single stage growth process, are 
typically < 500 nm, larger particles "being produced by 
a seeded growth process (166), this process apart from 
being tedious does not readily lend itself to the produc
tion of particles > lixm. It has been shown (141,170) 
thu I. using the surfactant-free process particles of dia
meter in the range of 100 - 1000 run could be produced 
easily in a single-stage process. Further, that the 
clrunLng—up of the latices prior to surface character- 
isat. ion only involved the removal of electrolyte excess 
monomer and any reaction by-products such as ben&al- 
dehy < I c.

It would be expected that kinetic studies on sur
factant-free systems would be less complicated in that 
the number of variables in the system is reduced*. There 
would, be four extrinsic variables; monomer concentration, 
initiator concentration, temperature and background.ionic 
strength.

Recent evidence by Homola et al (171) indicates that 
soap-free emulsion polymerisation in the presence of 10% 
methanol may give reaction rates and maximum per cent 
solids comparable to those of reactions carried out in the 
presence of emulsifier„

History. The polymerisation of styrene in the absence 
of added surface -active agent was first recorded, by 
Hohenstein and, Mark (172) in 1946, but it was not until 
1965 that Matsumoto and Ochi (173) successfully used the 
process to prepare monodisperse latices. They produced, 
stable latices using potassium persulphate initiator and 
styrene monomer, and postulated that the particle stabil
ity ‘.vsn due to interparticle electrostatic repulsions 
derived from the presence on the particle surfaces of 
sulpha be groups covalently bound to the polymer chain 
rather than by adsorption. Since 1965 a number of studies 
have been made on the preparation of monodisperse poly
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styrene latices without the addition of emulsifying 
agents (140,141,170,174,175)* Hydrogen peroxide was 
found to give a polydisperse unstable latex at very low 
conversions under a variety of conditions which Kotera 
et al (140) interpreted as "being indicative of continuou 
par* tide coagulation throughout the -reaction due to the 
absence of electrostatic stabilisation of the particles * 
Similar results were obtained by Dunn and Taylor (176)«
2) ' I!lie effect of the extrinsic variables on the size,

Iiurface charge density and molecular weight. Kotera 
et ni (140) studied the effect of monomer and initiator 
concentrations and found that increasing the monomer 
concentration led to an increase in the final diameter- 
of the particles. The molecular weights also increased, 
although the heterogeneity of the polymer produced, as 
expressed by Mw. ratios, remained almost the same. The

M_n
zeta potentials of the latices, as measured by micro
electrophoresis and moving boundary techniques also re
mained approximately the same, being in the region of 
70 - 80mV and 80 - 90 mV, respectively. The above trend 
of increasing particle diameter was also observed by 
Goodwin et al (141 ,.170) who quantified the data they ob
tained into the relationship; ______ ____

log D =. 0.410 log [M] 4- 2*780 at 358 K —  (77)
, , .410

i.e. D [M] —  (78>
It might be expected that in systems where only the 
monomesr concentration was varying, the number of part
icles per millilitre would remain the same , and hence 
the relationship should be;

D « [M] ...» (79)
It iborefore appears that increasing the monomer con
centration leads to a decrease in particle number.

The experiments of Kotera et al (140) involving the 
variation of initiator concentration were not carried



out at constant ionic strength. They found that increas
ing the potassium persulphate concentration resulted in ' 
an increase in particle diameter, again the zeta potent
ials of the latices remained in the range of 70 - 80 mV 
and - 1 0  - 90 mV» No trend in molecular weight with ini
tial. or concentration was observed. G-oodwin et al (14-1, 
170) later showed that increasing the initiator concen- 
tra 14 on at constant ionic strength resulted in a decrease 
in particle size, the molecular weight decreasing with 
dec ('--using particle size.
They found:

log D =• -0.239 log [l] + 3.118 at 343 K. —  (80) 
Goodwin et al also investigated the effect of ionic 

strength and found that increasing the ionic strength 
resulted in an increase in the particle diameter, but that 
no trend with regards molecular weight was evident. The 
following relationship between particle diameter and ionic 
strength was found:

log D a 0*238 log [I ] + 3.23 at 343 Kh —  (81)
and:.

log D =s 0.238 log [l0] + 3.14 at 353 K, —  (82)
The relationship between temperature and particle diameter
was found by Goodwin et al (141,170) to be:

log D =5 1173 - 0.578, --- --— - ---- (83)
T

i.e., that increasing the temperature leads to decreasing 
particle size. They (141,170) also found that the mole
cular weight (Mn) decreased with increasing temperature. 
Equations 77,80-83 can be combined to give:

I ty] [ h]1-783 4^ 9 \ ’log It 0.238 log ̂ -- + *£*2. J .. 0.827

Goodwin et al (141,170) found that the surface charge 
denulbies of the latices produced under a variety of con
ditions were similar, (although there did appear to be a 
trend of increasing surface charge density with increasing
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ionic strength for latices produced at 353 K)varying
-2"between 2 - 8  M coulombs cm and 'being of the same. • 

magnitude as those found by other workers on latices 
produced in the presence of added surfactant (130) •

G-oodwin et al (170) have stated, that the hydrody
namic conditions appear'to he important,' with rapid 
stinting necessary to keep the monomer phase weld, dis
persed, in order to facilitate the transfer of monomer 
through the water phase to the growing particles. How
ever, Kotera et al (140) found no appreciable difference 
in I,lie particle sizes produced during chemically and 
thermally identical reaction, whilst varying the stirrer 
speed between 200 and 400 r.p.m., presumably these rates 
of sbirring were sufficient to maintain adequate transfer 
of monomer to the growing particles*
3) Particle nucleation. It would appear that the solu
bility of the monomer is important in determining the mode 
'of particle nucleation in the absence of added surface- 
active agents. The solvent power of the water determines 
the degree of coiling of the polymer chains and hence 
affeo hs the rate of mutual collision and thus the rate of 
association or precipitation (l). Also Lim and Kolinsky 
(177) have shown, in studies on the polymerisation of 
styrene in solutions of a homologous series of acetic acid' 
esters, that the degree of coiling affected the .rate of 
termination of the macroradicals. G-oodall et al (85) have 
postulated that the structure of the oligomers is important*. 
They detected large amounts of low molecular weight mater
ial (ea 1000) in particles removed from a styrene emulsion 
polymerisation reaction during the early stages, whereas 
simIInr samples from methyl methacrylate emulsion poly
merisations did not show the presence of this material.
Theno workers interpreted their results in terms of the 
structure of the oligomeric free radicals. In the case of 
styroue the oligomers would have the classical surface- 
active agent structure, a hydrophobic chain with a hydro-



phillj.c head group, whereas methyl methacrylate oligomers
would have a hydrocarbon backbone, each unit of which0would contain a ch0_ ■ grouping. Thus, the styrene olig
omers, (M.W. ~ 500 i.e. 4 - 5 styrene units long in agree- 
men I; with Vanderhoff et al (3) who postulated that 4-6 
monomer units must add to a sulphate free radical in order 
for it to become surface-active), would'tend to micellise 
at relatively low chain length, i.e. before they became 
insoluble, whereas methyl methacrylate oligomers would 
not* Priest (70) found that when a surfactant-free solu
tion polymerisation of vinyl acetate, initiated by persul
phate, was quenched at the point of incipient turbidity, 
the average degree of polymerisation of the polymer formed 
was about 50, indicating that higher molecular weight 
oligomers precipitate, out and participate in particle 
nucleation. However, it is thought (57) that the quench
ing was not immediate and that the actual value should be 
slightly less.

Geveral postulates have been, advanced to explain the 
mechanism of particle nucleation in the absence of added 
surfaoe-ac tive agent.
i) That the growing oligomeric free radicals reach a 
chain length and concentration at which they micellise 
(1,121,141), rapid termination would then occur and fur
ther growth take place by imbibition of monomer and other 
oligomeric free radicals. The term micellise as used
here is perhaps misleading. A true micelle only exists
in a dynamic sense since it continually breaks down and 
reforms. However, if surface-active free radical 'oligo
mers orientate into a micelle, rapid termination would 
occur and the resultant nucleus is no longer a "true 
micelle". Both Hearn (48) and Van der Hoff (67) have
deti't-bed a drop in surface tension prior to turbidity.
Recent results of G-oodall et al (85,120,121) suggest that 
a large amount of termination of low molecular weight 
spec les occurs .in the early stages of the reaction.
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French (178) has reported that in systems containing 
surfactant "below the critical micelle concentration, the 
number of particles generated was independent of the 
initiator concentration, and that the surface .-tension of 
the nr(ueous phase decreased prior to the onset of cloud
iness. These results lead him to suggest that the surface- 
active oligomeric free radicals built up to a limiting 
concentration, followed by the formation, of micelles and./ 
or particles,
:Li) M'hat as the oligomeric free radicals grow they become 
1 esm soluble. With the addition of, each new monomer unit, 
the l.otal energy of interaction between the growing organic 
radical and the solution increases, and this energy is de
creased by the organic backbone coiling up. Growth and 
coiling proceed rapidly until it can be considered that 
the oligomeric radicals constitute a separate phase,
Fitch (33) has described this process as “the homogenous 
mechanism of particle nucleation”, Fitch et. al (71) post
ulated two possible mechanisms for termination?, that either 
colloidal macroradicals coagulated prior to termination, 
a mechanism also proposed by Baxendale (179), or that 
chain radicals grew to macromolecular dimensions and under
went mutual termination while still in true solution with 
particle formation and subsequent growth occurring by 
phase separation and coagulation of these dead species.
They -suggested that as homogenous kinetics were obeyed 
beyond the stage where particles were formed that the 
second mechanism seemed most likely. Opposing view® have 
been expressed in the literature. Evidence for solution 
termination has been found by Fiquet-Fayard. (180), Whitby 
et hi (181), Sheriff and Santappa (188) for methyl meth
acrylate, by Pastiga et al (183) for vinyl acetate and by 
Crencentini (184) for methyl vinyl pyridine. However, 
Biswas and Palit (185), Ley et al (186) for methyl meth
acrylate, Dunn and Taylor (176) for vinyl acetate and 
Dainton et al (187) for acrylonitrile all support the
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view in agreement with Baxendale et al that colloidal 
coagulation regulates the rate of mutual; termination*

Fitch (188) argued that the initial rate of particle , 
formation during the emulsion polymerisation of methyl 
me IJiMorylate equalled the rate of radical generation* 
Subsequently, soluble oligomers could form new particles 
by a precipitation process, or be captured by existing 
par l; i.cles:

m  R. - R /QKx^  = i c —  (85)
Analogous expressions have been postulated by Gatta et al
(189) for vinyl chloride and Gardon (46) for micellar

dilsystems* Eventually, R- would approach R. until "rr = 0,
cur 1for a monodisperse preparation = 0 should be achieved

as quickly as possible (190)*
tcr

ir f (Hj - Ec) dt , —  (86)
0

t is the time to reach steady state,O  X

R s= ir Hr^ L R. from Gar don (46),c i
2Nf'J is proportional to the total polymer particle surface 

area, i,e, v~3. The volume would increase during the

period of particle formation according to non~steady state 
homogenous kinetics. The overall rate of particle forma
tion can then be shown to take the form;

| f  = R.dt i 1 - ( N O l l l g l  [m ] In (Cosh R± kt)

In the heterogenous kinetic scheme the growing 
macroradicals are physically prevented from mutual term
inal.* on because of the electrostatic forces which stabilise, 
the colloid. Each growing radical is isolated in a polymer/ 
monomer particle. Termination can then only occur by entry 
into a growing particle, of a primary initiator radical 
or an oligomeric radical of low molecular weight, Fitch
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et al (71,188) found that if no allowance was made for the 
charge on the particle, then a radical, could diffuse to 
the particle surface 10,000 times faster than the time 
required to add a single monomer unit, in agreement with 
Flop,/’ (79). However, the charge on the particles provides 
a substantial potential energy harrier to radical entry and 
Fitch et al (71) calculated that when this -potential energy 
harrier was taken into consideration, the probability of a 
successful entry was very much lower than the probability 
of monomer addition, so that the average radical entering . 
a particle would have several monomer units attached*

Once the initial nuclei are formed, then, in the case 
of monomers soluble in their polymer, the nuclei imbibe 
monomer and swell. However, since the nuclei contain only 
a small number of chains, it is likely that growth will 
result in loss of coILoidal stability* G-oodaXX et al (85, 
121) have shown that for polystyrene the initial particles 
consist mainly of low molecular weight material (ca 1000), 
but that further growth occurs by the formation of mater
ial , > 50,000 molecular weight. This would result in a
large volume and hence surface area increase but with the 
addition to the growing particles surface charge of only 
two charged initiator fragments. Dunn and Chong (191) 
applied the theory of the stability of “Tyophobic" colloids, 
D.L.V.O. theory (192,193). The energy of repulsion, Vg,, 
can be obtained from the surface potentials

~ € P ^0 In (1 + exp (~ TL). —  (88)
2; u

The energy of attraction which promotes the coalescence 
of pur tides arises from the intermolecular Van der Waalsr 
forces of attr*action, which depend on the polarity, polar- 
isobiLLty, etc, of the material. These forces are charac
terised bv the Hamakar constant (1.9411
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In colloidal systems the particles .are in a disperse' 
phase so that A must he 'modified to include the effects of 
the surrounding medium (195) • Ottewill and Walker (4) 
found 5 x erg for' the Hamakar constant of aqueous
dispersions of polystyrene latices„ The resultant energy, 
of interaction, V, can "be calculated^ as a function of dis
tance between particles hy adding V'A and V'* Thu.s V. ,k max.
the height of the potential energy harrier preventing 
particle coalescence, can he obtained. The rate of part
icle coalescence can he most conveniently characterised hy 
use n\' Puch’s stability ratio (196). This is the ratio 
of the rate of slow coalescence hindered by an energy 
harrier (V , to the rate which would he observed ifmcwC
the inter-particle forces were entirely attractive.

where u =* Hn —  (90)
00 W A du 0/
0

exp + 2y

The rate of coagulation l(R ) of colloidal dispersion iso o »

given hy: ^2
. p = _ ( ™ \  = , _  (9 3 )co \ a t ) w * }

Since W is small for the particles formed by the- nucleation
process, rapid coagulation occurs until the new fentities
formed by coalescence of the monomer swollen nuclei attain
a radius and surface charge density which is adequate to
produce a large value of W, i,e, a large potential energy
harrier to coagulation. The magnitude of the particle
radius required to achieve an adequate value of W for
stabilisation (r — > 0) is dependent on the ionic strengthCO f
of Mm medium and on the surface charge density.

During the coagulation stage, the number of particles
present in the system decreases according to equation 91.
The rn.te, Rco> initially large, gradually drops towards
zero as W increases. Hence R will initially be large, andn ■
since coagulation cannot occur until the particles have



■been formed, R will be small. Therefore at this stageO u }
R > R^ ̂ and the total rate of particle formation is n 7 co r i
given by:

wil.l be positive. As the particle number increases R ^-17 - co
wii !.. increase ‘until R — ? this gives Rm - 0, the con-co n? ° T
dillon of a maximum on. a curve of 11 against time. Howevers
once nucleation has occurred, R — > 0 and R ^  > R^,
le.M-li.ng to a decrease in N with time. For small W and
larvn N, R is large but decreases as W increases and ITco
dec. ceases. 4 Eventually, Rqo — * 0 and the number of part
icles in the system becomes constant. The subsequent 
growth therefore occurs at constant F, and is controlled 
by the formation of oligomers in solution and their sub
sequent diffusion and incorjjoration into the particle.
The results of G-oodall; et al (85,121) for styrene demon
strate this decrease in N with time during the early 
stages of the reaction. A similar decrease has been noted 
by "French (178) during the polymerisation of vinyl acetate 
in the presence of emulsifier, even though the emulsifier 
was present at a concentration above its critical micelle 
concentration. Goodwin et al (141,170) found that the 
coagulation stage for styrene was important in controlling 
particle size. Their results were obtained using 1 : 1 
electrolytes to increase the background ionic strength,
2 : 1 and 3 : 1  electrolytes were also employed and these 
also exhibited the trend expected by coagulation theory, 
i.e. that the final particle size increased (N decreased), 
dependent on the valence of the added ions. Similar find
ings for the more water-soluble monomers have also been 
resorted. Palit and G-uha (197) observed a considerable 
decrease in the rate of polymerisation in aqueous solu
tions of methyl methacrylate on addition of 0.016 mole- •
I**" ̂ of sodium sulphate, whereas addition of magnesium 
sulphate resulted in a more drastic reduction of the rate*

R •{■ R n co
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Baxendale et al (179) have reported that the addition of 
a trace of cetyl ammonium "bromide (.0003$) doubled the 
rate of polymerisation of the same monomer initiated by 
the redox combination of hydrogen peroxide and a ferrous 
salU Further insight into nuclei coagulation was gained 
by bhe observations of Happen and Alexander (198) on the 
number of particles generated in the polymerisation of 
vinyl- acetate. Addition of .003$ anionic surfactant 
renal bed in an increase in the number of particles by a 
faeb.it.' of 50, and the same quantity of a cationic emul
sifier reduced the number by a factor of 20.. It was con
firmed experimentally that the latices were anionic so 
that in the presence of anionic the latices had added 
stability but were coagulated by cationic surfactant.
I* CONCLUSIONS.

Since the pioneering work by Harkins (15) and Smith- 
Ewart (16), the theories of emulsion polymerisation in 
the presence of added soap has been refined (43-47) to the 
extent that the kinetics of Interval II are well under
stood, and recent work indicates that application of k^ 
and kp values obtained from bulk polymerisations to Inter
val III kinetics yields results which, are in good agree
ment with experimental data (53,54,56,57). Interval 1 
remains a stumbling block, and the agreement of -styrene 
emulsion polymerisation to the Smith-Swart treatment 
appears to be the exce'ption rather than the rule, indeed 
evidence obtained for methyl methacrylate, vinyl acetate 
and other monomers has led some workers (70-73) to ques
tion whether the micelles play the important role in part- 
icIn nucleation Harkins attributed to them.

The production of monodisperse latices by Bradford, 
Van der Hoff and co-workers (64,199-202) and their sub- 
subnequent surface characterisation (3,130,154) indicated , 
thiii-. emulsion polymerisation was not only a process applic
able to industrial production of polymers, but also one 
for the production of monodisperse latices for use in
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basic scientific research. The preparation of these sys~ 
terns in the absence of added emulsifier (140,175) made •. 
thenf even more attractive for. use as model colloids and 
G-oodwin et al (141,170,175) have carried.out an■ apprec- . 
iabio amount of research into the factors controlling 
pat* I. I.ole size and into the characterisation of the surface 
groupings. Kinetic studies on these systems should also 
be facilitated due to the absence of any extraneous effects 
canned by the presence of emulsifier.



DEFINITION OF SYMBOLS USED.
A Hamakar constant in. vacuo„
Ap Total^ polymeric area per unit volume- of emulsion,
a (8 « ) 2 *❖a The distribution coefficient 'between radicals in

particles and solution, 
a' Surface area of a single particle,
a Interfacial area of a surfactant molecule,
B

(lc )v n n

(kP jm $ n \
\2w. a' A p /

0w Concentration of free radicals in the aqueous
phase far from a particle,

D Particle diameter.
The free radical diffusion co-efficient in water*. 

DP Average degree of polymerisation.
&m Monomer density*
dp Polymer density*
[ E] Emulsifier concentration,
f etc. Fraction of particles containing n etc, radicals,
H Distance between the surfaces of two particles*
[ l] Initiator concentration.
[ I ] Ionic strength,
k Boltzmann constant.,
k^ Rate constant for the absorption of free radicals

by particles or micelles, 
k Rate constant for the capture of polymeric radi- -

cals by a zero order absorption or intraparticle 
initiation.

k^ Rate constant for the first order desorption or
chain stopping transfer of polymeric radicals

k.. Initiation rate constant.
k Rate constant for diffusion controlled coagulation,
k Propagation rate constant.

Pk Rate constant for free radical transfer out ofs
particles.
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Termination rate constant, ;
Termination rate constant in ‘bulk polymerisation 
of methyl methacrylate.

Termination rate constant,in the aqueous phase. 
Constants of proportionality.
The diffusive mean free path of oligomeric radi
cals prior to precipitation.
Molecular weight of the monomer.
Monomer concentration.
Concentration of monomer within the particles.

The degree of polymerisation.
Total number of particles.
Avagadrofs number.
Number of particles or micelles of type i.
Number of particles containing n etc, radicals. 
Number of radicals in a defined volume.
Average number of free radicals per particle.
The volume of polymer formed.
Initial monomer concentration.
Weight ratio of monomer to polymer in the particlee. 
Universal gas constant.
Distance between particle centres.
Rate of oligomeric radical capture by particles. 
Rate of capture of radicals.
Rate of coagulation.
Rate of initiation.
Rate of particle formation.
Rate of polymerisation.
Total rate of particle formation.
Rate of termination.
Total concentration of free radicals.
Concentration of radicals in the par tides.
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Concentration of radicals in the water phase, 
Particle radius.
Radius of particles or micelles of type ±* 
Particle surface area.
Weight concentration of surfactant. 
Temperature.
Time.
Time at the end of Interval I.

Energy of interaction between particles«, 
Energy of attraction.
Total volume of particles.
Energy of repulsion.
Volume of a single particle.
Partial molar volume of the monomer in the 
particles.
Fuchs stability ratio.
Conversion,
Conversion at the end of Interval 137.

Dielectric constant*
Interfacial tension.
Reciprocal of the Debye-Hue Icel thickness.
Rate of increase in the volume of a single 
particle.
Surface potential.
Rate of entry of free radicals into particles. 
Rate of entry of free radicals into particles 
and micelles.
Rate of radical production in the aqueous phase. 
Time interval between successive free radical 
entries.
Time of nucleation of a particle.



Volume fraction of monomer in the particle 
Volume fraction of polymer in the particle 
Flory-Huggin interaction constant*

Z&j'Tty -;; j;



CHAPTER IX 
A PREPARATION- OF MATERIALS
1) Water. All the water used, unless otherwise stated,.
was doubly distilled from an all-pyrex glass apparatus,
stored in covered pyrex glass aspirators, and used within
48 hours of production. The conductance was always < 1 (,5
m mho and the surface tension was found, to he within the

—Irange of '71.8 - 72.0 dynes cm , in good agreement with 
literature values of 71.97-dynes cm"*1 at 298 K (203).
2) Potassium, persulphate. Hopkins and Williams (Chadwell 
Heath* Essex, England) ’AnalaR* grade potassium persul
phate was recrystallised twice from doubly-distilled 
water, A saturated solution was made up at room temper
ature and stored at 276 K for ca, 14 hours, the resulting 
crystals were collected, and the process repeated. The 
doubly recrystallised sample was dried and stored in a 
dessicator, (kept in a dark cupboard). The % -0~0- 
linkage found to he present in the purified sample was
> 98/o, as determined by hack-titration using ferrous 

ammonium sulphate and eerie sulphate withferroin Indicator 
(204). .
3) Potassium neroxvdiohosnhate.. Potassium peroxy diphos
phate, obtained from Polysciences (Paul Valley Industrial 
Park, Warrington, Pa., U.S.A.), was used-as-received. The
<f0 -0-0- determined as described above was found to be > 95%. 
This material was also stored in a dessicator in the dark*
4) S o dium me tab i sulnhi t e» The sodium metabisulphite was 
B.D.H., (Poole, Dorset, England), .’’Laboratory reagent” 
grade and was used without purification.
5) Monomer purification. The styrene and vinyltoluene 
used in the polymerisations were of laboratory reagent 
grade? obtained from B.D.H. and Kochlight, (Colnbrook, 
Buck.;., England) respectively. Upon receipt both contained 
inhibitor in the form of 4001% - *002% tert. butyl catechol 
and some batches of monomer upon purification, were found to 
have contained significant amounts of polymer.



The monomers were purified by double distillation 
under a reduced pressure of nitrogen at ca, 293-313 K, 
the first and last 10% of each distillate heing discarded» 
The purified monomer was stored under nitrogen at 253 K 
and was redistilled if the storage time was greater than 
four weeks.

Monomers such as tert-butylstyrene and divinyl- 
herr/,one used in small amounts in copolymerisation reac
tion^ were used as received and stored under nitrogen at
253 Si *
6) hubex preparation. Polymerisations were carried out 
in oi hher 0.5 or 1 I three necked flasks fitted with a 
P.T.F.K. moon shaped stirrer in the case of smale scale 
0.25 - 0.50 I • reactions (Pig.2); or in 2 I flanged 
reaction vessels fitted with a multi-necked flanged top 
and an anchor-type stirrer for reactions > 1 1  * The 
stirrer was maintained at a constant distance (l cm) from 
the hot bom of the flask in all reactions. Both types of 
reaction vessel were fitted with a condenser and a nitrogen 
bleed* The rate of stirring for all reactions was kept 
constant at 360 r.p.m. The reaction vessel, immersed in a 
water-hath at the appropriate temperature 0.1 K was 
charged with water and monomer and left to equilibrate for 
j- hour whilst heing bubbled with 1 white„_spo.t’ nitrogen.
Five minutes prior to the addition of the initiator, the 
stirrer was turned on in order to ensure that the water 
phase was saturated with monomer. In the case of potassium 
peroxydiphosphate initiated reactions, the sodium metabi
sulphite activator was added to the flask immediately prior 
to the addition of the initiator. Unless otherwise stated, 
all reactions were allowed to proceed for 24 hours.
7) ;!'unole preparation»
a) dumpling technique. Small (I ml) samples were removed 
from the large scale reactions using a teat pipette. The 
stir cor was stopped, the pipette inserted into the centre 
of the reaction mixture and the sample removed. A fast
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stream of ’white spot1 nitrogen was then passed into .the 
reaction vessel, to expel any air which may have entered, 
the vessel restoppered and the stirrer restarted,.. The 
sampling time was ca. 5 - 10 seconds. Large samples >10 
< 530 ml were removed using a pipette with a LulL filler, 
the name procedure was repeated as above, and the sampling 
tiiim was ca. 10 - 20 seconds. Although every effort was 
taken, to ensure that free monomer was not removed with the 
sample, a small amount was inevitably present, this was 
exit anted hy allowing the sample to stand for ca. 30 sec- 
oncln during which time it floated to the surface and could 
be removed using a teat pipette. Samples for electron, 
microscope examination were diluted immediately 100 times 
with cold water and stored in a cool place. Samples for 
weights- analysis, molecular weight determinations, adsorp
tion experiments and conductometrie titration were put on 
to dialyse against a large excess of cold water as soon as 
possible after sampling.
b) Dialysis. Dialysis of latices and latex samples re
moved from reactions was carried out against doubly-dis
tilled water in well boiled-out cellulose V'isking tubing, 
and was continued until the conductance of the dialysate 
was L 2: pmho,. Dialysis was carried out in covered pyrex- 
glass aspirators.
c) Freeze drying. The samples were cooled to 238 K and 
spun rapidly whilst being pumped under vac/aura for 17 hours 
during which time the temperature gradually rose to 273 K,.
d) Steam s.trinnins:. Steam stripping was carried out 
under nitrogen at either 373 K at atmospheric pressure, or 
353 1C under reduced pressure (Fig.3) „ Steam from doubly 
diet; tiled water was passed into the latex, whic?a was heated 
at the appropriate temperature, in order to reduce dilu
tion effects, in a water bath. The extract was passed
ini I, i.ally through a water condenser, which removed most of 
the abeam, and then through a cold trap at 77 K which 
corn leased both the organic material and the rest of the
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water vapour. The extent of steam stripping was calcu
lated from the ratios of the volume of the condensate to 
the volume of the latex heing stripped (i.e. jjrr half as

1 Viriuch condensate as latex, identical amounts etc «
Both condensates were retained for analysis.
B. TECHNIQUES OF LATEX C RARAG TER I SAT I ON. • '
1) Weights analvs1s. A sample of latex of known weight 
was placed in a glass sample bottle and heated at 330K in 
a .vacuum oven until a constant weight was attained. A
true u solids was then determined from a knowledge of either 
the amount of electrolyte present in undialysed samples, 
or from a knowledge of the sample before and after dialysis.
2) Conductometrie titrations.

The reaction occurring foe tween a strong acid and a 
strong base up to the equivalence point can be represented 
as:

H+ + X" + + 0H“ « HgO + M+ + X“.
The result of the above reaction is the replacement of - 
some hydrogen ions by ions. The equivalent conductance 
X^-f is much greater than that of any other cation, hence 

up to the equivalence point the conductance decreases..
Once the equivalence point has been reached,however, the ■ 
conductance will increase due to the addition of excess 
OH” and M+ ions to the solution. Before the equivalence 
point is reached:
1  ( O j r ' h  • X  o X-jut+ +  0  — • X  “*) «- •“ *“ ( 0 3  )
R ~ 10001 1 ■
where: 1 - cell constant

A
^H+ M+ x~ ~ concenurabion of ^  j_onSe

If the initial solution volume is V„ ml and the concernd
tra I. \ on is 0° equivalents of acid per litre, and if f is a
the fraction of acid neutralised by the addition of 
mis of MOH, then: / y



V  = Ga ( v ^ l  ’ -- (96)
and: / V

■M+ = fCa ( i -  (2S)
whe re;

f = A S
A S

Her ico:

10001 a Td
v

xx- + ( XM+ » XH+) f ) ,

, T, -  (97)
than a plot of g l ~ — — / vs will he.a straight line
of negative slope due to Xjjt > X * Also, if V »

1 
R

then the dilution fact,or/Va \can he ignored and 1 vs
\ a+A /

will also give a straight line. Beyond the equivalence 
point, [il4] — 0, there are three ions to carry the curr
ent through the solution, then, similarly to above:

R ~ lOOOl (v^V^) Ĝai ( Xxr “ X0ir) + ( XM* + X0H~^

\ ) > / V —  (98)
i (v +v,\ ■ : yand £ [ j vs •• b will give , a straight line of positive

slope, and when V& »  V‘̂, ^ vs will also give a straight 
line. If conductances are measured close to the equivalence 
point, then a curvature is observed due to the presence of
a small concentration of OH™ ions prior to equivalence and

-L.to a small concentration of H ions just after the equiv
alence point.

IT a weak acid is titrated, against a strong base then 
at t.ho very beginning of the titration, the reaction:

Ml + + OH” -- > HgO + M+ + X“,
effectively adds X” ions to the solution. The resulting
increase in the concentration of X“ decreases the concern

+ ' trai. inn of H by nature of the dissociation equilibrium:
HX iv + X" ,
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Again a decrease in conductance is observed, the extent 
of the decrease depending on the pK of the weak acidcl
heing titrated, the higher the pK , the smaller the 
decrease for acids at the same concentration. As- the 
titration proceeds, the concentration of hydrogen ions 
is • increased to such a low value that its contribution 
to ihe conductance of the solution is negligible• Hence, 
addition of further MOH only adds more M* and X~ ions 
and thus the conductance increases* ' Once the equivalence 
point is reached, the curve becomes identical with the 
strung acid-strong base curve,
b) Experimental, Conductometrie titrations were carried 
out on extensively dialysed latex samples* Two types of 
cell were used.
i) A dip-type cell fitted with platinum blacked elec
trodes (cell constant ~ 1.2) was used in conjunction 
with a glass cell (maximum capacity 0.1 I ), fitted with 
a water jacket and maintained at constant temperature 
298 K. The cell was covered with a close fitting perspex 
cap, having two small holes for the entry of nitrogen and 
sodium hydroxide and one large hole for the dip type cell*
ii) A thick walled polyethylene cell with built in 
graphite electrodes, (Sproule Electronics Ltd., Hitchin, 
Herts*, England), (cell constant 1.0, maximum capacity
10 ml) was also used. As above,this ceTX was'f itted with 
a cap having two small holes in it, although of course the 
large hole for the dip-type cell was absent* This cell 
was not fitted with a constant temperature water jacket, 
and errors due to temperature changes were negligible. 
Complete titrations took about 20 minutes*

It was found in practice that both cells gave results 
identical within experimental error.,

In both cases, stirring was facilitated by means of 
a small PTEB covered magnetic stirrer. The sodium, hydro
xide. (prepared from B.D.H. ’CVS1 ampoules)'was added using 
an fYgla micrometer syringe (Burroughs Wellcome Ltd.,



Beckenham, England) fitted with a fine "bore needle capa
ble of delivering a minimum of 2 /u ( . The changes in
conductance were measured using a Wayne-Kerr Universal 
Bridge Model 221B (Wayne-Kerr, Bognor Regis, Sussex,
Eng I and)r and the sodium hydroxide made -up in freshly 
boiled out water was standardised against hydrochloric 
acid (B.D.H* *CVSl Ampoule). The cell constants were 
dein mined periodically using potassium chloride solu
tion u of known concentration.

A sample of filtered latex of known percent solids 
was pipetted into the cell and bubbled with nitrogen for 
approximately •§• hour, the nitrogen bleed was then lifted 
above the surface of the latex and the addition of sodium 
hydroxide commenced*

The conductance reading after each addition of 
sodium hydroxide was found to remain constant upon stand
ing on the descending acid leg, however it tended to de
crease upon standing on the ascending base leg* The time 
between the additions of caustic was thus important and in 
this work was always measured immediately after the 
addition of caustic. The total volume of caustic added 
was 5 - 4 times that required for neutralisation*
3) Potentiometrie titratipns. Potentiometrie titrations 
were carried out on latices using a Radiometer-(Copenhagen) 
Titrator Type TTlc. In this Instrument the chart speed, is 
preset,: and is proportional to a change in pH which can be 
varied. The system works on a bridge principle, as the 
chart paper advances the bridge becomes unbalanced and 
base (or acid) is added to the titrant in order to increase 
(or decrease) its pH such that the system again becomes 
balnuoed. The deflection on the instrument is proportional 
to the volume of acid or base added, the constant of pro
portionality depending upon the volume set to equal the 
full scale deflection.

The instrument is fitted with a glass and a calomel 
electrode, which pass through a nylon cap covering a water
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jacketed glass cell (maximum capacity 50 ml)* This cap 
also has three small holes drilled through it for the 
entry of acid or base, nitrogen and an electronically 
driven stirrer rod* The ‘base (or acid) is added hy means 
of »m electrically driven micrometer screw in contact with 
the jj Lunger of an all-glass precision ground syringe*

The instrument was calibrated with two standard pE 
solubions, one at either end of the range of pH vaTu.es 
expnebed to he encountered in the titration. The cell and 
elan Inodes were then well rinsed in water before addition 
of I,ho filtered latex. The latex was bubbled with ’white 
spot1 nitrogen for i hour, after which time the nitrogen 
bleed was raised above the latex surface and the titration 
cycle initiated,
4) Determination of hydroxj/l groups. The procedure of
'Van den Hul et al (154) was used to convert the surface
hydroxyl groups to carboxyl. A sample of latex was heated
at 363 K for six hours in the presence of 0*3 g g~‘~

—5potassium persulphate and 10 M silver nitrate, in a 
stirred flask fitted with a condenser. The 'latices coag
ulated under this treatment and were filtered using a 
pyrex sintered glass Buchner"funnel (porosity 3), The 
solid latex was then washed with hot water until the con
ductance was almost the same as that straight from the 
stills, and dried in a vacuum, dessicator. A known weight 
of the dry latex was redispersed with the aid of a small 
amount of ethanol and titrated conductometrieally as 
described above.
5) Oas adsorption.
a) The B.B.T. equation and surface areas. When a highly 
disperse solid is exposed in a closed space to a gas or 
van.mu, then the solid will adsorb an amount of the gas 
or vapour, the .equilibrium amount adsorbed depending on 
the eaui1ibrium.pressure p, the temperature T and the 
nabnee of the gas and of the solid i.e: '

x ~ f (p, T, gas, solid). (99)
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For a given gas adsorbed on a given solid at a Fixed 
temperature then:

x ~ f (p) Tj gas, solid. —- (100)
if bhe gas is helow its critical temperature, :i,e, is a 
vapour, then the form:

x ~ f ( / P ) I? gas, solid.. (101)
is applicable where PQ is the saturated vapour pressure*, 
Equations 100 and 101 are expressions for the adsorption 
isotherm.. Adsorption isotherms have ’been measured on a 
wide variety of solids using a wide range of gases, how
ever most isotherms can he grouped into one of five 
classes originally proposed 'by Brunauer, Deming, Demlng 
and Teller (B.D-D.T.) (205) and nowadays commonly referred 
to as Brunauer, Emmett and.Teller (B.B.T*) (206)* Both 
Shaw (12?) using krypton and Vanderhoff et al (152). 
using nitrogen have carried out adsorption isotherms on 
polystyrene latices„ They found that the- isotherms o'btained 
were of type IX on the B*E*T*. classification, typical of 
multilayer absorption on a non-porous solid*

The B.E*T* equation has proved remarkably successful, 
in the calculation of specific surface areas from Type XI 
isotherms® The B*E*T* equation is derived from the inter
change of molecules between the gas phase and the adsorbed 
layer, and for use'"in graphical methods takes the follow
ing form:

P 1 .. £=1 P/ *dmo\*T"P ~P) “ x C x 0 tP ’ kjmz). o 7 m. m o
where: x is the uptake of gas at equilibrium pressure P .

P>o is the saturated vapour pressure of the gas, 
the monolayer coverage*

G is a constant related to the heat of adsorption,
As 1.he value of C increases, the knee of the isotherm
(annroximately equal to the monolayer coverage) becomes

P P/sharper• A plot of xTTry— ET vs A  gives a straight, line



C~X 1of slope jj and intercept , solving this set of
m m

simultaneous equations yields x . The surface area can 
then he calculated from a knowledge of the surface area of . 
adsorbing molecule,,

This equation is usually only applied to isotherms ini •/the /p range of 0.05 to 0.35, failure of the equation to L ohold outside these limits is probably due to surface heter
ogeneity for the lower limit and to the effect of lateral 
interactions between the adsorbed species for the upper 
liml I, neither of which was accounted for in the derivation,. 
Indeed, there is general agreement that the assixmptions on 
which the B.E.T. equation is based are far from valid, and 
Halsey (207) considers that the equation is simply a mathe
matical tool to determine the position of the knee of the 
isotherm curve. The results of Vanderhoff et al (152) and. 
Shaw (127) were obtained using different gasses, Vander
hoff et al found that evacuation of the samples at room 
temperature for 48 hours resulted in a surface area cal- ■ 
culated from a nitrogen isotherm in excess of that calcu
lated from electron microscopy.- They attributed this to 
the latices having either uneven surfaces or a small amount 
of porosity. On the assumption that the surface would 
smoother, or the pores close, they heated the latex samples 
at 393 II for several hours and redetermined the isotherms. 
This treatment resulted in better agreement between B.E.T. 
and electron microscope surface areas; the per cent diff
erence between the two was of the order of 12^30%* Shaw 
(127), on the other hand, using krypton, found excellent 
agreement between B.E.T. and electron microscope surface 
areas, however, his results were obtained on a single 
sample and no details were given with regards sample 
prep; i ration.

Karnaukhov et al (208-211) have considered the 
adsorption of gases onto adsorbates consisting of spher
ical particles. They,. (208), showed that for two spheres
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t ouc hing that:
_ s —  _ 4 7T R _r„ p_,jr,Rr _ 1  ̂^  ? _  (103)
geom 4 7T R • 2R

where r is the molecular radius of the adsorbing species
R is the particle radius
s is the surface area accessible for adsorption*

Thin equation takes into account the area of contact 
between the particles inaccessible to molecules of radius 
r* !''or multiple contacts equation becomes:

8 ^ “  = 1 - w♦ -geom
or, llie accessible surface decreases linearly with in
creasing diameter of the adsorbing species, and depends on 
the number of contacts n and the particle dimensions R. 
Thus, for 20 nm particles with a hexagonal close packed 
array, using nitrogen gas (r = *217 nm) that:

g--̂ —  = 0.8V.
geom

In the case of small spheres in contact however, it is 
likely that capillary condensation also takes, place which 
would lead to an increase in the calculated surface area*
b) Experimental» Gas adsorptions were carried out on 
well.’- dialysed and freeze-dried latex samples. A grav
imetric technique was employed using a Sartorius micro- 
balance (Model 4102) built into a vacuum system of normal 
design (Fig.4). Experiments were carried out using nitro
gen and krypton at 77 K and carbon dioxide at 195 K. Large 
pressure changes were measured on a mercury manometer con
structed out of precision bore tubing using a cathetometer, 
sma’i I. pressure changes were measured using a Mcleod guage, 
again a cathetometer being used to determine the difference 
in I might of the mercury columns. The Sartorius balance on 
the scale settings used was capable of measuring uptakes 
of ) 5 m g, the error on reading the scale being t 2.5 yg.

A. sample of latex was placed on the balance pan and 
left under vacuum (10 ^ ~ 10“° torr) overnight at room
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temperature. The sample was then heated using a small 
circular electric furnace at 543*5. X (glass transition 
temperature of polystyrene 378 K (812)) for one hour * 
this time 'being sufficient for the sample to attain con
stant weight, (in some cases the sample was heated over
night at 343 _ 0,1 K using a water hath. Isotherms 
cam* led out on identical latices treated in either of the 
ways described above were identical within the limits of 
experimental error) . The sample was then immersed in the 
temperature bath (liquid nitrogen at 77 X, solid carbon 
dio* hie/methanol at 195 K) and left to equilibrate for 
hour,, Small volumes of gas, dried by passing through a 
silica gel column, were then allowed into the system and. 
the changes in the weight of the sample and the pres'sure 
were measured. Preliminary experiments indicated that the 
sample weight equilibration time was of the order of 3.5 
minutes, hence readings were, taken 40 minutes after each 
gas addition. Isotherms were plotted and treated using 
the B.E.T. treatment.
5. Electron microscopy.
a) Background. It has been pointed out by several, worker 
that, electron microscopy has certain drawbacks when used 
to determine the sizes of latex particles,
i) That there appears to be a separation according to 
size during the sample preparation of polydisperse systems 
(33,175),
(ii) That the particles tend to aggregate during sample 
preparation.' (33) .
iii) That they tend to degrade under- the electron beam 
(53*813),
iv) dwelling or contraction of the particles occurs upon 
exposure to the electron beam (114,213-816) *
In t-hc case of monodisperse latices which do not coalesce 
upon aggregation then neither (i) or (ii) are of importance 

0‘laver and Farnham (213) have carried out a study on 
part. i.e.le damage caused by the electron beam, they studied'



polystyrene, polystyrene/acrylonitrile copolymer (PSAN.),' 
polyvinyl chloride (PTC) and polyvinyl acetate (PVAc) 
latices. They determined that the particle diameters' all 
decreased upon exposure to the beam and that the rate of 
decrease was rapid during the first few minutes of ex
posure and then began to level off*. For PSAH, PTC and 
PVAc. they found that the maximum decrease in diameter1 
occurred at 80 kV accelerating potential and 20 /-'* A beam 
current, (the most intense beam they used), being 12%,
2(3% mid 30% respectively. They explained their results 
in I arms of ’most radio sensitive bonds’ in that the 
carium-chlorine, C~H (PVC), carbon-nitri'le, C-H (PSAH) 
and carbon-oxygen, C~H (PVAc) were radio sensitive com
pared to the carbon backbone. The decrease in diameter 
being due to the formation and resultant diffusion out 
of the particles of HOI, HOT and CHg COOH respectively.
In the case of polystyrene however they found a maximum 
of about 7% decrease which they explained in terms of 
’radio insensitivity’ of the carbon-carbon bonds, and to 
the fact that even if the bonds were broken then the 
benzene residues would not diffuse out of the particle 
very rapidly. They also found that under beam conditions 
of 100 kV accelerating potential and 5 p A beam current 
the decrease was < 3% and concluded thats ’the maximum 
loss-from polystyrene was real, but negligibly-small for 
all but the most precise measurements’ *

Other workers (114,214,215) have noticed an increase 
in diameter upon exposure to the electron beam and attri
buted this to contamination of the sample* Karamata (215), 
found ca, 14% increase in diameter of a 340 nm polystyrene 
In !mc over a period of 24 minutes.

It would thus appear that, in the case of monodis- 
pnt'se polystyrene latices, if contamination is kept to a 
minimum and the beam current and accelerating potential 
kf'jii, low that electron microscopy can be used with confi
dence to determine particle diameters.
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b) Transmission electron microscopy (T.E.M.) !f T*E.M. 
was carried out using a Phillips EM 600 electron micro
scope* The latex sample was diluted down to ca, 10 ppm 
and one drop placed onto a 20 gm 5 For invar 1 coated copper 
grid and allowed to air dry at room temperature in a dust- 
free box. Usually, three grids were prepared from each 
sample, and photographs taken from different regions of 
each grid. Great care was taken to minimise the effect 
of beam damage and the operating conditions were chosen- 
such Ihat any "beam damage which did occur was minimal, 
e*g, 00 kV accelerating potential and 3-4 y A he am current#. 
ExporLments were carried out to determine the effect of 
these conditions on latices, hy taking photographs of the 
same grid area after different exposure times, up to 60 
minutes, and comparing the particle sizes. It was found 
that after 60 minutes exposure, a maximum contraction of 
4% occurred. Further to this, the focussing of the 'beam 
was carried out on an area of the grid adjacent to the 
area to he photographed, once the beam was focused, ' this 
area was moved into the beam and photographed. Thus, the 
exposure time to the electron beam was reduced to a mini
mum* Indeed Earamata (215) has used this technique in 
conjunction with shadowing of the particles and found that 
the diameter of the particle was identical within, experi
mental error to that determined from the-shadow-width.*

The electron micrographs were printed onto Ilford 
stabilisation paper, and the particle size distribution 
determined by measuring about 250 particles (from different 
regions of each photograph) if mono disperse (standard 
deviation <10%) and about 600 if polydisperse.

*I am Indebted to Mr. R.A. Cox, C.DJS* Porton, Salisbury, 
Wills., for the electron microscopy*
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The data thus obtained was analysed hy computer to deter
mine the mean and standard deviation. Measurements were 
carried out using a calibrated eye-pdLece (Polaron Equip
ment Ltd*, 60/62 Greenhill Cr.esc * s Holy'//ell Industrial 
Estnbe, Watford, Hertfordshire, England) measuring to an 
acnticacy of - 0.05 mm. The magnification was- such that the 
particles were ca. 1cm diameter on the photographs although, 
limlbations were placed on this especially in the case of 
small particles, when the contrast with the background 
wan nob good, in that increasing the magnification on the 
print resulted in a loss of clarity. The accurate mag
nification of the prints was determined by measuring the 
spacings of a carbon replica of a diffraction grating 
(2160 lines mm ), a photograph of which was taken at the 
same magnification as the latex particles.

Some of the latices containing anomalous particles
were carbon replicated by drying down a suspension of the

/»
latex (l part in 10 ~i) at room temperature onto a freshly- 
cleaved mica surface. These were carbon coated by depos
ition onto the sample of vapourised carbon produced in an 
electric arc under high vacuum. The carbon film was depos
ited onto a T.E.M. grid after removing the mica by float
ing off in water, the grids were then air dried and the 
polystyrene dissolved away by six hours„_exppsure to the 
vapour from boiling toluene. The replicas were then 
examined in the T.E.M.
c) Scanning electron microscopy (S.E.M.) c. Several samp 1 es 
of latices containing anomalous particles were examined by 
S.E.M* using a Cambridge Stereoscan (Model IIA, resolu
tion 25 nm). Samples were prepared by placing a drop of 
the !utex dispersion onto a brass surface and evaporating 
to dryness in a dust free environment at room temperature. 
The samples were then coated with carbon and gold and 
sc ami taken between 0° and 45° to the vertical. As in the 
T.i'hftL examinations experiments were carried out to deter
mine the effects of prolonged beam exposure, 60 minutes, a
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maximum contraction of* 6% occurred, 1*
d) Statistics of particle size distributions* The dia
meters of latex spheres are a continuous variable in that
they can theoretically have anjr value, as opposed to a 
disc, cete variable which can only take on isolated values, 
usually positive integral values. The most important 
discrete distribution is the binomial distribution and the 
moo I, important continuous distribution is the normal dis
tribution,, In order to determine the mean of a normal 
din Lr Lbution it is necessary to use the mean of a random 
sami.i I<3 drawn from a normal population. The mean, x , is 
calculated from:

where x is the particle diameter, 
and n is the sample number.
The standard deviation, o 9 is an indication of the sample 
spread, or polydispersity of the latex, and is often * 
quoted as a percentage of the mean.

n “ d
Another statistical parameter often quoted is the variance,

perse to describe sols with a standard deviation of <( 10%• 
When the sample mean and the standard deviation are 

known then the confidence interval for the mean can be 
determined, The confidence interval defines as a percen-. 
tago the certainty that the population mean n is to be 
found between two limits. It can be shown that if a 
sample of mean x is based on a random sample of size n 
selected from a normal population with unknown mean ypand unknown variance <? ", then the random variable

n
(105)

i s i
n

n
—  (106)

i = 1

Wachtel and LaMer (S) have used the term monodis



x ~ fx , has a distribution knoTim as the t distribution.
*■ if?

The t distribution depends upon a single parameter known
as the number of degrees of freedom, which in this case
is orji/ial to n-1. A distribution curve is effectively a.
probability envelope, the area under the curve at any
particular sample size representing the'probability of
that size occurring, thus the total area under the curve
is I (100%)* The limiting values defining the various
probabilities (usually between 90-99%) can be obtained
front statistical tables, and are dependent upon n, but as
n ...— ,*,co the t distribution •— normal distribution and the
limits become independent of n.

An exact 100 (l ~ <* ) percent confidence interval for_±. -
fx is given by; (x - t ^  a n 2 , x + t<y <r n 2),

where (l - a) is the degree of confidence, (i.e. for a
90% confidence interval ck = 0*1), and t defines the

%
limits and is tabulated.
For example: 250 latex- particle diameters were measured
and i b was found that x ~ 100 nm and a- = 5 nm, then
the 99% confidence interval is (99119., 100<81) , i.e. .it 
is 99% certain that the population mean lies between 
99.19 and 100.81 nm. Ottewill and co-workers (141,170, 
175) suggest that about-1000 particles should be measured 
for statistical significance, however, it would appear 
that with mono disperse samples ( <r < 10% x) the number 
of particles measured can be much less. If the sample 
size in the above example had been 1000 then the 99% con
fidence interval would have been (99.59, 100.41), the 
difTerence between the two sets of limits being negligible
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?) Mcq^ulaxJ^ .
a) Membrane Osmometry. ‘
i) Theoaetical. chemical

At constant temperature and pressure the/potential
of pure solvent will exceed that of solvent in solution,, 
causing the solvent to flow through the membrane into the- 
sola I,ton. This flow will continue until the pressure 
increase due to. transfer of solvent is such that the diff
erence in chemical potential is eliminated* This pressure 
difference is termed the osmotic pressure, II , and. it can 
he iihown that:

n V = - RTlna, —  (107)
wheru v = the partial molar volume of the solvent,

R = the gas constant,
T — the absolute temperature,
a =s the activity of solvent in the solution.

For an ideal solution, the solvent activity is equal to 
the mole fraction. In terms of mole fraction of solute

= 1 - Kg —  (108)
and -In IL = - In (l - lTg) . —  (109)
If lip is small compared to 1, i.e. a dilute solution then:

m  ( 1  - k2) ~ ks , —  (110)
and n r  = RTKg . —  (ill)
Under these conditions of dilution, ~ V , the molal 
volume of pure solvent, and lTg = ̂ 2 where ng and are

nl
the number of moles in solution.

I am indebted to Mr. M.J. Castle, Chemical Defence 
Establishment, Porton Down, Salisbury, for part of this 
work..
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where: CQ = concentration in grams of solute per litre
of solvent,

Mg - molecular weight of solute.
Thin equation is only valid at infinite dilution due to
"both the approximations in the derivation and to the
assumption of ideal "behaviour. The latter is not the case
since the high molecular weight compounds used tend to
interact with each other at the concentrations usually
employed. Hence it is necessary to determine the osmotic
pressure for solutions of various concentrations (lOg 1 *■

*~10.8g 1 * ) and to plot the data obtained, such that the
TTvalue of n for C = 0 can "be determined, i.e. plot /G vs 

C then:
Mq = lim RT - —  (115)

TTc — * 0 /c
ii) Experimental,

Molecular weights (fin) of some of the latices were 
determined using a Wescan Model S3 recording,membrane 
osmometer, to measure the osmotic pressure between a pure 
solvent and a solution of known concentration of polymer 
separated by a semi-permeable membrane. The pressure 
changes are measured by means of a pressure transducer.
The solvent is contained in a closed chamber, one wall of 
which is a flexible diaphragm., as the solvent diffuses 
through the rigidly held membrane, the diaphragm distends 
changing the volume of the chamber. This change in volume 
is coincident with a corresponding change in pressure 
c a n o e d  by the elasticity of the’diaphragm.

The poisoner solutions were made up in degassed singly
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distilled ! Analar' grade toluene, and the membranes, * which 
upon arrival were stored in isopropanol, were conditioned 
for use with-toluene by- immersing the membranes- in each, of 
the following solutions for two hourst 

75% isopropanol/25% toluene,
50% n /50% ’*
25% » /25% "
0 n /100% n

Gel Permeation Chromatography, *'
Molecular weight determinations on some samples were 

carried out using a Waters Gel Permeation Chromatograph 
(Mqdel 200), This instrument enables values of both num
ber and weight average molecular weights to be determined, 
and hence the molecular weight dispersity of the polymer, 
as well as the actual distribution of molecular weights. 
The separation of the different molecular weight species 
involves column chromatography, in which the.stationary 
phase is a heteroporous solvent swollen polymer network.
In this work columns containing styrene/divinyl benzene 
co-polymer beads of 50pm diameter and pore sizes in the 
range 10^ - .10̂  5l were \ised. As the liquid phase contain
ing the polymer sample (usually J% weight/volume) passes 
through the column at a known flow rate, the polymer 
molecules diffuse into all parts of the gel not physically 
barred, to them. The smaller molecules permeate'more com
pletely and spend more time in the column, the large, 
molecules permeate less and pass through the column more 
rapidly. The amount of polymer coming off the column was

’The author is indebted to Messrs J. Paul and D.Hllman, 
Materials Quality Assurance Directorate, Woolwich Arsenal, 
London, for this part of the work.

- 83 -



determined using a Differential Refractometer, and the 
columns calibrated using a series of different molecular 
weight, anionically polymerised polystyrene standards 
Mw . v



CHAPTER III
A) TUB EFFECT OF STEAM STRIPPING ON THE BULK /HID SURFACE 

CHARACTERISTICS OP POLYMER LATICES.
1) INTRODUCTION.

The published studies on the merits of the tech
niques of dialysis and ion-exchange for. the removal of 
e.\ i•«* lirolyte and emulsifier from latices has been reviewed 
ear l.ler (Chapter I). However, their efficiency in remov
ing unreacted monomer and reaction by-products such as 
beir aldehyde has not been studied extensively (138) . Also, 
the effect of these materials on the. surface properties of 
polymer latices has not been investigated. Shaw and 
M a r s h a l l  (137), in their infra-red spectroscopy studies on 
polystyrene latices, noted the presence of monomer and 
benzaldehyde in dialysed latices; and it was noted during 
this work that extensive dialysis (20 changes of doubly 
distilled water, latex to water ratio 1:100, time period 
four weeks) did not result in the complete removal of 
styrene monomer and other organic residues from polysty
rene latices, as evinced by the fact that the odour" of 
styrene and benzaldehyde became apparent upon storage.

The effect of the removal of these materials on the 
bulk and surface characteristics of the latices was deter
mined. The nature of the organic material removed by 
steam stripping was investigated, as we.ll-.as the probable 
effect these residues would have on the surface character
istics of the latices.
2) EXPERIMENTAL»

Steam stripping was carried out (Chapter II) in con
junction with dialysis. Various combinations of steam 
str.t oping and dialysis were investigated, such as steam 
sir loping after initial dialysis, and steam stripping after 
ini! ial dialysis followed by further dialysis. The latices. 
were characterised by conduc tome trie, and in some cases 
pot.ontiornetric titration, after each stage. Where the 
latex was steam stripped before initial dialysis, it was 
redinlysed before analysis (to remove residual electrolyte).



The steam distillates were collected (see Chapter
II) and the water phase titrated conductometrieally * The 
organic phase was extracted using either ether or carbon 
tetrachloride and analysed using infra-red spectroscopy.
In the cases where a separate organic phase of sufficient 
volume was produced, a molecular weight determination was 
carried out using gel permeation chromatography (G-.P.C„)
3) DISCUSSION.
a) Kffect of Steam Strinning on the Bulk Properties of • 

latices.
i) Hlectron Microscopy.

Electron micrographs of latex samples containing small 
amounts of residual monomer often exhibit bridging between 
the particles. Steam stripping a sample prior to electron 
microscopy acts to reduce the amount of bridging,, presum
ably by removing small amounts of residual monomer from the 
particles (SIT).
ii) Photon Correlation Spectroscopy«,

One of the major problems encountered during particle 
size determinations using this method, which involves 
measuring the rate of diffusion of the particles, is the 
presence of clusters of two or more particles within the 
latex suspension. These clusters, which are occasionally 
very difficult to break' down, cause the diameter determined 
by photon correlation spectroscopy to be greater than that

* x ,un indebted to Mrs.. Chittenden of the Chemical Defence 
Bsi ihlishment, Porton Down, Salisbury, for the infra-red 
dat»* and to Messrs. J. Paul and D. Hilrnan of the Materials 
Quality Assurance Directorate, Woolwich Arsenal East, 
London, for the gel permeation chromatography.
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determined from electron micrographs. Samples of "both 
steam stripped and normal polystyrene latices, produced 
using potassium peroxydiphosphate/sodium metahisulphite 
initiator system, were supplied to Dr. K* Randall and 
Capt, D. Munro of the Royal Military College of Science, 
Shrivenham, Wiltshire, who reported that agreement 'between 
-diameters determined Toy electron microscope and photon 
correlation spectroscopy improved after steam stripping, 
indicating that this process leads to a reduction in the 
number of aggregates present in latex suspensions, 
h) llffeet of Steam Stripping on the Surface Characterise ■

.tics of the Latices.
Steam stripping was carried out at Tooth 353 K and 373 

K (glass transition temperature of polystyrene 378 K (212)) 
to determine the effect of temperatures close to and 'below 
the glass transition temperature. Steam stripping at Tooth, 
these temperatures leads to rapid hydrolysis of the'sul
phate groups, and their eventual elimination if the process 
was carried out extensively. The results are summarised 
in Table 3.

Analysis of the results shows two effects: a) that
steam stripping acts to expose otherwise inaccessible 
acidic material, not necessarily associated with an anom
alous region, and To) causes rapid hydrolysis of the sur
face bound, sulphate groups, the duration and temperature 
of steam stripxoing being the important factors. For both 
latices 40.and 296, steam stripping at 373 K after initial 
dialysis resulted in an increase in the concentration of 
strong acid. Further dialysis, in the case of 296 and 18A, 
resulted, in a decrease, indicating that some of the acidic 
material titrated after the first steam stripping was 
present in the water phase. Steam stripping at 373 K 
before initial dialysis.always resulted in the concentra
tion of the strong acid decreasing; in the case of 54B to 
zero. Further steam stripping of 296 also resulted in the 
concentration of the strong acid decreasing to zero, pre
sumably due to the sulphuric acid produced by hydrolysis 
being carried over in the steam. The steam stripping of 
latex 296 at 353 K shows similar trends in the eventual



TABLE 3

EFFECT OF STEAM STRIPPING- PERSULPHATE INITIATED 
POLYSTYRENE LATICES

La I,i ■ I ‘ Treatment ‘ Total strong acid
( ]i eg g*-1)

40 D. 2.64
11 D, SS(373). 3.16
" SS(373), D. 1.15

296 D. 2.97
" D, SS(353). 1.89
" D, SS(373). 3.45
u D, SS(353), D. 0 -
,r D, SS(373) , D. 0
" SS(373). D. 0.88
u SS(373), D, SS(373) . 0
" SS(373), D, SS(373, D. 0

18A D. 2.98
" D, SS(373), D. 1.20
54B Do 3„15
** SS( 373) , D «. 0

Rone of these latices exhibited a wealc acid inflection 
D = Dialysis.,
SS( ) ss % Steam stripped.
The steam stripping was carried out on a 1:1 basis.
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disappearance of sulphate groups. However, steam, stripp-**- 
ing after- initial dialysis resulted in a decrease in the 
acid concentration, contrary to the findings at 373 K*.
This may have heen due to acidic material 'being carried 
over in the steam at low pressures

The increase in strong acid upon steam stripping at 
373 K could he due to exposure of otherwise hurled sul
pha Ir; groups attached to either high or low molecular 
weight polymer. The diffusion of 'buried low molecular _ . 
weight material to the particle surface on steam stripping 
ap:-'“irs more likely, since isooctane extraction of poly- 
sty r-rne latices produced in the absence of added surfac
tant- always showed the presence of low molecular weight 
material (jjj ~ 1000, see Chapter VI) . A sample of latex 
40 was liquid/liquid extracted with isooctane for 24 hours 
and re-characterised. The strong acid end point had de~ . 
creased hy 9.5%', indicating that the low molecular weight 
material does have sulphate end groups attached to it*

It is interesting to note that many latices which had 
heen prepared for several years did not contain any titra- 
teable acid groups,hut remained stable after a steam strip
ping at 373 K,,and also after long periods of storage ( > 
one year in the case of 40)* These particles cannot he 
electrostatically stabilised* However, according; to 
Smitham et al (99) hydroxyl groups could contribute to
steric stabilisation, by analogy to polyvinyl alcohol which
is a known steric stabiliser„ Also, a latex produced by 
the Dow Chemical Go®, was found upon storage to be electri
cally neutral but very stable,, the surface groups being all 
hydroxyl (139,218).

ALthough similar results were obtained by steam strip
ping the latices before and after dialysis, it is thought 
tli.-« f steam stripping after dialysis is to be preferred, 
sin-T‘ further polymerisation and other side reactions could 
oe(.sir between excess initiator still present in an undia- 
lysod latex and monomer and other reaction byproducts*.
B) HYDROLYSIS 0? SULPHATE GROUPS,
l) Introductlon.



Several workers have reported the gradual hydrolysis 
of sulphate groups on polystyrene latices stored at room 
temperature. Everett and Gultepe (144) have reported the 
hydrolysis to he 2.5% per month at room temperature, and 
.Chen (143) found strong acid groups in the supernatant 
after centrifugation of a well-dialysed latex which had 
heen stored for a period of 9 months. Chen showed that 
dialysis immediately prior to centrifugation resulted in 
no detectable strong acid groups in the.supernatant, prov
ing that the titrateahle species of strong acid was water 
soluble. Hearn (48) has shown that the rate of hydrolysis 
increased at elevated temperatures.
2) I) iscussion.

The results described in the previous section show a 
rapid rate of hydrolysis at elevated temperatures and this 
was confirmed by controlled experiments at 293 and 343 K 
(Table 4).

TABLE 4
PATE Off HYDROLYSIS Off LATICES 295 AKD 54B STORED 

AT 293 M W  343 R RESPECTIVELY

Latex T ime (days) Strong acid 
( )x equiv g""1)

295A 0
27
83
0
30
80

1.78
“1.28

0
295B 2.90

2.49
0.90
3.15
0.76
0.29

54B 0
3
9

A I.'her dialysis
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At 293 K the rate of hydrolysis was of the order 20 - 30%
-1 -1 month , which is considerably greater than 2..5% month

determined by Everett and G-ultepe, The results at 343 E 
show that within three days the concentration of strong 
acid groups on the latex had decreased by 76% and after 
nine days by 91%, It would thus appear that hydrolysis of 
the sulphate groups is a process which occurs from the very 
inception of the particles at the beginning of polymerisa
tion, and that it continues at a rate dependent on the 
temperature. Thus, hydrolysis will be occurring during 
peuiiii Lphate initiated polymerisations, which may be evident 
in I,he common observation (3,48,141,157) of the presence 
of hydroxyl groups on the latex particles where their 
concentration may be greater than that expected by the 
reaction of persulphate with water to yield OH6 (87) . It 
is therefore evident that the reactions should not be . 
continued beyond the time taken to achieve final conver
sion, For example, Stone-Masui and Watillon (153) have 
carried out unbuffered reactions at 343 K for 96 hours and 
found an almost complete absence of strong acid groups.
However, when a similar reaction was carried out in the 

-3 1presence of 10 mole I ' potassium bicarbonate, apprec
iable amounts of. strong acid groups were found,. Read and 
Fredell (219) and Iturz (220) have shown that the rate of 
hydrolysis of alkyl sulphates increases markedly with 
decreasing pH. Several workers (133,156) have found that 
the number of hydroxyl groups produced during a persul
phate initiated emulsion polymerisation was dependent upon 
the pH of the reaction; being less at higher pHs.

All the latices produced during the course of this 
work with persulphate initiator have exhibited appreciable 
amounts of strong acid groups, and reactions carried out 
a tv temperatures in excess of 333 K were terminated after 
24 hairs.

Van den IIul, Vanderhoff and co-workers (3,156,152) 
have carried out a considerable amount of research into the 
characterisation of polymer latices. They found that their



latices' did not. undergo any appreciable sulphate hydroly
sis, even after extensive periods of storage,. However, 
the latices were prepared using surfactant and it is poss
ible that the surfactant layer around the particles pro
tected the strong acid groups, either reducing or complete 
ly preventing hydrolysis.

it is well known that the presence of micelles strong 
ly inhibits certain reactions due to the incorporation 
into the micelles of one of the reactants. Bunton et al 
(22 I) found that Triton X - 114 retarded the rate of hy
dro I /sis of bis - 2, 4 - dinitrophenyl phosphate with OH , 
by Incorporation of the former into the micelles, and 
Puller and Kurz (222) found that the rate of hydrolysis 
of eUiyl trichloacetate was strongly suppressed in the 
presence of sodium dodecylsulphate micelles. Similarity 
the rate of the proton catalysed hydrolysis of N - .benzyl- 
ideneanilene was found to be strongly retarded by the 
presence of n - hexadecyl trimethyl ammonium bromide 
micelles (223).

The slow rate of hydrolysis obtained by Everett and 
G-ultepe may be due to their use of a per sulpha.t e/me tabi- 
sulphite initiator system. It is known that metabisul
phite is capable of initiating polymerisation in the pre
sence of an oxidising agent with the result that sulphoxy 
end groups are incorporated onto the latex (224) <. Warson 
(.225) has proposed the formation of sulphonate - radicals 
in the persulphate/bisulphite initiator system and Palit 
and co-workers (157,224) have shown that sulphoxy end 
groups are less susceptable to hydrolysis than sulphate 
end groups. Hence, the figure of 2..b% month " obtained 
by Everett and Gultepe may be much higher, since the total 
nimher of hydrolysable groups on the latex particle sur- 
fac' could be considerably less than the total number of ■ 
acM groups present (see Chapter IV) •
5) il f feet of Storage on Latices Stabilised Mainly by

■ ’ulphoxy Surface Groups, ■ •
A sample of latex 52A prepared using the peroxydi- 

phosphate/metabisulphite initiator system (See Chapter IV)

- 92 -



was kept at 343 K for a period of 9 days and a sample 
titrated (after dialysis) after 3 days and 9 days * The 
results are shown in Table 5, and Fig* 4A.

TABLE 5
EFFECT OF STORAGE AT 343 K OF LATEX 52A

Time (days) Strong acid ( p ea g”*"1")

0
3
9

It in evident that latices stabilised mainly by sulphoxy 
end groups are much more stable to storage at elevated 
temperatures compared to those stabilised by sulphate end 
groups (Table 4) .
C) ANALYSIS OF STEAM DISTILLATE*
1) Analysis of the Aqueous Phase *

The composition of the distillates varied considera
bly between latices. In some cases a considerable amount 
of monomer was observed whereas in others only a small' 
amount was removed. Similarly the odour of benzaldehyde 
was very strong in some cases but absent in others.

Several samples of the condensate were titrated con- 
due tome trie ally j but no acid groupings were detected;- the 
conductance of the condensate was usually in the range of 
2 ~ 4 y4 mho. Samples from the condensates of latices 40
and ISA were shaken with a methanol solution of 2,4 -
dinitrophenylhydrazine, and both samples gave a positive. 
reaction (formation of an orange precipitate) indicating 
the presence of aldehydes and/or ketones (226)
2) i;tifra-red Spectroscopy of Ether and Carbon Tetrachlor

ide Extracts of the Aoueous Phase.
Several samples which had a strong odour of benzalde- 

hyde* were extracted using either carbon tetrachloride or 
.ether, and analysed using infra-red spectroscopy. The 
spectra exhibited peaks, characteristic of benzaldehyde
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which were not apparent in the original latex,
A viscous ‘oily layer1 separated'from a well-dialysed 

sample of latex 291 after storage for several months.
Latex 291 had only heen allowed to achieve a small, conver
sion before the reaction was terminated, and all unreacted 
monomer was separated off. Thus, unreacted monomer from 
within the latex particle had gradually * leached' out and 
some further degree of polymerisation occurred. Analysis 
of tills layer showed the presence of styrene monomer and 
polystyrene. I.R. analysis, however, revealed the presence 
of u-yeral distinct peaks attributable to benzaldehyde 
(RigJicpb ) . These were identified by ’spiking1 a sample 
of In hex 291 with benzaldehyde and comparing the I.R, with 
that of a pure sample of benzaldehyde (Table 6). The dis
crepancy in the C = 0 group at 1689 cm’"‘L is probably due 
to the interference from the polystyrene.

TABLE 6
COMPARISON OF WAvlMUMBBRS OP PURE. .BEPTZALDEYDE - 

WITH THOSE ASSOCIATED WITH LATEX 291

WAVBNUMBBR (cm"’1)
Latex 291 1689 1302 1197 833 .
Benzaldehyde 1709 1310 1201 833

3) Analysis of the Oil Phase,
This phase always smelled strongly of styrene mono

mer, A sample was analysed by gel permeation chroma
tography, and found to consist of styrene monomer only 
(within the limits of detection'of the instrument), no 
material of higher molecular weight being present.
D) POSSIBLE EFFECTS Off BENZALDEHYDE ON LATEX CHARACTER

ISATION.
1) Introduction•

It is known that benzaldehyde is easily oxidised to 
benzole ’acid in the presence of oxygen by the following
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per acid mechanism (227):
6 5 OHO + 0„ ---> civ6 3 C000 H

0rH, S 5 C000 H ---i, CAHr 6 5 C02 + oH

6 5 CO * + CrHr CHO 2 6 5 ---> C JHr- 6 o COOH C-H,- CsO 6 o
OH + C-H,- CHO 6 5 ----> 6 o 0=0 -l- HgO
c 6h5 c=o + o2 “----> ‘ OIL 6 5 C000*

°6H5 C000* + n Hr CHOQ Ct — > C-Hr 6 5 C-̂ 0 + CrHr C000 6 3
The reaction "being catalysed "by light.

If ’in situ’ benzoic acid is formed it might be ex- 
pec Led that it would be detected by eonductometrie titra
tion as a ’weak acid’. This would affect the surface 
charge characteristics, and possibly the stability and 
extent of interaction with other media.
<0 Experimental.

. To assess the effect of benzaldehyde and benzoic acid 
on latices during storage, a small amount of AnalaR grade 
benzaldehyde (6.5 ml) was added to one 50 ml sample (well- 
dialysed) of latex 50A, and a small amount of benzoic acid 
(3 ml of O.OOijM) to another. Roth samples were preflushed" 
and stored'under nitrogen in ground-glass stoppered flasks;:’ 
no other precautions being taken to exclude oxygen. The 
flasks ■ (including an untreated sample of 50A) . were placed 
in direct sunlight and titrated every few days, (The 
samples were not dialysed prior to titration). The results 
are shown in Figs. 6,7,6* , The benzoic acid did not
result, as expected, in the formation of a weak acid‘end 
point, but acted to increase the apparent strong acid end 
point. The increase in the apparent strong acid, was' 25% jL.ess 
than that expected from a knowledge of the amount of ben
zoic acid present in the sample. It is likely that this 
discrepancy arises from the difficulty in interpreting the 
tit»’ ition curves quantitatively due to the increased 
curv ibure at the neutralisation point caused by the ben- • 
zoiic acid. The untreated sample (Fig 17) showed no change 
upon storage, although the curvature at neutralisation 
became less presumably due to the hydrolysed sulphate
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groups-present in the aqueous phase. It is thought un
likely that the initial curvature was due to weak acid 
groups. In the case of benzaldehyde, however (Fig.8), 
the shape of the curve changed significantly over the 
period of the experiment. The initial increase in Strong* 
ao i.d directly after the addition was due to the small 
amoMut of benzoic acid inherently present within the ben
zol lohyde itself. It can be seen that the number of 
po I.ribs at the neutralisation of the strong acid which fall 
on o straight line increases as the experiment progresses 
un U I after two months the titration curve has a distinct 
inflection on the base leg indicative of weak acid groups.
3) discussion.

tt is known that dilute solutions of weak acids do 
not Iichave in the typical ’weak acid manner’, Fig. 9. It 
is thought that benzaldehyde would partition itself be
tween the polymer and water phases with benzoic acid sub
sequently being formed, (via. oxidation), at the latex 
particle/water interface. In this situation the benzoic 
acid may act as a true 'weak acid’ due to the presence of 
strong acid sulphate groups on the particle surface. In 
solution, however, it acts as a typical dilute weak acid, 
and in the case of the sample containing added benzoic 
acid no appreciable adsorption onto the polymer/water 
interface occurred..

The formation of post-reaction oxidation .products, as 
discussed, could explain a lot of the conflicting data 
obtained previously with regards the presence and. absence 
of carboxyl groups on polystyrene latex particle surfaces, 
namely:
a) In latices prepared in the presence of surfactant, 
then benzaldehyde at the particle/water interface could be 
pi’" i •'ui ted from oxidation by the adsorbed surfactant layer.
b) nlalysis of polystyrene latices produced in both the 
ah; > -ice and presence of surface-active agents usually 
talus at least two weeks, and no precautions to exclude 
lie.!ii and oxygen are usually reported. During dialysis
of surfactant-containing systems the protective surfactant
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layer is progressively removed, enabling oxidation of any 
■bensaldehyde to occur. Ion-exchange, however, is a rela
tively rapid process, and, unless the sample is stored 
for a considerable period after ion-exchange, appreciable 
hensaldehyde oxidation is unlikely to occur, 
c) Mince the oxidation of benzaldehyde is light activated, 
it -miild appear that conflicting results could arise from 
oru' latex being dialysed in a shady 'area of the laboratory 
whcu'-as another was dialysed in a less shaded region *
E ) !!. BN Z ALPS HYDE AS M  INITIATOR FOR POLYMERISATION .
1) •■cperimental.

I. b has been found that benzaldehyde promotes the poly- 
mer l-.ition of styrene to form a latex in the presence of 
light, either via the free radicals produced during its oxi
dation or the formation of small amounts of benzophenone.
A 1 ml sample of A„R. benzaldehyde was added to a flask 
containing 10 mis of styrene and 100 mis of water, the 
flask was flushed with nitrogen and left stoppered and un
stirred on a windowsill. After ca. 3 days, the water phase 
became turbid and after ca, 7 days, the styrene layer had 
become solid due to bulk polymerisation. The water phase 
however was found, to contain a latex (Plates 1,2) of size 
817 - 79 run (Latex 66B) . Similar reactions carried out in 
the dark did not produce any reaction within the same time 
period. After extensive dialysis the latex was titrated 
c onductome trie ally.
2 ) 'Discussion.

The conductometrie titration curve (Pig.10) indicates 
the presence of weak acid groups on the latex surface, 
since the presence of undialysed benzoic acid in the water 
phase would have resulted in a titration curve similar in 
shopo to Pig;.9. These groups are presumably due to ben
zol' icid adsorbed at the polymer/water interface since it. 
is !■> be noted that none of the free radicals produced 
during the oxidation of benzaldehyde. would result in acid 
en.il ■•roups being incorporated onto the ends of the polymer 
chr i i 'i.5.

I b has been assumed that in both cases involving ben-- 
zald'Miyde sufficient oxygen diffused past the ground gla,ss
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stopper, which was ungreased, to cause oxidation.
P) CONCLUSIONS.
l) It appears that steam stripping is capable of removing 
excess monomer and other reaction by-products such as ben- 
zaldehyde from latices much more efficiently that dialysis*.
I-Iow/M/nr, in the case of persulphate-initiated latices, the 
remubii also leads to rapid hydrolysis of the surface- 
hound sulphate groups at the temperatures employed. If 
steam stripping is to he used as a technique for * cleaning* 
persulphate-initiated latices, it should he carried out at 
low iemperatures and pressures, although the overall eff
iciency of the process may he impaired at temperatures well 
below the glass transition temperature (378 K)*
S) The sulphate groups present on the latex surface are 
constantly undergoing hydrolysis, an effect which may not 
he apparent unless the latex is dialysed immediately prior 
to surface characterisation. • This makes these latices un
suitable for use as ’model’ colloids (as in electrophoresis 
and flocculation studies) where a constancy in the nature 
and number of the surface groups is desired, unless the 
latex is characterised prior to each experiment, or is 
stored with surfactant, and the surfactant removed prior to 
each.experiment using ion-exchange.
o) Latices which exhibit neither strong or weak acid 
groups remain stable, even upon long periods of storage, 
indicating that stability may he conferred by a steric 
mechanism involving surface hydroxyl groups.
4) The presence of benzaldehyde, which is likely to be 
formed in a styrene emulsion polymerisation when an oxidi
sing initiator is used, could have a serious effect on the 

character of the surface groups, and may have been the 
cause of the variation in the nature of the surface groups 
oborr'ved by different workers.
.5) 1.1 would appear that the use of the technique of steam
stripping with latices prepared using reducing sulphur 
compounds such as bisulphite, metabisulphite, sulphurous 
acid, ditliionite etc., activated either by heavy metals 
or some oxidising initiator such as hydrogen peroxide,
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potassium persulphate or potassium peroxydiphospha.te, 
could result in the formation of an ’ideal model colloid’ 
containing neither monomer or any hydrolysahle surface 
groups, and with suitable choice of conditions of pre
para Lion (228) they could ‘be formed with the complete 
a bra-iice of hydroxyl surface groups.
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CHAPTER IV
POTASSIUM PERQXYDIPHOSPHATE AS FREE RADICAL INITIATOR IK 

SURFACTANT-FREE EMULSION- POLYMERISATIONS

A) LATEX PREPARATIONS USING- POTASSIUM PEROXYDIPHOSPHATE 
INITIATOR IN THE PRESENCE OF ADDED HEAVY METAL IONS.

1) Introduction.
Potassium peroxydiphosphate (K^PgOg) lias a similar 

^structure to the more commonly used initiator potassium 
persulphate (KgSgOg), and Castrantas et al (229,230) have 
deiinmatrated that it will initiate/increase the rate of 
ini i Ration of soap-added emulsion polymerisation systems 
wheat used in conjunction with potassium, persulphate and 
potassium persulphate/sodium metahisulphite. These workers 
were however primarily concerned with the physical proper
ties of the polymer produced and did not concern them
selves with the surface characterisation of the latices*

The work described in this chapter was carried out 
since it was thought that latices produced using potassium 
peroxydiphosphate would have the following advantages over- 
persulphate initiated latices:
a) Assuming that the free radicals are produced by the 
reaction:

OK OK OIC
i f . L0 = P - 0 - 0 - P  = 0 — — -> 2 0 ~ P = 0 ,
f • i I
OK OK _ OK

then latices could be prepared having doubly charged phos
phate groups on the surface«
b) The amount of monomer oxidation products would be less
with peroxydiphosphate, due to the greater stability of

by—the -0-0- linkage. That these oxidation products are of 
importanc e was shown in Chapter III,
c) A reaction by-product of persulphate-initiated systems 
is ootassium hydrogen sulphate, which results in the final 
pH of the latices produced in unbuffered reactions being 
ca. 2.5 - 3.0, under the usual concentrations used.
Assuming similar byproducts for potassium peroxydiphosphate 
thou it would be expected that the reaction would be self-
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buffering due to the formation of dipotassium hydrogen 
phosphate..
2) Preparation.
a) Experimental.

The rate of thermal cleavage of potassium peroxydi
phosphate to give free radicals is at least 200 times 
slr.Y/er than that of potassium persulphate (231,232).. 
Heme, initiation using this compound alone would not be 
exp‘‘c bed to occur; indeed attempts to produce latices 
unclor similar conditions to those used in preparing per- 
su'i pliate latices failed, even after prolonged reaction 
timru (>72 hours, 343 K). However, it was found that the rate 
of decomposition to produce free radicals was increased in 
tho presence of heavy metals such as iron (Fe(ll)) and 
silver (Ag(l)), added as ferrous ammonium sulphate and 
silver nitrate, presumably by the following reaction:

Mn+ + PgOg4- ---> M(n+1)+ + P0®~ + P043- ,
by analogy to the similar reaction occuring with persul
phate (233). A series of polymerisations were carried out 
to determine the effect of adding varying amounts of these 
ions to otherwise similar small scale reactions. However, 
the reproducibility, monodispersity and % conversion 
obtained with these systems was poor (Table 7)E
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b) Discussion.
Although the results are rather scattered, there 

appears to he a decrease in' percent conversion with de
creasing Fe(ll) concentration. The number of particles 
ml are all of the same order of magnitude, indicating 
that; the initial stages of particle nue'leation were probab
ly similar for all the reactions, but that considerable 
deviations in the rate of radical generation occurred later 
in the reaction.

The latices produced in the presence of Fe(ll) had a 
du.'l i brown colouration at the end of reaction, presumably 
due to the presence of hydrated ferric oxide, whereas the 
latinos produced using Ag (l) were primrose yellow in 
colour, becoming grey upon dialysis - presumably due to the 
formation of colloidal silver (224-)* It was impossible to 
remove these colloidal impurities by normal latex cleaning 
methods and hence no surface characterisations were carried 
out on these latices.

An experiment to determine the effect of adding Fe(ll) 
to a persulphate initiated polymerisation under similar 
conditions to those employed with peroxydiphosphate was 
carried out ([Styrene] ~ 0.870 mole M  , [KgS^Og] ~
2.31 x 10“3 mole r1 -, [ Fe (II)] =1.12 x 10~4 moie |-1 )# •
The percent conversion of the reaction was very low (0*5%) 
and the particles produced had an unusual morphology (Plate 

9 Chapter V) .
The low percent conversions observed with both initia

tor systems were probably due to the initial rate of radi
cal production being very high. Fritzche and Ulbricht (234) 
determined the second order rate constant for the decompo
sition of persulphate in the presence of varying amounts of
ferrous ammonium sulphate to be of the order of 19 to 24 

-1 -1I mole sec at 288 K. Several workers have reported 
t’noi. the persulphate initiated polymerisation of vinyl com- 
pounds was greatly accelerated by the presence of oxidisable 
me! i!. salts (235,236). - Rodriguez and Givey (237) observed 
a '13 »• fold increase in the rate of acrylamide polymerisa™ 
tiou initiated by persulphate upon addition of 20 x 3,0
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mole M  Fe (II) . This high initiation rate in the casej 
of styrene emulsion polymerisation would probably result 
in monomer- starvation of the water phase coupled with re
action of excess free radicals with more Fe (II):

SO I + Fe2*  * Fe3+ + S042“ (238).
The overall reaction thus being;

.SgOg2" + 2 Fe2*  » 2 Fe3* + 2 S042"' s
as demonstrated by Kolthoff et al (239)„ A similar effect, 
but !o a lesser extent, would be expected with peroxydiphos- 
phai.-*, However, the concentration of iron present in both 
syshorns was considerably less than that of the initiators, 
indicating that, especially.in the case of persulphate, the 
resulting hydrated ferric oxide acted as an inhibitor to 
fur the r reac t i on.

The reaction of silver ions with peroxydiphosphate, 
again by analogy to persulphate, is probably (240),

■ p i  p  “

Ag + P2°8  * Ag + S04 S04 !
AgS+ + P2084" ---- » Ag3+ + SO/™ + SO^ .

It has been suggested that high valency silver ions can 
initiate polymerisation (240).
B) LATEX PREPARATIONS USING POTASSIUM PEROXYDIPHOSPHATE 

INITIATOR. IN THE ABSENCE OF ADDED HEAVY METAL IONS.
1) Experimental.

Several reactions using peroxydiphosphate as initia-? 
tor were carried out on/a large scale in a reaction vessel 
fitted with a stainless steel stirrer (composition, Table 
8)* These reactions were found to proceed to low conver
sion despite the absence of added heavy metal ions0 The * 
re null*, a are summarised in Table 9.

TABLE 8
COMPOSITION OF STAINLESS STEEL USED AS STIRRERS

13% CHROME ‘ .
9% NICKEL 

0. 6% TITANIUM 
0.15% CARBON 
IRON TO 100%



V .TABLE 9 '
POTASSIUM PEROXYDIPHOSPHATE INITIATED LATICES IN THE

ABSENCE OP ADDED HEAVY METAL IONS
dia %[ M] (moles [l] (moles meter % v Conver ' NxlO“1Latex H  ) H ) (run) sion (ml*“̂ )

150 0.963 - 26.2 486 14 ,?o 1.11
13 1 0.963 26.3 503 '11 8° 1.13
141 0.963 52.2 636 6 . 5 * 0.35
135 0.963 57.6 565 4 4* 0.41
[m] - monomer concentration, [ l] initiator concentration,
I—1aft,'p 42 hours, after 24 hours*

The large excess, of residual monomer was removed from 
the latex, prior to dialysis, in a separating funnel.. The 
resulting latices were all less dense than water, and 
floated to the surface upon centrifugation* However, upon 
either steam stripping or isooctane extraction to remove 
excess monomer, they all became more dense than water* The 
removal of this monomer did not affect the particle size, 
(refer Chapter V and Plates 10 - 12)*

Samples of latex 155 and 141 were titrated both con- 
ductometrieally and potentiometrically (Fig«11 )» The
rate of hydrolysis of the phosphate groups was also deter
mined by heating a sample of latex 135 at 343 K for four 
days* The sample was then dialysed and titrated (Table 10)*
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TABLE 10
COI-TDIJCTOMBTRIC TITRATION RESULTS OH LATICES 155 and 141 

Latex End points ( p eq. g )
Before heating After heating (343K) 

1 2 1 21 2

La Lex

1.67 10.00 .1.06 11.7
1.26 9 „37
Surface charge density ( p C cm ■ 

Before heating After heating (345K)

1-1 1

11.13
11.42

12.17

2) D iscussion.
a) Initiation.

The cause of reaction could he due to:
i) The fact that the volume to vessel wall surface area 
ratio in a large reaction vessel is greater than in a small 
one, and hence fewer radicals would he lost to the glass 
walls. However, identical reactions to the above carried 
out with a glass stirrer did not produce any reaction.
ii) An increased rate of decomposition into free radicals 
catalysed by a low concentration of heavy metal ions'in 
solution originating from the stirrer„
iii) The stainless steel surface could act as a catalyst 
to initiator decomposition.
The latter two seem the most likely explanations since a 
small scale reaction, carried out in the absence of any 
added heavy metal ions, but with a piece of stainless steel 
identical to that of the stirrer dipping into the reaction 
mix:Lure produced a latexe
b) •; U i pf ac e Characterisation.

The conductometrie titration curves (Fig. 11 ) for
ther 1 latices appear to show the presence of both strong 
and weak acid groups, the weak acid group being present in 
much higher concentrations. It is difficult to determine 
from the potentiometric titration curve for 141 whether
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there is a- single end point o:r two end points. There does
appear to he a change in the slope of the curve at A (Fig.
11) although it is not well defined and hence any value of
pkp obtained would he very- tentative„ The end-groups most • gulikely to he found on . these latices are R- PÔ . 9 although.
the presence of carhoxyl groups cannot he ruled out com™
pie Inly. Parreira (241) determined the pk values of dode-
cyl.ntosphoric acid, to he 2 * 0.1 and 7 * 0.1 although the
different substituent group encountered, in this work would
probably alter these. The disparity of the two end points
as 'I • lermined from conductometrie titration is probably due
to i I-- fact that pk^ is not sufficiently low that complete
ionl.-wition occurs. The surface charge densities are quite .
highs however, when the double negative charge is taken
into account the number of phosphate groups cm is of the
same order as those found by other workers’‘for sulphate
groups (133,141,145,155). As can he seen these groups are
stable to hydrolysis at elevated temperatures.
C) LATEX PREPARATIONS USING- POTASSIUM PEROXYDIPHOSPHATE

INITIATOR m  CONJUNCTION WITH SOLIUM META3ISULPHITE,
1) Introduction.

Around 1940 workers in several industrial laboratories 
independently demonstrated that the polymerisation rates 
which were customary with peroxides could he vastly in
creased by the use of a combination of oxidising and re
ducing agents (242). The term "reduction activation" was 
initially used (235), hut nowadays the reactions are usually 
termed "redox catalysis* and "redox polymerisation" • Since 
1940 a large number of these systems have been used for 
vinyl polymerisations (225).

The mechanism of the reaction between oxidising sul- 
ohoxy compounds such as: sodium metabisulphite (NaoSo0 ),
sodium bisulphite (Na HSO ), sodium sulphite (NaoS0_), sul-

O  fZt O  '
fur - acid (H S0„) sodium dithionate (NaoSo0.), sodium

(O O  o  to 4L-
th:Li>sulphate (Na^SgOg) etc., with peroxydiphosphate and 
heavy metal ions has not been previously studied. The’ 
following discussion is thus based mainly on analogy to 
persulphate reaction mechanisms, which it is thought would



"be similar to those of peroxydiphosphate al'beit more rapid* 
It is thought that polymerisations involving these systems 
results in a certain amount of radical generation from the 
sulphoxy compound and resultant formation of sulphoxy end 
groups hound to the ends of the polymer chains (157,224*225 
242-245). Mukherjee et al (224) postulated that in cases 
whoi*n polymerisation occurred in the presence of reducing 
su'l i-'ioxy compounds and heavy metal ions that the radical 
generation could he represented as:

Sx Oyn~ + Mn+  > Sx Oy(n~1)”~ +
By * no ahove mechanism it would he possible to incorporate 
such groups as -SO^T “SgO^~, etc. onto the ends of
the polymer chains.

The exact mechanism of radical formation in the 
presence of oxidising agents appears to he the subject of 
some controversy in the literature. For the persulphate 
/thiosulphate system, Bunn (245) proposed the following 
mechanism:

 * s0^2- + g0T + sso3'“

 > 80^  + Sg05“

S 0 2 8 + S2°3
—

+ S2°3! * H4 
OCO + ■ff3°

40

OH + So0„ 2 o

?: so„ + oh
2* -> Oir + So0,d 2 6

2 Sp0r7  > S,Or^ (Caros acid, peroxosul-Uv n V/ ►. , *. T \phunc . acid)
However, S or urn and Edwards (247), in order to explain the 
pH changes occurring during the reaction, as well as the 
zero order dependence of the reaction rate on the thiosul- 
phubo concentration, rjostulated that the reaction proceeded 
as hollows:

2 -o-o ' ~ — A  > 2  so;

SOj; + H?0  > n S04 + OH

OH H- SQ0 ^   / OH + SgOg
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The outcome of both systems is that in the presence of 
monomer then -OH, ~SQ0 ~ ~S0~ end groups can 'be formed*

t-j O air

The case where a sulphoxy compound is used in con- 
junction with persulphate and a heavy metal has 'been 
studied by Berry and Peterson (258) using tetrafluoro- 
ethylene. A study of the end groups showed that when bi
sulphite was the reducing compound then the following 
reao Lions occurred in decreasing order of effectiveness:

P-i- P P —VFe ' + S2°Q ---- »Fe + S04 + S0|

Pe3+ + H  S03~ -----» Pe2+ + H S03

S2°82" + H S°3~ ----_> SOa2""4' S04 + H S°3~”
It is important to note that in the above system the Fe 
(ill) acts as a catalyst in the production of-free radicals 
and is continually being regenerated.

Sodium metabisulphite, the sulphoxy compound used in 
this work, can exist in solution in two forms (248). At 
high concentrations the equilibrium:

NagSgOg :----------2 Ha4' + SgOg2*"

occurs* Whereas at low concentrations the following equi
libria are in operation:

HagSgOg — -— =* 2 Ha+ + SgOg2”

fJ.-.O,8" + H„0   =■ 2 H  S O , "  2 SO,8- + 2 H+2 5 2  ̂  5   6

It 1 m s  been remarked that the product sold commercially as 
sofi'am hydrogen sulphite may well be the metabisulphite 
( 2 4 . 0  *

Thus, by analogy to the above systems the probable 
radical generation reaction between an& ^pOg2 can



P2°8 + S03 P°4 7 + P04 + S03
Thereby resulting in ,the incorporation onto the polymer

2— —chaj.no of -O-PO^ and ~S0g groups* However, the sodium
metabisulphite used in this work also contained about 0.01/&
iron, which at the concentrations used in the reactions

--7 1-would result in their being about 2 x 10 moles l~‘ of 
iron present within the system, hence an iron catalysed 
reu- I,ion as shown above could also take place.
2). Experimental.

A. series of small scale reactions was carried out using 
the "O’tassium peroxydiphosphate/sodium metabisulphite 
initiator system. The monomer concentration was varied 
between 0.168 and 2.011 moles I"”1 the temperature between 
328 and 368 K and the back ground ionic, strength between 
27.37 x lO’"'5 and 208.34 x 10~^. The.latices produced were 
titrated conductometrically and in some cases potentiometri- 
cally* The results are summarised in Tables 11 - 14, and
were analysed using the least squares method.,
3 ) Discussion.
&) Variation in -particle diameter with monomer concen

tration •
The experimental and theoretical results from Table 11 

were found to fit the following equations (Fig. 12 ).
Observed log d = .403 log [ivl] + 2,828 (116)
Theoretical log d = 0435 log‘[. ivi] + 2.857 —  (117)

The above empirical equations are almost identical to that
obtained by Goodwin et al (141,3.70), i.e..,

log d =: 0.410 log [M] + 2.780 —  (118)
This close similarity is probably fortuitous since.Goodwin 
et al1s results were obtained using potassium persulphate 
initiator at 358 K and a background ionic•strenth of 19.2 x 
10~ » The close similarity in form however indicates that 
the number of particles produced in both systems is almost 
idf'c I.leal .

It would be expected that IT would be invariant with 
nion'imer concentration, provided it was sufficient for mon
omer starvation not to occur during the early stages. If 
IT is invariant with [ M] then:
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iVic  TABISULPHITE LATICES

- 6.6 Log [M] (mol. dm'*)
— 0.8 -0.4 0.0 0.4 0.8

PLOT OF LOG d vs LOG [ M ] FOR PEROXYDIPHOSPHATE

• Theoretical diameter
• Observed diameter

• Slope 0.433 
x Slope 0 4 0 3
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■ TABLE 14
SURFACE CHARG-E DENSITIES AND MOLECULAR WEIGHTS OF 
PERQXYDI.PHOSPHATE/MBTABISULPHITB INITIATED LATICES

18 . 1, (' f m ]
(moles H

T
) (K)

[i]
x 103

Surf ace
Charge
Density
M C cm

Molecular
Weight
X 10

441 - 0.168 343 29.40 4.89 1.41
451. 0.335 343 29.40 1.40 7.22
4!: A 0.503 343 29.40 2.46 4.75
41! s 0.696 343 29.40 4.33 3.14
42 i\ 0.838 343 29.40 3.38 4.28
45 A 1.006 343 29.40 1 .69 11.83
44-A 1.173 343 29.40 4.33 3.88
49 A 1.508 343 29.40 2.44 6.87
49B 2.011 343 29 .40 1.18 16.95
54A 0.696 328 29.40 2.66 7.02
53B 0.696 .333 29.40 2.61 6.33
53A 0.696 338 29.40 3.23 4.33
52B 0.696 343 29.40 4.09 3.23
52 A 0.696 353 29.40 3.03 3.91
5 IB 0.696 358 29.40 3.62 3.23
51A 0.696 1 363 29.40 4.63 2.36
SOB 0.696 368 •29.40 4.12 2.56
45A 0.696 343 28.21 " 4.-92 ...-- 2.44
45B 0.696 343 29.92 6.40 2.26
46B 0.696 343 35.71 7.04 2.06
46 A 0.696 343 4o»48 6.95 1.96
47 A 0.696 343 56.05 7.83 1.84
47 h 0.696 343 83.59 6.74 2.15
4-n a 0.696 343 131.01 7.71 1.94
40 i * 0.696 343 208.34- 10.49 1.21

D'M;ermined from titration assuming two acid groups per
po!.ymer chain.
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4/3 ir r3 e H. '= F —  (119)
where P is the weight of polymer formed

N is the total number of particles
e is the polymer density*

1 * e a = / 3 Pw y 333. —  (iso)
^ \4 7T p I'j / •

Values of d calculated using the ahove expression for 
both. the observed (d̂ ) and theoretical (dg) (100 conver
sion) cases are compared with the experimentally observed 
( and theoretical (d̂ ) diameters and with the diameters 
calculated from equations 116 (dg) and 117 (d^) in Table 
lb,

TABLE 15
COMPARISON OF DERIVED AND EXPERIMENTALLY OBTAINED DIAMETERS
Latex dA dc ^D

(nm) (nm) (nm) (nm) (nm) (nm)
44B 390 307 332 392 309 337
43 B 482 450 440 494 462 456
42A 524 518 518 566 . 563 543
41B 596 604 582 606 631 615
426 612 643 636 672 706 677
43A 702 665 685 714 677 733
44A 704 747 729 752 798 784
49A 760 746 806 818 802 874
49 B 810 866 905 900 961 990

It can be seen that the values calculated from equat
A and B are in better agreement than those calcula
assuming N is invariant of monomer concentration* Thus: 

dg « [M] *403, —  (131)

■md dtp « [ M] -433, —  (132).
Indicating that as [ M] increases then N decreases. It 
La likely that the decrease in N is due to the incorpor
ation of latex particles into the bulk monomer phase.
I t was noticed in all the multisampled kinetic runs that
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as the reaction proceeded, the monomer layer became 
progressively more viscous, presumably due to both 
thermally and sulphate free radical initiated bulk poly
merisation, A state was eventually reached whereby small 
droplets of the latex dispersion were incorporated into 
the viscous monomer phase, by mechanical entrapment. As 
ciinversion of monomer to polymer neared 100% this bulk 
puLymer plus the incorporated latex formed a lump on the 
slirrer. In reactions where the monomer concentration 
in the only variable, then the greater the monomer con
centration the greater the amount of bulk polymer formed 
chic to the increased time needed to achieve 100% conver
s i o n ,  and hence a greater number of latex particles is 
lost from the reaction. It can be seen from Table 11 
that there is a trend of decreasing % conversion to 
latex with increasing monomer concentration,
b) Variation in Particle Diameter with Temperature•

The experimental and theoretical results from Table 
15 were found to fit the following equations (Pig, 13 ):

Observed log d = ■—  + 0,743 —  (125)

Theoretical log d - + 0.672 —  (124)

Both of which are similar in form to that obtained by 
G-oodwin et al (141,170):

log d = - 0.578 —  - (125)
Prom equation 124 the following equation can be derived

— 1for the variation of IT (ml’"") with temperature, for the 
system used in this work:

log XT = 18.104 - —  (126)
.Results calculated from this equation are plotted in Pig.
1'! . However, it is to be noted that the formation of coag- 
u M m  during a reaction win affect this equation. For 
abdication to other systems the constants must be recal- 
cul ited due to the fact that XT is not invariant with the 
nvunmer concentration. It is to be noted that the form of 
this equation is very similar to that of the expanded 
Arrhenius equation, i.e.,
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6,OOr Log d (nm)

x Theoretical
• Observed
x Slope 732.7 k
• Slope 704.0k
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PLOT OF LOG d vs y  FOR PEROXYDIPHOSPHATE/ 
METABISULPHITE LATICES

FIG. 13.
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log k =: log A - E , —  (127)
cl______

2.303 ET *4^
.* *• ,7indicating that the total number of particles present 

at the end of the reaction may 'be proportional to the 
rate of formation of free radicals.
The equations for the variation of particle diameter 
vv i l,h monomer concentration and. temperature can he com
bined to give:

Observed log d = 0*202 ^log [M] +
—  (128)

Theoretical log d = 0.217 (log [ M] + ) + 1.765
—  (129)

These equations are plotted in Fig. 15,16 and, as can he 
seen, give a good representation of the experimental data,
c) Variation in Particle Diameter with Ionic Strength.

The. results in Table 13 are very scattered, and no 
valid line could he drawn through them. However, there 
does appear to he a trend of increasing theoretical dia
meter with ionic strength, the observed diameters remain
ing almost constant over the whole range. These results 
are in conflict with those obtained by Goodwin et al 
(141,170) who found,using persulphate initiator, that:

log d = 0.238 log [X] + 3c23 at 343 K, —  (150)
V

and log d = 0.238 log [ l] + 3/14 at 353 K. —  (151)
The reason for the scatter in the'~results~obt'ained in 

this work is not readily apparent, since the reactions ’ ■
involving variation in monomer concentration and temp
erature both gave results which could be fitted to 
s traight 1ine s.

This would indicate that the sodium chloride had an 
eL’Cect on the course of the reaction other than acting 
s.; an inert background electrolyte. Although the sodium 
chloride used was of TAnalaR’ grade it did contain trace 
amounts of iron and lead which, at the sodium chloride
concentration employed, would have been present in the

-8reaction in. ca. 4 x 10 molar quantities. Both of these

1.786
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metal ions would tend to increase the rate of free radical/’ 
production, especially 'since they were present in a.redox 
system wherein each oxidation and reduction process resul
ted in the formation of a free radical„• Hence,, they would * 
have a much more pronounced effect on the rate of .free 
radical production than'if they were introduced into a non-* 
redox: system. This increased rate of radical production 
would result in a larger number of particles being formed 
which would be counteracted by a decrease due to the high
er background ionic strength.
d) Surface Characterisation. " „ •
i) Surface Charge Densities.

Both conductoraetric and potentiometric.titration of 
these latices showed the presence of a single strong acid 
end point in all cases (Figs. 17,16 ). The surface
charge densities shown in Table 14 vary between 1 and 10

n —-2p. G cm" , the majority being in the range 3 to 7 p. C cm 
and similar to those found by other workers for- persul
phate initiated systems (133,141,145,155). Ho trends are 
apparent for the variation of surface charge density with 
either monomer concentration, temperature or ionic strength 
although the charge densities for latices produced with 
sodium chloride as background electrolyte are greater than 
those of latices produced in the- absence- of added elec
trolyte •
ii) Types of Surface Grouty.    —.....-.

It would be thought that both strong and weak acid 
groups would be present at the particle/water interface 
due to the presence of sulphonate- (-SO™ ) and phosphate 
(~P04 ") groups. However, the -presence of a single strong, 
acid end point indicates that the majority of the groups 
are sulphonate. This is supported by X-ray fluorescence 
da I;a which showed that for latices 44A and 49B the ratio

I am indebted to Mr* R.Ii. West of the Royal Military 
College of Science, Shrivenham, Wiltshire.
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of sulphur to phosphorous was approximately lOftl* .Also, 1.41
as shown earlier in this section, phosphate groups exhibit \ r h|
two end points* It would thus appear that the majority of 
the phosphate groups present were either buried or their : 
concentration was such that they were undetectable b y  the 
titration techniques used. Smitham et al (99) have sugges- - tg
ted bhat the presence of small amounts of weak acid groups gj
on a latex would be difficult to detect. For similar ft
reasons the presence of carboxyl groups cannot be dis- p-;|
counted, although it would be thought that due to the high - j
stab 1.1 ity of the peroxide ̂ linkage their formation would .«||
be unlikely either by oxidation of surface hydroxyl groups 
or possibly by benzaldehyde formation and its subsequent 
oxidation* * j

Several* of the latices were oxidised to determine the 
number of hydroxyl groups present on the surface (Table 16) t ;•'!
Where it is evident that all these latices contained sur~ • xj
face hydroxyl groups it Is unlikely that the presence of -of,
these groups is due to hydrolysis since both sulphonate 
(Chapter III) and phosphate (Chapter IV) groups have been - 
shown, to be' stable to hydrolysis. It thus appears that 
these end groups emanate from reaction of a primary free ■ •'
radical, from either the peroxydiphosphate or metabisul
phite, with water to produce an hydroxyl free radical*
4) CONCLUSIONS«. ‘ - «
a) Potassium neroxydiphosphate as initiator.

It appears that this compound alone is incapable of 
initiating vinyl polymerisation., presumably due to the 
high stability of the peroxide linkage. J
b) Potassium peroxydiphosphate/heayy.metal ions as -

Initiator. . - J
In the presence of relatively large amounts of heavy ,’f

me hit ions polymerisation initiation does occur, although 
only bo produce latices at low conversion and poor mono- i
^fioporsity. The reaction of potassium peroxydiphosphate . i
in I.he presence of either a solid metal catalyst or very 
low concentrations of heavy metal ions (stainless steel , •-f|
stirrer) results in the formation (at low conversions) of
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relatively monodisperse' latices stal)ilised "by phosphate 
groups, which appear to he stable to hydrolysis, .
c) Potassium peroxydiuhosuhate/sodium metabisulphite as 

initiator.
This system is capable of initiating polymerisation to 

high conversions of monodisperse latices in a"reproducible 
manner. The latices appear to be stabilised mainly- by 
sain donate groups which titrate conduc tome trie ally as- str
ong acid. There is also a small number of phosjj.hate groups 
present, as well as a considerable number of hydroxyl 
groans. The sulphonate groups are stable to hydrolysis.
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CHAPTER V 
. A. ANOMALOUS PARTICLES,
l) DESCRIPTION. The technique of electron microscopy 
has 'been vised extensively during the course of this work., 
and from the study of several thousand electron micro- 
graphs of latices produced and treated in various ways, it 
was found that the different particle shapes and electron 
density gradients observed, could be divided into several 
types *
a) formal particles (Plates 1,2,3 ): these appeared com-*
pie holy spherical on the micrographs and, depending on the 
size of the particles and the beam intensity used in their 
examination, appeared either uniformly • f blade (low beam 
intensity and/or large particles) or had a steadily in
creasing electron density gradient from the periphery to " 
the centre of the particle (high beam intensity and/or , 
small particles)«,
b) Anomalous particles: these did not exhibit a uniform
electron density and/or were not spherical. The loss of 
sphericity occurred in isolation and was. not due to the 
distortion produced upon exposure to the electron beamiof 
close-packed easily deformed ‘normal1 particles, which 
tend to flow together with subsequent loss of sphericity* 
Several types of anomalous particles have been observed 
during this work *
i) Anomalous particles type A. (Plates A ,1 3 ) ; these
appeared almost completely spherical, but exhibited within 
them a single discrete region of low electron density 
which was not in accord with the change in electron dens
ity observed through ’normal5 particles. The region 
appeared to have an ’inkwell shape5, i.e. a narrow neck 
and wide hody.
ii) Anomalous particles type B (Plate ;5 ): these
par Holes were very similar to type A, but had associated 
with the region of low electron density a region of high 
eleeIron density, much darker than the rest of the part
icle*
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iii) . Anomalous particles type C (Plate / 6 ):' these'
particles exhibited a practically uniform electron density 
gradient,- hut had a single spherical or near spherical 
probruberance on the surface.
iv) Anomalous particles type D (Plate.': 7 ): these ,v
particles exhibited gross deviations from spherical shape. 
and/or had very large low electron dense regions. The 
particles appeared either as spheres which had been roughly 
truncated or as ’shell-like' structures.
v) Anomalous particles type 3 (Plate & ): these
were spherical particles which contained within them a 
large number of small discrete regions of low electron 
dens ity.
vi) Anomalous particles type F (Plate 9 ): these
particles appeared, when viewed under the T.E.M., to have 
a rough spherical outline and to contain a large number of 
regions of low electron;density«

By far the most common in occurrence were types, A,B 
and C which appeared to be different manifestations of the 
same phenomena; of these A was the most common* Particles 
of type D and E were observed less frequently and particles
of type F only once.
vii) ‘ Another- phenomenon of ten~ observed, was*- the presence^ ” f
of irrterparticle bridges (Plates 8,11,12) which appeared
as more electron dense regions at the points of contact
of the particles either with each other or with the ' • *
support film. It is likely that these bridges were formed 
during the drying down of the sample prior to electron 
microscope examination arid, as they were usually observed, , 
in undialysed samples it Is probable that they were due to 
the presence of electrolyte.
2) 1 hOURRTHIOE. Anomalous particles were usually observed-
during multi-sampled reactions. However, they were also 
obpor/ved in reactions which had been allowed to proceed • 
for twenty four hours or longer, but which had not achieved 
maximum conversion... Their appearance during multi-sampled ;



runs did not affect the -sphericity of samples-, taken at 
maximum conversion, these particles always appeared, 
normal.
a) ' Type.A: particles of this type were first observed
by Cox et al (l20) during an electron microscope study of 
a seeded polystyrene growth process and have been observed 
chir i n g -this work (121,122) in all the polystyrene growth 
prnt*■ - rises studied. The presence of these particles has 
also been confirmed by both Felton (249) and Gttewill 
(250), The extent of their occurrence, i.e. the number of 
samples from a reaction exhibiting the-phenomena, varied  ̂
from reaction to reaction. They were usually observed 
after about 15 minutes of reaction at 343 K and-remained 
until approximately 50/ conversion. The size of the 
region varied throughout the reaction, (Table I?').



TABLE 1 7
VARIATION IB THE DIAMETER OF THE, LOW ELECTRON- 

J^BQION .DURING--
ANT)' 142

Latex 
samp l.e

Reaction 
Time (min)

Particle
diameter
(nm)

Void"
diameter
(nm)

of

Conversion

34BC5 30 114 44 0.6
34B4 55 174 93 1.8
34B5 85 208 114 4 .4
34BY 185 337 113 17.6
34BQ 240 394 121 27.5
34B9 325 412 113 43.6
34B10 465 526 0 71.5
35A4 55 177 30 2.4
55A5 85 205 95 4.3
35A6 115 274 132 5.8
35A7 165 343 225- 7.2
35A8 235 560 212 11.3
35A9 295 596 281 19.5
35A10 355 721 271 27.43
35A11 415 790 255 59.7
35A12 4-75 897 219 41 .0
35A15 560 976 104 55 .3
35A15 740 1082 0 96 ?0
142/2 15 70 25 0.8
142/3 30 93 37 1.5
142/4 60 150 52 3.3
142/5 112 209 80 5.8
142/6 175 262 115 • 12.8
142/7 232 325 99 21 ..2
142/0 292 365 99 32.3
142/0 342 412 48 47.6
142/10 1440 504 0 90 .64
The diameter was determined 'by measuring the maxim,lira 
dimension of the low electron dense region. About 70 
were measured for each determination and the maximum, 
variation in any one sample was approximately 20/6.,
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I d )  Type B: these were, always observed in conjunction, ’

with Type A, and usually appeared after. ~ 25% conversion,, 
they had always disappeared prior to the disappearance of 
particles of Type A. * ^
c) Type C: these particles were always associated with
Type A and were usually observed during'the early stages 
of reaction (up to 20% conversion).
d) Type D: these particles were always preceeded by
Type A. and were usually observed at temperatures <( 333 K 
( 11'.) ) although when observed in this work the reaction
was at 343 K.
e) Type E: these particles were observed once in the ;.-V; 
final sample of a peroxydiphosphate initiated latex 
(latex 135, see Chapter Iff ) and several times during 
the polymerisation of vinyl toluene•
f) Type F: these were produced during a styrene emulsion 
polymerisation initiated by persulphate in the presence, of 
iron (see Chapter Tff )„

A factor common to the observation of all these types 
was that the particles were removed from a system contain
ing excess monomer.
3) PRELIMINARY DISCUSSION OF T.B..1VU DATA,. Several other, 
workers have reported the presence of distorted particles. 
Rupar and Mitchell (2 51 ) reported, a range of different
effects attributable to loss of monomer from particles 
under the electron beam, such as gross particle distortion, 
particle / particle coalescence and inversion effects 
(water-in-oil to oil-in-water at high monomer conoentra-. 
tiono) . The oil-in-v/ater inversion at high solids content 
( > 10%) resulted in encapsulation of water which was sub-
seciU'mtly lost upon evacuation. However, the anomalous 
particles produced during this work were not similar to 
these, Bradford and ffanderhoff ( 1H ) have reported the
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presence of non spherical particles during seeded/growth '■ *• 
processes, similar to Type C in shape * However, they ’■
were not associated with particles of Type A,. and: they ’̂itp
attributed their formation to insufficient time "being 
allowed for the monomer to swell the polymer "before init-" 
iatium.

The formation of anomalous particles appears to he a- ' 
phenomenon isolated to each particle and not caused hy the !}jjS
"break up of clusters. Also, the type of phenomenon ex- tig
hit) I. Led appears to depend upon the reaction conditions and ■ ’ H| 
the percentage conversion. It is unlikely that exposure *l§|
to the electron heam was the cause of formation since:- 3l|
a) They were not isolated to one reaction, nor common to 
all, and in samples exhibiting anomalous particles ahout 
10% of the particles remained unaffected. .
■b) The size of the electron dense region varied with ,-’;}S
sample time. • ’ '
c) The particles did not distort under the electron 'beam, '.lt|| 
even after prolonged exposure (30 minutes at 80 kV" accel
erating potential and 6 ja A heam current) *
d) There was no evidence on the electron micrographs of 
extruded polymer which might have 'been expected if ex- ::f|j
posure of the low electron dense regions had. occurred in. • 3|i
the electron heam. Hence it would, appear that the phenom- ■ $̂§1
enon had already manifested itself prior to exposure to ftf§
the electron heam.. Study of the electron micrographs

m
lilSI

Iithemselves only gives an indication to the causes of for
mation of the lower and higher electron dense regions.

The presence of a low electron dense region within a jpj
particle is obviously associated with a region containing 
either material of lower.electron density than the surround
ing polymer, or to the presence of a void within the part
icle. The electron density of a sample depends on "both 
its atomic weight and its thickness. Hence it is unlikely 
that a discrete region of either water or monomer would ‘
produce such a pronounced effect. It would thus appear a<g|
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that the low electron dense regions are- due to voids' 
within the particles. These voids would he created by 
exposure of the sample to vacuum prior to electron: 
microscopy and the volatile material removed from the 
particle would he either water or monomer. Ho plausible -j. 
mechanism is apparent for the inclusion of water into the 
hydraphobic polymer particles during polymerisation, un
less at some stage a non-uniform contraction of the part
icle had occurred. However, even if a latex particle 
.totally swollen with monomer' (ca. 5M) were to have all 
thin monomer polymerised then the contraction caused hy 
the density change upon conversion of monomer to polymer, 
would not he greater than 5$ of the swollen volume,. Some 
of the voids were ~ 16$ of the total particle volume..- 
Formation hy removal of monomer (and perhaps low molecular 
weight polymer) from the particles upon evacuation is more 
leasable.

Regions of higher electron density can only he due to 
the presence of foreign material within the particles, the 
most likely being electrolyte. However, hy consideration 
of the above and from electron microscopy data alone it 
appears difficult to explain, the presence of electrolyte 
within the particles. In order to determine the cause of 
this and the other anomalies, the following series of ex- - 
periments were carried out. ■ ;
4) EXPERIMENTALr ! '
a) Bffect of Steam Stripping. An undialysed sample of 
latex 136, produced using potassium peroxydiphosphate 
initiator, and not initially exhibiting, these regions 
(Plate 1 0 ) was steam stripped and re-examined in the
electron microscope. It was found that although the part-, 
icle diameter remained the same (486 nm), the particles 
now. exhibited anomalous regions within them (Plate- 1 1 ) .
This reaction had only proceeded to 7$ conversion and hence 
there were large amounts of monomer present within the . 
particles; steam stripping has been shown to remove this
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and any other volatile organic material (see ChapterTU ) 7U
and hence act to expose: the region. It is surprising that
the initial particles did not appear to exhibit these
regions, since evacuation of the sample and subsequent
exposure.,, to the electron beam would remove most of the 
monomer from the particle. This appears to have been the 
case since both samples were the same size. However, 
comparison of Plates 10 and 11 y. indicates that
a higher beam intensity was used for the examination, of 
the nteam stripped sample, thus revealing more internal 
detail. This lack.of internal detail coupled with a 
small anomalous region could be responsible for it not 
being observed initially.
b) Effect of Isooctane Extraction, ^n undialysed sample .•
of 136 was isooctane extracted by shaking with isooctane - 1
for 24 hours. examination of the separated, latex
layer showed the presence of a large region of low electron _3?8
density within each particle;: the particle diameter re- * p j f f f t
maiming unchanged (486 rnn). The extent of these regions •' 
was larger than those exposed by steam stripping. Iso- 
octane extraction resulted in the removal of both monomer fill
and low molecular weight material ( ~ 1000, see Chapter Y1 ) ' '{gm
from latex particles, whereas steam stripping only removed ffg|
monomer and other volatile material. It thus appears that 
this low molecular weight material is cohcbntrated'within 
a particular region of the particle (Plate 12).
c) Effect of Stirring a latex...with Monomer„ A sample of 
latex IB (extensively dialysed), initially not exhibiting 
anomalous regions (Plate 3 ), was stirred under sty
rene monomer for 5 days. Re-examination of the latex with 
the hE.Ml showed the presence of anomalous regions within 
the particles (Plate 13 ). This indicates that the
prononce of these regions is intimately associated with the 
panicles having been in contact with excess monomer. How- 
even/, it is unlikely that removal of monomer evenly dis
tributed throughout the particle would result in the
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collapse of the particle at a single point. It seems 
more likely that it would result in an even contraction' i
of the diameter. Samples taken early during' polymerisa
tions of styrene in the presence of soap (which were pre
sumably saturated with monomer) did not exhibit these . : 
regions ( 8 3  ). This was also the case with monomer
saturated samples of methyl methacrylate and vinyl ace
tate (135 ). Krieger et al ( 252 ), in a study of the
kinebics of emulsion polymerisation of the sodium salt of 
styrene sulphonic acid, did not observe the presence of 
anomalous regions, neither did Williams and Bobalek (,8 6 ) 
in their electron microscope studies of the emulsion poly
merisation of styrene in the presence of emulsifier*
d) Effect of 7 -irradiation.̂  If these anomalous regions 
were due to voids within the particles caused by the re
moval of monomer from the latex upon evacuation, then 7 - 
irradiation of a sample should polymerise the monomer and 
the regions should disappear prior to electron microscope 
examination. To this end a sample of polystyrene latex
37B6 (Plate 14 ) was irradiated with 7 -rays from a Go

7source (10 rads). The radiation dosp estimated for 100% 
conversion was based on: (i) the pure styrene monomer
concentration in 0*3j.im diameter spheres, (ii) the oxygen 
level in monomer in a p p r o x i m a t e  equilibrium with the very 
slow rate of ingress through the walls of the sphere1 rel
ative to the dose rate employed.

%Thn author is indebted to Dr. P. Pydelor, R.M.G.S* 
Shrivehham, Wiltshire, U.K., for this part of the work.
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Examination of. the irradiated particles in the-
T.E.M. showed that the■particles still exhibited voids
(Plate 15 ). Although the particles had shrunk: by
about 6%, the size of the region was about the same as
that recorded before irradiation. Thus, it would seem
that there was no ’in-situ* monomer .present within the
latex sample before irradiation. Its absence may have . .
been due to migration put of the particle into the water
phase either on storage (nine months) or upon dilution

2 3prior to irradiation. Dilution (10 - 10 times) for
irradiation or TJ2.M* examination would lead to the mono
mer concentration within the water phase decreasing by an 
equivalent factor, whilst that within the particles re
mained constant. Thus, monomer would be expected to mi
grate from the particle into the aqueous phase until 
equilibrium was restored.
d) Effect of Added Electrolyte. It was thought that the 
more electron dense regions present in some samples (Plate 

5 ) were due to the presence of electrolyte within the
voids, If monomer diffused out of the region upon dilu
tion and standing then presumably it was replaced by water. 
Hence, when the sample was dried down during electron 
microscope grid preparation, electrolyte could be deposited 
within the void. In order to test this hypothesis a 
sample of latex 285 showing only anomalous regions of 
Type A (Plate 16 ) was isooctane extracted for 24 hours
in order to ensure exposure of these regions whilst in 
suspension. Electrolyte in the form of potassium persul
phate was then added to the. sample at a concentration: 
similar to that present during a polymerisation. A 
sample was then prepared for electron microscopy in the 
usual, way. Upon examination the sample was found to con
tain particles showing both anomalous regions Type A and 
B (Plate 17 ) .

The presence of Type B particles was not noticed in 
all samples, and seemed to occur more frequently in early
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samples presumably due to: i) variation in dilution of
samples 'before electron microscopy, ii) differences in 
thickness of the polymer shell surrounding the anomalous 
region; the thicker the shell then the greater the 
lenp;l:.h of time taken for the monomer to diffuse through 
it In bo the water phase, iii) the relative difference in 
.electron density "between small and large particles* The 
large particles would appear much darker than small part
icles and hence the presence of electrolyte within the 
voids would "be more difficult to observe.
e) 'Scanning Electron Microscopy (S.E.M.). S.E.M. was 
used In order to obtain *a better understanding of the 
shapes of the regions. S.E.M. data (Plate 16 ) suppor
ted the T.E.M. data very closely. It also confirmed that, 
the anomalous regions were indeed due to the presence of 
single voids.within the particles, (the slight flattening 
observed was due to the harsher conditions prevalent in 
the 8.E.M.).
f) Carbon Replication. T.E.M. micrographs of carbon 
replicas of anomalous particles were taken at both 0° and 
45° tilt (Plates 19,20 ) to aid in interpretation of the 
particle shape. The small central (dark) region (A) is the 
area of contact of the particle with the support substrate. 
This is much smaller than the dark region (boundry b) in 
the particles arrowed 1, but can be explained by virtue
of' the fact that these two particles were sitting on the. 
substrate 'void down1 before carbon coating. Thus,. In 
this case the void was not replicated. Information on. the-
shape can also be obtained by examining the density of the
various regions on the micrograph using the density of the
surrounding carbon film as an indication of the number of
wallu being viewed. For example, with reference to Fig.

14 , only one thickness of carbon is present at P,
whereas at E there are three thicknesses (at a tangent 
through two wall thicknesses and support at 90°) .

Multiple wall thicknesses are present which show the
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■shape and form of the void. Considering area. O (area of 
contact Fig. 19 b ), one would expect to see a single, 
thickness film at this position corresponding to the 
hottom of the depression. However, this is not the case, 
and is probably due to the relative geometry -between the ■ 
carbon source and the particles, such that very little 
carbon, was deposited within the void.. .Carbon replication 
shows that the void is hemispherical in shape,
g) nitrogen Gas Adsorption. A series of nitrogen adsorp
tion Isotherms was carried out on Freeze-dried samples of 
‘ latojc removed from reaction 34B at various times, in order 
to determine the existence of voids within the particles. 
The results are summarised in Table 18 and Figs 2 0,21 .
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18 !)>- COMPARISON';OF T.E.M. AND B>B»1. - SURFACE. .AREAS, 
TAKING- INTO ACCOUNT THE PRESENCE OF THE VOID,

Sample T.EJK'J3 B.E.T. B-E*T.J3JU-5?.E.li;8*A.,_  _ _ k : L 0 0 %  

S.A(M g ) SiA(M g ) T.E.M..S.A*
34B7 17.7 26.0 47
34BH 15.0 19.4 . 29 -
34U9 14.3 16.8 . 17

°Electron microscope surface area calculated from the
nurnhcr of particles per gram and the available surface
area per particle, when a hemispherical void is present.

-1Number of particles g :
 • 1 ,  _______
i * 9 (4R3 - 2a3 1 (R~(R2~a2)^>2(2R - (R2-a2)̂ )

The surface area g”'1':

 6(R2 + a2 + R (R2 - a2)̂ )
p (4R°-“*2at3~ (R~ (R2-a2) 2) 2(2R + (R2~a2)2)

where R is the particle radius.,
a is the void radius.
9 is the polymer density.

It can he seen from the data that the earliest- samples 
showed the greatest difference between the B.E.TA and the 
electron microscope surface areas. This increase is not 
due to the internal surface .of the void (assuming it is 
smooth) as can be seen from Table 18 b. Sample 36B6 
did not exhibit voids, even though - samples 34B5 and 34B7 
did. The reasons are probably the same as those given, 
earlier for the untreated sample of 136.
5) DISCUSSION.
a) vivldence Against Formation by Exposure to the Electron 

Beam. Prom the experimental data it appears that the 
presence of these regions is not due to evaporation of 
monomer or particle distortion caused by exposure to the 
electron, beam since:
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i) Particles containing very small amounts of monomer 
prior to grid, preparation (i.e. final samples) showed no : 
distortion, even after prolonged exposure to the electron 
beam. •:s.b
ii) A. sample which had been y -irradiated prior to T.E.Mv 
examination still exhibited these regions, even though the 
amount of free monomer within the particles must have been 
practically zero. Similarly, steam stripping and. iso
octane extraction, both of which would considerably reduce 
the amount of monomer present within the polymer, only had 
the affect of increasing the size of the region.
iii) Carbon replicas of anomalous particles indicated the 
presence of a void before exposure to the electron beam.
iv) The deposition of electrolyte within the voids must 
have occurred before exposure to the electron beam.
b) Evidence Against Formation During Grid Preparation of 

Samples Exhibiting an Homogenous Monomer Distribution.,. 
Xt is possible that electron microscope grid preparation -A 
could result in their formation. As the sample dries on 
the grid, the tops of the particles would become exposed 
to the atmosphere first and evaporation of monomer, evenly 
distributed throughout the particle, through this small 
surface region could result in the formation of a depress
ion. However, this appears unlikely since:
i) y —irradiation, steam stripping' and isooctane extrac
tion would all result in there being almost no monomer 
present to evaporate away.
ii) Deposition of electrolyte within the void could only 
occur when the void itself was immersed in electrolyte 
solution.
iii) Carbon replication indicated that after drying down 
some of the particles were lying void down on the mica 
surface. Movement of the particles on the mica after 
drying down cannot account for this, since the presence 
of a void within a particle would alter the position of 
its centre of gravity such that if the particles were 
capable of moving, the void would tend to remain uppermost



iv) It would be expected that an effect of this- type, would 
be apparent in other systems. However, neither polymethyl- 
methacrylate, polyvinylacetate or polystyrene (prepared in 
the presence of emulsifier) latex samples, removed from 
reactions before 100% conversion exhibited these regions. 
(83,86,13 5.). ,

For the reasons given above it -is unlikely that evac
uation prior to electron microscopy of polystyrene latex 
particles would result in the formation of a single void 
if the monomer was evenly distributed throughout the 
particles.
c) Bvidence for an Heterogenous Monomer Distribution within 

the Particles. The experimental data obtained from 7 - 
irradiation, electrolyte deposition, steam stripping' and 
isooctance extraction indicates that these voids can exist 
(filled with water) when the particles are still in sus
pension. The diffusion of monomer or other material out 
of the particle and into the water- phase upon dilution 
would not be expected to result in the formation of a de
pression in the particle if this diffusion occurred over 
the whole of the surface area (i.e. if the monomer were 
evenly distributed throughout the particle). If the part
icle contained a discrete region of high monomer concen
tration then it is likely that diffusion of this monomer • 
from the particle would occur through the thinnest part of 
the polymer shell separating it from the water phase' and 
this would result in the formation of a cavity on one side 
of the particle, which would be- filled with water.

Diffusion of monomer out of the particle would occur 
upon dilution in order to re-establish the equilibrium 
between the monomer concentration in the particle and that 
in the aqueous phase. The creation of a hemispherical void
within the particle would result in an increase in the
total surface area of the particle which would be accompa
nied by an increase in the free-energy of the system.
However, this would be counteracted by a lowering of energy
due to both the overall decrease in surface area (due to
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diffusion of monomer out of the polymen constituting the 
rest of.the ’particle) and the energy loss on regaining 
equilibrium* The rate of diffusion’.of monomer out of the 
anomalous .region would be dependent on the. thickness of 
the polymer shell separating the anomalous region from 
the water phase. Hence," depending upon both the dilution 
and !.lie thickness of the polymer shell, the particles upon 
grid preparation would contain a discrete region of either 
water or monomer.

The presence of a water-filled- void in solution also 
supports the view that the region of high monomer concen
tration is not in the centre of the particle, since if . 
this were the case diffusion out of the particle would 
occur over the whole surface area, resulting in a general 
contraction, and not in the formation of a single de
pression*

The thickness of the shell also appears to be imp or- ..
tant in that if it is too thick then removal, of monomer
upon evacuation could result in the formation of a pro-
truberance on the particle surface (Plate 6 ) . Rapid
removal of monomer from a monomer-rich region would result 
in the rupture of the shell and it is likely that if the 
shell was thin, it would fall back into the cavity left 
by the monomer. If the shell were sufficiently thick them, 
a permanent distortion might occur. •
d) Possible Cause, for an Heterogenous-Monomer•bistribu-

tion. It is generally accepted that-there is an homog
enous distribution of monomer- throughout latex particles 
.(formed during emulsion polymerisations in surfactant-added 
systems). Gardon (115 ) has shown that the diffusion of
monomer to the particles is more rapid that its disappear
ance from the particles :due to polymerisation. The-assump
tion of monomer h o m o  g e n e  itjr, however, must be based on an 
assumption that even if the molecular weight is -heteroge
nous ( Mw > l), the molecular weight of the material

Mn
present is high. It is interesting here to consider the



equation relating to the swelling of latex particles by 
monomer:

( a s  k l M 1 9-RT (In + (1 - i) ;$p 4- XQ* ■+ gy 7 ) » 0,M m' ^P 1 ~P • M
rRT

which upon rearrangement gives,
as k
-r , M
In 'hi (1 - i) „ +v nr P P M

rRT
where q> ~ 1 - <£>•

( 9 )

(132 )

P*
The dpfect of m, the degree of polymerisation, is usually
discounted. Indeed, for molecular weights in the range
0 6 5 410c bo 10 , m is in the range 10 - 10 . However, there

is abrong evidence for the presence of relatively large
amounts of polymer of molecular weight ca. 1000 in samples
taken early in the reaction (surfactant-free emulsion
polymerisation) and this material is still present in
final samples (refer Chapter iO. and Pigs - 'h \ ) ..
For material- of molecular weight ca. 1000, in is about. 10,1and the term g can no longer he neglected* The effect of 
a significant value of i Is to make the right hand side of 
equation 13 2 less negative and hence lead to an increase
in h r

Isooctane - is capable of extracting: this low molecular 
weight material, and isooctane extraction of particles con
taining anomalous regions leads to an .increase in-the size
of the regions, indicating that the low molecular* weight 
polymer is associated with the regions. (The formation 
and importance of this low molecular weight material is 
discussed in Chapter YX ) *
e) Possible Explanation for the Absence of Anomalous 

Regions from some Samples. In a number of cases 
samnles taken during polymerisation were found not to 
exhibit anomalous regions, even though samples taken . 
immediately before and after them did. This indicates 
thab either the monomer present within the region poly
merised after sampling, or that the beam, intensity used
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in the election microscdpe was not sufficient to reveal : ,
internal detail. Polymerisation of the region is un- ' ! - < 
likely since the reaction is effectively stopped once the 
sample is cooled and diluted (the half life for the decom- 
position of potassium persulphate is 10 minutes ( 8 7  ) nil
at room temperature and would he even lower at 276 K - the 
temperature at which the electron microscope samples were 
stored). However, further polymerisation cannot he dis- " ~:'\W 
missed completely since any one of a number of extraneous ' 
effects could have caused further reaction, e.g. acciden- bJ|f
tal exposure to direct sunlight; or the presence of some 
impurity either within the sampling pipette or sample 
hot bis, or the water added to dilute the sample, which 
acted as an activator.
f) Possible Reasons for Variation in Size of the Region ■ f 

During Reaction. The growth of the particles is likely 
to he a surface reaction, as suggested by Napper ( 113 ),
since the polymer chains are effectively anchored at the 
interface by the hydrophillic sulphate groups. Also during .p||g
Interval II the main supply of monomer to the growing free 
radicals is from the water phase. A growing free radical 
can migrate through the particles by two mechanisms: the
diffusion of the polymer chain itself, or the addition of - 
monomer units. It would be thought that if the molecular 
weight of the chain is high then its rate of diffusion 
through the highly viscous medium (10^ - 10^ poise ( 1 ))
of a polymer particle would be slow. Thus, the prime 
cause of movement of the free radical through, the particle 
would be by the addition of monomer units. The main 
supply of monomer is from the aqueous phase and hence the 
radical would be likely to remain near the surface. Thus,., 
it may be expected that a pocket of high monomer concen
tration within the particles may well remain unpolymerised 
during Interval II of the reaction. As the amount of 
monomer entering the particle from the water phase de
creases, then the monomer within the particles becomes 
the main source for further reaction with the - result that



the anomalous region decreases in size and finally dis- :. 
appears. ' i..
g) Effect of the Anomalous, Regions on the Particle Radius. 
It may he expected that the presence of a hemispherical 
void within the particle would result in the measured 
radius heing incorrect, in that its use in volume calcu
lations would not lead to the accurate volume of polymer 
in the particle, and a correction to R should he necessarye 
If a sphere of radius R is considered to contain a hemi
spherical void of radius a then the volume of polymer in 
the par tide is equal to the original volume minus the 
volume of the void minus the volume of the cap of the void.

Original volume = “Vg  ̂ ,
Volume of the void =s §• ?r a° , ?

Volume of the cap of the void =s ̂  (R-(R2~a2) 2) (BR+CR^-a2)
1

2>
Then the volume of polymer in the particle is;

i w (4R3 - 2a3-(R~(R2~a2)*X (2R+(R2-a2)̂ )
The radius of a. spherical particle containing no voids 

which corresponds to this volume, R', is thus;

Rr | [(4R3 - 2a3 - (R-(R2-a2) % 2(2R +• (R2~a2)̂ ) J * 33 ^
If a theoretical example is considered of a particle of 
radius 1 containing a void with a radius equal to 1% to 
75% of the particle radius, then differences in the ob
served and calculated radii are shown in Table 1 9 .



TABLE}' 19. '
DIFFERENCES IN OBSERVED AND CALCULATED

PARTICLE RADIUS EXHIBITING- VOIDS

/ R - R/
R a R R
I .75 ,893 10.7
1 .50 .974 2.6
i .25 .997 0.3
i .20 .999 0.1
I .15 .999 0.1
1 .10 1 * 0
1 .05 1 0
1 .01 I 0

Even with a void with a = .75R, then the calculated radius 
is only. 10.7% less than the measured radius, and with a » 
,5R, the difference is only 2.6%. No samples were found 
during kinetic runs to have a > «6R, in fact the largest 
voids usually had a ~.25R, indicating a difference 
■between the calculated , and observed radii of 0 , 5%, which 
is negligible when one considers that the standard devia
tion of the particles is usually > 1%.
6); CONCLUSIONS
a) Mode of Formation of .Anomalous Particles,
i) The formation of type A anomalous particles appears to 
be due to the presence of a discrete region within the 
particles containing monomer at a higher concentration 
than that distributed throughout the rest of the particle. 
The monomer within this region is capable of exchanging . 
with water upon dilution, steam stripping or isooctane 
extraction. The existence of a low electron dense- region 
within the particle is due to .the presence of a hemisphe-r- 
ion.I void formed by rapid evaporation of water or monomer 
oub of the particle upon evacuation prior to electron 
microscopy.
ii) The formation of type B anomalous particles is due to



the deposition of electrolyte within the void, caused by 
the exchange of monomer originally present with water.
iii) The formation of'type Q anomalous particles is due 
to the evacuation of type A particles in which the monomer 
rich region is covered by a shell of polymer sufficiently . 
thick that permanent distortion occurs upon rapid removal 
of Mia monomer.
iv) The formation of type D anomalous particles v/ould 
appear to be a gross manifestation of type A behaviour.
The fact that the reactions in which they were most common
ly nlmerved were carried out at a temperature < 333K 
suggests this, since according to Van der Hoff ( 6 7  )
the solubility of styrene in its polymer when in the form 
‘of a latex increases with decreasing temperature. As dis
cussed previously with regards type A, it is unlikely that 
this phenomenon could occur through the evacuation of hom
ogenously highly swelled particles. !
v) Investigations were not carried out on the formation of 
type E anomalous particles. However, it would appear from 
the above discussion, that each low electron dense region 
is due to a void caused by loss of monomer from a region
of high monomer concentration. It is interesting to note 
that particles of this type were usually observed with 
polyvinyltoluene' latices, where it would be expected that 
the capability of the chains to move relative to each 
other would be hindered due to the methyl group on the 
benzene ring.
vi) No. positive evidence exists for the mode of formation, 
of type F anomalous particles.. However, it is of note 
that; a) they are likely to consist of polymer of low 
molecular weight (refer.Chapter IX ) due to the very 
rapid initiation rate employed in their formation. (NIB. 
The low molecular weight polymer is not to be confused 
with (Vhat of molecular weight ca.1000 mentioned earlier),
b) The micrographs could be interpreted in terms of 
•particles1 consisting of an agglomerated mass of smaller 
particles. The latter explanation seems the most likely.



vii) The existence within the particles of a region of 
high monomer concentration compared to that in the rest . 
of the particle is probably due to the presence of poly
mer of molecular weight; ~ 1000 in a discrete region.

Gel permeation chromatography (refer Chapter id ) 
showed that this material was present throughout the 
react;ton. Indeed the formation of anomalous regions 
within latex particles otherwise not containing them,, by., 
exposure of the latex suspension to free monomer, indicates 
that the underlying cause for the formation of an heter
ogenous monomer distribution throughout the particles is 
stilt, present at the end of reaction and is not solely 
associated with the growth process. , •
■b) A Possible Explanation for Monomer Heterogeneity'.
The presence of an heterogenous monomer distribution with
in the particles is contrary to the accepted theory ( 115 ) 
of an homogenous distribution. The results of Williams et 
al (103-112), put forward to support the core-shell theory 
appeal* to be explainable in terms of an homogenous monomer 
distribution. However, several important points arise 
from the Use of emulsifier-free systems:
i) The equilibrium swelling of the particle is determined 
mainly by the interfacial, energy. . In the case of a soap- 
containing, system. this is considerably decreased by the
presence of emulsifier. However in soap-free systems the

*interfacial energy will be higher, hence it might be ex
pected that the equilibrium volume fraction of monomer to ' 
polymer in these systems would be loweri
ii) It has recently been shov/n by Chuxig-li et al (175 ) 
that Taged* latex particles (emulsifier-free) when ex
posed to monomer take a considerable time to swell, the 
rate, appearing to increase as the amount of monomer im~; 
bih<-Ml increases. Further, the rate of swelling of freshly 
formed polymer was also slov/, so slow in fact as to be 
unable to account for the rate of growth observed during 
seeded growth processes. To explain this Ghung-li et al
( 175 ) postulated the continual formation of small



polymer nuclei, .saturated with, monomer, in the waiter 
phase which then underwent heterocoagulation with the 
seed particles,
iii) /mother important fact is the presence of large 
amounts of low molecular weight material in the early 
samples, as will he discussed later (Chapter XX ). This 
material prohahly arises as a direct consequence of the 
modes of particle nucleation. Upon coagulation of these 
initial nuclei and further growth, this low molecular 
weigh I; material could either: a) diffuse throughout the
who i.a particle, or h) remain as a distinct region within 
the particle. It it diffuses throughout the particle, 
then the reason for an heterogenous monomer distribution 
becomes unclear. However, if it remains together it will 
do so at one side of the growing particle since each of 
the chains will have a hydrophillic sulphate group at 
both ends. Thus, it is possible that the surface of the 
particle contains a region of high charge density compared 
to the rest of the particle. With regards imbibition, of 
monomer this particular surface region would have two 
advantages over the rest of the particle surface::
a) The monomer would be expected to be slightly more sol
uble in a region containing a. large amount of low molecular 
weight polymer.
b) Preferential, swelling of this region due to monomer 
imbibition would be facilitated due to the high surface 
charge density<?and the associated lowering of the inter- 
fac i al energy.

The presence of this region of high surface charge 
might also be expected to have consequences with regards 
the T’ate of entry of charged oligomeric radicals in that 
the rate of ingress of these radicals would be slower 
than over the rest of the particle surface due to the 
greater charge repulsion. Hence a subsurface region, of 
relatively high monomer concentration could remain 
essentially unpolyraerised. until the supply of monomer to 
the growing particles through the water phase began, to 
decrease.
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CfLAPTBR. VI ' ; ' ;'
KINETIC .STUDIES-

A) Introduction..
Since the observation of Matsumoto and Ochi (173) 

that styrene’ and other monomers would undergo polymeri
sation. in the absence of added emulsifier to produce 
stable monodisperse latices, a number of studies have been 
carried out upon these systems (140,141,170) to date, how
ever, studies have been concerned solely with the variation, 
of the final particle diameter with the reaction parameters 
such as temperature, background ionic strength etc. (141, 
170)} and with the surface characterisation of the latices 
produced (141, 153). In the case of styrene, no kinetic 
studies on the reaction have been reported. It might be 
anticipated that kinetic studies on these systems would be 
less complicated than in the presence of emulsifier, which 
it is known can affect the course of the reaction (117) «.
3) Reproducibility of Reactions.

For a system to be studied kinetically, it is necess
ary that the reaction be reproducible. In order to deter
mine whether the emulsion polymerisation of styrene in the. 
absence of added surfactant was a reproducible* process, 
six identical small scale reactions were carried out. The 
diameters of the latices produced (final samples) were 
determined using electron microscopy and the surface charge- 
densities determined by conduc tome trie t xtrat ion.. "In some 
cases the number of hydroxyl groups was also determined by 
the oxidation technique of Van den Hul and Vanderhoff (133) 
The results are summarised in Table 20.



‘'TABLE 20 .
a) RBPRODUC ABILITY OP REACTIONS

Latex Diameter a Conversion BT (ml ) a (100$)
(run) (%) (%)

t^-12 ;xlO (nm)
15 A. 483 2 92.12 1.35 496
15 b 474 1 93.45 - - 1,44 485
16A 485 1 89.69 1.29 503
16 B 470 1 91.20 1.45 484
17 A 469 3 96.51 1.54 475
17B 482 2 89.01 1.31 501

diameter at 100$ conversion.

"b) SURPAGE CHARC-E DENSITIES

Latex
Sulphate
groups

Carboxyl
groups

Surface
Charge-
density

Hydroxyl
groups"T

(jJ.eq.g- ) ( geq g“%“) ( jJ C cm"^) ( h eq. g‘
15A / 2.84 4.72 6.16 -
15B 2.51 4.31 5.46 -
16A 2.97 4 • 84 6.40 5.08
1.6B 3.03 '3.92 5.52 4.00
17A 2.61 3.84 5.11 -
17B 3.51 4.10 6.19 5.08

Monomer concentration = 0.370 moles .
•-3 -?Initiator concentration - 2,311 x 10'“ moles l~r 

Temperature = 343 K.
Ionic strength = 6.933 x 10~3.



It can "be seen that the latices were very monodis— A- 
perse and the final diameters and conversions of all. six '' . 
reactions were very similar. The. average diameter was . ■ 
47? ran, with no latex varying by more, than 2% from this- 
figure, demonstrating the. highly reproducible nature of 
the polymerisation process (141,170). All the latices 
were found to have "both strong (-SO4 ) and weak (~C0 0 ~) 
acid groups on the surface, the charge, densities "being 
very similar to each other and.of the same order of mag
nitude as those observed by other workers (153,141,145,
155), Oxidation of three of the latices revealed the 
presence of hydroxyl groups, the amounts being similar 
from latex to latex.
G) iylnltisampled Kinetic Reactions.

The reactions were all carried out on a large scale 
( > 1  I ) and the sampling technique was as described in
Chapter II. A series of reactions was carried out at 
different temperatures (64B (323 K), 62B (533 K) , 142 
(343 IC) , 62A (353 K) and 6 6 A (353K)), and a number of 1 

small ( 2  ml) samples were removed at regular intervals 
for weights analysis and diameter determination by elec
tron microscopy. A series of reactions was also carried 
out ab 543 IC from which much larger samples, > 10 ml, were 
removed for analysis by gas adsorption, eonductornetric 
titration and gel permeation chromatography, The results 
obtained for changes in particle diameter, degree of‘ con- 
version and the number of particles ml (w) are summar
ised in Tables 30 to 42 (Appendix l) „
D) Particle Fucleatton.' - •
1) Observed Variation in F .

The variation in F during the course of the polymer
isation is shown graphically in Pigs 2 2-26 . The effect
of removing samples from the reaction was taken into 
account in their determination. It can be seen that in, all 
cases except one (18A) a decrease in IT occurred during the 
earlv stages of the reaction, the value then remaining 
relatively constant for the rest of the reaction (except 
in the cases of reactions 19,- 35A, 62B and 64B, where- a
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further decrease in IT ml~” occurred at a later time)*; /
The slight variation in N during the rest of the reaction 
probably reflects the error involved in the determination- •
of N since it is determined from the 'fa conversion and they 3 ■ •weight per particle (the latter involves r which, if it
is assumed that the maximum error incurred in' determining
the particle diameter by electron microscopy is 5%> could,;-/
well be as much as 15% in error)• . , .

The time taken for the initial rapid decrease in If 
to occur before it became constant depended on the reac
tion temperature: being ca 100 min at 323 K (> ~ 1% con
version), 50 min at 333 K ( ~ 2% conversion), ~ 60 min at 
34-3 K ( ~ 2-5% conversion), 20 min at 353 K ( ~1% con
version) and 20 min at 363 K ( ~ 5% conversion). The dia
meters at the end of particle coagulation were all in the 
range of 70-140 nm. Only in the case of the reaction at 
363 K was there a definite observed initial increase in, IT. 
The variation in time for N' to reach a constant value at,. 
a particular temperature is probably due to a varying 
induction period of the reaction. Although every effort 
was made to exclude atmospheric oxygen and other impur
ities capable of reacting with free radicals, it is 
possible that complete removal was never achieved, thus 
different reactions might be likely to have different 
induction periods*

The lack of data concerning the initial increase in 
N indicates that particle nucleation is a very rapid 
process with a very large number of particles being formed 
in a very short time interval. These particles then 
coagulate together due to colloidal instability caused by 
growth of the initial nuclei. Pitch and Tsai (30), in, 
the It* studies on methyl methacrylate emulsion polymerisa- 
• tinti in the absence of added surfactant, detected an 
in.I If Lai increase in N followed by a decrease. These 
workers added surfactant to their samples taken from the 
reaction in order to prevent coagulation. It is there
fore possible that the initial increase of IT in the present 
worlc was not detected due to coagulation of unstable



particles on sampling. I '
The results are in' agreement with, the postulate of' 

Goodwin et al of a decrease in IT during the early stages 
of reaction, but in disagreement with the results obtained 
by workers using styrene in the presence of surfactant 
(75,03) and with the sodium salt of styrene sulphonic acid 
(240) in the absence of surfactant, since in these systems 
N Increased during the early stages-to a constant value.
2 ) Variation in IT with'Temperatures.

The- parameters from the kinetic runs (Table 21) 
and The variation in particle diameter with temperature 
(Table 2 2 ) show that there is a slight variation in N
wi thin. any one set of identical reactions. This is probably 
due ho variation in the induction periods.. Although the 
small scale reactions were very reproducible, it is possi
ble that by increasing the reaction volume 4 - 6  times, 
the; preflushing with nitrogen was insufficient to complete-* 
ly remove all dissolved' atmospheric oxygen. Different 
induction periods could well result in slight variations 
in the number of particles produced, although it is thought 
unlikely that the length of the induction period would 
significantly alter the characteristics of subsequent 
particle growth, if it occurred according to the Harkins 
mechanism (15)*

The variation in particle diameter- (calculated at 100% 
conversion) with temperature are plotted in Fig 2 7 , the 
slope and intercept being obtained by the least squares 
method. It can be seen that a reasonable straight line 
can be drawn through the points, and the resulting equation:

log d = 608.7 + 0.9 81, —  (137)
T

is capable of predicting, to within 10%, the experimentally, 
obtained diameters at 100% conversion. (The plotted dia— 
meters of reactions 19,35A,64B and 62B were calculated 
from The observed IT before the second coagulation stage) ,. 
Tho above equation is similar in form to that given in 
Chanter IV for peroxydiphosphate/metabisulphite initiated
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TABLE 81 • , '
a

PARAMETERS OF KINETIC RUES

Pinal C on- n

rfl
■:SReaction (M) (l)xlO T Diameter version IT(mI )

( r1 ) ( H ) (K) (nm) W x IQ"11 . <
-Wm

64 B* 0.870 3.69 323 1060 - — 41fa
62 B* 0.870 3.69 333 1428 63.31 0.36 -

■
142 0.870 3.70 343 504 90.64 11.6 :t»
34 B 0.870 3 ..69 343 596 88.70 6.9

■ M
64 A. 0.869 4.11 343 634 98.65 11.5 . . illi’.it19 0.870 3.69 343 844 95.01 3.2 1̂8 *.

*35A 0.870 3.71 343 1082 96.02: 1.2
37B 0.932 4.01 343 670 92.10 5 *4 ..■|iISA 0.931 4.11 343 558 81.46 8.5 •' A||i
18B 0.931 4.11 343 634 80.98 5.8 . M62A 0.870 3.70 353 488 92.403 13.2 -'•mv-#i
66A • 0.870 3.71 363 416 92.20 21 ..3 - m

'-m

These reactions showed a second sharp decrease in N ’*’̂ 3
during the course of the reaction.- iSl

• - ' ¥ f |
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Four polymerisations, 19,35A,64B,62B, showed a second 
coagulation during the course of the reaction.,, and in the 
case of reaction 62B it resulted in an 80% decrease in K. 
The observed decrease did not appear to he due to the 
coalescence of particles, hut to a certain percentage of • 
pap I; l.cles which coagulated out of 'the reaction, (in the 
case- of 62B there was a very large lump of hulk polymer
on the stirrer at the end of the reaction, and the percent

. . . . . /  dispersion . . conversion of monomer into latex/or this reaction was only
(U%) , This loss of particles from the reaction would 

resul. b in the remaining particles growing to a larger size 
than would normally he expected.

The coagulations must have been due to colloidal 
instability of the particles. In the cases of 64B and 
62B, the reactions were carried out at 323 and 333 K, i,e* 
temperatures lower than normally employed. A lower temp
erature would result in a slower rate of free radical 
production, which in turn would result in the molecular 
weight of the polymer produced being greater due to the 
larger time interval between successive free radical 
entries. A higher molecular weight would cause the mini
mum in the surface charge density predicted by equation 
(l,44) (occurs- on p.163) . to be lowered further and the
particles may thus be liable to undergo a second, coagu
lation. Whether this usually* occurs in reactions at lower 
temperatures is unknown. It did not appear to occur with 
potassium peroxydiphosphate/sodium me tab i sulphite initia
tor systems. ' .

The relationship (log D = - 0.578) obtained by
Goodwin et al (170) for the variation of particle diameter 
with temperature was based on observed results at three 
temperatures, 328 K, 343 K and 358 K, and the results 
interpolated'from the variation in particle diameter with 
ionic strength plots at different temperatures. The ob
served results are rather scattered, and it is difficult 
to determine from them whether the diameter at 328 K is 
too large, which would indicate a second coagulation



during, t He reaction.. However, if. a straight .line is'-- ■ f
drawn through the points at 343 and 353 K then the dia
meter at 328 K is certainly too large.

In the cases of reactions 19 and 35A, however, no 
explanation is apparent since they were identical in com
position toother reactions which did not exhibit the 
phenomenon. This decrease in IT would not appear to be due 
to an error in the weights analysis, since the decrease is 
accompanied in both cases (also with 62B and 64B) by an 
increase in the radius squared versus time plot. It is 
possible that the stability conferred by the, initial 
coagulation was not sufficient to confer stability during 

further particle growth. Also, the samples 'removed from 
the reactions immediately prior to the coagulation were 
very large ( ~ 100ml) in both cases and removal of samples 
of this size necessitated the stirrer being stopped for ■. •i1 - 8  minutes. The ingress of a certain amount of atmos
pheric oxygen may also have occurred despite the nitrogen 
bleed. The combination of these two factors may havef tresulted in particle coagulation!, although the mechanism 
is not apparent. No other reactions were carried out from 
which such large samples were removed.
B) Laser Light Scattering.
1) Introduction.

Watson et al (253) have used a light scattering tech
nique to follow the early stages of the photoinitiated 
emulsion polymerisation of methyl methacrylate, both in
the presence and absence of sodium dodecysulphate emulsi-.

Ifier. They determined that "90 , the ratio of the un— ■■
* 0

polarised light intensities at 0° and 90° to the incident 
ligii.I;, was proportional to time. They interpreted their 
results by assuming that each free radical produced formed 
a primary particle which then underwent coagulation with 
others according to the Smoluchowski (854) fast rate of 
particle coagulation. This was accompanied by mutual 
termination as proposed by Baxendale (179)« The- methyl



methacrylate was present as a 0.1 mole H  * solution.
The work described here was carried out in collabora* 

tion with Capt. D. Munro and Dr. K. Randall of the Royal 
Military College of Science, Shrivenham, England-. It was 
a preliminary study of the applicability of laser light 
scattering and photon correlation spectroscopy, using an 
apparatus designed by the above workers, to the early 
stages of the emulsion polymerisation of styrene in the 
absence of added emulsifier. It was hoped to study direct
ly l;h.e dynamics of the polymerisation process and demon— 
strain that growth and coagulation occur until a stable 
si£H particle is reached, after which the total number of 
particles essentially remains constant.

It may be thought that the use of styrene monomer
would introduce difficulties due to monomer* starvation

—3 —3caused by its solubility in water (3.6 x 10“ mole dm"” at
323 K (T7))', However, it is to be noted that this coiicen-

12 —1 tration of styrene is equivalent to 10  ̂particles ml " of
ca. 90 nm diameter. The values for K and the particle
diameter being similar to those observed in large scale
reactions at the end of the initial period of particle
coagulation.

The scattering of light by particles whose radii are 
small compared to that of the wavelength of light being' 
used (i.e., particles in the early stages of emulsion 
polymerisation < 100 nm, the wavelength-of-the—light used 
in this work being 632.8 nm) is termed Rayleigh scattering 
(25 5) and can be described by (256)s

I = 9 * S /m2 - a \  ( m )
O I o2R~ \m + 2/ x4 

where: X is the intensity of the perpendicularly
p o 1 aVi s e d 1i ght.

R is the distance of the particle from the point of 
observation.

V is the volume of the particle.
X is the wavelength of the light.
m is the ratio of the refractive index of the disperse 

phase to the solvent.



The light scattered by H ^articles is thus
,2W 9f 2

2R2
m2*!
m2+2 —  ' (139)

J X4
provided that the region from which the scattering is 
observed is small, i„e. R for all values of IT is,almost 
constant.
Therefore:- I

T ~o
cc m 2 . —  (140)

whore I is the intensity of the incident light*.
2) Experimental.

The reactions were carried out inP.TJSPJS* ! capped 10 
mm quartz or silica glass cuvettes maintained at 333 K.
The total volume of water present was 1 ml in most cases. 
This was covered with a layer of styrene* It was not poss
ible to stir the reaction since the resulting monomer drop
lets significantly affected the light scattering* The He/ 
lie laser beam was passed through the cell at approximately 
1mm "beneath the styrene meniscus in order to reduce any 
possible effects of monomer starvation on the reaction.

The water and monomer were both passed through a ,10 
pm filter before addition to a cuvette. This had been 
previously cleaned with nitric, acid. A P.T.F.B* cap with 
a.small hole in it was used as a stopper. The water and 
styrene were then degassed using- a combination of bubbling 
with filtered nitrogen and exposure to vacuum«» The cu
vettes were then placed in the thermostat ted compartment, 
of the apparatus and left to equilibrate for 40 minutes. 
The initiator was then added,. (.03 « .08 ml of 0*148 mole • 
H  potassium persulphate, made up in filtered water), 

using an Agla micrometer syringe*. The scattered light 
(90°) was- measured every 12*5 seconds and plotted as a. 
funo hi.on of log versus time.

C
An initial series of reactions was carried out to 

det. nomine the shape and reproducibility of the curves 
obtained (using different initiator concentrations), and 
a series of experiments was then carried out to determine.
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the effect of adding hy dro qui none inhibitor to the re
action at various times; Typical plots .of log 3^ versus.

o
time are shown in Pig 2 8a, and the effect of adding in
hibitor in Pig 2 8 b,c .
3) Results *

The log I Q versus time curves were all very similar 
o

in shape. The light scattered initially remaining un
changed (A) for about 10 minutes. It then increased slowly£(b ) and then more rapidly (C), the rate eventually decreas
ing again (D). It is thought that the initial slow in
crease in stage (b ) is due to either the formation of the 
initial nucleii or to their growth. The latter seems more 
likely since the initial nucleii would be very small ( ~
10 nm), and hence the light scattered using a 30 mW laser 
as light source may well have been below the limits of 
detectability. The very rapid increase (C) is thought to 
be a combination of growth and coagulation, and the much 
slower increase (D) mainly due to particle growth alone.

The effect of added inhibitor supports this inter
pretation since addition of inhibitor (Pig. 28b) between 
regions (C) and (D) resulted in the amount of light 
scattered remaining constant with time after an initial 
drop. Thus, the increase in the amount of scattered light 
at this stage of the reaction (in the absence of inhibitor) 
was due to particle growth only. The drop in the amount 
of light scattered upon addition of the hydroquinone (the 
hydroquinone also acts as absorber) was probably due either 
to a dilution effect, (expected to be small since the 
volume added was only 0,06 ml), or to the reaction mix
ture being agitated. The hydroquinone was- added, using an 
Agin micrometer syringe, below the styrene layer and if, 
because of monomer starvation, the reaction was proceeding 
mor** rapidly just below the styrene layer than at the 
bottom of the cuvette then the effect of agitation would 
be to reduce the number of particles just below the sty
rene layer. It was found that, if at the end of a reaction
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tile laser "beam was passed through the cuvette, about 10 mm 
below the styrene layer, then the amount of light ̂ scattered: 
decreased* This is almost certainly due to the variation 
in size and rate of growth at different distances'-from the 
styrene/water interface. Experiments carried out by samp- 
ling (T.E.M. examination) from test-tube reactions- (no . 
mixing) showed a distinct sise gradient as the distance 
from The interface increased. The small particles at 
relatively large distances from the interface (50 mm) 
scatter light far less effectively.

If the inhibitor was added during stage (C), it can 
be finen that although the initial drop occurred, the light 
scattered continued to Increase rapidly until a point was 
reached when it became constant. Thus, although the poly
merisation reaction had been stopped the amount of light 
scattered still increased, indicating that at this stage 
particle coagulation was taking place.

It can be seen that in the absence of any growth due
to polymerisation, any fractional decrease in IT, x , would
be accompanied by an identical fractional increase in V.
i.e. as IT --- > TT then V —— -> x V.

x
Before coagulation IgQ _ — - (141)

I ’ o

I90 « I ( x V)2 = H x vS “ U 43)X
o

i.e. the amount of scattered light increases on coagula-

and after coagulation"■
5i

the amount of sc 
tion.

The time taken for the onset of stage (c) appears to 
be independent of the .initiator concentration. Watson, et al 
(253) observed a similar effect in that although the con
centration of biacetyl (the light activated initiator used 
in I.heir study) was varied over a six-fold concentration 
range, there were no significant differences in the kinetic 
behaviouro

The total amount of light scattered at the end of 
period (C) was unrelated to the amount of initiator added.



This could have heen due to a .number of causes. . A'higher 
initiator concentration!would result in.a larger number 
of initial nucleii being formed, as well as. a larger 
amount of coagulation occurring due to the increased 
ionic strength. Also., slight variations in the distance 
of the laser beam from the styrene layer from reaction to 
renchi.on could have been the cause. It, is thought likely . 
that the results obtained concerning'the coagulation of 
the particles during the early stages of reaction are 
applicable to large scale stirred reactions, since there 
is nurficient monomer present in the water phase to pro
duce a system of particles almost identical to that’ ob
served in large scale reactions. Also, the effect of mon
omer starvation is likely to be minimal just below the 
styrene layer'as evinced by the fact that the. particles 
just below the monomer layer continue growing (part (D) of 
the curves).
F) The Presence of Low Molecular Weight Material within 

the Latices.
It has been found that samples removed early in re

actions contained appreciable amounts of material of 
molecular weight ca.1000 (121,122) Fig 2 9 )*, and that 
the amount of this material did not appear to increase 
significantly as the reaction proceeded. •
l) Sxperimental
a) Presence of Low Molecular Weight Material within- the_ 

Particles»
Two samples of latex o5A.7 were extracted by shaking 

with isooctane for 24 hours; one sample was the latex 
dispersion whilst the other had been freese-dried. The 
resulting extracts were rotary evaporated to remove the 
isoncbane and the residue was analysed using gel permeation 
chromatography (G-.P.C.). The G.P.Cs of the extracts and.

"The author is grateful to Dr. M.C. Wilkinson for carrying 
out the experiment depicted in this figure*
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of a sample of freeze-dried 35A7 are compared in Fig-30 
It can "be seen that the material extracted from the freeze- , 
dried latex -had a molecular weight of — 1000. The extract 
from the latex dispersion had a slightly lower molecular 
weight ( — 700) than that extracted from the freeze-dried, 
sample ( — 1000), where it appears as a shoulder on the 
main peak. It can also he' seen that the relative amounts 
of this material to that of the high molecular weight 
polymer forming the hulk of the particles is low compared 
to the amount present in the sample removed from reaction 
177 after 5 minutes. The cut-off point of the peaks in 
alt cases occurs at a molecular weight of — 500.

The difference between the isooctane extract from the 
dispersed and the freeze-dried sample' is probably due to 
the slightly different solubilities of the two molecular 
weight fractions in the aqueous phase* For low molecular 
weight material to he extracted from the dispersed latex, 
it must leave the particle and he transported through the 
water phase into the isooctane. It is reasonable to assume 
that,the lower the molecular weight of the material ; (if 
it consists of a polymer chain with ionic sulphate or 
perhaps hydroxyl or carboxyl end groups), then the more 
soluble it is in the aqueous phase, and thus the more 
efficient the extraction.
b) -Analysis of the Material Present in the Aqueous Phase .

A sample of latex, was passed through—an umXtrafiltra-; 
tion unit (Amicon Thin Channel TCF10 unit, Amicon Ltd*,
57 Queens Road, High. Wycombe, Bucks., U.K.) to remove the 
latex and the water phase extracted using isooctane which • 
was subsequently evaporated off (room, temperature). The • 
material left behind was analysed using G.P.C. A sample 
of the same latex was also dialysed, the first change of 
dialysis water rotary evaporated and the remaining solid 
analysed by G-.P.C. It was found'that not all of this • 
latter sample was soluble in tetrahydfofuran, the insoluble 
part presumably being electrolyte. The G.P.Cs of the 
soluble material are shown in Fig. 31 . It can be seen .
that both peaks are almost identical (M.Wt. — 520) and
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ELUTION V O L U M E — -—
* - --.■» * -v. •' .V .

GEL PERMEATION CHROMATOGRAPHS ..OF WATER 
SOLUBLE OLIGOMERIC MATERIAL

MOLECULAR WEIGHT
~T— T
5x10

A. ROTARY EVAPORATED DIALYSATE
B. ISOOCTANE EXTRACTED ULTRAFILTRATE

FIG.31.
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that in "both cases there is a low leading edge to higher ' 
molecular weights, j)eaking'at ~ 700* For the rotary evap
orated dialysis sample there is a further peak at ~ 1000.
These results indicate that polystyrene containing either 
one or two sulphate (hydroxyl, carboxyl) groups and mole
cular weight up to 520 is soluble in water. The sharp’

■ biicut-'!Ilf on these chromatographs at l.ow molecular weights 
is |H*obably due to loss of some material (jjw < 120) with. - '.•Ufasolvent on rotary evaporation. ■ ,:M
2) IU.sc_ussion., ■Jl■ l|ilit appears that low molecular weight material is ; ?#f|

■present in polystyrene latices in two loci; material 
~ 1000 within the particles and material of ~ 520 in the 

aqueous phase. It would be thought that small amounts of 
low molecular weight material v/ould be formed throughout 
the course of the reaction due to termination of low mole- .Mgg
cular weight oligomeric radicals.. Hence, the presence of ;p|l
large amounts of this material in samples removed, from 
early in reactions must be due to some other cause, such ■ .i# l
as particle nucleation. ‘
Ct) Proposed Mechanism of Particle Nucleation. -

In order that a large amount of low molecular weight ‘Jjgj
material can be formed, it is necessary that a large amount*of rapid termination of short chain oligomers takes place. - .j
It is unlikely that this material could be formed within , fjj|bg||the particles, since even in the early stages of a reaction, :-|§gfSsBIwhen the particles are very small, there will, on average, . _1|||
be an appreciable time interval between the entry of one • fiji

■■ Mfree radical and its termination by another. For instance, -sSjj
if it is assumed that every free radical produced in solu-

- -jglltion enters a particle, then,, at the concentrations em~ hfl11ployed in this work, there are about 10' ~ free radicals r^m—i —H 15pro*hiced ml” sec”" in a system containing about 10 • ’*fm
par Moles (before initial coagulation ) . Hence, a free- 
radical enters a particle every 0.1 second. Assuming that . |g 
the monomer concentration within the particles is 5 mole 
M  , then each free radical .adds on ~ 1300 monomer units * * §m



V ' ’ r - .1 V.vV. ", : rfC',..sec, , indicating a molecular weight of at least 13,500*
Thus, taking into consideration that in the very early

15stages N is probably > 10“ and that not all the Tree 
radicals produced enter the particles it is unlikely that' 
large amounts of., material of molecular weight ~ 1000 are 
produced v/ithin the particles.

It seems likely that this material is formed during 
par Mole nucleation. The mechanism of Fitch et al (50,71), 
for i.he more water-soluble monomer methyl methacrylate, 
predicts that free radicals grow in solution until, at a 
certain chain length, the chains collapse upon themselves 
form lug a primary nucleus. These nucleii continue to grow 
unt]. I they coagulate and undergo mutual termination, the 
process being described by solution kinetics. It is not 
thought that this mechanism would be applicable to styrene 
since the monomer and presumably the polymer is far less 
soluble than methyl methacrylate. Indeed, the G.P.G. data 
indicates that species of ~ 520 molecular weight (i.e. 5-4 
styrene units + end groups) are almost insoluble in water, 
It thus appears likely that either a precipitation mech
anism occurs, or that the growing free radicals reach a 
concentration and chain length at which they become sur
face-active and micellise*

The precipitation mechanism, would involve the growing 
free radical concentration in solution, being such that 
supersaturation occurred. It is likely that the addition
of a sulphate group to a styrene molecule would increase

—5 1its solubility beyond 5 x 10 mole H  . However, sub
sequent additions of styrene units to this species would. 
act to decrease its solubility eventually to the point 
where the species precipitated out.

A. micellar mechanism would involve the free radical 
oliiniers reaching a chain length sufficient to confer’ 
surf’s *.e-active properties before precipitation, Vanderhoff 
et at (3) postulated that this would be about 4-5 monomer 
units, (i.e., molecular weight 500 - 600). Indeed, it is 
gene nelly accepted that if the Harkins model of particle • 
growth is correct then the oligomer must become surface-



active to "be aisle to adsorb at the particle/water inter- 
‘'face, due to the charge repulsion forces which exist "be
tween the negatively charged particle and the SOj radical,. 
If the oligomer becomes' surface-active upon the addition
of 4-5 monomer units, then assuming the monomer coneentra--

—3 , "tion in the aqueous phase to he 5 x 10 mole H  , one 
monomer unit is added to a free radical every 0,6 second,' 
i.e. in about 3 seconds there would-be 4 x 10 mole H
of nurface-active oligomeric species, If micellisation

IP -1occurs at this concentration then some 10“ " micelles ml
! j *Jseed" ' would be formed (assuming 100 oligomers micelle " ) . 

Thun, micellisation would occur until the number of part- 
ici*-) nucleii produced was such that the concentration of 
free radical oligomers in solution was reduced below that 
of the C*M*C. due to adsorption by the growing nucleii.
The above calculation is also applicable to the precipi
tation mechanism.

Xt is to be noted that although, the oligomers may be 
said to undergo a micellisation-type process, the struc
tures they form are not strictly micelles,, which only 
exist in dynamic equilibrium with surfactant in solution 
and continually break down and reform. The structures 
formed in this case would not break down due to termina
tion by combination of the free radicals*

Either of the above mechanisms would lead to large 
numbers of low molecular weight oligomeric species being 
brought into close proximity. This would result in a 
large amount of rapid termination to produce species of 
molecular weight ''-1000. It is interesting to note that 
the nucleii formed by this mechanism would not be initi- 

- ally unstable since they would consist of.large numbers 
of "I ow molecular weight polymer chains each of which 
won hi have a sulphate group at both ends. However, it can 
be seen from Pig. 2 9 that once the particle is nucleated
further growth proceeds, 'by the formation of polymer of

6molecular weight up to 10 . Assuming that. the molecular 
weight of first polymer chain incorporated into the 
initial nucleii consisting of 100 oligomers is 50,000,



it doubles the volume' and increases the surface area toy 
a factor of 1.6, with the addition to the surface charge 
density of only two charges. Thus, the surface charge 
density during initial growth of the particle decreases 
rapidly. The variation of surface charge density can toe 
('Inscribed as follows:

Let the volume of the initial particle containing 
N polymer chains (M.W.1000) toe V, then the surface area
per sulphate group on the initial nucleii (SgQ*“) is given
T 4toy; 2

SS0~ ~ » where k = 4 y g —  (143)
4 2NQ (4/g 7r )3

Then as the particle grows:
Sso; = * + M l  + ”av8 +   + 1 1'

2N + o L  Ni

where ih V\ is the volume increase due to chains of in
creasing molecular weight toeing incorporated into the 
particle. If it is assiimed'that the initial nuclei contain 
fifty 1000 MW chains with a sulphate group at each end, 
growth occurs solely toy incorporation of 50,000 MW polymer 
and that all the sulphate groups remain on. the surface, > 
then the effect on of incorporating an increasing
number of these high MW chains,can toe calculated (Table.23), 
From the above it can toe seen that the surface charge 
density decreases rapidly in the early stages. In reality 
it would decrease more rapidly due to the molecular weight 
of the polymer formed increasing as the particle size 
increases.
H) Conclusions.

The decrease in N observed toy tooth electron microscopy 
in »’.on,junction with weights analysis and toy light scatter
ing is due to the colloidal instability of the p^^ticles* 
This is caused toy the incorporation into an initial nuclei 
consisting of low molecular weight polymer of high mole- 
ciliai* weight material. These initial nuclei are-formed

- 163 -



TABLE 25

VAR I. A.!1 ION IN SQ ~ WITH THE, NUMBER (IT) OP HIGH M.W. CHAINS 
  bU4 ,,________.  . __

INCORPORATED INTO THE PARTICLE .

ClSO,i
2 ir.14 cm x 10 N.

(50000)
SSQ~ (cirt2)x 1014 N"

(50000)
1,78 0 8.15 - . 40
0*72 1 8.12 60
3. 63 2 7.94 80
4.01 3 7.73 100
4*49 4 6.79 200
4.90 5 5.70 400
15.29 6 5.08 600
5.57 7 4.66 • 800
5.84 8 4.35 1000
6.08 9 2.06 10000
6.29 10 0.96 100000
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either. by a micellar or a .supersaturation and precipi- -. \ 
tation mechanism involving short chain ( ~ 500 M>W,) free 
radical oligomers. ; . '
1) Variation .of Particle . Diameter and Per cent. Conversion 

with Time.
1) Variation in Particle Diameter.

I!n all the kinetic runs a plot of the radius squared 
versus time was found to give a straight line (Figs 32-3-8.)
In hue four reactions which exhibited aimarked- decrease in 
N sometime after the initial decrease, the slopes of the 
plots were found to change at the point of coagulation, 
■becoming greater in all cases. This indicates that when 
IT decreased during a reaction, the rate of growth per part
icle increased.,

The equations describing the curves (obtained.using 
least squares) are given in Table 30 Appendix I, and have 
the general form:

r2 = kxt - k2 —  (145)
The factor kg is proportional to both k^ and the time taken
for the initial decrease in N to occur,
i.e., 2

H -  = -  (M6)

Now the rate of polymerisation, per particle can be ex
pressed in terms of the rate of volume increase of the 
particle: ~ :

51,0 F , —  (147)dt * p
Thus: dr^

dt = 1 -5 v  = R® ’ - “  (i4a)

with bhe rate of polymerisation being proportional to the 
par b i.1 e radius

The values of k-j determined at different temperatures 
can he used to determine the activation energy of the re
action.. The values of k^ (Table 24) are plotted versus 
temperature in Fig. 39 and in the form of the Arrhenius 
equal,Lon (in Fig. 4 0 ):
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VALUES OP k AT DIFFERENT TEMPERATURES

T emp era tur e k-̂
(M2 min*”1)
5.12xl0~17
8.30xl0~17 

-161.38x10 
1.95xl0~16 
2«90xl0~“16

I I  n evident that the plot of the Arrhenius equation
giv*>H a very good straight line and that the activation
energy is S.406 kJAmole”1. This value is 36% higher than
the activation energy calculated from the variation of
literature values of k ( 20 ) with temperature whichPgives an activation energy of 1.772 kJ mole * The values 
of k- used in the case of reactions 62B and 64B were those 
determined before the second coagulation. The value of 
k^ at 343 K was the average value from reactions ,142 and 
34B,

To obtain the rate of polymerisation of the reaction 
it is necessary to multiply the rate of polymerisation per 
particle by the total number of particles, i.et

Rp = 1.5 k1r F . -- (150)
The factor 1.5 kn F for the reactions at different temo-1 . seratures are given in Table 25.

TABLE 25
VARIATION IF 1.5 k-,F FOR REACTIONS AT DIFFERENT TEMPERATURES
Latex Temperature (k ) 1.5 k^F (MS min’*'1
645 323 3,73xl0“5
625 333 9.27x10"
14: ■ 343 19.62xl0~5
341.’ o 4o 16.76xl0~5
62 A , 353 38.90xio~5
6 6 A. 363 93.31xlQ~5

(K)
323
333
343
353
363
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2) Variation in the Value of k^ with if*
It was noted that in, the cases where a second coagu-. 

lat'ion took place the slope of the radius squared versus 
time plot increased, and It is also interesting to note 
that in the case of repeat reactions at 543 K the value of 
lc-j also increases with decreasing IT from reaction to re
action (fable 26).

TABLE 26
VARIATION ON ^ WITTI N' nil”*1 FOB RE.ACTIONS AT 343 K

La I " x kl 2 _ (m min"L
IT ml***1 
x 10“12

1. 5 k ̂ IT 
(m2 min"*1 ml“

35A( 13) 5.26x10“-16 .12 9.47xl0“5
19 (13) 2.66x10 -16 .40 15.96x.10*”5
35A( A) 2.02x10“-16 *57 17 .27x10***5
19A( A) 1.07x10“-16 .69 11 *07x10“*5
34B 1.49x10“-16 *75 16,76x10“*5
142 1.03x10“-16 1.27 19 c .62x10“'5
The values of 1 .5-k-jIT are all similar indicating that al
though the rates/particle are different, the rate/ml or 
the overall rate of polymerisation of the reaction remains 
relatively constant*
Now at constant N: ff- = 1.5 , . -  (Ml)
hut from reaction to reaction In ~ f (NT) ,
Both the Smith-Ewart (16) (Case III) and the G-ardon* (258) 
theories predict that if the rate of entry of free rad
icals into the particles increases during Interval II then 
n, and. hence the rate of polymerisation per particle also ■ 
increases. The effect of reducing IT during a reaction is 
to increase the rate of radical entry and hence n In the 
remaining particles. According to Garden n can he



A fractional decrease in N (i.e. x) would result in P
o vbeing decreased "by a factor x, and B Being decreased

2 r aaB"by a factor x , i.e. the term P is increased 'by
L b “j T

a factor of x.
If 1 «  t  b2 ]  Py then the maximum increase in n, i.e.

the maximum increase in the rate of reaction per part- 
0 5iclo is x * . It can he seen from Table 26 (and also 

considering reactions 62B and 64B) that the increase in. 
the • •ate of reaction in nearly all cases is greater than 
the square root of the decrease in IT. This indicates 
that either:
a) Lhe equilibrium value of n for any r is reached 
slowly,
b) M is variant with IT,
c) Particle growth occurs via two mechanisms (i) by 
’normal* polymerisation within the particle and (ii) by



the continuous formation of nuclei in solution which then 
undergo heterocoagulation v/ith the primary latex particles 

It is generally assumed that n reaches an equilibrium 
value at any value of r rapidly and it would thus appear 
that process h and/or c are in operation*

It is Interesting to consider the mechanism proposed 
'by Chung li et al ( 1 7 5 ), who found that the observed
rat,!.- of growth during emulsifier-free seeded polymerisa
t i o n s  of styrene could not he explained in terms of the 
rate of monomer imbibition by the particles* They pro- 
posed that nucleation of fresh particles was occurring 
(ion! j nuously in the aqueous phase and that these nuclei 
(monomer saturated) underwent heterocoagulation with the 
seed particles*

It is important to note that, the system studied by 
Chung li et al ( 175 ) is not necessarily equivalent.to
the system under consideration here. Their results were 
based on seeded growth processes where the original seed 
was not initially saturated with monomer. The systems in 
this work, however, were nucleated in the monomer saturated 
aqueous phase and hence would probably be swelled with 
monomer* However, consideration of the equation for the 
variation in surface charge with particle growth of an 
initially highly charged nuclei! indicates that as the 
reaction proceeds the'surface charge density undergoes an 
initial decrease* This decrease in charge density would 
result in a decrease of the saturation-monomer-concentra
tion of the particles due to the increase in the inter
facial free energy (Chapter V). Typical areas/charged 
group- obtained by Goodwin, et al ( 141 ) are in the range
~ 2 ~ 7 nm whereas in a soap-containing system (assuming*

monolayer coverage by the soap), the area per charged
~  2group is ~ 0.2 - 0.4 nm ( 2 5 7 ). It seems likely,’ there

fore, that soap-free polymer latices would imbibe, at equi
ll in’ Urn, considerably less monomer than soap stabilised
la t.!1' es •

An indication that the monomer concentration ■within ■ 
the growing particles in soap-free systems is lower than



that in soap-containing;: systems" is apparent frorrr both the 
radius'sonared and % conversion versus time plots (Figs. 
41-45 ). In soap-containing systems there is an inflection 
in the % conversion curve at ca. 55/6 conversion, since 
after this time there is sufficient polymer available to 
imbibe all the remaining monomer. The monomer concentra
tion within the particles at this point is in close agree
ment, with the saturation monomer concentration as deter
mined by other methods such as soap titration. The rate 
after this point usually begins to decrease, (although a 
Tmmsdorff gel effect could reverse this trend ( 5 2 )),
6xi" i.o the decreasing monomer concentration at the site of 
reaction. In all the reactions studied in this work, how
ever, the rate of increase of the % conversion increases 
throughout the reactions, and the radius squared versus 
time plots are linear almost up to the final conversion. 
This indicates that a separate monomer phase is in exis
tence throughout the major part of the reaction and that 
the monomer concentration within the particles is low. It 
would be thought that a low monomer concentration would 
facilitate desorption of free radical oligomers, since a 
radical is only adsorbed irreversibly If, upon adsorption, 
it adds on sufficient monomer units to make it insoluble.-

It is generally accepted that the phenomenon of sec- 
ondry nueleation is due to the oligomers in solution reach
ing a critical chain length (in the case of homogenous 
nueleation) or a critical concentration"^in the- cases of 
a precipitation or micellisation type mechanism), and 
forming a new set of particles. For either of the above 
mechanisms to be in operation, either the number of part
icles multiplied by the radius (radical capture controlled 
by diffusion theory) or by the radius squared (radical 
caphure controlled by collision theory) decreases, or the 
rain of desorption of free radicals is high, such that the 
rai.c of capture of oligomers is less than their rate of 
foliation, i.e. their concentration in the aqueous phase 
increases.

These initial nuclei, once formed, become unstable
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upon growth and, in the case of .secondary nueleation,: 
undergo coagulation with each other until a second stable 
set of particles is formed. This implies that the- number 
density of these nuclei is such that they undergo coagu
lation with each other rather than with the primary part
icles. A situation can thus be envisaged where a mech
anism similar to the above is in operation, but that the 
ruuioor of nuclei formed is such that they are far more 
likely to undergo heterocoagulation with the primary part
icles rather than coagulation with each other. This would 
lead to the rate of reaction being greater than that other- 
win.- expected from a mechanism of polymerisation occurring 
sol ■; I.y wi thin the par ti c 1 es ..

It can be seen that if this mechanism is in operation 
in Mie systems being studied here that the number of nuclei 
formed will depend on both the size and number of the 
particles, being greater for smaller size and lower number 
densities, and that particles of identical size will grow 
faster at lower number densities. This is the trend in 
fact observed in this work; in the cases where N‘ decreased 
during a reaction the rate of reaction per particle in
creased, and also in the repeat reactions at 34oK the lower 
the particle number density, the greater was the rate of 
reaction per particle.,

Chung li et al ( 1 7 5 ) have suggested that hetero
coagulation could lead to an increased monomer concentra
tion within the primary particles and hence an increase in 
the rate of reaction. There is also the possibility that 
[IT] increases with decreasing W (in the absence of hetero- 
coagulation) but this-would involve the reaction being 

monomer starved as a result of the rate of diffusion of 
monomer being insufficient to maintain polymerisation. 
However, Chung li et al (1 75 ) have pointed out that this
is unlikely.

The growth process in these systems would thus appear 
to lo complex, growth occurring via., a combination of two 
meohmisms, ’normal’ polymer! sation within the particles 
and oarticle nueleation and growth in the aqueous -phase



- i v, ' w ; $ ib x * i im. ? w m m

followed by heterocoagulation with the primary particlesv
The relative contribution of the two being dependent, on . yjgff
the size and number concentration of the original part- mjfll
icles, The general equation for the rate of polymer’isa-*-

•—3 —»ltion (expressed-as mole m min- ) is given by:
R- = [M] [ R*] . - —  (153)

is in mole 
[M] is in mole M"•3

Rp -• k t MJ n where k = k^ x 99.05x10 - 6

P P 1 J L J • ; -|fg
To <bbain the rate of polymerisation per particle it is 
necessary that [M] and [ R'] be multiplied by the particle j|§j
volume (v) and that k be divided by v i.e.:

Rp = v8. —  (153)
V

However, [R*] =. n , —  (154)
I V   ̂ • - . M

and thus, R = k [m ] n__ (M3 particle”'3' min-'3').,—  (155)
A ■ Mcr "1 ”1 -;5 Amwhere: k is in M° mole- min-“ ,

Jr '1:
. 1 - 1  r-M.n is in particle

To express in terms, of volume it is necessary to multi
ply the right hand side of the equation by the monomer 
molecular weight and divide it by the polymer density. ';<§§
Thus: •6 r«l =   ,, ~1R =s 99.05x10 k [m] n (M particle-* min- ) y P jr ,

a . • •:
—  (156) ■ ^

—  (157) '■
It is also necessary to take into account the contri- .j
but ion to growth from heterocoagulation. The increase in y
the ssrticle volume would be P^, where P^ is the total %

iT . ,-|f
volume of polymer formed outside the. particles in the
ague-mis phase and IT is the total number of particles pre~ i,„
sent. The overall equation would thus be: gf



R = k [M] n + P. -• 1*5 k,r (M^ particle’”'*'ir -AIT mirx ) •.

3) Variation of % Conversion with Time .
The data for the various kinetic runs is represented 

graphically in Figs .41- 45,46-52. All the curves obtained. 
wet"'1 convex to the time axis, in contradiction to Smith 
and hwart (16 ) predictions, but in agreement with the
predictions of G-ardon (45,258 ) . hone of the curves in 
whi'di data points were obtained up to final % conversion 
shaped an inflection point. In the reactions where a 
second coagulation occurred, it was only readily apparent 
in idie curve for 62B. That it was not detected in the 
other reactions was probably a result of a less pronounced 
decrease in N which occurred at a lower % conversion*

The % conversion was found to fit the relationship:
% 0 = At2 + Bt , • —  (159)

where A & B are constants and t is time, as predicted by
the theory of Gardon. The data was plotted in the form
% C vs. t, where the slope of the graph (determined using 
t

least squares) is A and the intercept B. It should be 
noted, that the constants A and B are not the same as in 
the Gardon theory since t was taken from the start of the 
reaction and % conversion was used rather than volume of 
polymer formed. It can be seen that in most cases the data 
fits the equation well except during the initial stages of
the reaction when H was varying* It may be noted that the
scatter of the data pioints from the line of best fit was 
greater here than was the case for the radius squared ver-*. 
sus time plots.

In the cases of reactions where N decreased a second
tin-* the slope of these plots changed as did those of the
ra U us squared versus time plots.

The values of the constants (A and B) for the various 
res** tions are given in Table 30 (Appendix I) , in the 
form in which they could be used for determining the part
icle radius. They were determined in the following manner:
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V * .

% € = At2 + Bt , ■—  (160)
% 0 ss 100 w , —  (163-1

4/(2 3 my/3 x r , 1totai 
where w is the weight of the monomer charge 

e is the polymer density.

i. e * r3 - 300 w 1____ • —  (163)
4 Htotal At8 + Bt

a n  n n o  { ^  1 *94 \ {A \1»94/ 1 . 94wnei'i! A = 0,102 / k \/d \ / dbJ rh II tr* I I

V ^ A v  \ i % r ° -94

174

ti!a

The value of A derived from the graphs is invariant with 
tin-", However, the value of 3 depends both on A and on 
the i i.me taken for the initial decrease in H to occur. .:3ftv .. '■-$$J) The Applicability of the Theory of Soao-Present Bmul- -Itf’ —  -  - r— ^

si on Polymerisation to Soan-Free Systems .
Although Gardon states that the equations he derived 

were only applicable to soap-containing systems, it would 
be thought that his equations for Interval II (i.e.' after 
particle nucleation) would be applicable to polymerisations 
carried out in the absence of soap, provided that F remain
ed constant, which, in the majority of cases it did..

The equations of Gardon were derived to describe the 
polymerisation system from particle initiation to the end 
of Interval II in terms of variables which could be deter
mined independently. It can be seen that his equations * 
describing particle nucleation are obviously not applicable 
to soap-free systems since they include parameters' depen
dent upon the added soap. However, upon'derivation of 
equations for n, the relationship between % conversion and 
time and molecular weight and time;- the parameters involv
ing the surfactant (which are included as the prediction of 
N) can be replaced by the observed value of N, ‘For exam
ple, the equation describing the volume of polymer formed:

= At2 + Bt , —  (163)

I
a

and li (the Smith-Swart rate) is given by: ItJ
.. A©

• . • , . • ’, .. .,'1 vV. • Ahfljil
_______________________________—_____________ >_____I_____ i______  L __15 rfixiSvi_____  -MW  Sf , .... *- I*



■does not contain any parameters associated solely with 
soap-containing systems.

It -was hoped that the applicability of* G-ardons' theory 
for Interval II to soap-free systems could be tested 
during the course of this work. 'However, from the pre- 
c.ec>ti.ng discussion it would appear that there are two, sig
nificant differences between soap-free and soap-containing 
syslwmis during this Interval:
a) That not all the observed growth occurs within the 
par tides, a significant amount occurring in the aqueous 
pham.
b) That the monomer concentration within the particles is 
not homogenous and that it is also likely to be considera
bly lower than that within soap-containing systems, and 
may even vary as the reaction proceeds.

The main premise for Interval II kinetics is that 
growth occurs solely within the particles. The growth is 
a function of n, the average number of free radicals within 
a particle, which, is itself a function of the rate of entry 
of radicals into particles, the size of the particles and 
the monomer concentration within the particles (which 
affects the rate of termination). It would appear that the 
rate of growth in soap-free systems is not solely depend
ent on h, but also has a contribution from the amo\mt 
of polymer formed outside the particles which itself will 
depend on the number and size of the particles in the 
system, and the rates of radical generation and irrevers
ible capture.
K) The Physical Significance of the Rate of Polymerisation 

being Proportional to r.
It has been shown in this work that when the particle 

rad 11 1 0 squared was plotted against time a good straight 
lin** resulted and also that the radius cubed was equal to



/  X ' *  9  9  * 3 3(S) r3 = At + Bt or r = (At 4* Bt) ■
In case (2) the constant A was in general 100 times less 
than B. Hence after 100 minutes of reaction time the 
contributions from the two would he ahout the same and at 
times greater than 100 minutes the A term would hecome
dominant, i.e:

J3 j-2 ,0.67r od t or r oc t.
3Thun, it might he expected that r__ vs. t would give a
t

reasonable description of the experimental data.. However,
silica the. ’classical theories of emulsion polymerisation
woul«l not appear to he applicable to these systems, it is 

3 2like!y that r = At + Bt is a reasonable approximation < )of r" (x t rather than vice-versa.
That R^ is proportional to r may reflect a diffusion 

controlled mechanism of transfer of reactant, and polymeric 
material from the aqueous phase to the particles*
L) Variation in Molecular Weight with Reaction Time.

Molecular weight determinations were carried out on 
freeze-dried samples using both membrane osmometry and gel' 
permeation chromatography. The results are summarised in 
Table 2 7A and Bigs. 53 54 , and a typical set of gel per
meation chromatographs are shown in Pig. 5 5 w It can be 
seen that there is a general trend of increasing, molecular 
weight with % conversion (as predicted by the Gardon theory). 
However, in the cases of reactions 142 and 64A the curve is 
concave to the time axis, whereas those of 34B and 35A are 
convex' to the time axis.

In the two cases 34B and 35A the polydispersity of the 
polymer produced as described by M is quite broad compared

5 nto those reported by Kotera et al ( 14 0 ), The number aver
age molecular weight is described by:

00
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i ~ 1 
00

£
i ~ 1
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TABLE 27A
MOLECULAR WEIGHT VARIATION WITH REACT!OK TIME

8 am nIe

64AI 
64 A 8 
64'' ! 
64 v/ 
64 AB

Time
(min)

60
ISO
840
540

1440

LIn
x 10

. 149 

.203 

.340 

.399 

.367

•5
M.w10 Mn

34B6
34B9
34B11
34B13
34B14

120
325
545
690
1440

.063

.115
,305
.405
.283

.26

.61
2.10
2.00
1.99

4.2. 
5.3 
6 ,9 
4.9 
7.0

35A6 
3 5 AT 
3 5 AO 
3 5 All 
35A14

115
165
295
415
640

.036

.037

.074

.162

.362

.515 

.310 

.700 

.800 
2 c90

14.3
8.4
9.5 
4*9 
8.0

142-5
142-6
142-9
148-10

112
175
342
1440

.29
,41
.52
.61

i- - C 1-

177



where .fh is the numberof polymer chains of type i and . 
mass M, i.e., the total mass of the polymer divided by, the 
total number of polymer chains* The weight average mole
cular weight is described by:

M -.'111 always be greater than y unless the polymer is w - -n
mouodisperse, in which case they will be equal. The value
of 0 is affected to a lesser extent by the presence of low1
molecular weight material than is m . For exanrole, an "sample of polymer having 75/o of the molecules at Ml W* =
50,000 and 25% at M.W. = 1,000-will have a M of 37,750
and an 'M of 49,675. The polydispersity observed in these
systems could well be due to the presence of 1000 M.W.
material* The values of M are considerably lower thann
those reported in soap-containing systems ( 8 6  ) but are
of the same order as those reported by Goodwin et al (141 )
and hotera et al (140) for soap-free systems.

It is interesting to note that the two reactions which 
gave a convex curve for molecular weight vs. time contain
ed less particles/ml than the two reactions which showed 
a concave variation, In the lixht of the nrevious dis~>i

cussion this might indicate that in the cases of 34B and.
35A (convex ) more of the growth was occurring through a 
heterocoagulation mechanism than in the cases of 142 and
6 4.A ,
M) Variation in Surface Area with Sample Time *
1 xp e r i m en t a 1.

A series of latex samples from reaction 34B were 
frccse-dried and used in gas adsorption experiments with 
krypton, nitrogen and carbon dioxide gases. The krypton 
and nitrogen isotherms were cammed out at liquid nitrogen

00
pn . Mr 1 1

00

E N . li.l i
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temperature (77 K), and the carhon dioxide isotherms at 
195 K using solid carhon dioxide/methanol haths to cool 
the samples. Nitrogen and carhon dioxide isotherms were 
also carried out upon freeze-dried samples of' latex 15A 
(see earlier this Chapter). The experimental procedure 
was as described in Chapter II.
2) Results./ ... ^

The results for nitrogen adsorption are given in Table 
18 and Figs, 2 0,21 (Chapter V) . A comparison of the 

suri’ace areas, determined using the B. E*T * equation, for 
the rypton and nitrogen adsorption isotherms is given in ,

p,Taliie 27, and the uptakes of all three gases at /D ~ 0.3 7 -1- ° ro
are :ompared in Table 28.

y

I a %. si

-41vS’#f

TABLE 27
COMPARISON OF KRYPTON AND NITROGEN SURFACE AREAS 

Sample Electron 
Microscope 
Surface area

&(M° g-1)

B.E.T. Nitrogen 
Surface Area-

(M2 g"1)

B.E.T, Krypton 
Surface Area

(M2 g”1)

.-Sfl

'hi■csto
|l|.(U
A®

34B9 13.87 16.82 14,23
34B11 9.65 11.35 

TABLE 28

10.98

UPTAKES OF VARIOUS GASES BY POLYSTYRENE L AT ICES AT % Q =■

Latex

34B6

Uptake N0(O
(mg g"1) 

20.0

Uptake Er 
(mg g"1)

Uptake COp 
(mg g~ )

Electron 
Microscope 
Surfac e 
Area
(M2 g"1)
26.61

34B7 8.8 - 55.1 16.91
54-22 8.1 «- 14,43
34l‘ • 5.8 11.8 - 13.87
3481 1 4.7 9.6 57.0 9.65
34112 4.7 - - 9,65
34til \- ■ 4.3 - 57.0 9.59
15 A 4.6 56.5 11,83

■ ‘’rsi 
$1

.*Mi ■: Ail
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3) Discussion.
a) N1t p o gen Adsorotion.

It can be seen from Tables 27 and 28 that the surface 
area determined using the BiB.T. equation on the final, 
samples (34B11 - 34B14, 15A) was in quite good agreement 
with the surface area determined using electron microscopy, 
who!*'‘.us that of the samples removed early in the reaction 
was .onsiderably larger. This increase in surface area 
cannot be accounted for by the presence of a smooth walled 
void within the particles. Vanderhoff et al (152 ) pro-
pon-> ! that latices may well exhibit a certain amount of 
pox'*>■ tty or surface roughness, and demonstrated that upon- 
heating the latex above.its glass transition temperature . 
the nurface area determined using the B.B.T. equation 
corresponded more closely to that obtained by electron 
microscopy in nearly all cases. It appears to be unlikely, 
however, that the large discrepancies observed in this 
work could be attributed to surface porosity alone*, It is 
interesting here to consider the work of Kolbeck et al 
( 2 59 ) on the void morphology of polyethylene. They found
that when polyethylene was heated under a high pressure of 
nitrogen, cooled and the pressure reduced, that the nitro
gen dissolved in the polyethylene came out of solution and
formed voids. Although the sise of these voids was very

— 5large ( ~ 3 x 10"" cm) compared to those observed in this
work, they did observe that the edges..of—the voids.were 
diffuse, the surfaces consisting of fine fibrils of poly
mer extending into the interior of the void.. It could 
well be that in latex samples which exhibit voids upon 
evacuation, a similar phenomena is observed in that as the 
mourner evaporates from the void it leaves behind a porous 
system of collapsed polymer filaments. An increase in 
sum ue area would also- be observed if capillary condensa- . 
tl >-• were taking place in the spaces between touching 
sph ues as proposed by Kiselev et al (208-11 ). With the 
si.spheres used in this work the effect would be expected 
to -c small, as would, the effect of inaccessible surface 
due !-o the soheres touching.
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b) Kryoton Adsor~otion.3: "••.c;-'* ■" " *<! 'v If ■'rAky-ab -•
The values obtained for surface area determinations'

■ —1 • '—SO2  “using krypton (area molecule ’ 18.5 x 10 ( 2 6 0 )) were
in slightly better agreement with the electron microscope •.
surface area than, the corresoonding nitrogen surface area.
Indeed, Shaw using krypton as adsorbate found the B..S.f-

?ed to 
.2 ~1

2 -1surface area of a latex to be 21*7 m. g comoared to an
ele«” Iron microscope surface area of 21.4 - 0.3m ~ g Io 
mi,-hi. be expected that krypton would .give better agreeraent 
since the size of the krypton molecule is slightly greater 
than bhat of nitrogen. Hence, if a small amount of micro- 
pofiriLty were present in the latices the krypton molecule 
(at ine same temperature) would have more difficulty pene- 
traking the pores than a nitrogen molecule,

c) 1J arbon Pi oxi de.
It can be seen from the results that the amount of 

carbon dioxide adsorbed is independent of the particle 
size, being practically constant for all the samples stud
ied. This indicates that the sorption of carbon dioxide 
is a bulk phenomenon and could be due to several causes
i) The isotherms were carried out at a higher tempera
ture (195 K) than the nitrogen and krypton isotherms (77 K.)* 
The carbon dioxide molecule is slightly larger than the 
nitrogen molecule, but its kinetic energy at this higher 
temperature would be greater, enabling it.to penetrate 
either into pores, or more likely, between the polymer 
chains more easily.
ii) It is known that polystyrene undergoes multiple' tran
sitions, one occurring at 163 K. (nitrogen, isotherms were 
carried out at 77 K. , carbon dioxide at 195 K) * This 
transition could result in the spacings between the polymer 
chains being greater(2 61) ■
A ) o'one fusions .

It appears that (nitrogen and krypton isotherms) for 
fin 1 1 latex samples give good agreement both with each 
other and with the electron microscope surface area. • How
ever, with early samples considerable deviations become 
apparent due to either the presence of voids within the

m
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particl.es or to the removal of monomer resulting in a 
porous surface structure. Carhon dioxide appears to he 
absorbed by the latices, the amount being' independent of 
size or sample time.
N) The Effect of a-Stainless Steel Stirrer on the Thermal 

Decomposition of Potassium Persulphate.
1) !utroductlon.

A.s a result of the observation that the use of a 
stainless steel stirrer appeared to act as a catalyst to 
polymerisation when potassium peroxydiphosphate was used 
an Initiator, and experiment was carried out to determine 
its •:(:‘fect on the rate of decomposition of potassium per
sulphate.
2) Kxoerimental.

A. 2 1 reaction vessel was charged with 0.9 I of 
doubly distilled water, the vessel was then immersed in a 
water bath maintained at 343 K and left to equilibrate 
whilst the contents were bubbled with’white-spot* nitrogen*. 
A solution of potassium persulphate was then made up in 
100 ml of water such that when added to the reaction 
vessel the solution would be 0.1 mole This solution
was then added (room temperature) to the flask and a stop 
clock started. In two experiments the vessel was stirred 
with an all-glass stirrer and in another two a stainless 
steel stirrer was used. 25 ml samples were removed at 
regular intervals and 2 ml aliquots of ._3_mole.„l. 
sulphuric acid and 7 ml aliquots of 5 mole M  * sodium 
bromide were added. The mixture was shaken, a known exces 
of ferrous ammonium sulphate added,, and then allowed to 
stand for 20 min. After this time the excess ferrous ion 
was bitrated with 0.02 mole l~̂ eerie sulphate made up in 
1 mole sulphuric acid, using ferroin as indicator
(colour change orange — * yellow) (20A ) .
3) 1 > e sult a and Discussion»

The decomposition of persulphate in the aqueous phase



arid.the reactions occurring during the titration as:

Q2°Q2 + 2
r, 2+ Fe + Ce44-

2 SO
T1 3-fPe

4- 2 Fe
rt 0 4 *+ Ge

o+

Th.e decomposition of persulphate is adequately expressed 
'by the first order rate law:

~ d tS208 1 = k tS2°3
dt

( 1 6 8 )

Wow Lf the initial concentration at time t = 0 is G ando
at nome later time, t, the concentration has fallen to c,
thru *

0 t
k I dt , —  (169)/C dC

C
f dt ,

0
i .e.,

and log G

In C 
C

In C
. i
G
o kt,

-j- + pog G2•o03 ° o

(170)

(3 .7 1 )

Thus, a plot of 2*305 log C versus t gives a straight line 
of negative slope equal to k * The determined values of k 
are shown in Tahle 2 9

TABLE 29
FIRST ORDER RATE COR ST AITT FOR THE DECOMPOSITION' OF

POTASSIUM PERSULPHATE
Type of Stirrer

Glass

0 hainless 
Steel

k (rain™ ̂ ) Average 
k. (min”’1)

%
difference

1.580x10 
1e 570x10
r. 596x10 
1,620x10

-3
-3
-3
"3

1,575x10

1.608x10

-3

-3

It • in he seen that the difference between the two rates
is fily 2% which Is within experimental error. The lit era-*

—3 —1turn value of k under these conditions is 1*45 x 10 min 
( 2 it I ) which is slightly lower than these values.
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However, it would be expected that values obtained in the 
manner described above would be slightly higher -due to 
difficulty in obtaining an accurate value of t at which 
the samples were taken, further decomposition occurring 
before the addition of the ferrous ammonium sulphate.
This indicates that when potassium persulphate is used as 
ini I, lator, the rate of decomposition remains virtually un~ 
afTouted 'by the use of a stainless steel stirrer.



CHAPTER VII
T  — -----------------------------

CONCLUSIONS

A number of general conclusions can be drawn from.
■the work described in this thesis*
l) The use of persulphate initiated polymer latices as 
model colloids should be approached with, caution, since 
hydrolysis of the sulphate stabilising groups (when they 
are not protected by a layer of surfactant) appears to be 
a rapid process. Also the nature of the surface groups 
may he affected by the presence of monomer oxidation pro-* 
due i,o within the final latex samples.
5) Potassium peroxydiphosphate is not capable of initiat
ing h byrene emulsion polymerisation but in the presence of 
trace amounts of heavy metal ions polymerisation is init
iated with the production of latices having phosphate sur
face groupings which appear to be more stable to storage 
at elevated temperatures than sulphate groups/ The final 
particle sizes and per cent conversions in these reactions 
are not reproducible. ■ *
3) Potassium peroxydiphosphate used in conjunction with 
sodium metabisulphite (sodium hydrogen sulphite) is an 
efficient initiator for styrene emulsion polymerisation/ 
the reactions being reproduciblev- The end groups stabil
ising these latices are predominantly sulphonate which are-: 
very stable to hydrolysis*
4) The monomer concentration within a particle during a 
soap-free emulsion polymerisation is heterogenous and 
results in the formation of a void within the particle upon 
exposure to vacuum. Also the monomer concentration is 
probably lower than in -soap-containing systems.
0 ) That particle nucleation occurs either by a precipi
tate >m or micellisation mechanism involving oligomeric 
ma Ire Lai of — 520 molecular weight. The ~ 1000 molecular 
weight material formed by the mutual termination of these 
oligomers is probably the cause of the monomer heterogen- 
et l.y within the particles.
6) The mechanism of particle growth occurs via two mech-



anisms in the absence of sin? fact ant: growth within the.
particles themselves and growth by continuous nucleation 
of particles in.the aqueous phase which undergo hetero-

\coagulation with the primary particles. Thus, the growth 
process of these systems cannot be adequately described 
by the current kinetic theories of emulsion polymerisation. 
The rate of polymerisation per particle in these systems 
is directly proportional to the particle radius.
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TABL3 51
ICINBTTC CHARACTERISTICS OP REACTION 64B

Number of
Time Conversion radius a particles

Sample (rnin) (%) (nm) (%) (ml"*1)

641-1 30 0.21 39 ’ 12 7.30 x 1011
641.'.:! 60 0.63 55 5 7.75 x ID11
64133 120 0.99 75 4- 4.87 x 1011
641:' 1 240 2.67 102 3 5.25 x 1011
64l.il i 360 4.67 128 2 4.60 x 1011
64136 480 8.00 149 3 4.99 x 1011
64B7 570 12.11 176 4 4.54 x IQ11
64B8 1440 42.53 315 3 2.80 x 1011
64B9 1560 48.61 327 4 2.87 x 1011
64B10 1680 53.87 338 4 2.88 x 1011
64B11 1800 57.54 349 3 2.79 x 1011
64B12 1920 64'. 61 385 4 ! 2.32 x 1011
64613" 2880 530 3

Styrene concentration: 0.870 moles H •

Potassium persulphate concentration: 3*69 x 10 c moleS'

Temperature: 323 IC.

* Reaction had coagulated.



KINETIC CHARACTERISTICS OP REACTION 62B

Time

f

Conversion radius a

Number* of 
particles

Sample (min) {%) (nm) (%) (ml )

62 til 18 0*21 37 * 5 8.53 X 1110
62 BE 30 0.41 48 6 7.63 X 1011
62B3 60 0.72 60 5 6.86 X I q H

62B-1 120 2.57 90 5 7.24 X 1110
621U i 180 4.98 113 2 7.10 X

1110
62 BO 255

$
8.50 136 3 6.95 X 1 110

62.B7 330 13.12 156 3 7.11 X I011
62B8 425 27.74 191 4 8.19 X

-,̂ 1110
62B9 535 12.75 269 3 1.35 X I q I I

62B10 630 23.21 512 3 1.57 X 10U
62B11 750 35.42 382 2 1.31 X 1011
62B12 1440 63.31 714 2 0.36 X 10H

Styrene concentration: 0*870 moles H

Potassium persulphate concentration: 5.69 x 10 moles

Temperature: 353 K



' ” TABLE . 33 ■' ' : V- • ;
KINETIC CHARACTERISTICS OP REACTION 19

Time Conversion radius a Number - of" 
particles

Sample (min) (%) (nm) (fo) (ml"-I)

19- 1 2 .12 16 - 14 6.82 X IQ18
19-: i 5 .22 24 7 3.71 X 1018
19-3 • 15 .45 39 5 1.73 X 1018
19-4 30 .91 56 4 1.10 X 1018
19-1) 60 1.48 80 4 0.63 X ~1210
19-G 135 8.23 136 4 0.72 X 1018
19-7 180 12.57 169 3 0.71 X io18
19-8 233 17.01 210 . 6 0.48 X. 1018
19-9 300 24.01 247 4 0,39 X q X s
19-10 349 32.78 261 9 0.47 X 1018
19-11 415 47.01 305 2 0.41 X 1018
19-12 455 54.48 325 5 0,40 X *10‘L 8
19-13 525 66.14 348 2 0,39 X 1 910
19-14 610 95.90 415 2; 0.34 X n a12 10
19-15 1485 95.01 422 1 0,32 X

*] oK T

Styrene concentration: 0,870 moles I .

—3Potassium persulphate concentration: 3.69-x 10 moles

Temperature: 343 K.



TABLE 54
KINETIC GHARACTSRISTICS OP REACTION 55A

Number o£
Time Conversion radius a particles

Sample (min) (#) (nm) (%) (ml--1)

5 5/VI 5 0.10
35A2 19 0.41
35A3 40 1.72
35A 1 55 2.44 89 9 1 P.70 x 10
35A0 85 4.29 103 8 .81 x 1.012
3 5 AO . 115 5.81 137 4 '! P.46 x 10 *
35 A7 165 7.20 171 2 «30 x 1012
35A8 235 11.31 280 1 .11 x 1012
35A9 295 19.54 298 4 ,15 x IQ12
35A10 355 27.32 360 4 .12- x 1012
3 5 All 415 39.67 395 3 '\ p.13 x 10
35A12 475 41.01 448 5 .09 x 1012
55A13 560 55.30 488 3 .10 x 1012
35A14 640 85.54
35A15 740 96.02 541 10 1 P.12 x 10x^

Styrene concentration: 0.870 moles I'~1 '.

1Potassium persulphate concentration: 5.71 moles I

Temperature: 543 K.



TABLE 55 ' ' ,;|§§• 'A.-Sa
Kinetic Characteristics of Reaction 543 . - f f g

7|§g 
. ..'111ILanfoer-̂ of - ■ -,ilSj

Time Conversion radius- a particles
Samp I.© (min) W) (nm) (*) (ml' )

„ 12

■.

34130 15 0*33 29 15 2.68 X 10 • • -
3483 30 0*55 57 11 0 • 60 X 1012
34134 55 1.77 87 7 0 .55 X 1012 '

. 4gil
34Bii 85 4..43 104 5 0.81 X

*1 p 10‘L̂
34B6 120 7.75 122 4 0*89 X 1012

>

- t H
34B7 185 17.61 169 9 0 .75 X 1012 m  

. ■ .>
34B8 240 27.46 197 6 0.74 X io12 vL’■
34B9 325 to 

■ <n *
to■4s 206 3 . 1.03 X 1 p10 • i;;' 11 "eit 

. •s •’

34B10 465 71.50 263 3 0 .81 X 1012
12

lin-j#]34B11 545 92*14- 296 2 0.73 X 10' * ■ i
34B12 620 93.80 297 3 0.74 X

1 0 1 8 *£im

34-B13 690 92.25 300 2 0.70 X 1012 M

34B14 1440 On«oo00 298 3 0.69 X
1 o10

■ «■

-

Ac’ll
Styrene concentration: 0.870 moles H  . ' r # |>IS ....  - tfl—3Potassium persulphate concentration: 3*69 x 10 moles . H§

T emp e r a tur e: 343 K .
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TABLE 36

Kinetic _-GAaraGMAis:.t.ic.s, of Reactl.on_.142

Number ot
Time . Conversion radius a Particles

fjMtnple (min) (fo) . (nm) (%) (ml"•o

148-1 5 0 .32 _

1 4 2 - 2 15 0 *81 35 10 3.82 X 1012
l-lli-3 30 1.54 51 3 2.33 X 1012
114-4 60 3.31 75 5 1.61 X 1012
14-4-5 112 5,80 107 3 0.98 X 1012
144-6 175 12.80 141 2 0.94 X !012
144-7 232 21.24 163 2 1.02 X 1012
142-8 292 32.29 189 2 0.99 X

1q12
142-9 342 47*65 206 2 1.12 X 1012
142-10 1440 90.64 252 4 1 *16 X, 1012

Styrene concentration: 0*870 moles 11

Potassium persulphate concentration: 3 *-70 moles r 1

Temperature: 343 K.



TABLE 37

Number of
Sarnn l.o

Time
(min)

Conversion
«)

radius
(nm) (*>

particles 
. (ml~X)

18B1 1 .04 14 53.5 3.31 X 101S
18B2 5 .10 27 7.4 1.11 X 1018
181.1' 15 .32 40 3.8 1.13 X 3.012
18 B4 ' 30 .51 58 3.4 0.60 X 1018
18.B5 60. .88 83 2.4 0.75 X 1012
18B6 *120 5.28 119 3.8 0.72 X 1012
18B7 180 10.23 147 4.1 0.74 X 1018
18B8 240 17.82 178 3.4 0.72 X 1018
18B9 375 33.16 222 1.4 0.69 X

12
12

18B10 430 38.23 240 1.7 0.64 X 10"L2
18B11 495 46.61 251 1.4 0.67 X 1012
18B12 555 CJ

l
O

l
• H to 272 1.7 0.63 X 1012

18B13 595 64.03 290 2,9 0.60 X X ^ 1 3

13B14 1445 80.98 317 1.4 0.58 X 10

Styrene concentration: 0,931 moles H

—3Potassium persulphate concentration: 4,11 x 10 moles

Temperature: 343 K.



TABLE 58

Kinetic Character!sties, of Reaction 64A

Number of
Time Conversion radius cr particles

Samp !.c (min) (%) (ran) (*) ■ (ml”-1)

64A1 60 4.71 88 2 1.59 X
io‘i.2

64 AO 120 14.03 122 6 1.83 X 1012
6 4 All 180 23.08 168 5 1 *19 X- 1012
64A/I- 240 31.42 190 7 1*21 X 10 ■
64A5 ■360 60.61 235 7 1.29 X io12
64A6 450 86.01 303 2 0*97 X 10-’2
64A7 540 96.70 320 5 1*02 X ,1012
64A8 1440 98.65 317 4 1.15 X 1q12

Styrene concentration: 0,869 moles 1-1 *

■~3Potassium persulphate concentration: 4.11 x 10 moles
I"1

Temperature: 345' K.



TABLE 39

Kinetic characteristics of Reaction 37B

Number of
Samp In

is

Time
(min)

Conversion
(55)

radius 
(nm) . (h,

particles
(ml-1)

37BI \ 5 0.21 ~

37132 \ 15 0.70 - - « "
37B3 30 1.03 - - -

101237LH 60 2.43 57 7 2.71 X
37BB
37B6

105
160

5.75
10.09

112
146

5
6

0.84
0.67

X
X
1012
1012

37B7
37B8

245
305

21.51
29.62

200
244

5
8

0.55
0.42

X
x.
1012
1012

37B9 360 41.87 264 8 0.47 X 1012
37B10 425 57.48 275 7 0.57 X 1012
37B11 1440 92.10 335 4 0.54 X n ̂ 12 10

-jStyrene concentration: 0.932 moles I
r

Potassium persulphate concentration: 4.01 x 10 5 moles
H  .

Temperature: 343 K.



TABLE 40

Kinetic.J^iaracteris.tT.cS' of. Reaction I8A

Number of
Time Conversion radius <r particles

Sam pi e (min) (95) (nm) (fo) (ml"*-1-)

18A1 1 0 *02 ■ 16 8 .5 1.01 x 1012
18A2 5 0 *09 25 5.4 1.18 x. 1012
18 AO 15 0 *18 41 5.6 0.60 x 1012
18A4 30 0.44 _ - -
18AI3 60 2 .00 77 1.8 0*99 x 1012
18 A. 6 120 6.11 110 '2.4 1.05 x 1012
18A7 180 11.88 136 1.2 1.09 x 1012
18A8 240 19.18 162 3*8 1.03 x 1012
18A9 375 53.37 203 2*2 i p0.91 x 10^
18A10 430 44.35 216 1.5 *1 91.01 x 10
18 All 495 55.48 236 1.5 0.96 x 1012
18A12 555 79.65 275 1.1 1 20.87 x 10
18A13 595 80.97 278 2.8 0.86 x LO12
18A14 1445 81.46 279 3.1 1 90.85 x 10x*

Styrene concentration: 0.931 moles r 1 .

Potassium persulphate concentration: 4.11 x 10’“*' moles
.-1 .

Temperature: 34-3 K *
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TABLE 41

Kinetic Characteristics of Reaction 62A.

Number of
Time Conversion radius cr particles

Samp !.e (min.) <?0 (nm) . (*) (ml*-i)

62A1 3 0.20 21 10 4,43 x. 10
126 2 AS -6 0.55 33 5 3 ,10 X 10

62A5 15 1.68. 50 6 2.74 X 1012
62A4 30 2.72 73 4 1.42 X 1012
62A5 45 4.57 89 3 1.34 X 1012
62A6 63 8.94 111 4 1.35 X 1012
62A7 91 19.15 145 9 1.29 X 1012
62A8 120 22.45 152 5 1.32 X 1 9

62A9 183 55.03 204 6 . 1.34 X 1012
62A10 250 89.01 244 . 7 1.26 X 1210
6 2 All 340 90.42 240 11 1.35 X 1012
62A12 480 90.90 242 8 1.31 X 1012
62A13 1440 92.40 244 7 1.32 X 1012

Styrene concentration: 0.870 moles 1'-1 •

—<5Potassium persulphate concentration: 3,70 x 10 moles
i-1

Temperature: 353 K,

A12
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TABLE 42

Humber of
Time Conversion radius cr particles

Same i.e (min) (%) (nm) (%) (ml-1)

66 A i 2 0*52 24 ' 8 1 27,13 x 10 *
6 6 AT! 5 2.33 . 38 5 8.67 x 1012
66 AO 10 5*51’ 50 8 9.06 x 1012
66.A.! 20 7.49 68 13 5.00 x 1012
6 6. A. 6 30 11.97 97 4 2,67 x 1012
6 6 AC) 45 19.51 117 5 2.47 x 1012
66A7 60 27.02 135 4 1 22.27 x 10^
66A8 75 37.01 149 12 2.27 x 1012
66A9 90 46.21 163 12 2.20 x 1012
66A10 110 60.00 180 6 2.13 x 1018
6 6 All 130 77.82 196 7 2,13 x 1012
66A12 160 92.61 210 . 5 2.07 x 1012
66A13 220 92.20 208 6 2.13 x 3.012

Monomer concentration; 0,870 moles I

•"3Potassium persulphate concentration; 3*71 x 10 ' moles
H  • ~ ...... ”  " "  '

Temperature; 363 K.

A13
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