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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. Papers are re­
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

The symposium on Emulsion Polymerization held at the National Meet­
ing of the American Chemical Society in Las Vegas followed a similar 

symposium held five years earlier at an ACS meeting in April, 1975. The 
proceedings of the 1975 symposium, organized by I. Piirma and J. L . 
Gardon, were subsequently published as Volume 24 in the ACS Symposium 
Series. The remarkable growth in emulsion polymerization technology was 
noted at that time. This growth has not only continued during the succeed­
ing half-decade, but has accelerated. The present volume documents 
recent advances made by an international body of scientists working on a 
wide range of fundamental and applied problems in emulsion polymeriza­
tion and emulsion polymers. 

In planning the program, it was felt that tutorial lectures by recognized 
authorities would be an appropriate way of reviewing the state of the art 
and also an efficient means of introducing each of the diverse areas of 
emulsion polymerization in preparation for the contributed papers to 
follow. Invited lectures (Chapters 1-6) included a treatment of several 
important aspects of emulsion polymer particles: their nucleation, their 
growth and stabilization, and their characterization by light scattering. A 
discussion of the synthesis and study of model polymer colloids revealed 
their wide use in diverse applications. Also included were lectures on 
molecular weight development and on the design and operation of con­
tinuous latex reactors. 

One area of intense current effort is the design and control of molec­
ular and particle structure in emulsion polymerization. At least eight of 
the chapters touch on this subject. Recent advances include the use of 
novel reaction pathways to achieve nonuniform as well as uniform struc­
tures when desired. Light scattering, electron microscopy, and N M R 
techniques have been utilized to probe particle morphologies and molecular 
architecture. Reaction kinetics has always been a central concern in 
emulsion polymerization investigations. The effects of chain entanglement, 
monomer diffusion, and nonreactive components on kinetics have been 
treated. The engineering aspects of emulsion polymerization are closely 
aligned with the foregoing subjects since the reaction process has such a 
strong effect on the properties of emulsion polymers. Of particular interest 
are methods for control of reactors and for real-time monitoring of 
reactor dynamics. 

xi 
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This collection of papers indicates the rapid advancement in our 
understanding and use of the many facets of emulsion polymerization 
and emulsion polymers. It also suggests likely advances during the next 
five years: further development of analytical techniques for investigating 
the surface chemistry, internal structure, and physical properties of emul­
sion polymers; inverse emulsion polymerization of water-soluble monomers; 
development of a better understanding of coagulation—for particle size 
control as well as for the prevention of reactor fouling; a more complete 
understanding of high-conversion kinetics; and an increase in on-line 
instrumentation to permit the use of continuous reactors to produce high-
quality emulsion polymers. 

In addition to the support of the cosponsoring Divisions of Organic 
Coatings and Plastics Chemistry and Polymer Chemistry, we gratefully 
acknowledge financial contributions to the symposium from the following 
corporations: Air Products and Chemicals, Diamond Shamrock, Dow 
Chemical, Eastman Kodak, Nalco Chemical, PPG Industries, SOHIO, and 
Union Carbide. We must also acknowledge the referees who reviewed 
the papers and made many helpful suggestions to the authors. 

D. R. BASSETT 
Technical Center 
Union Carbide Corporation 
South Charleston, West Virginia 25303 

A . E. HAMIELEC 
Department of Chemical Engineering 
McMaster University 
Hamilton, Ontario, Canada 

April 17, 1981 
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1 
Latex Particle Nucleation and Growth 

ROBERT M. FITCH 
Department of Chemistry and Institute of Materials Science, 
The University of Connecticut, Storrs, CT 06268 

Emulsion polymerization was first reported in 1927 by 
Ray P. Dinsmore of the Goodyear Tire and Rubber Co. (1). He made 
aqueous emulsions of various methyl-butadienes using oleic acid 
salts and casein or egg albumin as emulsifiers, and allowed them 
to stand at 50°-70°C for six months to polymerize. Although not 
what we would consider a practical process today, it led over the 
next two decades to an entire industry. It was natural that the 
term "emulsion polymerization" should be applied: one started 
with a liquid emulsion and ended with a polymer emulsion. As it 
turned out, the appellation has been an unfortunate one in that, 
except in rare circumstances, the mechanism does not involve 
polymerization in emulsified monomer droplets. It was observed 
by both McBain and Harkins independently in 1932 that polymeric 
latex particles could be formed in the absence of emulsifying 
agents from monomers of low water-solubility (2, 3). Since the 
particles were much smaller than the droplets of monomer which 
may have been formed by agitation, it was concluded that homogen­
eous nucleation of the polymer particles had occurred. In 1937 
Fikentscher showed that even in the presence of micellar emulsi­
fier the "aqueous phase" was the principal locus of polymerization, 
not the emulsified monomer droplets (4). Heller and Klevens 
reported in 1943-1945 on their quantitative studies on the strong 
influence of emulsifier concentration on the number of polymer 
particles formed both below and above the critical micelle con­
centration (CMC) (5). Two years later Harkins published the 
results of a series of quantitative investigations on the polymer­
ization of styrene and isoprene both in the absence and presence 
of monomer-swollen soap micelles (6). Harkins observed that 
the rates of polymerization were much greater when micelles were 
present and therefore proposed that these were the principal locus 
of particle formation. This led to the landmark work of Smith and 
Ewart, published the following year, which presented quantitative 
theories for the prediction of the absolute particle concentra­
tion, N, and for the absolute rate of polymerization (7). All of 
the above studies involved monomers with very low solubilities in 
water. 

0097-6156/81/0165-0001$07.25/0 
© 1981 American Chemical Society 
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2 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

A t about t h e same t i m e B a x e n d a l e , Evans and c o w o r k e r s pub­
l i s h e d work on a more w a t e r - s o l u b l e monomer, m e t h y l m e t h a c r y l a t e 
(MMA), b o t h i n t h e absence and p r e s e n c e o f a c a t i o n i c s u r f a c e -
a c t i v e a g e n t , and c o n c l u d e d t h a t n u c l e a t i o n o f t h e p o l y m e r 
p a r t i c l e s was by a homogeneous mechanism, i n w h i c h soap m i c e l l e s 
p l a y e d no r o l e (8). Thus, two c o n t e n d i n g s c h o o l s o f t h o u g h t were 
e s t a b l i s h e d c o n c e r n i n g t h e mechanism o f p a r t i c l e f o r m a t i o n , one 
e m b r a c i n g t h e t h e o r y o f homogeneous n u c l e a t i o n , t h e o t h e r , t h e 
m i c e l l a r , o r h e t e r o g e n e o u s , mechanism. The l a t t e r had much 
g r e a t e r s u c c e s s f o r many y e a r s , p r o b a b l y b e c a u s e o f i t s a p p l i c a ­
b i l i t y t o an i n d u s t r y w h i c h was w e l l d e v e l o p e d ( s y n t h e t i c r u b b e r ) , 
and b e c a u s e i t r e c e i v e d e x p e r i m e n t a l s u p p o r t i n t h e work o f s e v e r a l 
i n v e s t i g a t o r s (9). T h i s was, however, l i m i t e d a l m o s t e n t i r e l y t o 
s t y r e n e and a v e r y few comonomers. 

I t i s t h e p u r p o s e o f t h i s p a p e r t o p r e s e n t t h e c a s e f o r t h e 
homogeneous n u c l e a t i o n s c h o o l , w h i c h w i l l be s e e n t o a p p l y t o a 
l a r g e number o f monomers more w a t e r - s o l u b l e t h a n s t y r e n e , as w e l l 
as t o r e s o l v e t h e d i f f e r e n c e s between t h e two s c h o o l s . The 
n u c l e a t i o n p e r i o d d u r i n g an e m u l s i o n p o l y m e r i z a t i o n w i l l be t a k e n 
as t h e t i m e d u r i n g w h i c h t h e number o f p a r t i c l e s i s c h a n g i n g , 
e i t h e r i n c r e a s i n g o r d e c r e a s i n g . T h i s i n v o l v e s p r o c e s s e s w h i c h 
a r e n o t s t r i c t l y n u c l e a t i o n , b u t w h i c h a r e i m p o r t a n t t o t h e 
p r e d i c t i o n o f t h e f i n a l p a r t i c l e s i z e and s i z e d i s t r i b u t i o n . The 
g r o w t h o f p a r t i c l e s w i l l be d i s c u s s e d o n l y t o t h e e x t e n t t h a t i t 
a f f e c t s t h e mechanism o r k i n e t i c s o f p a r t i c l e f o r m a t i o n . 

G e n e r a l N u c l e a t i o n T h eory 

C o l l o i d a l p a r t i c l e s a r e formed f r o m a homogeneous medium by 
th e c l u s t e r i n g o f s m a l l e r u n i t s t o f o r m "embryos" o f v a r i o u s 
s i z e s . I n t h e c a s e o f p o l y m e r s i n s o l u t i o n t h e a g g r e g a t e s may be 
of r e p e a t u n i t s o f t h e same o r d i f f e r e n t m o l e c u l e s . The s p e c i f i c 
s u r f a c e a r e a o f s u c h embryos i s v e r y g r e a t , and i t s c r e a t i o n 
r e q u i r e s t h e e x p e n d i t u r e o f an amount o f e n e r g y e q u a l t o t h e a r e a , 
A, t i m e s t h e i n t e r f a c i a l f r e e e n e r g y , y: 

T h i s e n e r g y i s s u p p l i e d by t h e c o n d e n s a t i o n o f h y d r o p h o b i c u n i t s 
f r o m t h e aqueous medium and by t h e e n e r g y o f p o l y m e r i z a t i o n , 
A G v and AG , b o t h e x p r e s s e d p e r u n i t volume o f p o l y m e r . F o r 
i s o t r o p i c , amorphous p o l y m e r p a r t i c l e s o f r a d i u s r , t h e f r e e 
e n e r g y o f f o r m a t i o n o f an embryo w i l l be 

When t h e s i z e o f t h e p a r t i c l e s i s v e r y s m a l l , t h e l a s t t e r m 
d o m i n a t e s , AG^ i s p o s i t i v e and t h e embryos a r e u n s t a b l e , i . e . 
t h e y w i l l d i s a g g r e g a t e . When r r e a c h e s a c r i t i c a l s i z e , r * , t h e 
s l o p e o f dAG f/dr becomes n e g a t i v e , so t h a t f u r t h e r g r o wth i s 
f a v o r e d . Thus c h a i n s , i n i t i a t e d by f r e e r a d i c a l s g e n e r a t e d i n 
t h e c o n t i n u o u s p h a s e , must grow u n t i l t h e y r e a c h a c r i t i c a l s i z e 

AG = A # y j o u l e s . (1) 

AG^ = - | i r r 3 (AG + AG ) + 4 i r r 2 y f 3 v p 1 (2) 
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1. F I T C H Latex Particle Nucleation and Growth 3 

such t h a t when they s e p a r a t e as a new phase, they w i l l form 
p r i m a r y p a r t i c l e s of a s i z e g r e a t e r than r * . T h i s i s r e p r e s e n t e d 
s c h e m a t i c a l l y i n F i g u r e 1, i n which the f r e e energy of f o r m a t i o n , 
AG^, i s p l o t t e d a g a i n s t embryo s i z e , r (1 0 ) . The maximum i n the 
c u r v e , AG*, may be taken as an energy o f a c t i v a t i o n f o r the form­
a t i o n o f pr i m a r y c o l l o i d a l p a r t i c l e s . 

I f one p r o v i d e s the system w i t h preformed n u c l e i , f o r example 
i n the form of "seed" l a t e x p a r t i c l e s , monomer d r o p l e t s ( i n 
s u f f i c i e n t number), d u s t , o r monomer-swollen soap m i c e l l e s , the 
AG w i l l have been p r o v i d e d and the system p r o g r e s s e s on a down­
ward s l o p e (dashed curve i n F i g u r e 1) from the b e g i n n i n g . T h i s 
c o n s t i t u t e s heterogeneous n u c l e a t i o n . S i n c e i t i s e n e r g e t i c a l l y 
f a v o r e d , i t w i l l tend t o occ u r whenever such c o n d i t i o n s o b t a i n . 

The r a t e s a t which these p r o c e s s e s occur w i l l not o n l y de­
pend upon AG* and the r a t e o f g e n e r a t i o n of f r e e r a d i c a l s , R.̂ , but 
a l s o upon the c o n c e n t r a t i o n of monomer i n the aqueous phase. 
Thus monomers such as s t y r e n e , i s o p r e n e and o c t y l a c r y l a t e , 
which have low s o l u b i l i t i e s i n w a t e r , n u c l e a t e and grow v e r y 
s l o w l y d u r i n g the e a r l y s t a g e s of an emul s i o n p o l y m e r i z a t i o n , 
whereas more s o l u b l e monomers such as meth y l a c r y l a t e , v i n y l 
a c e t a t e and a c r y l o n i t r i l e g i v e r a p i d r a t e s . I n the presence o f 
s u r f a c t a n t m i c e l l e s the l e s s s o l u b l e monomers ar e s o l u b i l i z e d 
( 1 1 ) , so t h a t they n u c l e a t e and grow more r a p i d l y . 

As mentioned e a r l i e r , t h i s paper w i l l s t r e s s homogeneous 
n u c l e a t i o n not o n l y because of i t s a p p l i c a b i l i t y t o a broad range 
of monomers and t o systems b o t h aqueous and o r g a n i c , but a l s o 
because s e v e r a l f e a t u r e s a r e a p p l i c a b l e t o systems undergoing 
heterogeneous n u c l e a t i o n and which were not c o n s i d e r e d i n the 
o r i g i n a l Smith-Ewart t h e o r y . To b e g i n w i t h , a b r i e f h i s t o r i c a l 
r e v i e w i s i n o r d e r . 

H i s t o r i c a l 

Baxendale, Evans and coworkers r e p o r t e d i n 1946 t h a t the 
p o l y m e r i z a t i o n of me t h y l m e t h a c r y l a t e (MMA) i n aqueous s o l u t i o n 
was c h a r a c t e r i z e d by homogeneous s o l u t i o n k i n e t i c s , i . e . where 
mutual t e r m i n a t i o n of f r e e r a d i c a l s o c c u r r e d , i n s p i t e of the f a c t 
t h a t the polymer p r e c i p i t a t e d as a s e p a r a t e phase. I n c r e a s e s i n 
the r a t e s of p o l y m e r i z a t i o n upon the a d d i t i o n of the s u r f a c t a n t 
c e t y l t r i m e t h y l ammonium bromide (CTAB) were a t t r i b u t e d t o the 
r e t a r d a t i o n of the r a t e of c o a g u l a t i o n o f p a r t i c l e s , w hich was 
ma n i f e s t e d i n a r e d u c t i o n i n the e f f e c t i v e r a t e c o n s t a n t f o r 
mutual t e r m i n a t i o n , k^. 

I n 1952 W. J . P r i e s t , i n an imp o r t a n t paper, l a i d out a l l of 
the b a s i c q u a l i t a t i v e f e a t u r e s of the t h e o r y of homogeneous 
n u c l e a t i o n i n e m u l s i o n p o l y m e r i z a t i o n as i t i s known today ( 1 2 ) . 
T h i s was based upon h i s s t u d i e s of p a r t i c l e s i z e d i s t r i b u t i o n s i n 
v i n y l a c e t a t e p o l y m e r i z a t i o n i n i t i a t e d by po t a s s i u m p e r s u l f a t e 
(K2S20g) i n the presence of v a r y i n g amounts of d i f f e r e n t s t a b i ­
l i z e r s and i n h i b i t o r s a t s e v e r a l temperatures. P r i e s t proposed 
t h a t (1) " p o l y m e r i z a t i o n i n s o l u t i o n i s the i n i t i a l p r o c e s s " ; 
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4 EMULSION POLYMERS AND EMULSION POLYMERIZATION 
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1. F I T C H Latex Particle Nucleation and Growth 5 

(2) "with the growth of a given polymer chain, a point i s reached 
at which the polymer i s no longer soluble" and nucleates to a 
primary p a r t i c l e ; (3) "the number of primary p a r t i c l e s would be 
sensibly equivalent to the number of chains i n i t i a t e d i n 
solution"; (4) the number of pa r t i c l e s which would otherwise be 
formed may be reduced "by combination of incompletely developed 
chains with polymer droplets before the former are adequately 
s t a b i l i z e d " ; (5) the number of pa r t i c l e s may be further reduced 
by coagulation, depending upon "the quantity and ef f i c i e n c y of the 
material employed as an emulsion s t a b i l i z e r " ; (6) "the ultimate 
p a r t i c l e size i s presumably a function of the r e l a t i v e number 
of sulfate groups per p a r t i c l e " , introduced by the i n i t i a t o r and 
s t a b i l i z i n g the pa r t i c l e s against coagulation because of their 
change;^ (7) "the primary p a r t i c l e size would be of the order of 
10 cm " i n volume, or 1.3 nm i n radius; and f i n a l l y (8), that 
"almost a l l of the polymerization (99.9%) occurs within the 
swollen polymer droplets, and only a maximum of 0.1% may be 
id e n t i f i e d with primary p a r t i c l e s " . On the basis of these points 
Priest drew a figure for the kinetics of p a r t i c l e formation i n a 
ty p i c a l v i n y l acetate polymerization. This i s shown i n Figure 2. 

Ten years l a t e r Napper and Alexander, i n studying the 
kinetics of v i n y l acetate polymerization i n the presence of 
anionic, cationic and nonionic emulsifiers arrived at the same 
conclusions as Pri e s t ' s , although they did not c i t e his work (13). 
They also observed an acceleratory effect of added emulsifier 
l i k e that found by Baxendale et a l . (8), but they seemed unaware 
of that work as well. They showed that when the charge on 
primary p a r t i c l e s (due to i n i t i a t o r fragments) was opposite to 
that of the emulsifier, the rate of polymerization was slower 
than that i n the absence of emulsifier. This was presumably due 
to the greater i n s t a b i l i t y of the c o l l o i d formed and the conse­
quent production of fewer polymerizing centers. 

Peggion, Testa and Talamini proposed a mechanism i d e n t i c a l 
to that of Pries t for the formation of p a r t i c l e s i n v i n y l chloride 
emulsion polymerization (14). This was based on an extensive 
study of the kinetics of polymerization as a function of concen­
trations of various emulsifiers above and below the CMC. 

In 1965 Dunn and Taylor confirmed the theory for v i n y l 
acetate polymerization (15), and proposed, i n the l i g h t of the 
presumed importance of rapid coagulation during the e a r l i e s t 
stages of reaction, that the "DLVO" theory for c o l l o i d s t a b i l i t y 
(16) be applied. F i t c h proposed a k i n e t i c basis for a quantita­
t i v e theory and observed that for observation of p a r t i c l e 
formation k i n e t i c s , " f a s t " reaction techniques must be used 
because " p a r t i c l e formation occurs i n a matter of seconds or even 
less (17) 

That growing oligomeric radicals i n solution might be 
captured ( P r i e s t f s point 4 above) with different e f f i c i e n c i e s by 
different types of p a r t i c l e s was f i r s t put forward by Parts, 
Moore and Watterson (18). They proposed that polymer p a r t i c l e s 
must be more e f f i c i e n t than micelles, when both coexisted, i n 
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6 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

o r d e r t o make t h e i r t h e o r y agree w i t h experiments. A l t h o u g h they 
were concerned w i t h heterogeneous n u c l e a t i o n , t h i s concept of the 
e f f i c i e n c y of r a d i c a l c a p t u r e t u r n s out t o be of g r e a t importance 
i n many ca s e s , as we s h a l l see l a t e r . 

The p o l y m e r i z a t i o n of MMA i n aqueous media was r e - i n v e s t i ­
gated by F i t c h , P r e n o s i l and S p r i c k i n 1969 ( 1 9 ) . They r e a f f i r m e d 
the f i n d i n g s of Baxendale and coworkers (8) t h a t homogeneous 
k i n e t i c s o b t a i n e d i n the e a r l y s t a g e s of p o l y m e r i z a t i o n , but they 
found heterogeneous k i n e t i c s i n the l a t e r s t a g e s , presumably when 
p a r t i c l e c o a g u l a t i o n stopped. They a l s o proposed t h a t t h e r e was 
"thermodynamic c o n t r o l " of p a r t i c l e n u c l e a t i o n , i m p l y i n g a 
c r i t i c a l degree of p o l y m e r i z a t i o n of r a d i c a l s i n s o l u t i o n p r i o r 
to n u c l e a t i o n , determined by the f r e e energy c o n s i d e r a t i o n s 
d i s c u s s e d i n the p r e c e e d i n g s e c t i o n . 

I n 1970 Dunn and Chong c a r e f u l l y measured s u r f a c e e l e c t r i c a l 
charge d e n s i t i e s on a s e r i e s o f p o l y v i n y l a c e t a t e l a t e x e s i n o r d e r 
t o c a l c u l a t e r a t e s of c o a g u l a t i o n by a p p l i c a t i o n o f the DLVO 
the o r y ( 2 0 ) . They had t o assume t h a t a l l of the s u l f a t e groups 
a n a l y z e d by s o l u t i o n methods would be found on the s u r f a c e of the 
p a r t i c l e s , thereby o b t a i n i n g p r o b a b l y u n r e a l i s t i c a l l y h i g h 
s u r f a c e charge d e n s i t i e s . From these were c a l c u l a t e d s u r f a c e 
p o t e n t i a l s a f t e r a p p l y i n g a S t e r n c o r r e c t i o n based on a f i x e d 
l a y e r t h i c k n e s s e q u a l t o the diameter of a water m o l e c u l e . A l s o , 
by assuming 100% e f f i c i e n c i e s of placement of s u l f a t e groups from 
i n i t i a t o r fragments (supported by experiments) and from knowledge 
of b o t h i n i t i a t o r d e c o m p o s i t i o n and p o l y m e r i z a t i o n k i n e t i c s , they 
c o u l d e s t i m a t e s u r f a c e e l e c t r i c a l p o t e n t i a l s a t v a r i o u s p e r c e n t 
c o n v e r s i o n s . V a l u e s of the Fuchs s t a b i l i t y f a c t o r * , W, were then 
e s t i m a t e d i n o r d e r t o o b t a i n r e l a t i v e c o a g u l a t i o n r a t e s . Dunn and 
Chong concluded t h a t , i n the absence of e m u l s i f i e r , p r i m a r y 
p a r t i c l e s c o a g u l a t e d a t a p p r o x i m a t e l y the Smoluchowski f a s t e s t 
r a t e * , and t h a t as they accumulated charge by c o a g u l a t i o n and 
c a p t u r e of charged o l i g o m e r i c r a d i c a l s , they would become more 
s t a b l e . A t about 5% c o n v e r s i o n c o a g u l a t i o n would s t o p . W i t h 
added e m u l s i f i e r , of c o u r s e , s t a b i l i t y would be o b t a i n e d e a r l i e r 
i n the r e a c t i o n . They a l s o made the i m p o r t a n t o b s e r v a t i o n t h a t 
i f new p r i m a r y p a r t i c l e s were n u c l e s t e d d u r i n g l a t e r s t a g e s of the 
p o l y m e r i z a t i o n (beyond V>% c o n v e r s i o n ) , they would be u n s t a b l e and 
tend t o c o a g u l a t e w i t h the l a r g e r p a r t i c l e s a l r e a d y p r e s e n t . Thus 
was r a i s e d the p o s s i b i l i t y of c o n t i n u o u s n u c l e a t i o n of p a r t i c l e s 
throughout the r e a c t i o n even when the t o t a l number, N, remains 
c o n s t a n t . A l t h o u g h the a u t h o r s d i d not p o i n t t h i s o u t , t h e i r 
t h e o r y a l s o e x p l a i n s how a new g e n e r a t i o n of s m a l l e r p a r t i c l e s may 
be o b t a i n e d by the a d d i t i o n of s u f f i c i e n t e m u l s i f i e r a t some l a t e r 
s t age t o s t a b i l i z e the new n u c l e i as they a r e formed. 

*These terms a r e d i s c u s s e d i n g r e a t e r d e t a i l i n the s e c t i o n on 
c o a g u l a t i o n . 
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1. F I T C H Latex Particle Nucleation and Growth 7 

Q u a n t i t a t i v e P r e d i c t i o n o f the P a r t i c l e Number 

The f i r s t attempt t o f o r m u l a t e a homogeneous n u c l e a t i o n 
t h e o r y t o p r e d i c t the a b s o l u t e number c o n c e n t r a t i o n of p a r t i c l e s , 
N, was made by F i t c h and T s a i i n 1970 ( 2 1 ) . T h i s was supported 
by a l a r g e number of experiments on the p o l y m e r i z a t i o n of MMA. 
I t was f u r t h e r developed the f o l l o w i n g y e a r ( 2 2 ) , and was based 
p r i m a r i l y on the scheme of P r i e s t (12) w i t h an i d e a from Gardon 
(9d). The l a t t e r suggested t h a t the r a t e of c a p t u r e of o l i g o m e r i c 
r a d i c a l s i n s o l u t i o n by p r e - e x i s t i n g p a r t i c l e s , R , s h o u l d be 
p r o p o r t i o n a l t o the c o l l i s i o n c r o s s - s e c t i o n , o r tfie square o f the 
r a d i u s o f the p a r t i c l e s , r . T h i s has been c a l l e d the " c o l l i s i o n 
t h e o r y " of r a d i c a l c a p t u r e . I n 1975 F i t c h and S h i h measured 
c a p t u r e r a t e s i n MMA seeded p o l y m e r i z a t i o n s and came t o the 
c o n c l u s i o n t h a t R was p r o p o r t i o n a l t o the f i r s t power o f the 
r a d i u s , as would §e p r e d i c t e d by F i c k f s t h e o r y of d i f f u s i o n ( 2 3 ) . 
I n h i s book, K. J . B a r r e t t a l s o p o i n t e d out t h a t d i f f u s i o n must 
govern the motions of these s p e c i e s i n condensed media (10). 

The t h e o r y says t h a t the number of p a r t i c l e s i n c r e a s e s a t a 
r a t e which i s e q u a l t o the r a t e of g e n e r a t i o n of f r e e r a d i c a l s , 
R^, ( P r i e s t ' s p o i n t 3 ) , reduced by the r a t e a t w h ich the r a d i c a l s 
a r e c a p t u r e d by p a r t i c l e s , R , ( P r i e s t ' s p o i n t 4 ) . C o a g u l a t i o n 
w i l l f u r t h e r reduce the number of p a r t i c l e s a t a r a t e R^ ( P r i e s t ' s 
p o i n t 5 ) . I f the mutual t e r m i n a t i o n o f r a d i c a l s i n s o l u t i o n i s 
n e g l e c t e d , then 

T h i s assumes t h a t o n l y i n d i v i d u a l r a d i c a l s n u c l e a t e ( " s e l f -
n u c l e a t i o n " ) p r i m a r y p a r t i c l e s . I f a g g r e g a t i o n of r a d i c a l s i s 
i n v o l v e d , then the f i r s t term on the r i g h t of E q u a t i o n 3 s h o u l d 
be m o d i f i e d t o bR., where b i s the r e c i p r o c a l o f the a g g r e g a t i o n 
number i n a pr i m a r y p a r t i c l e . The a b s o l u t e number of p a r t i c l e s 
i s o b t a i n e d by i n t e g r a t i o n : 

N = fZ ( R i - R c - R f ) d t . (4) 

The i n d i v i d u a l terms must be e v a l u a t e d i n o r d e r t o o b t a i n 
n u m e r i c a l v a l u e s f o r N. I n the s i m p l e s t case the r a t e o f coagu­
l a t i o n , i n the presence o f adequate s t a b i l i z e r , w i l l be e q u a l t o 
ze r o . There i s some q u e s t i o n as t o whether t h i s can be 
accomplished i n p r a c t i c e because of the extreme i n s t a b i l i t y of 
pri m a r y p a r t i c l e s which a r e 1 t o 2 nm i n s i z e (16, 20). The r a t e 
of i n i t i a t i o n may be o b t a i n e d from l i t e r a t u r e v a l u e s o r from 
independent measurements. The i n i t i a t o r e f f i c i e n c y , f , must a l s o 
be o b t a i n e d . F o r example, i n the t h e r m a l d e c o m p o s i t i o n of 
p e r s u l f a t e i o n the r a t e of i n i t i a t i o n i s g i v e n by 

dM; * 
R. = " T ~ = - 2 k . f l (5) x dt d 
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8 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

where M* and I a r e c o n c e n t r a t i o n s of f r e e r a d i c a l s and i n i t i a t o r , 
r e s p e c t x v e l y , and i s the s p e c i f i c r a t e c o n s t a n t . 

The r a t e o f c a p t u r e i s (23) 
4TTD C r r J 

R = , °P S , h , (6) c ( r h - r ) 
where D i s the average mutual d i f f u s i o n c o e f f i c i e n t of 
o l i g o r a 8 S c a l and polymer p a r t i c l e , C i s the s t e a d y s t a t e 
c o n c e n t r a t i o n of r a d i c a l s i n s o l u t i o n , r and r, a r e the r a d i i of 
the p a r t i c l e and the d i f f u s i o n b a r r i e r s u r r o u n d i n g i t . I t i s 
u s u a l l y assumed t h a t r,»r, a r e a s o n a b l y s a f e assumption when 
p a r t i c l e s a r e v e r y s m a l l and/or not too numerous. T h i s g i v e s the 
c a p t u r e r a t e p r o p o r t i o n a l t o the p r o d u c t of the p a r t i c l e number 
and the r a d i u s : 

R - 47TD C Nr. (7) c op s 
E x p e r i m e n t a l l y one can o b t a i n a b s o l u t e v a l u e s of the c a p t u r e 
r a t e s by c o n d u c t i n g a s e r i e s of seeded p o l y m e r i z a t i o n s i n w h i ch 
N and r a r e v a r i e d . I f c o n d i t i o n s a r e s e t so t h a t no c o a g u l a t i o n 
t a k e s p l a c e ( R f = 0 ) , then E q u a t i o n s 3 and 7 combined g i v e 

d N 
-jr = R. - 4TTD C Nr. (8) d t l op s 

A t low seed c o n c e n t r a t i o n s , R. > R ; dN/dt> 0, and new p a r t i c l e s 
w i l l be formed. As the number of seed p a r t i c l e s i s i n c r e a s e d a t 
a g i v e n s i z e r , a c o n d i t i o n w i l l be reached a t which no new 
p a r t i c l e s a r e formed, i . e . dN/dt = 0. A t t h i s p o i n t R^ = R c. I f 
R. i s i n d e p e n d e n t l y known, R i s i m m e d i a t e l y o b t a i n e d . I n seeded 
p o l y m e r i z a t i o n s w i t h MMA, Fi£ch and S h i h ( 2 3 ) , and w i t h v i n y l 
c h l o r i d e , G a t t a and coworkers (24) found the r a t e of c a p t u r e 
p r o p o r t i o n a l t o N # r , i n s u p p o r t of E q u a t i o n 7. A problem w i t h 
E q u a t i o n 7 a r i s e s from the f a c t t h a t the c o n c e n t r a t i o n of f r e e 
r a d i c a l s i n s o l u t i o n , C , cannot be determined, so t h a t a b s o l u t e 
v a l u e s of R cannot be p r e d i c t e d . There i s the f u r t h e r c o m p l i c a ­
t i o n t h a t C and R may be i n t e r d e p e n d e n t , so t h a t s t r i c t 
p r o p o r t i o n a l i t y of°R t o N*r may not h o l d i n a l l c a s e s . A way 
around t h i s d i f f i c u l t y was g i v e n by U g e l s t a d and w i l l be 
d i s c u s s e d l a t e r . 

I n unseeded p o l y m e r i z a t i o n s , t h e number of p a r t i c l e s 
i n c r e a s e s and they grow i n s i z e by p o l y m e r i z a t i o n and i m i b i t i o n of 
monomer, so t h a t b o t h N and r a r e f u n c t i o n s of t i m e . The v a l u e 
of N i s computed by i t e r a t i v e n u m e r i c a l i n t e g r a t i o n o f E q u a t i o n 4, 
w h i l s t the v a l u e of r must be c a l c u l a t e d from the r a t e of 
p o l y m e r i z a t i o n : S i n c e the p a r t i c l e s a r e s p h e r e s , 

1/3 
r «(-£) , (9) 

where v i s the volume of a p a r t i c l e . The volume o f polymer i n a 
p a r t i c l e i s g i v e n by 
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1. F I T C H Latex Particle Nucleation and Growth 9 

V
P " V

P
/ N " NJT C Rpdt' (10) 

3 

where V i s the t o t a l volume of polymer i n a dm o f l a t e x , p i s 
the polymer d e n s i t y and Rp i s the o v e r a l l r a t e of p o l y m e r i z a t i o n . 
The p a r t i c l e s a r e s w o l l e n w i t h monomer a t a r a t e which i s f a s t 
compared t o the r a t e of consumption of monomer by p o l y m e r i z a t i o n , 
e s p e c i a l l y when t h e p a r t i c l e s a r e v e r y s m a l l ( 2 5 ) . Thus the 
problem i s t r e a t e d i n terms of s w e l l i n g e q u i l i b r i u m ( 2 6 ) : 

2V y 
ln(j) = {\ - l)d) - Yd) 2 - , (11) Ym v j y Y p A Y p RTr 9 

i n w h i c h the volume f r a c t i o n s of monomer and polymer i n the 
p a r t i c l e a r e g i v e n by <)) and <f> , j i s t h e degree of p o l y m e r i z a t i o n 
of the polymer (when j i s l a r g i , ( 1 / j )«1),X i s the F l o r y - H u g g i n s 
i n t e r a c t i o n parameter between monomer and polymer, V i s the 
p a r t i a l molar volume of monomer, and y i s the i n t e r f a c i a l t e n s i o n 
between the p a r t i c l e and the s u r r o u n d i n g medium. Gardon has 
p r o v i d e d s o l u t i o n s t o E q u a t i o n 11 i n t h e form of curves f o r the 
cases where j = 0 0 ( 2 7 ) , and U g e l s t a d and coworkers have done the 
same f o r s m a l l v a l u e s o f j (2 8 ) . The volume of the monomer-
s w o l l e n p a r t i c l e i s thus 

v = T^V ' (12) 

Ym 
from which the p a r t i c l e r a d i u s i s o b t a i n e d upon s u b s t i t u t i o n i n t o 
E q u a t i o n 9. 

I n o r d e r t o a p p l y these e q u a t i o n s , the k i n e t i c s of p o l y m e r i ­
z a t i o n must be known (Rp i n E q u a t i o n 1 0 ) . F i t c h and T s a i assumed 
homogeneous k i n e t i c s (22) f o r t h e i r MMA p o l y m e r i z a t i o n s , based on 
the e a r l i e r r e s u l t s of F i t c h , P r e n o s i l and S p r i c k (19) and of 
Baxendale e t a l . ( 8 ) . Such an assumption i s p r o b a b l y not v a l i d 
f o r o t h e r monomers, e s p e c i a l l y those l e s s w a t e r - s o l u b l e t h a n MMA. 
I n such cases t h e n o n - s t e a d y - s t a t e m o d i f i c a t i o n of the Smith-
Ewart k i n e t i c s (9d) may be a p p l i e d , o r a d i r e c t n u m e r i c a l 
c a l c u l a t i o n of the d i s t r i b u t i o n of r a d i c a l s among p a r t i c l e s by 
means of E q u a t i o n 7 may be made. 

I n a l l of the s e c o n s i d e r a t i o n s c o n c e r n i n g the r a t e o f 
r a d i c a l c a p t u r e and i t s e f f e c t on the r a t e of p a r t i c l e f o r m a t i o n 
we have been hampered by the l a c k of a ma t h e m a t i c a l s o l u t i o n f o r 
the c o n c e n t r a t i o n o f o l i g o r a d i c a l s i n t h e aqueous phase, Cs. 
T h i s problem was f i n a l l y r e s o l v e d by U g e l s t a d and Hansen i n 1976 
(2 9 ) , and f u r t h e r e l u c i d a t e d i n a s e r i e s o f im p o r t a n t papers 
p u b l i s h e d i n 1978-1979 (30, 31, 3 2 ) . 
A b s o l u t e Capture Rates 

P r i o r t o n u c l e a t i o n the f r e e r a d i c a l s g enerated i n the 
con t i n u o u s phase propagate by r e a c t i o n w i t h d i s s o l v e d monomer. 
P r o p a g a t i o n c o n t i n u e s s t e p w i s e u n t i l t h e r a d i c a l s have reached 
the c r i t i c a l c h a i n l e n g t h f o r n u c l e a t i o n , j c r , a t wh i c h p o i n t 
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10 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

phase s e p a r a t i o n o c c u r s and p r i m a r y p a r t i c l e s a r e formed. The 
r a t e of p r i m a r y p a r t i c l e f o r m a t i o n may t h e r e f o r e be expressed i n 
terms of the p o l y m e r i z a t i o n p r o c e s s (29) : 

dN 
- 7 — = k M M- . i (13) dt p w j c r - 1 

where kp i s the p r o p a g a t i o n r a t e c o n s t a n t , ^ i s the monomer 
c o n c e n t r a t i o n i n the water phase and M: - i s the c o n c e n t r a t i o n 

i c r - ~ l 
of f r e e r a d i c a l s of a s i z e one r e p e a t u n i t l e s s than the c r i t i c a l 
v a l u e f o r s e l f - m * c l e a t i o n . H i r i n g t h e i r growth the o l i g o r a d i c a l s 
may m u t u a l l y t e r m i n a t e i n the aqueous phase or be c a p t u r e d by 
p a r t i c l e s a l r e a d y p r e s e n t . l a d i c a l s of any g i v e n c h a i n - l e n g t h 
j may a l s o d i s a p p e a r by a d d i t i o n of another monomer u n i t . The 
p r i m a r y r a d i c a l s a r e formed a t a r a t e e q u a l t o t h a t of i n i t i a t i o n , 
I I . Thus t h e r e a r e t h r e e a s p e c t s t o the k i n e t i c s i n v o l v e d : 

a) l a d i c a l appearance : 
dM-

° " R, (14) d t i 
b) P r o p a g a t i o n , t e r m i n a t i o n and c a p t u r e i n the water 

(or c o n t i n u o u s ) phase : 
dMt 
T T 3 - = R . 1 - R . - R . - R . (15) dt p j - 1 p j twj c j 

c) P a r t i c l e n u c l e a t i o n : 
dN. 

L = r> 
d t P ( j c r - 1 ) (13) 

Here the symbol R r e p r e s e n t s a r a t e , as b e f o r e , w h i l e the sub­
s c r i p t s i , p, tw and c r e p r e s e n t i n i t i a t i o n , p r o p a g a t i o n , w a t e r -
phase t e r m i n a t i o n , and c a p t u r e r e s p e c t i v e l y . R s a c t i o n s of the 
p r i m a r y r a d i c a l s , M*, o t h e r than p r o p a g a t i o n , a r e assumed t o be 
n e g l i g i b l e . The s u b s c r i p t 1 on s i g n i f i e s t h a t o n l y p r i m a r y 
p a r t i c l e s a re b e i n g d i s c u s s e d . No c o n s i d e r a t i o n of subsequent 
c o a g u l a t i o n i s g i v e n y e t ; t h i s i s t r e a t e d more f u l l y i n a sub­
sequent s e c t i o n . E q u a t i o n 13 i s s o l v e d upon a d d i t i o n of the 
s e r i e s of E q u a t i o n s 14, 15, 13, e x p r e s s i n g them i n terms of 
a p p r o p r i a t e c o n s t a n t s and c o n c e n t r a t i o n s , and f o r a l l v a l u e s of 
j from 1 to ( j c r - 1 ) . An e x a c t s o l u t i o n f o r the number of 
p a r t i c l e s as a f u n c t i o n ot t i m e , t , i n v o l v e s n u m e r i c a l i n t e g r a ­
t i o n of these e q u a t i o n s . However the a u t h o r s show t h a t by 
assuming a steady s t a t e i n Mt, the c o n c e n t r a t i o n of o l i g o m e r s , 
C g, i s o b t a i n e d . F u r t h e r , oy assuming t h a t C g i s governed s o l e l y 
by t e r m i n a t i o n i n the aqueous phase, and by t a k i n g an average _ 
v a l u e f o r the r a t e c o n s t a n t f o r r a d i c a l c a p t u r e by p a r t i c l e s , k c , 
an a n a l y t i c a l s o l u t i o n i s o b t a i n e d (30) f o r the p a r t i c l e number : 
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1. F I T C H Latex Particle Nucleation and Growth 11 

N - ± 
N K t ) k, 

{ k l R . t + ( k 2 + l ) j C r } 1 / j C r - (k 2+l) (16) 

k c 3 

P W 1/2 (k_ R . ) 1 / Z 

k - t w 1 (-) 
2 ~ k M ^ } 

p w 
j c r - 1 k .Mr 

\ = z ( d m S } ( 1 7 ) 

j = l s 
E q u a t i o n 16 tends t o un d e r e s t i m a t e t h e number of p a r t i c l e s except 
d u r i n g the e a r l i e s t few seconds o f r e a c t i o n , but s e r v e s as an 
ext r e m e l y u s e f u l p r e d i c t o r f o r a s s e s s i n g the e f f e c t of e x p e r i ­
m e n t a l v a r i a b l e s on the number of pr i m a r y p a r t i c l e s formed as a 
f u n c t i o n of tim e . I n F i g u r e 3 are shown some c a l c u l a t i o n s f o r 
s t y r e n e p o l y m e r i z a t i o n i n which r e s u l t s from t h i s a p p r o x i m a t i v e 
e q u a t i o n ( c u r v e s A) ar e compared t o those f o r the f u l l n u m e r i c a l 
s o l u t i o n ( c u r v e s C) a t two v a l u e s f o r j c r ( 3 0 ) . I t can be seen 
t h a t when the o l i g o r a d i c a l s o l u b i l i t y i s reduced ( j c r = 10-* 5 ) , 
the r a t e of n u c l e a t i o n and f i n a l number of p a r t i c l e s a r e g r e a t l y 
i n c r e a s e d . T h i s i s , of c o u r s e , i n the absence of change i n any 
o t h e r v a r i a b l e . 

I n the d i s c u s s i o n thus f a r i t has been assumed t h a t the r a t e 
of c a p t u r e of r a d i c a l s by p a r t i c l e s i s e q u a l t o the c o l l i s i o n 
f r e q u e n c y c a l c u l a t e d on the b a s i s o f F i c k i a n d i f f u s i o n , i . e . t h a t 
a l l c o l l i s i o n s a r e i r r e v e r s i b l e . F i t c h and S h i h have p o i n t e d out 
t h a t t h e r e i s an e l e c t r o s t a t i c r e p u l s i o n between charged r a d i c a l s 
and p a r t i c l e s w h i c h may r e t a r d the r a t e of c a p t u r e ( 2 3 ) . By 
a p p l i c a t i o n o f the DLVO t h e o r y they c a l c u l a t e d t h a t t h i s e f f e c t 
s h o u l d be n e g l i g i b l e w i t h p r i m a r y p a r t i c l e s , but perhaps i m p o r t a n t 
as the p a r t i c l e s i z e and s u r f a c e charge d e n s i t y i n c r e a s e d (e.g. 
i n the presence of adsorbed i o n i c e m u l s i f i e r ) . More r e c e n t l y 
Hansen and U g e l s t a d have shown t h a t even upon c a p t u r e , the 
o l i g o m e r i c r a d i c a l may desorb a g a i n , l e a d i n g t o the i m p o r t a n t 
concept of r e v e r s i b l e c a p t u r e (29). I n o r d e r t o as s e s s the 
consequences of these e f f e c t s , t h e se a u t h o r s r e c a l c u l a t e d the 
p r i m a r y p a r t i c l e n u c l e a t i o n k i n e t i c s assuming a 1 0 0 - f o l d r e d u c t i o n 
i n the r a t e of c a p t u r e . The r e s u l t s a r e shown i n F i g u r e 4, and 
sh o u l d be compared t o those i n F i g u r e 3. The e f f e c t i s enormous: 
an i n c r e a s e of an or d e r of magnitude i n the number of pr i m a r y 
p a r t i c l e s and a n u c l e a t i o n p e r i o d o f over t w e l v e minutes ( i n s t e a d 
of 1 min) a r e observed. 

To see the e f f e c t s of monomer s o l u b i l i t y and o t h e r v a r i a b l e s 
on n u c l e a t i o n r a t e , c a l c u l a t i o n s u s i n g E q u a t i o n 16 were made f o r a 
s e r i e s of monomers w i t h r e a c t i v i t y s i m i l a r t o t h a t f o r m e t h y l 
m e t h a c r y l a t e . These a r e shown i n F i g u r e 5. Curve 1 r e p r e s e n t s 
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12 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 3. Kinetics of primary particle 
appearance calculated from full numeri­
cal solution of Equations 13-15 (Curve 
C), and from approximative Equation 16 0 10 20 30 40 50 60 

(Curve A); irreversible capture. time/s 

Figure 4. Kinetics of primary particle 
appearance calculated from full numerical 
solution of Equations 13-15 (Curve C), 
and from approximative Equation 16 
(Curve A); reversible capture, where 

^c(rcv.) = Rcdrrcv.) X 10'2.  P
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1. F I T C H Latex Particle Nucleation and Growth 13 

the results for methyl methacrylate at a concentration i n water 
close to saturation, i . e . 0.10 molar. The other parameters, 
given i n the caption to Figure 5, are taken from the l i t e r a t u r e . 
To assess the eff e c t of monomer s o l u b i l i t y , the parameters j c r 
and M were varied (the values r e l a t i v e to those i n Curve 1 are w 
shown on the right side of the fi g u r e ) . In Curve 3 the rate of 
i n i t i a t i o n was also changed. Curves 4, 5 and 6 show the results 
for a f i c t i t i o u s higher a l k y l homolog, less water-soluble than 
the methyl ester. When j c r i s reduced s l i g h t l y , more p a r t i c l e s 
are nucleated, as i n Figures 4 and 5. When the monomer concen­
tr a t i o n i s s u f f i c i e n t l y reduced, however, mutual termination 
dominates over propagation and fewer p a r t i c l e s are formed, as 
seen i n Curves 2 and 6 of Figure 5 (the calculations assume that 
p a r t i c l e s are not produced upon water-phase termination of two 
oligoradicals, each with j < j c r ) . This i s further i l l u s t r a t e d by 
a small increase i n N found when R. i s reduced to one half (curve 
not shown): even more p a r t i c l e s are produced because of the 
reduction i n mutual termination i n the water-phase. A s t i l l 
further reduction i n R., however, leads to no change i n the 
p a r t i c l e number (Curve 3). Thus no variable has a simple, direct 
e f f e c t on nucleation rate. There are optimal levels depending, 
however, upon the values of the other parameters. These 
computations, based on Equation 16, have assumed a constant, 
average value for the s p e c i f i c rate constant for capture: 

j c r - 1 k .Mt 
k = E (17) c . - C J=l s 

As mentioned e a r l i e r , k may be reduced by an e l e c t r o s t a t i c 
interaction, whose magnitude may be given the Fuchs symbol Wf, 
but also because of r e v e r s i b i l i t y (30). Because the r a d i c a l , upon 
c o l l i s i o n with a p a r t i c l e , may add monomer units and/or terminate 
with a r a d i c a l already present i n the p a r t i c l e , Hansen and 
Ugelstad applied the theory of Dankwerts for d i f f u s i o n with 
reaction to determine the o v e r a l l capture rate. Under these condi­
tions the d i f f u s i o n equation of Fick must be modified to read: 

4 r = D - kc (18) 
d t 3R2 

where c i s the concentration of d i f f u s i n g species, D i s the 
d i f f u s i o n c o e f f i c i e n t and k i s the f i r s t order rate constant for 
the chemical reaction(s) involved: 

k* n 
k = k M ( i s 1 ) 

P P v 
where n i s the number of free radicals already present i n the 
p a r t i c l e (n=0 or 1), k and k* are the propagation and termination 
(* represents molecula? u n i t s J P r a t e constants, M i s the monomer 
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14 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

c o n c e n t r a t i o n i n the p a r t i c l e s and v i s the volume of the monomer-
s w o l l e n polymer p a r t i c l e . An o v e r a l l e f f e c t i v i t y f a c t o r f o r the 
c a p t u r e r a t e can be o b t a i n e d by c o u p l i n g E q u a t i o n 18 w i t h the 
e q u a t i o n f o r d i f f u s i o n f l u x t o a s p h e r i c a l p a r t i c l e under the 
i n f l u e n c e of an i n t e r a c t i o n p o t e n t i a l . The s p e c i f i c r a t e c o n s t a n t 
f o r c a p t u r e of a r a d i c a l of s i z e j then becomes: 

k . = 4TTD .rF. (19) 
C J w 3 J 

where F. i s the r a t e - r e d u c t i o n f a c t o r w h i ch tak e s i n t o account 
b o t h the degree of r e v e r s i b i l i t y of a d s o r p t i o n and the e l e c t r o ­
s t a t i c r e t a r d a t i o n . When the p a r t i c l e s and the o l i g o r a d i c a l s a r e 
bo t h small,_£he e f f i c i e n c y of c a p t u r e , F, i s v e r y low, on the 
o r d e r of 10 t o 10 . That i s , a r a d i c a l i n s o l u t i o n c o u l d 
c o l l i d e w i t h 10,000 t o 1,000,000 p a r t i c l e s b e f o r e i t was i r r e v e r ­
s i b l y c a p t u r e d . I f the p a r t i c l e c o n t a i n s a r a d i c a l a l r e a d y , the 
c a p t u r e of another from the water phase i s much more p r o b a b l e 
( i n E q u a t i o n 18 1 (k* /v) » k M o r d i n a r i l y ) and n e a r l y a l l r a d i c a l s 
of j - v a l u e s g r e a t e r l h a n a f i w P u n i t s w i l l be i r r e v e r s i b l y c a p t u r e d 
by the p a r t i c l e . A t the o u t s e t of a p o l y m e r i z a t i o n a l l p r i m a r y 
p a r t i c l e s c o n t a i n r a d i c a l s , but t h i s r a p i d l y changes u n t i l i n a 
few seconds o r minutes the average number of r a d i c a l s per p a r t i c l e , 
n, has d e c l i n e d t o a p p r o x i m a t e l y 1/2. A t any i n s t a n t t h e r e w i l l 
be a m i x t u r e of o l i g o r a d i c a l s o f a l l v a l u e s of j . The l a r g e s t o f 
th e s e , w i t h j - * j c r , w i l l be c a p t u r e d i r r e v e r s i b l y r e g a r d l e s s of the 
n a t u r e of the p a r t i c l e . 

Many e x p e r i m e n t a l parameters c o n t r i b u t e t o the magnitude of 
the c a p t u r e e f f i c i e n c y , F. A d e t a i l e d d i s c u s s i o n i s beyond the 
scope of t h i s paper, but a summary i s g i v e n i n T a b l e I and some 
f u r t h e r e l u c i d a t i o n , below: Hansen and U g e l s t a d d i s t i n g u i s h two 
ca s e s , A and B, each w i t h two sub-cases, under which approximate 
s o l u t i o n s f o r F. a r e o b t a i n e d . Case A o b t a i n s f o r v e r y s m a l l 
p a r t i c l e s , produced i n the e a r l i e s t s t a g e s of p a r t i c l e f o r m a t i o n , 
w h i l e B o b t a i n s f o r l a r g e r s i z e s . Subcase 2 i n e i t h e r case 
i n v o l v e s l a r g e o l i g o r a d i c a l s and i r r e v e r s i b l e c a p t u r e . The 
f a c t o r s g i v e n i n T a b l e I were c a l c u l a t e d f o r common monomers such 
as s t y r e n e , a c r y l a t e and m e t h a c r y l a t e e s t e r s . D i f f e r e n c e s i n 
monomer s o l u b i l i t y would be accounted f o r by the c h o i c e of v a l u e s 
f o r a.. Under Case A, the p a r t i c l e s a r e so s m a l l t h a t they w i l l 
not g r e a t l y s w o l l e n by monomer ( s m a l l r i n E q u a t i o n 11 l e a d s t o 
s m a l l (J> ) , and as a r e s u l t , the v a l u e of D . w i l l be low and k 
w i l l be d i f f u s i o n - c o n t r o l l e d . T h i s l e a d s a lower v a l u e f o r 
F than t h a t f o r a more f u l l y s w o l l e n p a r t i c l e , because of l e s s 
l i k e l i h o o d f o r t e r m i n a t i o n of t h e adsorbed o l i g o r a d i c a l . 

As p a r t i c l e s grow, two t h i n g s o c c u r w i t h o p p o s i t e e f f e c t s : 
(1) they become more h i g h l y s w o l l e n w i t h monomer (M i n c r e a s e s ) , 
w i t h the r e s u l t t h a t r a d i c a l s i n temporary c o n t a c t S i t h p a r t i c l e s 
w i l l i n c r e a s e i n j and approach i r r e v e r s i b l e c a p t u r e f a s t e r ; 
s i m u l t a n e o u s l y the c a p t u r e r a t e c o n s t a n t i s i n c r e a s i n g w i t h r , 
the r a d i u s ; and (2) the s u r f a c e e l e c t r i c a l p o t e n t i a l i s l i k e l y t o 
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1. F I T C H Latex Particle Nucleation and Growth 15 

T a b l e I 
The R a d i c a l Capture E f f i c i e n c y : Approximate S o l u t i o n s 

k . = 4TTD .rF. 

,. . R e d u c t i o n F a c t o r , F. Case C o n d i t i o n s J 
A X . « l : v e r y s m a l l p a r t i c l e s 

3 o r m i c e l l e s . E l e c t r o s t a t i c 
e f f e c t s n e g l i g i b l e . , -6 f o r n = Q 

a j r k A 3 

A - l S m a l l , s o l u b l e o l i g o r a d - F. = - r ^ — - ̂ 1 v i n - 5 . \ / 3 3D ,E » X l u a, i c a l s ( a . s m a l l ) wj / j 
3 [, f o r n=l 

A-2 Lar g e o l i g o r a d i c a l s F_. = 1 
B X.»l:(a)fery l a r g e p a r t i c l e s 5 

3 c o n t a i n i n g no r a d i c a l s 
(r>1.0um) 
(b) Secondary p a r t i c l e s 

c o n t a i n i n g a r a d i c a l 
(r> ^ 50nm) 

(c) S m a l l , monomer-starved 
p a r t i c l e s 

1/2 
B - l S m a l l , v e r y s o l u b l e a.r(kD .) 

o l i g o r a d i c a l s F. = 3
 E D ^ Q 0 5 a j 

J wj 

B-2 Large o l i g o r a d i c a l s F_. =1 

Notes: 
For case B, p a r t i c l e s w i t h h i g h 
e l e c t r i c a l p o t e n t i a l , , may have 
lower v a l u e s of F. than those shown. 

/ A \ 1 / 2 3 

X. = [ — — a. i s r e l a t i v e s o l u b i l i t y of 
J ^ P J ' . 3 . . „ A 

j-mer m o r g a n i c phase compared 
t o t h a t i n water 

exp 
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16 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 5. Kinetics of primary particle nucleation calculated from Equation 16 for 
methacrylate-like monomers. Parameters for Curve 1 are kp = 350 dm3mol~1s'1; 
Dw = 5 X 10~10 m's'1; r = 2 X 10'9m; lc = 6.3 X 10'18 m3sl; k*tw = 1017 dm3s~l; 
Mw = 0.10 mol dm3; K{ = 1020 m^s1; jcr = 60. Parameters for Curves 2-6 rela­

tive to those for Curve 1 shown at upper right. 

High pressure 

Shutter. 
Hg lamp 

^ F i l t e r 
(500nm</K 700nm) 

Figure 6. Light scattering apparatus for nucleation kinetics 
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1. F I T C H Latex Particle Nucleation and Growth 17 

i n c r e a s e as more charged r a d i c a l s a r e c a p t u r e d . T h i s g i v e s h i g h e r 
v a l u e s o f the parameters E and W! which l e a d t o reduced c a p t u r e 
e f f i c i e n c y . T h i s e l e c t r o s t a t i c e f f e c t w i l l be much more pronoun­
ced i n the presence of added s u r f a c e - a c t i v e agent o r c o p o l y m e r i z e d 
i o n o g e n i c monomer. Hi g h e r r a t e s o f n u c l e a t i o n , o f c o u r s e , r e s u l t 
from l o w e r r a t e s o f r a d i c a l c a p t u r e . The former e f f e c t , which 
l e a d s t o reduced n u c l e a t i o n , dominates d u r i n g the e a r l y s t a g e s 
when the e l e c t r o s t a t i c e f f e c t i s n e g l i g i b l e . These a r e the 
c o n d i t i o n s g i v e n i n T a b l e I , where W f=l and E - 1.6 - 2.0. As 
the p a r t i c l e s become s e v e r a l tens of nanometers i n s i z e , e l e c t r o ­
s t a t i c r e p u l s i o n s w i l l become s i g n i f i c a n t . Even s o , the r e a l 
v a l u e o f Wf may be lower than t h a t c a l c u l a t e d because of the 
" t u n n e l i n g e f f e c t 1 1 , f i r s t proposed by F i t c h and S h i h ( 2 3 ) , i n 
which t h e hydrophobic p a r t o f an o l i g o m e r i c f r e e r a d i c a l i n 
s o l u t i o n may " t u n n e l under" the e l e c t r o s t a t i c b a r r i e r , which 
a f f e c t s o n l y the i o n i c head o f the r a d i c a l , as i t approaches a 
charged p a r t i c l e . R e d u c t i o n i n s u r f a c e charge may oc c u r by b u r i a l 
of i o n i c groups d u r i n g p o l y m e r i z a t i o n and p a r t i c l e c o a g u l a t i o n . 

Experiments on N u c l e a t i o n K i n e t i c s 

R e c e n t l y attempts have been made t o determine e x p e r i m e n t a l l y 
the k i n e t i c s o f n u c l e a t i o n d u r i n g the f i r s t few tens o f seconds 
of r e a c t i o n ( 3 3 ) . S i n c e the n u c l e i w i l l s c a t t e r l i g h t as they 
ar e formed, i t i s p o s s i b l e t o study the r e a c t i o n by f o l l o w i n g the 
R a y l e i g h s c a t t e r i n g i n t e n s i t y as a f u n c t i o n of time. S i n c e 
the t o t a l v o l u m e ^ f r a c t i o g of^polymer produced i n t h i s time i s on 
the o r d e r of 10 t o 10 dm polymer/dm aqueous phase, one i s 
p r e s s e d t o the v e r y l i m i t s o f d e t e c t i o n o f t h i s t e c h n i q u e . The 
method employed i n v o l v e s c o n t i n u o u s p h o t o - i n i t i a t i o n a t a s h o r t 
wavelength o f l i g h t , and s c a t t e r i n g a t an o t h e r , l o n g e r wavelength. 
The apparatus i s shown s c h e m a t i c a l l y i n F i g u r e 6. By h a v i n g two 
p h o t o m u l t i p l i e r tube (PMT) d e t e c t o r s s i t u a t e d a t 0° and 90° t o 
the i n c i d e n t l a s e r beam, and by p u t t i n g t h e i r output through a 
d i f f e r e n t i a l a m p l i f i e r , h i g h s e n s i t i v i t y o f d e t e c t i o n i s o b t a i n e d 
(34). The i n i t i a t o r used was butanedione-2, 3, which undergoes 
h o m o l y t i c c l e a v a g e t o produce two a c e t y l r a d i c a l s upon r a d i a t i o n 
w i t h v i o l e t - b l u e l i g h t from the mercury lamp. The r e d l a s e r l i g h t 
o n l y i s d e t e c t e d by the PMT 1s because o f the bandpass f i l t e r s i n 
f r o n t of each. The r e a c t i o n c e l l was f i l l e d w i t h a s o l u t i o n of 
meth y l m e t h a c r y l a t e (MMA) monomer and i n i t i a t o r i n water. The 
ch e m i c a l system had t o be s c r u p u l o u s l y c l e a n , d e v o i d of dust 
p a r t i c l e s and r e a c t i v e i m p u r i t i e s a t c o n c e n t r a t i o n s above a few 
p a r t s p e r b i l l i o n . T y p i c a l r e s u l t s a r e shown i n F i g u r e 7. The 
c o n d i t i o n s f o r these experiments a r e g i v e n below: 

Exp. No. Code fMMA} fSDS} fbutanedione) 
1 
2 

723 
715 

0.10M 0 
0.10M 6.0 X 10 M 

0.34 M 
0.16 M 
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18 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

A l s o shown i n F i g u r e 7 i s the t h e o r e t i c a l curve based upon 
E q u a t i o n 16, and t a k i n g i n t o account p a r t i c l e s w e l l i n g by monomer 
and growth by p o l y m e r i z a t i o n . I n c o n t r a s t t o i t , b o t h experiment­
a l curves r i s e much more s t e e p l y . The experiment r u n i n the 
absence of s u r f a c t a n t , sodium d o d e c y l s u l f a t e (SDS), has the 
s t e e p e r s l o p e . T h i s pronounced d i f f e r e n c e due t o s u r f a c t a n t 
c o n c e n t r a t i o n , even a t l e v e l s as low as the 6 X 10 molar used 
h e r e , has always been found i n the many experiments which have 
been run ( 3 3 ) . 

I t i s i n s t r u c t i v e t o make a q u a n t i t a t i v e comparison between 
the e x p e r i m e n t a l and t h e o r e t i c a l c u r v e s . The l i g h t s c a t t e r i n g 
i n t e n s i t y , e x p r e s s e d as the R a y l e i g h r a t i o , i s a f u n c t i o n of the 
s i z e and number of p a r t i c l e s . I f a l l t h r e e r e a c t i o n s shown i n 
F i g u r e 7 p o l y m e r i z e a t the same r a t e , Rp, then a t a g i v e n t i m e , 
say 10 seconds, the t o t a l volume of polymer formed, V"T, w i l l be 
the same i n a l l t h r e e . Under these c o n d i t i o n s , the s c a t t e r i n g 
i n t e n s i t y becomes a d i r e c t measure of the r e l a t i v e number of 
p a r t i c l e s : 

R « I 90 N 
Comparison of the two e x p e r i m e n t a l curves w i t h the t h e o r e t i c a l 
one a t two t i m e s , 10s and 70s, i s g i v e n i n Ta b l e I I . The 
a p p r o x i m a t i o n s made i n c a l c u l a t i n g these r a t i o s of p a r t i c l e 

T a b l e I I 
R e l a t i v e P a r t i c l e Numbers from L i g h t S c a t t e r i n g 

r * / Rn^X 1 0 9 / c m - 1 N . ,N Curve* time/s 90 t h e o r . / exp. 
t h e o r 

Exp. 1 

10 0.06 
70 1.06 
10 6.3 105 
70 80.0 76 

v 9 10 5.3 88 
L X P * 1 70 22.3 21 

*Ref. t o F i g u r e 7. 

numbers were chosen so as t o m i n i m i z e t h e i r v a l u e s . The r e s u l t s 
f o r c e us t o the c o n c l u s i o n t h a t c o a g u l a t i o n must be an i m p o r t a n t 
p r o c e s s from the o u t s e t , and t h a t i t i s r e t a r d e d by the presence 
of s u r f a c e a c t i v e agent. I n the f i r s t t e n seconds the number of 
p a r t i c l e s i s reduced to something l i k e 1/100 the v a l u e expected 
i f o n l y n u c l e a t i o n and c a p t u r e were i n v o l v e d . The r a t e of 
c o a g u l a t i o n appears t o be reduced as the r e a c t i o n p r o g r e s s e s , 
and more so i n the presence of s u r f a c t a n t : the average degree of 
a g g r e g a t i o n , N /N , was reduced t o 76 and 21 i n Exp. 1 
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F I T C H Latex Particle Nucleation and Growth 19 

and Exp. 2, r e s p e c t i v e l y . F u r t h e r d i s c u s s i o n of the r o l e of 
c o a g u l a t i o n i n p a r t i c l e f o r m a t i o n i s g i v e n i n the f o l l o w i n g 
s e c t i o n . 

C o a g u l a t i o n 

Throughout the p r e v i o u s d i s c u s s i o n mention has been made of 
the p r o b a b l e r o l e o f c o a g u l a t i o n i n the mechanism of p a r t i c l e 
f o r m a t i o n . Experiments by F i t c h and Watson have q u a n t i f i e d i t s 
r o l e ( 3 5 ) . U s i n g a l i g h t s c a t t e r i n g apparatus s i m i l a r t o t h a t of 
F i t c h and Palmgren shown i n F i g u r e 6, but w i t h a s i n g l e photo-
m u l t i p l i e r d e t e c t o r , they f o l l o w e d the i n c r e a s e i n R ^ Q w i t h time 
as a f u n c t i o n of s u r f a c t a n t (SDS) c o n c e n t r a t i o n i n a s e r i e s of 
MMA p o l y m e r i z a t i o n s . The experiments d i f f e r e d from those 
d e s c r i b e d i n the p r e v i o u s s e c t i o n i n t h a t p h o t o - i n i t i a t i o n was 
c o n f i n e d t o a s i n g l e b u r s t of l i g h t o f about 1 ms d u r a t i o n . Under 
these c o n d i t i o n s i n i t i a t i o n , growth and t e r m i n a t i o n a l l o c c u r 
w i t h i n a few seconds, so t h a t by the time the f i r s t measurement 
i s made a t t - 10s, e s s e n t i a l l y a l l p o l y m e r i z a t i o n has stopped 
^ VT(SW) i s a c o n s t a n t ) > a n d A N Y change observed i n R ^ Q i s due t o 
a cnange i n N (35) . T y p i c a l r e s u l t s a r e shown i n F i g u r e 8 i n 
whi c h the v a r i a b l e i s SDS c o n c e n t r a t i o n . The s t e e p e s t s l o p e , 
c o r r e s p o n d i n g t o the most r a p i d c o a g u l a t i o n r a t e , R ^ , o c c u r s a|: 
(SDS) = 0. But even a t SDS c o n c e n t r a t i o n s on the o r d e r of 10 
molar , the s u r f a c t a n t has an enormous e f f e c t on R ^ . To o b t a i n a 
q u a n t i t a t i v e measure, one must a p p l y the c o a g u l a t i o n t h e o r y of 
Smoluchowski and Fuchs which s t a t e s t h a t 

( t ) o 
where T i s the h a l f - l i f e , o r the time r e q u i r e d f o r the number of 
p a r t i c l e s , N/ t\> t o decrease t o o n e - h a l f of i t s o r i g i n a l v a l u e , 
N q . When t h i s i s combined w i t h the l i g h t s c a t t e r i n g e q u a t i o n of 
R a y l e i g h , and al l o w a n c e made f o r a d i s t r i b u t i o n i n the p a r t i c l e 
s i z e because o f the s t o c h a s t i c n a t u r e of the p r o c e s s , one 
o b t a i n s (37) 

R 9 0 ( t ) = R 9 0 ( 0 ) <1+T- > ( 2 1 ) 

T h i s i s an e q u a t i o n f o r a s t r a i g h t l i n e , the s l o p e of which i s 
2R / T , and d e s c r i b e s the p l o t s i n F i g u r e 8. From the e x p e r i ­
m e n t a l s l o p e s one may c a l c u l a t e the h a l f - l i f e , T , and the Fuchs 
s t a b i l i t y f a c t o r , W. These v a l u e s a r e g i v e n i n Tab l e I I I . They 
c o n f i r m t h a t c o a g u l a t i o n i s an im p o r t a n t p r o c e s s i n d e t e r m i n i n g 
p a r t i c l e s i z e and number from the o u t s e t . W i t h no s u r f a c t a n t 
p r e s e n t the p a r t i c l e s a p p a r e n t l y have a net a t t r a c t i o n f o r each 
o t h e r (W < 1 ) , and d i s a p p e a r w i t h a h a l f - l i f e on the o r d e r of 
f o u r m i l l i s e c o n d s . As s u r f a c t a n t c o n c e n t r a t i o n i s i n c r e a s e d i t 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

1



20 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

50 -

40 

9/ 1 / 
R9 0x10/cm" / 

30 / Exp- 1 -Exp. 2 

20 

I / 

theor. 

Figure 7. Particle nucleation and growth kinetics determined by laser light scat­
tering: Rayleigh ratio R90 vs. time. Exp. 1: no surfactant present; Exp. 2: (SDS) = 
6 X 10~4 mol dm3. Theor: Calculated from Curve 4, Figure 5, considering particle 

growth by polymerization. 

Figure 8. Particle growth by coagula­
tion, flash initiation. Rayleigh ratio R90 

as a function of time (S represents con­
centration of SDS). Exp. 30: (SDS) = 0; 
Exp. 45: (SDS) = 7.6 X 105 mol dm3; 
Exp. 55: (SDS) = 88 X 10'5 mol dm3. 

0 20 40 60 80 100 
time / s 
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1. F I T C H Latex Particle Nucleation and Growth 21 

•3 -1 -1 v l n 8 
cm s X 10 T / s W 

94 0.0043 0.36 
1.5 0.30 25 

0.21 2.2 180 

r a p i d l y w i l l adsorb onto the p a r t i c l e s , b u i l d i n g up t h e i r s u r f a c e 
e l e c t r i c a l p o t e n t i a l , and c a u s i n g them i n c r e a s i n g l y t o r e p e l 
each o t h e r . 

T a b l e I I I 
H a l f - l i v e s of C o a g u l a t i n g P r i m a r y P a r t i c l e s 

as a. F u n c t i o n of S u r f a c t a n t C o n c e n t r a t i o n 

s l o p e / 
Exp. No. fSDS)/mol dm" 

30 0 
45 7.6 X 10_? 
55 88.0 X 10 

The s o - c a l l e d "Smoluchowski f a s t c o a g u l a t i o n r a t e " may be 
c h a r a c t e r i z e d by a h a l f - l i f e independent of p a r t i c l e s i z e ( 3 6 ) : 

T = § F f (22> 
where r| i s the v i s c o s i t y of the co n t i n u o u s medium. I f the 
p a r t i c l e c o n c e n t r a t i o n , N, i s 10 dm , the h a l f - l i f e w i l l be 
12 m i l l i s e c o n d s . Thus, a c c o r d i n g t o the r e s u l t s i n T a b l e I I I , 
the p r i m a r y p a r t i c l e s c o a g u l a t e almost 3 times as f a s t as t h i s i n 
the absence of s u r f a c t a n t (due t o van der Waals a t t r a c t i o n s ) . I n 
the presence of SDS a t 7.6 X 10~ molar and a t 88 X 10~ molar 
the h a l f - l i f e i s i n c r e a s e d 25 and 180 t i m e s , r e s p e c t i v e l y . Dunn 
and Chong e s t i m a t e d lower v a l u e s of W - 5 and 100«^at h i g h e r SDS 
c o n c e n t r a t i o n s o f 5 X 10~ and 2.2 X 10" mol dm" , r e s p e c t i v e l y , 
i n v i n y l a c e t a t e e m u l s i o n p o l y m e r i z a t i o n s ( 2 0 ) . The d i f f e r e n c e 
i n s t a b i l i t y o r i n e f f i c a c y of sodium d o d e c y l s u l f a t e as a 
s t a b i l i z e r f o r t he two polymers may be a t t r i b u t e d t o the d i f f e r ­
ence i n the a d s o r p t i o n i s o t h e r m s of SDS on p o l y v i n y l a c e t a t e 
(PVAc) and PMMA ( 3 7 ) ^ The a r e a o c c u p i e d per adsorbed SDS mo l e c u l e 
i s l . l n m and 0.79nm on PVAc and on PMMA, r e s p e c t i v e l y ( 3 7 ) . 
The s u r f a c e e l e c t r i c a l charge d e n s i t i e s would be p r o p o r t i o n a l t o 
the r e c i p r o c a l o f these a r e a s . T h i s , i n t u r n , determines t he 
s u r f a c e p o t e n t i a l , ijj ( 1 6 ) . The r e l a t i o n s h i p between W and 
ijj a t v a r i o u s i o n i c s t r e n g t h s i s d e a l t w i t h by the DLVO 
tS e o r y ( 1 6 ) . 

I n l a t e r s t a g e s of the p o l y m e r i z a t i o n i t i s p o s s i b l e t o have 
a s i t u a t i o n i n w h ich the l a r g e r p a r t i c l e s b ear enough charges t o 
be c o l l o i d a l l y s t a b l e , but where N T i s n o t l a r g e enough t o 
pre v e n t n u c l e a t i o n . A steady s t a t e may soon be reached i n w h i c h 
dN/dt = 0. Then, a c c o r d i n g t o E q u a t i o n 3, 

R. = R + R, l c f 
even though R^ may be p o s i t i v e . Thus, under such c o n d i t i o n s , 
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22 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

c o a g u l a t i o n may o c c u r throughout the p o l y m e r i z a t i o n . Under these 
c i r c u m s t a n c e s the p r i m a r y p a r t i c l e s a r e c o n t i n u o u s l y g e n e r a t e d , 
but q u i c k l y c o a g u l a t e onto l a r g e r p a r t i c l e s formed e a r l i e r i n the 
r e a c t i o n , as p r e d i c t e d by Dunn and Chong (2 0 ) . Thus a t v e r y low 
s u r f a c t a n t c o n c e n t r a t i o n s , the p a r t i c l e s i z e d i s t r i b u t i o n may be 
c o m p l e t e l y determined by c o a g u l a t i o n r a t h e r than n u c l e a t i o n , i n 
which case s u r f a c e e l e c t r i c a l p o t e n t i a l , p a r t i c l e s i z e and i o n i c 
s t r e n g t h become c r i t i c a l f a c t o r s . 

I n t h e presence of i n c r e a s i n g amounts of e m u l s i f i e r , t h e n , 
the mechanism of p a r t i c l e f o r m a t i o n becomes i n c r e a s i n g l y d e t e r ­
mined by p a r t i c l e n u c l e a t i o n r a t h e r than c o a g u l a t i o n . S i m i l a r 
e l e c t r o s t a t i c e f f e c t s may be brought about by c o p o l y m e r i z a t i o n of 
i o n i c monomers i n the absence of c o n v e n t i o n a l e m u l s i f i e r s (38, 
39), a l t h o u g h i t has been shown t h a t t h e s e may r e s u l t i n the 
p r o d u c t i o n of c o n s i d e r a b l e w a t e r - s o l u b l e p o l y e l e c t r o l y t e (40, 4 1 ) . 
Not c o n s i d e r e d above i s the l i k e l y i n t e r a c t i o n of growing 
o l i g o m e r i c r a d i c a l s w i t h e m u l s i f i e r m o l e c u l e s (not m i c e l l e s ) p r i o r 
to n u c l e a t i o n ( 4 2 ) . More work i n t h i s a r e a i s i n d i c a t e d . 

E f f e c t s of Monomer S o l u b i l i t y 

Few s y s t e m a t i c s t u d i e s have been made on the e f f e c t s of 
monomer s o l u b i l i t y on p a r t i c l e s i z e , i n w h i ch a l l o t h e r e x p e r i ­
m e n t a l v a r i a b l e s have been ke p t c o n s t a n t . An e x c e p t i o n i s t h e 
work of S u t t e r l i n (43) and coworkers who s t u d i e d homologous s e r i e s 
of a c r y l a t e and m e t h a c r y l a t e monomers. For example, i n the 
a c r y l a t e s e r i e s t h e v a l u e of k / k t i s r e l a t i v e l y independent of 
the number of carbon atoms i n She a l k y l group ( 4 4 ) , whereas j c r 
and monomer (and o l i g o m e r ) s o l u b i l i t y v a r y g r e a t l y . They s t u d i e d 
the e f f e c t of SDS c o n c e n t r a t i o n on N a t c o n s t a n t R̂ ,. A l l 
experiments were conducted a t a monomer/water r a t i o of 1/4, so 
t h a t t h e aqueous phase was s a t u r a t e d and an e x t e r n a l , monomer 
phase e x i s t e d a t the b e g i n n i n g . T y p i c a l r e s u l t s a r e shown i n 
F i g u r e 9, i n w h i ch the l o g a r i t h m of the p a r t i c l e number, N, has 
been p l o t t e d a g a i n s t the l o g a r i t h m of t h e SDS c o n c e n t r a t i o n , over 
a p p r o x i m a t e l y f o u r o r d e r s of magnitude, f o r the e m u l s i o n 
p o l y m e r i z a t i o n of e t h y l a c r y l a t e (EA) and 2 - e t h y l h e x y l a c r y l a t e 
(EHA). The l a t t e r monomer has a v e r y low s o l u b i l i t y i n w a t e r 
compared t o the former. The d i f f e r e n c e s i n the two c u r v e s a r e 
r e p r e s e n t a t i v e o f t h e e n t i r e s e r i e s as w e l l as many o t h e r monomers 
d i f f e r i n g i n w a t e r - s o l u b i l i t y . The s o l u b l e monomer, EA, shows 
an almost l i n e a r r i s e i n l o g N u n t i l t h e SDS c o n c e n t r a t i o n 
exceeds the c r i t i c a l m i c e l l e c o n c e n t r a t i o n , CMC, when the s l o p e 
d i m i n i s h e s . I n c o n t r a s t , t h e p o o r l y s o l u b l e monomer, EHA, 
e x h i b i t s r e l a t i v e l y low N v a l u e s u n t i l the CMC i s passed, a f t e r 
w hich i t has more p a r t i c l e s than the EA system. Furthermore, N 
i n c r e a s e s more r a p i d l y w i t h (SDS) above the CMC i n t h e EHA system. 
The more hydrophobic monomer w i l l be s o l u b i l i z e d i n s u r f a c t a n t 
m i c e l l e s above the CMC t o a much g r e a t e r e x t e n t than w i l l the 
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1. F I T C H Latex Particle Nucleation and Growth 23 

Figure 9. Dependence of particle number on concentration of sodium dodecyl 
sulfate for EA and EHA (44) 
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24 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

more h y d r o p h i l i c monomer, because of more f a v o r a b l e i n t e r a c t i o n s 
w i t h the hydrocarbon c o r e of the m i c e l l e s (11). A p l o t of the 
amount of monomer d i s s o l v e d or s o l u b i l i z e d i n the aqueous phase 
would c l o s e l y resemble the N-vs.-(SDS) p l o t f o r EHA i n F i g u r e 9. 
On the o t h e r hand the s o l u b i l i t y of EA i s r e l a t i v e l y independent 
of s u r f a c t a n t c o n c e n t r a t i o n . F o r t h i s monomer N i n c r e a s e s w i t h 
(SDS) p r i m a r i l y because of p r o g r e s s i v e r e d u c t i o n i n Rp, as 
observed f o r MMA i n F i g u r e s 7 and 8. Below the CMC, the more 
s o l u b l e monomer produces more p a r t i c l e s p r i m a r i l y because of i t s 
g r e a t e r p r o p a g a t i o n r a t e i n the aqueous phase (k M ) , as 
p r e d i c t e d by Curves 1 and 6 i n F i g u r e 5. Above She CMC, t h e r e i s 
a p p a r e n t l y more of the hydrophobic monomer a v a i l a b l e f o r n u c l e a ­
t i o n i n the m i c e l l e s because o f i t s g r e a t e r degree of s o l u b i l i z a ­
t i o n . The m i c e l l e s a r e , as s t a t e d a t the o u t s e t of t h i s paper, 
e n e r g e t i c a l l y f a v o r e d s i t e s f o r n u c l e a t i o n where they e x i s t . 
Thus EHA produces more p a r t i c l e s above the CMC than does EA. 
T h i s e f f e c t may be enhanced by the f a c t t h a t SDS i s adsorbed more 
s t r o n g l y on the more hydrophobic polymer ( 3 7 ) , g i v i n g i t a h i g h e r 

above the CMC. A p p a r e n t l y below CMC t h i s e f f e c t i s i n s u f f i ­
c i e n t t o overcome the v a s t d i f f e r e n c e s i n M between the two 
monomers (EA i s 340 times more s o l u b l e than EHA). 

P r o s p e c t s f o r the F u t u r e 

The t h e o r y f o r p a r t i c l e f o r m a t i o n and growth as i t has been 
developed i n d i c a t e s the need f o r c e r t a i n k i n d s of i n f o r m a t i o n on 
a v a r i e t y of systems. The im p o r t a n t parameters not s u f f i c i e n t l y 
a v a i l a b l e i n the l i t e r a t u r e a r e j c r and the i n t e r f a c i a l t e n s i o n , 
Y, between monomer-swollen polymer and s u r f a c t a n t s o l u t i o n s a l o n g 
w i t h the c o r r e s p o n d i n g a d s o r p t i o n i s o t h e r m s . The v a l u e s of j c r 
have been determined i n o n l y a few ca s e s : by P r i e s t f o r v i n y l 
a c e t a t e ( 1 2 ) , by F i t c h and T s a i f o r m e t h y l m e t h a c r y l a t e (45) 
and, i n d i r e c t l y , by Hansen and U g e l s t a d f o r s t y r e n e (29, 30, 31, 
32). These v a l u e s need t o be c o n f i r m e d by independent methods, 
and v a l u e s o b t a i n e d f o r o t h e r systems as w e l l . The e f f e c t o f 
monomer and s u r f a c t a n t c o n c e n t r a t i o n s on the v a l u e of j c r s h o u l d 
a l s o be i n v e s t i g a t e d , as suggested by the r e s u l t s o f F i t c h and 
Palmgren (33) and of Chen and P i i r m a ( 4 2 ) . Study of s u r f a c t a n t 
a d s o r p t i o n i s r e q u i r e d because i t a f f e c t s , through y, the 
s w e l l i n g o f p a r t i c l e s by monomer, and, through , the r a t e s of 
c a p t u r e and c o a g u l a t i o n . A g e n e r a l t h e o r y f o r s u r f a c t a n t 
a d s o r p t i o n based on u n i f y i n g p r i n c i p l e s i s r e q u i r e d f o r p r e d i c t i n g 
the b e h a v i o r of any chosen system. C o n s i d e r a b l e p r o g r e s s has 
been made by V i j a y e n d r a n (37) i n t h i s d i r e c t i o n t o improve upon 
the a r c h a i c and o v e r l y q u a l i t a t i v e "HLB" system. 

The i n t e r a c t i o n s o f charged o l i g o m e r i c r a d i c a l s w i t h charged 
p a r t i c l e s needs t o be s t u d i e d i n g r e a t e r d e t a i l , s i n c e these 
a f f e c t the r a t e of c a p t u r e , R . What i s t h e magnitude of the 
" t u n n e l i n g e f f e c t " i n overcoming the e l e c t r o s t a t i c b a r r i e r ? Can 
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1. F I T C H Latex Particle Nucleation and Growth 25 

experiments be d e v i s e d t o measure the Dankwerts d i f f u s i o n - w i t h -
r e a c t i o n k i n e t i c s d i r e c t l y ? The answers t o these q u e s t i o n s not 
o n l y w i l l b e ar on the k i n e t i c s of n u c l e a t i o n , but a l s o on the 
k i n e t i c s of p o l y m e r i z a t i o n throughout the remainder of the r e ­
a c t i o n a f t e r p a r t i c l e s have been formed. 

A l a r g e l y u n e x p l o r e d a r e a i s t h a t i n v o l v i n g i o n i c e m u l s i o n 
p o l y m e r i z a t i o n i n nonaqueous media. T h i s has been shown t o be 
p r a c t i c a b l e f o r m e t h a c r y l a t e s by B a r r e t t and coworkers (46) and 
f o r s t y r e n e by Dawkins and T a y l o r (47). These systems combine 
the advantages of i o n i c p o l y m e r i z a t i o n s , w h i ch p r o v i d e s t e r e o -
r e g u l a r and monodisperse polymers, w i t h those o f emul s i o n 
p o l y m e r i z a t i o n , which p r o v i d e s h i g h r a t e s of heat t r a n s f e r and 
low v i s c o s i t y i n the presence of h i g h m o l e c u l a r weight polymer 
a t h i g h c o n c e n t r a t i o n s . The mechanisms of p a r t i c l e n u c l e a t i o n 
and growth a r e l a r g e l y u n e x p l o r e d i n i o n i c e m u l s i o n p o l y m e r i z a ­
t i o n systems. 

I n c o n c l u s i o n , i t i s c l e a r t h a t much has been ac c o m p l i s h e d 
i n t h i s f i e l d w hich combines c h a l l e n g i n g s c i e n t i f i c problems 
w i t h p r a c t i c a l a p p l i c a t i o n s . But t h e r e a r e more problems a w a i t ­
i n g those who would be i n s p i r e d t o s o l v e them. T h e i r s o l u t i o n 
w i l l i n v o l v e i n c r e a s i n g l y s o p h i s t i c a t e d e x p e r i m e n t a l t e c h n i q u e s 
i n v o l v i n g r e l a t i v e l y f a s t p r o c e s s e s . 

L i s t of Symbols 
2 

A - i n t e r f a c i a l a r e a m 
a. - p a r t i t i o n c o e f f i c i e n t f o r j-mers between o r g a n i c and 

3 aqueous phases — 
b - r e c i p r o c a l a g g r e g a t i o n number — 
c - c o n c e n t r a t i o n dm C*, C. - c o n c e n t r a t i o n of j-mers i n s i d e . a n d o u t s i d e i i a — 3 

p a r t i c l e / w a t e r i n t e r f a c e dm _^ 
C - steady s t a t e c o n c e n t r a t i o n of r a d i c a l s dm 

S -3 CMC - c r i t i c a l m i c e l l e c o n c e n t r a t i o n mol dm 
U q - average mutual d i ^ f u j i o n c o e f f i c i e n t , f o r r a d i c a l 
°^ and p a r t i c l e dm s 2 - 1 

D . - d i f f u s i o n c o e f f i c i e n t of j-mers i n a p a r t i c l e dm s 
PJ 

e - charge on the e l e c t r o n C 
E - s u r f a c e e l e c t r i c a l p o t e n t i a l f u n c t i o n — 
f - i n i t i a t o r e f f i c i e n c y 
F - r e d u c t i o n c o e f f i c i e n t f o r r a d i c a l c a p t u r e — 
AG f - f r e e energy of f o r m a t i o n of a p a r t i c l e J 

-3 
AGp - f r e e energy of p o l y m e r i z a t i o n per u n i t volume J dm 
AG - i n t e r f a c i a l f r e e energy J dm ̂  

S -3 AG - f r e e energy of co n d e n s a t i o n per u n i t volume J dm 
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26 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

-3 
I - c o n c e n t r a t i o n of i n i t i a t o r m o l e c u l e s dm 
j - r a t i o of molar volumes o f polymer and monomer 

(approx. degree of p o l y m e r i z a t i o n of polymer) — 
k - Dankwerts r e a c t i o n r a t e c o e f f i c i e n t dm s" 
k f - Boltzmann c o n s t a n t JK ^ ^ 
k . - s p e c i f i c r a t e c o n s t a n t f o r c a p t u r e of j-mers dm s 

0 3 -1 k* - s p e c i f i c r a t e c o n s t a n t f o r i n i t i a t o r d e c o m p o s i t i o n s 
3 - 1 - 1 

k - p r o p a g a t i o n r a t e c o n s t a n t dm mol s 
3 - 1 - 1 

k - s p e c i f i c r a t e c o n s t a n t f o r t e r m i n a t i o n dm mol s 
k* t w> k* - s p e c i f i c r a t e c o n s t a n t s f o r termination^ i n water 

W ^ and i n p a r t i c l e s ( m o l e c u l a r u n i t s ) dm s~"^ 
m - r e l a t i v e r e f r a c t i v e i n d e x — 
M. - c o n c e n t r a t i o n o f f r e e r a d i c a l s of c h a i n l e n g t h j i n 

water phase dnT^ 
_3 

M # - c o n c e n t r a t i o n of i n i t i a t o r r a d i c a l s dm 
° -3 M - monomer c o n c e n t r a t i o n i n water phase mol dm w v 

n - number of f r e e r a d i c a l s i n a monomer/polymer p a r t i c l e — 
N - p a r t i c l e number c o n c e n t r a t i o n dm~^ 

- number c o n c e n t r a t i o n of p r i m a r y p a r t i c l e s dm 
n - r e f r a c t i v e i n d e x of s o l v e n t — o 
r - p a r t i c l e r a d i u s m 
R - Gas c o n s t a n t JK" " V o l 
R # - c o n c e n t r a t i o n of i n i t i a t o r r a d i c a l s dm 
R ^ Q - R a y l e i g h r a t i o cnT^ 
R - r a t e of c a p t u r e of growing r a d i c a l s by monomer-polymer 

p a r t i c l e s dm~3 s~l _^ _^ 
R . - r a t e of c a p t u r e of a j-mer by any p a r t i c l e dm s 
R^ - r a t e of p a r t i c l e c o a g u l a t i o n dm s 
r - r a d i u s of d i f f u s i o n b a r r i e r s u r r o u n d i n g a p a r t i c l e m 

-3 -1 
R^ - r a t e of g e n e r a t i o n o f f r e e r a d i c a l s dm s 
R^j - r a d i a l d i s t a n c e between two p a r t i c l e s , i and j m 
R . - r a t e of p r o p a g a t i o n of an o l i g o m e r j u n i t s l o n g i n 
^ c o n t i n u o u s phase dm~3s~l 

R . . - r a t e of t e r m i n a t i o n of a j-mer i n water phase w i t h 
any o t h e r r a d i c a l dm J s 

t - time s 
T - temperature K ^ 
v - volume of a monomer-swollen p a r t i c l e dm 
— 3 - 1 V - p a r t i a l molar volume of monomer i n p a r t i c l e dm mol 

3 Vp - volume of polymer i n a p a r t i c l e dm 
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1. FITCH Latex Particle Nucleation and Growth 27 

Vm, x - volume fraction of monomer-swollen particles dm dm T(sw) r 

Wf, W - Fuchs stability factors between radical and particle, 
and particle and particle — 

X_. - reactivity parameter for j-mers — 
-2 

y - interfacial tension Jm 
Xq - vacuum wavelength of light cm 
(J>m, <)> - volume fractions of monomer and polymer — 
T - half-life for coagulation s 
^ - surface electrical potential V 
X - Flory-Huggins interaction parameter — 
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Latex Particle Stabilization 

R. H. OTTEWILL 
School of Chemistry, University of Bristol, England 

In the early work of Schulze (1), Linder and Picton (2) and 
Hardy (3) the sensitivity of colloidal dispersions to the 
addition of electrolytes was clearly demonstrated. Then in 1900 
Hardy (4) showed that the stability of sols was connected with 
the electrophoretic mobility of the particles and he demonstrated, 
i) that the valency of the ion opposite in charge to that of the 
sol particles determined the ability of an electrolyte to 
coagulate a sol and that, i i) the effectiveness of the electrolyte 
increased rapidly with increase in valency of the counter-ion. 
These observations formed the basis of the so-called Schulze­
-Hardy rule. 

During the 1930's a clearer idea of the role of the 
electrical double layer in stabilising colloidal particles began 
to emerge, particularly in the work of Verwey (5), Kruyt (6) and 
Derjaguin (7). In 1938 in a classic paper Langmuir (8) showed 
that when an overlap of double layers occurred, with two flat 
plates whose surfaces were at the same electrostatic potential, 
then a repulsion pressure was developed between them. 

Also, in the 1930's London (9) indicated the quantum 
mechanical origin of dispersion forces between apolar molecules 
and in subsequent work extended these ideas to interaction between 
particles (10). It was shown that whereas the force between 
molecules varied inversely as the seventh power of the separation 
distance, that between "thick" flat plates varied inversely 
as the third power of the distance of surface separation. These 
ideas lead directly to the concept of a "long range" van der 
Waals attractive force. A similar relationship was found for 
interaction between spheres (10). 

A considerable advance was made in the 1940's when in the 
theories of Derjaguin and Landau (11) and Verwey and Overbeek 
(12) a theory of the stability of lyophobic colloids was obtained 
by assuming the pairwise additivity of the potential energy of 
electrostatic repulsion, VR, and the van der Waals attraction, 
V A . The sum of the electrostatic repulsive energy and the 
van der Waals attraction, VT, (= VR + V A ) , with the addition of a 

0097-6156/81 /0165-0031 $07.25/0 
© 1981 American Chemical Society 
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32 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

s h o r t range Born r e p u l s i o n energy gave a curve of the t o t a l p o t ­
e n t i a l energy of r e p u l s i o n a g a i n s t d i s t a n c e of s u r f a c e s e p a r a t i o n 
of the form shown i n F i g u r e 1. T h i s type of curve e x h i b i t s a 
number of c h a r a c t e r i s t i c f e a t u r e s . A t s h o r t d i s t a n c e s , a deep 
p o t e n t i a l - e n e r g y minimum o c c u r s , the p o s i t i o n of which d e c i d e s 
the d i s t a n c e o f c l o s e s t approach, h and i s hence termed the 
pr i m a r y minimum. At i n t e r m e d i a t e d i s t a n c e s the e l e c t r o s t a t i c 
r e p u l s i o n makes the l a r g e s t c o n t r i b u t i o n and hence a maximum 
occurs of magnitude, V ; t h i s i s u s u a l l y termed the p r i m a r y maxi­
mum . At l a r g e r d i s t a n c e s , the e x p o n e n t i a l decay of the e l e c t r i c a l 
double l a y e r term causes i t to f a l l o f f more r a p i d l y than the 
power law o f the a t t r a c t i v e term and another minimum occ u r s i n the 
cu r v e , of depth V ; t h i s i s termed the secondary minimum. The 
l a t t e r i s s h a l l o w t o r s m a l l p a r t i c l e s but can become a p p r e c i a b l e 
f o r p a r t i c l e s g r e a t e r than 1 micron a t h i g h e l e c t r o l y t e 
c o n c e n t r a t i o n s 

The i d e a s u n d e r l y i n g the form of the curve shown i n F i g u r e 1 
form the b a s i s o f our pr e s e n t - d a y approach t o d i s c u s s i n g the 
s t a b i l i t y and i n s t a b i l i t y of c o l l o i d a l d i s p e r s i o n s i n aqueous 
media i n the presence of e l e c t r o l y t e s . 

Polymer L a t i c e s 

Before a p p l y i n g the i d e a s summarised i n the f i r s t s e c t i o n t o 
polymer l a t i c e s i t i s a p p r o p r i a t e to c o n s i d e r the n a t u r e of p o l y ­
mer l a t e x p a r t i c l e s . We know, f o r example, t h a t each p a r t i c l e i s 
composed of a l a r g e number of polymer c h a i n s , w i t h the c h a i n s 
h a v i n g m o l e c u l a r w eights i n the range of about 10 5 to 10 7. 
Moreover, the p a r t i c l e s themselves can be amorphous, c r y s t a l l i n e , 
r u b b e r y , g l a s s y o r monomer s w o l l e n , e i t h e r e x t e n s i v e l y o r 
m i n u t e l y . I t f o l l o w s , t h e r e f o r e , t h a t the p r o p e r t i e s of the 
system on d r y i n g depends d i r e c t l y on the p h y s i c a l s t a t e of the 
p a r t i c l e s , f o r example, i f the p a r t i c l e s are s o f t , c o a l e s c e n c e 
can o c c u r to form a con t i n u o u s f i l m , whereas w i t h hard p a r t i c l e s 
t h e i r i n d i v i d u a l i t y i s r e t a i n e d . The n a t u r e of the p a r t i c l e 
o b t a i n e d i s d i r e c t l y r e l a t e d to the p r e p a r a t i v e method employed 
and the s u r f a c e p r o p e r t i e s a r e o f t e n determined by :-

i ) groupings a r i s i n g from the i n i t i a t o r used, 
i i ) adsorbed o r g r a f t e d s u r f a c e a c t i v e agents, 

i i i ) adsorbed or g r a f t e d polymers s o l u b l e i n the d i s p e r s i o n 

i v ) the b a s i c p r o p e r t y of the polymer f o r m i n g the p a r t i c l e . 
A r i s i n g from the i n i t i a t o r used we can expect to f i n d s u r f a c e 
groupings (13) such a s : -

medium, 

weak a c i d , 
s t r o n g a c i d , 
n o n - i o n i c 

-COOH_ 
-0-S0 3 

-OH 

b a s i c 
+ 
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2. OTTEWILL Latex Particle Stabilization 33 

The hydrophobic p o r t i o n s of the s u r f a c e accompanying these groups 
w i l l be determined by the polymer and c o u l d be, f o r example, 
p o l y s t y r e n e or p o l y t e t r a f l u o r o e t h y l e n e . The p o s s i b i l i t y t h e r e ­
f o r e e x i s t s of o b t a i n i n g a wide v a r i e t y of p a r t i c l e s and F i g u r e 2 
attempts to i l l u s t r a t e t h i s i n a schematic f a s h i o n . C l e a r l y , 
p a r t i c l e shape should be added as an a d d i t i o n a l v a r i a b l e . I n the 
s i t u a t i o n s where m o l e c u l a r e x t e n s i o n o c c u r s i n t o the s o l v e n t 
medium, as i l l u s t r a t e d i n F i g u r e s 2 b , 2c and 2d an a d d i t i o n a l 
component, a l l o w i n g f o r the p r o p e r t i e s o f t h i s r e g i o n , has t o be 
added t o c o n s i d e r a t i o n s of the p o t e n t i a l energy of i n t e r a c t i o n 
(see l a t e r ) . 

I n the p r a c t i c a l u t i l i s a t i o n of l a t i c e s , e i t h e r d i l u t e o r 
co n c e n t r a t e d , the word s t a b i l i t y can be used i n many d i f f e r e n t 
ways, and s t a b i l i t y may be r e q u i r e d : -

a) t o e l e c t r o l y t e a d d i t i o n , 
b) t o shear o r mechanical work, 
c) to f r e e z i n g , 
d) t o h e a t , i . e . s t e r i l i z a t i o n 
e) to l o n g term s t o r a g e 
f ) t o d r y i n g c o n d i t i o n s such t h a t i n s t a n t a n e o u s 

r e d i s p e r s i o n i s o b t a i n e d on r e - w e t t i n g . 
I n t h e c u r r e n t a r t i c l e c a t e g o r y a) w i l l p r i m a r i l y be c o n s i d e r e d . 

I n terms o f usage of the word i n s t a b i l i t y i t i s o f t e n 
r e q u i r e d t o d e s t a b i l i z e p a r t i c l e s i n o r d e r t o o b t a i n : -

i ) a coarse a g g r e g a t i o n o f p a r t i c l e s w i t h open pores 
f o r easy f i l t r a t i o n , 

i i ) c oarse compact p a r t i c l e s f o r r a p i d s e t t l i n g o r the 
f a b r i c a t i o n of m a t e r i a l s . 

F o r s i t u a t i o n s i ) and i i ) the c o a g u l a t e d s t a t e , i . e . w i t h 
the p a r t i c l e s i n i n t i m a t e c o n t a c t , i s d e s i r a b l e . F o r o t h e r 
purposes, the f l o c c u l a t e d s t a t e i s r e q u i r e d , i . e . w i t h the 
p a r t i c l e s s t i l l e s s e n t i a l l y i n d i v i d u a l and s e p a r a t e d by a t h i n 
l a y e r o f l i q u i d , thus g i v i n g c o n t r o l of the r h e o l o g i c a l 
p r o p e r t i e s of the sytem. F r e q u e n t l y , the secondary minimum p l a y s 
a s i g n i f i c a n t r o l e i n f l o c c u l a t e d systems. 

The B a s i s of S t a b i l i t y 

I n an i o n i z i n g medium such as water the l a t e x p a r t i c l e s w i l l 
i n g e n e r a l be e l e c t r i c a l l y charged e i t h e r by the i o n i s a t i o n of 
s u r f a c e groupings of the type i l l u s t r a t e d above o r by the 
a d s o r p t i o n of i o n i c m a t e r i a l s , e.g. s u r f a c e a c t i v e agents. More­
o v e r , the s o l v e n c y of water i s good f o r s m a l l i o n s , which a r e 
w e l l - s o l v a t e d and s t a y i n the medium, and poor f o r the l a t e x 
p a r t i c l e i n t h a t most polymers used f o r l a t i c e s a r e t o t a l l y 
i n s o l u b l e . In t h i s s i t u a t i o n the c o n d i t i o n of e l e c t r o n e u t r a l i t y 
i s m a i n t a i n e d by b a l a n c i n g the charge on the l a t e x s u r f a c e by the 
charges on the i o n s of o p p o s i t e s i g n i n the s o l u t i o n phase t o 
g i v e the s o - c a l l e d e l e c t r i c a l double l a y e r . As a consequence of 
i t s s u r f a c e charge, the l a t e x p a r t i c l e s u r f a c e has an e l e c t r o -
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EMULSION POLYMERS AND EMULSION POLYMERIZATION 

PRIMARY 

'A MAXIMUM 

-

SECONDARY MINIMUM 

— h 0 

PRIMARY 
MINIMUM 

DISTANCE 

Figure 1. Schematic illustrating the form of the curve of potential energy vs. dis­
tance for the interaction between two spheres. Total interaction involving electro­

static repulsion and van der Waals attraction. 

LONG CHAINS-IONIC LONG CH AINS-NONIONIC 

Figure 2. Schematic of the nature of the surface on various types of latex particles 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

2



2. OTTEWILL Latex Particle Stabilization 35 

s t a t i c p o t e n t i a l , , which can be e i t h e r p o s i t i v e o r n e g a t i v e , 
depending on the s u r f a c e g r o u p i n g s , r e l a t i v e t o e a r t h . 

In more q u a n t i t a t i v e terms can now be tak e n i n c o n j u n c t i o n 
w i t h the p r o p e r t i e s of the medium t o o b t a i n an e x p r e s s i o n f o r the 
e l e c t r o s t a t i c r e p u l s i v e p o t e n t i a l energy, V R . As an example, 
R e e r i n k and Overbeek (14) found f o r two spheres of r a d i u s a, w i t h 
t h e i r s u r f a c e s s e p a r a t e d by a d i s t a n c e h, the e x p r e s s i o n : -

= 3.469 x 1 0 1 9 e ( k T ) 2 a y 2 e x p ( - K h ) / v 2 (1) 

w i t h K = the r e c i p r o c a l Debye-Huckel double l a y e r t h i c k n e s s , 
£ = the d i e l e c t r i c c o n s t a n t of the medium, 
k = Boltzmann's c o n s t a n t , 
T = a b s o l u t e temperature, 
v = the magnitude o f the v a l e n c y o f the c o u n t e r - i o n , 
Y = [exp(ve lj; /2kT) - l ] / [ e x p ( v e /2kT + l ] 
e = fundamental e l e c t r o n i c charge. 
F o r the a t t r a c t i v e p a r t o f the i n t e r a c t i o n energy i t has 

been shown t h a t , V^, can be g i v e n f o r two spheres of the same 
r a d i u s by the e x p r e s s i o n , 

v = - A 
A 12 

+ 2 I n 
2 

x + 2x 
2 2 2 x + 2x x + 2x + 1 x + 2x + 1 

(2) 

where A = the composite Hamaker Constant f o r the p a r t i c l e s i n the 
medium as g i v e n by, 

A = < / A n - / A 2 2 ) 2 (3) 
w i t h Aj j = the Hamaker Constant of the p a r t i c l e s and t h a t of 
the medium. The v a l u e of x i s g i v e n by h/2a, and as a u s e f u l 
a p p r o x i m a t i o n when x « 1 we o b t a i n , 

V = - — (4) 
A 12h K J 

P r o v i d e d t h a t | V R | > |v | f o r most v a l u e s of h then the form 
of curve shown i n F i g u r e 1 i s o b t a i n e d . When the magnitude of 

i s s u b s t a n t i a l , say >> 10 kT, a s t a b l e d i s p e r s i o n i s o b t a i n e d . 
The form o f the p o t e n t i a l energy curve o b t a i n e d by t h i s approach 
shows im m e d i a t e l y t h a t the s t a b i l i t y of a d i s p e r s i o n t o e l e c t r o ­
l y t e i s k i n e t i c i n o r i g i n r a t h e r than thermodynamic, t h a t i s , the 
lowe s t f r e e energy s t a t e i s i n the p r i m a r y minimum and e n t r y i n t o 
t h i s i s p r e v e n t e d by the presence of the l a r g e a c t i v a t i o n energy 
r e p r e s e n t e d by AV^. A more s o p h i s t i c a t e d and d e t a i l e d r e p r e s e n t ­
a t i o n o f these i d e a s can be found elsewhere (12,15,16). 

The Onset o f I n s t a b i l i t y - The C r i t i c a l C o a g u l a t i o n 
C o n c e n t r a t i o n . P r o v i d e d t h a t the magnitude o f the p r i m a r y maximum 
i s s u b s t a n t i a l , then the p r o b a b i l i t y o f the t r a n s i t i o n o f the 
approa c h i n g p a r t i c l e i n t o the p r i m a r y minimum i s s m a l l . However, 
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36 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

as V becomes s m a l l or tends t o z e r o ( F i g u r e 3) then the 
t r a n s i t i o n becomes f a c i l e and the system becomes u n s t a b l e because 
the p a r t i c l e s a s s o c i a t e . T h e o r e t i c a l l y c o n v e n i e n t d e f i n i t i o n s 
f o r the onset o f i n s t a b i l i t y then can be taken a s , 

D V T 
V T = 0 a n d I f = 0 

A d o p t i n g these d e f i n i t i o n s and combining e q u a t i o n s (1) and (4) 
we f i n d , 

2.04 x 10" 5 Y 2 -1 
K c r i t = " I C m ( 5 ) 

A v 
and s i n c e f o r a s y m m e t r i c a l e l e c t r o l y t e K can be r e l a t e d 
d i r e c t l y t o the c o n c e n t r a t i o n of e l e c t r o l y t e , C, expressed i n 
mol dm 3 by ~ ? 

9 8TT v e N A C 0 

K = cm (6) 
ekT 10 

w i t h N^= Avogadro 1 s number, we f i n d from (5) and (6) 

r _ 3.856 x 1 0 " 2 5 Y 4 _ , -3 
C c r i t T - 5 m G l d m ( 7 ) 

A v 
The c o n c e n t r a t i o n C . i s u s u a l l y termed the c r i t i c a l c n t 
c o a g u l a t i o n c o n c e n t r a t i o n ( c . c . c . ) and we note the i n v e r s e 
dependence on the 6 t h power of the v a l e n c y of the c o u n t e r - i o n . 

For low s u r f a c e p o t e n t i a l s , < 25 mV, the e x p r e s s i o n can 
be s i m p l i f i e d t o g i v e , S 

-19 4 
8.821 x 10 !* ^ _ 3 

C . = - — x mol dm (8) 
c n t A z z A v and we now note the dependence of C . on the second power of <-u i c r i t the v a l e n c y . 

^ c r i t ^ S C^ e a r^-Y a n i m p o r t a n t q u a n t i t y f o r a l a t e x d i s p e r ­
s i o n s i n c e i t e s s e n t i a l l y r e p r e s e n t s the e l e c t r o l y t e c o n c e n t r a ­
t i o n a t which complete l o s s of s t a b i l i t y o c c u r s . I t may be 
o b t a i n e d e x p e r i m e n t a l l y by a v a r i e t y of d i f f e r e n t methods (14,17, 
18,19). I t s h o u l d be n o t e d , however, t h a t s i n c e c o a g u l a t i o n i s a 
k i n e t i c phenomena time e n t e r s as a v a r i a b l e and c o n s e q u e n t l y the 
v a r i o u s methods may y i e l d somewhat d i f f e r e n t n u m e r i c a l r e s u l t s . 
T h i s e f f e c t i s i l l u s t r a t e d by r e s u l t s o b t a i n e d f o r the c o a g u l a t i o n 
of p o l y t e t r a f l u o r o e t h y l e n e (PTFE) l a t i c e s w i t h sodium c h l o r i d e as 
a f u n c t i o n of pH (19). From F i g u r e 4 i t can be seen t h a t 
d i f f e r e n t r e s u l t s are o b t a i n e d a c c o r d i n g to whether the system 
was examined a f t e r 2 h or 24 h. As expected the r e s u l t s i n d i c a t e 
t h a t the s t a t e of a g g r e g a t i o n i s more advanced a f t e r 24 h and 
c o n s e q u e n t l y systems a t a lower e l e c t r o l y t e c o n c e n t r a t i o n have 
c o a g u l a t e d . Care must t h e r e f o r e be t a k e n when comparing v a l u e s 
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OTTEWILL Latex Particle Stabilization 

Figure 3. Diagram of a potential energy-distance curve to illustrate the condition 
for defining the critical coagulation concentration 

Figure 4. Plot of c.c.c. vs. pH for a PTFE latex in HCl solutions (\9) ((-%-) 2 h 
after mixing; (-A-) 24 h after mixing) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

2



38 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

o f the c . c . c . o b t a i n e d by d i f f e r e n t methods or d i f f e r e n t workers. 
As can be seen from F i g u r e 4, however, the v a l u e of the c.c.c. 
o b t a i n e d a t a p a r t i c u l a r time remains c o n s t a n t above c a . pH 4 but 
drops r a p i d l y below t h i s pH. 

These r e s u l t s were o b t a i n e d on a l a t e x (19) which had been 
e x t e n s i v e l y d i a l y s e d t o remove as much as p o s s i b l e of the s u r f a c t ­
ant used i n the o r i g i n a l p r e p a r a t i o n . The r e s u l t s suggest the 
presence of s u r f a c e groups w i t h a pKa o f the o r d e r o f 3 from the 
r a p i d decrease of the c . c . c . w i t h pH between 2 and 4. I t seems 
l i k e l y t h a t these arose from the i n i t i a t o r and were e i t h e r 
s u c c i n i c o r p r o p i o n i c a c i d a t t a c h e d t o f l u o r o c a r b o n c h a i n s o r 
f l u o r o c a r b o n c a r b o x y l i c a c i d s . I n t h i s type o f system where the 
i n d i v i d u a l PTFE c h a i n s have a h i g h m o l e c u l a r w e i g h t , > 10 6, a low 
s u r f a c e charge d e n s i t y i s e x p e c t e d ; t h i s was c o n f i r m e d by__ 
c onductometrie t i t r a t i o n s w hich gave a v a l u e of 0.38 yC cm 2 

e q u i v a l e n t t o one charged group per 42 nm 2. The c . c . c . v a l u e s 
o b t a i n e d w i t h PTFE l a t i c e s u s i n g s e v e r a l e l e c t r o l y t e s (19) a r e 
g i v e n i n _ T a b l e l , _ w h e r e i n i t can a l s o be seen t h a t a d d i t i o n of 
2.5 x 10 2 mol dm 3 ammonium p e r f l u o r o - o c t a n o a t e t o the l a t e x 
i n c r e a s e d i t s s t a b i l i t y t o the a d d i t i o n o f sodium c h l o r i d e and 
aluminium n i t r a t e . The p e r f l u o r o - o c t a n o a t e i o n s are adsorbed onto 
the s u r f a c e of the PTFE p a r t i c l e s v i a the p e r f l u o r o c a r b o n c h a i n s 
thus i n c r e a s i n g the s u r f a c e charge d e n s i t y , and hence the s u r f a c e 
p o t e n t i a l , by e x p o s i n g an a r r a y of i o n i s e d c a r b o x y l groups to the 
s o l u t i o n phase. I n the case o f a d d i t i o n o f barium n i t r a t e , 
however, i n s o l u b l e barium p e r f l u o r o - o c t a n o a t e was formed which 
a p p a r e n t l y s t r i p p e d the s u r f a c t a n t from the p a r t i c l e s u r f a c e so 
t h a t c o n s e q u e n t l y no i n c r e a s e i n s t a b i l i s a t i o n was observed 

T a b l e I 

c . c . c . V a l u e s f o r PTFE L a t i c e s a t pH 3.3 
-3 

2.c./mol dm . Late 
3 x 10" 2 mol dm"2 a 
p e r f l u o r o - o c t a n o a t e 

-3 -3 E l e c t r o l y t e c.c.c./mol dm c.c.c./mol dm . L a t e x w i t h 
used D i a l y s e d L a t e x 2.5 x 10" 2 mol dm"2 ammonium 

NaCl 4.7 x 10 2 0.22 
Ba(N0 ) ? 7.4 x 10_f 7.4 x 10~^ 
A l ( N O y 1.6 x 10 4 5.4 x 10" J 

The r e s u l t s o b t a i n e d f o r PTFE l a t i c e s show c l e a r l y t h a t the 
s u r f a c e charge of the l a t e x p a r t i c l e p l a y s an i m p o r t a n t r o l e i n 
d e t e r m i n i n g i t s s t a b i l i t y t o e l e c t r o l y t e a d d i t i o n and a l s o t h a t 
the s t a b i l i t y can be a f f e c t e d by the presence of s u r f a c t a n t . 

One o f the prime reasons f o r s t u d y i n g PTFE systems was t h a t 
the PTFE s u r f a c e has a v e r y low s u r f a c e energy (18.5 mN m*1) and 
a l s o i t has a Hamaker Constant (4.40 x 1 0 " 2 0 J ) c l o s e t o t h a t of 
water (3.72 x 1 0 * 2 0 J ) , which s h o u l d a i d the o v e r a l l s t a b i l i t y 
o f such systems (19). I n p r a c t i c e , however, f o r d i a l y s e d 
systems i t appears t h a t the b e h a v i o u r i s dominated by the v e r y 
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2. OTTEWILL Latex Particle Stabilization 39 

low surface charge density of the p a r t i c l e s and by the possible 
uneven d i s t r i b u t i o n of the charged groups because of the high 
degree of c r y s t a l l i n i t y of the p a r t i c l e s . 

The s t a b i l i t y of a number of polymer l a t i c e s has been 
examined and some typical values are reported i n Table II. The 
trends observed are q u a l i t a t i v e l y i n agreement with the trends 
predicted by the theoretical approach outlined i n this section 
for p a r t i c l e s with smooth surfaces, with a homogeneous d i s t r i b u ­
tion of surface charges (ty everywhere the same) using simple 
electrolytes, i . e . those wfiich do not interact chemically with 
water to form new ionic species. 

Table II 
c.c.c. values for various polymer l a t i c e s 

Latex Counter-ion c.c.c./mmol dm ^ Ref. 
Polystyrene 
(Carboxyl Surface) N a 2 + 

Ba 
La (pH 4.6) 

1.3 
160 

14.3 
0.3 

(20) 
(21) 
(17) 
(20) 

Polystyrene 
(Amidine Surface) 

C l " 
BrJ 
I~ 

150 
90 
43 

(22) 
(22) 
(22) 

Divinyl-styrene Na + 160-560 (23) 

Styrene-butadiene Na* 

Mg 2 + 

Ba 
La (pH 3) 

200 
320 
6 
6 

0.5 

(18) 
(18) 
(18) 
(18) 
(J8) 

Polyvinylchloride N a 2 + Mg 
50-200 
2-10 

(24) 
(24) 

The values l i s t e d i n Table 2 should only be used for 
qualitative guidance since these can be variations of the c.c.c. 
with p a r t i c l e size, type and density of surface groupings, time 
of measurement after adding e l e c t r o l y t e and the presence or 
absence of s t a b i l i s i n g materials such as surfactants. In 
practice i t i s advisable to determine the actual value for a 
part i c u l a r latex system. 

The Effects of Ions which Interact with Water. In the l a s t 
section the premise was made that the counter-ions used for 
coagulation did not interact with water. However, i t i s well-
known that many multivalent ions do react with water to form 
hydrolysed species which can sometimes be polymeric i n nature. 
For example, i n the case of aluminium, the A l 3 + ion exists at pH 
values below ca. pH 3.3 as the hexa-aquo ion, with six water 
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40 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

m o l e c u l e s , i n the o c t a h e d r a l c o - o r d i n a t e p o s i t i o n s . As the pH 
i s s l o w l y i n c r e a s e d r e a c t i o n o c c u r s w i t h water to form a 
sequence of s p e c i e s . The c h e m i s t r y i n v o l v e d i n these r e a c t i o n s 
i s somewhat complex and has not been f u l l y r e s o l v e d but a 
p l a u s i b l e r e a c t i o n scheme can be proposed, f o r the p r e s e n t 
purpose, a s , 

H 2 0 H 2 0 H o 0 

where Al^fOH] n r e p r e s e n t s an i n o r g a n i c polymer s o l u b l e i n water. 
P o l y m e r i c s p e c i e s of t h i s type can adsorb s t r o n g l y onto 
n e g a t i v e l y charged p a r t i c l e s and reduce the e f f e c t i v e s u r f a c e 
charge on the p a r t i c l e t o ze r o * As a n t i c i p a t e d from e q u a t i o n (7) 
t h i s s i t u a t i o n l e a d s immediately t o c o a g u l a t i o n . A t h i g h e r 
c o n c e n t r a t i o n s o f the aluminium s p e c i e s , s u p e r - e q u i v a l e n t 
a d s o r p t i o n can take p l a c e , thus c o n f e r r i n g a p o s i t i v e charge 
on the p a r t i c l e and l e a d i n g t o r e s t a b i l i s a t i o n o f the d i s p e r s i o n 
as one c o n t a i n i n g p o s i t i v e l y charged r a t h e r than the o r i g i n a l 
n e g a t i v e l y charged p a r t i c l e s . I n a d d i t i o n , i t i s a l s o p o s s i b l e 
f o r the p o s i t i v e p o l y m e r i c s p e c i e s t o " b r i d g e " two n e g a t i v e l y 
charged p a r t i c l e s . 

The e x a c t n a t u r e o f the p o l y m e r i c s p e c i e s i n s o l u t i o n s of 
aluminium s a l t s a t the pH c o n d i t i o n s f o r charge r e v e r s a l i s n o t 
known w i t h c e r t a i n t y . I t i s p o s s i b l e t h a t s e v e r a l s p e c i e s 
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2. OTTEWILL Latex Particle Stabilization 41 

c o - e x i s t , depending on t h e i r s t a b i l i t y c o n s t a n t s , and t h a t these 
a l s o change w i t h time w i t h the u l t i m a t e product o f h y d r o l y s i s 
b e i n g aluminium h y d r o x i d e p a r t i c l e s . A number of s p e c i e s have 
been proposed i n the l i t e r a t u r e and M a t i j e v i c , Janauer and ^ + 

K e r k e r (25) have p r o v i d e d evidence f o r the e x i s t e n c e of Alg(0H)2Q 
from c o a g u l a t i o n s t u d i e s . The h i g h e r v a l e n c y of t h i s type of 
s p e c i e s a g a i n reduces the c o n c e n t r a t i o n of i o n s r e q u i r e d t o 
produce c o a g u l a t i o n . The combined e f f e c t s of h i g h v a l e n c y and 
r e d u c t i o n of the s u r f a c e charge to zero makes aluminium s a l t s 
v e r y e f f e c t i v e c o a g u l a n t s i n the pH range of ca. 4 to 5.5 
C o a g u l a t i o n can be ach i e v e d a t v e r y low s a l t c o n c e n t r a t i o n s and 
s i n c e most of the aluminium i s adsorbed by the p a r t i c l e s t h e r e 
i s l i t t l e s a l t l e f t i n the f i l t r a t e a f t e r removal of the c o a g u l a . 
T h i s f a c t o r i s e x p l o i t e d i n the use of aluminium s a l t s f o r the 
treatment of p o t a b l e w a t e r s . 

The b a s i c p a t t e r n of the c o a g u l a t i o n of polymer l a t i c e s w i t h 
aluminium s a l t s has been c l e a r l y demonstrated by the work of 
M a t i j e v i c and h i s c o l l a b o r a t o r s u s i n g s t y r e n e - b u t a d i e n e (26) 
p o l y v i n y l c h l o r i d e (27) and PTFE (28) l a t i c e s . The r e s u l t s 
o b t a i n e d by M a t i j e v i c " a n d Force (26) f o r the c o a g u l a t i o n of 
st y r e n e - b u t a d i e n e l a t i c e s u s i n g aluminium n i t r a t e are shown i n 
F i g u r e 5. From these i t can be seen t h a t up to a pH of ca. 3.4 
the c.c.c. remains c o n s t a n t a t 5 x 10 4 mol dm 3 and then 
decreases between pH 3.4 and 4.8 to re a c h a co n s t a n t v a l u e of 
ca. 2.5 x 10 6 mol dm 3 between pH 4.8 and 6.0. The r e g i o n o f 
r e s t a b i l i z a t i o n as p o s i t i v e l y charged p a r t i c l e s can a l s o be seen 
on t h i s "domain 1 1 p l o t . 

I n the case of PTFE l a t i c e s the behaviour seems to be 
s t r o n g l y dependent on the amount of s t a b i l i s e r p r e s e n t i n the 
system. K r a t o h v i l and M a t i j e v i c (28) found e v i d e n c e f o r b o t h 
charge r e v e r s a l and r e s t a b i l i z a t i o n . On the o t h e r hand, 
O t t e w i l l and Ranee (29) u s i n g w e l l - d i a l y s e d PTFE l a t i c e s o b t a i n e d 
the r e s u l t s shown i n F i g u r e 6. The change i n c . c . c . w i t h pH i s 
c l e a r l y d e f i n e d but the c.c.c. above pH 5 i s a t a f a i r l y h i g h 
c o n c e n t r a t i o n of e l e c t r o l y t e and i n s u f f i c i e n t p o s i t i v e charge i s 
b u i l t up t o s t a b i l i s e the d i s p e r s i o n . I t i s a l s o p o s s i b l e w i t h 
t h i s system t h a t the v e r y hydrophobic p o l y t e t r a f l u o r o e t h y l e n e 
p a r t s of the s u r f a c e do not adsorb the h y d r o l y s e d s p e c i e s and i n 
the w e l l - d i a l y s e d system a d s o r p t i o n can o n l y o c c u r on the sparse 
charged s i t e s . 

Secondary Minimum E f f e c t s . One of the d i s t i n c t i v e f e a t u r e s 
on the p o t e n t i a l energy diagram shown i n F i g u r e 1 i s the second­
a r y minimum. T h i s as shown i n F i g u r e 7 i s a f e a t u r e which 
a l t h o u g h not v e r y pronounced f o r s m a l l diameter p a r t i c l e s becomes 
enhanced as p a r t i c l e s i z e i n c r e a s e s , p a r t i c u l a r l y a t the h i g h e r 
e l e c t r o l y t e c o n c e n t r a t i o n s . As can be seen the secondary minimum 
becomes deeper w i t h i n c r e a s e i n s a l t c o n c e n t r a t i o n and a l t h o u g h 
the magnitude o f the p r i m a r y maximum i s reduced i t i s n e v e r t h e l e s s 
m a i n t a i n e d . The form of the curve i n d i c a t e s the p o s s i b i l i t y t h a t 
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42 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 6. Log (c.c.c.) vs. pH for a PTFE latex using aluminum nitrate as the 
coagulating electrolyte (19) 
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2. OTTEWILL Latex Particle Stabilization 43 

over t h i s range of e l e c t r o l y t e c o n c e n t r a t i o n , once a p a r t i c l e 
e n t e r s a secondary minimum, i t w i l l have a l o n g r e s i d e n c e time 
t h e r e and remain s e p a r a t e d from the second s p h e r i c a l p a r t i c l e by 
d i s t a n c e s o f the o r d e r o f 6 t o 10 nm. However, t h e r e s t i l l 
remains a s u b s t a n t i a l p r i m a r y maximum i n p o t e n t i a l energy t o be 
overcome b e f o r e the p a r t i c l e s can come i n t o c o n t a c t o r e n t e r 
the p r i m a r y minimum. A s s o c i a t i o n i n the l a t t e r s t a t e c l e a r l y 
corresponds t o a c o n d i t i o n where the p a r t i c l e s come i n t o c l o s e 
p h y s i c a l c o n t a c t , p r o v i d i n g the p o s s i b i l i t y w i t h subsequent 
therm a l d i f f u s i o n , t h a t they w i l l f u s e t o g e t h e r . Under these 
c o n d i t i o n s , t h e r e f o r e , one would expect the u n i t s formed t o be 
ha r d , compact and e s s e n t i a l l y n o n r e v e r s i b l e and t h e r e i s com­
p e l l i n g l o g i c t o term t h i s s t a t e COAGULATION. On the o t h e r hand, 
when a s s o c i a t i o n o c c u r s i n a secondary minimum, the p a r t i c l e s 
remain s e p a r a t e d by a l i q u i d f i l m , w h i c h r e n d e r s t h e r m a l 
d i f f u s i o n between the s o l i d p a r t i c l e s u n l i k e l y , and l e a v e s the 
p o s s i b i l i t y t h a t by d e c r e a s i n g the s a l t c o n c e n t r a t i o n t h a t the 
p a r t i c l e s can r e d i s p e r s e . The l o g i c a l term f o r t h i s s t a t e i s 
FLOCCULATION and t h e r e are s t r o n g reasons f o r d i s t i n g u i s h i n g 
between the c o a g u l a t e d and f l o c c u l a t e d s t a t e s when s i m p l e 
e l e c t r o l y t e s a r e used t o produce them. I t i s c l e a r from 
F i g u r e 7 t h a t w i t h c o n t i n u e d a d d i t i o n o f e l e c t r o l y t e , a t r a n s i ­
t i o n from the f l o c c u l a t e d t o the c o a g u l a t e d s t a t e s h o u l d a l s o 
o c c u r . 

The s p h e r i c a l n a t u r e of the p a r t i c l e s and the h i g h degree 
of m o n o d i s p e r s i t y i n p o l y s t y r e n e l a t i c e s makes them i d e a l 
systems f o r t e s t i n g such a h y p o t h e s i s and e x p l o r i n g i t s p r a c t i c a l 
i m p l i c a t i o n s . I n some p r e l i m i n a r y experiments (30) we have 
determined the c . c . c . v a l u e s o f a s e r i e s of l a t i c e s of d i f f e r e n t 
p a r t i c l e s i z e s and then over a range of s a l t c o n c e n t r a t i o n s a t 
and above the c . c . c . examined the e f f e c t on the a s s o c i a t e d s t a t e 
of u s i n g d i a l y s i s t o remove the s a l t . The r e s u l t s o b t a i n e d are 
summarized i n T a b l e I I I . 

These d a t a r e q u i r e e x t e n s i o n but i n a t e n t a t i v e manner the 
c o n c l u s i o n s can be summarized i n F i g u r e 8 where the domains of 
c o a g u l a t i o n and f l o c c u l a t i o n are r e p r e s e n t e d . Moreover, these 
i d e a s have o n l y been a p p l i e d t o sodium c h l o r i d e . With h i g h e r 
v a l e n c y e l e c t r o l y t e s more s p e c i f i c e f f e c t s may oc c u r which c o u l d 
dominate the phenomena. 

On a k i n e t i c b a s i s the presence o f a pronounced secondary 
minimum s h o u l d l e a d t o a steady s t a t e c o n d i t i o n i n which the 
r a t e of p a r t i c l e s e n t e r i n g the secondary minimum t o form 
a s s o c i a t e d u n i t s s h o u l d be ba l a n c e d by t h e i r r a t e o f egress back 
to s i n g l e p a r t i c l e s . D i r e c t e v i d ence f o r t h i s s i t u a t i o n has been 
o b t a i n e d r e c e n t l y u s i n g o p t i c a l microscope o b s e r v a t i o n s on 
p a r t i c l e s of diameter 2 ym ( 3 1 ) . I n a d d i t i o n , by c o u p l i n g the 
microscope w i t h a h i g h speed camera, o b s e r v a t i o n s were made on 
p a r t i c l e s over a p e r i o d of time. T h i s gave v a l u e s f o r the 
l i f e - t i m e of d o u b l e t s i n the a s s o c i a t e d s t a t e and a l s o r e v e a l e d 
the f a c t t h a t the p a r t i c l e s i n an a s s o c i a t e d u n i t c o u l d be q u i t e 
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Figure 7. Potential energy vs. distance curves at different electrolyte concentra­
tions for a latex with a particle diameter of 3.24 /xm, a surface potential of 26 mV, 
and a Hamaker Constant A = 8 X 10~21 J (( ) 0.05; (- • -) 0.16; (-'•-) 

0.16; (• • -)0.30;( ) 0.40 mol dm3). 
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Figure 8. Diagram illustrating the domains of stability, coagulation, and floccula-
tion. Data obtained using sodium chloride as the electrolyte, and polystyrene latices 

of various sizes. 
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2. OTTEWILL Latex Particle Stabilization AS 

Table I I I 
R e v e r s i b i l i t y of Aggregates Formed on A d d i t i o n of E l e c t r o l y t e 

P a r t i c l e 
Diameter/ym 

0.21 

0.40 

0.58 

1.34 

c.c.c. /mol dm 
v a l u e f o r NaCl 

0.208 

0. 155 

0.150 

0. 108 

E l e c t r o l y t e 
Cone. NaCl 
mol dm 3 

0.208 

0.155 
0.25 
0.40 
0. 150 
0.60 
0.70 

> 1.00 
0. 108 
0.400 
1.500 

Behaviour 
on 

D i a l y s i s 

l a r g e aggregates 
n o n - r e v e r s i b l e 
some r e d i s p e r s i o n 
some r e d i s p e r s i o n 
n o n - r e v e r s i b l e 
some r e d i s p e r s i o n 
some r e d i s p e r s i o n 
some r e d i s p e r s i o n 
n o n - r e v e r s i b l e 
r e d i s p e r s i o n 
r e d i s p e r s i o n 
r e d i s p e r s i o n 

3.24 0.158 0.158 r e d i s p e r s i o n 
0.400 r e d i s p e r s i o n 
1.0 r e d i s p e r s i o n 

m o b i l e . I t was observed t h a t as w e l l as some p a r t i c l e s l e a v i n g 
the aggregated u n i t as s i n g l e p a r t i c l e s and r e t u r n i n g t o the 
d i s p e r s e phase t h e r e was a c o n t i n u e d rearrangement of the 
p a r t i c l e s . T h i s was a l s o observed w i t h f l o c c u l e s a t s a l t 
c o n c e n t r a t i o n s w e l l above the c.c . c . These o b s e r v a t i o n s c l e a r l y 
s upport the c o n t e n t i o n t h a t a s s o c i a t i o n can oc c u r i n a secondary 
minimum and t h a t i n t h i s s i t u a t i o n a l i q u i d f i l m i s m a i n t a i n e d 
between the p a r t i c l e s . 

The E f f e c t s of Added S u r f a c t a n t s 

I n g e n e r a l , the types of s u r f a c t a n t added t o a l a t e x w i l l be 
e i t h e r a n i o n i c , c a t i o n i c o r a n i o n i c as c l a s s i f i e d by the n a t u r e o f 
the head group (32). I f i t i s assumed t h a t the l a t e x p a r t i c l e 
has a s u r f a c e f r e e of adsorbed m a t e r i a l s and i s n e g a t i v e l y 
charged then the v a r i o u s p o s s i b i l i t i e s of a d s o r p t i o n of the 
s u r f a c t a n t can be envisaged by the schematic diagram g i v e n i n 
F i g u r e 9. The d i s c u s s i o n of the v a r i o u s phenomena observed can 
then be based on these models. 

I o n i c Head Group w i t h a Charge of the Same S i g n as the 
P a r t i c l e . As mentioned i n the p r e v i o u s s e c t i o n i n d i s c u s s i o n of 
the c o a g u l a t i o n of PTFE l a t i c e s the a d d i t i o n of p e r f l u o r o -
o c t a n o a t e i o n s t o the l a t e x i n c r e a s e s i t s s t a b i l i t y to e l e c t r o l y t e 
a d d i t i o n . T h i s i s a consequence of the a d s o r p t i o n of the 
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EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 10. Adsorption isotherms for surfactants on a pjFE latex at 25°C: (-%-) 
ammonium perfluoro-octanoate at pH 6.0 in 10s mol dm'3 ammonium nitrate; 

(-O-) sodium dodecanoate at pH 9.0 in 10 3 mol dm'3 sodium nitrate. 
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2. OTTEWILL Latex Particle Stabilization 41 

s u r f a c t a n t on to the s u r f a c e v i a the p e r f l u o r o c a r b o n c h a i n ( F i g ­
ure 9 ) . An a d s o r p t i o n i s o t h e r m (33) i s g i v e n i n F i g u r e 10 and i t 
can be seen from t h i s t h a t u s i n g ammonium p e r f l u o r o - o c t a n o a t e i n 
the presence of 10 2 mol dm 3 ammonium c h l o r i d e a t pH 6 an adsorp­
t i o n p l a t e a u was reached a t a c o n c e n t r a t i o n of ca.20% o f the 
c r i t i c a l m i c e l l e c o n c e n t r a t i o n of the s u r f a c e a c t i v e agent; on 
the p l a t e a u the a r e a per adsorbed p e r f l u o r o - o c t a n o a t e i o n was 
found t o be 54 X 2 which can be compared w i t h 47 % 2 o b t a i n e d at the 
a i r - w a t e r i n t e r f a c e . Thus the c . c . c . d a t a e s s e n t i a l l y p a r a l l e l 
the e f f e c t s of a d s o r p t i o n . 

However, two i m p o r t a n t p o i n t s s h o u l d be noted. F i r s t l y , t h a t 
when one of the i o n s of an added e l e c t r o l y t e can i n t e r a c t w i t h the 
s u r f a c t a n t t o form an i n s o l u b l e s a l t t h i s r e a c t i o n can remove the 
adsorbed l a y e r from the p a r t i c l e (see Table I ) . Secondly, the 
hydrophobic c h a i n of the s u r f a c t a n t must be com p a t i b l e w i t h the 
p a r t i c l e s u r f a c e . T h i s p o i n t i s i l l u s t r a t e d i n F i g u r e 10 which 
shows the a d s o r p t i o n of dodecanoic a c i d on t o PTFE p a r t i c l e s . The 
a d s o r p t i o n of the C 1 1 H 2 3 hydrocarbon c h a i n t o PTFE i s c l e a r l y much 
l e s s f a v o u r a b l e than the a d s o r p t i o n o f t h e , C 7 F 1 5 , f l u o r o c a r b o n 
c h a i n ; i n f a c t , a C 7 H 1 5 c h a i n , i n the form of o c t a n o i c a c i d 
showed no apparent a d s o r p t i o n on to a PTFE s u r f a c e . Thus, a l t h o u ^ i 
b o t h a c i d s have hydrophobic c h a i n s , t h e r e i s c l e a r l y a remarkable 
d i f f e r e n c e between t h e i r a f f i n i t i e s f o r the s u b s t r a t e . 

On b a s i c a l l y hydrocarbon-hydrophobic s u b s t r a t e s such as p o l y ­
s t y r e n e , i t i s w e l l e s t a b l i s h e d t h a t even on the n e g a t i v e l y 
charged p a r t i c l e s t h e r e i s a d s o r p t i o n of s u r f a c t a n t anions v i a the 
hydrocarbon c h a i n s . 

I o n i c Head Group w i t h a Charge of the Opposite S i g n t o the 
P a r t i c l e . As i l l u s t r a t e d i n a v e r y s i m p l e f a s h i o n i n F i g u r e 9 i n 
the case of a n e g a t i v e l y charged p a r t i c l e the f i r s t stage of 
a d s o r p t i o n of a c a t i o n i c s u r f a c t a n t i s v i a the p o s i t i v e head group 
to n e u t r a l i s e the charge on the p a r t i c l e , whence = 0 and con­
s e q u e n t l y = 0 a l s o . Some d a t a o b t a i n e d f o r the c o a g u l a t i o n o f 
p o l y s t y r e n e l a t i c e s by a s e r i e s of a l k y l trimethy1ammonium 
h a l i d e s are shown i n F i g u r e 11; f o r comparison r e s u l t s are a l s o 
i n c l u d e d f o r a si m p l e 1:1 e l e c t r o l y t e , p o t a s s i u m bromide (34,35). 
I t can be seen from these d a t a t h a t the range of c o n c e n t r a t i o n s 
over which c o a g u l a t i o n o c c u r s i s v e r y narrow and t h a t the c . c . c . 
i s s t r o n g l y dependent on the c h a i n l e n g t h of the hydrocarbon t a i l 
of the s u r f a c t a n t m o l e c u l e . S t u d i e s o f the e l e c t r o p h o r e t i c mob­
i l i t y of the p a r t i c l e s c o n f i r m t h a t a t the c.c.c the p a r t i c l e mob­
i l i t y becomes zero and s t u d i e s of the a d s o r p t i o n suggest t h a t up 
to t h i s p o i n t the a l k y l c h a i n s l i e f l a t on the h y d r o c a r b o n - l i k e 
s u r f a c e of a p o l y s t y r e n e p a r t i c l e ( 3 6). 

Once the n e g a t i v e charges on the p a r t i c l e s u r f a c e have been 
n e u t r a l i s e d f u r t h e r a d s o r p t i o n of the s u r f a c t a n t o c c u r s v i a the 
t a i l on to the hydrophobic p a t c h e s of the s u r f a c e and a l s o by 
a s s o c i a t i o n of the hydrocarbon c h a i n s . D e t a i l e d a d s o r p t i o n 
s t u d i e s have been r e p o r t e d on p o l y s t y r e n e l a t i c e s ( 3 6). The 
a d d i t i o n a l a d s o r p t i o n p r o v i d e s a p o s i t i v e charge t o the p a r t i c l e s 
and r e s t a b i l i z a t i o n o c c u r s . .The s f e r p n a s a of t h i s phenomenon i s 
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48 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

c l e a r l y i l l u s t r a t e d by the e x p e r i m e n t a l d a t a g i v e n i n F i g u r e 11 
and has a l s o been examined t h e o r e t i c a l l y ( 3 7). At much h i g h e r 
a d d i t i o n s of s u r f a c t a n t the e l e c t r o l y t e c o n c e n t r a t i o n i s 
a p p r e c i a b l y i n c r e a s e d and compression of the e l e c t r i c a l double 
l a y e r o c c u r s l e a d i n g to a second c o a g u l a t i o n r e g i o n . Under these 
c o n d i t i o n s w i t h the i o n i c groups of the s u r f a c t a n t exposed to the 
s o l u t i o n phase the p a r t i c l e s a re w e l l - w e t t e d and the c o a g u l a 
u s u a l l y s i n k i f the d e n s i t y of the p a r t i c l e s i s g r e a t e r than t h a t 
of the media. The c o n d i t i o n s of the f i r s t c o a g u l a t i o n r e g i o n , 
however, i . e . zero s u r f a c e p o t e n t i a l w i t h hydrocarbon c h a i n s 
o r i e n t a t e d towards the s o l u t i o n phase l e a d s t o p a r t i c l e s which 
are e a s i l y dewetted and f r e q u e n t l y f l o t a t i o n i s observed (34). 

I n the experiments on p o l y s t y r e n e l a t i c e s u s i n g c a t i o n i c 
s u r f a c e a c t i v e a g e n t s , the c . c . c . s h i f t e d s y s t e m a t i c a l l y w i t h 
hydrocarbon c h a i n l e n g t h i n d i c a t i n g a t y p i c a l Traube's Rule 
e f f e c t . I n the c o a g u l a t i o n of PTFE l a t i c e s by c a t i o n i c hydro­
carbon s u r f a c t a n t s , however, a d i f f e r e n t b e h a v i o u r i s observed 
i n t h a t o n l y v e r y s m a l l d i f f e r e n c e s are observed i n the magnitude 
of the c.c.c. w i t h v a r i a t i o n of c h a i n l e n g t h (38). T h i s e f f e c t 
i s i l l u s t r a t e d by the d a t a g i v e n i n Table IV. A g a i n , i t appears 
to demonstrate the l a c k of a f f i n i t y of hydrocarbon c h a i n s f o r 
f l u o r o c a r b o n s u r f a c e s and suggests t h a t i n t h i s case the c h a i n s do 
not l i e on the PTFE s u r f a c e . 

Table IV 
C o a g u l a t i o n of P o l y s t y r e n e and PTFE L a t i c e s 

by C a t i o n i c S u r f a c t a n t 
-3 -3 S u r f a c t a n t c.c.c./mol dm c.c.c./mol dm 

P o l y s t y r e n e L a t e x PTFE L a t e x 

C g H 1 7 N Me 3.Br 1.59 x 10~ 4 4.5 x 10~ 5 

C 1 0 H 2 1 ^ Me 3.Br 1.99 x 10" 5 3.1 x 10~ 5 

C 1 2 H 2 5 ^ M e
3 ' B ^ 2 - 9 3 x 10" 6 2.9 x 10" 5 

N o n i o n i c S u r f a c t a n t s . I t has been shown t h a t n o n i o n i c 
s u r f a c t a n t s such as d o d e c y l hexaoxyethylene g l y c o l monoether, 
C i 2 H 2 5 ( C H 2 C H 2 0 ) 6 0 H ( C i 2 E 6 ) can adsorb onto p o l y s t y r e n e l a t e x 
p a r t i c l e s , below the K r a f f t p o i n t , t o g i v e a monolayer on the 
s u r f a c e i n which the a l k y l c h a i n s are adsorbed on to the s u r f a c e 
and the e t h y l e n e o x i d e groups extend i n t o the s o l u t i o n phase (20). 
The l a t t e r a re e x t e n s i v e l y h y d r a t e d and u l t r a c e n t r i f u g a t i o n 
s t u d i e s have i n d i c a t e d t h a t the amount of water c o n t a i n e d i n the 
volume between the s u r f a c e and t h a t bounded by the s p h e r i c a l 
s u r f a c e a t a d i s t a n c e , 6, from the p a r t i c l e s u r f a c e ( F i g u r e 9) 
c o u l d be as h i g h as 70%. 

The e f f e c t o f the e x t e n s i v e l y h y d r a t e d l a y e r i s 
t h a t i t forms a s t e r i c b a r r i e r which p r e v e n t s the p a r t i c l e s 
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2. OTTEWILL Latex Particle Stabilization 49 

e n t e r i n g i n t o a pri m a r y minimum, s i n c e i t r i s e s v e r y s t e e p l y as 
soon as the d i s t a n c e of s e p a r a t i o n of the n a t i v e p a r t i c l e 
s u r f a c e s i s of the o r d e r of 26. The e f f e c t i s i l l u s t r a t e d 
q u a l i t a t i v e l y i n F i g u r e 12; d e t a i l s of i t s t h e o r e t i c a l treatment 
can be found elsewhere (20,39). The o v e r a l l s t a b i l i s a t i o n which 
g e n e r a l l y ensues from t h i s type of adsorbed l a y e r i s termed 
s t e r i c s t a b i l i s a t i o n (40). 

The c.c.c. v a l u e s f o r p o l y s t y r e n e l a t i c e s a t v a r i o u s e x t e n t s 
of s u r f a c e coverage by C 1 2 E 6 have been s t u d i e d i n some d e t a i l 
(41) and some dat a from these s t u d i e s are shown i n F i g u r e 13. 
From t h i s f i g u r e i t can be seen t h a t as the s u r f a c e coverage 
i n c r e a s e s so the amount of lanthanum n i t r a t e r e q u i r e d t o produce 
c o a g u l a t i o n i n c r e a s e s u n t i l once a monolayer has been formed 
c o a g u l a t i o n c o u l d not be produced even w i t h 0.3 mol dm 3 

lanthanum n i t r a t e u s i n g a 600 X diameter p a r t i c l e . However, the 
p r o t e c t i v e a c t i o n was p a r t i c l e s i z e dependent and C 1 2 E 6 was 
l e s s e f f e c t i v e w i t h a p a r t i c l e of diameter 0.37 ym. 

I t s h o u l d be no t e d , however, i n connexion w i t h the use of 
n o n i o n i c s u r f a c t a n t s t h a t f l o c c u l a t i o n i s u s u a l l y observed a t a 
temperature j u s t below t h a t of the Cloud p o i n t o f the s u r f a c t ­
a n t . The ex a c t temperature a t which t h i s o c c u r s , however, can 
depend on the type of s a l t used and the presence of o t h e r 
s u r f a c t a n t s . 

An i n t e r e s t i n g f e a t u r e o c c u r s i n the use o f n o n i o n i c 
s u r f a c t a n t s w i t h PTFE l a t i c e s . Experiments i n d i c a t e t h a t PTFE 
p a r t i c l e s adsorb e t h y l e n e o x i d e type s u r f a c t a n t s (42). S i n c e 
as i n d i c a t e d e a r l i e r hydrocarbon c h a i n s are r e l u c t a n t t o adsorb 
on p o l y t e t r a f l u o r o e t h y l e n e s u r f a c e s the c i r c u m s t a n t i a l evidence 
i s s t r o n g t h a t the i n i t i a l a d s o r p t i o n o c c u r s v i a i n t e r a c t i o n o f 
the e t h y l e n e o x i d e group w i t h the i o n i c groups on the PTFE l a t e x 
p a r t i c l e s . Indeed e x p e r i m e n t a l l y a s m a l l drop i s noted i n the 
c.c.c. v a l u e a t low c o n c e n t r a t i o n s of C 1 2 E 6 which sup p o r t s t h i s 
i d e a . Subsequent a d s o r p t i o n of the n o n i o n i c s u r f a c t a n t can then 
n u c l e a t e around the hydrocarbon c h a i n of the head-group "down" 
mo l e c u l e s t o g i v e e v e n t u a l l y monolayer coverage and enhanced 
s t a b i l i t y . 

H e t e r o c o a g u l a t i o n 

I n the p r e v i o u s s e c t i o n the s t r o n g a f f i n i t y of c a t i o n i c 
s u r f a c t a n t s f o r n e g a t i v e l y charged p o l y s t y r e n e l a t i c e s was noted. 
T h i s concept of a s i n g l e p o s i t i v e i o n i n t e r a c t i n g w i t h a n e g a t i v e 
charge on a s u r f a c e can be extended t o the i n t e r a c t i o n between 
a p o s i t i v e l y charged p a r t i c l e and a n e g a t i v e l y charged p a r t i c l e . 
Moreover, the p a r t i c l e s of d i f f e r e n t charges can have the same 
che m i c a l c o m p o s i t i o n or be composed of d i f f e r e n t m a t e r i a l s . 
Thus m i x i n g of l a t i c e s c o n t a i n i n g p a r t i c l e s o f opposing charge 
can l e a d t o c o a g u l a t i o n and t h i s phenomena i s u s u a l l y termed 
HETEROCOAGULATION. 
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50 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 11. Influence of cationic surfactants on the stability of polystyrene latices 
in comparison with potassium bromide Alky I trimethyl ammonium bromides 

of various chain lengths: (A) Ch; f | ) C8; O do; (*) C12; (O) C16. 

Figure 12. Diagram illustrating the form of the potential energy curve for two 
particles with adsorbed layers interacting in the absence of electrostatic repulsion: 
(- • -) steric interaction only; (• • •) van der Waals interaction only; ( ) steric 

plus van der Waals interaction. 
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2. OTTEWILL Latex Particle Stabilization 51 

An i l l u s t r a t i o n of the e f f e c t i s shown i n F i g u r e 14 where 
the change i n s t a b i l i t y of a p o l y s t y r e n e l a t e x w i t h a diameter 
of 52.7 nm i s shown as a f u n c t i o n o f the r a t i o N - / ( N + + N_) 
where N_ = the number of n e g a t i v e l y charged p a r t i c l e s per u n i t 
volume and N + = the number of p o s i t i v e l y charged p a r t i c l e s p er 
u n i t volume. As can be seen, the system becomes c o m p l e t e l y 
u n s t a b l e when t h i s r a t i o reaches c a . 0.25. 

When the p a r t i c l e s are of d i f f e r e n t s i z e s complete coverage 
of the b i g g e r p a r t i c l e s by the s m a l l e r can o c c u r ( 4 4 ) . T h i s 
i s demonstrated by the s c a n n i n g e l e c t r o n m i c r o g r a p h shown i n 
F i g u r e 15. 

Sur f a c e C o a g u l a t i o n 

There are a number of cases w i t h polymer c o l l o i d systems 
where the c o a g u l a t i o n p r o c e s s can occur a t the l i q u i d - a i r i n t e r ­
f a c e under c o n d i t i o n s of e l e c t r o l y t e c o n c e n t r a t i o n which are f a r 
removed from those r e q u i r e d t o produce c o a g u l a t i o n i n the b u l k 
s o l u t i o n . The mechanism appears to be connected w i t h d e w e t t i n g 
of the p a r t i c l e a t the w a t e r - a i r i n t e r f a c e e i t h e r as a consequ­
ence o f d e s o r p t i o n of s t a b i l i s i n g s u r f a c t a n t o r the f a c t t h a t the 
p a r t i c l e s u r f a c e i s not homogeneous. PTFE l a t i c e s are 
p a r t i c u l a r l y prone t o s u r f a c e c o a g u l a t i o n and t h i s may be p a r t l y 
due t o t h e i r n o n - s p h e r i c a l shape. The l a t t e r i s a consequence of 
c r y s t a l l i n i t y and because of the polymer c h a i n f o l d i n g which 
o c c u r s may mean t h a t the i o n i c s u r f a c e groups a t the chain-ends 
are c o n c e n t r a t e d on some s u r f a c e s , w h i l s t the o t h e r s u r f a c e s are 
d e v o i d o f s t a b i l i s i n g e n t i t i e s . C onsequently, the l a t t e r have 
a h i g h c o n t a c t a n g l e a g a i n s t water. One method of p r e v e n t i n g 
s u r f a c e c o a g u l a t i o n i s t o s t o r e the l a t e x i n c o n t a i n e r s w i t h o u t 
a w a t e r - a i r i n t e r f a c e . T h i s s u b j e c t has been d e a l t w i t h i n some 
depth by H e l l e r and h i s c o l l a b o r a t o r s (45). 

The E f f e c t s of Adsorbed Macromolecules 

Space p r o h i b i t s a d e t a i l e d d i s c u s s i o n o f t h i s t o p i c but a 
few g e n e r a l p o i n t s can be made f o l l o w i n g the comments made i n 
the p r e v i o u s s e c t i o n . I n d e a l i n g w i t h " h a i r y " p a r t i c l e s of the 
type shown i n F i g u r e 2 where p o l y e l e c t r o l y t e m o l e c u l e s are 
c h e m i c a l l y l i n k e d t o the s u r f a c e , a d s o r p t i o n can a l s o occur by 
s e v e r a l mechanisms i n c l u d i n g , i o n i c bonding - p a r t i c u l a r l y v i a 
charges of o p p o s i t e s i g n , by hydrogen bonding, by c o u p l i n g 
w i t h m u l t i v a l e n t i n o r g a n i c i o n s o r by hydrophobic bonding of the 
h ydrophobic r e g i o n s of the macromolecule t o the s u r f a c e . 

The n e t r e s u l t i s shown s c h e m a t i c a l l y i n F i g u r e 16. I n s t e a d 
of the a r r a y of s u r f a c e charges l e a d i n g t o a w e l l d e f i n e d s u r f a c e 
charge d e n s i t y and s u r f a c e p o t e n t i a l t h e r e i s now a d i s t r i b u t i o n 
of charges i n space which c o n t r i b u t e t o the e l e c t r i c a l double 
l a y e r s u r r o u n d i n g the p a r t i c l e . At low e l e c t r o l y t e c o n c e n t r a t i o n s 
the l a t t e r w i l l e xtend i n t o the space beyond the p o l y e l e c t r o l y t e 
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52 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 13. (a) Diagram showing the co­
agulation and stability regions for a poly­
styrene latex (particle diameter = 60 nm) 
in the presence of lanthanum nitrate and 
C12E6. (b) Adsorption isotherm for C12E6 

on the surface of polystyrene latex par­
ticles. 

10 20 30 40 50 

EOUILB. CONCENTRATION C 1 2E 6/,,mol dm"3 

N+ + N_ 

Figure 14. Changes in stability of an anionic polystyrene latex (particle diameter 
= 52.7 nm) admixed with a cat ionic latex (particle diameter = 43.4 nm). N+ and 
N. = the number concentration of the cationic and anionic latices, respectively; 
(-A-) 10~3 mol dm 3 sodium chloride solution; (-O-) 2 X 10'3 mol dm'3 sodium 

chloride solution. 
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2. O T T E W I L L Latex Particle Stabilization 53 

Figure 15. Scanning electron micro­
graph illustrating the heterocoagulation 
of cationic latex particles (diameter = 
0.43 jjjn) onto a negatively charged latex 

particle (diameter = 2.14 }jjn) 

Figure 16. Schematic of a latex particle 
with an adsorbed layer of polyelectrolyte: 

/ (- - -) the extension in space of the ad­
sorbed layer and ( ) the extension in 

space of the electrical double layer 
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54 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

l a y e r so t h a t the V term w i l l be s i g n i f i c a n t . However, w i t h 
i n c r e a s e i n e l e c t r o l y t e c o n c e n t r a t i o n and compression of the 
e l e c t r i c a l double l a y e r , the V term can become s m a l l or z e r o . 

K . 
However, under these c o n d i t i o n s the p a r t i c l e w i l l s t i l l be coated 
w i t h an e x t e n s i v e l y h y d r a t e d l a y e r of p o l y m e r i c m o l e c u l e s which 
p r o v i d e a s t e r i c s t a b i l i z i n g b a r r i e r . Hence, t h i s type of 
system p r o v i d e s a t w o - t i e r mechanism of s t a b i l i z a t i o n a g a i n s t 
e l e c t r o l y t e a d d i t i o n s and the c l a s s i c a l p r o t e c t i v e agents f o r 
c o l l o i d a l p a r t i c l e s such as g e l a t i n , gum a r a b l e e t c . , almost 
c e r t a i n l y a c t i n t h i s way. At the p r e s e n t m eeting, the papers 
by B a s s e t t (46) and by Korner (47) c o n s i d e r polymer c o l l o i d s of 
t h i s t y p e . 

F l o e S t r u c t u r e 

I n the p r e v i o u s s e c t i o n s we have c o n s i d e r e d v a r i o u s ways of 
a c h i e v i n g the c o l l o i d s t a b i l i t y of polymer l a t i c e s and a l s o of 
o b t a i n i n g i n s t a b i l i t y , i . e . e i t h e r c o a g u l a t i o n o r f l o c c u l a t i o n . 
I n g e n e r a l , i n the academic l i t e r a t u r e on C o l l o i d S c i e n c e , the 
l a t t e r s t a t e s are regarded as an end-product and the main 
emphasis i n r e s e a r c h has been d i r e c t e d towards u n d e r s t a n d i n g the 
f a c t o r s which c o n t r o l s t a b i l i t y . However, i n the t e c h n o l o g i c a l 
a p p l i c a t i o n of l a t i c e s , i t i s o f t e n m a t e r i a l i n the f l o c c u l a t e d 
s t a t e which i s u t i l i s e d i n o r d e r to o b t a i n the d e s i r e d f l o w 
p r o p e r t i e s . I n f a c t , i n o r d e r t o f o c u s a t t e n t i o n on the 
q u e s t i o n o f f l o e s t r u c t u r e and pursue t h i s t o p i c f u r t h e r , we must 
ask a s e r i e s of q u e s t i o n s : -
a) why does a g g r e g a t i o n o c c u r ? 
b) how does the a g g r e g a t i o n p r o c e s s proceed? 
c) i s the aggregated s t a t e r e v e r s i b l e o r n o n - r e v e r s i b l e ? 
d) what ar e the f o r c e s a c t i n g between the p a r t i c l e s i n an 

aggregate? 
e) what type of aggregate w i l l be produced? 
f ) what i s the arrangement of p a r t i c l e s i n an aggregate? 
g) what i s the magnitude o f the bonding f o r c e s i n a f l o e ? 
h) what i s the m e c h a n i c a l s t r e n g t h o f the f l o e ? 
i ) what i s the f r e e volume i n the f l o e ? 
j ) how do the r h e o l o g i c a l p r o p e r t i e s of a f l o c c u l a t e d system 

depend on f l o e s t r u c t u r e ? 
I n a schematic manner, some of these p o i n t s can be 

i l l u s t r a t e d by the diagram g i v e n i n F i g u r e 17 where I have 
d e p i c t e d the consequences of adding an a d d i t i v e , X, t o a s t a b l e 
l a t e x . To some e x t e n t the q u e s t i o n a, b, c and d have been 
d i s c u s s e d i n the p r e v i o u s s e c t i o n s . F o r example, i f X i s a 
s i m p l e s a l t w i t h p a r t i c l e s of s i z e ca.0.3ym or l e s s , i r r e v e r s i b l e 
compact c o a g u l a are o b t a i n e d (30) whereas, w i t h l a r g e r p a r t i c l e s , 
c h a i n s appear t o dominate (3 1 ) . W i t h X = a c a t i o n i c s u r f a c e 
a c t i v e agent o r a h y d r o l y s e d aluminium i o n , l a r g e compact clumps 
are formed ( 3 4 ) . I f X i s a n o n i o n i c p o l y m e r i c m o l e c u l e , then 
f r e q u e n t l y l o o s e open s t r u c t u r e s are o b t a i n e d i n which the 
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OTTEWILL Latex Particle Stabilization 

o 

O ' \ / \ 
• sO o 

DISPERSED PARTICLES 
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99 SB Compact 
Clumps 

Large Compact 
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°>>f 

Loose Open 
S t r u c t u r e s 

AGGREGATES 

Figure 17. Effect of an additive X on the stability of a latex and the type of aggre­
gates formed according to the nature of X 
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56 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

e l e c t r o s t a t i c r e p u l s i v e f o r c e s between the p a r t i c l e s s t i l l e x i s t 
to keep them a p a r t but the p o l y m e r i c m o l e c u l e s l i n k the 
i n d i v i d u a l p a r t i c l e s to form a t h r e e - d i m e n s i o n a l network. Such a 
system can c o n s e q u e n t l y have a l a r g e volume. A p r e r e q u i s i t e f o r 
such network f o r m a t i o n i s t h a t the l e n g t h o f the polymer m o l e c u l e , 
i n i t s randomly c o i l e d s o l u t i o n form, i s s u f f i c i e n t t o " b r i d g e " 
the p o t e n t i a l energy b a r r i e r between two i n d i v i d u a l p a r t i c l e s . 
Thus the r a t i o of the s i z e of the p a r t i c l e t o the r o o t mean 
square end to end d i s t a n c e of the polymer i s an i m p o r t a n t f a c t o r . 
With s m a l l p a r t i c l e s , diameter ca.50 nm, b r i d g i n g occurs e a s i l y and 
s i n c e they are s m a l l , or s i m i l a r i n d i m e n s i o n s , to the polymers 
f l o c c u l a t i o n o c c u r s e a s i l y ; moreover, the number c o n c e n t r a t i o n 
of p a r t i c l e s i s h i g h and hence a l a r g e number of b r i d g e s are 
formed. With l a r g e p a r t i c l e s , diameter > 1 ym, the polymer 
molecule i s much s m a l l e r than the p a r t i c l e and hence i t forms an 
adsorbed l a y e r which o f t e n c o n f e r s a degree of s t e r i c s t a b i l i t y 
(48). 

Examples o f t h i s type of b e h a v i o u r have been observed i n a 
r h e o l o g i c a l study of p o l y s t y r e n e l a t i c e s i n the presence of 
e t h y l hydroxy e t h y l c e l l u l o s e (48,49). The e f f e c t of p a r t i c l e 
s i z e i s i l l u s t r a t e d i n F i g u r e 18a and 18b. With the s m a l l e r p a r t ­
i c l e s the v i s c o s i t y r i s e s v e r y r a p i d l y a t q u i t e low volume 
f r a c t i o n s and w i t h the l a r g e r p a r t i c l e l a t e x (diameter - 224 nm) 
a slower r i s e i s observed. Systems of t h i s type a l s o show a 
pronounced dependence of t h e i r r h e o l o g i c a l p r o p e r t i e s on the 
s h e a r i n g s t r e s s s i n c e as t h i s i s i n c r e a s e d " b r i d g e s " i n the 
network are d e s t r o y e d and the l a t e x f l o w s as a Newtonian system. 
S i n c e the breakdown of the " b r i d g e s " and t h e i r r e f o r m a t i o n on 
removal of the s h e a r i n g s t r e s s i s a k i n e t i c p r o c e s s , the 
r h e o l o g y of such systems o f t e n shows a d i s t i n c t i v e time 
dependence, i . e . t h i x o t r o p y . An example of t h i s type of 
phenomena i s g i v e n i n F i g u r e 19, where b o t h the s h e a r i n g s t r e s s 
a g a i n s t r a t e of shear b e h a v i o u r e x t r a p o l a t e d t o z e r o time i s 
g i v e n t o g e t h e r w i t h the s t e a d y s t a t e curve (e.g. i n f i n i t e t i m e ) . 

C o n c l u s i o n 

I n t h i s p r e s e n t a t i o n I have g i v e n a b r i e f r e v i e w of the 
f a c t o r s c o n t r o l l i n g the s t a b i l i t y and i n s t a b i l i t y of polymer 
l a t i c e s . There i s l i t t l e doubt t h a t as a consequence of the 
ready a v a i l a b i l i t y of d i s p e r s i o n s of s p h e r i c a l , monodisperse 
p a r t i c l e s , polymer l a t i c e s , our knowledge of the b e h a v i o u r of 
c o l l o i d a l d i s p e r s i o n s has p r o g r e s s e d r a p i d l y over the p a s t 
f i f t e e n y e a r s . However, many phenomena remain to be 
i n v e s t i g a t e d i n q u a n t i t a t i v e d e t a i l and we must remember t h a t the 
s m a l l energy changes i n v o l v e d i n these systems, by comparison 
w i t h m o l e c u l a r r e a c t i o n s , make many of the phenomena v e r y s u b t l e . 
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OTTEWILL Latex Particle Stabilization 

VOLUME FRACTION 

Figure 18. Viscosity vs. volume fraction for polystyrene latices in the presence of 
an adsorbed layer of ethyl hydroxy ethyl cellulose (full coverage): (-O-) particle 
diameter = 58 nm; (-A-) particle diameter = 224 nm. Measurements made at 

pH 9 in 10~3 mol dm 3 sodium chloride solution at 25°C. 

200 400 600 800 
RATE OF SHEAR / S " 1 

Figure 19. Shearing stress vs. rate of shear for a 1.95% solution of ethyl hydroxy 
ethyl cellulose in 10~3 mol dm3 sodium chloride at pH 9 and 25°C: (-A-) zero 
time data increasing rate of shear; (-O-) infinite time data decreasing rate of shear. 
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3 
Well-Characterized Monodisperse Polystrene 
Latexes as Model Colloids 

J. W. VANDERHOFF 
Emulsion Polymers Institute and Department of Chemistry, Lehigh University, 
Bethlehem, PA 18015 

An ideal model colloid should comprise monodisperse spheri­
cal particles stabilized with a known number of chemically bound 
surface groups. Monodisperse polystyrene latexes (1) are a good 
starting point for the preparation of such an ideal model colloid. 
Their particle size can be varied systematically over a wide 
range, and their bound surface groups are the endgroups of the 
polymer molecules, so that variation of polymer molecular weight 
and latex particle size can give different surface charge densi­
ties. Moreover, the preparation of these latexes using persulfate 
initiator gives sulfate endgroups, which can be hydrolyzed to 
hydroxyl groups, which, in turn, can be oxidized to carboxyl 
groups, to give particles stabilized with the same number of three 
different surface groups. The purpose of this paper is to de­
scribe the preparation and characterization of such model col­
loids, starting with the emulsion polymerization of styrene using 
persulfate initiator. 

The preparation of a latex by emulsion polymerization com­
prises two stages: (i) particle nucleation; (ii) particle growth. 
For the latex to be monodisperse, the particle nucleation stage 
must be short relative to the particle growth stage. Despite many 
investigations, there is disagreement as to the locus of particle 
nucleation: (i) monomer-swollen emulsifier micelles; (ii) ad­
sorbed emulsifier layer; (iii) aqueous phase; (iv) monomer drop­
lets. Whatever the locus of particle nucleation, the decomposi­
tion of persulfate is considered to produce sulfate ion-radicals 
in the aqueous phase. These ion-radicals are repelled by the 
negatively charged surface of a monomer-swollen emulsifier mi­
celle, polymer particle or monomer droplet and therefore remain 
in the aqueous phase and add hydrophobic monomer units to form an 
oligomeric radical. When this oligomeric radical attains a criti­
cal chain length, it becomes surface-active and adsorbs on the 
surface of a micelle, polymer particle, or monomer droplet. If it 
cannot adsorb on a suitable surface, it continues to grow until it 
exceeds its solubility in water and therefore precipitates to nu­
cleate a latex particle. Initiation in micelles is significant 
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62 EMULSION POLYMERS AND EMULSION POLYMERIZATION 
o n l y i n the b e g i n n i n g of the p o l y m e r i z a t i o n , and the monomer drop­
l e t s u s u a l l y a r e not a s i g n i f i c a n t l o c u s of p a r t i c l e n u c l e a t i o n . 
T h e r e f o r e , once the p a r t i c l e n u c l e a t i o n stage i s completed, the 
monomer-swollen polymer p a r t i c l e s a r e the p r i n c i p a l l o c u s o f p o l y ­
m e r i z a t i o n . The a d s o r p t i o n of an o l i g o m e r i c s u l f a t e r a d i c a l to 
i n i t i a t e a p o l y m e r i c r a d i c a l and the t e r m i n a t i o n of t h i s p o l y m e r i c 
r a d i c a l by a d s o r p t i o n of another o l i g o m e r i c s u l f a t e r a d i c a l s h o u l d 
g i v e two s u r f a c e s u l f a t e groups f o r each polymer m o l e c u l e formed 
assuming t h a t no t r a n s f e r r e a c t i o n s o c c u r to i n t r o d u c e a d i f f e r ­
ent endgroup, t h a t t e r m i n a t i o n i n s i d e the p a r t i c l e o c c u r s by com­
b i n a t i o n r a t h e r than by d i s p r o p o r t i o n a t i o n , and t h a t none o f the 
s u l f a t e endgroups become b u r i e d i n s i d e the p a r t i c l e . 

P o l y s t y r e n e l a t e x e s have been prepared u s i n g p e r s u l f a t e 
i n i t i a t o r f o r many y e a r s , but o n l y r e c e n t l y have methods been 
developed to determine the number and l o c i of the s u l f a t e s u r f a c e 
groups. To determine these s u r f a c e groups, the l a t e x i s c l e a n e d 
to remove the adsorbed e m u l s i f i e r and s o l u t e e l e c t r o l y t e , then 
the s u r f a c e s u l f a t e groups i n the H + form a r e t i t r a t e d conducto-
m e t r i c a l l y w i t h base. The l a t e x e s can be c l e a n e d e f f e c t i v e l y by 
i o n exchange (2-5) or serum replacement ( 6 ) ; d i a l y s i s i s not 
e f f e c t i v e i n removing the adsorbed e m u l s i f i e r and s o l u t e e l e c t r o ­
l y t e ( 3 , 5 , 6 ) . + 

I n i o n exchange, the aqueous phase i o n s a r e r e p l a c e d w i t h H 
and 0H~ i o n s . I f the aqueous phase i o n s a r e i n e q u i l i b r i u m w i t h 
the adsorbed i o n s , t h e i r removal from the aqueous phase causes 
d e s o r p t i o n o f the adsorbed i o n s to m a i n t a i n the e q u i l i b r i u m u n t i l 
a l l o f the adsorbed i o n s have been removed. I n p r a c t i c e , t h i s 
removal i s q u a n t i t a t i v e ( 2 - 5 ) . Ion exchange i s r a p i d and e a s i l y 
c a r r i e d o u t ; however, commercial i o n exchange r e s i n s c o n t a i n 
l e a c h a b l e p o l y e l e c t r o l y t e s which adsorb on l a t e x p a r t i c l e s u r ­
f a c e s ; these p o l y e l e c t r o l y t e s can be removed o n l y by an arduous 
p u r i f i c a t i o n process ( 2 - 5 ) . 

I n serum replacement ( 6 ) , the l a t e x i s c o n f i n e d i n a c e l l 
w i t h a semi-permeable membrane, e.g., Nuclepore f i l t r a t i o n mem­
brane, and water i s pumped through the l a t e x to l i t e r a l l y r e p l a c e 
the serum. The removal o f adsorbed i o n s i s q u a n t i t a t i v e p r o v i d e d 
the a d s o r p t i o n - d e s o r p t i o n e q u i l i b r i u m i s m a i n t a i n e d . The N a + 

and K + i o n s a r e r e p l a c e d by i o n s by pumping d i l u t e h y d r o c h l o r i c 
a c i d through the l a t e x f o l l o w e d by water to remove the excess 
a c i d . Serum replacement takes l o n g e r than i o n exchange, but 
a v o i d s the arduous r e s i n p u r i f i c a t i o n s t e p ; moreover, the serum 
i s r e c o v e r e d q u a n t i t a t i v e l y i n a form s u i t a b l e f o r a n a l y s i s . 

I n d i a l y s i s , the l a t e x i s c o n f i n e d w i t h a semi-permeable 
membrane (e. g . , i n a d i a l y s i s b ag), and the aqueous phase i o n s 
are removed by d i f f u s i o n a c r o s s t h i s semi-permeable membrane. 
The r a t e of t h i s d i f f u s i o n can be i n c r e a s e d by changing the water 
o u t s i d e the bag more o f t e n o r by u s i n g d i a l y s i s membranes of 
g r e a t e r s u r f a c e area ( e . g . , h o l l o w f i b e r d i a l y s i s ) . I n p r i n c i p l e , 
the adsorbed i o n s s h o u l d be removed q u a n t i t a t i v e l y p r o v i d e d the 
a d s o r p t i o n - d e s o r p t i o n e q u i l i b r i u m i s m a i n t a i n e d . I n p r a c t i c e , 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 63 

however, the removal o f adsorbed i o n s as w e l l as the replacement 
of N a + and K~*~ i o n s by Y& i o n s i s i n c o m p l e t e ( 2 , 3 , 6 ) . The d i a l y ­
s i s membrane must be c o n s i d e r e d a t h i r d phase i n t h i s p r o c e s s ; 
moreover, the r a t e of d i a l y s i s decreases d r a s t i c a l l y w i t h de­
c r e a s i n g c o n c e n t r a t i o n g r a d i e n t a c r o s s the membrane ( 7 ) . 

The c l e a n e d l a t e x i n the H + form i s t i t r a t e d c o n d u c t o m e t r i -
c a l l y o r p o t e n t i o m e t r i c a l l y w i t h base to determine the s u r f a c e 
charge ( 2 , 5 , 8 ) . Conductometric t i t r a t i o n i s the more s e n s i t i v e 
method when the o v e r a l l conductance i s v e r y low as i n a sample 
c l e a n e d by i o n exchange o r serum replacement; p o t e n t i o m e t r i c 
t i t r a t i o n i s the more s e n s i t i v e when the conductance i s r e l a t i v e ­
l y h i g h . F i g u r e 1 shows a t y p i c a l c o n d u c t o m e t r i c t i t r a t i o n c u r ve 
( 8 ) . The s o l i d l i n e shows the e x p e r i m e n t a l curve and the dashed 
l i n e the t h e o r e t i c a l c u r v e . The t h e o r e t i c a l curve l i e s s l i g h t l y 
above the e x p e r i m e n t a l c u r v e ; moreover, the s l o p e of i t s decend-
i n g l e g i s much g r e a t e r . The d i f f e r e n c e i n the descending s l o p e s 
r e s u l t s from the d i s t r i b u t i o n of the H + c o u n t e r i o n s i n the double 
l a y e r ; some a r e h e l d c l o s e to the p a r t i c l e s u r f a c e and t h e r e f o r e 
do not c o n t r i b u t e much to the o v e r a l l conductance. The lower the 
e l e c t r o l y t e c o n c e n t r a t i o n and thus the g r e a t e r the expansion o f 
the e l e c t r i c double l a y e r , the s m a l l e r the s l o p e o f the descend­
i n g l e g . The h i g h e r p o s i t i o n o f the t h e o r e t i c a l c u rve r e s u l t s 
because the c o n d u c t o m e t r i c t i t r a t i o n i n v o l v e s i o n exchange as 
w e l l as n e u t r a l i z a t i o n , which decreases the o v e r a l l conductance. 

C h a r a c t e r i z a t i o n by Ion Exchange and Conductometric T i t r a t i o n 

E a r l i e r work (2,3,5,9) d e s c r i b e d the c h a r a c t e r i z a t i o n o f 
monodisperse p o l y s t y r e n e l a t e x e s o f 25-447nm p a r t i c l e diameter 
prepared u s i n g p e r s u l f a t e i n i t i a t o r , b i c a r b o n a t e b u f f e r , and 
f o u r d i f f e r e n t e m u l s i f i e r s . The l a t e x e s were i o n exchanged u s i n g 
r i g o r o u s l y p u r i f i e d Dowex 50W(H +)-Dowex 1 (0H~) mixed r e s i n s and 
t i t r a t e d c o n d u c t o m e t r i c a l l y ; t h i s p r o c e s s was repe a t e d u n t i l the 
s u r f a c e charge was c o n s t a n t . These s u r f a c e charges shown i n 
T a b l e I (3,5,9) c o r r e s p o n d t o 1.0-1.3 s u l f a t e endgroups per p o l y ­
s t y r e n e m o l e c u l e ( m o l e c u l a r weight determined by osmometry). To 
determine i f any s u l f a t e groups were b u r i e d i n s i d e the p a r t i c l e , 
the polymer was r e c o v e r e d from the ion-exchanged l a t e x , d i s s o l v e d 
i n dioxane-water m i x t u r e , i o n exchanged a g a i n , and t i t r a t e d con­
d u c t o m e t r i c a l l y . The t o t a l number o f s u l f a t e endgroups was i n 
the range 1.0-1.6 per p o l y s t y r e n e m o l e c u l e (except f o r one l a t e x 
which had a v a l u e o f 2.07), s u g g e s t i n g t h a t t h e r e a r e o t h e r end-
groups b e s i d e s s u l f a t e s . 

One p o s s i b i l i t y i s h y d r o x y l endgroups, which may be formed 
by a s i d e r e a c t i o n of s u l f a t e i o n - r a d i c a l s to form h y d r o x y l r a d i ­
c a l s (9) o r h y d r o l y s i s o f the s u r f a c e s u l f a t e groups. To d e t e r ­
mine i f h y d r o x y l groups were p r e s e n t , the ion-exchanged l a t e x e s 
were o x i d i z e d by h e a t i n g w i t h p e r s u l f a t e and 10"^ s i l v e r i o n a t 
90°, then i o n exchanged and t i t r a t e d c o n d u c t o m e t r i c a l l y to de­
t e r m i n e the c a r b o x y l groups. Table I I (9) shows t h a t some s u l -
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64 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 1. Conductometric titration of 0 ' 1 1 ' 1 ' 
ion-exchanged 234-nm-diameter mono- 0 2 0 4 0 6 0 8 1 , 1 

disperse polystyrene latex: (1) theoretical 0. 0203N NaOH, c. c. 
curve calculated assuming 100% disso­

ciation; (2) experimental curve (S). Marcel Dekker 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 65 

fate groups were hydrolyzed and oxidized to carboxyl groups dur­
ing this process, but the carboxyl t i t r a t i o n values corrected for 
this hydrolysis accounted s a t i s f a c t o r i l y for the requisite two 
endgroups per polystyrene molecule. 

The extent of the side reaction of sulfate ion-radicals with 
water to produce hydroxyl radicals was postulated to increase 
with decreasing pH. Therefore, polymerizations were carried out 
using persulfate i n i t i a t o r but with the pH of the polymerization 
adjusted to values i n the range of pH range 2-8 (9). Table III 
(9) shows that, at the lowest pH, the endgroups were about 90% 
hydroxyls and 10% sulfates; at pH 7-8, they were a l l sulfates. 

These results showed that monodisperse polystyrene p a r t i c l e s 
prepared using persulfate i n i t i a t o r and bicarbonate buffer con­
ta i n both sulfate and hydroxyl surface groups. Some sulfate 
groups are on the p a r t i c l e surface, while others are buried i n ­
side the p a r t i c l e . A l l of the hydroxyl groups are on the par­
t i c l e surface. These results also showed that careful control of 
the pH during polymerization can produce latex p a r t i c l e s s t a b i l ­
ized with only surface sulfate groups. 

Characterization by Serum Replacement and Conductometric T i t r a t i o n 

For serum replacement (6), the latex i s confined i n a c e l l 
with a uniform-pore-size Nuclepore f i l t r a t i o n membrane. Dis­
t i l l e d , deionized water i s pumped through the latex u n t i l the 
conductance of the effluent stream i s about the same as that of 
the d i s t i l l e d , deionized water. This serum replacement removes 
the adsorbed emulsifier and solute electrolyte quantitatively and 
allows recovery of the serum i n a form suitable for further an­
a l y s i s ; however, i t does not +replace the Na + and counterions 
of the surface groups with H ions. To do t h i s , d i l u t e hydro­
chl o r i c acid (ca. 10"^N) i s pumped through the latex, followed by 
d i s t i l l e d , deionized water to remove the excess acid. The latex 
i s then t i t r a t e d conductometrically to determine the surface 
charge. 

The pore size of the Nuclepore f i l t r a t i o n membranes used i s 
0.50-0.75 times the p a r t i c l e diameter of the latex to be cleaned. 
The latex i n the c e l l i s agitated close to the membrane to pre­
vent clogging by deposited p a r t i c l e s . Even so, clogging i s ob­
served at higher pumping pressures and latex solids contents, 
e.g., for 10-15% solids latex at 5 p s i pressure, while 5-10% s o l ­
ids latex at 2 p s i gives no clogging. Suction f i l t r a t i o n can 
also be used to increase the rate of serum replacement. 

Seven polystyrene latexes prepared with persulfate i n i t i a t o r 
and bicarbonate buffer were characterized to demonstrate the 
efficacy of th i s method (6). Three were monodisperse latexes pre­
pared using conventional emulsifiers; four were prepared using 
sodium styrene sulfonate or sodium vinyltoluene sulfonate as ccman-
omeric emulsifiers. Each latex was subjected to serum replacement with 
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66 EMULSION POLYMERS AND EMULSION POLYMERIZATION 
T a b l e I 

Monodisperse P o l y s t y r e n e L a t e x e s 
S u r f a c e Charge and Number o f S u l f a t e 
Endgroups/Polymer M o l e c u l e (3,5,9) 

P a r t i c l e S u r f a c e ^ S u l f a t e Endgroups/Molecule 
L a t e x Diameter, nm Charge, uC/cm Su r f a c e T o t a l 
A - l 25 0.5 12.4* 13.0* 
A-2 88 3.3 0.98 1.57 
A-3 234 2.0 0.87 1.59 
B - l 158 4.2 1.26 1.21 
B-2 248 5.7 1.02 1.23 
C - l 254 5.4 0.95 0.94 
D-l 109 1.6 0.95 
D-2 187 1.8 0.90 
D-3 285 4.9 1.03 1.63 
D-4 447 8.1 0.93 2.07 
A = A e r o s o l MA ( b i s - 1 , 3 - d i m e t h y l b u t y l sodium s u l f o s u c c i n a t e ) 
B = Sipon WD (sodium l a u r y l s u l f a t e ) 
C = A e r o s o l OT ( d i - 2 - e t h y l h e x y l sodium s u l f o s u c c i n a t e ) 
D = potassium o l e a t e 

ueq/gm polymer 

Ta b l e I I 
Monodisperse P o l y s t y r e n e L a t e x A-2 

O x i d a t i o n of S u l f a t e and H y d r o x y l Endgroups 
IQ-^N s i l v e r n i t r a t e ; 6 hours a t 90°) 

Potassium Number o f Endgroups, ue< q/gm 
P e r s u l f a t e , %* S u l f a t e C a r b o x y l H y d r o x y l 
None ( o r i g i n a l ) 22.5 none 
10 11.7 22.0 11.2 
15 8.0 24.7 10.2 
30 6.4 26.3 10.2 
* based on polymer 

Endgroups/Polymer M o l e c u l e 
s u r f a c e s u l f a t e 0.98 
t o t a l s u l f a t e 1.57 
s u l f a t e + h y d r o x y l 2.06 

Ta b l e I I I 
Monodisperse P o l y s t y r e n e L a t e x e s 

E f f e c t o f pH of the P o l y m e r i z a t i o n Medium (9) 
Endgroups/Polymer M o l e c u l e 

P a r t i c l e S u r f a c e T o t a l S u l f a t e + 
pH Diameter, , nm S u l f a t e S u l f a t e H y d r o x y l 
1.9 143 0.19 0.20 1.84 
3.3 132 0.55 1.00 1.75 
4.4 133 0.62 1.05 2.00 
5.0 128 0.71 1.10 2.00 
6.4 130 0.46 0.55 2.01 
7.8 129 1.40 2.07 2.07 

11.6 162 0.62 1.00 1.42 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 67 

water and then t i t r a t e d c o n d u c t o m e t r i c a l l y . Then, t h i s sample 
was i o n exchanged to remove m a t e r i a l not removed by serum r e ­
placement and t i t r a t e d a g a i n . Then the sample was s u b j e c t e d to 
serum replacement w i t h d i l u t e h y d r o c h l o r i c a c i d to r e p l a c e the 
N a + and c o u n t e r i o n s w i t h H4" i o n s and t i t r a t e d . T h i s sample 
was a l s o i o n exchanged and t i t r a t e d a g a i n . These r e s u l t s were 
compared w i t h those determined by i o n exchange a l o n e . A l s o , f o r 
comparison, l a t e x samples were d i a l y z e d f o r one month and then 
t i t r a t e d . These samples were then i o n exchanged and t i t r a t e d 
a g a i n . 

T a b l e IV shows the r e s u l t s o f these experiments. Serum r e ­
placement w i t h water gave low v a l u e s f o r the s u r f a c e charge be­
cause o f in c o m p l e t e replacement o f the N a + and K + i o n s by H + 

i o n s . However, serum replacement w i t h w a t e r , h y d r o c h l o r i c a c i d , 
and water gave v a l u e s equal t o , o r s l i g h t l y l e s s t h a n , those ob­
t a i n e d by i o n exchange, d e m o n s t r a t i n g the e f f i c a c y o f t h i s new 
c l e a n i n g method. The v a l u e s f o r the d i a l y z e d samples were a l s o 
s i g n i f i c a n t l y l ower than those o b t a i n e d by i o n exchange. 

D i a l y s i s 

T a b l e IV shows t h a t d i a l y s i s i s i n e f f e c t i v e i n c l e a n i n g the 
l a t e x e s f o r c h a r a c t e r i z a t i o n . E a r l i e r work (3,5) a l s o showed 
t h a t d i a l y s i s i s i n e f f e c t i v e i n removing the adsorbed e m u l s i f i e r 
and r e p l a c i n g the N a + and c o u n t e r i o n s w i t h H"*~ i o n s . Others 
have a l s o found t h a t d i a l y s i s does not remove e m u l s i f i e r com­
p l e t e l y . Brodnyan and K e l l e y (10) found t h a t aqueous s o l u t i o n s 
of C14-tagged sodium l a u r y l s u l f a t e e q u i l i b r a t e d upon d i a l y s i s , 
but o n l y 9.5% and 22% o f the e m u l s i f i e r was removed from l a t e x e s 
d i a l y z e d under the same c o n d i t i o n s . M a t i j e v i c et a l . (11) d i a l y ­
zed a b u t a d i e n e - s t y r e n e copolymer l a t e x prepared u s i n g r o s i n a c i d 
soap f o r 160 days and removed o n l y about 50% o f the e m u l s i f i e r . 
As mentioned above, E d e l h a u s e r (7) showed t h a t the c o n c e n t r a t i o n 
g r a d i e n t a c r o s s the d i a l y s i s membrane must exceed a c r i t i c a l v a l ­
ue to make the d i a l y s i s proceed a t a p r a c t i c a l r a t e . I n con­
t r a s t , O t t w e i l l and Shaw (12) found from e l e c t r o p h o r e t i c m o b i l i t y 
measurements and d e s o r p t i o n o f r a d i o a c t i v e e m u l s i f i e r t h a t a l l o f 
the e m u l s i f i e r was removed by d i a l y s i s o r a t l e a s t t h a t a con­
s t a n t s u r f a c e charge was o b t a i n e d . 

Endgroups Produced by P e r s u l f a t e I n i t i a t o r 

The f o r e g o i n g l a t e x e s prepared u s i n g p e r s u l f a t e i n i t i a t o r 
and b i c a r b o n a t e b u f f e r c o n t a i n e d s u r f a c e s u l f a t e groups and, i n 
some c a s e s , s u r f a c e h y d r o x y l groups. None of the s e l a t e x e s con­
t a i n e d c a r b o x y l groups. These l a t e x e s had f i n a l pH v a l u e s o f 
7-8. I f the b i c a r b o n a t e b u f f e r was o m i t t e d , the f i n a l pH of the 
l a t e x was 2-3 because o f the b i s u l f a t e i o n generated by the p e r ­
s u l f a t e d e c o m p o s i t i o n . 

I n c o n t r a s t , o t h e r s have found c a r b o x y l groups i n p o l y s t y -
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68 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

rene l a t e x e s prepared u s i n g p e r s u l f a t e i n i t i a t o r , O t t e w i l l and 
Shaw (12) c l e a n e d l a t e x e s prepared w i t h v a r i o u s e m u l s i f i e r s by 
d i a l y s i s and found c a r b o x y l groups by v a r i a t i o n s o f e l e c t r o p h o -
r e t i c m o b i l i t y w i t h pH, i n f r a r e d s p e c t r a o f the d r i e d polymer, 
and p o t e n t i o m e t r i c t i t r a t i o n o f d r i e d polymer r e d i s p e r s e d i n wa­
t e r . L a t e r , O t t e w i l l e t a l . (13) r e p o r t e d c a r b o x y l groups i n 
p o l y s t y r e n e l a t e x e s prepared w i t h hydrogen p e r o x i d e i n i t i a t o r and 
sodium l a u r a t e e m u l s i f i e r as w e l l as i n e m u l s i f i e r - f r e e l a t e x e s 
prepared u s i n g p e r s u l f a t e ; i n a d d i t i o n , K r i e g e r e t a l . , F i t c h 
e t a l . , Homola e t a l . , and Gultepe and E v e r e t t (13) r e p o r t e d c a r ­
b o x y l groups i n l a t e x e s prepared u s i n g d i f f e r e n t methods. I n 
some c a s e s , the l a t e x e s were c l e a n e d by d i a l y s i s and, i n o t h e r 
c a s e s , by i o n exchange, but some o f the i o n exchange r e s i n s were 
not p u r i f i e d . 

These r e s u l t s a r e i n disagreement w i t h the f o r e g o i n g f i n d ­
i n g s t h a t o n l y s u l f a t e and h y d r o x y l groups are produced by p e r ­
s u l f a t e i n i t i a t o r , p a r t i c u l a r l y w i t h b i c a r b o n a t e b u f f e r . There 
are s e v e r a l p o s s i b l e s o u r c e s o f the c a r b o x y l groups found by 
o t h e r s : ( i ) h y d r o l y s i s of s u l f a t e groups f o l l o w e d by o x i d a t i o n ; 
( i i ) d i s s o l u t i o n o f carbon d i o x i d e i n the l a t e x ; ( i i i ) o x i d a ­
t i o n o f s u r f a c e s u l f a t e groups, p a r t i c u l a r l y i n the presence o f 
s m a l l c o n c e n t r a t i o n s of heavy m e t a l i o n s ; ( i v ) h y d r o l y s i s o f e s ­
t e r groups f o r copolymers c o n t a i n i n g m e t h a c r y l a t e and a e r y l a t e 
e s t e r s ; (v) s i d e r e a c t i o n s o f i n i t i a t i n g s p e c i e s . Another pos­
s i b i l i t y i s the c o n t a m i n a t i o n o f the l a t e x by o x i d a t i o n p r o d u c t s 
o f the d i a l y s i s membranes ( 1 4 ) . 

T a b l e IV 

S u r f a c e C h a r a c t e r i z a t i o n o f P o l y s t y r e n e L a t e x e s (6) 

Treatment LS-1102-A LS-1047-E LS-1134-B S-10 S-13 V-4 V-6 H 20 0, .55 1, .42 0, .74 2 .09 1 .30 0.62 0 
H 20 + I.E. 1, .20 2, .31 2, .23 10 .9 18 .5 4.98 50. .3 
H 20 + HC1 + 

w n 
1, .13 2, .32 2, .34 11 .0 18 .2 4.95 50, ,7 

n 
H 20 + HC1 + 1, .19 2, .32 2, .34 10 .9 18 .2 4.96 50, .9 

H 20 + I.E. 
I.E. 1. .35 2, .56 2, .34 11 .4 20 .3 5.29 52. ,4 
D i a l y z e d 1, .01 1, .48 1, .43 4 .04 5 .08 1.66 14. ,7 
D i a l y z e d + I . E . I . .35 2, .06 2, .20 9 .81 18 .3 5.12 51. ,3 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

3



3. VANDERHOFF Monodisperse Polystyrene Latexes 69 

T a b l e V 
E f f e c t o f P o l y m e r i z a t i o n R e c i p e on S u r f a c e Groups (15.16) 

S u r f a c e Charge ueq/gm 
L a t e x E m u l s i f i e r I n i t i a t o r B u f f e r S u l f a t e C a r b o x y l pH 
41 A e r o s o l MA K2S208 NaHC03 6.99 none 7.0 
W23 A e r o s o l MA K2S2O8 NaHC03 7.71 none 8.3 
520 none K2S2O8 none 9.34 1.45 2.0 
520 1 none K 2 S 2 0 8 NaHCO 6.45 3.07 2.6 
520" none K2S2O8 NaHC03 9.10 none 8.0 
42 A e r o s o l MA K2 S2°8 N a H C 0 3 , 6.95 1.41 7.0 

KH 2 P 0 4 

43 A e r o s o l MA K2S2O8 NaHC03, 6.80 4.60 8.7 
Na2B407 

43' A e r o s o l MA K 2 S 2 0 8 NaHC0 3, 6.79 3.48 8.0 
Na2B407 

4 3 " none K2S2O8 NaHCO3, 9.87 3.43 8.7 
Na 2 B 4 0 7 

7.0 Wl A e r o s o l MA K 2 S 2 0 8 NaOH, 4.01 9.70 7.0 
KH 2 P04 

W2 A e r o s o l MA K 2 S 2 0 8 NaHCO0, 3.12 3.57 8.7 
NaOH, K H 0 P O 4 

3.15 8.5 44 A e r o s o l MA K 2 S 2 0 g N a H C 0 3 , 5.63 3.15 8.5 
AgN0 3 

8.0 44 1 A e r o s o l MA K 2 S 2 0 8 NaHCO3, 3.50 1.21 8.0 K 2 S 2 0 8 

AgNoo 
8.0 44" none K 2 S 2 0 8 NaHCO3 

a /-»\ir\ 
8.42 2.90 8.0 

W21 A e r o s o l MA ( N H 4 ) 2 S 2 0 8 

AgNLH 
NH4OH 7.28 none 2.7 

W22 A e r o s o l MA (NH4)2S208 NH4OH 7.89 none 2.3 
716D A e r o s o l MA ( N H 4 ) 2 S 2 0 8 none 5.01 2.36 2.2 
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70 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T a b l e V I 
E f f e c t o f Ageing on Ion Exchanged (IT1" Form) L a t e x 41 

S u r f a c e Charge, yeq/gm 
Ageing Time, days S u l f a t e C a r b o x y l T o t a l 

0 7.02 3.06 10.88 
1 7.79 2.92 10.71 
4 6.86 4.04 10.90 
8 6.97 4.73 11.70 

11 6.26 5.22 11.48 
15 4.39 6.88 11.27 
22 1.08 7.13 8.21 
32 none 9.73 9.73 

none 10.83 10.83 

T a b l e V I I 
E f f e c t of Ageing on Ion Exchanged ( H + Form) L a t e x W21 

S u r f a c e Charge, ueq/gm 
Ageing Time, days S u l f a t e C a r b o x y l T o t a l 

0 6.47 3.64 10.11 
1 6.63 3.82 10.47 
4 5.30 6.14 11.44 
8 5.54 4.34 9.78 

11 4.84 5.69 10.31 
15 3.45 5.14 8.59 
22 1.27 6.33 7.60 
32 none 9.01 9.01 

none 9.29 9.29 

Ta b l e V I I I 
E f f e c t o f Ageing C o n d i t i o n s on 

Ion Exchanged (H+ Form) L a t e x 43 1 (16) 
S u r f a c e Charge, ueq/gm 

Treatment pH S u l f a t e C a r b o x y l T o t a l 
i n i t i a l 8.0 
i o n exchanged 3.5 6.79 3.48 10.27 
i o n exchanged; 14 days none 10.47 10.47 

a t c a . 25° 
pH a d j u s t e d to 3.35 3.35 6.78 3.64 10.42 

w i t h 0.1N HC1; 142 
days a t c a . 25 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 71 

Table IX 
E f f e c t o f Ageing C o n d i t i o n s on 

Ion Exchanged (H+ Form) L a t e x 520" (16) 
Ageing Time, Su r f a c e Charge, ueq/gm 
Temp., °C days S u l f a t e C a r b o x y l T o t a l 

none 8.57 none 8.57 
ca. 25 30 5.35 2.73 8.08 
c a . 25 44 none 8.22 8.22 
90 4.0 none none 0.00 
90 8.8 none none 0.00 

To determine the e f f e c t of d i f f e r e n t p o l y m e r i z a t i o n c o n d i ­
t i o n s on the polymer endgroups produced, p o l y m e r i z a t i o n s were 
c a r r i e d out u s i n g the s t a n d a r d b i c a r b o n a t e b u f f e r as w e l l as o t ­
her v a r i a t i o n s . Table V (15,16) shows t h a t the use o f the p e r -
s u l f a t e - b i c a r b o n a t e c o m b i n a t i o n w i t h and w i t h o u t e m u l s i f i e r gave 
l a t e x e s o f f i n a l pH 7-8 w i t h o n l y s u l f a t e groups. The a d d i t i o n 
o f 10~5 s i l v e r i o n gave a l a t e x o f pH 8.5, but w i t h weak-acid 
groups, presumably because o f o x i d a t i o n o f the s u l f a t e groups. 
The o m i s s i o n o f the b i c a r b o n a t e b u f f e r gave l a t e x e s o f lower pH 
w i t h weak-acid groups. The f o r m a t i o n of weak-acid groups i n 
these l a t e x e s i s not merely an e f f e c t o f pH d u r i n g the p o l y m e r i ­
z a t i o n : p o tassium dihydrogenphosphate, sodium b o r a t e , and sodium 
h y d r o x i d e , even i n co m b i n a t i o n w i t h sodium b i c a r b o n a t e , gave both 
s t r o n g - a c i d and weak-acid groups, and pH v a l u e s o f 7-9. A l s o , 
the ammonium persulfate-ammonium h y d r o x i d e system gave l a t e x e s 
w i t h pH v a l u e s o f 2-3, but o n l y s t r o n g - a c i d groups. The o m i s s i o n 
o f t he ammonium h y d r o x i d e d i d not change the pH, but gave weak-
a c i d groups. 

P r e p a r a t i o n o f Model C o l l o i d s 

E a r l i e r work (3) has shown t h a t c l e a n e d monodisperse p o l y ­
s t y r e n e l a t e x e s s t a b i l i z e d w i t h s u r f a c e s u l f a t e (and perhaps a 
few h y d r o x y l ) groups c_an be used as model c o l l o i d s . For example, 
the d i s t r i b u t i o n o f H i o n s i n the e l e c t r i c double l a y e r as de­
termined by co n d u c t o m e t r i c t i t r a t i o n has been c o r r e l a t e d w i t h the 
p a r t i c l e diameter determined by u l t r a c e n t r i f u g a t i o n ( 3 ) . The 
cond u c t o m e t r i c t i t r a t i o n g i v e s two measures o f the c o n c e n t r a t i o n 
o f H+ i o n s : the i n i t i a l conductance o f the l a t e x and the amount 
of base r e q u i r e d f o r n e u t r a l i z a t i o n . The number o f H + i o n s de­
termined by conductance i s always s m a l l e r than the number d e t e r ­
mined by t i t r a t i o n . T h i s d i f f e r e n c e i s a t t r i b u t e d to the d i s ­
t r i b u t i o n o f the H + i o n s i n the e l e c t r i c double l a y e r : those 
c l o s e s t to the p a r t i c l e s u r f a c e c o n t r i b u t e l e a s t to the o v e r a l l 
conductance. T h i s d i s t r i b u t i o n i s expressed as the apparent de­
gree o f d i s s o c i a t i o n a, which i s d e f i n e d as the r a t i o H + i o n s 
(conductance)/H+ i o n s ( t i t r a t i o n ) . F or ion-exchanged l a t e x e s , the 
v a l u e s of a a r e u s u a l l y s m a l l , e.g., 0.21 f o r L a t e x A-2 d e s c r i b e d 
i n T a b l e I . The v a l u e o f a has been used as a measure o f the d i -
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72 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

v i s i o n o f H+ i o n s between the S t e r n l a y e r and the d i f f u s e double 
l a y e r , e.g., 79% i n the S t e r n l a y e r and 21% i n the d i f f u s e double 
l a y e r . T h i s assumption a l l o w s c a l c u l a t i o n o f the s e d i m e n t a t i o n 
diameter o f these p a r t i c l e s upon u l t r a c e n t r i f u g a t i o n . T able X 
(3) compares the p a r t i c l e d iameters determined by u l t r a c e n t r i f u ­
g a t i o n w i t h t h a t determined by e l e c t r o n m i c r o s c o p y . 

Table X 
P a r t i c l e Diameters o f L a t e x A-2 (3) 

Sample P a r t i c l e Diameter, nm 
u l t r a c e n t r i f u g a t i o n - uncleaned l a t e x i n 85.4 

H 20 
u l t r a c e n t r i f u g a t i o n - ion-exchanged l a t e x 75.4 

i n H 20 

u l t r a c e n t r i f u g a t i o n - ion-exchanged l a t e x 82.2 
i n A e r o s o l MA s o l u t i o n 

u l t r a c e n t r i f u g a t i o n - ion-exchanged l a t e x 79.0 
i n e l e c t r o l y t e s o l u t i o n 

s e d i m e n t a t i o n diameter from Booth's e q u a t i o n 76.0 

e l e c t r o n m i c r o s c o p y 88.0 (a=8.0) 

The diameter of the o r i g i n a l l a t e x d i l u t e d i n water i s i n 
good agreement w i t h t he diameter determined by e l e c t r o n m i c r o ­
scopy. However, the diamet e r determined by u l t r a c e n t r i f u g a t i o n 
of the ion-exchanged l a t e x i n e l e c t r o l y t e s o l u t i o n (79.0 nm) i s 
most r e p r e s e n t a t i v e o f the a c t u a l d iameter measured by t h i s me­
thod because the e l e c t r i c double l a y e r e f f e c t s a r e suppressed. 
T h i s v a l u e i s 3.2 nm s m a l l e r than the diameter determined f o r the 
ion-exchanged l a t e x d i l u t e d i n A e r o s o l MA s o l u t i o n , which g i v e s 
1.6 nm f o r the t h i c k n e s s o f t h e adsorbed e m u l s i f i e r l a y e r . How­
eve r , the 85.4 nm diameter o f the o r i g i n a l l a t e x d i l u t e d i n water 
i s 3.2 nm l a r g e r than t h a t o f the ion-exchanged l a t e x d i l u t e d i n 
A e r o s o l MA s o l u t i o n , which suggests t h a t t h e o r i g i n a l l a t e x was 
s t a b i l i z e d by a b i m o l e c u l a r l a y e r o f e m u l s i f i e r . Moreover, the 
s e d i m e n t a t i o n diameter c a l c u l a t e d from the most r e p r e s e n t a t i v e 
79.0 nm d i a m e t e r , assuming 79% o f the H"*~ i o n s a r e i n the S t e r n 
l a y e r and 21% i n the d i f f u s e double l a y e r , i s 76.0 nm, i n good 
agreement w i t h t he 75.4 nm diameter determined by u l t r a c e n t r i f u ­
g a t i o n i n d e i o n i z e d w a t e r . 

L a t e r work (8,15) showed t h a t the v a l u e o f a i n c r e a s e d w i t h 
i n c r e a s i n g e l e c t r o l y t e c o n c e n t r a t i o n and t h a t i t c o u l d be c o r r e ­
l a t e d w i t h the e l e c t r o p h o r e t i c m o b i l i t y . T a b l e IX shows t h a t the 
e l e c t r o p h o r e t i c m o b i l i t y measured u s i n g the M i c r o m e r i t i c s Mass 
T r a n s p o r t c e l l i n c r e a s e d w i t h i n c r e a s i n g a as observed f o r 
Na+, and Ba++ c o u n t e r i o n s . These r e s u l t s a l s o show t h a t t he d i s ­
t r i b u t i o n o f the c o u n t e r i o n s i n the e l e c t r i c double l a y e r i s 
c r i t i c a l l y dependent upon the n a t u r e o f the c o u n t e r i o n , e.g., 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 73 

most o f the H+ i o n s are c l o s e to the p a r t i c l e s u r f a c e w h i l e most 
of the Na+ i o n s a r e f u r t h e r away from the s u r f a c e . 

T able X I 
E l e c t r o p h o r e t i c M o b i l i t y and Apparent Degree of D i s s o c i a t i o n (15) 

357 nm-diameter p o l y s t y r e n e l a t e x (0.35% s o l i d s ) 
C o u n t e r i o n E l e c t r o p h o r e t i c M o b i l i t y , urn cm/volt sec cx 

H+ 1.41 0.063 
Na+ 5.12 0.70 
Ba++ 1.62 0.10 

I t was a l s o shown e a r l i e r (9) t h a t monodisperse p o l y s t y r e n e 
p a r t i c l e s s t a b i l i z e d o n l y w i t h s u r f a c e s u l f a t e groups can be p r e ­
pared by p o l y m e r i z a t i o n a t pH 7-8 u s i n g potassium p e r s u l f a t e i n i ­
t i a t o r and sodium b i c a r b o n a t e b u f f e r , f o l l o w e d by c l e a n i n g w i t h 
i o n exchange r e s i n . O b s e r v a t i o n o f monodisperse p o l y s t y r e n e l a ­
texes d u r i n g s t o r a g e showed t h a t two o f these l a t e x e s l o s t t h e i r 
s t r o n g - a c i d s u r f a c e groups a f t e r a few y e a r s ; when these l a t e x e s 
were ion-exchanged, they showed no measurable s u r f a c e charge by 
con d u c t o m e t r i c t i t r a t i o n , and the p a r t i c l e s o f one showed no 
movement a t the s t a t i o n a r y l e v e l i n m i c r o c a p i l l a r y e l e c t r o p h o r e ­
s i s . Both l a t e x e s were s t a b l e d e s p i t e t h e i r zero charge; more­
o v e r , o x i d a t i o n w i t h p e r s u l f a t e and Ag+ i o n f o l l o w e d by i o n ex­
change and c o n d u c t o m e t r i c t i t r a t i o n showed the presence of c a r ­
b o x y l groups, s u g g e s t i n g t h a t the s u r f a c e s u l f a t e groups had hy-
d r o l y z e d c o m p l e t e l y to h y d r o x y l groups. 

The f i r s t d e l i b e r a t e attempts to h y d r o l y z e the s u r f a c e s u l ­
f a t e groups to h y d r o x y l s gave i n c o n c l u s i v e r e s u l t s : c o n t i n u e d 
h e a t i n g a t pH 3-4 h y d r o l y z e d o n l y p a r t o f the s u l f a t e groups; the 
o r i g i n a l l a t e x c o n t a i n e d m o s t l y s u l f a t e groups and a few h y d r o x y l 
groups and the f i n a l l a t e x m o s t l y c a r b o x y l groups and a few s u l ­
f a t e groups ( 1 7 ) . H i g h e r c o n c e n t r a t i o n s o f h y d r o c h l o r i c a c i d 
caused the l a t e x to f l o c c u l a t e d e s p i t e the a d d i t i o n of s t a b i l i ­
z i n g e m u l s i f i e r . L a t e r , i t was found (16) t h a t a l l o w i n g the l a ­
t e x i n the H + form to stand a t room temperature r e s u l t e d i n the 
q u a n t i t a t i v e d i s a p p e a r a n c e o f the s u l f a t e groups and the appear­
ance o f a c o r r e s p o n d i n g number o f c a r b o x y l groups. Tables V I and 
V I I show the r e s u l t s f o r l a t e x e s prepared u s i n g the potassium 
p e r s u l f a t e - s o d i u m b i c a r b o n a t e and ammonium persulfate-ammonium 
h y d r o x i d e systems, r e s p e c t i v e l y . I n b o t h c a s e s , t h e s t r o n g - a c i d 
c o n c e n t r a t i o n decreased and the weak-acid c o n c e n t r a t i o n i n c r e a s e d 
w i t h a g e i n g time a t room temperature u n t i l o n l y weak-acid groups 
were found, i n about the same number as the o r i g i n a l s t r o n g - a c i d 
groups were found. At i n t e r m e d i a t e t i m e s , the t o t a l number o f 
s u r f a c e groups was l e s s than a t the b e g i n n i n g o r the end; t h i s 
d i f f e r e n c e was a t t r i b u t e d to h y d r o x y l groups which had not y e t 
been o x i d i z e d . T a b l e V I I I shows f o r a l a t e x prepared u s i n g the 
potassium p e r s u l f a t e - s o d i u m b i c a r b o n a t e - s o d i u m b o r a t e system t h a t 
the same degree o f h y d r o l y s i s and o x i d a t i o n cannot be o b t a i n e d by 
a d d i t i o n of h y d r o c h l o r i c a c i d ; a g e i n g the l a t e x a t pH 3.35 ( t h e 
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74 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

l o w e s t pH t h a t t h e l a t e x c o u l d w i t h s t a n d w i t h o u t f l o c c u l a t i o n ) 
gave no change i n the number of s u r f a c e s u l f a t e and c a r b o x y l 
groups; however, when the ion-exchanged l a t e x (Y& form) was aged 
f o r 14 days a t room temperature, the s u l f a t e groups d i s a p p e a r e d 
c o m p l e t e l y and were r e p l a c e d w i t h the same number o f c a r b o x y l s . 
Table IX shows f o r an e m u l s i f i e r - f r e e l a t e x prepared u s i n g the 
potassium p e r s u l f a t e - s o d i u m b i c a r b o n a t e system t h a t a g e i n g the 
ion-exchanged l a t e x a t 90° caused h y d r o l y s i s of the s u r f a c e s u l ­
f a t e groups to h y d r o x y l s w i t h o u t o x i d a t i o n to c a r b o x y l s . Ageing 
f o r 44 days a t room temperature gave a l l c a r b o x y l groups w h i l e 
ageing f o r 4 days a t 90° gave a l a t e x w i t h no measurable charge 
by c o n d u c t o m e t r i c t i t r a t i o n , i . e . , the s l o p e of the conductomet­
r i c t i t r a t i o n c u rve was the same as t h a t f o r excess sodium hy­
d r o x i d e . The absence of t i t r a b l e groups was c o n f i r m e d by back-
t i t r a t i o n w i t h h y d r o c h l o r i c a c i d . S i n c e the f i n a l number of 
weak-acid groups was the same w i t h i n e x p e r i m e n t a l e r r o r as the 
i n i t i a l number of s t r o n g - a c i d groups, i t was assumed t h a t the 
zero-charge sample was s t a b i l i z e d w i t h the same number of hy­
d r o x y l groups. T h i s l a t e x was s t a b l e and i n 0.2% c o n c e n t r a t i o n 
showed the same conductance as pure w a t e r ; i t showed a s l i g h t 
n e g a t i v e charge upon e l e c t r o p h o r e s i s i n d i s t i l l e d w a ter. 

Other experiments (16) showed t h a t t h i s h y d r o l y s i s b e g i n s 
s h o r t l y a f t e r the l a t e x i s ion-exchanged. I f the l a t e x i s t i t r a ­
ted i m m e d i a t e l y a f t e r i o n exchange, no weak-acid groups a r e 
found; however, i f i t i s a l l o w e d to s t a n d i n the H+ form f o r some 
time, the h y d r o l y s i s becomes s i g n i f i c a n t . Moreover, i t i s the 
s u r f a c e pH, not the pH of the medium, t h a t i s r e s p o n s i b l e f o r the 
h y d r o l y s i s . Because of the low v a l u e o f a f o r H + c o u n t e r i o n s , 
the H+ i o n c o n c e n t r a t i o n near the s u r f a c e i s f a r h i g h e r than 
c o u l d be a c h i e v e d by a d d i t i o n o f h y d r o c h l o r i c a c i d ; thus the hy­
d r o l y s i s i s more e f f e c t i v e . G e n e r a l l y , the h y d r o l y s i s proceeds 
more r a p i d l y a t temperatures h i g h e r than room temperature. Some 
l a t e x e s prepared u s i n g p e r s u l f a t e i n i t i a t o r cannot be h y d r o l y z e d 
c o m p l e t e l y , s u g g e s t i n g t h a t some of t h e i r s t r o n g - a c i d s u r f a c e 
groups are s u l f o n a t e s r a t h e r than s u l f a t e s . The r a t e o f h y d r o l y ­
s i s can be i n c r e a s e d by i n c r e a s i n g the s u r f a c e a r e a o f the con­
t a i n e r , e.g., by a dding Pyrex g l a s s beads to the Pyrex g l a s s v e s ­
s e l c o n t a i n i n g the l a t e x ; the reason f o r t h i s i n c r e a s e i n the 
r a t e o f h y d r o l y s i s has not y e t been determined. G e n e r a l l y , t h e 
h y d r o l y s i s and o x i d a t i o n o f the ion-exchanged l a t e x i n the H + 

form g i v e s the same r e s u l t s as the e a r l i e r o x i d a t i o n s u s i n g p e r ­
s u l f a t e i o n and A g + i o n ( 9 ) . 

Thus the monodisperse p o l y s t y r e n e l a t e x s t a b i l i z e d w i t h 
s t r o n g - a c i d s u r f a c e groups can be h y d r o l y z e d to form a l a t e x 
s t a b i l i z e d w i t h the same number of n o n i o n i c h y d r o x y l groups, 
which i n t u r n can be o x i d i z e d to form a l a t e x s t a b i l i z e d w i t h 
the same number of weak-acid c a r b o x y l groups, thus o f f e r i n g model 
c o l l o i d s w i t h i d e n t i c a l c h a r a c t e r i s t i c s except f o r the type o f 
c h e m i c a l l y bound s u r f a c e groups s t r o n g - a c i d , weak-acid, non-
i o n i c . 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 75 

The e l e c t r o p h o r e t i c m o b i l i t y o f these new model c o l l o i d s has 
been measured as a f u n c t i o n o f pH (18) . F i g u r e 2 shows t h a t the 
e l e c t r o p h o r e t i c m o b i l i t y o f a l l t h r e e samples i s n e g a t i v e and 
c o n s t a n t over the pH range 5-10, independent o f the type o f s u r ­
f a c e group. The presence o f s u r f a c e s u l f a t e groups would have 
been expected t o g i v e a s t r o n g n e g a t i v e charge; however, i t would 
have been expected t h a t the charge o f the c a r b o x y l - s t a b i l i z e d 
p a r t i c l e s would have i n c r e a s e d w i t h i n c r e a s i n g pH i n the range 
5-10 and t h a t o f the h y d r o x y l - s t a b i l i z e d p a r t i c l e s would have 
been c l o s e to z e r o . A t pH v a l u e s l e s s than 5, the e l e c t r o p h o r e ­
t i c m o b i l i t y v a r i e d as expected, d e c r e a s i n g to p o s i t i v e v a l u e s 
f o r the h y d r o x y l - and c a r b o x y l - s t a b i l i z e d p a r t i c l e s and r e m a i n i n g 
n e g a t i v e f o r the s u l f a t e - s t a b i l i z e d p a r t i c l e s . S i m i l a r l y , a t pH 
v a l u e s g r e a t e r than 10, the v a r i a t i o n of e l e c t r o p h o r e t i c m o b i l i t y 
was as expected. The r e s u l t s shown i n F i g u r e 2 are f o r two d i f ­
f e r e n t l a t e x e s an e m u l s i f i e r - f r e e l a t e x prepared u s i n g the 
p o tassium p e r s u l f a t e - s o d i u m b i c a r b o n a t e system and a Dow monodis­
perse p o l y s t y r e n e l a t e x . S i m i l a r measurements have been made by 
s e v e r a l d i f f e r e n t i n v e s t i g a t o r s u s i n g t h r e e d i f f e r e n t i n s t r u m e n t s 

the Rank B r o t h e r s m i c r o c a p i l l a r y e l e c t r o p h o r e s i s , the Pen Kern 
L a z e r Zee m i c r o c a p i l l a r y e l e c t r o p h o r e s i s , and the Pen Kern Model 
3000, which measures i n a automated manner a c c o r d i n g to the 
Brownian motion of the p a r t i c l e s . The r e s u l t s a l l showed the 
same c o n s t a n t e l e c t r o p h o r e t i c m o b i l i t y over the pH range 5-10, 
independent o f the type o f s u r f a c e group. 

The charge on c o l l o i d a l p a r t i c l e s may a r i s e from s e v e r a l 
s o u r c e s : ( i ) d i s s o c i a t i o n of i o n o g e n i c groups, e.g., p r o t e i n s o r 
the c h e m i c a l l y bound s u r f a c e s u l f a t e groups of p o l y s t y r e n e l a t e x 
p a r t i c l e s ; ( i i ) a d s o r p t i o n o f p o t e n t i a l - d e t e r m i n i n g i o n s , e.g., 
A g + o r I ~ i o n s on s i l v e r i o d i d e p a r t i c l e s ; ( i i i ) d i s s o c i a t i o n o f 
adsorbed s p e c i e s , e.g., sodium l a u r y l s u l f a t e adsorbed on p o l y ­
s t y r e n e l a t e x p a r t i c l e s ; ( i v ) charged s u b s u r f a c e groups which i n ­
duce a d i p o l e i n t e r a c t i o n , e.g., p o s s i b l y the s u l f a t e groups b u r ­
i e d i n s i d e p o l y s t y r e n e l a t e x p a r t i c l e s ; (v) a d s o r p t i o n o f i o n s 
from the medium, e.g., H+ or 0H~ i o n s from pure water and N a + o r 
C I " from the samples run a t c o n s t a n t i o n i c s t r e n g t h ( 1 9 ) ; ( v i ) 
c o n t a c t e l e c t r i f i c a t i o n of the two phases i n c o n t a c t w i t h one 
ano t h e r , e.g., r u b b i n g a g l a s s rod w i t h a p i e c e o f f u r o r i n j e c ­
t i o n o f e l e c t r o n s i n t o p o l y s t y r e n e ( 2 0 ) . 

I n the p r e s e n t c a s e , i t would have been expected t h a t the 
c h e m i c a l l y bound s u r f a c e groups would have determined the p a r ­
t i c l e charge; however, the e l e c t r o p h o r e s i s measurements show 
t h a t t h i s i s not the c a s e . The c h e m i c a l l y bound s u r f a c e s u l f a t e 
groups a r e d i s s o c i a t e d , independent o f pH; the c a r b o x y l groups 
a r e u n d i s s o c i a t e d a t low pH and d i s s o c i a t e d a t h i g h pH; and the 
h y d r o x y l groups a r e not d i s s o c i a t e d a t a l l . There a r e no poten­
t i a l - d e t e r m i n i n g i o n s i n the ion-exchanged l a t e x e s , a t l e a s t not 
i n the same sense as the Ag+ and I ~ i o n s a r e p o t e n t i a l - d e t e r m i n ­
i n g i n s i l v e r i o d i d e s o l s . Moreover, the e m u l s i f i e r has been r e ­
moved by i o n exchange. These r e s u l t s cannot be e x p l a i n e d by i n -
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76 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 2. Variation of electrophoretic mobility in distilled water with pH for 
polystyrene latex particles with different surface groups: (1) 520' sulfate; (2) 520' 

carboxyl; (3) 520' hydroxyl; (4) LS-1010-E sulfate; (5) LS-1010-E hydroxyl. 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 11 

duced d i p o l e i n t e r a c t i o n s due to the b u r i e d s u l f a t e groups, e.g., 
one o f the l a t e x e s shown i n F i g u r e 2 i n i t i a l l y c o n t a i n e d 13.3 ueq 
s u r f a c e s u l f a t e / g m polymer and f i n a l l y 13.7 ueq s u r f a c e c a r b o x y l / 
gm polymer, the same v a l u e s w i t h i n e x p e r i m e n t a l e r r o r , w h i l e the 
b u r i e d s u l f a t e amounted to o n l y 3.26 ueq/gm polymer. At p r e s e n t , 
the b e s t p o s s i b i l i t i e s to e x p l a i n these r e s u l t s a r e a d s o r p t i o n o f 
i o n s from the medium or i n j e c t i o n o f e l e c t r o n s i n t o p o l y s t y r e n e . 
Experiments a r e i n p r o g r e s s to d i s t i n g u i s h between these two 
mechanisms. Meanwhile, these r e s u l t s show t h a t the type and con­
c e n t r a t i o n of the c h e m i c a l l y bound s u r f a c e groups do not c o r r e ­
l a t e w i t h the e l e c t r o p h o r e t i c m o b i l i t y ; t h e r e i s another e f f e c t 
w hich o v e r r i d e s the d i f f e r e n c e s between s t r o n g - a c i d s u l f a t e , 
w eak-acid c a r b o x y l , and n o n i o n i c h y d r o x y l groups. Moreover, 
these d i s c r e p a n c i e s between two such independent methods of mea­
surement a r e observed o n l y when such w e l l - c h a r a c t e r i z e d model 
c o l l o i d s a r e used f o r the measurements. 

A p p l i c a t i o n to I n d u s t r i a l L a t e x e s 

The f o r e g o i n g methods developed f o r the p r e p a r a t i o n and 
c h a r a c t e r i z a t i o n of monodisperse p o l y s t y r e n e l a t e x e s to be used 
as model c o l l o i d s can a l s o be a p p l i e d to the c h a r a c t e r i z a t i o n o f 
i n d u s t r i a l l a t e x e s . The r e c i p e s used f o r the p r e p a r a t i o n o f 
these i n d u s t r i a l l a t e x e s a r e complex, and most c o n t a i n a s m a l l 
amount o f a f u n c t i o n a l monomer, e.g., a c r y l i c a c i d , 2 - s u l f o e t h y l 
m e t h a c r y l a t e , o r N - m e t h y l o l a c r y l a m i d e . These f u n c t i o n a l monomers 
are o f t e n p r e d o m i n a n t l y w a t e r - s o l u b l e , so t h a t t h e i r use may have 
s e v e r a l r e s u l t s ; ( i ) the monomer may p o l y m e r i z e i n the aqueous 
phase to form a w a t e r - s o l u b l e polymer t h a t remains i n the serum; 
( i i ) i t may p o l y m e r i z e i n the aqueous phase to form a polymer 
t h a t adsorbs on the p a r t i c l e s u r f a c e , thus fo r m i n g a s t r o n g e r ad-
s o r p t i v e bond than the c o r r e s p o n d i n g s m a l l - m o l e c u l e e m u l s i f i e r ; 
( i i i ) i t may c o p o l y m e r i z e a t the p a r t i c l e s u r f a c e , thus f o r m i n g 
a c h e m i c a l l y bound s u r f a c e group; ( i v ) i t may p o l y m e r i z e i n s i d e 
the p a r t i c l e , thus b u r y i n g the f u n c t i o n a l group; (v) i t may not 
p o l y m e r i z e a t a l l . C h a r a c t e r i z a t i o n of i n d u s t r i a l l a t e x e s show 
t h a t , u s u a l l y , as many as t h r e e o f t h ese f i v e p o s s i b i l i t i e s a r e 
found. 

The l o c i and c o n c e n t r a t i o n of these f u n c t i o n a l groups o f t e n 
determine the l a t e x performance i n a g i v e n a p p l i c a t i o n . There­
f o r e , i t i s i m p o r t a n t to know the d i s t r i b u t i o n o f f u n c t i o n a l 
groups between the serum, p a r t i c l e s u r f a c e , and p a r t i c l e i n t e r i o r 
as a f u n c t i o n of the type and c o n c e n t r a t i o n of the f u n c t i o n a l 
monomer and the t e c h n i q u e of p o l y m e r i z a t i o n . Thus c h a r a c t e r i z a ­
t i o n methods developed to determine the l o c i o f these f u n c t i o n a l 
groups a r e u s e f u l i n r e s e a r c h to develop new l a t e x e s and m o d i f i ­
c a t i o n s o f o l d e r l a t e x e s , i n development to ensure t h a t the 
s c a l e - u p does not r e s u l t i n a change i n the l o c i o f the f u n c t i o n ­
a l groups, and i n p r o d u c t i o n to ensure b a t c h - t o - b a t c h u n i f o r m i t y 
o f t h e p r o d u c t . 
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78 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T h i s paper g i v e s f o u r examples of the c h a r a c t e r i z a t i o n o f 
i n d u s t r i a l l a t e x e s u s i n g the f o r e g o i n g methods as w e l l as o t h e r 
methods t h a t are a p p l i c a b l e to a g i v e n system: ( i ) s t y r e n e -
b u t a d i e n e - a c r y l i c a c i d and - m e t h a c r y l i c a c i d copolymers; ( i i ) 
e t h y l a c r y l a t e - m e t h y l m e t h a c r y l a t e - a c r y l i c a c i d copolymer; ( i i i ) 
p o l y v i n y l a c e t a t e prepared u s i n g p o l y m e t h a c r y l i c a c i d e m u l s i f i e r ; 
( i v ) v i n y l a c e t a t e - b u t y l a c r y l a t e copolymers of v a r y i n g composi­
t i o n s prepared u s i n g b a t c h and s t a r v e d semi-continuous p o l y m e r i ­
z a t i o n . S e r i e s of 54-59:41:5-0 s t y r e n e - b u t a d i e n e - a c r y l i c a c i d 
and 53-59:41:6-0 s t y r e n e - b u t a d i e n e - m e t h a c r y l i c a c i d copolymers 
were prepared by semi-continuous p o l y m e r i z a t i o n a t 90° u s i n g a 
20nm-diameter seed l a t e x (21) . The f u n c t i o n a l monomers were 
d i s s o l v e d i n the monomer m i x t u r e , and aqueous phase c o n t a i n e d 
0.017M p e r s u l f a t e i n i t i a t o r , 0.007M sodium l a u r y l s u l f a t e emul­
s i f i e r , and an amount of sodium h y d r o x i d e e q u i v a l e n t to p a r t of 
the v i n y l c a r b o x y l i c a c i d , expressed as the "degree of n e u t r a l i ­
z a t i o n " r a n g i n g from 0 to 100%. A f t e r p o l y m e r i z a t i o n , the l a ­
texes were s t e a m - s t r i p p e d to remove the r e s i d u a l monomer, and the 
pH was a d j u s t e d to 8. The f i n a l l a t e x e s c o n t a i n e d 45% s o l i d s and 
comprised monodisperse p a r t i c l e s of 180nm diameter. The a c r y l i c 
a c i d and m e t h a c r y l i c a c i d c o n c e n t r a t i o n s were v a r i e d i n the 
ranges 0-5% and 0-6%, r e s p e c t i v e l y , a t 25% degree o f n e u t r a l i z a ­
t i o n . A l s o , the degree o f n e u t r a l i z a t i o n was v a r i e d from 0% to 
100% a t 2.5% a c r y l i c a c i d and 3.0% m e t h a c r y l i c a c i d . 

The l a t e x e s were ion-exchanged w i t h Dowex 50W(H+) r e s i n and 
the Dowex 50W(H +)-Dowex 1 (OH") mixed r e s i n i n c o m b i n a t i o n w i t h 
the Dowex 50W(Na +)-Dowex 1 (0H~) r e s i n , and the ion-exchanged 
samples were t i t r a t e d c o n d u c t o m e t r i c a l l y . The samples t r e a t e d 
were the l a t e x , the aqueous serum, the l a t e x p a r t i c l e s s e p a r a t e d 
from the serum, and the l a t e x p a r t i c l e s s w o l l e n o r d i s s o l v e d i n 
80:20 dioxane-water m i x t u r e . The t o t a l oxygen c o n t e n t was de­
termined by n e u t r o n a c t i v a t i o n and the t o t a l s u l f u r c o n t e n t by 
X-ray f l u o r e s c e n c e . M a t e r i a l b a l a n c e s o f a c r y l i c o r m e t h a c r y l i c 
a c i d found i n the serum, on the p a r t i c l e s u r f a c e , and i n s i d e the 
p a r t i c l e agreed w i t h the amount added to w i t h i n 5-10%. 

For the s t y r e n e - b u t a d i e n e - a c r y l i c a c i d copolymers, a c r y l i c 
a c i d was found i n the aqueous serum, on the p a r t i c l e s u r f a c e , 
and b u r i e d i n s i d e the p a r t i c l e s . At 25% degree of n e u t r a l i z a ­
t i o n , a c o n s t a n t 66% of the a c r y l i c a c i d was found i n c o r p o r a t e d 
i n t o the p a r t i c l e , independent of c o n c e n t r a t i o n . However, the 
s u r f a c e c o n c e n t r a t i o n of a c r y l i c a c i d groups was one f o r every 
500A^ of s u r f a c e a r e a , independent of c o n c e n t r a t i o n . Thus i n ­
c r e a s i n g the c o n c e n t r a t i o n of a c r y l i c a c i d merely i n c r e a s e d the 
amount b u r i e d i n s i d e the p a r t i c l e and d i d not i n c r e a s e the s u r ­
f a c e c o n c e n t r a t i o n s i g n i f i c a n t l y . At 2.5% a c r y l i c a c i d , the 
amount o f a c r y l i c a c i d i n c o r p o r a t e d i n t o the p a r t i c l e decreased 
w i t h i n c r e a s i n g degree of n e u t r a l i z a t i o n and c o u l d be r e l a t e d to 
the d i s t r i b u t i o n o f a c r y l i c a c i d between the monomer-polymer and 
aqueous phases. The a c r y l i c a c i d found i n the serum was i n the 
form of a l o w - m o l e c u l a r - w e i g h t polymer t h a t was removed by i o n 
exchange. 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 79 

For t he s t y r e n e - b u t a d i e n e - m e t h a c r y l i c a c i d copolymers, meth­
a c r y l i c a c i d was a l s o found i n the serum, on the p a r t i c l e s u r f a c e , 
and b u r i e d i n s i d e the p a r t i c l e s . A t 25% degree of n e u t r a l i z a t i o n , 
l e s s m e t h a c r y l i c a c i d was found i n the serum and on the p a r t i c l e 
s u r f a c e than w i t h a c r y l i c a c i d , i . e . , more was b u r i e d i n s i d e the 
p a r t i c l e . A t 3.0% m e t h a c r y l i c a c i d , the amount i n c o r p o r a t e d i n t o 
the p a r t i c l e was f a i r l y c o n s t a n t , independent o f the degree o f 
n e u t r a l i z a t i o n . The d i f f e r e n t d i s t r i b u t i o n s o f m e t h a c r y l i c and 
a c r y l i c a c i d s were e x p l a i n e d by t h e i r d i f f e r e n t d i s t r i b u t i o n s 
between the monomer-polymer and aqueous phases. Thus these 
c h a r a c t e r i z a t i o n r e s u l t s show the e f f e c t o f v i n y l c a r b o x y l i c a c i d 
type and c o n c e n t r a t i o n on the l o c i of the c a r b o x y l groups. S i m i ­
l a r c o r r e l a t i o n s c o u l d be made w i t h o t h e r systems. 

A 62:35:3 e t h y l a c r y l a t e - m e t h y l m e t h a c r y l a t e - a c r y l i c a c i d co­
polymer l a t e x was prepared by cont i n u o u s a d d i t i o n of the monomer 
m i x t u r e over a 4-hour p e r i o d a t 80° (22) . The e m u l s i f i e r was a 
sodium l a u r y l e t h e r s u l f a t e - n o n y l p h e n o l p o l y o x y e t h y l e n e adduct 
(20 moles e t h y l e n e o x i d e ) m i x t u r e , the i n i t i a t o r a potassium pe r ­
s u l f ate-sodium h y d r o x u l f i t e m i x t u r e , and the b u f f e r a sodium b i ­
c a r b o n a t e - p o t a s s i u m h y d r o x i d e m i x t u r e . The f i n a l l a t e x o f pH 6.5 
co n t a i n e d 40% s o l i d s , and the Tg o f the copolymer was 13°. 

The l a t e x was c l e a n e d by i o n exchange and serum replacement, 
which gave the c l e a n e d l a t e x p l u s s i x serum f r a c t i o n s . The c l e a n ­
ed l a t e x and the serum samples were a n a l y z e d by co n d u c t o m e t r i c 
t i t r a t i o n . A l s o , the amount of a n i o n i c e m u l s i f i e r i n the serum 
was determined by Hyamine 1622 c o l o r i m e t r i c t i t r a t i o n and t h i n -
f i l m chromatography, and the amount o f n o n i o n i c e m u l s i f i e r by 
i o d i n e - i o d i d e c o l o r i m e t r i c t i t r a t i o n and t h i n - f i l m chromatography. 

The m a t e r i a l b a l a n c e o f the s t r o n g - a c i d groups showed a theo­
r e t i c a l t o t a l o f 0.194 meq/gm polymer from the sodium l a u r y l e t h e r 
s u l f a t e , potassium p e r s u l f a t e , and sodium h y d r o s u l f i t e , i n com­
p a r i s o n w i t h a measured t o t a l o f 0.205 meq/gm (0.026 on p a r t i c l e 
s u r f a c e ; 0.179 i n serum) by serum replacement and a t o t a l o f 0.215 
meq/gm by i o n exchange w i t h Dowex 50W(H +). The m a t e r i a l b a l a n c e 
of the a c r y l i c a c i d showed t h a t 29.9% was on the p a r t i c l e s u r f a c e , 
28.6% i n the aqueous serum, and 41.5% b u r i e d i n s i d e the p a r t i c l e . 
The sodium l a u r y l e t h e r s u l f a t e found i n the serum amounted to 
78% o f t h a t added by Hyamine 1622 t i t r a t i o n and 88% by t h i n - f i l m 
chromatography. The no n y l p h e n o l p o l y o x y e t h y l e n e adduct amounted 
to 113% by i o d i n e - i o d i d e t i t r a t i o n and 91% by t h i n - f i l m chromato­
graphy. 

Thus t h e s e c h a r a c t e r i z a t i o n r e s u l t s not o n l y g i v e the d i s ­
t r i b u t i o n o f the a c r y l i c a c i d between the aqueous serum, p a r t i c l e 
s u r f a c e , and p a r t i c l e i n t e r i o r , but a l s o account s a t i s f a c t o r i l y 
f o r t he t o t a l number o f s t r o n g - a c i d groups a r i s i n g from the an­
i o n i c e m u l s i f i e r and i n i t i a t o r . I n a d d i t i o n , both the sodium 
l a u r y l e t h e r s u l f a t e and the no n y l p h e n o l p o l y o x y e t h y l e n e adduct 
used i n the p o l y m e r i z a t i o n were r e c o v e r e d from the f r a c t i o n s ob­
t a i n e d by serum replacement. 
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80 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

A p o l y v i n y l a c e t a t e l a t e x prepared by semi-continuous p o l y ­
m e r i z a t i o n a t 55° u s i n g a p o l y m e t h a c r y l i c a c i d - n o n y l p h e n o l - p o l y -
e t h o x y l a t e phosphate e s t e r e m u l s i f i e r and sodium p e r s u l f a t e - s o d i -
um formaldehyde s u l f o x y l a t e i n i t i a t o r ( 2 3 ) . The l a t e x was c l e a n ­
ed by i o n exchange and serum replacement u s i n g b o t h N u c l e p o r e and 
P e l l i c o n membranes, and the c l e a n e d l a t e x and serum f r a c t i o n s 
were a n a l y z e d by c o n d u c t o m e t r i c t i t r a t i o n . I n a d d i t i o n , the 
d r i e d f i l m s were e x t r a c t e d w i t h water and o r g a n i c s o l v e n t s , and 
the e x t r a c t s were a n a l y z e d by i n f r a r e d s p e c t r o s c o p y and thermo-
g r a v i m e t r i c a n a l y s i s . 

I t was found t h a t 70-80% o f the p o l y m e t h a c r y l i c a c i d was ad­
sorbed on the p a r t i c l e s u r f a c e and the remainder was i n the serum. 
That p o l y m e t h a c r y l i c a c i d on the p a r t i c l e s u r f a c e was s t r o n g l y 
adsorbed, but t h e r e was l i t t l e o r no g r a f t i n g to the s u r f a c e (un­
l i k e p o l y v i n y l a l c o h o l , a s i g n i f i c a n t p r o p o r t i o n of which i s 
g r a f t e d to t h e p a r t i c l e s u r f a c e ) . The s t r o n g a d s o r p t i o n o f the 
p o l y m e t h a c r y l i c a c i d was a t t r i b u t e d to hydrophobic bonding be­
tween the a-methyl groups o f the p o l y m e t h a c r y l i c a c i d and the 
acet o x y groups of the p o l y v i n y l a c e t a t e . The p o l y m e t h a c r y l i c 
a c i d was c o n s i d e r e d to s t a b i l i z e the p a r t i c l e s by bo t h e l e c t r o ­
s t a t i c and s t e r i c s t a b i l i z a t i o n . I n f r a r e d s p e c t r o s c o p y and t h e r -
m o g r a v i m e t r i c a n a l y s i s showed the presence o f p o l y m e t h a c r y l i c 
a c i d i n the serum as w e l l as the absence o f p o l y v i n y l a c e t a t e o r 
p o l y v i n y l a l c o h o l . 

Thus th e s e c h a r a c t e r i z a t i o n r e s u l t s demonstrate t h a t p o l y ­
m e t h a c r y l i c a c i d does not f u n c t i o n i n the same manner as p o l y ­
v i n y l a l c o h o l i n the emulsion p o l y m e r i z a t i o n of v i n y l a c e t a t e and 
t h a t the adsorbed p o l y m e t h a c r y l i c a c i d can be s e p a r a t e d from the 
b u l k polymer, thus d i s t i n g u i s h i n g i t from g r a f t e d polymer. 

V i n y l a c e t a t e - b u t y l a c r y l a t e copolymers (0-100% b u t y l a c r y -
l a t e ) were prepared by bo t h b a t c h and s t a r v e d semi-continuous 
p o l y m e r i z a t i o n u s i n g sodium l a u r y l s u l f a t e e m u l s i f i e r , p otassium 
p e r s u l f a t e i n i t i a t o r , and sodium b i c a r b o n a t e b u f f e r . T h i s co­
polymer system was s e l e c t e d , not o n l y because o f i t s i n d u s t r i a l 
i m portance, but a l s o because o f i t s c o p o l y m e r i z a t i o n r e a c t i v i t y 
r a t i o s , which p r e d i c t a c r i t i c a l dependence o f copolymer compo­
s i t i o n a l d i s t r i b u t i o n on the te c h n i q u e o f p o l y m e r i z a t i o n . The 
b u t y l a c r y l a t e i s so much more r e a c t i v e than the v i n y l a c e t a t e 
t h a t b a t c h p o l y m e r i z a t i o n o f any monomer r a t i o would be expected 
to g i v e a b u t y l a c r y l a t e - r i c h copolymer u n t i l the b u t y l a c r y l a t e 
i s exhausted and p o l y v i n y l a c e t a t e t h e r e a f t e r . 

The l a t e x e s were c l e a n e d by i o n exchange and serum r e p l a c e ­
ment, and the number and type o f s u r f a c e groups were determined 
by c o n d u c t o m e t r i c t i t r a t i o n . The m o l e c u l a r weight d i s t r i b u t i o n s 
of the polymers were determined by g e l permeation chromatography. 
The s t a b i l i t y o f the l a t e x e s to added e l e c t r o l y t e was determined 
by s p e c t r o p h o t o m e t r y . The c o m p o s i t i o n a l d i s t r i b u t i o n was d e t e r ­
mined by dynamic m e c h a n i c a l s p e c t r o s c o p y (Rheovibron) and d i f f e r ­
e n t i a l s c a n n i n g c a l o r i m e t r y , and the sequence d i s t r i b u t i o n by C13 
n u c l e a r magnetic resonance. 
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3. VANDERHOFF Monodisperse Polystyrene Latexes 81 

The r e s u l t s showed t h a t a l l b a t c h p o l y m e r i z a t i o n s gave a 
two-peaked copolymer c o m p o s i t i o n a l d i s t r i b u t i o n , a b u t y l a c r y l a t e -
r i c h f r a c t i o n , which v a r i e d a c c o r d i n g to the monomer r a t i o , and 
p o l y v i n y l a c e t a t e . A l l s t a r v e d semi-continuous p o l y m e r i z a t i o n s 
gave a s i n g l e - p e a k e d copolymer c o m p o s i t i o n a l d i s t r i b u t i o n which 
corresponded to the monomer r a t i o . The l a t e x p a r t i c l e s i z e s and 
type and c o n c e n t r a t i o n o f s u r f a c e groups were c o r r e l a t e d w i t h the 
c o n d i t i o n s of p o l y m e r i z a t i o n . The s t a b i l i t y of the l a t e x to 
added e l e c t r o l y t e showed t h a t p a r t i c l e s were s t a b i l i z e d by both 
e l e c t r o s t a t i c and s t e r i c s t a b i l i z a t i o n w i t h the s t e r i c s t a b i l i z a ­
t i o n groups p r o v i d e d by s u r f a c e h y d r o l y s i s o f v i n y l a c e t a t e u n i t s 
i n the polymer c h a i n . The e x t e n t o f t h i s s u r f a c e h y d r o l y s i s was 
g r e a t e r f o r t h e s t a r v e d semi-continuous sample than f o r the b a t c h 
sample. 

Thus the c o m b i n a t i o n of s u r f a c e c h a r a c t e r i z a t i o n methods 
w i t h polymer c h a r a c t e r i z a t i o n methods g i v e s new i n s i g h t s i n t o the 
p r o p e r t i e s of t h i s i m p o r t a n t i n d u s t r i a l copolymer system and dem­
o n s t r a t e s the e f f e c t i v e n e s s o f these methods i n d i s t i n g u i s h i n g 
between d i f f e r e n t t e c h n i q u e s o f p o l y m e r i z a t i o n . 

Summary 

The f o r e g o i n g r e s u l t s show t h a t the s u r f a c e of monodisperse 
p o l y s t y r e n e l a t e x p a r t i c l e s can be cl e a n e d by i o n exchange o r 
serum replacement to remove the adsorbed e m u l s i f i e r and s o l u t e 
e l e c t r o l y t e , and the number of c h e m i c a l l y bound s u r f a c e groups 
a r i s i n g from the p e r s i l f a t e i n i t i a t o r can be determined q u a n t i t a ­
t i v e l y by co n d u c t o m e t r i c t i t r a t i o n . Moreover, monodisperse p o l y ­
s t y r e n e l a t e x e s prepared u s i n g p e r s u l f a t e i n i t i a t o r and b i c a r b o n ­
a t e b u f f e r a r e good s t a r t i n g p o i n t s f o r the p r e p a r a t i o n o f i d e a l 
model c o l l o i d s . P o l y m e r i z a t i o n of the l a t e x e s a t pH 7-8 g i v e s 
o n l y s u r f a c e s u l f a t e groups. Storage of these l a t e x e s i n the H+ 
form g i v e s complete h y d r o l y s i s to the a l l - h y d r o x y l form, and 
st o r a g e a t room temperature g i v e s the a l l - c a r b o x y l form. These 
l a t e x e s w i t h the same number o f t h r e e d i f f e r e n t s u r f a c e groups 

s u l f a t e , c a r b o x y l , h y d r o x y l have been used as model 
c o l l o i d s f o r measurements o f e l e c t r o p h o r e t i c m o b i l i t y . S u r p r i s ­
i n g l y , the e l e c t r o p h o r e t i c m o b i l i t y i s n e g a t i v e and c o n s t a n t 
over the pH range 5-10, independent o f the type o f s u r f a c e group. 
The mechanisms proposed to e x p l a i n these a p p a r e n t l y anomalous 
r e s u l t s a r e a d s o r p t i o n of i o n s from the medium o r i n j e c t i o n o f 
e l e c t r o n s i n t o the p o l y s t y r e n e p a r t i c l e s . These c h a r a c t e r i z a ­
t i o n methods were a p p l i e d to t y p i c a l i n d u s t r i a l l a t e x e s , e.g., 
s t y r e n e - b u t a d i e n e - a c r y l i c a c i d and - m e t h a c r y l i c a c i d copolymers, 
an e t h y l a c r y l a t e - m e t h y l m e t h a c r y l a t e - a c r y l i c a c i d copolymer, 
p o l y v i n y l a c e t a t e prepared u s i n g p o l y m e t h a c r y l i c a c i d - n o n y l p h e n -
o l - p o l y o x y e t h y l a t e phosphate e s t e r e m u l s i f i e r , and v i n y l a c e t a t e -
b u t y l a c r y l a t e copolymers o f 0-100% b u t y l a c r y l a t e . 
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82 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Abstract 

Monodisperse polystyrene latexes prepared with persulfate 
initiator are stabilized by the sulfate endgroups of the polymer 
molecules. These latexes can be characterized by removing the 
adsorbed emulsifier and solute electrolyte by ion exchange or 
serum replacement and determining the surface sulfate groups by 
conductometric titration with base. However, these latexes some­
times contain surface hydroxyl groups formed by hydrolysis of 
sulfate groups or a side reaction of sulfate ion-radicals to form 
hydroxyl radicals. These hydroxyl groups can be determined by 
oxidation to the carboxyl form, followed by conductometric titra­
tion. The purpose of this paper is to describe the preparation 
of model colloids as well as characterization of industrial la­
texes. Model colloids with the same number of three different 
types of surface groups can be prepared to give particles sta­
bilized only with sulfate endgroups, hydrolysis to give particles 
stabilized only with hydroxyl groups, and oxidation to give par­
ticles stabilized only with carboxyl groups. Examples of indus­

trial latexes characterized by these methods include styrene­
butadiene-acrylic acid and -methacrylic acid copolymers, ethyl 

acrylate-methyl methacrylate-acrylic acid copolymers, polyvinyl 
acetate prepared with polymethacrylic acid emulsifier, and vinyl 
acetate-butyl acrylate copolymers prepared by batch and semi­
-continuous polymerization. 
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4 
Characterization of Latex Particles by 
Light Scattering 

R. L. ROWELL and J. R. FORD 

Department of Chemistry, University of Massachusetts, Amherst, MA 01003 

This work is directly applicable to spherical particles 
with a circumference in the range of 1 to 10 times the wave­
length of light used for observation. The general ideas extend 
to a wide variety of related problems. 

There are two basic approaches to the characterization of 
latex particles by light scattering. In the quantum approach 
(1, 2), which has a comparatively recent historical development 
under the names of Rayleigh linewidth, quasi-elastic scattering, 
intensity fluctuation spectroscopy, photon correlation spectro­
scopy and dynamic light scattering, the physical effect is a 
Doppler shift of the light by the moving particle. The available 
information is obtained through an exponential correlation func­
tion so that the method is best suited to a characteristic size 
and considerably less sensitive to particle size distribution. 
The other approach is based upon wave theory and may involve 
either turbidity or angular scattering as discussed below. The 
wave theory has long been known as Mie scattering (3, 4) and has 
more recently become known as Lorenz-Mie scattering in recog­
nition of historical origins (5). It represents the exact 
solution to the problem of electromagnetic scattering by a di­
electric sphere using Maxwell's equations and is well-known 
with diverse applications (5, 6). 

The turbidity experiment is simple and rapid but there is 
less variation in the turbidity spectrum than in the angular 
scattering pattern so that the method has been developed mainly 
for particle size (7). 

The angular scattering approach is the principal aim of 
this work. The properties of the Lorenz-Mie intensity co­
efficients are treated in some detail in order to illustrate 
their utilization for the determination of particle size dis­
tribution, refractive index and number concentration. In a 
related paper the internal structure of polymer latex spheres 
is considered (8). 

0097-6156/81 /0165-0085$05.00/0 
© 1981 American Chemical Society 
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86 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

The a n g u l a r s c a t t e r i n g i n f o r m a t i o n i s embodied i n the 
Lorenz-Mie t h e o r y i n t e n s i t y c o e f f i c i e n t i i f o r V v p o l a r i z a t i o n 
and ±2 f o r p o l a r i z a t i o n o f s c a t t e r i n g . A l t h o u g h h i g h speed 
computers a r e r e q u i r e d f o r the computation o f i ^ and ±2, the 
problem i s well-known and a broad l i t e r a t u r e i s a v a i l a b l e f o r 
c h e c k i n g (5̂ , 6_). The Lorenz-Mie theory s i z e parameter a=27rr/A 
may be v i s u a l i z e d as the c i r c u m f e r e n c e o f the p a r t i c l e measured 
i n u n i t s o f the wavelength o f l i g h t used f o r o b s e r v a t i o n . 

The theory may be understood by r e p r e s e n t i n g t h e i n t e n s i t y 
c o e f f i c i e n t s as t h r e e - d i m e n s i o n a l graphs g i v i n g i n t e n s i t y as a 
f u n c t i o n o f s i z e parameter a and s c a t t e r i n g a n g l e 0 measured 
from the f o r w a r d d i r e c t i o n . I n the work t h a t f o l l o w s com­
p u t a t i o n s have been c a r r i e d out f o r each of the t h r e e - d i m e n s i o n a l 
s u r f a c e s t h a t a r e t o be r e p r e s e n t e d below over the s i z e p a r a ­
meter a, r a n g i n g from 1.0 i n s t e p s o f 0.1 t o 9.9. C a l c u l a t i o n s 
have been c a r r i e d out over the a n g u l a r range from 0 t o 180° i n 
st e p s o f 1°. Each s u r f a c e , t h e n , c o n s i s t s of a m a t r i x of 90 by 
181 o r 16,290 data p o i n t s . The 16,290 d a t a p o i n t s have been 
p l o t t e d by computer i n the form of a t h r e e - d i m e n s i o n a l graph 
a r r a n g e d t o g i v e one a p e r s p e c t i v e view o f the b e h a v i o r o f the 
i n t e n s i t y c o e f f i c i e n t s as a f u n c t i o n o f b o t h s i z e parameter a 
and angle 0. 

I n t e n s i t y P a t t e r n s f o r m = 1.200 

C o n s i d e r f i r s t a s e r i e s o f e i g h t views of the same d a t a 
m a t r i x f o r the i n t e n s i t y c o e f f i c i e n t i i f o r a r e l a t i v e r e f r a c t i v e 
i n d e x m o f 1.200. F i g u r e s 1 through 8 r e p r e s e n t d i f f e r e n t 
p e r s p e c t i v e v i e w p o i n t s o f the same t h r e e - d i m e n s i o n a l m a t r i x 
viewed from the f r o n t , r i g h t - h a n d s i d e , back, e t c . , so as t o 
r e v e a l d e t a i l s o f the s i m p l e b e h a v i o r o f c o m p l i c a t e d m a t h e m a t i c a l 
f u n c t i o n s . 

I n F i g u r e 1, we are l o o k i n g a t the a n g u l a r s c a t t e r i n g 
p a t t e r n from s m a l l s i z e i n t h e fo r e g r o u n d t o l a r g e s i z e i n the 
background. Two s t r i k i n g f e a t u r e s s t a n d out. The f i r s t i s the 
s t r o n g f o r w a r d s c a t t e r i n g r e p r e s e n t e d by the smooth r i s i n g 
s u r f a c e a t the r i g h t - h a n d edge of the f i g u r e . The second 
s t r i k i n g f e a t u r e i s the remarkable r e g u l a r i t y o f the l i g h t 
s c a t t e r i n g f u n c t i o n s . The a n g u l a r maxima and minima t h a t appear 
i n r e c t a n g u l a r c o o r d i n a t e o r i n p o l a r c o o r d i n a t e r e p r e s e n t a t i o n 
appear i n t h e t h r e e - d i m e n s i o n a l r e p r e s e n t a t i o n as a s e r i e s o f 
r e g u l a r l y m i g r a t i n g t r e n c h e s o r v a l l e y s . The g r a p h i c a l r e p r e ­
s e n t a t i o n shows c l e a r l y t h a t the a n g u l a r minima have t h e i r 
o r i g i n i n the b a c k s c a t t e r i n g r e g i o n and m i g r a t e r e g u l a r l y t o the 
forward d i r e c t i o n . For example, i n F i g u r e 1, c o u n t i n g a l o n g the 
l e f t - h a n d edge, one can d i s t i n g u i s h seven minima. Each o f the 
seven minima o r i g i n a t e s i n the backward d i r e c t i o n and moves 
bo t h towards the fo r w a r d d i r e c t i o n and towards l a r g e r p a r t i c l e 
s i z e as the s i z e c o o r d i n a t e i n c r e a s e s . G e n e r a l l y , the m i g r a t i o n 
of the tren c h e s or the h i l l s and v a l l e y s i s smooth except a t the 
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4. ROWELLAND FORD Light Scattering of Latex Particles 87 

l a r g e r p a r t i c l e s i z e where an u n d u l a t i o n o c c u r s a l o n g the 
r i d g e s as w e l l . The u n d u l a t i o n i s e s p e c i a l l y pronounced f o r 
l a r g e r p a r t i c l e s and a t the backward s c a t t e r i n g a n g l e s . B e f o r e 
l e a v i n g F i g u r e 1, we not e one o t h e r obvious f e a t u r e i n the wide 
a n g l e s c a t t e r i n g p a t t e r n . For t h e l a r g e s t s i z e shown, one can 
count e i g h t minima. S i n c e t h i s i s one more than the number o f 
minima t h a t have o r i g i n a t e d i n the backward d i r e c t i o n c l e a r l y an 
a d d i t i o n a l minima must have c r e p t i n somehow a t the h i g h e r a n g l e s 
and i t i s not c o m p l e t e l y c l e a r from t h i s view what has happened. 

The second view o f the same s u r f a c e , shown i n F i g u r e 2, i s 
from the f o r w a r d d i r e c t i o n and the a c o o r d i n a t e f a c e has been 
exposed to r e v e a l the f e a t u r e s of the underneath p a r t o f the 
s u r f a c e . Note the appearance o f two d i s t i n c t and sharp minima 
o c c u r r i n g i n the r e g i o n o f l a r g e p a r t i c l e s i z e a t h i g h s c a t t e r ­
i n g a n g l e . 

The t h i r d view of the same m a t r i x i n F i g u r e 3 i s from a 
p o i n t underneath the s u r f a c e which r e v e a l s t h a t the v a l l e y s show 
a r i p p l e s t r u c t u r e l i k e t h a t of the r i d g e s seen from above. I t 
i s c l e a r from t h i s view t h a t the sharp minima a r e v e r y c l o s e t o 
the backward d i r e c t i o n and a r e a t ve r y l a r g e p a r t i c l e s i z e . 

I n F i g u r e 4 we have moved round t o the back of the m a t r i x 
and a r e l o o k i n g down from the wide a n g l e s c a t t e r i n g p a t t e r n o f 
l a r g e s i z e toward the r e g i o n o f s m a l l e r s i z e . I t i s c l e a r from 
t h i s view t h a t t h e r e a r e e i g h t minima a l o n g the uppermost 
s c a t t e r i n g p a t t e r n i n the m a t r i x . However, t h i s p a r t i c u l a r 
p e r s p e c t i v e i s n o t the b e s t one f o r d i s t i n g u i s h i n g s u b t l e t i e s 
of the v a r i o u s u n d u l a t i o n s . 

F i g u r e 5 i s from above the s u r f a c e from the vantage p o i n t 
of h i g h e s t a n g l e and h i g h e s t s i z e parameter. T h i s p a r t i c u l a r 
p e r s p e c t i v e c l e a r l y r e v e a l s the m i g r a t i o n and f i n e d e t a i l s of 
the minima. We count al o n g the 9 c o o r d i n a t e a t h i g h e s t a and 
f i n d t he e i g h t minima. Then we count a l o n g the a c o o r d i n a t e a t 
6=180° and i d e n t i f y the seven minima that were seen before and 
d i s c o v e r t h a t the e i g h t h miniroum has occurred in the region of 
l a r g e s t s i z e parameter and i s p l a i n l y c l e a r i n t h i s p a r t i c u l a r 
v i e w . The ex a c t correspondence between a n g u l a r minima and s i z e 
minima i s c l e a r l y shown here. 

F i g u r e 5 a l s o reminds us of the i n t e r f e r e n c e p a t t e r n t h a t 
i s g e nerated by throwing two s t o n e s , a l a r g e one and a s m a l l 
one, s i m u l t a n e o u s l y a t d i f f e r e n t p o i n t s upon the smooth s u r f a c e 
o f water. A c r o s s - r i p p l e i n t e r f e r e n c e p a t t e r n , generated by the 
wa v e l e t s emanating from the two s t o n e s , i s v e r y s i m i l a r t o the 
r i p p l e p a t t e r n t h a t i s g e n e r a t e d i n t h e p e r s p e c t i v e view shown 
her e . The major p a t t e r n , l i k e the l a r g e - s t o n e r i p p l e p a t t e r n , 
i s due t o p a r t i c l e s i z e w h i l e the minor p a t t e r n , l i k e the c r o s s -
r i p p l e i n t e r f e r e n c e from the s m a l l e r s t o n e , may be a t t r i b u t e d 
t o r e f r a c t i v e i n d e x as shown i n subsequent f i g u r e s . 

I n F i g u r e 6 we have moved around t o the h i g h a n g l e f a c e 
o f the m a t r i x and a r e l o o k i n g from the backward d i r e c t i o n t o the 
forwa r d d i r e c t i o n . The r e g u l a r and pronounced p e r i o d i c i t y o f 
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88 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 1. Log \ t vs. a, 6 for m = 1.200; view from small a 

Figure 2. Log i 2 vs. a, 9 form = 1.200; view from zero angle 
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4. ROWELL AND FORD Light Scattering of Latex Particles 89 

Figure 3. Log ii vs. a, 9 for m = 1.200; view from small a, small 9, and beneath 
matrix 

Figure 4. Log \ t vs. a, 9 form = 1.200; view from large a 
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90 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 5. Log \1 vs. a, 6 for m = 1.200; view from large a, large $ 

Figure 6. Log \ t vs. a, 0 form = 1.200; view from 6 = 180° 
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4. ROWELLAND FORD Light Scattering of Latex Particles 91 

minima t h a t o c c u r s a l o n g the a c o o r d i n a t e at 9 = 180° i s the 
most obvious f e a t u r e but t h e r e appears t o be a l o n g e r term un­
d u l a t i o n t h a t d i s p l a y s o n l y about 1/2 a wavelength over the 
e n t i r e c o o r d i n a t e d i s p l a y e d . I t i s as though the waveforms of 
the minima are superimposed upon a lower frequency m o d u l a t i o n 
g o v e r n i n g the g e n e r a l v a r i a t i o n i n the i n t e n s i t y s u r f a c e . T h i s 
f e a t u r e i s more c l e a r l y shown i n F i g u r e 7. 

The next view, i n F i g u r e 7, c o n t i n u e s our movement around 
the m a t r i x and g i v e s us an " a e r i a l " p e r s p e c t i v e on the r e g u l a r 
m i g r a t i o n of the minima and the c r o s s - r i p p l e s t r u c t u r e t h a t 
o c c u r s i n the r e g i o n o f l a r g e p a r t i c l e s i z e and h i g h s c a t t e r i n g 
a n g l e . The exa c t correspondence o f the e i g h t minima generated 
a l o n g the c o o r d i n a t e o f 0 = 180° and the e i g h t minima o c c u r r i n g 
a l o n g the f u l l a n g u l a r c o o r d i n a t e at h i g h e s t a i s c l e a r l y shown 
here . I t i s a l s o c l e a r t h a t both the t r e n c h e s o r v a l l e y s and 
t h e c o r r e s p o n d i n g r i d g e s develop i n c r e a s i n g l y l a r g e r u n d u l a t i o n s 
as p a r t i c l e s i z e i n c r e a s e s . 

The f i n a l v i e w , F i g u r e 8 i n the s e r i e s , i s from the p e r ­
s p e c t i v e o f s m a l l s i z e and forward s c a t t e r i n g . We a r e l o o k i n g 
over the forward lobe towards the r i p p l e s t r u c t u r e a t h i g h 
a n g l e s and l a r g e p a r t i c l e s i z e to the r e a r . T h i s p a r t i c u l a r 
p e r s p e c t i v e w i l l be h e l d as a c o n s t a n t i n o r d e r t o understand 
the e f f e c t s o f r e f r a c t i v e i n d e x and p o l a r i z a t i o n on the wide 
a n g l e l i g h t s c a t t e r i n g p a t t e r n s . Each o f th e seven f o l l o w i n g 
v i e w s i n F i g u r e s 9 through 15 w i l l be from t h i s same p e r s p e c t i v e . 
L e t us keep t h i s v i e w as a frame of r e f e r e n c e and remember t h a t 
i t i s the i n t e n s i t y s u r f a c e f o r a r e l a t i v e l y moderate r e l a t i v e 
r e f r a c t i v e i n d e x o f m = 1.200, which i s t y p i c a l o f many aqueous 
polymer l a t e x systems. 

E f f e c t of R e f r a c t i v e Index 

I n F i g u r e 9 we observe the e f f e c t of r e f r a c t i v e i n d e x . The 
i l i n t e n s i t y s u r f a c e has been computed f o r a r e l a t i v e r e f r a c t i v e 
i n d e x o f 1.486. G e n e r a l f e a t u r e s o f the p r e v i o u s s u r f a c e a r e 
r e t a i n e d . That i s t o say, t h e r e i s a s t r o n g f o r w a r d l o b e o f 
s c a t t e r i n g and a remarkable r e g u l a r i t y i n the t r e n c h - l i k e 
s t r u c t u r e g i v i n g r i s e t o the a n g u l a r minima. The m i g r a t i o n o f 
the v a l l e y s and r i d g e s t o the f o r w a r d d i r e c t i o n seems to h o l d i n 
t h i s s u r f a c e as w e l l but the c r o s s - r i p p l e p a t t e r n p o i n t e d out 
i n the e a r l i e r s e r i e s i s much more pronounced i n t h i s s u r f a c e . 
I t i s p o s s i b l e t o i d e n t i f y e l e v e n minima a l o n g the a c o o r d i n a t e 
at 9 = 180° i n c o n t r a s t t o the e i g h t observed f o r the l o w e r r e ­
f r a c t i v e i n d e x o f 1.200. I n a d d i t i o n t o the i n c r e a s e d v a r i a t i o n 
i n p a t t e r n o r s t r u c t u r e , a comparison of F i g u r e 9 w i t h F i g u r e 8 
shows t h a t the whole s c a l e o f s c a t t e r i n g i n t e n s i t y i s i n c r e a s e d . 
Two i m p o r t a n t e f f e c t s o f r e f r a c t i v e i n d e x , t h e n , a r e an i n c r e a s e 
i n the g e n e r a l l e v e l of s c a t t e r i n g and an i n c r e a s e i n the 
s t r u c t u r e o f s c a t t e r i n g . N o t i c e a l o n g the a c o o r d i n a t e c o r r e s ­
ponding t o 9 = 0° the r e g u l a r i n c r e a s e o f the f o r w a r d s c a t t e r i n g 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

4



92 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 7. Log it vs. a, 6 form = 1.200; "aerial" view from 6 = 180° 

Figure 8. Log ij vs. «, 0 for m = 1.200; view from small a, small 6 
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4. ROWELLAND FORD Light Scattering of Latex Particles 93 

shows a r i p p l e s t r u c t u r e . The r i p p l e i n the f o r w a r d s c a t t e r i n g 
seems to have some r e l a t i o n t o the a n g u l a r p a t t e r n . 

I n the n e x t v i e w , F i g u r e 10, we use the computer t o show us 
q u a n t i t a t i v e l y the e f f e c t of r e f r a c t i v e i n d e x d i f f e r e n c e . I n 
t h i s s u r f a c e , we have taken the two p r e v i o u s s u r f a c e s and sub­
t r a c t e d them element by element and then made a p l o t o f the 
d i f f e r e n c e . The d i f f e r e n c e s u r f a c e g i v e s us a map o f the sen­
s i t i v i t y t o m i n the a-6 domain. Two i m p o r t a n t f e a t u r e s a r e t o 
be noted. The f i r s t of these i s t h a t the s u r f a c e i s r e l a t i v e l y 
f l a t i n the r e g i o n o f the s m a l l s i z e and forward a n g l e . T h i s 
means t h a t the wide a n g l e l i g h t s c a t t e r i n g i s r e l a t i v e l y i n s e n ­
s i t i v e t o r a t h e r l a r g e d i f f e r e n c e s i n r e f r a c t i v e i n d e x i n t h i s 
r e g i o n . S e c o n d l y , over much o f the r e s t o f the m a t r i x , t h e r e 
a r e l a r g e o s c i l l a t i o n s i n the p a t t e r n . T h i s means t h a t t h e r e 
i s a tremendous s e n s i t i v i t y t o r e f r a c t i v e i n d e x i n the wide 
a n g l e s c a t t e r i n g p a t t e r n . I t i s i m p o r t a n t t o s t r e s s t h a t the 
z - a x i s spans 4 o r d e r s o f magnitude and t h a t some o f the s p i k e s 
a r e w e l l o v e r s c a l e . 

I n F i g u r e 11, we a g a i n l o o k a t the d i f f e r e n c e m a t r i x but 
h ere the d i f f e r e n c e i s between s u r f a c e s t h a t have been computed 
f o r r e f r a c t i v e i n d e x e s o f 1.486 and 1.510. A g a i n , two f e a t u r e s 
a r e v e r y o b v i o u s . The f l a t r e g i o n has a much g r e a t e r e x t e n t 
and the r e g i o n s where t h e r e a r e l a r g e d i f f e r e n c e s i n the i n ­
t e n s i t y f u n c t i o n s have shrunk to v e r y s m a l l domains which seem 
to occur i n s m a l l , r e g u l a r l y spaced r e g i o n s of resonance. 
N o t i c e t h a t the r e s o n a n t r e g i o n s f o l l o w the l o c u s of the m i ­
g r a t i n g minima, the t r e n c h e s t h a t were d i s c u s s e d above, and seem 
t o be p i n p o i n t e d by the c r o s s - r i p p l e p a t t e r n mentioned above. 
The s e n s i t i v i t y i n the resonance r e g i o n s i s v e r y l a r g e . 

F i g u r e s 10 and 11 i l l u s t r a t e a ve r y i m p o r t a n t p o i n t . L i g h t 
s c a t t e r i n g may be e i t h e r e x t r e m e l y s e n s i t i v e o r extr e m e l y i n ­
s e n s i t i v e t o r e f r a c t i v e i n d e x depending on the r e g i o n o f the 
a-6 domain under c o n s i d e r a t i o n . E x p e r i m e n t a l l y , the 0 domain 
i s r e a d i l y s e l e c t e d by c h o i c e o f s c a t t e r i n g a n g l e s . The a domain 
i s a l s o s e l e c t a b l e by c h o i c e o f the wavelength o f the i l l u m i n a ­
t i n g r a d i a t i o n . Developments i n l a s e r t e c h n o l o g y a r e i n c r e a s i n g 
the f l e x i b i l i t y i n the c h o i c e s o f wavelength a v a i l a b l e . 

E f f e c t of P o l a r i z a t i o n and R e f r a c t i v e Index 

I n F i g u r e 12 we examine the e f f e c t of p o l a r i z a t i o n on the 
wide a n g l e s c a t t e r i n g p a t t e r n . We a r e now l o o k i n g a t the Mie 
t h e o r y i n t e n s i t y c o e f f i c i e n t ±2 c o r r e s p o n d i n g t o p o l a r i z a t i o n . 
T h i s s u r f a c e has been computed f o r a r e l a t i v e r e f r a c t i v e i n d e x 
o f 1.200. A g a i n , we no t e t h a t the minima t h a t o c c u r i n the wide 
angle s c a t t e r i n g p a t t e r n have t h e i r o r i g i n i n the backward 
d i r e c t i o n and move toward the forward d i r e c t i o n as p a r t i c l e s i z e 
i n c r e a s e s . From t h i s v i e w we can count the e i g h t minima t h a t 
o c c u r a l o n g the backward d i r e c t i o n so t h a t the number of minima 
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94 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 9. Log it vs. a, 6 form = 1.486; view from small a, small 0 

Figure 10. (Log ilf m = 1.200) — (Log ilt m = 1.510) vs. a, 6; view from small 
a, small $ 
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ROWELLAND FORD Light Scattering of Latex Particles 

Figure 11. (Log \ l t m = 1.510)— (Log i,, m = 1.486) vs. a, 0; view from 
a, small 0 

Figure 12. Log \2 vs. a, $form = 1.200; view from small a, small 6 
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96 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

i n b a c k s c a t t e r i n g i s independent o f p o l a r i z a t i o n . The most 
pronounced f e a t u r e o f t h i s s u r f a c e i s the deep minimum o c c u r r i n g 
a t 90 which i s the R a y l e i g h minimum f o r v e r y s m a l l p a r t i c l e s . 
We n o t i c e t h a t as p a r t i c l e s i z e i n c r e a s e s the R a y l e i g h minimum 
fades smoothly i n t o the o v e r a l l s t r u c t u r e o f the s u r f a c e . Com­
p a r i s o n o f F i g u r e 12 w i t h F i g u r e 8 suggests t h a t the main e f f e c t 
of p o l a r i z a t i o n i s the s u p e r p o s i t i o n o f the R a y l e i g h minimum on 
a r e g u l a r p a t t e r n determined by s i z e and r e f r a c t i v e i n d e x . 

I n the n e x t v i e w , F i g u r e 13, we examine bo t h the e f f e c t o f 
p o l a r i z a t i o n and r e f r a c t i v e i n d e x . The s u r f a c e i s a g a i n f o r the 
component ±2 but i s f o r a r e f r a c t i v e i n d e x of 1.486. I t i s 
c l e a r from t h i s view the same g e n e r a l f e a t u r e s t h a t we had ob­
s e r v e d b e f o r e a r e apparent h e r e as w e l l . We f i n d t h a t i n the 
backward d i r e c t i o n t h e r e a r e e l e v e n minima, the same number as 
f o r the ±1 p o l a r i z a t i o n . T h i s i s c o n s i s t e n t w i t h our under­
s t a n d i n g t h a t r e f r a c t i v e i n d e x i n c r e a s e s s t r u c t u r e , independent 
of p o l a r i z a t i o n . We a l s o n o t e t h a t over most of the s u r f a c e 
t h e r e i s much s c a t t e r i n g so t h a t the i n c r e a s e i n the g e n e r a l 
l e v e l of s c a t t e r i n g and the s u p e r p o s i t i o n of the R a y l e i g h 
minimum has moderated the l a r g e dissymmetry between f o r w a r d and 
backward s c a t t e r i n g . 

I n F i g u r e 14, we see i n a q u a n t i t a t i v e way the e f f e c t of a 
d i f f e r e n c e i n r e f r a c t i v e i n d e x . In t h i s v i e w , we have used the 
computer to s u b t r a c t the two p r e c e d i n g m a t r i c e s p o i n t by p o i n t 
and make a p l o t o f the d i f f e r e n c e s u r f a c e . A g a i n , as b e f o r e , 
we n o t e a r e g i o n t h a t i s r e l a t i v e l y f l a t a t s m a l l a n g l e s and 
s m a l l s i z e s showing t h a t t h e wide a n g l e s c a t t e r i n g i s i n s e n ­
s i t i v e t o b o t h p o l a r i z a t i o n and r e f r a c t i v e i n d e x i n t h i s r e g i o n . 
Over a good d e a l o f the r e s t of the m a t r i x , t h e r e i s pronounced 
s t r u c t u r e showing the extreme s e n s i t i v i t y of l i g h t s c a t t e r i n g 
t o r e f r a c t i v e i n d e x . Comparison of F i g u r e 14 w i t h F i g u r e 10 
shows t h a t p o l a r i z a t i o n has i n c r e a s e d the r e g i o n o f s e n s i t i v i t y 
o f l i g h t s c a t t e r i n g i n the a-0 domain. I n p a r t i c u l a r , the 
p o s i t i o n and magnitude o f t h e R a y l e i g h minimum i s e s p e c i a l l y 
s e n s i t i v e to r e f r a c t i v e i n d e x . 

I n the f i n a l v iew o f the s e r i e s , F i g u r e 15, we l o o k a t the 
e f f e c t o f a v e r y s m a l l change i n r e f r a c t i v e i n d e x on the wide 
angle s c a t t e r i n g p a t t e r n f o r ±2* T h i s s u r f a c e has been computed 
f o r a r e f r a c t i v e i n d e x d i f f e r e n c e 1.486 minus 1.510. Most o f 
the s u r f a c e i s f a i r l y f l a t showing an i n s e n s i t i v i t y t o such a 
s m a l l r e f r a c t i v e i n d e x d i f f e r e n c e . But t h e r e a r e r e g i o n s , 
p a r t i c u l a r l y a t the l a r g e r s c a t t e r i n g a n g l e s and f o r l a r g e r s i z e 
p a r t i c l e s where t h e r e a r e pronounced resonances a g a i n f o l l o w i n g 
the p a t t e r n s o f the m i g r a t i n g minima and p i n p o i n t e d by the c r o s s -
r i p p l e s t r u c t u r e . These v e r y s m a l l r e g i o n s o f resonance a r e 
v e r y i n t e r e s t i n g because they show s e v e r a l o r d e r s of magnitude 
of s e n s i t i v i t y f o r v e r y s m a l l d i f f e r e n c e i n r e f r a c t i v e i n d e x . 
T h i s suggests t h a t i f the p r o p e r i n s t r u m e n t a t i o n were a v a i l a b l e 
t o tune our experiments i n t o the r e g i o n o f t h e o r e t i c a l space 
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ROWELLAND FORD Light Scattering of Latex Particles 

Figure 13. Log i 2 vs. a, 6 for m = 1.486; view from small a, small 0 

Figure 14. (Log i2) m = 1.200) — (Log i2, m = 1.510); view from small a, small 
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9% EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 15. (Log \2, m = 1.510) - (Log i2, m = 1.486) vs. a, 6; view from small 
a, small 6 

Figure 16. Log U vs. 6 = 450(1°)115°, « = 2.0(0.1)6.9 for m = 1.200; view 
from small 6, small a 
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4. ROWELLAND FORD Light Scattering of Latex Particles 99 

s u r r o u n d i n g a resonance maxima or minima i t would be p o s s i b l e 
to g a i n an enormous s e n s i t i v i t y t o r e f r a c t i v e i n d e x and hence 
p a r t i c l e c o m p o s i t i o n . The resonances a r e l e s s pronounced f o r ±2 
than f o r ±1 as seen by comparing F i g u r e s 15 and 11. 

The I n v e r s i o n Problem 

The i n v e r s i o n problem c o n s i s t s o f e x t r a c t i n g u s e f u l i n f o r ­
m a tion from l i g h t s c a t t e r i n g d a t a . The d e t a i l s d i f f e r but the 
g e n e r a l approach has been t o f i n d a match between an e x p e r i m e n t a l 
r e c o r d and a l i b r a r y of machine computations. The matching p r o ­
cedures have w i t h o u t e x c e p t i o n been one d i m e n s i o n a l , i . e . the 
9-template generated from an a n g u l a r s c a n a t c o n s t a n t s i z e o r 
the a-template generated from a growing system observed a t con­
s t a n t 6. 

F i g u r e 16 w i l l be used t o i l l u s t r a t e some o f the d i f f i c u l ­
t i e s encountered i n the i n v e r s i o n problem. The s u r f a c e shows 
l o g ±1 over 6 = 45°(1°)115° and a = 2.0(0.1)6.9 f o r m = 1.200. 
The a n g u l a r c o o r d i n a t e i s t o the l e f t w i t h the f o r w a r d d i r e c t i o n 
i d e n t i f i e d by i n c r e a s i n g i n t e n s i t y . The d i r e c t i o n o f i n c r e a s i n g 
a - c o o r d i n a t e t o the r i g h t may be i d e n t i f i e d by the p a t t e r n o f 
m i g r a t i o n o f t h e extrema shown i n F i g u r e s 1-8. One of the 
d i f f i c u l t i e s i s t h a t the G-range and the a-range may have l i m i t s 
imposed by the c h a r a c t e r i s t i c s o f the system and the l i m i t a t i o n s 
of a v a i l a b l e a p paratus so t h a t o n l y a l i m i t e d p a t t e r n i n the 
a-8 domain i s r e l e v a n t . 

W i t h a l i m i t e d p a t t e r n such as shown i n F i g u r e 16, t he 
problem o f m u l t i v a l u e d n e s s may be s e r i o u s . To make an extreme 
i l l u s t r a t i o n , i f a n g u l a r d a t a were taken o n l y over 75 (1 )80 , 
t h e r e would be s e v e r a l a v a l u e s a t which a f i t c o u l d be o b t a i n e d 
w i t h i n the l i m i t s o f o r d i n a r y e x p e r i m e n t a l e r r o r . On the o t h e r 
hand, i f a n g u l a r data were taken o v e r 4 5 u ( r 0 l l 5 , i t i s c l e a r 
t h a t a unique f i t c o u l d be o b t a i n e d w i t h the p a t t e r n i n F i g u r e 
16 l e a d i n g t o a c h a r a c t e r i s t i c a and m. I n the l a t t e r c a s e , 
however, t h e r e i s no guarantee t h a t some o t h e r c o m b i n a t i o n o f 
s i z e parameters, r e f r a c t i v e i n d e x and p o l a r i z a t i o n would not 
l e a d t o the same "unique 1 1 f i t . G e n e r a l l y t h e n , some a p r i o r i 
knowledge o f the system and the p a t t e r n s o f l i g h t s c a t t e r i n g 
t h e o r y a r e r e q u i r e d . 

F i g u r e 16 may a l s o be used t o i l l u s t r a t e the problem o f 
p o l y d i s p e r s i t y . For s i m p l i c i t y , c o n s i d e r a s m a l l p o l y d i s p e r s i t y 
i n p a r t i c l e s i z e a t c o n s t a n t r e f r a c t i v e i n d e x . The t h e o r e t i c a l 
s u r f a c e shown i n F i g u r e 16 must be m o d i f i e d w i t h a r u n n i n g 
i n t e g r a t i o n over the s i z e d i s t r i b u t i o n which tends t o f i l l i n 
t h e minima and round o f f the maxima so t h a t some o f the s t r u c t u r e 
i s averaged ou t . G r a p h i c a l i l l u s t r a t i o n s of the e f f e c t have 
been r e p o r t e d (9) and the e f f e c t has been e x p l o i t e d t o o b t a i n 
b o t h p a r t i c l e s i z e and d i s t r i b u t i o n w i d t h ( 1 0 ) . I t s h o u l d be 
r e a l i z e d t h a t b o t h v e r y narrow or v e r y b r o a d d i s t r i b u t i o n s tend 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

4



100 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

t o average out the l i g h t s c a t t e r i n g p a t t e r n . However, the 
i n v e r s i o n problem i n v o l v e s the f o l d i n g or m u l t i p l i c a t i o n o f a 
l i g h t s c a t t e r i n g p a t t e r n w i t h a p o l y d i s p e r s i t y f u n c t i o n . I f the 
p e r i o d i c i t y o f the s i z e d i s t r i b u t i o n matches the p e r i o d i c i t y o f 
the l i g h t s c a t t e r i n g p a t t e r n an enhancement w i l l r e s u l t . The 
r e l a t i o n s h i p i s the same ma t h e m a t i c a l problem as the i n t e r f e r e n c e 
between two s i g n a l s . We have used p o l y d i s p e r s i t y i n s i z e f o r 
i l l u s t r a t i o n b u t the same i d e a s a p p l y t o p o l y d i s p e r s i t y o r 
v a r i a t i o n i n r e f r a c t i v e i n d e x o r o t h e r c h a r a c t e r i s t i c p r o p e r t i e s . 

S i n c e t h e i n v e r s i o n problem i n v o l v e s , i n essence, f i n d i n g 
a concordance between an e x p e r i m e n t a l s e t o f data and a t h e o r e t ­
i c a l s e t o f d a t a , i t f o l l o w s t h a t the p r o b a b i l i t y o f a unique 
match i n c r e a s e s w i t h the number of d a t a p o i n t s i n the s e t . The 
s e n s i t i v i t y s u r f a c e s show t h a t t h e arrangement o f data p o i n t s 
i s i m p o r t a n t as w e l l . I f the e x p e r i m e n t a l d a t a i n v o l v e s , f o r 
example, two a n g u l a r scans c o l l e c t e d s i m u l t a n e o u s l y a t two wave­
l e n g t h s , then the matching p r o c e s s i s e q u i v a l e n t t o f i t t i n g a 
p a i r of temp l a t e s a t a f i x e d s e p a r a t i o n t o the t h e o r e t i c a l 
s u r f a c e . T h i s amounts t o the s i m p l e s t p o s s i b l e case of a two-
d i m e n s i o n a l match o r s u r f a c e - t o - s u r f a c e f i t . The advantages a r e 
obvious from the p r e c e d i n g d i s c u s s i o n and i t i s a n t i c i p a t e d t h a t 
e x p e r i m e n t a l e x p l o i t a t i o n w i l l soon f o l l o w . 

S e n s i t i v i t y Maps 

The i n t e n s i t y s u r f a c e s and d i f f e r e n c e s u r f a c e s t h a t have 
been p r e s e n t e d here may be viewed i n g e n e r a l as s e n s i t i v i t y maps. 
A number o f i m p o r t a n t uses of s e n s i t i v i t y maps a r e p o s s i b l e , 
among which a r e : 

(1) The dependence of the l i g h t s c a t t e r i n g p a t t e r n s on a 
wide v a r i e t y o f v a r i a b l e s may be e x p l o r e d , i . e . s i z e , a n g l e , 
i n t e n s i t y o r com b i n a t i o n o f i n t e n s i t i e s such as t h e d e p o l a r i z a ­
t i o n r a t i o i 2 / i i o r the p o l a r i z a t i o n ( i 2 ~ i l ) / ( i 2 + i l ) • 

(2) The e f f e c t s of p a r t i c l e shape and i n t e r n a l s t r u c t u r e 
may be e x p l o r e d s i n c e many t h e o r e t i c a l s o l u t i o n s a r e a v a i l a b l e 
( 5 , 6 ) . 

(3) E x a m i n a t i o n o f t h e l o c i o f the minima i n the p r e c e d i n g 
f i g u r e s , such as F i g u r e s 1-8, show t h a t i n some r e g i o n s o f the 
a-8 domain the v a l l e y s a r e smooth whereas i n o t h e r r e g i o n s an 
u n d u l a t i o n o c c u r s . Where the v a l l e y s a r e smooth, the computer 
time i n v o l v e d i n the i n v e r s i o n p r o c e d u r e may be d r a s t i c a l l y 
reduced by f o l l o w i n g a s t e e p e s t descent t o a v a l l e y and then 
s e e k i n g a concordance i n the v a l l e y as i n t h e " s h o r t f i t " 
developed i n our l a b o r a t o r y ( 1 1 ) . 

(4) The s e n s i t i v i t y t o s i z e and r e f r a c t i v e i n d e x may be 
a s s e s s e d and used t o s u i t a p a r t i c u l a r a p p l i c a t i o n . For exam-
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4. ROWELLAND FORD Light Scattering of Latex Particles 101 

p i e , i n the study o f a system o f p a r t i c l e s where o n l y p a r t i c l e 
s i z e i s i m p o r t a n t and a v a r i a b l e r e f r a c t i v e i n d e x i s i n c o n ­
s e q u e n t i a l , the low-angle r e g i o n i n the a-6 domain i s suggested 
by the s e n s i t i v i t y s u r f a c e s . 

(5) The remarkable s e n s i t i v i t y t o r e f r a c t i v e i n d e x i l l u s ­
t r a t e d by the r e g i o n s o f o p t i c a l resonance i n F i g u r e 11 remains 
t o be e x p e r i m e n t a l l y e x p l o i t e d . 

A p p l i c a t i o n s 

The a p p l i c a t i o n s o f wide a n g l e l i g h t s c a t t e r i n g a r e beyond 
the scope of t h i s work and too numerous t o be summarized here 
but we would l i k e to c a l l a t t e n t i o n t o some comprehensive r e ­
views (12, 1 3 ) , b a s i c t r e a t i s e s (.5, 6), c o n f e r e n c e p r o c e e d i n g s 
(14, 15) and f i n a l l y some r e p r e s e n t a t i v e a r t i c l e s , s e l e c t e d from 
our own e x p e r i e n c e , t h a t i n t r o d u c e the b a s i c s i z e d i s t r i b u t i o n 
i n f o r m a t i o n o b t a i n a b l e from wide a n g l e l i g h t s c a t t e r i n g . 

The s i m p l e s t d e m o n s t r a t i o n o f wide a n g l e l i g h t s c a t t e r i n g 
may be found i n the measurements o f the l i g h t s c a t t e r e d by 
s i n g l e a e r o s o l d r o p l e t s o f d i o c t y l p h t h a l a t e (JL6, 17) . 

D e t e r m i n a t i o n o f the time dependence of p a r t i c l e s i z e d i s ­
t r i b u t i o n and number c o n c e n t r a t i o n i n a growing system has been 
e v a l u a t e d on the well-known LaMer s u l f u r s o l s (18, 19, 9 ) , an 
e x t e n s i v e l y s t u d i e d system ( 5 ) . 

R e c e n t l y , a f o u r - l a b o r a t o r y c o o p e r a t i v e study has l e d t o a 
comparison o f the d e t e r m i n a t i o n of p a r t i c l e s i z e d i s t r i b u t i o n by 
e l e c t r o n m i c r o s c o p y , q u a s i - e l a s t i c l i g h t s c a t t e r i n g and wide 
a n g l e l i g h t s c a t t e r i n g ( 2 0 ) . 

The p r e c e d i n g works have been s e l e c t e d because o f t h e i r 
coherence w i t h our g e n e r a l t r e a t m e n t . I t i s hoped t h a t a s m a l l 
group of papers w i l l s e r v e as a r e a d i l y grasped frame of r e f e r ­
ence and an i n t r o d u c t i o n t o the v a s t l i t e r a t u r e on l i g h t s c a t t e r ­
i n g . 
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Abstract 

The methodical relationship of angular light scattering to 
turbidity and dynamic light scattering is given. The wide angle 
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102 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

scattering method is based upon the exact electromagnetic wave 
theory of angular light scattering which is reviewed and repre­
sented in graphical form in order to illustrate the regularity 
and simplicity of the three most pronounced general features: 
(1) the increase in forward scattering with increased particle 
size, (2) the increase in the number and magnitude of angular 
maxima and minima with increased particle size and (3) the de­
pendence of intensity level and angular structure on refractive 
index and polarization. The angular method is used to illus­
trate the concept that structure or variation in the data is the 
key to the determination of particle size distribution and re­
fractive index by light scattering. The inter-relationship 
between polydispersity in size and refractive index or other 
characteristic property is discussed in relationship to the in­
version of light scattering data. The graphical representation 
gives sensitivity maps which are shown to be useful in exploring 
theoretical patterns, defining the limits of a problem and re­
vealing new phenomena such as the origin of the angular extrema 
and the locus of the regions of optical resonance. Selected 
applications are given as an introduction to wide angle light 
scattering and as a comparison with other approaches. 
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5 
The Molecular Weight Distributions of 
Emulsion Polymers 

DONALD H. NAPPER, GOTTFRIED LICHTI, and ROBERT G. GILBERT 
Departments of Physical and Theoretical Chemistry, The University of Sydney, 
N.S.W. 2006 Australia 

The object of this paper is to review a general procedure 
(1) that allows the molecular weight distribution (MWD) of the 
polymer produced in an emulsion polymerization to be predicted 
with considerable generality. The theory to be presented permits 
the following microscopic kinetic processes to be comprehended: 
(i) the entry of free radicals into the latex particles from the 
continuous phase; (ii) the exit (or desorption) of free radicals 
from the particles; (iv) chain transfer, whether to monomer or 
added chain transfer agent; (v) bimolecular termination, whether 
by combination and/or disproportionation. The procedure allows 
all of these kinetic events to be acting simultaneously. It 
could be readily extended to encompass the effects of retarders. 
Chain transfer to polymer, which may be important in some 
industrial emulsion polymerizations and which results in long 
chain branching, is specifically excluded from the present 
treatment, although an extension of the theory should permit this 
kinetic process to be incorporated. 

The prediction of the MWD of emulsion polymers proved to be 
a relatively intractable problem even after the advent of the 
Harkins-Smith-Ewart theory. Perhaps the most successful early 
attack on the problem was that of Katz, Shinnar and Saidel (2). 
They considered only two microscopic events: entry and bimole­
cular termination by combination. Their theory resulted in a set 
of partial integrodifferential equations, whose numerical 
solution provided the lower moments of the molecular weight 
distribution function. Other attempts to predict the MWD of 
emulsion polymers include those of Parts and Watterson (3), 
Sundberg and Eliassen (4), Min and Ray (5) and Gardon (6). 

Overall Strategy 

The overall strategy to be described in detail below is 
straightforward (1). We consider first a set of chains, all of 
which began growing at the same instant. We shall refer to these 
chains as being 'distinguished': they are distinguished from all 

0097-6156/81/0165-0105$05.00/0 
© 1981 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

5



106 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

o t h e r c h a i n s generated i n the l a t e x by h a v i n g commenced growth 
a t the same i n s t a n t . P a r t i c l e s c o n t a i n i n g d i s t i n g u i s h e d f r e e 
r a d i c a l s w i l l themselves be r e f e r r e d t o as b e i n g ' d i s t i n g u i s h e d 1 . 

Next, we f o l l o w the growth h i s t o r i e s of each d i s t i n g u i s h e d 
c h a i n by f o l l o w i n g the time e v o l u t i o n of the d i s t i n g u i s h e d 
p a r t i c l e s . T h i s p e r m i t s us t o s p e c i f y the number c o n c e n t r a t i o n 
of the d i f f e r e n t types of d i s t i n g u i s h e d p a r t i c l e s a t any time. 

F i n a l l y , the time of growth o f each c h a i n i s found by 
d e t e r m i n i n g how many d i s t i n g u i s h e d l a t e x p a r t i c l e s stopped 
growing a t any p a r t i c u l a r i n s t a n t . T h i s i s o b t a i n e d r e a d i l y 
from the product of the number c o n c e n t r a t i o n of the d i f f e r e n t 
types of d i s t i n g u i s h e d p a r t i c l e s and the (known) r a t e c o e f f i c i ­
ent f o r the a p p r o p r i a t e k i n e t i c event. Of c o u r s e , the growth 
time of each c h a i n determines the m o l e c u l a r weight of the 
polymer produced on t e r m i n a t i o n . 

The f o r e g o i n g procedure i s t h a t a p p l i c a b l e t o c h a i n stoppage 
by a f i r s t o r d e r p r o c e s s ( e . g . , t r a n s f e r , e x i t ) but an e x t e n s i o n 
p e r m i t s b i m o l e c u l a r t e r m i n a t i o n , whether by c o m b i n a t i o n o r 
d i s p r o p o r t i o n a t i o n , t o be encompassed. For b i m o l e c u l a r t e r m i n a ­
t i o n , two f r e e r a d i c a l s a r e i n v o l v e d i n the p r o d u c t i o n of the 
dead polymer. I t i s t h e r e f o r e n e c e s s a r y t o know the growth 
h i s t o r i e s of bo t h f r e e r a d i c a l s i n v o l v e d i n the b i m o l e c u l a r 
event. T h i s g i v e s r i s e t o the concept of doubly d i s t i n g u i s h e d 
p a r t i c l e s , i . e . , p a r t i c l e s t h a t c o n t a i n two f r e e r a d i c a l s , the 
f i r s t o f which began growing a t one a r b i t r a r i l y chosen i n s t a n t 
and the second of which commenced growing a t another a r b i t r a r i l y 
chosen i n s t a n t . I n t h i s way the growth h i s t o r i e s o f b o t h 
d i s t i n g u i s h e d f r e e r a d i c a l s can be f o l l o w e d and proper a l l o w a n c e 
made f o r the t e r m i n a t i o n mechanism. A g a i n , the growth times 
determine the m o l e c u l a r weight of the polymer produced by the 
emulsion p o l y m e r i z a t i o n p r o c e s s . 

I t i s n e c e s s a r y i n a compartmentalized r e a c t i o n t o keep 
t r a c k of not o n l y the d i s t i n g u i s h e d f r e e r a d i c a l s i n a l a t e x 
p a r t i c l e but a l s o the o t h e r f r e e r a d i c a l s i n the p a r t i c l e ( i . e . , 
the n o n d i s t i n g u i s h e d r a d i c a l s ) . T h i s suggests the n o t a t i o n N.' 
and N.'', where N = r e l a t i v e number of l a t e x p a r t i c l e s , i denotes 
the t o t a l number of f r e e r a d i c a l s i n the l a t e x p a r t i c l e and the 
number o f prime s u p e r s c r i p t s s p e c i f i e s the number of d i s t i n ­
g u i s h ed c h a i n s s t i l l growing i n the p a r t i c l e . The n o n d i s t i n ­
g uished f r e e r a d i c a l s determine the range of m i c r o s c o p i c k i n e t i c 
p r o c e s s e s t h a t the d i s t i n g u i s h e d c h a i n can undergo. For example, 
the d i s t i n g u i s h e d c h a i n i n an N^'-type p a r t i c l e cannot undergo 
b i m o l e c u l a r t e r m i n a t i o n whereas t h a t i n an N^'-type p a r t i c l e 
can. 

For the purposes o f t h i s a r t i c l e , we s h a l l make two 
s i m p l i f y i n g assumptions i n t h a t the d i s c u s s i o n w i l l be c o n f i n e d 
t o the polymer produced i n the st e a d y s t a t e domain ( i . e . , 
I n t e r v a l I I ) of a '0-1-2' system. By a '0-1-2' system, we i m p l y 
one i n which p a r t i c l e s can c o n t a i n o n l y 0, 1 o r 2 f r e e r a d i c a l s , 
the p o p u l a t i o n s of p a r t i c l e s c o n t a i n i n g more than two f r e e 
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5. NAPPER ET AL. Molecular Weight Distributions 107 

r a d i c a l s b e i n g c o n s i d e r e d too s m a l l t o i n f l u e n c e the o v e r a l l 
b e h a v i o u r . I t i s s t r e s s e d t h a t n e i t h e r o f the f o r e g o i n g s i m p l i ­
f y i n g assumptions i s n e c e s s a r y i n the g e n e r a l t h e o r y (_1), 
a l t h o u g h the i n c l u s i o n of p a r t i c l e s c o n t a i n i n g more than two f r e e 
r a d i c a l s u s u a l l y p r e c l u d e s a n a l y t i c a l formulae b e i n g o b t a i n e d . 
Note t h a t I n t e r v a l I , where n u c l e a t i o n o c c u r s , i s not comprehen­
ded by t h i s a n a l y s i s . 

The Smith-Ewart E q u a t i o n s 

L i k e most t h e o r e t i c a l d i s c u s s i o n s o f emulsion p o l y m e r i z a ­
t i o n , t h a t o f the MWD be g i n s w i t h the Smith-Ewart e q u a t i o n s ( 7 ) : 

dN. = pCN.^ - N.) + k ( [ i + l ] N . + 1 - iN.) 

d t + c ( [ i + 2 ] [ i + l ] N . + 2 - i [ i - l ] N . ) (1) 

where N. = r e l a t i v e number of l a t e x p a r t i c l e s c o n t a i n i n g i (=0,1, 
2,3, ... ) f r e e r a d i c a l s , p = r a d i c a l e n t r y r a t e c o e f f i c i e n t 
( i . e . , the average number of f r e e r a d i c a l s t h a t e n t e r a p a r t i c l e 
i n u n i t t i m e ) , k = e x i t r a t e c o e f f i c i e n t and 2c = b i m o l e c u l a r 
t e r m i n a t i o n r a t e c o e f f i c i e n t . Note t h a t the n o r m a l i z a t i o n adop­
ted i s ? N i = 1; moreover, o n l y i f i > 2 w i l l b i m o l e c u l a r events 
c o n t r i b u t e terms t o e q u a t i o n s ( 1 ) . Any term i n v o l v i n g a n e g a t i v e 
s u b s c r i p t i s i g n o r e d . 

The Smith-Ewart e q u a t i o n s can be s o l v e d u s i n g a s i n g l e 
n u m e r i c a l e i g e n v a l u e d e t e r m i n a t i o n under a l l c o n d i t i o n s . 
A n a l y t i c a l s o l u t i o n s can a l s o be o b t a i n e d i f n i s not too l a r g e 
(n< 0.7)(8,9,10). These s o l u t i o n s encompass b o t h the s t e a d y 
s t a t e and the approach t o the s t e a d y s t a t e . Thus the p a r t i c l e 
number c o n c e n t r a t i o n s N^, N^, N 2,...are known once P, k and c 
have been determined e x p e r i m e n t a l l y . As w i l l be seen, these 
p o p u l a t i o n s a r e the s t a r t i n g p o i n t f o r the MWD a n a l y s i s . 

The D i s t i n g u i s h e d P a r t i c l e E q u a t i o n s 

The Number of D i s t i n g u i s h e d P a r t i c l e s Produced. We w i l l 
assume t h a t the steady s t a t e has been e s t a b l i s h e d and t h a t a t 
some tim e , denoted by t = 0, a stopwatch (numbered 1) i s s t a r t e d . 
The time on stopwatch 1, denoted by t , thus s p e c i f i e s the p e r i o d 
t h a t the experiment has been under way. A f t e r an a r b i t r a r y 
p e r i o d , a second stopwatch (number 2) i s s t a r t e d t o s i g n a l the 
commencement of growth o f the d i s t i n g u i s h e d s e t of f r e e r a d i c a l s . 
Stopwatch 2 a c c o r d i n g l y s p e c i f i e s how l o n g the d i s t i n g u i s h e d 
c h a i n s have been growing; t h i s second time we denote by t f . 

I n an 0-1-2 system, the N ^ f - t y p e p a r t i c l e s a r e produced a t 
any i n s t a n t by the e n t r y of f r e e r a d i c a l s i n t o p a r t i c l e s 
c o n t a i n i n g no f r e e r a d i c a l s o r by c h a i n t r a n s f e r i n p a r t i c l e s 
c o n t a i n i n g one f r e e r a d i c a l . The number c o n c e n t r a t i o n generated 
a t any i n s t a n t i s r e a d i l y found from the p r o d u c t o f the r e s p e c -
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108 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

t i v e number c o n c e n t r a t i o n of the d i f f e r e n t types of p a r t i c l e s and 
the a p p r o p r i a t e r a t e c o e f f i c i e n t . Thus 

Y = pN Q + k t r N x (2) 

where k t = ( p s e u d o - f i r s t - o r d e r ) t r a n s f e r r a t e c o e f f i c i e n t 
(=k E , where k = (second o r d e r ) r a t e c o n s t a n t f o r t r a n s f e r tr,m m' tr,m 
to monomer and C = monomer c o n c e n t r a t i o n i n the l a t e x p a r t i c l e s ) . 
For s t y r e n e , and are o f t e n comparable i n magnitude whereas 
k (of o r d e r 0.1s "*") may be l a r g e r than p (of o r d e r , say, 

-2 -1 
<10 s ) ( 8 ) . The second term i s then dominant. 

P a r t i c l e s t h a t c o n t a i n one d i s t i n g u i s h e d and one n o n d i s t i n -
guished growing c h a i n a r e produced a t t f=0 by r a d i c a l e n t r y i n t o 
p a r t i c l e s c o n t a i n i n g one f r e e r a d i c a l or by c h a i n t r a n s f e r from 
e i t h e r of the f r e e r a d i c a l s i n p a r t i c l e s c o n t a i n i n g two f r e e 
r a d i c a l s : 

N 2' = P N X + 2 k t r N 2 (3) 

For s t y r e n e , i t o f t e n happens t h a t > and the f i r s t term 
may then be dominant. 

The Time E v o l u t i o n of the D i s t i n g u i s h e d P a r t i c l e s . We see 
t h a t N 1 must be f u n c t i o n s b o t h of a c t u a l time ( t ) and d i s t i n g u ­
i s h e d time ( f ) . For the steady s t a t e c o n s i d e r e d h e r e , the t 
dependence can be dropped. The number c o n c e n t r a t i o n o f d i s t i n g u ­
i s h e d p a r t i c l e s changes i n d i s t i n g u i s h e d time as a consequence o f 
two d i f f e r e n t types of e v e n t s : those a s s o c i a t e d w i t h the d i s t i n g u ­
i s h e d c h a r a c t e r ( l a b e l l e d w i t h the s u b s c r i p t D below) of the p a r t ­
i c l e s and those n o t so a s s o c i a t e d ( l a b e l l e d w i t h the s u b s c r i p t ND). 
The former l e a d to the l o s s of the d i s t i n g u i s h e d c h a r a c t e r of the 
p a r t i c l e s whereas the d i s t i n g u i s h e d c h a r a c t e r i s conserved when 
the l a t t e r events o c c u r . 

For N '-type p a r t i c l e s , o n l y c h a i n t r a n s f e r and e x i t l e a d t o 
growth of the d i s t i n g u i s h e d c h a i n s b e i n g stopped: 

d l ^ ' 

d t ' D = ~ ( k t r +
 k ) V ( 4 ) 

The mechanism whereby e x i t o c c u r s suggests t h a t f o r s t y r e n e 
k^^ ^ k commonly. N 2'-type p a r t i c l e s a r e s u b j e c t t o b o t h of the 
f i r s t o r d e r p r o c e s s e s c o n s i d e r e d f o r N^'-type p a r t i c l e s and a l s o 
to b i m o l e c u l a r t e r m i n a t i o n e v e n t s : 

d N 2
f 

d t ' 
= - ( k + k + 2c + p/2) N ' (5) 

D Z 
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5. NAPPER ET AL. Molecular Weight Distributions 109 

Note t h a t no c o e f f i c i e n t of 2 precedes the f i r s t two r a t e c o e f f i ­
c i e n t s s i n c e o n l y one d i s t i n g u i s h e d c h a i n i s i n v o l v e d . The p/2 
term i s an a r t i f a c t of the 0-1-2 system: i t i n d i c a t e s t h a t h a l f 
the e n t r i e s i n t o the N^'-type p a r t i c l e s t e r m i n a t e i n s t a n t a n e o u s l y 
the d i s t i n g u i s h e d c h a i n s . 

The analogous e q u a t i o n s f o r n o n d i s t i n g u i s h e d c h a i n s a r e 

= pN/ + (k+p/2) V ( 6 ) 

d t ' ! 
ND 

dN 11 
— 2 = pN/ - (k+p/2) N 9

F (7) 
d t T 1 

ND 
These e q u a t i o n s s p e c i f y t h a t e n t r y i n t o an N-'-type p a r t i c l e 
produces an N '-type p a r t i c l e whereas an e x i t event (and o n l y the 
n o n d i s t i n g u i s h e d c h a i n i s i n v o l v e d here) r e s u l t s i n the r e v e r s e 
t r a n s f o r m a t i o n . 

The o v e r a l l time e v o l u t i o n o f the s i n g l y d i s t i n g u i s h e d 
p a r t i c l e s i s o b t a i n e d by summing the changes t h a t d i s s i p a t e 
the d i s t i n g u i s h e d c h a r a c t e r of the p a r t i c l e s w i t h those t h a t 
conserve i t : 

dN ' 
d t 7 = -(p+k t r+k) Y + (k+p/2) N 2' (8) 

— 2 ? = pN/ - (pf2k+k +2c) N ' (9) 
d t ' 1 t r z 

These e q u a t i o n s a r e s i m i l a r t o the Smith-Ewart e q u a t i o n s p r e s e n t e d 
above and can be s o l v e d i n an analogous manner. The boundary 
c o n d i t i o n s , i . e . , the v a l u e s of N^' and N^ 1 a t t ' = 0 , r e q u i r e d t o 
s o l v e these e q u a t i o n s have been p r e s e n t e d above ( e q u a t i o n s (2) and 
( 3 ) ) . 

The s o l u t i o n of e q u a t i o n s (8) and (9) y i e l d s t he number con­
c e n t r a t i o n o f s i n g l y d i s t i n g u i s h e d p a r t i c l e s a t any time t ' . 
These can be used to c a l c u l a t e the r a t e of stoppage of c h a i n s i f 
t e r m i n a t i o n i s a f i r s t o r d e r event. 

F i r s t Order Chain Stoppage. The r a t e of stoppage of d i s t i n ­
g u i s h e d c h a i n s i s o b t a i n e d from the product of the p o p u l a t i o n s of 
s i n g l y d i s t i n g u i s h e d p a r t i c l e s w i t h the r e s p e c t i v e r a t e c o e f f i c i ­
e n t . Thus f o r stoppage i n the absence of com b i n a t i o n and d i s -
p r o p o r t i o n a t i o n , we have from e q u a t i o n s (4) and (5) 

s 1
t t = ( k t r + k ) Y ( 1 0 ) 

s 2
t 1 : = ( k t r + k ) + p/2) N 2' (11) 
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110 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

where s. s p e c i f i e s the d i s t r i b u t i o n o f s i n g l y d i s t i n g u i s h e d 
p a r t i c l e s i n s t a t e i whose d i s t i n g u i s h i n g c h a i n ceases growth a t 
time t f a f t e r i t s c r e a t i o n . The t o t a l d i s t r i b u t i o n i s o b t a i n e d 
by summing s^ and s^. 

I n t e g r a t i o n f o r Comparison of Theory w i t h Experiment. The 
sum of e q u a t i o n s (10) and (11) y i e l d s the MWD f o r one a r b i t r a r i l y 
chosen s t a r t i n g t i m e . I n any e x p e r i m e n t a l d e t e r m i n a t i o n o f the 
MWD, measurements a r e made not on j u s t one s e t of d i s t i n g u i s h e d 
c h a i n s but on a l l the d i s t i n g u i s h e d c h a i n s ( i . e . , the t o t a l i t y o f 
ch a i n s ) generated i n the p a r t i c l e s from the s t a r t of the e x p e r i ­
ment (t=0) t o the time ( t = t * ) when the system i s sampled f o r 
polymer ( i . e . , t * i s the f i n a l time d i s p l a y e d on stopwatch 1 ) . 
T h i s r e q u i r e s i n t e g r a t i o n over a l l p o s s i b l e s t a r t i n g t i m e s : 

t * 
S t t : ( t * , t ' ) = f ( S l

t t : + s 2

t Z ) d t (12) 
0* 

The m o l e c u l a r weight M i s r e a d i l y o b t a i n e d from the growth time 
t 1 s i n c e M=at f, where a i s the i n c r e a s e i n the m o l e c u l a r weight 
of a f r e e r a d i c a l growing i n a l a t e x p a r t i c l e per second (a= 
k C M where k = p r o p a g a t i o n r a t e c o n s t a n t and M = m o l e c u l a r 
P m 0 P t t 0 t t 

weight of monomer). S i s the t a r g e t of the a n a l y s i s . S / t * 
g i v e s the average number of c h a i n s of each m o l e c u l a r weight 
generated per second i n each l a t e x p a r t i c l e . Note t h a t the 
o r i g i n a l n o r m a l i z a t i o n adopted f o r N. ensures t h a t the c a l c u l a t e d 
r a t e of p r o d u c t i o n of c h a i n s r e f e r s t o a s i n g l e l a t e x p a r t i c l e . 
The Doubly D i s t i n g u i s h e d P a r t i c l e E q u a t i o n s 

The f o r e g o i n g procedure must be extended t o i n c o r p o r a t e 
b i m o l e c u l a r e v e n t s . Two f r e e r a d i c a l s a r e i n v o l v e d i n the 
t e r m i n a t i o n s t e p and the growth h i s t o r i e s of b o t h c h a i n s must be 
known to c a l c u l a t e the MWD. 

The Number C o n c e n t r a t i o n of Doubly D i s t i n g u i s h e d P a r t i c l e s . 
I n the 0-1-2 system, doubly d i s t i n g u i s h e d p a r t i c l e s ( N 2

? f ) can 
o n l y be formed from s i n g l y d i s t i n g u i s h e d p a r t i c l e s by e n t r y o f a 
f r e e r a d i c a l i n t o a N^'-type p a r t i c l e o r c h a i n t r a n s f e r ( i n v o l ­
v i n g the n o n d i s t i n g u i s h e d c h a i n ) i n an 1 T - t y p e p a r t i c l e . 
T h e r e f o r e 

N 2
f ' = p y + k t r N 2 » (13) 

Note t h a t the v a l u e s of N^ f and N 2* a r e known from the s o l u t i o n 
of e q u a t i o n s (8) and ( 9 ) . We w i l l assume t h a t a t the i n s t a n t 
when the doubly d i s t i n g u i s h e d p a r t i c l e s a r e formed, a t h i r d s t o p ­
watch (numbered 3) i s s t a r t e d and t h a t stopwatch 2 i s stopped. 
The t i m e w h i c h i s d i s p l a y e d on s t o p w a t c h 3, t , T , i s 
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5. NAPPER ET AL. Molecular Weight Distributions 111 

the time of c o - e x i s t e n c e o f the two d i s t i n g u i s h e d f r e e r a d i c a l s 
o r the growth time o f the s h o r t e r of the two r a d i c a l s . 

Note t h a t e q u a t i o n (13) shows t h a t t h e r e i s a h i e r a r c h y o f 
d i f f e r e n t i a l e q u a t i o n s : s o l u t i o n o f the Smith-Ewart e q u a t i o n s 
p r o v i d e s the boundary c o n d i t i o n s f o r the s i n g l y d i s t i n g u i s h e d 
p a r t i c l e e q u a t i o n s ; these i n t u r n p r o v i d e the boundary c o n d i t i o n s 
f o r the doubly d i s t i n g u i s h e d p a r t i c l e e q u a t i o n s . 

The Time E v o l u t i o n of the Doubly D i s t i n g u i s h e d P a r t i c l e s . I n 
the 0-1-2 system, a l l events a s s o c i a t e d w i t h the doubly d i s t i n g u ­
i s h e d p a r t i c l e s l e a d t o the l o s s of the p a r t i c l e s . E n t r y , 
b i m o l e c u l a r c o m b i n a t i o n , t r a n s f e r (from e i t h e r d i s t i n g u i s h e d chain) 
and e x i t (again from e i t h e r d i s t i n g u i s h e d c h a i n ) a l l may oc c u r : 

dN 1 1 

— 2 •= -(p+2c+2k. +2k) N ' 1 (14) 
d t " t r Z 

T h i s c l e a r l y s p e c i f i e s an e x p o n e n t i a l decay i n N ^ 1 1 , the i n i t i a l 
v a l u e o f N 2

f f b e i n g g i v e n by e q u a t i o n ( 1 3 ) . The v a l u e o f N^ 1' 
a t any time t 1 1 i s thus known. 

T e r m i n a t i o n . T e r m i n a t i o n of the doubly d i s t i n g u i s h e d c h a i n s 
i s g i v e n by 

s 2
b t = 2 c N 2 " (15) 

I n t e g r a t i o n s f o r Comparison w i t h Experiment. The eq u a t i o n s 
(13)-(15) h o l d i r r e s p e c t i v e of whether t e r m i n a t i o n o c c u r s by 
comb i n a t i o n o r d i s p r o p o r t i o n a t i o n . F u r t h e r development, however, 
demands a d i f f e r e n t approach f o r the two d i f f e r e n t types o f 
b i m o l e c u l a r t e r m i n a t i o n . 

Combination A l o n e . The polymer sampled from an emul s i o n 
p o l y m e r i z a t i o n t e r m i n a t e d s o l e l y by com b i n a t i o n w i l l c o n t a i n 
d i s t i n g u i s h e d s e t s of c h a i n s spanning a l l p o s s i b l e s t a r t i n g times 
and a l l p o s s i b l e c o - e x i s t e n c e t i m e s . I t i s thus n e c e s s a r y t o 
i n t e g r a t e over a l l p o s s i b l e v a l u e g ^ o f these v a r i a b l e s . A c c o r d i n g ­
l y , the t a r g e t of the a n a l y s i s , S , i s g i v e n by 

t * M/2a 
S b G ( t * , M ) = d t f f 2 c N ' 1 (16) c 2 dt 

0 0 
where the s u p e r s c r i p t be denotes b i m o l e c u l a r c o m b i n a t i o n , t * = 
time of the experiment and 2c c=combination r a t e c o e f f i c i e n t . Note 
t h a t the maximum p o s s i b l e c o - e x i s t e n c e time o f two c h a i n s t h a t 
combine i s M/2a. The m o l e c u l a r weight M i s r e l a t e d i n t h i s case 
to the times d i s p l a y e d on stopwatches 2 and 3 by M = a ( t f + 2 t 1 1 ) , 
the f a c t o r of two i n d i c a t i n g t h a t the two c h a i n s grew c o n c u r r e n t l y 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

5



112 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

f o r a time t f T ; t h i s r e l a t i o n s h i p p e r m i t s the v a r i a b l e t 1 t o be 
e l i m i n a t e d from e q u a t i o n ( 1 6 ). 

D i s p r o p o r t i o n a t i o n A l o n e . Each d i s p r o p o r t i o n a t i o n event 
r e s u l t s i n the p r o d u c t i o n of two c h a i n s : one s h o r t e r and one 
l o n g e r . To o b t a i n the d i s t r i b u t i o n f u n c t i o n of the l o n g e r c h a i n s 

bd 
(Sg ), i t i s n e c e s s a r y to i n t e g r a t e over a l l p o s s i b l e s t a r t i n g 
times and a l l p o s s i b l e growth times of the s h o r t e r c h a i n s : 

k M/2a 
S £

b d ( t * , M ) = dt d t " 2c, N * f (17) a z 

where 2c^ = d i s p r o p o r t i o n a t i o n r a t e c o e f f i c i e n t . Note t h a t the 
m o l e c u l a r weight i n t h i s i n s t a n c e i s g i v e n by M = a ( t f + t " ) and 
t h a t the upper l i m i t t o the growth time of the second d i s t i n g u ­
i s h e d c h a i n i s j u s t M/a. S i m i l a r l y , i t i s n e c e s s a r y f o r the 
s h o r t e r c h a i n s to i n t e g r a t e over a l l p o s s i b l e s t a r t i n g times and 
a l l p o s s i b l e growth times of the l o n g e r c h a i n s : 

ft* ft* 

S s
b d ( t * , M ) d t f 2 c d N 2

f f (18) dt 
J o> 

where M = a t f f . The upper l i m i t t o the growth time of the l o n g e r 
c h a i n i s c l e a r l y the time of the experiment t * . 

The t o t a l d i s t r i b u t i o n f u n c t i o n f o r the c h a i n s produced by 
d i s p r o p o r t i o n a t i o n i s o b t a i n e d by summing the number d i s t r i b u t i o n s 
of the l o n g e r and s h o r t e r c h a i n s : 

.bd „ bd . „ bd 
S Sfa + S „ D a (19) 

The T o t a l Chain P r o d u c t i o n 

The f o r e g o i n g a n a l y s i s was e x p r e s s l y e l a b o r a t e d t o t r e a t a 
d i v e r s e range of m i c r o s c o p i c k i n e t i c p r o c e s s e s . Each t e r m i n a t i o n 
p r o c e s s , however, was regarded as a c t i n g a l o n e . I t i s p o s s i b l e 
to handle any co m b i n a t i o n of t e r m i n a t i o n mechanisms by s i m p l e 
a d d i t i o n of the number d i s t r i b u t i o n f u n c t i o n s f o r the f i r s t o r d e r 
and second o r d e r e v e n t s : 

S = S " + S b c + S b d (20) 

P o l y d i s p e r s i t y Index 

One advantage of the procedure d e l i n e a t e d above i s t h a t i t 
p e r m i t s the complete m o l e c u l a r weight d i s t r i b u t i o n f u n c t i o n to be 
c a l c u l a t e d , sometimes a n a l y t i c a l l y , whatever the t e r m i n a t i o n 
mechanism. Of c o u r s e , the lower moments of the d i s t r i b u t i o n 
f u n c t i o n can a l s o be r e a d i l y c a l c u l a t e d : 
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5. NAPPER ET AL, Molecular Weight Distributions 113 

oo 00 

<M > = 

<M > = w 

n 

a l l o w i n g the commonly used p o l y d i s p e r s i t y i n d e x <M >/<M > to be 

F i r s t Order Stoppage A l o n e . I f stoppage i s determined s o l e l y 
by a f i r s t o r d e r p r o c e s s , such as t r a n s f e r , the f o r e g o i n g a n a l y s i s 
p r e d i c t s a n e a r l y e x p o n e n t i a l d i s t r i b u t i o n f u n c t i o n . The p o l y d i s ­
p e r s i t y i n d e x must then be v e r y c l o s e t o 2.00. The same r e s u l t i s 
o b t a i n e d f o r b u l k and s o l u t i o n p o l y m e r i z a t i o n s dominated by c h a i n 
t r a n s f e r . C o m p a r t m e n t a l i z a t i o n thus has no major e f f e c t on the 
p o l y d i s p e r s i t y o f the polymer produced, as was r e c o g n i z e d by 
Gerrens (11), i f the stoppage p r o c e s s i s dominated by c h a i n 
t r a n s f e r . T h i s c o n t r a s t s w i t h the s i g n i f i c a n t e f f e c t s o f compart­
m e n t a l i z a t i o n i f b i m o l e c u l a r events dominate t e r m i n a t i o n . 

B i m o l e c u l a r T e r m i n a t i o n A l o n e . The e f f e c t o f co m p a r t m e n t a l i ­
z a t i o n i n an emulsion p o l y m e r i z a t i o n i s t o broaden s i g n i f i c a n t l y 
the MWD of the polymer produced i f t e r m i n a t i o n i s dominated by 
b i m o l e c u l a r e v e n t s . T h i s was c l e a r l y e s t a b l i s h e d by K a t z , 
Shinnar and S a i d e l (2) f o r t e r m i n a t i o n by com b i n a t i o n but a l s o 
h o l d s f o r d i s p r o p o r t i o n a t i o n . We note i n p a s s i n g t h a t one th e o r y 
(6) of emu l s i o n p o l y m e r i z a t i o n c l a i m s t h a t c o m p a r t m e n t a l i z a t i o n 
decreases the p o l y d i s p e r s i t y o f the polymer produced a t any 
i n s t a n t ; t h e r e i s , however, no sound t h e o r e t i c a l b a s i s f o r t h i s 
c l a i m . 

The o r i g i n of the broadening of the MWD by co m p a r t m e n t a l i z a ­
t i o n i s r e a d i l y l o c a t e d . The w i d t h of the MWD r e f l e c t s the 
d i f f e r e n t environments i n which the polymer c h a i n s a r e c r e a t e d , 
grow and cease growth. I f the average number of f r e e r a d i c a l s 
per p a r t i c l e (n) i s l a r g e , t h e environments o f the c h a i n s i n the 
compartmentalized system w i l l be s i m i l a r t o those i n the b u l k and 
the p o l y d i s p e r s i t y i n d e x w i l l be c l o s e t o the b u l k v a l u e . As n 
dec r e a s e s , however, the environments d i f f e r more w i d e l y from 
those i n the b u l k system. Of p a r t i c u l a r importance a r e the 
growing c h a i n s i n p a r t i c l e s c o n t a i n i n g o n l y one f r e e r a d i c a l . 
These c h a i n s cannot undergo b i m o l e c u l a r t e r m i n a t i o n and so grow 
unhindered u n t i l a second f r e e r a d i c a l e n t e r s the l a t e x p a r t i c l e . 
T h i s environment i s m a n i f e s t l y d i f f e r e n t from t h a t i n o t h e r 
growing l a t e x p a r t i c l e s and from t h a t i n the b u l k system. T h i s 
argument a l s o e x p l a i n s why c o m p a r t m e n t a l i z a t i o n has no e f f e c t on 
the MWD i f t e r m i n a t i o n i s by c h a i n t r a n s f e r because the c h a i n s 
c o n t a i n i n g one f r e e r a d i c a l can s t i l l undergo the t r a n s f e r p r o ­
c e s s , j u s t as they do i n the b u l k system. 

w n 
found. 

R e s u l t s 
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114 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

The l i m i t i n g b e h a v i o u r i n the s t e a d y s t a t e f o r b i m o l e c u l a r 
t e r m i n a t i o n of emulsion p o l y m e r i z a t i o n s i s summarized as f o l l o w s : 

Combination 

1.5 

<M > / <M > w n 

n = oo 

D i s p r o p o r t i o n a t i o n 

Combination A l o n e . F i g u r e 1 d i s p l a y s the dependence of the 
p o l y d i s p e r s i t y i n d e x on n i f t e r m i n a t i o n i s s o l e l y by c o m b i n a t i o n . 
Note t h a t these r e s u l t s have been c a l c u l a t e d u s i n g the f u l l a n a l y ­
s i s (1), not j u s t the 0-1-2 system. Other t h e o r i e s g i v e n i n the 
l i t e r a t u r e i m p l y d i f f e r e n t v a l u e s f o r <M >/̂ M >if n = %: these 
range from 1.0(6) to 2.5 ( 5 ) . The l i m i t i n g v a l u e of 2.00 was a l s o 
o b t a i n e d by K a t z , Shinnar and S a i d e l (2) by an e n t i r e l y d i f f e r e n t 
method from t h a t e l a b o r a t e d above and i s u n q u e s t i o n a b l y c o r r e c t . 
I t can be e s t a b l i s h e d by the f o l l o w i n g r e a s o n i n g . I f n = h, each 
p a r t i c l e c o n t a i n s a t most one f r e e r a d i c a l . Growing c h a i n s i n the 
l a t e x p a r t i c l e s can thus e i t h e r grow or be t e r m i n a t e d i n s t a n t a n e ­
o u s l y by e n t r a n t f r e e r a d i c a l s . These m u t u a l l y e x c l u s i v e k i n e t i c 
e vents im m e d i a t e l y p r e s c r i b e the F l o r y 'most p r o b a b l e ' d i s t r i b u ­
t i o n f u n c t i o n f o r the growing c h a i n s ( 1 2 ) ; t h i s i s an e x p o n e n t i a l 
d i s t r i b u t i o n f u n c t i o n w i t h a p o l y d i s p e r s i t y i n d e x of 2.00 ( 1 3 ) . 
The t e r m i n a t i o n p r o c e s s o c c u r s i n s t a n t a n e o u s l y v i a e n t r a n t f r e e 
r a d i c a l s of (near) z e r o m o l e c u l a r w e i g h t . These r a d i c a l s do not 
p e r t u r b s i g n i f i c a n t l y the d i s t r i b u t i o n of c h a i n l e n g t h s i n conver­
t i n g growing c h a i n s t o dead polymer. Indeed, t e r m i n a t i o n i n t h i s 
i n s t a n c e i s e q u i v a l e n t t o c h a i n t r a n s f e r , which g i v e s an i d e n t i c a l 
v a l u e f o r the p o l y d i s p e r s i t y i n d e x . 

D i s p r o p o r t i o n a t i o n A l o n e . F i g u r e 2 d i s p l a y s the p o l y d i s p e r ­
s i t y i n d e x as a f u n c t i o n of n f o r t e r m i n a t i o n by d i s p r o p o r t i o n a ­
t i o n . A g a i n , these have been c a l c u l a t e d by a f u l l a n a l y s i s ( 1 ) . 
As w i t h t e r m i n a t i o n by c o m b i n a t i o n , the p o l y d i s p e r s i t y shows a 
r a p i d decrease i n the n range of 0.5 - 1.0. 

The r e a s o n f o r the upper l i m i t o f < M >/<M > = 4 . 0 0 f o l l o w s 
immediately from the d i s c u s s i o n g i v e n i n ¥he p r e c e d i n g s e c t i o n f o r 
t e r m i n a t i o n by c o m b i n a t i o n . A g a i n , the growing c h a i n s have a 
F l o r y 'most p r o b a b l e ' d i s t r i b u t i o n w i t h <M >/<M >= 2.00. 

2.0 
_ l 

i 

n = ^ 
I 

2,0 4.0 

n = oo 
<M > / <M > w n n = h 
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5. NAPPER ET AL. Molecular Weight Distributions 115 

Figure 1. Polydispersity index of the 
polymer produced in Interval II of an 
emulsion polymerization terminated solely 
by combination as a function of the aver­
age number of free radicals per particle 

Figure 2. Polydispersity index of the 
polymer produced in Interval II of an 
emulsion polymerization terminated solely 
by disproportionation as a function of the 
average number of free radicals per par­

ticle. 
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116 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T e r m i n a t i o n i n t h i s case produces a number, e q u a l t o the number of 
growing c h a i n s , of low m o l e c u l a r weight dead c h a i n s . T h i s does 
not a f f e c t <M >but h a l v e s <M >. Hence <M >/<M > i s doubled t o 

A Combination of T e r m i n a t i o n Mechanisms 

D i s p l a y e d i n F i g u r e 3 a r e the r e s u l t s f o r the p o l y d i s p e r s i t y 
i n d e x f o r an e m u l s i o n p o l y m e r i z a t i o n system i n which c h a i n s t o p ­
page o c c u r s by a c o m b i n a t i o n of c h a i n t r a n s f e r 0^tJr 1 r e c i p r o c a l 
time u n i t ) and d i s p r o p o r t i o n a t i o n ( c ^ = 100 r e c i p r o c a l time u n i t s ) . 
These r e s u l t s were o b t a i n e d by v a r y i n g p and thus n. The r e s u l t s 
suggest how i t might be p o s s i b l e to t a i l o r a d i s t r i b u t i o n to some 
d e s i r e d p o l y d i s p e r s i t y i n d e x . 

Comparison w i t h Experiment 

The e x p e r i m e n t a l r e s u l t s on the polymer produced i n e m u l s i o n 
p o l y m e r i z a t i o n s p u b l i s h e d thus f a r a r e b o t h c o n f u s i n g and c o n t r a ­
d i c t o r y . S e v e r a l f a c t o r s may be r e s p o n s i b l e f o r t h i s : f i r s t , many 
s u r f a c t a n t s behave as c h a i n t r a n s f e r a g e n t s , which has o f t e n not 
been r e c o g n i z e d ; second, measurements have o f t e n been made on sam­
p l e s t h a t c o n t a i n polymer from I n t e r v a l s I , I I and I I I , which 
l e a d s t o a s i g n i f i c a n t i n c r e a s e i n the p o l y d i s p e r s i t y i n d e x 
because < M > i s s e n s i t i v e t o the presence of lower m o l e c u l a r weight 
s p e c i e s ; t R i r d . d i r e c t measurements of the MWD have o n l y r e c e n t l y 
become p o s s i b l e w i t h the advent of g e l permeation chromatography. 

For many monomers (e. g . , s t y r e n e , m ethyl m e t h a c r y l a t e , v i n y l 
a c e t a t e ) , i t seems l i k e l y t h a t the m o l e c u l a r weight of the polymer 
produced by e m u l s i o n p o l y m e r i z a t i o n i s i n many i n s t a n c e s dominated 
not by b i m o l e c u l a r t e r m i n a t i o n as i n the b u l k but r a t h e r by c h a i n 
t r a n s f e r t o monomer. T h i s i s most c o n v i n c i n g l y demonstrated by 
the average m o l e c u l a r weight of the polymer produced ( 4 ) . <M > 
would be of o r d e r tens of m i l l i o n s i f c h a i n stoppage were dominated 
by b i m o l e c u l a r t e r m i n a t i o n but o n l y s e v e r a l m i l l i o n s o r l e s s i f 
c h a i n t r a n s f e r t o monomer i s o p e r a t i v e . E x p e r i m e n t a l r e s u l t s 
u s u a l l y c o n f i r m the l a t t e r o r d e r of magnitude, which i s i t s e l f an 
o r d e r of magnitude l a r g e r than t h a t f o r polymer produced i n b u l k 
or i n s o l u t i o n . The k i n e t i c r e s u l t s o f Hawkett e t a l . (8) a l l o w 
the p r o c e s s of c h a i n t r a n s f e r t o monomer t o be p l a c e d i n p e r s p e c ­
t i v e . The e x p e r i m e n t a l r e s u l t s show t h a t i n these systems a f r e e 
r a d i c a l e n t r y event o c c u r s o n l y once every few minutes, even a t 
the h i g h e s t i n i t i a t o r c o n c e n t r a t i o n . An e x i t event tak e s p l a c e 
every f i f t e e n m inutes. C h a i n t r a n s f e r t o monomer, however, o c c u r s 
every t e n seconds. T h i s i s c l e a r l y the dominant c h a i n stoppage 
event and s h o u l d r e s u l t i n polymer w i t h a p o l y d i s p e r s i t y i n d e x o f 
2.00. T h i s r e s u l t demonstrates t h a t c o m p a r t m e n t a l i z a t i o n can cause 
a fundamental change i n the c h a i n s t o p p i n g mechanism. 

P i i r m a and co-workers (14, 15) have performed c a r e f u l s t u d i e s 
on the p o l y s t y r e n e produced by e m u l s i o n p o l y m e r i z a t i o n u s i n g g e l 
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NAPPER ET AL. Molecular Weight Distributions 117 

' 0 0.5 _ 1 . 0 1.5 n 

Figure 3. Polydispersity index of the 
polymer produced in Interval II of an 
emulsion polymerization as a function of 
the average number of free radicals per 
particle. Chain stoppage occurs by chain 
transfer (ktr = 1 reciprocal time unit) 

and disproportionation (cd/k = 100). 
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118 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

permeation chromatography. T h e i r r e s u l t s b r o a d l y support the 
c o n t e n t i o n t h a t c h a i n t r a n s f e r t o monomer c o n t r o l s the MWD. Note 
t h a t i f n = the p o l y d i s p e r s i t y i n d e x has a v a l u e of 2.00 i r r e s ­
p e c t i v e of whether t e r m i n a t i o n i s dominated by t r a n s f e r t o monomer 
or by c o m b i n a t i o n , which i s the dominant b i m o l e c u l a r t e r m i n a t i o n 
event f o r s t y r e n e i n b u l k o r s o l u t i o n p o l y m e r i z a t i o n s . T h i s ambi­
g u i t y can u s u a l l y be removed by c o n s i d e r a t i o n of the (weight) 
average m o l e c u l a r weight of t h e polymer produced, as noted above. 

Note t h a t i f i t i s p o s s i b l e to cause f r e e r a d i c a l e n t r y events 
to occur much more f r e q u e n t l y than c h a i n t r a n s f e r t o monomer events 
(e.g., f o r s t y r e n e , a t a r a t e g r e a t e r than 1 per second), then the 
polymer w i l l be c o n t r o l l e d p r i m a r i l y by b i m o l e c u l a r t e r m i n a t i o n . 
Note, t o o , t h a t i f c h a i n stoppage i s dominated by c h a i n t r a n s f e r , 
the m o l e c u l a r weight of t h e polymer produced would be independent 
of p a r t i c l e volume. Morton et_ a l . (16) have o b t a i n e d d a t a f o r 
s t y r e n e t h a t support t h i s c o n c l u s i o n . 

C o n c l u s i o n s 

I t i s p o s s i b l e t o p r e d i c t the MWD of polymer produced by an 
emul s i o n p o l y m e r i z a t i o n w i t h s i g n i f i c a n t g e n e r a l i t y . The r e s u l t s 
show t h a t not o n l y i s the i n s t a n t a n e o u s average m o l e c u l a r weight 
s i g n i f i c a n t l y l a r g e r but a l s o t h a t the MWD of the polymer produced 
i n c ompartmentalized r e a c t i o n s i s r e l a t i v e l y broader than the 
c o r r e s p o n d i n g polymer produced i n a b u l k or s o l u t i o n p o l y m e r i z a t i o n 
p r o v i d e d b i m o l e c u l a r t e r m i n a t i o n i s dominant. I f , however, c h a i n 
t r a n s f e r t o monomer i s the dominant c h a i n s t o p p i n g mechanism, 
c o m p a r t m e n t a l i z a t i o n has no e f f e c t on the MWD of the polymer 
produced. The l a t t e r appears to be the case f o r some common 
monomers (e. g . , s t y r e n e ) i n many e m u l s i o n p o l y m e r i z a t i o n s . Thus 
c o m p a r t m e n t a l i z a t i o n can cause a fundamental change i n the dominant 
c h a i n stoppage mechanism. 

Legend of Symbols 

a = m o l e c u l a r weight i n c r e a s e per u n i t time of a growing c h a i n . 
c = p s e u d o - f i r s t - o r d e r b i m o l e c u l a r t e r m i n a t i o n r a t e c o e f f i c i e n t . 
c c = r a t e c o e f f i c i e n t f o r t e r m i n a t i o n by c o m b i n a t i o n . 
C d = r a t e c o e f f i c i e n t f o r t e r m i n a t i o n by d i s p r o p o r t i o n a t i o n . 
C = monomer c o n c e n t r a t i o n i n l a t e x p a r t i c l e s . 
k = r a t e c o e f f i c i e n t f o r e x i t . 
kp = p r o p a g a t i o n r a t e c o e f f i c i e n t . 
k-tr = p s e u d o - f i r s t o r d e r r a t e c o e f f i c i e n t f o r c h a i n t r a n s f e r . 
M Q = m o l e c u l a r weight of monomer. 
n = average number of f r e e r a d i c a l s per p a r t i c l e . 
N-L = r e l a t i v e number of l a t e x p a r t i c l e s c o n t a i n i n g i f r e e r a d i c a l s . 
N^ f = r e l a t i v e number of l a t e x p a r t i c l e s c o n t a i n i n g one d i s t i n g u ­

i s h e d f r e e r a d i c a l and ( i - 1 ) n o n d i s t i n g u i s h e d r a d i c a l s . 
N i f f = r e l a t i v e number of l a t e x p a r t i c l e s c o n t a i n i n g two d i s t i n g u ­

i s h e d f r e e r a d i c a l s and ( i - 2 ) n o n d i s t i n g u i s h e d r a d i c a l s . 
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5. NAPPER ET AL. Molecular Weight Distributions 119 

S £ = d i s t r i b u t i o n of s i n g l y d i s t i n g u i s h e d p a r t i c l e s i n s t a t e i 
whose d i s t i n g u i s h i n g c h a i n ceased growth a t time t T a f t e r 

k t i t s c r e a t i o n due to f i r s t o r d e r stoppage e v e n t s . 
S 2 = d i s t r i b u t i o n of doubly d i s t i n g u i s h e d p a r t i c l e s whose 

d i s t i n g u i s h i n g c h a i n s ceased growth a t time t f l a f t e r the 
c r e a t i o n o f the second c h a i n due t o mutual t e r m i n a t i o n . 

S = d i s t r i b u t i o n of nongrowing c h a i n s produced by stoppage 
, e v e n t s . 
DC 
S = d i s t r i b u t i o n o f nongrowing c h a i n s produced by c o m b i n a t i o n , 
gbd = d i s t r i b u t i o n of nongrowing c h a i n s produced by d i s p r o p o r t i -

o n a t i o n . ^ 
S 0 = c o n t r i b u t i o n t o S by l o n g e r c h a i n s . bH bd S s = c o n t r i b u t i o n t o S by s h o r t e r c h a i n s . 
t * = time the experiment has r u n . 
t f = growth time of d i s t i n g u i s h e d c h a i n s i n s i n g l y d i s t i n g u i s h e d 

p a r t i c l e s . 
t f f = simultaneous growth times of d i s t i n g u i s h e d c h a i n s i n doubly 

d i s t i n g u i s h e d p a r t i c l e s , 
ρ = e n t r y r a t e c o e f f i c i e n t . 
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6 
On the Optimal Reactor Type and Operation for 
Continuous Emulsion Polymerization 

MAMORU NOMURA 
Department of Industrial Chemistry, Fukui University, Fukui, Japan 
MAKOTO HARADA 
Institute of Atomic Energy, Kyoto University, Uji, Japan 

Continuous emulsion polymerization processes are presently 
employed for large scale production of synthetic rubber latexes. 
Owing to the recent growth of the market for polymers in latex 
form, this process is becoming more and more important also in the 
production of a number of other synthetic latexes, and hence, the 
necessity of the knowledge of continuous emulsion polymerization 
kinetics has recently increased. Nevertheless, the study of cont­
inuous emulsion polymerization kinetics has, to date, received 
comparatively scant attention in contrast to batch kinetics, and 
very little published work is available at present, especially as 
to the reactor optimization of continuous emulsion polymerization 
processes. For the theoretical optimization of continuous emulsi­
on polymerization reactors, it is desirable to understand the 
kinetics of emulsion polymerization as deeply and quantitatively 
as possible. 

The present review paper, therefore, refers firstly to the 
particle formation mechanism in emulsion polymerization, the comp­
lete understanding of which is indispensable for establishing a 
correct kinetic model, and then, deals with the present subject, 
that is, what type of reactor and operating conditions are the 
most suitable for a continuous emulsion polymerization process 
from the standpoint of increasing the volume efficiency and the 
stability of the reactors. 

Although the early literature described the application of a 
tubular reactor for the production of SBR latexes(1), the standard 
continuous emulsion polymerization processes for SBR polymeriza­
tion still consist of continuous stirred tank reactors(CSTR's) and 
all of the recipe ingredients are normally fed into the first 
reactor and a latex is removed from the last one, as shown in 
Figure 1. However, it is doubtful whether this conventional reac­
tor combination and operation method is the most efficient in con­
tinuous emulsion polymerization. As is well known, the kinetic 
behavior of continuous emulsion polymerization differs very much 
according to the kind of monomers. In this paper, therefore, the 
discussion about the present subject will be advanced using the 

0097-6156/81/0165-0121$05.75/0 
© 1981 American Chemical Society 
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122 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

s t y r e n e emulsion p o l y m e r i z a t i o n system because the b a s i c mechanism 
and the mathematical r e a c t i o n model o f t h i s system are f a i r l y w e l l 
e s t a b l i s h e d . 

In c o n t i n u o u s emulsion p o l y m e r i z a t i o n of s t y r e n e i n a s e r i e s 
of CSTR's, i t was c l a r i f i e d t h a t almost a l l the p a r t i c l e s formed 
i n the f i r s t reactor ( 2 , 3 ). S i n c e the r a t e of p o l y m e r i z a t i o n i s , 
under normal r e a c t i o n c o n d i t i o n s , p r o p o r t i o n a l t o the number of 
polymer p a r t i c l e s p r e s e n t , the number of succeeding r e a c t o r s a f t e r 
the f i r s t can be decreased i f the number of polymer p a r t i c l e s p r o ­
duced i n the f i r s t stage r e a c t o r i s i n c r e a s e d . T h i s can be r e a l i ­
zed by i n c r e a s i n g e m u l s i f i e r and i n i t i a t o r c o n c e n t r a t i o n s i n the 
feed stream and by l o w e r i n g the temperature o f the f i r s t r e a c t o r 
where p a r t i c l e f o r m a t i o n i s t a k i n g place (3 ). The former c h o i c e i s 
not d e s i r a b l e because p r o d u c t i o n c o s t and i m p u r i t i e s which may be 
i n v o l v e d i n the polymers w i l l i n c r e a s e . The l a t t e r p r a c t i c e c o u l d 
be employed i n p a r a l l e l w i t h the technique g i v e n i n t h i s paper. 
Our f i n a l g o a l i n the p r e s e n t paper i s t o d e v i s e an o p t i m a l type 
of the f i r s t stage r e a c t o r and i t s o p e r a t i o n method which w i l l 
maximize the number of polymer p a r t i c l e s produced i n c o n t i n u o u s 
emulsion p o l y m e r i z a t i o n . For t h i s purpose, we need a mathematical 
r e a c t i o n model which e x p l a i n s p a r t i c l e f o r m a t i o n and o t h e r k i n e t i c 
b ehavior of co n t i n u o u s emulsion p o l y m e r i z a t i o n of s t y r e n e . 

Water 
Monomer 
I n i t i a t o r -
E m u l s i f i e r 
Modif i e r — 
Stopper — 

Figure 1. Flow diagram of typical continuous emulsion polymerization reactor 
system 

M a t h e m a t i c a l R e a c t i o n Model 
B a s i c E q u a t i o n s . M a t h e m a t i c a l r e a c t i o n models f o r c o n t i n u o u s 

emulsion p o l y m e r i z a t i o n of s t y r e n e proposed t o date are r o u g h l y 
c l a s s i f i e d i n t o t h r e e groups a c c o r d i n g t o the p a r t i c l e f o r m a t i o n 
mechanism which they adopted. D i c k i n s o n (_4) , and Min and Ray (5) 
took i n t o c o n s i d e r a t i o n the homogeneous p a r t i c l e f o r m a t i o n which 
F i t c h and Tsai ( 6 ) made q u a n t i t a t i v e . Gershberg and L o n g f ield ( 3 ) , 
D e g r a f f and P o e h l e i n ( 7 ) , and Omi and coworkers(Q) form one group, 
where they employed the Smith-Ewart second i d e a l i z e d s i t u a t i o n f o r 
p a r t i c l e f o r m a t i o n ( 9 ) , t h a t i s , the f r e e r a d i c a l s i n the water 
phase are c a p t u r e d i n p r o p o r t i o n t o the s u r f a c e area of m i c e l l e s 
and polymer p a r t i c l e s . On the o t h e r hand, Nomura and coworkers (10) 
p r e s e n t e d a d i f f e r e n t e x p r e s s i o n which i n v o l v e s a concept o f r a d i ­
c a l c a p t u r e e f f i c i e n c y of m i c e l l e s , a l t h o u g h a d o p t i n g the m i c e l l e 
h y p o t h e s i s . The k i n e t i c b e h a v i o r s o f s t y r e n e emulsion p o l y m e r i z a ­
t i o n can be p r e d i c t e d s u f f i c i e n t l y w e l l , as a whole, by m i c e l l a r 
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6. NOMURA AND HARADA Optimal Reactor Type and Operation 123 

p a r t i c l e f o r m a t i o n and w i t h o u t u s i n g a c o m p l i c a t e d r e a c t i o n model 
w i t h a number of k i n e t i c parameters. T h e r e f o r e , a simpl e r e a c t i o n 
model developed by Nomura and c o w o r k e r s ( 1 1 ) ( r e f e r r e d t o as the 
Nomura and Harada model) w i l l be used f o r the d i s c u s s i o n of the 
pr e s e n t s u b j e c t because t h e i r r e a c t i o n model a l s o i n c l u d e s the 
Smith-Ewart second i d e a l i z e d s i t u a t i o n i n p a r t i c l e f o r m a t i o n ( 9 ) f 

and the Gershberg model (3_) i s a s p e c i a l case of the Nomura and 
Harada model, as shown l a t e r . 

The Nomura and Harada model proceeds as f o l l o w s , u s i n g the 
elementary r e a c t i o n s and t h e i r r a t e e x p r e s s i o n s shown i n Table I 
(11) . 

Table I Elementary R e a c t i o n s and T h e i r r a t e s 
Reaction Reaction type Reaction rate 

Initiation of radicals / — 2R* rt = 2kJI (A) 
Initiation of particle from micelle R* + m, A r * kxm,R* (B) 
Initiation R* + A* — A'* ktXR* (C) 
Termination R* + A * — N k*V*R* (D) 
Propagation in particle P*i + M - PV* kpMpN* (E) 

* P*j is a polymer radical containing j monomer units in an active particle N*J. 

(I) P a r t i c l e Formation: 
dN N m 

5 T - V T 
where i s the r a t e of p a r t i c l e f o r m a t i o n , N i s the number of 
polymer p a r t i c l e s per u n i t volume of water and 0 i s the mean r e s i ­
dence time i n the f i r s t r e a c t o r . 

S i n c e the number of r a d i c a l s f l o w i n g out o f the f i r s t r e a c t o r 
i n the e x i t stream can be n e g l e c t e d under normal r e a c t i o n c o n d i ­
t i o n s , we have: k_m R* 

R. = r . [ ] 
1 1 k i m s R * + k 2 N T R * 

1 r i 

= r i [ l + < V k l ) M m ( V S

M

) 1 = 1 + £< NT / Sm> 
here, e= (k 0 /k.)M 2 1 m 

where r ^ i s the r a t e of r a d i c a l p r o d u c t i o n i n the water phase, mg 

i s the m i c e l l e c o n c e n t r a t i o n , M i s the a g g r e g a t i o n number per 
m i c e l l e , S i s the number of e m u l s i f i e r molecules forming m i c e l l e s 
i n u n i t voTume of water and R* i s the r a d i c a l c o n c e n t r a t i o n i n the 
water phase and g i v e n by; 

dR* R* ^ f - = r . - L m R * - k 0 N R * - ̂ ~ dt l i s 2 T 9 
C o n s i d e r i n g t h a t the term R*/0 can be n e g l e c t e d and steady s t a t e 
h y p o t h e s i s i s a p p l i c a b l e t o R*, Eq. (3) l e a d s t o : 

r i 
R * = k.m [1+ ( C N / S J ] ( 3 ) 

I s T m 
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124 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

A c c o r d i n g t o the Gershberg model where i t was assumed t h a t the 
r a d i c a l s i n the water phase e n t e r both m i c e l l e s and p a r t i c l e s i n 
p r o p o r t i o n t o t h e i r t o t a l s u r f a c e a r e a s , i s e xpressed as: 

A a S S 
R i = r i [ — ' ^ i ' r r ' ^ i ' r ' ( 4 ) 

m p s F F 
where A^ i s the s u r f a c e a r e a o f m i c e l l e s , A i s the s u r f a c e a r e a 
of polymer p a r t i c l e s , a i s the s u r f a c e a r e l o c c u p i e d by an emul­
s i f i e r molecule and S p i s the e m u l s i f i e r c o n c e n t r a t i o n i n the f e e d 
stream. 
C o n s i d e r i n g t h a t A = ird 2m and A = 7Td2N where d and d are the 
average diameters o f a m i c e l l e aSd a polymer p a r ? i c l e , Fespective-
l V r Eq. (4) can be a l s o expressed by the f o l l o w i n g e q u a t i o n : 

TTd2m r . m s l r ; ; — i - ; ( 5 ) 
l i l 7Tdzm + TTd N 1 + (d /d f M ( N / S ) m s p T p m m T m 

E quation(2) can i n c l u d e t h i s e x p r e s s i o n by supposing t h a t k ^ 7 1 " ^ 
and k = T T d 2 . We have, t h e r e f o r e , the f o l l o w i n g e x p r e s s i o n s f o r e 
a c c o r d i n g ?o the mechanism of r a d i c a l e n t r y i n t o m i c e l l e s and p a r ­
t i c l e s . 
Case A: I f k^ and k^ do not depend on the d i a m eters o f m i c e l l e 
and p a r t i c l e , we have: 

G= ( k . / k J M = c o n s t a n t = K ( 6 ) 
z l m o 

Case B: I f F i c k ' s d i f f u s i o n t h e o r y can be a p p l i e d t o the e n t r y of 
r a d i c a l s i n t o m i c e l l e s and p a r t i c l e s , we have: 

k1 = 2TTD d and k = 2TTD d (7 ) 1 w m 2 w p 
G= (d / d J M = K H (8 ) p m m 1 P 

where D i s the d i f f u s i o n c o e f f i c i e n t o f r a d i c a l i n the water w 
phase. 
Case C: T h i s s i t u a t i o n corresponds t o the Smith-Ewart second i d e ­
a l i z e d s i t u a t i o n f o r p a r t i c l e f o r m a t i o n and t o the Gershberg model 
, as shown by E q . ( 5 ) . In t h i s c a s e , we have: 

k n = TTd 2 and k = TTd 2 ( 9 ) l m z p 

8= (d /d f M = K 0 d 2 (10) v p x m m 2 p 
Case D : U g e l s t a d s t a t e s t h a t r a d i c a l e n t r y i n t o m i c e l l e s and par­
t i c l e s i s , under some c o n d i t i o n s , p r o p o r t i o n a l t o t h e i r volumes. 
I f these c o n d i t i o n s are f u l f i l l e d , we have: 

k « d 3 and k * d 3 (11) l m 2 p 
e= ( d V d ) 3M = K_d 3 (12) p m m 3 p 

( I I ) The number of a c t i v e p a r t i c l e s c o n t a i n i n g a r a d i c a l i s g i v e n 
b y : dN*/dt= k ^ R * + k 2N QR* - k^N*R* - N*/0 
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6. NOMURA AND HARADA Optimal Reactor Type and Operation 125 

2N*/N 
- i ^ - I T T s T ^ , 3 " N * / e ( 1 3> 

(IH) Monomer c o n v e r s i o n i s expressed by: 
k [M ]M 

D V D T = ( PM N 9 > N * - V 9 ( 1 4 ) 

F A 
(IV) E m u l s i f i e r b a l a n c e : 
S i n c e the d e p l e t i o n of e m u l s i f i e r m i c e l l e s o c c u r s o n l y because 
they break up and t h e i r m o lecules are adsorbed onto the s u r f a c e o f 
growing p a r t i c l e s . The balance on the m i c e l l e s i n the f i r s t stage 
r e a c t o r i s g i v e n by the f o l l o w i n g e q u a t i o n i f the r e a c t i o n i s s t a ­
r t e d so t h a t the e m u l s i f i e r c o n c e n t r a t i o n i n the feed stream does 
not change w i t h t i m e : 

S = S - A /a (15) m F P s 
where, 

A = ( 3 6 T r r 3 v / 3 N (16) P P 
When monomer d r o p l e t s e x i s t , 

v r , = ih; < X M < ° - 4 3 ) ( 1 7 ) 

P N O M = 

< » F X M ) ( 1 + Y ) 

V P 
When monomer d r o p l e t s d i s a p p e a r f 

M F 
^ = (^TTT) ( X M > 0 - 4 3 ) < 1 8 ) P N O M f T p 

where v i s the average volume of a monomer-swollen p a r t i c l e , y i s 
the monomer-polymer weight r a t i o i n the p a r t i c l e s , M̂ , i s the mono­
mer c o n c e n t r a t i o n i n the feed stream and i s the d e n s i t y of 
monomer-swollen p a r t i c l e s . 

Gershberg and L o n g f i e l d e v a l u a t e d A p i n a d i f f e r e n t manner, 
t a k i n g i n t o account the p a r t i c l e s i z e d i s t r i b u t i o n . The f r a c t i o n 
o f polymer p a r t i c l e s which s t a y e d f o r time T ̂  T+dT i n a p a r f e c t -
l y mixed s t i r r e d tank r e a c t o r can be g i v e n by: 

- T / e 

and t h e n , (N /"N, 

(19) 

T 
A = T T d 2N m = IT i d 2 . d N . = (36"n^/3\v 2 / 3 dN. (20) p p T I p i i \ p i i 

^0 ^0 
I f the volume of a m i c e l l e i s n e g l e c t e d , the volume of a p a r t i c l e 
which s t a y e d f o r time T i n the r e a c t o r can be a p p r o x i m a t e l y g i v e n 
b y : v . = U T (21) 

p i 
where y i s the v o l u m e t r i c growth r a t e of a p a r t i c l e and d e f i n e d by 
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126 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

k [M ]M 
^ = < PM n 9 ) " ( 1 + "Y) ( 2 2 ) 

A p 
where n i s the average number of r a d i c a l s per p a r t i c l e and d e f i n e d 
by N*= nN T. 
I n t r o d u c i n g Eqs.(19) and (21) i n t o Eq.(20) and i n t e g r a t i n g Eq.(20) 
l e a d t o : 

A p = T (5/3) (36TTr 3 ( y e r 3 N T (23) 
I t i s found from Eqs. (14) , (17) , (22) and N * = n N T t h a t a t steady 
s t a t e ye= v p . T h e r e f o r e , the v a l u e of A D g i v e n by Eq.(23) i s g r e ­
a t e r than t h a t g i v e n by Eq.(16) by a f a c t o r of T(5/3) = 0.903. 
Thus, Eqs.(16) and (23) seem t o g i v e almost the same ac c u r a c y i n 
c a l c u l a t i n g Ap, c o n s i d e r i n g t h a t c o m p e t i t i v e growth r a t e o f p o l y ­
mer p a r t i c l e s w i t h d i f f e r e n t s i z e i s not n e c e s s a r i l y w e l l u n d e r s t ­
ood (12.) . 

Comparison between E x p e r i m e n t a l R e s u l t s and Model P r e d i c t i o n s . 
As w i l l be shown l a t e r , the important parameter e which r e p r e s e n t s 
the mechanism o f r a d i c a l e n t r y i n t o the m i c e l l e s and p a r t i c l e s i n 
the water phase does not a f f e c t the s t e a d y - s t a t e v a l u e s o f monomer 
c o n v e r s i o n and the number of polymer p a r t i c l e s when the f i r s t r e a ­
c t o r i s o p e r a t e d a t c o m p a r a t i v e l y s h o r t e r or l o n g e r mean r e s i d e n c e 
t i m e s , w h i l e the t r a n s i e n t k i n e t i c b e h a v i o r a t the s t a r t o f p o l y ­
m e r i z a t i o n or the s t e a d y - s t a t e v a l u e s of monomer c o n v e r s i o n and 
p a r t i c l e number a t i n t e r m e d i a t e v a l u e of mean r e s i d e n c e time 
depend on the form of e. However, the form o f e i n f l u e n c e s s i g n i ­
f i c a n t l y the p o l y d i s p e r s i t y index M /M of the polymers produced 
at steady s t a t e . I t i s , t h e r e f o r e , p r e f e r a b l e t o determine the 
form o f e from the e x a m i n a t i o n of the e x p e r i m e n t a l v a l u e s o f M /M . 

^ — — w n 
The e f f e c t o f r a d i c a l c a p t u r e mechanism on the v a l u e of M /M can 
be p r e d i c t e d t h e o r e t i c a l l y as shown i n Table I I , p r o v i d e d t h a t the 
polymers produced by c h a i n t r a n s f e r r e a c t i o n t o monomer molecules 
can be n e g l e c t e d compared t o those formed by mutual t e r m i n a t i o n . _ 
D e g r a f f and P o e h l e i n ( 2 ) r e p o r t e d t h a t e x p e r i m e n t a l v a l u e s o f M /M 
were between 2 and 3, r a t h e r c l o s e t o 2, as shown i n F i g u r e 2. 
Comparing t h e i r e x p e r i m e n t a l v a l u e s w i t h the t h e o r e t i c a l v a l u e s i n 
Table I I , i t seems t h a t the r a d i c a l s i n the water phase are not 
c a p t u r e d i n p r o p o r t i o n t o the s u r f a c e a r e a o f a m i c e l l e and a p a r ­
t i c l e but are c a p t u r e d r a t h e r i n p r o p o r t i o n t o the f i r s t power of 
the d i a m e t e r s of a m i c e l l e and a p a r t i c l e or l e s s than the f i r s t 
power. T h i s i n d i c a t e s t h a t the form of e would be Case A or Case 
B. In t h i s d i s c u s s i o n , t h e r e f o r e , Case A w i l l be used as the form 
of e f o r s i m p l i c i t y . 

L e t us determine the v a l u e of e by comparing the t r a n s i e n t 
k i n e t i c b e h a vior o f monomer c o n v e r s i o n i n c o n t i n u o u s emulsion p o l ­
y m e r i z a t i o n of s t y r e n e w i t h the model p r e d i c t i o n by the Nomura and 
Harada model. I t i s r e p o r t e d i n the l i t e r a t u r e t h a t s u s t a i n e d 
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6. NOMURA AND HARADA Optimal Reactor Type and Operation 127 

Table I I E f f e c t o f r a d i c a l c a p t u r e mechanism on the 
form of e and t h e o r e t i c a l v a l u e s of M /M . 

w n 
< > 
m 

k 2 d 
P 

n 0 1 2 3 

e Case A Case B Case C Case D 

M /M w n 2.0 2.4 4.8 >4.8 

Figure 2. Exyerimentaldata of average molecular weight of polystyrene formed in 
a CSTR: (%) Mn; (O) M w ; ( ) theory (1) ((Mt) 0 = 58.5 min; I0 = 0.8 g/kg 
H20; reaction temp. T = 70°C; frightj 6 = 7.2 min; S0 = 27.9 g/kg H20; reaction 

temp. T = 70°C) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

6



128 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

o s c i l l a t i o n s i n monomer c o n v e r s i o n and the number of polymer p a r t ­
i c l e s when a CSTR i s o p e r a t e d a t a h i g h t e m p e r a t u r e ( 3 ) o r e x t r e m e l y 
h i g h c o n v e r s i o n range(13). T h i s s o r t o f o s c i l l a t o r y response d i d 
not appear a t a moderate temperature such as 50°C, as shown i n 
F i g u r e 3, even when a CSTR i s used as the f i r s t stage r e a c t o r where 
p a r t i c l e f o r m a t i o n m a i n l y t a k e s p l a c e . F i g u r e 4 shows a t y p i c a l 
example of the course of c o n t i n u o u s emulsion p o l y m e r i z a t i o n o f 
s t y r e n e , which was s t a r t e d w i t h the f o l l o w i n g p r o c e d u r e . The r e a ­
c t o r i s f i l l e d w i t h the d e s i r e d amount of a l l r e c i p e i n g r e d i a n t s 
except i n i t i a t o r , and the c o n t i n u o u s run i s s t a r t e d by s i m u l t a n e ­
o u s l y p o u r i n g the g i v e n amount o f an aqueous i n i t i a t o r s o l u t i o n 
and pumping monomer and an aqueous i n i t i a t o r and e m u l s i f i e r s o l u ­
t i o n i n t o the f i r s t r e a c t o r . The s o l i d l i n e s show the model p r e ­
d i c t i o n s c a l c u l a t e d u s i n g the Nomura and Harada model w i t h e= 1.28 
X10 5 the v a l u e of which was o b t a i n e d i n batch e x p e r i m e n t s ( 1 0 ) . 
The d o t t e d l i n e s are those c a l c u l a t e d u s i n g Eq.(4) i n p l a c e of Eq. 
(2) as the e x p r e s s i o n f o r p a r t i c l e f o r m a t i o n , the o t h e r e q u a t i o n s 
and c a l c u l a t i o n c o n d i t i o n s being the same as those i n the above 

c a l c u l a t i o n s . T h i s s i t u a t i o n i s i d e n t i c a l t o the Gershberg and 
L o n g f i e l d m o d e l ( 3 ) ( o r the Nomura and Harada model w i t h £ o f Case C 
), except t h a t Eq.(16) was used i n s t e a d o f Eq.(23). I t i s c l e a r 
from F i g u r e 4 t h a t the Nomura and Harada model w i t h the c o n s t a n t 
v a l u e of £ = 1.28x 1 0 5 p r e d i c t s w e l l the k i n e t i c b e h a vior o f c o n t i ­
nuous emulsion p o l y m e r i z a t i o n o f s t y r e n e , i n c l u d i n g the behavior 
i n t r a n s i e n t p e r i o d , and t h a t the Gershberg and L o n g f i e l d model 
which supposes t h a t r a d i c a l s i n the water phase e n t e r the m i c e l l e s 
and p a r t i c l e s i n p r o p o r t i o n t o t h e i r s u r f a c e areas does not e x p l a i n 
t r a n s i e n t b e h a v i o r . The reason why both models c o i n c i d e w i t h each 
oth e r a t steady s t a t e w i l l be shown i n the succeeding s e c t i o n . 

I f Case B i s r a t h e r l i k e l y f o r £, as_the d i f f u s i o n t h e o r y and 
the e x a m i n a t i o n o f e x p e r i m e n t a l v a l u e of M /M p r e d i c t , one must 
i n t r o d u c e the concept of r a d i c a l c a p t u r e e f f i c i e n c y o f a m i c e l l e 
r e l a t i v e t o a polymer p a r t i c l e , a i n the form o f ak 2 where k 2 i s 
the r a d i c a l c a p t u r e c o e f f i c i e n t f o r a polymer p a r t i c l e . The appr­
oximate v a l u e of a i s e s t i m a t e d t o be 0.01 f o r e m u l s i o n p o l y m e r i ­
z a t i o n o f s t y r e n e because the v a l u e o f £ i s 1.28x 10 5, the v a l u e of 
d /d i s a t the h i g h e s t 10 and the v a l u e o f M i s about 100. P m m 
Pre-Reactor P r i n c i p l e 

L e t us c o n s i d e r the steady s t a t e c h a r a c t e r i s t i c s of c o n t i n u ­
ous emulsion p o l y m e r i z a t i o n o f s t y r e n e i n the f i r s t stage r e a c t o r . 
The steady s t a t e v a l u e of the number of polymer p a r t i c l e s formed 
i n the f i r s t stage r e a c t o r can be c a l c u l a t e d u s i n g the f o l l o w i n g 
e q u a t i o n s . From Eqs. (1) and ( 2 ) , we have: 

N T = 1 M N / S ( 2 4 ) 

T m 
The v a l u e of S i s g i v e n by the f o l l o w i n g e q u a t i o n o b t a i n e d from 
Eqs.(15) and (?6) and v = uO: 

P 
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6. NOMURA AND HARADA Optimal Reactor Type and Operation 129 

~ 8 0 -

2 3 4 
Dimensionless time t/9 [ - ] 

Figure 3. Polystyrene conversion transient at start-up in a CSTR (SF = 12.5 g/L 
H20; lF = 1.25 g/L H20; MF = 0.5 g/cc H20; T = 50°C; mean residence time 

6: ((D) 155 min; (%) 67.5 min; (O) 38.6 min) 

T 0.3 

>0.l 

' o 

ifbft\ 
1 

8.O.0 
r 
8. 

4 0 ^ 

100 200 
Reaction time t [min] 

(a) 

300 

b 

il. — 
T^f 1 
\ ^# 

» 
\ 

- A 

100 

Reaction time t 
(b) 

200 
[minj 

300 

Figure 4. Typical course of continuous emulsion polymerization of styrene: (a) 
(O) conversion; (%) particle number (calculated: ( ) Smith and Ewart; ( ) 
Nomura et al. (b) emulsifier balance SF = 12.5 g/L H20; lF = 1.25 g/L H20; 

MF = 0.50 g/cc H20; 50°C; experimental: 6 = 67 min) 
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130 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

V S F " A p / a s = V (36TTj L / 3 (ye f / 3 N T/a s = S p - B^ (25) 

where, B = (36TT) L / 3 (ye? / 3a" 1 

s 
Combination of Eqs.(24) and (25) leads to: 

(s - r.eB) - - r.eej2 - 4(B-e )r.es 
N =—I 1 JL_I 1 1_£ (26) 

T 2 ( B - e ) 

At l i m i t i n g values of 0 , Eq.(26) gives the following values of N^ 
which do not depend on e, 

when 0+0, N^= r^0 (27) 

when 0-* ° ° , N = S /B= 0.21 ( y9 )~ 2 / 3 (a S f #° (28) 
T F s F 

This i s the reason why the steady state value of the number of 
polymer p a r t i c l e s coincide with each other, as shown in Figure 4, 
regardless of the form of e when the f i r s t stage reactor i s opera­
ted at comparatively longer residence time. On the other hand, 
i f Eq.(23) i s used instead of Eq.(16) for calculating Ap value, we 
h a V e : -2/3 1 0 

N T= S p /r (5/3)6= O.23(y0) Z / J (a gS F) (29) 
This equation was derived by Gershberg and Longfield (3) at 0+ ° ° . 

Figure 5 represents a ty p i c a l example of the variation of the 
number of polymer p a r t i c l e s with mean residence time 0 . The s o l i d 
l i n e shows the theoretical value predicted by the Nomura and 
Harada model with e= 1.28x 105. The dotted l i n e i s that predicted 
by the Gershberg model(or the Nomura and Harada model with Case C 
for £) , where Eq.(23) was used instead of Eq.(16) for Ap. The 
value of N T produced at longer mean residence time d i f f e r s , there­
fore, by a factor of T(5/3) between the s o l i d and dotted lin e s in 
Figure 5. From the comparison between the experimental and theo­
r e t i c a l results shown in Figure 5, i t i s confirmed that the steady 
state p a r t i c l e number can be maximized by operating the f i r s t 
stage reactor at a certain low value of mean residence time 0 , 
which i s considerably lower than that in the succeeding reactors. 
This i s so-called "pre-reactor p r i n c i p l e " . It i s , therefore, 
desirable to operate the f i r s t reactor at such mean residence time 
as producing something l i k e a maximum number of polymer p a r t i c l e s 
in order to increase the rate of polymerization in the succeeding 
reactors. This w i l l result in a decrease in the number of necess­
ary reactors and hence, in the c a p i t a l cost. 

0 m a x where maximum number of polymer p a r t i c l e s can be formed 
is predicted theoretically by d i f f e r e n t i a t i o n of Eq.(26) by 0 . 
Thus, we have: 0 / 7 9 0 / 7 

W 0 ' 2 5 * ( V E ) ( W ( 3 0 ) 

On the other hand, 0 has the following relation with #the 
disappearance time o? amicelles in batch operation conducted with 
the same recipe as that in continuous operation(11). 
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NOMURA AND HARADA Optimal Reactor Type and Operation 

Figure 5. Effect of mean residence time of the first reactor on the number c 
polymer particles formed (SF = 12.5 g/L H20; lF = 1.25 g/L H20; MF = 0. 

g/cc H20; experimental: (O) 1st reactor; (Φ) 2nd reactor; 50°C styrene) 
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132 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

θ = 0.83t . (31) max c l 
I t i s apparent from Eq.(30) t h a t the h i g h e r the temperature o f the 
f i r s t stage r e a c t o r and the v a l u e of r ^ , the s m a l l e r the v a l u e of 
% a x * T n i - S m a Y b e t n e reason why D e g r a f f and P o e h l e i n c o u l d not 
f i n d e m a x i n t h e i r e xperiments. Equation(31) suggests t h a t one 
can e s t i m a t e the v a l u e o f & m a x s i m p l y by determing t c l by measur­
in g s u r f a c e t e n s i o n w i t h the use o f , f o r example, a du-Nouy t e n s i -
ometer. 

The maximum number o f polymer p a r t i c l e s produced i n the f i r s t 
s tage r e a c t o r being o p e r a t e d a t 9 m a x can be o b t a i n e d by i n t r o d u c i n g 
Eq.(30) i n t o E q.(26). Thus, 

On the o t h e r hand, the number of polymer p a r t i c l e s formed i n batch 
o p e r a t i o n w i t h the same r e c i p e as i n c o n t i n u o u s o p e r a t i o n i s g i v e n 

N T B = 0 . 5 6 a f 7 ( r i / e , 2 / % - 2 / 7 S ^ (33) 

Equations(32) and (33) g i v e : 
Ν = 0.57 Ν (34) Tmax TB 

T h i s means t h a t as l o n g as a CSTR i s used as the f i r s t stage r e a c ­
t o r and a l l the r e c i p e i n g r e d i a n t s are f e d i n t o the f i r s t stage 
r e a c t o r , one cannot have more than 57% o f the number o f p a r t i c l e s 
produced i n a batch r e a c t o r w i t h the same r e c i p e as i n c o n t i n u o u s 
o p e r a t i o n . The v a l i d i t y o f these e x p r e s s i o n i s c l e a r from the 
comparison between the e x p e r i m e n t a l and t h e o r e t i c a l v a l u e s shown i n 
F i g u r e 5. From F i g u r e 5, i t i s found t h a t the optimum mean r e s i ­
dence time of the f i r s t stage r e a c t o r i s about 10 minutes under 
these r e a c t i o n c o n d i t i o n s . Equation(30) p r e d i c t s 10.0 minutes, 
w h i l e e x p e r i m e n t a l v a l u e i s 10.4 minutes where the number o f p o l y ­
mer p a r t i c l e s i s about 60% o f t h a t produced i n a batch r e a c t o r . 
The observed disappearance time o f m i c e l l e s t c l i n a batch r e a c t o r 
w i t h the same r e c i p e as i n t h i s c o n t i n u o u s o p e r a t i o n was 12.8 min­
utes and 10.4 minutes i s about 8 0 % o f 12.8 minutes, as Eq.(31) 
p r e d i c t s . Thus, i t proves t h a t E q s . ( 3 1 ) , (32) and (34) are v a l i d . 

θ , N
T m a x and Ν which are p r e d i c t e d by the Gershberg and 

L o n g f i e l d model w i t h o u t t a k i n g i n t o account the r a d i c a l c a p t u r e 
e f f i c i e n c y o f m i c e l l e s ( o r the Nomura and Harada model w i t h Case C 
f o r ε) are g i v e n , f o r comparison, as f o l l o w s : 

V x = ° - < ^ > 3 / V 2 / 5 

N T m a x = 0 - 2 1 ( r i / ^ / 5 < a s S F ) 3 / 5 ( 3 6 ) 

N T B = 0.37 (r . / μ J 2 7 5 ^ ^ ) 3 7 5 (37) 
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6. N O M U R A A N D H A R A D A Optimal Reactor Type and Operation 133 

On the other hand, Eqs. (36) and (37) give the same relationship as 
Eq.(34). Equation(35) underestimates G m a x, while Eq.(36) overes­
timates the value of N m , as shown in Figure 5. 

Tma χ 
Another method to increase the number of polymer p a r t i c l e s 

produced in the f i r s t stage reactor with i n i t i a t o r and emulsifier 
concentrations fixed i s to employ a plug flow type reactor such as 
a tubular reactor for the f i r s t stage. The minimum residence time 
of a plug flow reactor θ necessary to produce the same number of 
polymer p a r t i c l e s as in 1 batch reactor i s t c l . Thus, from Eq.(31) 
We have: θ = t =1.2Θ (38) ρ c l max 
This means that one can increase the number of polymer p a r t i c l e s 
about 75% higher than that formed when a CSTR of θ i s used, by 
employing a plug flow type reactor which i s only 20% bigger in 
volume than a CSTR of θ 

When the f i r s t stage reactor i s operated at such a low mean 
residence time as θ„,_ν or θ^, monomer conversion in the f i r s t 
stage reactor i s considerably lower, say several %, and hence, a l ­
most a l l the monomer fed into the f i r s t stage reactor only passes 
through i t without playing any important role. This suggests that 
one can further decrease the reactor volume of the f i r s t stage re­
actor by supplying only a small portion of the to t a l monomer feed 
into the f i r s t stage and the rest of the monomer into the second 
stage. But how far can we decrease the monomer feed rate into the 
f i r s t stage reactor, and what happens, then, to p a r t i c l e formation 
behavior ? 

Proposition of Operation with Divided Monomer Feed 
Nomura and Harada already reported an experimental and theor­

e t i c a l study on the effec t of lowering the amount of monomer i n i ­
t i a l l y charged on the number of polymer p a r t i c l e s formed i n a 
batch reactor(L4). Under usual conditions in batch operation, mi­
ce l l e s disappear and the formation of pa r t i c l e s terminates before 
the disappearance of monomer droplets in the water phase. However, 
i f the i n i t i a l monomer concentration i s extremely low, micelles 
would exist even after the disappearance of monomer droplets and 
hence, p a r t i c l e formation w i l l continue u n t i l a l l emulsifier mole­
cules are adsorbed on the surfaces of polymer p a r t i c l e s . This 
condition i s quantitatively expressed by the following emulsifier 
balance equation. 

S m = S o - ( 3 6 ^ / 3
( ; p ) N T/ a s (39) 

After the time when monomer droplets have disappeared, ν i s app­
roximately given by ( M

0/ N
TP p)· Then, Eq.(39) is rewritten as: 

S = S - (36π)1/3(Μ /ρ f ^ N y V 1 (39') m o ο *p T s 
When reaction time becomes i n f i n i t e , micelles w i l l disappear u l t i ­
mately, and then, Equation(39') becomes: 
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134 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

3 2 3 -2 0 N m= (a p /367T)S M I T s κ ρ / ο ο ο (40) 

where S , M and I are the e m u l s i f i e r , monomer and i n i t i a t o r con-
c e n t r a t i o n s , r e s p e c t i v e l y . 
F i g u r e s 6, 7 and 8 show e x p e r i m e n t a l v e r i f i c a t i o n o f Eq.(40) i n 
batch emulsion p o l y m e r i z a t i o n o f s t y r e n e (1£) . The number of p o l y ­
mer p a r t i c l e s was measured by e l e c t r o n m i c r s c o p y , not a t f i n i t e 
but a t 1 hour a f t e r the s t a r t o f p o l y m e r i z a t i o n . F i g u r e 6 r e p r e ­
s e n t s the e f f e c t of l o w e r i n g the i n i t i a l monomer c o n c e n t r a t i o n , M 

. ο 
on the number of polymer p a r t i c l e s formed a t f i x e d i n i t i a l i n i t i ­
a t o r and e m u l s i f i e r c o n c e n t r a t i o n s . The number of polymer p a r t i ­
c l e s formed i s c o n s t a n t even i f M i s lowered t o the c r i t i c a l 
v a l u e M c. T h i s i s because normal c o n d i t i o n t h a t m i c e l l e s d i s a p p e ­
ar b e f o r e the disappearance o f monomer d r o p l e t s i s s a t i s f i e d i n 
the range of monomer c o n c e n t r a t i o n above M c. The v a l u e of M c can 
be c a l c u l a t e d by the f o l l o w i n g e q u a t i o n o b t a i n e d by e q u a t i n g X ^ c l ' 
the monomer c o n v e r s i o n where m i c e l l e s d i s a p p e a r , t o Xj4c2' t î r i e m o n " 
omer c o n v e r s i o n where monomer d r o p l e t s d i s a p p e a r . 

In case of s t y r e n e emulsion p o l y m e r i z a t i o n , i s 0.43. I f M Q 

i s f u r t h e r decreased below M C, the number of polymer p a r t i c l e s 
formed i n c r e a s e s w i t h d e c r e a s i n g M Q, as shown i n F i g u r e 6. The 
s o l i d l i n e s i n the f i g u r e s r e p r e s e n t t h e o r e t i c a l v a l u e s p r e d i c t e d 
by Eq.(40) u s i n g the f o l l o w i n g n u m e r i c a l c o n s t a n t s : 

k p = 212 Ζ/mol.sec, [ M P ] = 5 . 4 8 m o l / Z , p^= 1.0 g/cm 3 

a s = 35x 1 0 ~ 1 6 cm 2/molecule, X M c 2 = 0.43, r./e= 2.9x 10 7 

molecule/cm 3.sec a t I q = 1.25 g / Z-water 
The reason why the e x p e r i m e n t a l v a l u e s of p a r t i c l e number are 
somewhat lower than the t h e o r e t i c a l v a l u e s seems t o be t h a t the 
time where the number of polymer p a r t i c l e s was measured i s not a t 
i n f i n i t e but a t o n l y 1 hour a f t e r the s t a r t of p o l y m e r i z a t i o n . 
F i g u r e 9 shows t h a t the number of polymer p a r t i c l e s i n c r e a s e s w i t h 
r e a c t i o n t ime. The s o l i d l i n e s r e p r e s e n t the t h e o r e t i c a l v a l u e s 
p r e d i c t e d by the Nomura and Harada model. However, s i n c e N T= 0 
when M Q = 0, t h e r e would be an optimum v a l u e of M Q where the number 
of polymer p a r t i c l e s formed becomes maximum. U n f o r t u n a t e l y , i t i s 
d i f f i c u l t a t p r e s e n t t o p r e d i c t the optimum v a l u e o f M Q t h e o r e t i ­
c a l l y because any r e a c t i o n model cannot y e t e x p l a i n p e r f e c t l y the 
k i n e t i c b e h a vior a t h i g h monomer-conversion range. T h e r e f o r e , one 
cannot h e l p d e t e r m i n i n g , a t p r e s e n t , the optimum v a l u e o f M Q expe­
r i m e n t a l l y . F i g u r e s 7 and 8 a l s o show t h a t Eq.(40) r o u g h l y s a t i s ­
f i e s the e x p e r i m e n t a l r e s u l t s . 

A p p l y i n g the above mentioned knowledge t o c o n t i n u o u s e m u l s i o n 
p o l y m e r i z a t i o n of s t y r e n e , we can propose a v e r y e f f e c t i v e o p e r a ­
t i o n method (14). A schematic diagram of porposed p r o c e s s i s shown 

M c = 0.126 a s
9 / 7 ( p p / (1 + γ) Κμε/r . ) 1 / 7 S ^ / 7 ^ 2 (41) 
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xio 

20h 

4 h 
2 
υ JL 

Τ ΓΊΓ I i I 

Exp. 
Ο 
• 

Cale. 

Eq.(33) 

o" 'Ό—σ θ — 

j L 
0.01 0.02 0.04 0.06 0.1 0.2 0.4 0.6 

Monomer concentration M q [g/cc-water] 

Figure 6. Effect of lowering initial monomer concentration on particle formation 
in batch operation (S0 = 6.25 g/L H20; l„ = 1.25 g/L H20; Τ = 50°C) 

Figure 7. Effect of initial emulsified concentration when initial monomer concen­
tration is very low (l0 = 12.5 g/L H20; M0 g/cc H20) 
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-xlO 
8 20 

14 

10 

μ — - e r -

τ—I Γ 

Eq. (40) 

Expl. M 
Ο 

Cale. 
• 0.03 
Ο 0.5 

I 1 1 
4 6 8 0.6 1 

I n i t i a t o r Concentration I q [g/7--water] 

Figure 8. Effect of initiator concentration on particle formation when monomer 
concentration is very low (S0 = 6.25 g/L H2Of 50°C) 

Figure 9. Variation of particle number with reaction time in batch operation (cal­
culation conditions: S0 = 6.25 g/L H20; I0 = 1.25 g/L H20; SCMC = 0.50 g/L 

H20; η = 0.5) 
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6. NOMURA AND HARADA Optimal Reactor Type and Operation 137 

in Figure 10. In this operation, a very small portion of the 
to t a l monomer feed and a l l other recipe ingrediants are basically 
fed into the f i r s t stage reactor and the rest of the monomer into 
the second stage. This operation method i s named "an operation 
with divided monomer feed". 

(1) When a s t i r r e d tank reactor i s used as the f i r s t stage. 
Figure 11 shows a typ i c a l example of the theoretical relationship 
between the steady state p a r t i c l e number and mean residence time 
in the f i r s t stage reactor. The s o l i d l i n e indicates the theoret­
i c a l values calculated by Eq. (26) using the value of ε = 1 . 2 8 χ 1 0 5 , 
where monomer droplets exist in the water phase. On the other 
hand, the broken lines represent the theoretical values predicted 
by Eqs.(24) and (39')r where monomer droplets disappear. When 
, the rate of monomer feed into the f i r s t stage reactor decreases 
to zero, the number of polymer p a r t i c l e s formed approaches the 
value calculated by the following equation: 

N T= (r.Sp/e) 1 7 2 θ 1 / 2 (42) 

Equation(42) i s the solution of simultaneous equations(24) and (39') 
at Mpi"*- 0. Let us consider the variation of N T with θ in Figure 
11 when MF^ i s , for example, 0.03 g/cc-water. The stady state 
p a r t i c l e number produced in the f i r s t stage reactor f i r s t l y incre­
ases along the s o l i d l i n e with increasing the mean residence time 
of the f i r s t stage reactor Θ, begins to decrease, passing through 
Ν at θ , and then, s h i f t s to the broken l i n e at θ„ where 
nu a χ max , , , , , c monomer droplets just disappear. With an increase in the value of 

θ above p a r t i c l e number again increases gradually along the 
broken l i n e . As i s clear from Figure 11, a CSTR i s less e f f i c i e n t 
in the a b i l i t y of p a r t i c l e formation in the range of shorter mean 
residence time even i f the operation method with divided monomer 
feed i s employed, comparing a plug flow type reactor with the res­
idence time of θρ which produces the same number of polymer p a r t i ­
cles as in a batch reactor. However, the ef f i c i e n c y of a CSTR in 
p a r t i c l e formation i s greatly improved when the operation method 
with divided monomer feed i s employed in the range of longer mean 
residence time, as shown in Figure 11. 

(2) When a plug flow type reactor i s used as the f i r s t stage. 
The theoretical relationship between N T and θ i s shown in Figure 
12 when a plug flow type reactor i s used for the f i r s t stage. 
Figure 12 can be obtained by replacing t by θ in Figure 9, because 
the kinetics of continuous emulsion polymerization of styrene in a 
plug flow type reactor i s the same as in a batch reactor. The 
s o l i d l i n e corresponding to the condition Μ ρ 1 + 0 i s obtained by 
Eq.(44) which can be derived as follows. 
In a plug flow type reactor, the rate of p a r t i c l e formation i s ex­
pressed by(10) : 

dN_ r. r.S_ 
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*F1 F2 
— M o n ô m e r — * 

-Water 
2 3 η 

I n i t i a t o r 
E m u l s i f i e r 

Reactor T r a i n 

Figure 10. Schematic of proposed process and its operation method 

u φ 

4 6 8 102 2 4 6 8103 2 4 6 104 

Mean Residence time β [sec] 

Figure 11. Effect of mean residence time and monomer concentration on steady-
state particle number when a CSTR is used for the first stage (SF = 6.25 g/L H20; 

lF =1.25 g/L H2O;50°C) 
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6. NOMURA AND HARADA Optimal Reactor Type and Operation 139 

S i n c e monomer d r o p l e t s do not e x i s t i n the r e a c t o r i n t h i s c a s e , 
Equation(39') can be used f o r S . Thus, combining Eqs.(39') and 
(43) and integrating at the conSition MF̂ -> 0, we have: 

N T= / 2 ~ ( r . S F / e ) 1 / 2 e 1 / 2 (44) 

T h e o r e t i c a l v a l u e s c a l c u l a t e d by Eq.(44) are a l s o shown i n F i g u r e 
11 by a d o t t e d l i n e , f o r comparison. I t i s found from the compa­
r i s o n between F i g u r e s 11 and 12 t h a t a p l u g f l o w type r e a c t o r w i t h 
a d i v i d e d monomer feed i s much b e t t e r i n the e f f i c i e n c y of p a r t i ­
c l e f o r m a t i o n than a CSTR w i t h a d i v i d e d monomer feed and a p l u g 
f l o w type r e a c t o r w i t h a l l r e c i p e i n g r e d i a n t s f e d to g e t h e r i n t o 
the f i r s t stage r e a c t o r . The v a l i d i t y o f the t h e o r e t i c a l p r e d i c ­
t i o n s r e p r e s e n t e d i n F i g u r e 12 was e x p e r i m e n t a l l y v e r i f i e d u s i n g a 
p l u g f l o w type r e a c t o r w i t h r e s i d e n c e time of θ= 20 minutes, which 
was made of a c o i l e d g l a s s tube, and i s shown i n F i g u r e 13 where 
the s o l i d l i n e i s the t h e o r e t i c a l v a l u e s c a l c u l a t e d by Eqs.(39)and 
(43). I t i s seen from F i g u r e 13 t h a t the steady s t a t e p a r t i c l e 
number produced a t = 0.01 g/cc-water i s about 1.5 times t h a t a t 
MF^= 0.2 g/cc-water. I t i s c l e a r t h a t the volume of the r e a c t o r 
o p e r a t e d a t = 0.2 g/cc-water i s bi g g e r than t h a t operated a t 
M F 1 = 0 , 0 1 g/cc-water because the r e s i d e n c e times o f both r e a c t o r s 
are f i x e d a t θ = 20 minutes. From t h i s t h e o r e t i c a l and experimen­
t a l r e s u l t s , t h e r e f o r e , a p l u g f l o w type r e a c t o r w i t h a d i v i d e d 
monomer feed i s recommended f o r the f i r s t stage r e a c t o r ( p r e - r e a c -
t o r ) , because the volume of the r e a c t o r can be decreased by d e c r e ­
a s i n g monomer c o n c e n t r a t i o n i n a fee d stream. N e v e r t h e l e s s , the 
steady s t a t e p a r t i c l e number a t t a i n e d i n t h i s r e a c t o r can be i n c r ­
eased. 

F u r t h e r , c o n t i n u o u s e m u l s i o n p o l y m e r i z a t i o n i n a p l u g f l o w 
type r e a c t o r has another advantage. I n co n t i n u o u s emulsion p o l y ­
m e r i z a t i o n i n a CSTR, s u s t a i n e d o s c i l l a t i o n s o f monomer c o n v e r s i o n 
, p a r t i c l e number and average m o l e c u l a r weight o f polymers formed 
are sometimes o b s e r v e d ( 1 ^ ) . T h i s phenomenon i s regarded as d i s a d ­
vantage from the s t a n d p o i n t of the s t a b i l i t y o f co n t i n u o u s r e a c t o ­
r s and the q u a l i t y of p r o d u c t s . However, i t was e x p e r i m e n t a l l y 
found t h a t s u s t a i n e d o s c i l l a t i o n can be avoided when p a r t i c l e f o r ­
mation i s conducted i n a p l u g f l o w type r e a c t o r , as shown i n 
F i g u r e 14. F i g u r e 14b d i s p l a y s a course of co n t i n u o u s e m u l s i o n 
p o l y m e r i z a t i o n o f v i n y l a c e t a t e o b t a i n e d when a p l u g f l o w type r e ­
a c t o r w i t h the r e s i d e n c e time o f 8 minutes i s used as a seeder i n 
f r o n t o f a CSTR w i t h the mean r e s i d e n c e time o f 12 minutes, and 
a l l the r e c i p e i n g r e d i e n t s are f e d i n t o the p l u g f l o w type seeder. 
E x p e r i m e n t a l d a t a p o i n t s r e p r e s e n t the monomer c o n v e r s i o n i n the 
CSTR and reach a steady s t a t e v a l u e v e r y smoothly. On the ot h e r 
hand, F i g u r e 14a shows the course o f con t i n u o u s emulsion p o l y m e r i ­
z a t i o n o f v i n y l a c e t a t e conducted i n a CSTR w i t h the mean r e s i d e n ­
ce time of 20 minutes, o t h e r r e a c t i o n c o n d i t i o n s being i d e n t i c a l 
t o those i n F i g u r e 14b(15 - 16). 
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140 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 12. Effect of mean residence time and monomer concentration on steady-
state particle number when a plug flow-type prereactor is used for the first stage 
(calculation conditions: SF = 6.25 g/L H20; lF = 1.25 g/L H20; SCMC = 0.50 

g/L H2O;n = 0.5) 

Figure 13. Effect of monomer concentration fed into a piston flow prereactor on 
steady-state particle number produced (reaction conditions: SF = 6.25 g/L H20; 

h •= 1.25 g/L H20; residence time 6t = 20 min) 
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6. NOMURA AND HARADA Optimal Reactor Type and Operation 141 

In some cases, the following operation method i s more e f f i c i ­
ent than that stated above(14). Figure 15 shows a schematic d i a ­
gram of the proposed process and operation method which i s the 
same as that represented in Figure 10, except the method of water 
feed. In this operation method, water feed i s also divided. 
A small amount of water which just dissolves i n i t i a t o r and emulsi­
f i e r i s fed into the f i r s t stage reactor along with a l l the i n i t i ­
ator and emulsifier, and the rest of water into the second stage 
reactor. 

The number of polymer p a r t i c l e s formed in the f i r s t stage re­
actor can be generally expressed by the following form: 

a b c . » - » N T = K S F I F 9 (45) 

When 1/f of the t o t a l water feed i s supplied into the f i r s t stage 
reactor and i t s mean residence time i s kept constant by adjusting 
i t s reactor volume, the number of polymer p a r t i c l e s formed in the 
f i r s t stage reactor i s : 

NT1 = K ( f S F f < f I
F ^ θ ° = K f a + t > S F 4 θ° ( 4 6 ) 

However, the concentration of polymer p a r t i c l e s w i l l be diluted by 
f times with the rest of water fed into the second stage. There­
fore, the number of polymer p a r t i c l e s in the second stage reactor 
N T 2 i s given by: 

N T 2 = f a + b - 1 K S F I ^ C (47) 

Since the value of f is greater than unity, i t i s concluded that: 

(1) when a + b> 1, one can increase the number of polymer par­
t i c l e s formed and furthermore, decrease the volume of the reactor 
by employing a divided water feed along with a monomer divided 
feed, 

(2) when a+ b = 1, the number of polymer p a r t i c l e s does not 
change. However, the volume of the f i r s t stage reactor can be de­
creased in proportion to a decrease in the volume of the water fed 
into the f i r s t stage, and 

(3) when a+ b< 1, one can decrease the volume of the f i r s t 
stage reactor. However, the number of polymer p a r t i c l e s also dec­
reases with a decrease in the volume of the f i r s t stage reactor. 
The operation method with a divided water feed i s not necesarily 
useful. 

In case of continuous emulsion polymerization of styrene, i t 
seems that a + b = 1 holds in a wide range of operation conditions, 
considering Eqs. (27),(28),(42) and (44). The operation method 
with a divided water feed would, therefore, be useful, although 
the v a l i d i t y of above discussion i s not yet proved experimentally. 

To Conclude 
Optimal reactor type and i t s operation method for the f i r s t 

stage in continuous emulsion polymerization was discussed in this 
paper. It was c l a r i f i e d t heoretically and experimentally uaing a 
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142 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 14. Effect of prereactor type on vinyl acetate conversion transient at start­
up (15, 16; (SF = 2.0 g/L H20; lF = 1.25 g/L H20; MF = 0.20 g/cc H20; θ = 

20 min, 50°C) 

Λ M 
Monôme r — * 
Water H 

- I n i t i a t o r 
• E m u l s i f i e r 

R e a c t o r T r a i n 

Figure 15. Schematic of proposed process and its operation method 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

6



6. NOMURA AND HARADA Optimal Reactor Type and Operation 143 

styrene emulsion polymerization system that the most suitable rea­
ctor was a plug flow type reactor with a divided monomer feed and 
in some cases, with a divided water feed, additionally. The basic 
principles developed in this paper would be useful in designing 
the first stage reactor(pre-reactor) and its operation method for 
continuous emulsion polymerization of other monomers. 
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7 
Emulsifier-Free Emulsion Copolymerization of 
Styrene with Acrylamide and Its Derivatives 

HARUMA KAWAGUCHI, YOSHISHIGE SUGI, and YASUJI OHTSUKA 

Department of Applied Chemistry, Keio University, Yokohama, Japan 

Emulsifier-free latices are useful not only for industrial 
purposes but also for studies on colloidal properties (1, 2) and 
medical applications (3, 4). Various methods have been tried to 
prepare characteristic emulsifier-free latices (5-8). Among them, 
copolymerization of hydrophobic monomers with hydrophilic comono­
mers has been the most applicable one (7, 8). There have been 
many studies on the effects of ionic comonomers on the kinetics 
of aqueous copolymerization and the properties of the resulting 
latices, but nonionic hydrophilic comonomers have rarely been 
used for these purposes. 

This paper deals with the copolymerization of styrene with 
acrylamide and its derivatives in emulsifier-free aqueous media. 
It is expected that the effects of acrylamides on the nucleation 
and stabilization of particles differ from those of ionic comono­
mers. The reaction mechanism, the characteristics of the latices 
prepared, and the effect of the properties of acrylamides on them 
are discussed. 

Experimental 

Materials. Ion-exchanged and distilled water was used in all 
the polymerizations. Four kinds of acrylamides were used as co­
monomers (M2). Acrylamide (ΑΑ, Wako Chemicals Co.) and methacryl-
amide (MA, Tokyo Kasei Co.) were recrystallized from benzene. 
N-(Hydroxymethyl)acrylamide (ΗΜΑ, Tokyo Kasei Co.) was recrystal­
lized from ethyl acetate. Ν,Ν-Dimethylacrylamide (DMA, Tokyo 
Kasei Co.) and styrene (St, Kashima Kagaku Yakuhin Co.) were dis­
tilled at 54°C/3.5 mmHg and 40°C/14.5 mmHg, respectively. In some 
copolymerizations cross-linking reagents were added to reduce the 
formation of water-soluble polymer. N,Nf-Methylenebisacrylamide 
(MBA, Nakarai Chemicals Co.) and N-allylacrylamide (AAA, Polysci-
ences, Inc.) were used as received. Divinylbenzene (DVB, Tokyo 
Kasei Co.) was treated with 10 % sodium hydroxide and dried. Two 
kinds of initiators were used: Potassium persulfate (KPS, Taisei 
Kagaku Co.) was recrystallized from water and azobis(isopropyl-

0097-6156/81/0165-0145$05.00/0 
© 1981 American Chemical Society 
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146 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

amidine h y d r o c h l o r i d e ) (AIPA, Wako Chemicals Co.) was used w i t h o u t 
f u r t h e r p u r i f i c a t i o n . 

P r o c e d u r e s . A s t a n d a r d r e c i p e f o r the l a t e x p r e p a r a t i o n i s 
shown below: (St + M2) 20 g, (water + b u f f e r ) 160 g, and i n i t i a t o r 
5 mmole/1. The weight f r a c t i o n of M2 i n monomer charge ( f ) was 
v a r i e d from 0.01 to 0.50. P o l y m e r i z a t i o n s were c a r r i e d out a t 
55°C or 70°C and pH 2.5 o r 9.0 under n i t r o g e n . Samples were w i t h ­
drawn from the r e a c t i o n m i x t u r e a t v a r i o u s time i n t e r v a l s and the 
polymer was p r e c i p i t a t e d i n an excess o f acetone. The c o n v e r s i o n 
and polymer c o m p o s i t i o n were determined by g r a v i m e t r i c means and 
by e l e m e n t a l a n a l y s i s , r e s p e c t i v e l y . The M2 f r a c t i o n i n i n s t a n t a ­
neously-formed copolymer ( F i ) was c a l c u l a t e d from eq. 1: 

F i = Fc + c(dFc/dc) ( 1 ) 

where Fc = the M2 f r a c t i o n i n accumulated copolymer a t c o n v e r s i o n 
c. 

The diameter of l a t e x p a r t i c l e s was measured from t h e i r 
t r a n s m i s s i o n e l e c t r o n micrographs which were o b t a i n e d by use o f a 
H i t a c h i e l e c t r o n microscope HU-12AF. The u n i f o r m i t y r a t i o o f 
p a r t i c l e s i z e ( U ) was c a l c u l a t e d from eq. 2: 

U = Dw / Dn ( 2 ) 

where Dw = Σ N i D i 1 * / Σ N i D i 3 , Dn = Σ N i D i / Σ N i , and N i = the number of 
p a r t i c l e s w i t h diameter D i . 

Some polymer p r e c i p i t a t e s were e x t r a c t e d w i t h water and 
benzene by use of a S o x h l e t e x t r a c t o r f o r 72 h r s and the e x t r a c t s 
were e l e m e n t a l l y a n a l y z e d . A few l a t i c e s were c e n t r i f u g e d w i t h a 
Kokusan H-502 c e n t r i f u g e a t 25000g f o r 1 h r to determine the 
amount and c o m p o s i t i o n of the polymer which d i s s o l v e d i n the l a t e x 
serum. 

The p a r t i t i o n c o e f f i c i e n t , the r a t i o o f the M2 c o n c e n t r a t i o n 
i n St to t h a t i n w a t e r , was determined from the absorbance ( a t 200 
mp f o r DMA, 201 mp f o r AA, 203 mp f o r HMA, and 205 mp f o r MA) o f 
each phase e q u i l i b r a t e d a t 70°C. The s o l u b i l i t y of St i n the 
aqueous s o l u t i o n o f AA was determined from the absorbance of the 
s o l u t i o n a t 290 mp. 

R e s u l t s and D i s c u s s i o n 

The dependence of the c o n v e r s i o n and p o l y m e r - c o m p o s i t i o n on 
the r e a c t i o n time i s shown i n F i g u r e 1 f o r the c o p o l y m e r i z a t i o n o f 
St w i t h AA a t f = 0.4, pH 9.0 and 70°C. The p o l y m e r i z a t i o n c o u r s e 
was found to c o n s i s t o f t h r e e s t a g e s : A t f i r s t AA p o l y m e r i z e s 
p r e f e r e n t i a l l y but the p r e f e r e n c e decreases r a p i d l y w i t h i n c r e a s ­
i n g c o n v e r s i o n (0 - 1.0 h r ) ; St p o l y m e r i z e s e x c l u s i v e l y (1.0 - 1.5 
h r s ) ; and a g a i n AA p o l y m e r i z e s p r e f e r e n t i a l l y (1.5 h r s - end). A 
s i m i l a r c o p o l y m e r i z a t i o n mode was observed i n an aqueous copolym-
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P o l y m e r i z a t i o n Time (hr 

Figure 1. Copolymerization of St with 
A A under the conditions of the weight 
fraction of acrylamide in monomer charge 

(f) = 0.9, pH = 9.0, and 70°C 
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148 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

e r i z a t i o n o f St w i t h 4 - v i n y l p y r i d i n e ( 8 ) . I n the f o l l o w i n g s e c ­
t i o n s the d e t a i l s of each r e a c t i o n stage a r e d i s c u s s e d not o n l y 
f o r the c o p o l y m e r i z a t i o n o f St w i t h AA but a l s o f o r those w i t h 
HMA, DMA, and MA. 

The F i r s t Stage. The p r e f e r e n t i a l p o l y m e r i z a t i o n of AA a t 
the i n i t i a l s t a g e o f c o p o l y m e r i z a t i o n means t h a t the main r e a c t i o n 
l o c u s i s the aqueous phase j u s t as Juang and K r i e g e r p o i n t e d i t 
out f o r the aqueous c o p o l y m e r i z a t i o n o f St w i t h sodium s t y r e n e s u l -
f o n a t e ( SSS ) ( 9 ) . I n the St-SSS system, SSS p o l y m e r i z e d p r e f ­
e r e n t i a l l y up to a few pe r c e n t c o n v e r s i o n under the c o n d i t i o n o f 
SSS/St (w/w) = 0.014. C o p o l y m e r i z a t i o n o f hydrophobic monomer 
w i t h a l a r g e amount of h y d r o p h i l i c comonomer was c o n s i d e r e d to 
y i e l d a g r e a t e r amount of i n f o r m a t i o n w i t h r e s p e c t t o the r e a c t i o n 
mode. By use o f a r e l a t i v e l y l a r g e amount of AA o r i t s d e r i v a t i v e s 
the c h a r a c t e r i s t i c r e a c t i o n mode of the c o p o l y m e r i z a t i o n o f St 
w i t h a c r y l a m i d e s c o u l d be c l a r i f i e d . 

Some po l y m e r - c o m p o s i t i o n v s . c o n v e r s i o n c u r v e s were o b t a i n e d 
f o r the c o p o l y m e r i z a t i o n s w i t h d i f f e r e n t f f s ( F i g u r e 2), and a l l o f 
them seem to i n t e r s e c t the o r d i n a t e a t 1.0. From the i n i t i a l s l o p e 
of the curves and the monomer r a t i o i n the aqueous phase the mono­
mer r e a c t i v i t y r a t i o was c a l c u l a t e d , but the c a l c u l a t i o n r e s u l t e d 
i n a n e g a t i v e r 2 . T h e r e f o r e , i t was concluded t h a t the copolymer­
i z a t i o n c o u l d not be regarded as a homogeneous one even j u s t a f t e r 
the b e g i n n i n g of the r e a c t i o n . The f i r s t s t age was c o n s i d e r e d to 
be a t r a n s i t i o n a l s tage to e s t a b l i s h the p a r t i c l e f o r m a t i o n . 

A c c o r d i n g t o the homogeneous n u c l e a t i o n mechanism by F i t c h 
(1 0 ) , i n the e m u l s i f i e r - f r e e aqueous medium, the growing o l i g o m e r s 
c o i l t o pr i m a r y p a r t i c l e s and such p r i m a r y p a r t i c l e s agglomerate 
to form secondary p a r t i c l e s which then b e g i n to imbibe St monomer 
and c o n s e q u e n t l y p o l y m e r i z a t i o n o f St i n the secondary p a r t i c l e s 
proceeds. Almost the same pr o c e s s i s expected to take p l a c e i n 
St-AA c o p o l y m e r i z a t i o n system. J u d g i n g from the r a p i d decrease i n 
the AA f r a c t i o n i n i n s t a n t a n e o u s l y - f o r m e d polymer ( F i g u r e 1) i n 
s p i t e o f the e x t r a o r d i n a r i l y l a r g e amount o f AA compared w i t h t h a t 
of St i n the aqueous phase and no a p p r i c i a b l e predominance o f St 
i n c o p o l y m e r i z a b i l i t y ( 1 1 ) , l o c a l i z a t i o n o f St i n the v i c i n i t y o f 
the a c t i v e s i t e s might o c c u r e a r l i e r than expected, t h a t i s , even 
the growing o l i g o m e r s might g i v e f a v o r a b l e s i t e s f o r St to be 
l o c a l i z e d i n c o n c e n t r a t e d s t a t e to a c c e r e l a t e the p o l y m e r i z a t i o n 
of St and the p a r t i c l e n u c l e a t i o n . A c c o r d i n g to the dat a on the 
e x t r a c t i o n of AA-St copolymer, the copolymer m o l e c u l e s c o n t a i n i n g 
more than 15 % St a r e i n s o l u b l e i n water. An a l t e r n a t i v e mechanism 
of p a r t i c l e f o r m a t i o n , the m i c e l l i z a t i o n - t y p e one ( 1 2 ) , can not be 
n e g l e c t e d a t p r e s e n t . 

The g r a d u a l i n c r e a s e i n the number o f p a r t i c l e s must p l a y an 
imp o r t a n t r o l e t o decrease the AA f r a c t i o n i n polymer r a p i d l y 
because as the number o f p a r t i c l e s i n c r e a s e s the c o a l e s c e n c e o f a 
growing r a d i c a l w i t h a p a r t i c l e becomes more f r e q u e n t and decreases 
the o c c a s i o n f o r the r a d i c a l t o r e a c t w i t h AA i n the aqueous phase. 
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7. KAWAGUCHI ET AL. Emulsifier-Free Emulsion Copolymerization 149 

The t o t a l c o n v e r s i o n where the l a t e x p a r t i c l e s came to appear 
f i r s t on the e l e c t r o n micrographs were more than 20 % f o r the co­
p o l y m e r i z a t i o n a t f = 0.5, 12 % a t f = 0.4, c a . 3 % at f = 0.3, 
and l e s s than 1.2 X a t f = 0.2. A common f a c t i n f o u r copolymer-
i z a t i o n s i s t h a t the AA f r a c t i o n i n i n s t a n t a n e o u s l y - f o r m e d polymer 
drops below 0.60 - 0.65 at the p r e s e n t e d c o n v e r s i o n s . The f r a c t i o n 
c o n t i n u e s to decrease f u r t h e r to l e s s than 0.05. 

The Second Stage. The second stage i s d e f i n e d as the stage 
where St p o l y m e r i z e s e x c l u s i v e l y . To c l a r i f y the main r e a t i o n 
l o c u s a t t h i s s t a g e , some q u a n t i t a t i v e a n a l y s i s was done f o r the 
c o p o l y m e r i z a t i o n a t f = 0.4. Using the AA c o n v e r s i o n a t which AA 
p o l y m e r i z a t i o n f i r s t l e v e l s o f f (35 % ) , the s o l u b i l i t y o f St i n 
the aqueous s o l u t i o n of AA (3.92 mmole/1), and the p a r t i t i o n c o e f ­
f i c i e n t of AA between St and water (0.093), the molar c o n c e n t r a t i o n 
r a t i o of AA to St i n the aqueous phase was c a l c u l a t e d to be about 
120 whereas t h a t i n the p a r t i c l e s was c a l c u l a t e d t o be 0.008. From 
the monomer r e a c t i v i t y r a t i o r e p o r t e d by Minsk and h i s coworkers 
(1 3 ) , the AA f r a c t i o n i n the polymer i n s t a n t a n e o u s l y formed i n the 
p a r t i c l e s i s c a l c u l a t e d to be 0.03, which i s v e r y c l o s e to the 
ex p e r i m e n t a l v a l u e . T h e r e f o r e , i t i s concluded t h a t d u r i n g the 
second stage p o l y m e r i z a t i o n i n the aqueous phase i s n e g l i g i b l e , o r 
the main r e a c t i o n l o c u s i s the p a r t i c l e s . T h i s must r e s u l t from 
f a s t d i f f u s i o n o f r a d i c a l s i n t o the p r e e x i s t i n g p a r t i c l e s . The 
number of p a r t i c l e s i n t h i s stage was found to be almost c o n s t a n t 
as the s l o p e o f l i n e s i n F i g u r e 3 was almost 1/3 a l t h o u g h the c o-
p o l y m e r i z a t i o n s a t h i g h e r f f s r e s u l t e d i n some decrease i n the 
number o f p a r t i c l e s w i t h i n c r e a s e i n g c o n v e r s i o n . 

E x c l u s i v e p o l y m e r i z a t i o n o f St c o n t i n u e s u n t i l the St conver­
s i o n a t t a i n s about 50 %. T h i s c r i t i c a l St c o n v e r s i o n was c o n s t a n t 
r e g a r d l e s s o f f and i t corresponds t o the e q u i l i b r i u m c o n c e n t r a t i o n 
of p o l y - S t i n the p a r t i c l e . T h e r e f o r e , the second stage i s c o n s i d ­
ered to come to end when a l l o f the St d r o p l e t s d i s a p p e a r . 

The T h i r d Stage. The b e g i n n i n g o f the t h i r d stage i s c h a r a c ­
t e r i z e d by g r a d u a l a c c e l e r a t i o n of AA p o l y m e r i z a t i o n , accompanied 
w i t h an i n c r e a s e i n the l a t e x v i s c o s i t y as shown i n F i g u r e 1. 
These phenomena must r e s u l t from a l t e r a t i o n o f the main r e a c t i o n 
l o c u s from the p a r t i c l e s t o the aqueous phase. 

Disappearance of St d r o p l e t s l e a d s t o a decrease i n the con­
c e n t r a t i o n o f St i n the aqueous phase as w e l l as i n the p a r t i c l e s . 
The decrease i n the c o n c e n t r a t i o n of St i n the aqueous phase 
causes growing r a d i c a l s t o keep t h e i r h y d r o p h i l i c i t y f o r a l o n g 
time. The r a d i c a l s can r e a c t w i t h many AA mo l e c u l e s b e f o r e they 
d i f f u s e i n t o the p a r t i c l e s . Some r a d i c a l s would not l o s e t h e i r 
s o l u b i l i t y i n water even a f t e r they propagated t o be polymer mole­
c u l e s and such k i n d o f mol e c u l e s would cause an i n c r e a s e i n the 
l a t e x v i s c o s i t y . J u d g i n g from the dependence o f the l a t e x v i s c o s ­
i t y on the r e a c t i o n t i m e , most of the polymer d i s s o l v e d i n water 
i s c o n s i d e r e d to form d u r i n g the t h i r d s t a g e . To reduce the 
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150 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 2. Dependence of polymer com­
position on conversion in copolymeriza­
tion of St with AA at pH 9.0 and 70°C 

(Il (O) 0.2; (A) 0.3; ({J) 0.4) T ° t a l C o n v e r s i o n (?) 

Figure 3. Dependence of particle size on conversion in copolymerization of St 
with A A at pH 9.0 and 70° C (î: (0)0.2; (A) 0.3; Ο 0.4; ( V ) 0.5) 
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7. KAWAGUCHi ET AL. Emulsifier-Free Emulsion Copolymerization 151 

f o r m a t i o n o f the polymer d i s s o l v e d i n w a t e r , a few c r o s s - l i n k i n g 
r e a g e n t s (MBA, AAA and DVB) were used but no s u c c e s s f u l r e s u l t s 
were o b t a i n e d : a d d i t i o n of MBA or AAA (5 wt % to AA) i n c r e a s e d 
the amounts o f coagulum and use of DVB ( a l s o 5 wt %) d i d not 
change the shape o f t i m e - c o n v e r s i o n curve and d i s t r i b u t i o n o f AA 
u n i t s s i g n i f i c a n t l y . 

C o p o l y m e r i z a t i o n o f St w i t h A c r y l a m i d e D e r i v a t i v e s . The de­
pendence of the M2 f r a c t i o n i n i n s t a n t a n e o u s l y - f o r m e d polymer on 
the t o t a l c o n v e r s i o n i s compared among f o u r k i n d s o f a c r y l a m i d e s -
St c o p o l y m e r i z a t i o n s a t f = 0.4 ( F i g u r e 4) ( 1 4 ) . HMA and DMA 
resemble AA c o n c e r n i n g the c o p o l y m e r i z a t i o n mode, t h a t i s , t h e i r 
r e a c t i o n c o u r s e i s d i v i d e d i n t o t h r e e s t a g e s . On the o t h e r hand 
MA c o p o l y m e r i z e s i n a d i f f e r e n t mode. 

The p a r t i t i o n c o e f f i c i e n t s o f a c r y l a m i d e s between St and 
water a t 70°C a r e shown below: AA (0.093); HMA (0.089); DMA (0.293); 
and MA (0.159). I t i s expected t h a t use of an a c r y l a m i d e d e r i v a ­
t i v e which has a l a r g e r p a r t i t i o n c o e f f i c i e n t causes s h o r t e r 
d u r a t i o n of the f i r s t s t age i n i t s c o p o l y m e r i z a t i o n w i t h S t . DMA 
i s l e s s h y d r o p h i l i c than AA and HMA and the f i r s t s t age o f St-DMA 
c o p o l y m e r i z a t i o n ends q u i c k l y compared w i t h o t h e r s . Consequently 
the DMA c o n v e r s i o n where the DMA p o l y m e r i z a t i o n l e v e l s o f f i s 
lower than the c o r r e s p o n d i n g v a l u e s f o r o t h e r a c r y l a m i d e s as shown 
i n F i g u r e 5 ( 1 4 ) . DMA u n i t s seem to be l e s s e f f e c t i v e f o r s t a b i ­
l i z a t i o n o f the l a t e x p a r t i c l e s and the number of p a r t i c l e s i n 
St-DMA copolymer l a t e x i s much l e s s than those i n St-AA o r St-HMA 
copolymer l a t i c e s . As mentioned i n the p r e c e d i n g s e c t i o n the 
second stage resembles the steady s t a g e i n u s u a l emulsion polym­
e r i z a t i o n from the v i e w p o i n t o f k i n e t i c s . T h e r e f o r e , the d u r a t i o n 
of the second s t a g e , t h a t i s , the d u r a t i o n o f l e v e l l i n g - o f f o f 
ac r y l a m i d e s c o n v e r s i o n i s expected t o be i n v e r s e l y p r o p o r t i o n a l 
to the number o f p a r t i c l e s . The r e s u l t s shown i n F i g u r e 5 s a t i s f y 
the e x p e c t a t i o n q u a l i t a t i v e l y . The l e v e l l i n g - o f f o f DMA c o n v e r s i o n 
a t the second stage might be s u r p r i z i n g because an a p p r e c i a b l e 
amount of DMA sho u l d e x i s t i n the p a r t i c l e s . T h i s phenomenon can 
be e x p l a i n e d by c o n s i d e r i n g low c o p o l y m e r i z a b i l i t y o f DMA w i t h S t . 
The r e a c t i v i t y r a t i o s o f St and a c r y l a m i d e s o b t a i n e d by S a i n i and 
h i s coworkers (11) support t h i s c o n s i d e r a t i o n . 

The p a r t i t i o n c o e f f i c i e n t o f HMA i s v e r y c l o s e to t h a t o f AA. 
But i t was found t h a t HMA u n i t s i n copolymer i s l e s s e f f e c t i v e to 
make the copolymer w a t e r - s o l u b l e than AA u n i t s , t h a t i s , St-HMA 
copolymer l o s e s i t s w a t e r - s o l u b i l i t y by c o n t a i n i n g a s m a l l e r 
amount of St than St-AA copolymer does ( F i g u r e 6 ) . The average 
molar f r a c t i o n o f AA i n the w a t e r - s o l u b l e AA-St copolymer was 0.86 
w h i l e the c o r r e s p o n d i n g v a l u e f o r HMA was 0.92. Such lower a b i l i t y 
o f HMA to make the copolymer w a t e r - s o l u b l e may be a t t r i b u t e d t o 
n e g l i g i b l e hydrogen-bonding o f -NH- groups o f HMA due to s t e r i c 
h i n d r a n c e and some l o s s of hydrogen-bondable -OH groups due t o 
u n d e s i r a b l e s i d e - r e a c t i o n s . T h i s p r o p e r t y o f HMA would cause the 
f i r s t s t age o f St-HMA c o p o l y m e r i z a t i o n t o end a t a s l i g h t l y lower 
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Journal of Applied Polymer Science 

Figure 4. Dependence of polymer composition on conversion in copolymerization 
of St with AA's at f = 0.4 (14) ((— · — j A A; ( ; HMA; ( ) DMA; 

(—' '—)ΜΛ) 

100 

1 2 
P o l y m e r i z a t i o n Time 

Journal of Applied Polymer Science 

Figure 5. Conversion of AA's as a function of time in copolymerization with St at 
f = 0.4 (U) ((O ) A A; (A) HMA; Ο DMA; (\J)MA) 
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7. KAWAGUCHi ET AL. Emulsifier-Free Emulsion Copolymerization 153 

c o n v e r s i o n , and the amount of the polymer d i s s o l v e d i n water t o 
decrease. Under the same r e a c t i o n c o n d i t i o n s the number of p a r t i ­
c l e s formed i n St-HMA c o p o l y m e r i z a t i o n was about the same w i t h 
t h a t i n St-AA l a t e x but the d i s t r i b u t i o n o f p a r t i c l e - s i z e o f the 
former was narrower than the l a t t e r . Some d i s c u s s i o n s f o r the 
p r e p a r a t i o n o f monodisperse St-HMA l a t i c e s a r e p r e s e n t e d i n the 
f o l l o w i n g s e c t i o n . 

No c l e a r evidence was o b t a i n e d about the a l t e r a t i o n o f the 
main r e a c t i o n l o c u s f o r the c o p o l y m e r i z a t i o n o f St w i t h MA. T h i s 
would be a t t r i b u t e d to the d i f f e r e n c e i n the p a r t i t i o n c o e f f i c i e n t 
between MA and AA (see above) and the d i f f e r e n c e i n the number of 
l a t e x p a r t i c l e s formed i n t h e i r c o p o l y m e r i z a t i o n systems w i t h S t . 
(The number of p a r t i c l e s In St-AA copolymer l a t e x was about a t h i r d 
of t h a t i n St-AA l a t e x . The s m a l l number f o r St-MA system i s 
c o n s i d e r e d to r e s u l t from the lower p a r t i c l e - s t a b i l i z i n g a b i l i t y 
o f MA due to i t s lower h y d r o p h i l i c i t y . ) These f a c t o r s would a l t e r 
the b a l a n c e of the p o l y m e r i z a t i o n i n two r e a c t i o n l o c i , t h a t i s , 
the aqueous phase and the p a r t i c l e s , and con s e q u e n t l y s e r v e t o 
change the r e a c t i o n mode. 

P r e p a r a t i o n o f Monodisperse and Cl e a n L a t i c e s . I n the polym­
e r i z a t i o n d e s c r i b e d above, c o n d i t i o n s w i t h r e l a t i v e l y h i g h f f s 
were adopted t o make c l e a r the b e h a v i o r o f M2 i n the r e a c t i o n 
c o u r s e . The r e s u l t i n g l a t i c e s c o n t a i n a f a i r l y l a r g e amount of 
polymer d i s s o l v e d i n the serum. I t was a l s o c l a r i f i e d t h a t a d d i ­
t i o n o f an excess amount of M2 monomers makes the p a r t i c l e - s i z e 
d i s t r i b u t i o n widespread. Some p o l y m e r i z a t i o n s o f St w i t h a s m a l l 
amount o f HMA were c a r r i e d out to o b t a i n monodisperse l a t i c e s f r e e 
from the polymer d i s s o l v e d i n the serum. 

The dependence of the p a r t i c l e - s i z e and u n i f o r m i t y r a t i o on 
the charged amount of HMA i s shown i n F i g u r e 7. Judg i n g from the 
r e s u l t s i n F i g u r e 7 the u n i f o r m i t y r a t i o would take the minimum a t 
the f c l o s e to 0.1. Monodisperse but much l a r g e r p a r t i c l e s were 
o b t a i n e d a t the same monomer feed r a t i o but changing the mode of 
monomer charge. The aqueous p r e p o l y m e r i z a t i o n o f HMA f o l l o w e d by 
a d d i t i o n of St r e s u l t e d i n the f o r m a t i o n of the l a t i c e s w i t h l a r g e 
p a r t i c l e s and w i t h o u t s i g n i f i c a n t broadening o f the p a r t i c l e - s i z e 
d i s t r i b u t i o n . I n the cases shown i n F i g u r e 7 St was charged a f t e r 
1 hr p o l y m e r i z a t i o n of HMA whose c o n v e r s i o n a t t h i s time was about 
60 %. 

Co n c l u s i o n s 

C o p o l y m e r i z a t i o n o f s t y r e n e w i t h a c r y l a m i d e s ( a c r y l a m i d e , 
N - ( h y d r o x y m e t h y l ) a c r y l a m i d e , Ν,Ν-dimethylacrylamide, and methac-
r y l a m i d e ) were c a r r i e d out i n e m u l s i f i e r - f r e e aqueous media. When 
e i t h e r o f the former t h r e e a c r y l a m i d e s were used, the c o p o l y m e r i ­
z a t i o n course was d i v i d e d i n t o t h r e e srages on the b a s i s o f the 
main r e a c t i o n l o c u s . At f i r s t a c r y l a m i d e s p o l y m e r i z e d p r e f e r e n ­
t i a l l y i n the aqueous phase. A f t e r the p a r t i c l e f o r m a t i o n s t y r e n e 
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154 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 6. Extraction of St-AA and St-
HMA copolymers (fractions are given in 

weight basis) 

f W a t e r - S o l u b l e 
F r a c t i o n (Fw) 
r 

B e n z e n e - S o l u b l e 
F r a c t i o n 

Figure 7. Dependence of particle size 
and uniformity on charged amount of 
HMA at pH 9.0 and 70°C (solid marks: 
St was charged after 1 h prepolymeriza-

tion of HMA ) Charged Amount o f HMA (g) 
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7. KAWAGUCHi ET AL. Emulsifier-Free Emulsion Copolymerization 155 

polymerized exclusively in the particles even if a significant 
amount of acrylamides remaining in the aqueous phase. The decrease 
in the concentration of styrene after disappearance of styrene 
droplets caused the transfer of the main reaction locus from the 
particles to the aqueous phase and consequently led to the forma­
tion of an appreciable amount of the polymer dissolved in the 
aqueous phase. In the copolymerization of styrene with methacryl-
amide no distinct alteration of the main reaction locus was 
detected. The hydrophilicity and reactivity of acrylamides 
affected the polymerization mode and also the latex properties, 
e. g., the particle size, the distribution of acrylamides units in 
the latex, etc. Polymerizations of styrene in the presence of a 
small amount of N-(hydroxymethyl)acrylamide gave monodisperse and 
clean latices with the diameter of 350 mp to 1100 mp, which 
depended on the mode of monomer charge. 
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8 
Polyelectrolyte-Stabilized Latices 

RICHARD BUSCALL and TERENCE CORNER 
I. C. I. Corporate Laboratory, P.O. Box No. 11, The Heath, Runcorn, Cheshire, England 

The stability of electrostatically charged sols has been 
studied extensively and is now reasonably well understood. More 
recently the stabilising action of adsorbed or chemically anchored 
non-ionic polymers has received much attention. There has been 
however little systematic work on polyelectrolyte stabilisers 
apart from a number of investigations of the flocculation of 
particles bearing adsorbed biopolymers, usually proteins, by 
simple salts (2). These have shown that polyelectrolyte covered 
particles can be more stable with respect to the addition of salt 
than simple charged systems, and the extra stability has been 
ascribed to the polymeric nature of the surface layer. The precise 
mechanism by which polyelectrolytes stabilise dispersions in the 
presence of high concentrations of salt has however remained 
unclear. 

The current theories of steric stability (3-6) predict that 
provided the particles are well-covered and the polymer is well­
-anchored particles bearing non-ionic polymers should flocculate at 
or near the ө-point of the stabilising chains. The available ex­
perimental date (3, 7, 8) confirm this result in as much as crit­
ical flocculation temperatures and pressures have been found to 
correlate tolerably well with the relevant ө-points for a wide 
range of systems. Where the correlation has been less than satis­
factory the discrepancy has often been understandable in terms of 
multiple anchoring, selective adsorption of lyophobic blocks, or 
other specific effects (9, 10). 

The theories of polymer solutions upon which steric-stability 
theories are based are usually formulated in terms of a port­

manteau interaction parameter (for example Flory's χ-parameter and 
the excluded volume integral) which does not preclude electro­
static interactions, particularly under conditions where these are 
short range. It is thus appropriate to consider whether polyelect­
rolyte-stabilisation can be understood in the same broad terms as 
stabilisation by non-ionic polymers. It was this together with the 
fact that polyelectrolyte solutions containing simple salts show 
phase-separation behaviour reminiscent of that of non-ionic 

0097-6156/81/0165-0157$05.00/0 
© 1981 American Chemical Society 
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158 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

polymers i n mixed s o l v e n t s (11) t h a t prompted the p r e s e n t i n v e s t ­
i g a t i o n i n t o the p r e p a r a t i o n o f p o l y e l e c t r o l y t e s t a b i l i s e d l a t i c e s . 

P o l y a c r y l i c a c i d was chosen as the s t a b i l i s i n g m o i e t y 
because t h e r e i s a s u b s t a n t i a l body of l i t e r a t u r e on i t s s o l u t i o n 
p r o p e r t i e s and because Napper (12) has demonstrated a c o r r e l a t i o n 
between c r i t i c a l f l o c c u l a t i o n temperature and θ-temperature f o r 
p a r t i c l e s s t a b i l i s e d by copolymers o f u n i o n i s e d PAA. A l s o , s i n c e 
PAA i s a weak a c i d the degree of i o n i s a t i o n can be v a r i e d by 
t i t r a t i o n w i t h base. 

E x p e r i m e n t a l 

I M a t e r i a l s , Double d i s t i l l e d water and a b s o l u t e e t h a n o l 
were used i n a l l p o l y m e r i s a t i o n s . Styrene monomer was washed w i t h 
10% w/w aqueous sodium h y d r o x i d e s o l u t i o n and then d i s t i l l e d under 
a n i t r o g e n atmosphere w i t h reduced p r e s s u r e to remove i n h i b i t o r 
and i m p u r i t i e s . 4 . 4 f - A z o b i s ( 4 - c y a n o v a l e r i c a c i d ) (ADIB), 
r e c r y s t a l l i s e d from a b s o l u t e e t h a n o l t o remove any p e r o x i d e 
i m p u r i t i e s , and b e n z o y l p e r o x i d e (BzP) o f reagent grade were 
u t i l i s e d . 

The p o l y a c r y l i c a c i d s were s u p p l i e d by A l l i e d C o l l o i d s L t d , 
B r a d f o r d , E n g l a n d . 

I I L a t e x P r e p a r a t i o n , The p o l y e l e c t r o l y t e s t a b i l i s e d 
l a t i c e s were pre p a r e d by the p o l y m e r i s a t i o n o f s t y r e n e monomer i n 
a s o l u t i o n o f p o l y a c r y l i c a c i d i n an a l c o h o l - w a t e r m i x t u r e 
a d j u s t e d so t h a t s u f f i c i e n t a l c o h o l was p r e s e n t to s o l u b i l i s e the 
s t y r e n e . The a g i g a t i o n speed was f i x e d a t 350 r e v o l u t i o n s per min 
f o r a l l experiments a l t h o u g h i t was l a t e r found not t o be c r i t i c a l . 
A t y p i c a l example o f the method i s as f o l l o w s . 6 

2 A s o l u t i o n o f 5g PAA o f m o l e c u l a r weight 1.0 χ 10 i n 500 
cm e t h a n o l and 280 cm water was charged i n t o a r e a c t i o n f l a s k , 
s e t i n a water b a t h a t 78°C N i t r o g e n was bubbled through the 
s o l u t i o n f o r 2 h r a f t e r which 0.2g BzP was added and the r e s u l t ­
ant s o l u t i o n a l l o w e d to degas f o r 8-12 h r . A f t e r t h i s time a 
s o l u t i o n o f l g BzP i n 50 cm^ s t y r e n e and 20 cm e t h a n o l was 
charged i n t o the r e a c t i o n f l a s k . P o l y m e r i s a t i o n was a l l o w e d to 
proceed f o r 8 h r a t 78°C under a stream o f n i t r o g e n t o g i v e a 
p o l y s t y r e n e (PST) l a t e x w i t h a mean p a r t i c l e diameter o f 0.6 ym 
and a c o e f f i c i e n t o f v a r i a t i o n o f <5%. The c o n v e r s i o n o f 
s t y r e n e to l a t e x was shown to be 100% by a n a l y s i n g the su p e r n a t ­
a n t , o b t a i n e d by c e n t r i f u g i n g the l a t e x , by UV s p e c t r o s c o p y . 

I I I L a t e x Clean-Up, T y p i c a l l y 20-50g of l a t e x was s u b j e c t ­
ed t o a s e r i e s o f c e n t r i f u g a t i o n / r e d i s p e r s i o n c y c l e s i n 900 cm 
of 1:1 volume r a t i o a l c o h o l : w a t e r m i x t u r e s (3 times) f o l l o w e d 
by c e n t r i f u g a t i o n / r e d i s p e r s i o n i n water (6 t i m e s ) . T h i s procedure 
was shown to be more than adequate f o r the removal o f unreacte d 
s t y r e n e , p o l y e l e c t r o l y t e and i n i t i a t o r r e s i d u e s e t c , by the 
a n a l y s i s o f the su p e r n a t a n t s o b t a i n e d a f t e r each s u c c e s s i v e 
c e n t r i f u g a t i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
00

8



8. BUSCALL AND CORNER Polyelectrolyte-StabMzed Latices 159 

IV P a r t i c l e S i z e , The modal diameters o f l a t i c e s were d e t e r ­
mined by measuring the diameters o f p a r t i c l e s on e l e c t r o n m i c r o ­
graph n e g a t i v e s o b t a i n e d by c o n v e n t i o n a l p r o c e d u r e s . I n o r d e r t o 
determine the mean, and the s t a n d a r d d e v i a t i o n from the mean, 
between 200 - 300 p a r t i c l e s were measured. L a t i c e s p r e p a r e d from 
p o l y a c r y l i c a c i d i n the manner d e s c r i b e d above were found to have 
c o e f f i c i e n t s o f v a r i a t i o n o f <10% i n a l l cases and sometimes <5%. 
E r r o r s i n p a r t i c l e s i z e were e s t i m a t e d to be ± 10%. 

V S u r f a c e C h a r a c t e r i s a t i o n , A q u a n t i t a t i v e a n a l y s i s o f the 
amounts of PAA a s s o c i a t e d w i t h the l a t i c e s was o b t a i n e d by 
conduc t o m e t r i e t i t r a t i o n and a q u a l i t a t i v e a n a l y s i s of i t s 
b e h a v i o u r by p o t e n t i o m e t r i c t i t r a t i o n . T i t r a t i o n s were performed 
under a n i t r o g e n atmosphere u s i n g a Radiometer A u t o b u r e t t e 
system and a M64 pH meter t o g e t h e r w i t h a Wayne K e r r B642 B r i d g e . 

VI F l o c c u l a t i o n S t u d i e s , C r i t i c a l f l o c c u l a t i o n temperatures 
were measured u s i n g suspensions of 0.6% v/v l a t e x c o n t a i n i n g the 
a p p r o p r i a t e amount of sodium c h l o r i d e . D i f f e r i n g degrees of 
n e u t r a l i s a t i o n were produced by the a d d i t i o n of NaOH to s t o c k 
s o l u t i o n s and checked by conductometrie t i t r a t i o n w i t h base i n the 
absence and presence of added HC1. F l o c c u l a t i o n temperatures 
(CFT) were determined by v i s u a l o b s e r v a t i o n a t a c o o l i n g / h e a t i n g 
r a t e o f ̂ . 5 C s . The f l o c c u l a t i o n was g e n e r a l l y r e v e r s i b l e 
p r o v i d e d t h a t the l a t i c e s had not been l e f t i n the f l o c c u l a t e d 
s t a t e f o r more than a few minutes or so. 

R e s u l t s and D i s c u s s i o n 

I L a t e x P r e p a r a t i o n , I n the p r e s e n t work i t was found t h a t 
the l a r g e s t changes i n p a r t i c l e s i z e were o b t a i n e d by v a r i a t i o n 
of e i t h e r the s t y r e n e c o n c e n t r a t i o n , the r a t i o o f a l c o h o l to 
water or by the c h o i c e o f a l c o h o l . I n Tables I and I I i t can be 
seen t h a t i n c r e a s e s i n e i t h e r the s t y r e n e c o n c e n t r a t i o n o r the 
r a t i o of e t h a n o l to water caused the f o r m a t i o n o f l a t e x p a r t i c l e s 
of i n c r e a s e d p a r t i c l e s i z e . The c o e f f i c i e n t s o f v a r i a t i o n f o r the 
l a t i c e s were always l e s s than 10%. 

Table I Dependence of p a r t i c l e diameter on s t y r e n e c o n c e n t r a t i o n 

Styrene C o n c e n t r a ­
t i o n (Mole dm ) 0.008 0.080 0.240 0.470 0.640 

1 

4.200 

P a r t i c l e Diameter 
ym 

No 
L a t e x 0.5 0.7 0.8 1.5 

Swollen 
G e l 
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160 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

(Note. The r e s u l t s p r e s e n t e d i n Table I were o b t a i n e d u s i n g 
s o l u t i o n s of 5g PAA of m o l e c u l a r weight 1 χ 10^ i n 500 cm 3 

e t h a n o l and 280 cm 3 water c o n t a i n i n g l g BzP. A l l of the polymer­
i s a t i o n s were performed a t 78°C. Conversions t o PST i n the 
8 hours a l l o w e d f o r the experiments was ^100% i n a l l cases except 
t h a t u s i n g the h i g h e s t s t y r e n e c o n c e n t r a t i o n . I n t h i s case a 
s t i c k y p r e c i p i t a t e was produced i n s t e a d o f a l a t e x and the 
experiment was t e r m i n a t e d a f t e r 1 h o u r ) . 

Table I I Dependence of p a r t i c l e diameter on e t h a n o l : 
water r a t i o 

E t h a n o l : Water R a t i o 5:1 5:2.5 5:2.7 5:2.8 

P a r t i c l e Diameter (ym) 1.5 0.8 0.6 0.5 

(Note. The r e s u l t s g i v e n i n Table I I were o b t a i n e d from a 
s e r i e s o f experiments i n which 5 cm^ s t y r e n e was p o l y m e r i s e d i n 
s o l u t i o n s o f e t h a n o l (50 cm 3) and water c o n t a i n i n g 0.5 g PAA o f 
m o l e c u l a r weight 27,000 and O.lg BzP a t 78°C f o r 6 hours a f t e r 
which c o n v e r s i o n s t o PST ̂ 100% i n a l l c a s e s ) . 

The e f f e c t of r e p l a c i n g e t h a n o l by methanol was i n v e s t i g a t e d 
by c a r r y i n g out p a i r s o f experiments a t 60°C under i d e n t i c a l 
c o n d i t i o n s a p a r t from the a l c o h o l used. I n a l l cases i t was 
observed t h a t the use o f methanol i n s t e a d o f e t h a n o l r e s u l t e d i n 
l a t e x d i s p e r s i o n s whose u l t i m a t e p a r t i c l e s i z e were 50 - 60% of 
the s i z e o b t a i n e d w i t h e t h a n o l as the c o - s o l v e n t . However, l i t t l e 
change i n p a r t i c l e s i z e was o b t a i n e d when the PAA m o l e c u l a r 
weight was v a r i e d between 5,000 and 1 χ 10 or the BzP concen­
t r a t i o n s from 0.6% to 6.0%. When the BzP was r e p l a c e d by ADIB o r 
the PAA by p o l y m e t h a c r y l i c a c i d , an i n c r e a s e i n the p a r t i c l e 
s i z e of 10 - 20% was o b t a i n e d . F i n a l l y , when the c o n c e n t r a t i o n o f 
PAA was v a r i e d i t was observed t h a t the p a r t i c l e s i z e i n c r e a s e d 
w i t h i n c r e a s i n g PAA c o n c e n t r a t i o n up to ̂ 4.0% a f t e r which a 
r e d u c t i o n i n s i z e was observed (see F i g u r e 1 ) . 

The e s s e n t i a l l y aqueous d i s p e r s i o n p o l y m e r i s a t i o n s d e s c r i b e d 
here were i n v e s t i g a t e d because the aut h o r s thought t h a t they 
r e p r e s e n t e d the aqueous analogues of NAD p o l y m e r i s a t i o n s i n which 
methyl m e t h a c r y l a t e i s p o l y m e r i s e d i n s o l u t i o n s o f degraded 
rubber i n a l i p h a t i c hydrocarbons ( 1 ) . A l t h o u g h the d e t a i l e d 
mechanism by which p a r t i c l e s are produced and s t a b i l i s e d d u r i n g 
these aqueous d i s p e r s i o n p o l y m e r i s a t i o n s cannot be deduced from 
the somewhat l i m i t e d d a t a which has been o b t a i n e d , i t seems 
rea s o n a b l e to p o s t u l a t e what the mechanism i s l i k e l y to be. With 
the e x c e p t i o n of the r e s u l t s o b t a i n e d when the PAA c o n c e n t r a t i o n 
was v a r i e d , the i n f l u e n c e of the v a r i o u s e x p e r i m e n t a l parameters 
on the u l t i m a t e p a r t i c l e s i z e s of d i s p e r s i o n s i s analogous to 
t h a t found i n the aforementioned NAD systems. A l s o i t i s not 
p o s s i b l e to d i s t i n g u i s h between these aqueous and non-aqueous 
d i s p e r s i o n p o l y m e r i s a t i o n s by v i s u a l o b s e r v a t i o n . The onset of 
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8. BUSCALL AND CORNER Polyelectwlyte-Stabilized Latices 161 

opalescence as p a r t i c l e n u c l e a t i o n b e g i n s , f o l l o w e d by a g r a d u a l 
change to a m i l k y l a t e x , i s the same i n both i n s t a n c e s . T h e r e f o r e 
the authors put forward the f o l l o w i n g mechanism i n or d e r t o 
e x p l a i n the observed r e s u l t s . I n the e a r l y stages of the p o l y ­
m e r i s a t i o n s o l u b l e s t y r e n e o l i g o m e r s form t o g e t h e r w i t h s m a l l 
amounts of ΡΑΑ-g-PST g r a f t copolymer. Then, as the PST p r e c i p i ­
t a t e s , aggregates of monomer s w o l l e n PST form onto which PAA-g-PST 
g r a f t copolymer adsorbs. C o l l o i d a l l y s t a b l e PST p a r t i c l e s p r o d ­
uced i n t h i s way grow u n t i l the sup p l y of s t y r e n e i s exhausted. 
I n c r e a s i n g the s t y r e n e c o n c e n t r a t i o n , o r i n c r e a s i n g the r a t i o of 
a l c o h o l to water, or u s i n g e t h a n o l i n s t e a d of methanol i n c r e a s e s 
the s o l v e n c y of the r e a c t i o n medium towards PST. Th e r e f o r e the 
tendency of any ΡΑΑ-g-PST g r a f t copolymer to a s s o c i a t e w i t h 
growing PST d u r i n g p a r t i c l e f o r m a t i o n o r to anchor to p a r t i c l e s 
which have a l r e a d y been produced, w i l l be reduced. The r e s u l t i s 
the f o r m a t i o n of fewer p a r t i c l e s which grow t o a l a r g e r s i z e . 
The g r a f t copolymer i s pr o b a b l y formed by the a d d i t i o n of s t y r e n e 
to f r e e r a d i c a l s i t e s on the PAA produced by hydrogen a b s t r a c t i o n 
r e a c t i o n s . Free r a d i c a l s produced from the dec o m p o s i t i o n of BzP 
are v e r y r e a c t i v e and are known to a b s t r a c t hydrogen atoms 
r e a d i l y whereas f r e e r a d i c a l s produced from ADIB do so to a much 
le s s e r e x t e n t - A l s o , Ρ MA i s l e s s prone to undergo hydrogen 
a b s t r a c t i o n r e a c t i o n s than PAA. Thus, the replacement of BzP by 
ADIB and PAA by PMA r e s u l t s i n l e s s g r a f t copolymer and so fewer 
p a r t i c l e s are produced which grow to a l a r g e r s i z e i f a s i m i l a r 
amount of s t y r e n e i s u t i l i s e d . T h i s mechanism a l s o e x p l a i n s the 
manner i n which the r a t e o f c o n v e r s i o n and p a r t i c l e s i z e change 
d u r i n g the p o l y m e r i s a t i o n . I n F i g u r e 2 i t can be seen t h a t the 
percentage c o n v e r s i o n and the p a r t i c a l s i z e i n c r e a s e s l o w l y a t 
f i r s t and then i n c r e a s e r a p i d l y , the former to a l e v e l much 
h i g h e r than t h a t observed i n an e q u i v a l e n t s o l u t i o n p o l y m e r i s ­
a t i o n . 

I n the e a r l y stages o f the d i s p e r s i o n p o l y m e r i s a t i o n s 
r e p o r t e d here the r a t e of p o l y m e r i s a t i o n must be v e r y s i m i l a r 
to t h a t of the e q u i v a l e n t s o l u t i o n p o l y m e r i s a t i o n , hence the 
s i m i l a r i t y i n the percentage c o n v e r s i o n versus time curves f o r 
the i n i t i a l ' s low 1 p e r i o d . However, when the growing PST r a d i c a l s 
become i n s o l u b l e i n the r e a c t i o n medium, c o a g u l a t i o n to form 
p a r t i c l e s o c c u r s i n the manner d e s c r i b e d above. T h e r e a f t e r 
p o l y m e r i s a t i o n occurs i n a heterogeneous system. The r a t e o f 
p o l y m e r i s a t i o n i n the monomer s w o l l e n p a r t i c l e s w i l l be g r e a t e r 
than i n s o l u t i o n due to the h i g h e r c o n c e n t r a t i o n of both s t y r e n e 
and PST r a d i c a l s i n the p a r t i c l e s . The l a t t e r i s due to the 
lower t e r m i n a t i o n o f p o l y m e r i c r a d i c a l s i n what i s e s s e n t i a l l y 
a g e l phase. Thus, a f t e r c o a g u l a t i o n to form p a r t i c l e s , i t i s 
expected t h a t the r a t e of p o l y m e r i s a t i o n w i l l i n c r e a s e r a p i d l y 
s i n c e a changeover from a s o l u t i o n t o a g e l phase p o l y m e r i s a t i o n 
takes p l a c e . A l s o , s i n c e the s t y r e n e i s b e i n g p o l y m e r i s e d a t a 
much f a s t e r r a t e i n the p a r t i c l e s than i n s o l u t i o n , the e x i s t i n g 
p a r t i c l e s w i l l grow a t the expense of the f o r m a t i o n of new 
p a r t i c l e s , hence the observed i n c r e a s e i n p a r t i c l e s i z e 
f o l l o w i n g the c o a g u l a t i o n s t a g e . 
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162 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 1. Effect of PAA concentration on particle size. Error bars constructed 
assuming particle size to be accurate to ±10%. 

Figure 2. Percentage conversion (%) 
and particle size (A) as a function of time 
for a dispersion polymerization and per­
centage conversion as a function of time 
for an equivalent solution polymerization 
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8. BUSCALL AND CORNER Poly electrolyte-Stabilized Latices 163 

I I S u r f a c e C h a r a c t e r i s a t i o n , The s u r f a c e charge d e n s i t i e s 
of a number o f r i g o r o u s l y p u r i f i e d l a t i c e s p o s s e s s i n g narrow 
p a r t i c l e s i z e d i s t r i b u t i o n s ( i e w i t h c o e f f i c i e n t s of v a r i a t i o n 
of <5%) were determined by a com b i n a t i o n o f condu c t o m e t r i e 
t i t r a t i o n , t o y i e l d the t o t a l t i t r a t a b l e charge, and e l e c t r o n 
m i c r o s c o p y , to y i e l d the s u r f a c e a r e a . Values for_£he s u r f a c e 
charge d e n s i t i e s were i n the range 80 - 250 uC cm . These v a l u e s 
are s i g n i f i c a n t l y h i g h e r than those o b t a i n e d by emul s i o n p o l y ­
m e r i s a t i o n and they are e q u i v a l e n t t o about 0.5 - 2.0 mg o f PAA 
per m of PST s u r f a c e , v a l u e s which are comparable to e x p e r i m e n t a l 
a d s o r p t i o n d e n s i t i e s o f n o n - i o n i c water s o l u b l e polymers on PST 
l a t i c e s ( 1 3 ) . From the e x p e r i m e n t a l l y determined s u r f a c e charge 
d e n s i t i e s , the a r e a o f s u r f a c e per mol e c u l e o f PAA was determined. 
The v a l u e s o b t a i n e d f o r s e v e r a l l a t i c e s are g i v e n i n Table I I I 
t o g e t h e r w i ^ h 1 v a l u e s f o r the r o o t mean square (rms), r a d i i o f 
g y r a t i o n ( s * - ) 5 and the rms end to end d i s t a n c e (r^f f o r PAA 1 s i n 
s o l u t i o n i n 1, 4 diox a n e , a θ s o l v e n t f o r PAA ( 1 4 ) . I n t h e i r work 
on NAD p o l y m e r i s a t i o n Osmond and Walbridge (1) showed t h a t the 
average s p a c i n g s o f p o l y ( l a u r y l m e t h a c r y l a t e ) , e s t i m a t e d by 
t a k i n g the square r o o t of the a r e a per polymer m o l e c u l e , were 
q u i t e s i m i l a r to t h e i r rms dimensions i n s o l u t i o n . I n s p e c t i o n o f 
Table I I I shows t h a t a s i m i l a r correspondence i s o b t a i n e d h e r e . 

T y p i c a l p o t e n t i o m e t r i e t i t r a t i o n d a t a f o r the l a t i c e s and 
a l s o f o r the PAA s o l u t i o n s are shown i n F i g u r e 3 i n the form of 
a p l o t o f e f f e c t i v e pK (15) a g a i n s t degree o f i o n i s a t i o n ( α 1 ) . 
The curve o b t a i n e d f o r the l a t e x i s d i s p l a c e d upwards from t h a t 
f o r the PAA s o l u t i o n and a l s o e x h i b i t s a p o i n t o f i n f l e c t i o n i n 
the r e g i o n o f a 1 ^ . 5 . These d i f f e r e n c e s must be a s s o c i a t e d w i t h 
d i f f e r e n c e s i n the means by which the PAA expands upon i o n i s a t i o n . 
I t has been suggested t h a t the l a t i c e s are s t a b i l i s e d by PAA-g-PST 
g r a f t copolymer formed i n - s i t u . I f the proposed mechanism i s 
c o r r e c t i t i s l i k e l y t h a t some o f the PST c h a i n s are o l i g o m e r i c 
r a t h e r than p o l y m e r i c i n n a t u r e , and, i f s u f f i c i e n t l y s h o r t , i t 
i s r e a s o n a b l e to suppose t h a t these w i l l tend to remain i n 
s o l u t i o n r a t h e r than become b u r i e d i n the p a r t i c l e . However, 
a f t e r p r e p a r a t i o n , the l a t i c e s are t r a n s f e r r e d from a l c o h o l / w a t e r 
m i x t u r e s to a poore r s o l v e n t f o r the s t y r e n e segments, namely 
wate r . A t t h i s stage any o l i g o m e r i c s t y r e n e w i l l tend to e i t h e r 
a s s o c i a t e by hydrophobic bonding, o r adsorb onto the l a t e x 
s u r f a c e (see F i g u r e 4 ) . I n e i t h e r case the e f f e c t would be to 
cause the s t a b i l i s i n g c h a i n s to adopt a more compact c o n f o r m a t i o n 
than would be the case f o r c h e m i c a l l y u n m o d i f i e d PAA. I t i s 
suggested t h a t the t i t r a t i o n b e h a v i o u r o f the l a t i c e s can be 
e x p l a i n e d i n these terms. Thus as a r e s u l t o f the l o c a l l y h i g h e r 
segment d e n s i t y i n the s u r f a c e l a y e r , the s t a b i l i s e r behaves as 
a weak a c i d than PAA i t s e l f . However, as i o n i s a t i o n proceeds the 
e l e c t r o s t a t i c energy b u i l d s up to a p o i n t where i t i s s u f f i c i e n t 
e i t h e r to break up the aggregates of st y r e n e o l i g o m e r s or t o cause 
d e s o r p t i o n o f the s h o r t c h a i n s . A f t e r t h i s p o i n t i o n i s a t i o n 
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164 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Table I I I A n a l y s i s of some conductometrie t i t r a t i o n 
d a t a f o r the l a t i c e s 

P a r t i c l e Radius 
(ym) 0.24 0.15 0.15 0.20 0.12 0.20 

PAA Mol. Wt. 
(xlO-4) 1.0 3.0 3.0 23.0 LOO.O 100.0 

S u r f a c e Charge 
D e n s i t y (yC cm ) 100 116 115 128 244 159 

A d s o r p t i o n D e n s i t y 
(mg m"2) 0.75 0.87 0.86 0.96 1.80 1.20 

Average Sp a c i n g per 
PAA molecule (nm) 2.8 7.2 7.6 20.0 30.0 37.4 

rms Dimen­
s i o n s f o r 
PAA i n S o l ­
u t i o n (nm) 
(Ref 11) 

( r ) 2 3.9 10.9 10.9 31.9 66.5 66.5 rms Dimen­
s i o n s f o r 
PAA i n S o l ­
u t i o n (nm) 
(Ref 11) ( s 2 ) 2 1.6 4.5 4.5 13.0 27.2 27.2 
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166 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

proceeds i n a manner s i m i l a r t o PAA ( c f the s i m i l a r i t y i n s l o p e s 
a t v a l u e s of a f >0.5). Some support f o r t h i s p i c t u r e was o b t a i n e d 
by p e r f o r m i n g t i t r a t i o n s i n the presence o f 30% v/v e t h a n o l . 
The a d d i t i o n o f e t h a n o l would be expecte d to reduce the tendency 
f o r any hydrophobic segments to a s s o c i a t e o r adsorb and was 
indeed found t o remove the i n f l e c t i o n from the t i t r a t i o n c urves 
(see F i g u r e 5 ) . 

I l l F l o c c u l a t i o n S t u d i e s , The s t a b i l i t y o f the l a t i c e s i n 
the presence o f added e l e c t r o l y t e has been s t u d i e d by d e t e r m i n i n g 
the c r i t i c a l f l o c c u l a t i o n temperatures (CFT) a t v a r i o u s degrees 
of n e u t r a l i s a t i o n i n the presence of v a r i o u s c o n c e n t r a t i o n s o f 
added sodium c h l o r i d e . I n F i g u r e 6 the CFT f o r t h r e e sodium 
c h l o r i d e c o n c e n t r a t i o n s are p l o t t e d a g a i n s t the degree of n e u t r a l ­
i s a t i o n ( a ) . I t can be seen t h a t the l a t i c e s f l o c c u l a t e b o t h on 
h e a t i n g and c o o l i n g . Now i t i s w e l l known t h a t p a r t i c l e s 
s t a b i l i s e d by n o n - i o n i c polymers f l o c c u l a t e a t or near the Θ 
p o i n t of the s t a b i l i s i n g polymer ( 3 ) . I t has a l s o been shown t h a t 
a s i m i l a r c o r r e l a t i o n h o l d s f o r PAA s t a b i l i s e d p a r t i c l e s i n 
aqueous media ( 1 6 ) . I n p r i n c i p l e e v e r y p o l y m e r - s o l v e n t system has 
two θ p o i n t s , a l t h o u g h i t i s not always p o s s i b l e t o observe both 
e x p e r i m e n t a l l y . I n the case of PAA o n l y one θ p o i n t has been 
r e p o r t e d , t h i s c o r r e s p o n d i n g t o an upper c r i t i c a l s o l u t i o n temp­
e r a t u r e (UCST). T h e r e f o r e i t was expecte d t h a t the l a t i c e s s h o u l d 
f l o c c u l a t e on c o o l i n g . That f l o c c u l a t i o n was a l s o observed on 
warming i m p l i e s t h a t the s t a b i l i s i n g polymer has an e x p e r i m e n t a l l y 
a c c e s s i b l e lower c r i t i c a l s o l u t i o n temperature (LCST). Phase 
s e p a r a t i o n a t a LCST i s thought to be dominated by the f r e e 
volume d i s s i m i l a r i t y between polymer and s o l v e n t ( 1 7 ) . As a 
r e s u l t o f the p o l y m e r i s a t i o n mechanism by which the l a t i c e s are 
produced i t i s l i k e l y t h a t o l i g o m e r i c s t y r e n e u n i t s are a t t a c h e d 
to the s t a b i l i s i n g polymer. I t i s suggested t h a t the presence o f 
these hydrophobic groups and t h e i r o r d e r i n g e f f e c t upon water i n 
the r e g i o n o f the s t a b i l i s e r c h a i n s causes a l o w e r i n g o f the LCST. 
I t can be i n f e r r e d from p o t e n t i o m e t r i c t i t r a t i o n d a t a t h a t the 
amount of o l i g o m e r i c s t y r e n e a s s o c i a t e d w i t h the s t a b i l i s i n g 
c h a i n s c o u l d w e l l be as h i g h as 20 mol % . S o l u t i o n s t u d i e s of a 
number o f p o l y e l e c t r o l y t e copolymers have shown t h a t m o l e c u l e s 
c o n t a i n i n g s i m i l a r l e v e l s o f hydrophobic groups a r e o f t e n o n l y 
s o l u b l e i n water when h i g h l y i o n i s e d . I t i s t h e r e f o r e l i k e l y t h a t 
the g r a f t e d s t a b i l i s e r c h a i n s are o n l y m a r g i n a l l y s o l u b l e i n the 
aqueous medium. 

C o n c l u s i o n s 

P o l y s t y r e n e l a t i c e s can be pre p a r e d by the d i s p e r s i o n p o l y ­
m e r i s a t i o n o f s t y r e n e i n a l c o h o l / w a t e r m i x t u r e s c o n t a i n i n g p o l y -
e l e c t r o l y t e s . The e x p e r i m e n t a l data o b t a i n e d l e n d s u p port to 
the h y p o t h e s i s t h a t the p o l y m e r i s a t i o n mechanism which o p e r a t e s 
i s analogous to t h a t which oc c u r s i n the non aqueous d i s p e r s i o n 
p o l y m e r i s a t i o n o f methyl m e t h a c r y l a t e i n s o l u t i o n s of degraded 
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8-Oh 

Ο Ο 0-2 0·4 0·6 Ο 8 10 

oC 1 -

Figure 5. Potentiometric titrations—dependence of apparent pK on a in 10~2M 
NaCl at 25°C for a PAA solution in EtOH/H20 (A) and for a latex in EtOH/H20 

(X) and in H20(0). 

7 0 k 

Ο 01 0-2 Ο 3 Ο 4 OS 0 · 6 0 7 

o C — 

Figure 6. Critical flocculation temperatures (CFT's) for a latex as a function of 
the degree of neutralization (a) in 0.83M, 1.1 OM, and 1.38M NaCl on heating 

(Φ, A, M) and o n cooling (O, A, respectively. 
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168 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

rubber in aliphatic hydrocarbons. Further support for this hypo­
thesis comes from the results obtained by analysis of the poly 
acrylic acid associated with the latices by conductometrie and 
potentiometric titration, and from an evaluation of the stability 
of the latices in the presence of added 1:1 electrolyte. These 
results are indicative of the latices being stabilised by a layer 
of poly(acrylic acid-g-styrene) graft copolymer. 

Abstract 

Polyacrylic acid stabilised latices have been prepared by 
aqueous dispersion polymerisation. The method used is analogous 
to the non-aqueous dispersion (NAD) polymerisation methods 
originally used to prepare polymethyl methacrylate particles in 
aliphatic hydrocarbons (1). In effect the components of a NAD 
polymerisation have been replaced as follows: aliphatic hydrocar­
bon by aqueous alcohol, and degraded rubber, the stabiliser, by 
polyacrylic acid (PAA). The effect of various parameters on the 
particle size and surface charge density of the latices is 
described together with details of their colloidal stability in 
the presence of added electrolyte. 
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9 
Mechanical and Chemical Stability of 
Polymer Latices 
D. C. BLACKLEY 

National College of Rubber Technology, The Polytechnic of North London, 
Holloway, London, N7 8DB, England 

The purpose of this paper is to summarise results which have 
recently been obtained for the effects of various soaps and surf­
actants upon the mechanical and chemical stability of natural 
rubber latex, and to indicate the inferences which have been drawn 
in the course of endeavouring to interpret these observations. 
Some of these results have already been published and discussed in 
detail elsewhere; it is intended that the others will be publish­
ed and discussed in detail elsewhere in due course. 

Experimental procedure 

All the results described in this paper were obtained using a 
high-ammonia centrifuged natural rubber latex concentrate. As yet, 
no investigations have been made using low-ammonia centrifuged nat­
ural rubber latex concentrates. Although generally similar effects 
will be expected in the case of low-ammonia concentrates, it is 
possible that the presence of secondary preservatives, such as 
sodium pentachlorophenate or zinc oxide, will cause some perturba­
tion of the observed effects. It is also the case that no invest­
igations have as yet been made using natural rubber latices from 
which some of the non-rubber constituents have been removed, nor 
have any investigations as yet been made using synthetic rubber 
latices. It seems likely that further progress in understanding 
the interesting effects which have been observed so far will 
require that measurements now be made upon rubber latices which 
have a more closely-defined composition than the high-ammonia 
centrifuged natural rubber latex concentrate which is widely used 
in industry. In particular, there is now a need to elucidate the 
effects of proteins and protein-degradation products in influenc­
ing the mechanical stability of natural rubber latex, as well as 
for further elucidation of the role of indigenous and added soaps 
and surfactants. o 

Mechanical stabilities were determined at 35 C and 55% total 
solids content by means of a Klaxon high-speed-stirring mechanical 
stability test apparatus. The tests were carried out according to 
the procedure specified in either BS 1672:Part 2:1954 or 

0097-6156/81/0165-0171$05.00/0 
© 1981 American Chemical Society 
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172 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

BS 1672:1972. Each m e c h a n i c a l s t a b i l i t y was determined i n d u p l i ­
c a t e , and the average o f the two v a l u e s r e p o r t e d . The r e p r o d u c i ­
b i l i t i e s o f the d e t e r m i n a t i o n s were s a t i s f a c t o r y i n a l l c a s e s . 

The a b i l i t y o f a soap o r s u r f a c t a n t t o enhance the c h e m i c a l 
s t a b i l i t y o f n a t u r a l r u b b e r l a t e x was a s s e s s e d by a s c e r t a i n i n g i t s 
e f f e c t upon the m e c h a n i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t i c e s 
whose s t a b i l i t i e s had been reduced by v a r i o u s c h e m i c a l m o d i f i c a ­
t i o n s . N a t u r a l r u b b e r l a t i c e s o f reduced s t a b i l i t y were produced 
i n t h r e e d i f f e r e n t ways as f o l l o w s : 

( i ) by the a d d i t i o n o f s u f f i c i e n t p o t a s s i u m c h l o r i d e t o reduce 
the m e c h a n i c a l s t a b i l i t y time o f the l a t e x t o a p p r o x i m a t e l y 
h a l f i t s i n i t i a l v a l u e ; 

( i i ) by the a d d i t i o n o f s u f f i c i e n t a c e t i c a c i d t o reduce the 
mec h a n i c a l s t a b i l i t y time o f the l a t e x t o a p p r o x i m a t e l y h a l f 
i t s i n i t i a l v a l u e ; 

( i i i ) by de-ammoniation t o c a . pH 8.5 by a e r a t i o n . 
I n the case o f ( i ) , the p o t a s s i u m c h l o r i d e was added t o the l a t e x 
as a 10% aqueous s o l u t i o n . The amount o f pota s s i u m c h l o r i d e w h i ch 
was r e q u i r e d i n o r d e r t o e f f e c t the d e s i r e d r e d u c t i o n o f s t a b i l i t y 
was e q u i v a l e n t t o a p p r o x i m a t e l y 1 p a r t by weight p e r 100 p a r t s o f 
l a t e x s o l i d s . I n the case o f ( i i ) , t he a c e t i c a c i d was added t o 
the l a t e x as a 5% aqueous s o l u t i o n . The r e q u i r e d amount was 
a p p r o x i m a t e l y 0.2 p a r t s by weight p e r 100 p a r t s o f l a t e x s o l i d s . 
I n the case o f ( i i i ) , de-ammoniation was e f f e c t e d by b l o w i n g a i r 
a c r o s s t he s u r f a c e o f the l a t e x w h i l s t t he l a t e x was g e n t l y warmed 
and s t i r r e d . 

As f a r as p o s s i b l e , f a t t y - a c i d soaps and s u l p h a t e / s u l p h o n a t e 
s u r f a c t a n t s o f h i g h p u r i t y were used. The f u l l d e t a i l s o f the 
grades and p r e p a r a t i v e p rocedures are g i v e n elsewhere. The e t h y l ­
ene o x i d e condensates were commercial m a t e r i a l s produced by r e a c t ­
i n g a m i x t u r e o f c e t y l and o l e y l a l c o h o l s w i t h v a r i o u s amounts o f 
e t h y l e n e o x i d e . The average mole r a t i o o f e t h y l e n e o x i d e t o f a t t y 
a l c o h o l i n these condensates ranged from 2 t o 60. I n endeavouring 
t o i n t e r p r e t the e f f e c t s o f t h e s e condensates upon the s t a b i l i t y 
o f n a t u r a l r u b b e r l a t e x , i t must be borne i n mind t h a t commercial 
e t h y l e n e o x i d e condensates are u s u a l l y heterogeneous w i t h r e s p e c t 
t o the l e n g t h o f the p o l y e t h y l e n e o x i d e c h a i n . Furthermore, t he 
e x t e n t o f the h e t e r o g e n e i t y i n c r e a s e s as the o v e r a l l mole r a t i o o f 
e t h y l e n e o x i d e t o hydrophobe base i n c r e a s e s . 

Wherever p o s s i b l e , the soaps and s u r f a c t a n t s were added t o 
the n a t u r a l r u b b e r l a t e x as d i l u t e aqueous s o l u t i o n s . The cases 
where t h i s was not p o s s i b l e were (a) e t h y l e n e o x i d e - f a t t y a l c o h o l 
condensates o f low e t h y l e n e o x i d e : f a t t y a l c o h o l mole r a t i o , and 
(b) s p a r i n g l y - s o l u b l e f a t t y - a c i d soaps such as l i t h i u m l a u r a t e and 
c a l c i u m soaps. The former were added as p a s t e s w i t h water, t he 
l a t t e r as d r y powders. I n a l l c a s e s , t he l a t e x samples were 
a l l o w e d t o mature f o r about t h r e e days a t room temperature b e f o r e 
t h e i r m e c h a n i c a l s t a b i l i t i e s were determined. T h i s a l l o w e d some 
o p p o r t u n i t y f o r the a t t a i n m e n t o f a d s o r p t i o n e q u i l i b r i u m . 
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9. BLACKLEY Stability of Polymer Latices 173 

E f f e c t s o f added f a t t y - a c i d soaps upon m e c h a n i c a l and c h e m i c a l 
s t a b i l i t y o f n a t u r a l r u b b e r l a t e x ( 1 , 2 , 3 ) 

S a t u r a t e d s t r a i g h t - c h a i n f a t t y - a c i d soaps ( 1 ) . F i g u r e 1 
shows the e f f e c t s o f i n c r e a s i n g l e v e l s o f v a r i o u s p o t a s s i u m s a t u r ­
a t e d s t r a i g h t - c h a i n f a t t y - a c i d soaps upon the m e c h a n i c a l s t a b i l i t y 
o f n a t u r a l r u b b e r l a t e x . F o r convenience of making comparisons 
between the v a r i o u s soaps, the l e v e l s o f added soap are e x p r e s s e d 
as moles p e r 100 g. of l a t e x s o l i d s . 

These r e s u l t s show two f e a t u r e s o f e s p e c i a l i n t e r e s t : 
( i ) V e r y l a r g e enhancements o f m e c h a n i c a l s t a b i l i t y can be 

brought about by the a d d i t i o n o f amounts o f f a t t y - a c i d soap 
which are s m a l l r e l a t i v e t o the amounts o f soap i n d i g e n o u s l y 
p r e s e n t i n the l a t e x . An i n d i c a t i o n o f the c o n c e n t r a t i o n o f 
i n d i g e n o u s soaps p r e s e n t i n the l a t e x can be ga i n e d from the 
d i f f e r e n c e between the VFA and KOH numbers o f the l a t e x , f o r 
t h e r e a r e good reasons (4) f o r s u p p o s i n g t h a t the c o n c e n t r a ­
t i o n o f i n d i g e n o u s soaps i s e q u i v a l e n t t o a p p r o x i m a t e l y one 
t h i r d o f t h i s d i f f e r e n c e . U s i n g t h i s i n d e x , the c o n c l u s i o n 
i s r e ached t h a t the a d d i t i o n o f , say, p o t a s s i u m l a u r a t e i n 
an amount e q u i v a l e n t t o c a . o n l y 5-10% o f the i n d i g e n o u s 
soaps can enhance the m e c h a n i c a l s t a b i l i t y by a f a c t o r o f 3 · 

( i i ) The a b i l i t y o f an added f a t t y - a c i d soap t o enhance the mech­
a n i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x depends v e r y much 
upon the c h a i n l e n g t h o f i t s a l k y l group. F o r any g i v e n 
m o l a l l e v e l o f a d d i t i o n o f soap, the optimum enhancement i s 
observed when the a l k y l c h a i n o f the soap c o n t a i n s a p p r o x i ­
m a t e l y 11 carbon atoms. I n F i g u r e 2 , the d a t a o f F i g u r e 1 
are r e - p r e s e n t e d i n such a way as t o demonstrate t h i s p o i n t 
more c l e a r l y t h a n i s e v i d e n t from F i g u r e 1. I n t h i s diagram, 
the m e c h a n i c a l s t a b i l i t y a t v a r i o u s m o l a l l e v e l s o f a d d i t i o n 
o f soap has been p l o t t e d as a f u n c t i o n o f the number o f c a r ­
bon atoms i n the a l k y l c h a i n o f the soap. The r e s u l t s 
p l o t t e d i n t h i s way g i v e a p i c t o r i a l i n d i c a t i o n o f the mole­
c u l a r e f f i c i e n c i e s o f the v a r i o u s soaps i n enhancing the 
m e c h a n i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x . 

The r e s u l t s summarised i n Table I show the e f f e c t o f e q u a l 
p a r t s by weight o f each o f the p o t a s s i u m f a t t y - a c i d soaps upon the 
m e c h a n i c a l s t a b i l i t y o f each o f the t h r e e c h e m i c a l l y - d e s t a b i l i s e d 
l a t i c e s . F o r convenience i n making comparisons, e s t i m a t e s o f the 
c o r r e s p o n d i n g r e s u l t s f o r u n m o d i f i e d n a t u r a l r u b b e r l a t e x a r e a l s o 
i n c l u d e d . I t i s c l e a r from these r e s u l t s t h a t the a b i l i t y o f 
added p o t a s s i u m f a t t y - a c i d soaps t o enhance the s t a b i l i t y o f chem­
i c a l l y - d e s t a b i l i s e d n a t u r a l r u b b e r l a t e x r o u g h l y p a r a l l e l s t h e i r 
a b i l i t i e s t o enhance the m e c h a n i c a l s t a b i l i t y o f u n m o d i f i e d n a t u r ­
a l r u b b e r l a t e x . 

I n e n d e a v o u r i n g t o e x p l a i n t h e se o b s e r v a t i o n s - i n p a r t i c u ­
l a r , t h e o b s e r v a t i o n t h a t the m o l a l e f f i c i e n c y o f a s t r a i g h t - c h a i n 
f a t t y - a c i d soap i n enhancing the m e c h a n i c a l s t a b i l i t y o f n a t u r a l 
r u b b e r i s a maximum when the a l k y l c h a i n o f the soap c o n t a i n s 
a p p r o x i m a t e l y 11 carbon atoms - we have come t o the c o n c l u s i o n 
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40001 

I ι ι ι ι 1 
0 1 2 3 4 5 

level of added potassium fatty-acid soap 
(moles per 100 grams of latex solids x I0 4) 

Plastics and Rubber: Materials and Applications 

Figure 1. Effect of added straight-chain potassium fatty-acid soaps upon mechani­
cal stability of natural rubber latex (I). Numbers appended to curves are number 

of carbon atoms in alkyl chain of soap. 
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4000 r 

7 9 II 13 

η in C nH2 n+|C02K 

Plastics and Rubber: Materials and Applications 

Figure 2. Effect of alkyl chain length of added soap upon mechanical stability of 
natural rubber latex at four molal levels of addition: (A) 0.84 X 10'4; (B) 2 χ 10A; 

(C) 336 X 10 4; (D) 4.20 χ 10 4 mol/100 g of latex solids (I) 
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t h a t added f a t t y - a c i d soaps enhance the m e c h a n i c a l and c h e m i c a l 
s t a b i l i t y o f n a t u r a l r u b b e r l a t e x p r i n c i p a l l y by making the i n d i g ­
enous soaps more e f f e c t i v e as s t a b i l i s e r s , r a t h e r t h a n by i n c r e a s ­
i n g the t o t a l amount o f adsorbed soap p r e s e n t i n the l a t e x and 
th e r e b y i n c r e a s i n g the s u r f a c e p o t e n t i a l a t the i n t e r f a c e between 
r u b b e r and water. A c c o r d i n g t o our p r e s e n t view, the e x i s t e n c e o f 
the optimum soap a l k y l c h a i n l e n g t h a r i s e s from the b a l a n c e o f the 
f o l l o w i n g two op p o s i n g t e n d e n c i e s as the a l k y l c h a i n l e n g t h o f the 
added soap i s i n c r e a s e d : 
( i ) an i n c r e a s i n g tendency f o r the added soap a n i o n t o be a d s o r ­

bed a t the rub b e r - w a t e r i n t e r f a c e ; and 
( i i ) a d e c r e a s i n g a b i l i t y o f the added soap ani o n s t o make the 

in d i g e n o u s soap ani o n s more e f f e c t i v e as s t a b i l i s e r s . 
I n s o f a r as some o f the added soaps may be v e r y e f f i c i e n t i n " a c t i ­
v a t i n g " the i n d i g e n o u s soaps, i n the sense t h a t a s m a l l number o f 
mo l e c u l e s o f added soap i s a b l e t o a c t i v a t e a l a r g e number o f mol­
e c u l e s o f i n d i g e n o u s soap, then we have a ready e x p l a n a t i o n f o r 
the a b i l i t y o f some added soaps t o e f f e c t l a r g e enhancements o f 
mech a n i c a l s t a b i l i t y even a l t h o u g h t h e y a r e p r e s e n t i n an amount 
which i s s m a l l compared t o the c o n c e n t r a t i o n o f i n d i g e n o u s soaps 
i n the l a t e x . 

There t h e n a r i s e s the q u e s t i o n o f the mechanism by which 
s m a l l amounts o f added soap might make the i n d i g e n o u s soaps more 
e f f e c t i v e as s t a b i l i s e r s . Our p r e s e n t s u g g e s t i o n i s t h a t the i n ­
digenous soap anions are m a i n l y p r e s e n t as coherent c l u s t e r s o r 
" i s l a n d s " adsorbed a t the rubb e r - w a t e r i n t e r f a c e , and t h a t mechan­
i c a l déstabilisation o c c u r s by way o f m e c h a n i c a l l y - i n d u c e d i n t e r ­
a c t i o n s between those r e g i o n s o f the s u r f a c e s o f c o n t i g u o u s r u b b e r 
p a r t i c l e s which are r e l a t i v e l y bare o f adsorbed soap a n i o n s . The 
bare r e g i o n s t h r o u g h which the i n i t i a l i n t e r a c t i o n o c c u r s may be 
e s s e n t i a l l y those which must e x i s t i f (a) the adsorbed soap a n i o n s 
are c l u s t e r e d and (b) (as i s known t o be the case) the l a t e x p a r ­
t i c l e s a r e not s a t u r a t e d w i t h soap. A l t e r n a t i v e l y , t he e x t e n t o f 
the bare r e g i o n s i n those p a r t s o f the p a r t i c l e s u r f a c e s where 
i n t e r a c t i o n i s o c c u r r i n g may be augmented by e l e c t r o s t a t i c r e p u l ­
s i o n s between the c l u s t e r s o f soap ani o n s on d i f f e r e n t p a r t i c l e s 
as they approach one an o t h e r . These r e p u l s i o n s a r e e n v i s a g e d as 
c a u s i n g the c l u s t e r s t o move away from the r e g i o n s o f impending 
c o n t a c t , ( i n t h i s l a t t e r c o n n e c t i o n , i t i s i n t e r e s t i n g t o note 
t h a t N a p p e r h a s p o s t u l a t e d t h a t c o l l o i d p a r t i c l e s w h i c h are 
s t a b i l i s e d by an adsorbed s t e r i c s t a b i l i s e r can become d e s t a b i l i ­
sed by the s t a b i l i s e r m o l e c u l e s moving l a t e r a l l y around the s u r ­
f a c e o f the p a r t i c l e w h i l s t r e m a i n i n g a t t a c h e d t o the p a r t i c l e . 
We a l s o note t h a t c a r b o x y l a t e i o n s which are c h e m i c a l l y combined 
a t the polymer-water i n t e r f a c e are known t o be c o n s i d e r a b l y more 
e f f e c t i v e i n c o n f e r r i n g m e c h a n i c a l s t a b i l i t y upon a l a t e x t h a n a r e 
c a r b o x y l a t e i o n s which are h e l d a t the i n t e r f a c e by a d s o r p t i o n . 
Presumably t h i s i s because the l a t t e r a r e a b l e t o move l a t e r a l l y 
i n the p a r t i c l e s u r f a c e , whereas the former a r e n o t . ) We propose 
t h a t a g i v e n number o f adsorbed soap ani o n s i s more e f f e c t i v e i n 
c o n f e r r i n g m e c h a n i c a l s t a b i l i t y i f a b l e t o move i n d e p e n d e n t l y o f 
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9. BLACKLEY Stability of Polymer Latices 177 

each o t h e r t h a n i f aggregated i n t o coherent c l u s t e r s . T h i s i s 
e i t h e r because the normal e q u i l i b r i u m d i s t r i b u t i o n o f bare patches 
i s d i f f e r e n t , o r because the e l e c t r o s t a t i c r e p u l s i o n s between p a r ­
t i c l e s c a r r y i n g the adsorbed a n i o n s are g r e a t e r , o r because the 
s u r f a c e osmotic p r e s s u r e a r i s i n g from the presence o f the adsorbed 
a n i o n s i s g r e a t e r . A p l a u s i b l e a c t i v a t i o n mechanism i s t h e n one 
i n which the added soap a n i o n s adsorb a t the r u b b e r - w a t e r i n t e r ­
f a c e , mix w i t h the i n d i g e n o u s adsorbed soap a n i o n s , and t h e r e b y 
encourage the coherent c l u s t e r s t o d i s p e r s e . A c c o r d i n g t o t h i s 
v iew, the soaps o f s h o r t a l k y l c h a i n l e n g t h a re r e l a t i v e l y i n e f f ­
i c i e n t as enhancers o f mec h a n i c a l and c h e m i c a l s t a b i l i t y because 
t h e y are not r e a d i l y adsorbed a t the r u b b e r - w a t e r i n t e r f a c e . On 
the o t h e r hand, the soaps o f l o n g a l k y l c h a i n l e n g t h are i n e f f i c ­
i e n t because, a l t h o u g h t h e y are s t r o n g l y adsorbed, t h e y are s i m i ­
l a r i n n a t u r e t o the i n d i g e n o u s soaps, and t h e r e f o r e have l i t t l e 
e f f e c t upon the coherence o f the soap-anion c l u s t e r s . A soap such 
as p o t a s s i u m l a u r a t e i s v e r y e f f i c i e n t as an enhancer o f mechani­
c a l and c h e m i c a l s t a b i l i t y because on the one hand the l e n g t h o f 
i t s a l k y l c h a i n i s s u f f i c i e n t t o ensure t h a t the soap a n i o n i s 
r e a s o n a b l y s t r o n g l y adsorbed a t the r u b b e r - w a t e r i n t e r f a c e , and 
on the o t h e r hand the a l k y l c h a i n i s s u f f i c i e n t l y s h o r t s e r i o u s l y 
t o d i s r u p t the coherence o f the c l u s t e r s o f i n d i g e n o u s adsorbed 
soap a n i o n s when the added a n i o n s mix w i t h them. 

S t r a i g h t - c h a i n C J A c a r b o x y l a t e soaps o f v a r i o u s hydrophobe 
s t r u c t u r e s ( 2 ) . F i g u r e 1 and Table I show t h a t p o t a s s i u m stéar­
ate i s r e l a t i v e l y i n e f f i c i e n t as an enhancer o f the m e c h a n i c a l and 
ch e m i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x . T h i s o b s e r v a t i o n was 
r a t h e r s u r p r i s i n g i n v i e w o f the w i d e l y - h e l d b e l i e f t h a t w a ter-
s o l u b l e stéarate soaps are e f f i c i e n t s t a b i l i s e r s f o r a n i o n i c l a t ­
i c e s a t a l k a l i n e pH. I t was t h e r e f o r e o f i n t e r e s t t o i n v e s t i g a t e 
t o what e x t e n t t h i s i n e f f i c i e n c y i s a g e n e r a l f e a t u r e o f pot a s s i u m 
c a r b o x y l a t e soaps which c o n t a i n 18 carbon atoms i n a l l . E x p e r i ­
ments w i t h a range o f pot a s s i u m s t r a i g h t - c h a i n C - j g - c a r b o x y l a t e 
soaps have shown t h a t the a b i l i t y o f such soaps t o enhance the 
m e c h a n i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x depends markedly upon 
the c h e m i c a l s t r u c t u r e o f the C-jγ hydrophobe c h a i n ; t h u s , f o r 
i n s t a n c e , p o t a s s i u m o l e a t e i s much more e f f e c t i v e i n enhancing 
s t a b i l i t y t h a n i s p o t a s s i u m stéarate. The r e s u l t s f o r e f f e c t s up­
on m e c h a n i c a l s t a b i l i t y are summarised i n F i g u r e 3· They show 
t h a t , b r o a d l y s p e a k i n g , the more the s t r u c t u r e o f the added soap 
d e v i a t e s from t h a t o f po t a s s i u m stéarate, the g r e a t e r i s the a b i l ­
i t y t o enhance m e c h a n i c a l s t a b i l i t y . The e f f e c t s o f the C - | Q soaps 
upon c h e m i c a l s t a b i l i t y (as a s s e s s e d by the methods used i n t h i s 
work) b r o a d l y p a r a l l e l the e f f e c t s o f the soaps upon m e c h a n i c a l 
s t a b i l i t y . These o b s e r v a t i o n s a r e c o n s i s t e n t w i t h the v i e w t h a t 
s t a b i l i t y i s enhanced by r e d u c t i o n o f the coherence o f c l u s t e r s 
o f i n d i g e n o u s adsorbed soap a n i o n s , i f i t i s a l s o assumed t h a t the 
i n d i g e n o u s soap a n i o n s have a c h e m i c a l s t r u c t u r e which i s s i m i l a r 
t o t h a t o f the stéarate a n i o n . 
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178 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

level of added potassium C ( 8 soap 
(moles per 100 grams of latex solids x I0 4) 

Plastics and Rubber: Materials and Applications 

Figure 3. Effect of various straight-chain potassium C18 carboxylate soaps upon 
mechanical stability of natural rubber latex (2): (KC1S) potassium stéarate; (KC18

=) 
potassium oleate; (KC1H") potassium elaidate; (KC18

 =J potassium linoleate; 
( KC ~~) potassium linolenate; (KClg

12(0H)) potassium 12-hydroxy stéarate; 
(KC18

9J0(OH)) potassium 9,10-dihydroxystéarate; (KCje^0"*) potassium ricinoleate. 
Results also are included for potassium laurate (KC12). 
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9. BLACKLEY Stability of Polymer Latices 179 

C o u n t e r i o n e f f e c t s (5). Experiments which have been c a r r i e d 
out u s i n g l i t h i u m , sodium, p o t a s s i u m , ammonium and morpholinium 
l a u r a t e s have shown t h a t the e f f e c t s o f these f i v e l a u r a t e s upon 
m e c h a n i c a l and c h e m i c a l s t a b i l i t y a r e b r o a d l y s i m i l a r , a l t h o u g h 
such d i f f e r e n c e s as are observed are s t a t i s t i c a l l y s i g n i f i c a n t . 
The r e s u l t s f o r e f f e c t s upon m e c h a n i c a l s t a b i l i t y are summarised 
i n T a b l e I I . That l i t h i u m l a u r a t e behaves s i m i l a r l y t o , say, 
p o t a s s i u m l a u r a t e i s perhaps s u r p r i s i n g , i n t h a t i t i s known t h a t 
a l i t h i u m s a l t i s m o r e ^ f f e c t i v e i n r e d u c i n g the m e c h a n i c a l s t a b ­
i l i t y o f n a t u r a l rubber^ -ftian i s the c o r r e s p o n d i n g p o t a s s i u m s a l t 
(j6). The i n f e r e n c e has been drawn t h a t the c o u n t e r i o n o f the c a r ­
b o x y l a t e soap has a n e g l i g i b l e e f f e c t upon the a b i l i t y o f the soap 
to enhance m e c h a n i c a l s t a b i l i t y , r e l a t i v e t o the e f f e c t o f the 
a n i o n , a t l e a s t f o r those c a t i o n s f o r w h i c h s p e c i f i c a d s o r p t i o n 
e f f e c t s a re absent. 

Table I I shows t h a t morpholinium l a u r a t e i s markedly l e s s 
e f f e c t i v e i n enhancing m e c h a n i c a l s t a b i l i t y t h a n a r e the o t h e r 
l a u r a t e s w h i c h have been i n v e s t i g a t e d . T h i s i s a t t r i b u t e d t o 
s p e c i f i c c o u n t e r i o n a d s o r p t i o n , w i t h a consequent r e d u c t i o n o f the 
e f f e c t i v e s u r f a c e p o t e n t i a l a t the r u b b e r - w a t e r i n t e r f a c e . 

The a b i l i t i e s o f the f i v e l a u r a t e s t o p r o t e c t n a t u r a l r u b b e r 
l a t e x a g a i n s t c h e m i c a l déstabilisation appear t o be b r o a d l y p a r a ­
l l e l t o t h e i r e f f e c t s upon m e c h a n i c a l s t a b i l i t y . 

We have a l s o r e c e n t l y d i s c o v e r e d t h a t added c a l c i u m l a u r a t e 
i s a b l e markedly t o enhance the m e c h a n i c a l s t a b i l i t y o f n a t u r a l 
r u b b e r l a t e x (2,)· T h i s o b s e r v a t i o n i s s u r p r i s i n g , p a r t l y because 
o f the low s o l u b i l i t y o f c a l c i u m l a u r a t e i n water, and p a r t l y 
because c a l c i u m i o n s are known t o be p o w e r f u l d e s t a b i l i s e r s o f 
n a t u r a l r u b b e r l a t e x ( 6 j . I t i n d i c a t e s t h a t the s t a b i l i s i n g 
e f f e c t o f the l a u r a t e a n i o n i s much g r e a t e r t h a n the d e s t a b i l i s ­
i n g e f f e c t o f the c a l c i u m c a t i o n . 

I t i s i m p o r t a n t t o p o i n t out t h a t our i n v e s t i g a t i o n o f coun­
t e r i o n e f f e c t s i n c a r b o x y l a t e soaps has so f a r been concerned 
almost e x c l u s i v e l y w i t h l a u r a t e soaps. L a u r a t e soaps were chosen 
p a r t l y because t h e y are g e n e r a l l y c o n v e n i e n t t o handle i n t h a t 
many o f them are r e a d i l y s o l u b l e i n w ater t o g i v e s o l u t i o n s o f low 
v i s c o s i t y , and p a r t l y because, as has been shown above, l a u r a t e 
soaps a r e v e r y e f f e c t i v e i n enhancing the m e c h a n i c a l and c h e m i c a l 
s t a b i l i t y o f n a t u r a l r u b b e r l a t e x . I t must t h e r e f o r e be borne i n 
mind t h a t the c o n c l u s i o n s w h i c h have been drawn from t h i s i n v e s t ­
i g a t i o n c o n c e r n i n g e f f e c t s a t t r i b u t a b l e t o c o u n t e r i o n v a r i a t i o n 
i n l a u r a t e soaps may not be g e n e r a l l y v a l i d f o r c a r b o x y l a t e soaps 
as a f a m i l y . 

E f f e c t s o f added s u l p h a t e and s u l p h o n a t e s u r f a c t a n t s upon the 
m e c h a n i c a l and c h e m i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x 

The e f f e c t s o f a range o f sodium n - a l k y l s u l p h a t e s and sodium 
n - a l k y l s u l p h o n a t e s upon the m e c h a n i c a l s t a b i l i t y o f n a t u r a l r u b ­
b e r l a t e x a r e summarised i n F i g u r e s 4 and. 5 r e s p e c t i v e l y . As i n 
the case o f added p o t a s s i u m f a t t y - a c i d soaps, s m a l l a d d i t i o n s o f 
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180 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Table Is Ef f e c t of 0.1 part by weight per 100 parts latex solids 
of various potassium f a t t y - a c i d soaps upon mechanical 
s t a b i l i t y of unmodified and chemically-destabilised 
natural rubber l a t i c e s ΓΠ 

number mechanical s t a b i l i t y time (seconds) 
of 
carbon 
atoms 
i n a l k y l 
chain 
of soap 

unmodified 
latex 

latex con­
taining 1 
part by weight 
potassium 
chloride per 
100 parts of 
latex solids 

latex con­
taining 0.2 
part by weight 
acetic acid 
per 100 parts 
of latex 
solids 

latex de-
ammoniated 
to pH 8.5 

aeration 

5 - 500 754 530 
7 1310* 910 1200 980 
9 3190* I36O 2195 1580 

11 3540 1210 2620 2367 
13 2060 1140 2330 1685 
15 1650 860 1768 1420 
17 1320 740 1300 1240 

MST of 
latex i n 
absence 
of fatty-
acid soap 

965 455 490 350 

* obtained by extrapolation 

Table II; Effects of added laurate soaps of various counterions 
upon mechanical s t a b i l i t y of natural rubber latex (3) 

le v e l of added 
soap (moles per 
100 g of latex 
solids) 

mechanical s t a b i l i t y time (seconds) i n presence 
of laurate soap of counterion indicated 

l e v e l of added 
soap (moles per 
100 g of latex 
solids) lithium sodium potassium ammonium morpholinium 

0.84 χ 10-4 2280 246Ο 2540 2080 I65O 
2.10 χ 10~4 2670 3120 3080 29ΟΟ 1950 
3.36 χ 10~4 3390 364Ο 3880 3280 2 580 
4.20 χ 10"4 3990 4080 4220 364Ο 3090 
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5400 Γ 

4600 h 

3800h 

3000 r 

22001 

1400 r 

fiOOl • • • > ι 1 1 
4 6 8 10 12 14 16 18 

η in C nH 2 f, + ,OS03Na 

Figure 4. Effect of alkyl chain length of 
added sodium n-alkyl sulfate upon me­
chanical stability of natural rubber latex 
at four levels of addition: (A) 20; (B) 60; 
(C) 100; (D) 120 mg/100 g of latex sol­

ids (8) 

5000 r 

20001 ι ι ι 1 1 1— 
4 6 8 10 12 14 16 

η in C nH 2 n + , S 0 3Na 

Figure 5. Effect of alkyl chain length of added sodium n-alkyl sulfonate upon 
mechanical stability of natural rubber latex at four levels of addition: (A) 20; (B) 40; 

(C) 60; (D) 80 mg/100 g of latex solids (S) 
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b o t h n - a l k y l s u l p h a t e s and n - a l k y l s u l p h o n a t e s can cause marked 
enhancements o f the me c h a n i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x , 
and the magnitude o f the enhancement a t any g i v e n l e v e l o f a d d i ­
t i o n depends upon the l e n g t h o f the a l k y l c h a i n i n the s u r f a c t a n t . 
As i n the case o f the pota s s i u m f a t t y - a c i d soaps, an optimum a l k y l 
c h a i n l e n g t h i s observed as the a l k y l c h a i n l e n g t h o f the s u r f a c ­
t a n t i s i n c r e a s e d . The optimum a l k y l c h a i n l e n g t h i n the case o f 
the s u l p h a t e s and su l p h o n a t e s i s a p p r o x i m a t e l y 10 carbon atoms, 
and t h i s i s v e r y s i m i l a r t o the optimum a l k y l c h a i n l e n g t h o f 
a p p r o x i m a t e l y 11 carbon atoms observed f o r the c a r b o x y l a t e s . The 
e x p l a n a t i o n w h ich we o f f e r f o r the e x i s t e n c e o f optimum a l k y l 
c h a i n l e n g t h s f o r the s u l p h a t e s and su l p h o n a t e s i s s i m i l a r t o t h a t 
proposed f o r the c a r b o x y l a t e s . The a b i l i t y o f these s u r f a c t a n t s 
t o enhance the me c h a n i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x i s 
a t t r i b u t e d p r i m a r i l y t o t h e i r b e i n g adsorbed a t the rub b e r - w a t e r 
i n t e r f a c e , and t h e r e m i x i n g w i t h the an i o n s o f the i n d i g e n o u s 
soaps, t h e r e b y a l t e r i n g t h e p h y s i c a l n a t u r e o f the monolayer o f 
adsorbed a n i o n s . 

The a b i l i t i e s o f the s u l p h a t e s and su l p h o n a t e s t o p r o t e c t 
n a t u r a l r u b b e r l a t e x a g a i n s t c h e m i c a l déstabilisation are a g a i n 
b r o a d l y p a r a l l e l t o t h e i r a b i l i t i e s t o enhance m e c h a n i c a l s t a b i l ­
i t y . 

Some d a t a are a l s o a v a i l a b l e f o r the e f f e c t o f the c o u n t e r i o n 
o f a d o d e c y l s u l p h a t e upon i t s a b i l i t y t o enhance the m e c h a n i c a l 
s t a b i l i t y o f n a t u r a l r u b b e r l a t e x . As i n the case o f the l a u r a t e s 
the l i t h i u m , sodium,potassium and ammonium s a l t s a re s i m i l a r i n 
b e h a v i o u r , but the morpholinium s a l t i s s l i g h t l y l e s s e f f e c t i v e . 
A g a i n , the l a t t e r e f f e c t i s a t t r i b u t e d t o s p e c i f i c a d s o r p t i o n o f 
the morpholinium c a t i o n . C a l c i u m and magnesium d o d e c y l s u l p h a t e s 
are a l s o e f f e c t i v e i n enhancing m e c h a n i c a l s t a b i l i t y , t h e i r a b i l ­
i t i e s b e i n g s i m i l a r t o t h a t o f morpholinium d o d e c y l s u l p h a t e . 

E f f e c t s o f added n - a l k y l t r i e t h y l ammonium bromides upon the 
mec h a n i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x (9) 

Some i n t e r e s t i n g r e s u l t s have r e c e n t l y become a v a i l a b l e f o r 
the e f f e c t s o f a range o f n - a l k y l t r i e t h y l ammonium bromides upon 
the m e c h a n i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x . The number o f 
carbon atoms i n t h e a l k y l group v a r i e d from 6 t o 18. F i g u r e 6 
summarises the r e s u l t s . I t i s u s u a l l y b e l i e v e d t h a t the a d d i t i o n 
o f c a t i o n i c s u r f a c t a n t s t o an a n i o n i c l a t e x such as n a t u r a l 
r u b b e r l a t e x i n v a r i a b l y l e a d s t o a r e d u c t i o n i n c o l l o i d s t a b i l i t y , 
t he e f f e c t b e i n g a t t r i b u t e d t o a d s o r p t i o n o f th e c a t i o n s w i t h 
consequent p a r t i a l n e u t r a l i s a t i o n o f the p a r t i c l e charge and 
r e d u c t i o n o f the c o u n t e r i o n c l o u d s u r r o u n d i n g the p a r t i c l e s . 
W h i l s t the r e s u l t s summarised i n F i g u r e 6 show t h a t t h i s e x p e c t a ­
t i o n i s o f t e n r e a l i s e d , t h e y a l s o show t h a t s m a l l a d d i t i o n s o f an 
n - a l k y l t r i e t h y l ammonium bromide whose a l k y l group c o n t a i n s 
between a p p r o x i m a t e l y 8 and 12 carb o n atoms can b r i n g about a 
s m a l l i n c r e a s e i n m e c h a n i c a l s t a b i l i t y . I n such c a s e s , t h e 
i n c r e a s e i n s t a b i l i t y cannot p o s s i b l y be a t t r i b u t e d t o enhance-
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level of added quaternary ammonium surfacant 
(moles per 100 grams of latex solids x I0 4) 

Figure 6. Effect of added n-alkyl triethyl ammonium bromides upon mechanical 
stability of natural rubber latex (9). Numbers appended to curves are numbers of 

carbon atoms in n-alkyl chain of surfactant.  P
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184 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

merit o f the charge c a r r i e d by the p a r t i c l e s , s i n c e presumably t h e 
p a r t i c l e charge can o n l y be reduced by the a d d i t i o n o f a c a t i o n i c 
s u r f a c t a n t . I t appears t h a t i n these cases t he d e s t a b i l i s i n g 
e f f e c t o f the reduced p a r t i c l e charge i s more t h a n o f f s e t by some 
o t h e r e f f e c t w h i ch accompanies t he a d s o r p t i o n o f the s u r f a c e -
a c t i v e c a t i o n a t the p a r t i c l e s u r f a c e and which causes t he s t a b i l ­
i t y t o i n c r e a s e . One p o s s i b l e e f f e c t w h i ch meets t h e s e r e q u i r e ­
ments i s t h e m i x i n g e f f e c t , w i t h r e d u c t i o n o f l a t e r a l coherence 
w i t h i n the adsorbed l a y e r o f soap a n i o n s , which has been p o s t u l a ­
t e d above. To t h i s e x t e n t , t he o b s e r v a t i o n s on the e f f e c t s o f 
added c a t i o n i c s u r f a c t a n t s a r e c o n s i s t e n t w i t h the s u g g e s t i o n s 
which have been made above, and so add weight t o t h e i r c r e d i b i l i t y . 

E f f e c t s o f e t h y l e n e o x i d e - f a t t y a l c o h o l condensates upon the mech­
a n i c a l and c h e m i c a l s t a b i l i t y o f n a t u r a l r u b b e r l a t e x (10) 

The r e s u l t s summarised i n F i g u r e 7 show t h a t s m a l l a d d i t i o n s 
o f e t h y l e n e o x i d e - f a t t y a l c o h o l condensates t o n a t u r a l r u b b e r 
l a t e x g e n e r a l l y cause the m e c h a n i c a l s t a b i l i t y o f the l a t e x t o 
f a l l . T h i s phenomenon i s a t t r i b u t e d t o t h e d i s p l a c e m e n t o f 
adsorbed p r o t e i n a c e o u s m o l e c u l e s by the condensate m o l e c u l e s . 
A l t h o u g h t h e l a t t e r a r e more s u r f a c e a c t i v e t h a n the former, t h e y 
are presumably l e s s e f f e c t i v e i n c o n f e r r i n g m e c h a n i c a l s t a b i l i t y 
upon the r u b b e r p a r t i c l e s , perhaps because, u n l i k e t h e p r o t e i n a ­
ceous m o l e c u l e s , t h e y a r e n o t i o n i s e d . 

F i g u r e 7 a l s o shows t h a t , w i t h i n c r e a s i n g a d d i t i o n s o f e t h y ­
l e n e o x i d e - f a t t y a l c o h o l condensates, the m e c h a n i c a l s t a b i l i t y 
p asses t h r o u g h a minimum and t h e n i n c r e a s e s . However, o n l y i f the 
o v e r a l l mole r a t i o o f e t h y l e n e o x i d e t o f a t t y a l c o h o l i n t h e con­
densate exceeds about 3 0 does the m e c h a n i c a l s t a b i l i t y i n c r e a s e 
above t h a t o f the i n i t i a l l a t e x ^ a t l e a s t a t l e v e l s o f a d d i t i o n 
w h i c h would n o r m a l l y be used i n p r a c t i c e . An i n t e r e s t i n g f a c t 
emerges when, as i n F i g u r e 8, m e c h a n i c a l s t a b i l i t y i s p l o t t e d as 
a f u n c t i o n o f the l e v e l o f a d d i t i o n o f condensate e x p r e s s e d as 
moles o f e t h y l e n e o x i d e u n i t s added p e r u n i t mass o f l a t e x s o l i d s . 
T h i s i s t h a t , f o r condensates f o r which the o v e r a l l mole r a t i o o f 
e t h y l e n e o x i d e t o f a t t y a l c o h o l i s w i t h i n the approximate range 
6 - 3 0 , the a b i l i t y t o enhance the s t a b i l i t y o f n a t u r a l r u b b e r 
l a t e x a f t e r the minimum i n s t a b i l i t y has been passed depends p r i ­
m a r i l y upon the t o t a l number o f e t h y l e n e o x i d e u n i t s w h i ch have 
been added t o the l a t e x as the condensate. The l e n g t h o f t h e 
b l o c k s i n which the u n i t s a r e added i s o f secondary importance. 
We i n t e r p r e t t h i s o b s e r v a t i o n as i m p l y i n g t h a t , f o r t h e s e conden­
s a t e s , t h e e f f e c t upon m e c h a n i c a l s t a b i l i t y i s determined p r i m a r ­
i l y by the b i n d i n g o f water t o the e t h y l e n e o x i d e u n i t s w h i ch a r e 
anchored t o the ru b b e r - w a t e r i n t e r f a c e by the f a t t y - a l c o h o l 
m o i e t y o f the condensate. I n the case o f condensates f o r w h i c h 
the o v e r a l l mole r a t i o o f e t h y l e n e o x i d e t o f a t t y a l c o h o l exceeds 
c a . 3 0 , the e f f e c t upon m e c h a n i c a l s t a b i l i t y i s much g r e a t e r t h a n 
would be exp e c t e d on the b a s i s o f the t o t a l amount o f e t h y l e n e 
o x i d e w h i c h has been added t o the l a t e x , as e v i d e n c e d by the 
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9. BLACKLEY Stability of Polymer Latices 185 

Plastics and Rubber: Materials and Applications 

Figure 7. Effect of added ethylene oxide-fatty alcohol condensates upon mechani­
cal stability of natural rubber latex (10). Levels of condensate are expressed in 
parts by weight. Numbers appended to curves indicate overall mole ratio ethylene 

oxideifatty alcohol in condensate. 
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186 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

2500 r 

I— 1 1 1 1 ι I 1 ι ι ι ι ι ,i 
0 5 10 15 20 25 0 5 10 15 20 25 30 35 

level of ethylene oxide-fatty alcohol condensate 
(moles of ethylene oxide units per 100 grams of latex solids x I0 5) 

Plastics and Rubber: Materials and Applications 

Figure 8. Effect of added ethylene oxide-fatty alcohol condensates upon mechani­
cal stability of natural rubber latex (10). Levels of condensate are expressed in 
moles of ethylene oxide units. Numbers appended to curves indicate overall mole 

ratio ethylene oxideifatty alcohol in condensate. 
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9. BLACKLEY Stability of Polymer Latices 187 

T a b l e B I : E f f e c t o f 1 p a r t by weight p e r 100 p a r t s l a t e x s o l i d s 
o f v a r i o u s e t h y l e n e o x i d e - f a t t y a l c o h o l condensates upon 
m e c h a n i c a l s t a b i l i t y o f u n m o d i f i e d and c h e m i c a l l y -
d e s t a b i l i s e d n a t u r a l r u b b e r l a t i c e s 

o v e r a l l 
mole 
r a t i o o f 
e t h y l e n e 
o x i d e t o 
f a t t y 
a l c o h o l 

m e c h a n i c a l s t a b i l i t y time (seconds) o v e r a l l 
mole 
r a t i o o f 
e t h y l e n e 
o x i d e t o 
f a t t y 
a l c o h o l 

u n m o d i f i e d 
l a t e x 

l a t e x c o n t a i n ­
i n g 1 p a r t by 
weight p o t a s s ­
ium c h l o r i d e 
p e r 1 0 0 p a r t s 
o f l a t e x 
s o l i d s 

l a t e x c o n t a i n ­
i n g 0 . 2 p a r t 
by weight 
a c e t i c a c i d 
p e r 1 0 0 p a r t s 
o f l a t e x 
s o l i d s 

l a t e x de-
ammonia-
t e d t o 
pH 8 . 5 by 
a e r a t i o n 

2 7 5 7 7 1 0 6 2 3 5 2 0 

6 4 1 5 2 4 7 3 2 5 5 0 0 

1 0 4 7 9 3 6 4 4 6 1 5 9 0 

1 4 482 5 7 5 5 5 8 6 3 0 

2 4 5 3 1 8 5 0 728 7 0 8 

3 0 6 1 2 1 0 4 1 802 7 8 5 

4 5 1 0 5 0 1 9 9 3 I I30 1 2 5 6 

60 1810 2 5 7 8 2 0 0 3 2 0 1 5 

MST o f l a t e x 
i n absence 
o f e t h y l e n e 
o x i d e - f a t t y 
a l c o h o l 
condensate 

9 7 0 4 4 0 4 9 9 3 7 4 
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188 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

results for condensates containing between 6 and 30 moles of eth­
ylene oxide per mole of fatty alcohol. We suggest that in such 
cases steric stabilisation makes an important contribution to the 
mechanical stability in addition to stabilisation by hydration. 

Data for the abilities of these condensates to protect natu­
ral rubber latex against chemical déstabilisation (as assessed by 
the methods used in this work) are given in Table III* The effects 
upon chemical stability broadly parallel effects upon mechanical 
stability. An interesting and significant observation is that the 
chemically-destabilised latices to which the ethylene oxide con­
densates had been added were in most cases more mechanically 
stable than the unmodified latex to which the same level of the 
same condensate had been added. Thus it appears that the ability 
of an ethylene oxide condensate to enhance the mechanical stabil­
ity of natural rubber latex is itself enhanced by the presence of 
factors (such as increased ionic strength) which normally tend to 
reduce the stability of the latex. In the case where that factor 
is increased ionic strength, a possible explanation is that the 
adsorption tendency of the condensate is increased by a salting-
out effect. But whatever the explanation, we note that our data 
provide objective support for the view, widely held in the latex-
using industry, that ethylene oxide condensates of suitable com­
position are very efficient enhancers of the chemical stability 
of natural rubber latex. 
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10 
Stabilization in Nonaqueous Radical Dispersion 
Polymerization with AB Block Copolymers of 
Polystyrene and Poly(dimethyl siloxane) 
J. V. DAWKINS, G. TAYLOR1, S. P. BAKER, and R. W. R. COLLETT2 

Department of Chemistry, Loughborough University of Technology, 
Loughborough, Leicestershire LE11 3TU, England 
J. S. HIGGINS 
Department of Chemical Engineering and Chemical Technology, 
Imperial College, London SW7 2BY, England 

Nonaqueous polymer dispersions are prevented from flocc­
ulation by surrounding each particle by a surface layer of 
adsorbed polymeric stabilizer. Such dispersions are conveniently 
prepared by polymerizing in the presence of a preformed block or 
graft copolymer a monomer dissolved in a diluent which is a 
precipitant for the polymer. The stabilizing copolymer contains 
A blocks which are insoluble in the dispersion medium and act as 
anchors for the Β blocks which are swollen by the diluent and 
which extend away from the particle surface. Most of the work on 
the preparation of nonaqueous dispersions has been concerned with 
the radical initiation of acrylic monomers in the presence of co­
polymer stabilizers having the A block the same as the acrylic 
polymer in the particles (1). Our work has involved the prepar­
ation of nonaqueous polystyrene dispersions in aliphatic hydro­
carbons stabilized with well-defined AB block copolymers of poly­
styrene (PS) and poly (dimethyl siloxane) (PDMS) (2, 3), giving 
particles stabilized by surface layers of silicone. The prepara­
tion of dispersions of other polymers in the presence of the same 
PS-PDMS block copolymers in aliphatic hydrocarbons is of interest 
because effective anchoring of the copolymer may be influenced by 
the degree of compatibility between the A block and the polymer 
molecules in the particles. The present paper describes the prop­
erties of poly(methyl methacrylate) (PMMA) particles in aliphatic 
hydrocarbons, together with initial results on the radical 
dispersion polymerization of vinyl acetate (VA). 
Experimental 

Dispersion Polymerization. AB block copolymer stabilizers 
were prepared using anionic polymerization techniques by the 
addition of hexamethylcyclotrisiloxane to "living" polystyryl-
1Current address: Unilever Research, Port Sunlight, Wirral, 
Merseyside, U.K. 
2Current address: Berger, Newcastle upon Tyne, U.K. 

0097-6156/81/0165-0189$05.00/0 
© 1981 American Chemical Society 
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190 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

l i t h i u m . P o l y m e r i z a t i o n s were performed under c o n d i t i o n s o f 
r i g o r o u s p u r i t y u s i n g an i n e r t gas b l a n k e t t e c h n i q u e o r a h i g h 
vacuum procedure as d e s c r i b e d elsewhere (£, 5 ) . B l o c k copolymers 
p r e p a r e d over a range o f m o l e c u l a r w e i g h t s and c o m p o s i t i o n s were 
c h a r a c t e r i z e d by g e l permeation chromatography (GPC), osmometry 
and s i l i c o n a n a l y s i s . The samples had a narrow m o l e c u l a r w e i ght 
d i s t r i b u t i o n (M /M t y p i c a l l y <1.25), which when used as s t a b ­
i l i z e r s would be expected t o g i v e a c o n s t a n t l a y e r t h i c k n e s s 
around the p a r t i c l e s . The a n c h o r / s o l u b l e b a l a n c e (ASB) f o r the 
an c h o r i n g A b l o c k s and s t a b i l i z i n g Β b l o c k s was c a l c u l a t e d from 
the number average m o l e c u l a r w e i g h t s o f the PS b l o c k s and PDMS 
b l o c k s , M (PS)/M (PDMS). B l o c k copolymers c o n t a i n i n g p r o t o n a t e d 
p o l y s t y r e n e b l o c k s PS(H) and d e u t e r a t e d p o l y s t y r e n e b l o c k s PS(D) 
were pr e p a r e d . 

Polymer d i s p e r s i o n s i n a l i p h a t i c hydrocarbons were pr e p a r e d 
by r a d i c a l p o l y m e r i z a t i o n , e.g. w i t h a z o b i s i s o b u t y r o n i t r i l e as 
i n i t i a t o r i n the temperature range 323-343 K, w i t h t he monomer 
c o n c e n t r a t i o n i n the range 10-20 weight p e r cent and w i t h the 
PS-PDMS s t a b i l i z e r h a v i n g a c o n c e n t r a t i o n o f about 5 weight p e r 
c e n t ^ The PS-PDMS samples had M (PS) i n the range 8.8-61.0 χ 1 0 3 

and M (PDMS) i n the range 2.4-48^0 χ 1 0 3 w i t h t he ASB g e n e r a l l y 
between 0.5 and 4.0. Seeding t e c h n i q u e s were f r e q u e n t l y used i n 
the d i s p e r s i o n p o l y m e r i z a t i o n . D i s p e r s i o n s were washed by 
re p e a t e d c e n t r i f u g e / d i l u e n t exchange c y c l e s t o remove unadsorbed 
s t a b i l i z e r and unconverted monomer, which a l s o s e r v e d t o exchange 
a d i l u e n t f o r a d i f f e r e n t one. 

D i s p e r s i o n P r o p e r t i e s . P a r t i c l e diameters were e s t i m a t e d 
from t r a n s m i s s i o n e l e c t r o n m icrographs. The s u r f a c e coverage o f 
a p a r t i c l e d e f i n e d as the a r e a A o c c u p i e d o r s t a b i l i z e d by a 
g i v e n PDMS c h a i n was e s t i m a t e d from s i l i c o n a n a l y s i s on d r y p a r t ­
i c l e s and the p a r t i c l e d i a m e t e r D. D i s p e r s i o n s t a b i l i t y was 
as s e s s e d v i s u a l l y w i t h the d i s p e r s i o n c o n t a i n e d i n a c y l i n d r i c a l 
g l a s s c e l l w i t h a l i g h t beam arran g e d so t h a t l i g h t s c a t t e r e d by 
the d i s p e r s i o n a t about 45 from the t r a n s m i t t e d beam c o u l d conve­
n i e n t l y be observed by the human eye. The r e l a t i v e v i s c o s i t y η 
o f a d i s p e r s i o n was determined w i t h an Ostwald-Fenske c a p i l l a r y 
v i s c o m e t e r a t 298 K. The v i s c o m e t e r was t r e a t e d w i t h a s o l u t i o n 
o f c h l o r o t r i m e t h y l s i l a n e t o pr e v e n t adhesion o f p a r t i c l e s t o the 
w a l l s . The volume f r a c t i o n o f the polymer p a r t i c l e c o r e s Φ was 
c a l c u l a t e d from the t o t a l polymer c o n t e n t o f the d i s p e r s i o n , t he 
PDMS c o n t e n t and the d e n s i t y o f the c o r e . S m a l l angle n e u t r o n 
s c a t t e r i n g experiments on d i s p e r s i o n s c o n t a i n i n g PS(D) b l o c k s 
ware c a r r i e d o u t u s i n g the D l l and D17 spe c t r o m e t e r s a t I L L 
Grenoble. From t h e r a d i a l d i s t r i b u t i o n o f s c a t t e r e d i n t e n s i t i e s , 
d a t a o f the n o r m a l i z e d s c a t t e r i n g i n t e n s i t y I(K) were computed as 
a f u n c t i o n o f the s c a t t e r i n g wave v e c t o r K. 
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10. DAWKINS ET AL. Nonaqueous Radical Dispersion Polymerization 191 

R e s u l t s and D i s c u s s i o n 

PMMA P a r t i c l e s . I t has been shown t h a t the v a l u e o f the s u r ­
f a c e coverage A f o r a g i v e n PS-PDMS b l o c k copolymer was c o n s t a n t 
f o r PMMA p a r t i c l e s h a v i n g D i n the range 96-480 nm (_4) . T h i s 
s u g g e s t s t h a t " t o t a l " coverage o f the s u r f a c e s o f th e PMMA p a r t ­
i c l e s may be assumed f o r these d i s p e r s i o n s . Data f o r A as a fu n c ­
t i o n o f M (PDMS) are shown i n F i g u r e 1, s u g g e s t i n g t h a t the a r e a 
stabilizeâ by a g i v e n PDMS c h a i n i s s i m i l a r on b o t h PMMA and PS 
p a r t i c l e s u r f a c e s (6_) . Furthermore, t h e v a l u e o f A appears t o be 
Independent o f the m o l e c u l a r weight o f the PS anchor b l o c k , 
s u g g e s t i n g t h a t t h e PS anchor b l o c k does not e x t e n d s i g n i f i c a n t l y 
i n t o t he d i s p e r s i o n medium. We may conclude t h a t the PDMS c h a i n s 
may be regarded as b e i n g t e r m i n a l l y anchored a t th e p a r t i c l e 
s u r f a c e , so t h a t the d a t a i n F i g u r e 1 c o n f i r m t h a t the a r e a which 
one c h a i n i s c a p a b l e o f s t a b i l i z i n g i n c r e a s e s w i t h i n c r e a s i n g 
M (PDMS). 

V i s c o s i t y d a t a f o r the d i s p e r s i o n s were p l o t t e d a c c o r d i n g t o 
Eq u a t i o n 1 

Φ / I n η = ( 1 / k f ) - (k Φ /k ) (1) o r 1 ο 1 
i n which k^ i s the E i n s t e i n c o e f f i c i e n t f o r s o l i d s p h e r e s , f i s a 
f a c t o r r e p r e s e n t i n g an i n c r e a s e i n the E i n s t e i n c o e f f i c i e n t 
because o f the adsorbed s u r f a c e l a y e r o f PDMS and k i s a crowding 
f a c t o r . From the r e c i p r o c a l o f the i n t e r c e p t o f t h i s p l o t Goodwin 
(2) proposed t h a t t h e t h i c k n e s s o f the s t a b i l i z i n g s u r f a c e l a y e r 6 
may be c a l c u l a t e d w i t h E q u a t i o n 2 

k i f = k i C 1 + { 2 6 / D ) l 3 ( 2 ) 

i n which k^ was con f i r m e d t o be c l o s e t o 2.5 f o r s p h e r i c a l p a r t ­
i c l e s f r e e from a g g r e g a t i o n . Our v a l u e s o f 6 (6) are shown as a 
f u n c t i o n o f M (PDMS) i n F i g u r e 2. We may conclude t h a t the 
t h i c k n e s s o f She adsorbed s u r f a c e l a y e r i s s i m i l a r on bo t h PMMA 
and PS p a r t i c l e s . 

I n F i g u r e 3 the s c a t t e r i n g f u n c t i o n I(K) i s p l o t t e d a g a i n s t 
the wave v e c t o r Κ f o r d i s p e r s i o n s c o n t a i n i n g PS(D) b l o c k s i n 
n-heptane (8). The i n t e n s i t y s c a t t e r e d from the PS p a r t i c l e s 
r e l a t i v e t o the background o f unde u t e r a t e d p a r t i c l e s i s an o r d e r 
o f magnitude l e s s than t h a t from the PMMA p a r t i c l e s w i t h c o r r e s ­
ponding c o n c e n t r a t i o n s o f PS(D) b l o c k s . T h i s suggests t h a t t h e r e 
are l a r g e r s c a t t e r i n g o b j e c t s i n t h e PMMA d i s p e r s i o n s and hence 
aggregates o f PS(D) b l o c k s . E s t i m a t e s o f the r a d i u s o f g y r a t i o n 
and m o l e c u l a r w e i g h t o f PS(D) b l o c k s i n PS p a r t i c l e s from t he 
s c a t t e r i n g i n t e n s i t y suggest t h a t the PS b l o c k s w i t h M (PS) = 
23400 are m o l e c u l a r l y d i s p e r s e d . We may conclude t h a t the PS(D) 
b l o c k s c l u s t e r i n t o domains i n PMMA p a r t i c l e s . 

F l o c c u l a t i o n s t u d i e s were performed by l o w e r i n g the temp­
e r a t u r e o f PMMA d i s p e r s i o n s i n a b i n a r y m i x t u r e o f n-heptane and 
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192 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure L Dependence of surface cover­
age onUn (PDMS): (φ) PMMA particles 
with M n (PS) < 20000; (fg) PMMA par­
ticles with Mn (PS) > 30000; (O)PS par­

ticles (6) J. C. S. Faraday I 

Figure 2. Dependence of surface layer 
thickness on Mn (PDMS): (O) PMMA 

particles; A) particles (6) 

10 20 30 40 50 
Mn (PDMS)X 10' 3 

J. C. S. Faraday I 
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10. DAWKINS ET AL. Nonaqueous Radical Dispersion Polymerization 193 

e t h a n o l (51/49, v / v l . The f l o c c u l a t i o n temperature was s t u d i e d as 
a f u n c t i o n o f the m o l e c u l a r w e i g ht and c o m p o s i t i o n o f PS-PDMS, the 
p a r t i c l e s i z e o f the d i s p e r s i o n and t h e s u r f a c e coverage o f the 
p a r t i c l e s (9) . V a l u e s o f the f l o c c u l a t i o n temperature i n Table I 
are i n the range 338.2-340.5 Κ which may be compared w i t h v a l u e s 
o f t h e t h e t a temperature o f 339 ± 1 Κ and 341.2 ± 2.0 Κ determined 
by two sep a r a t e p r o c e d u r e s f o r PDMS homopolymer d i s s o l v e d i n the 
same b i n a r y m i x t u r e . We may conclude t h a t t h e mechanism o f s t e r i c 
s t a b i l i z a t i o n (10) o p e r a t e s f o r t h e PMMA d i s p e r s i o n s . 

T a ble I . S t a b i l i z i n g Copolymers, P a r t i c l e S i z e s and S u r f a c e 
Coverage o f PMMA D i s p e r s i o n s i n F l o c c u l a t i o n Experiments (9) 

B l o c k Copolymer F l o c c u l a t i o n 
D A Temperature 

M (PS) M (PDMS) (nm) (nm 2) (K) 
η η 

12700 3200 110 6.4 339.6 
8800 11200 250 12.6 340.1 

44000 13700 670 19.4 339.0 
16400 16100 330 24.6 340.4 
12700 23800 74 35.4 340.5 
44000 29800 69 44.5 340.4 
33400 48000 95 51.3 338.2 

Colloid and Polymer Science 

s t a b i l i t y o f PMMA d i s p e r s i o n s was examined f u r t h e r by r e -
d i s p e r s i o n o f t h e p a r t i c l e s i n cyclohexane a t 333 K. Above 307 Κ 
cyclohexane i s a good s o l v e n t f o r PS and PDMS, and i f the PS-PDMS 
b l o c k copolymer was not f i r m l y anchored, d e s o r p t i o n o f s t a b i l i z e r 
by d i s s o l u t i o n s h o u l d o c c u r a t 333 K, f o l l o w e d by f l o c c u l a t i o n o f 
the PMMA d i s p e r s i o n . However, l i t t l e change i n d i s p e r s i o n 
s t a b i l i t y was observed o v e r a p e r i o d o f 60 h. Consequently, we 
may conclude t h a t the PS b l o c k s are f i r m l y anchored w i t h i n the 
h a r d PMMA m a t r i x . E x p e r i m e n t s s u g g e s t i n g t h a t g r a f t i n g o f PS-PDMS 
t o PMMA i s u n l i k e l y , have been r e p o r t e d p r e v i o u s l y ( 4 ) . The s t a b ­
i l i t y o f a_PMMA d i s p e r s i o n , w i t h a b l o c k copolymer h a v i n g M (PS) = 
12700 and M (PDMS) = 23800, was a l s o examined a f t e r r e d i s p e r s i o n 
i n n-dodecône by h e a t i n g above the g l a s s t r a n s i t i o n temperature 
o f PMMA. A tendency towards f l o c c u l a t i o n o c c u r r e d above 393 K_. 
S o l u b i l i t y s t u d i e s (3) o f PS i n a l k a n e s suggest t h a t PS w i t h M 
= 12700 w i l l d i s s o l v e i n n-dodecane a t 393 K. T h e r e f o r e , i t i s 
proposed t h a t s i n c e the r e s u l t s i n F i g u r e 3 i n d i c a t e t h a t t h e PS 
b l o c k s are not co m p a t i b l e w i t h PMMA, t h e PS b l o c k s above 393 Κ 
d i f f u s e through t he s o f t PMMA m a t r i x t o the p a r t i c l e s u r f a c e where 
the b l o c k s are d i s s o l v e d by n-dodecane so t h a t r a p i d f l o c c u l a t i o n 
o c c u r s . T h i s suggests t h a t f o r polymer p a r t i c l e s h a v i n g a g l a s s 
t r a n s i t i o n temperature above the d i s p e r s i o n p o l y m e r i z a t i o n 
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3000 

?000 

1000 

Polymer 

Figure 3. Scattering intensity from PS(D) blocks in PS particles (a) and PMMA 
particles (b): (+, X, A , O) different PS(D)/PS(H) ratios between 1/2 and 1/12 

in the particles; (Φ) undeuterated particles ($) 

Figure 4. Electron micrograph of poly­
vinyl acetate) particles 
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10. DAWKINS ET AL. Nonaqueous Radical Dispersion Polymerization 195 

temperature the ΡS-PDMS b l o c k copolymer becomes entrapped w i t h i n 
a h a r d polymer m a t r i x d e s p i t e t h e polymer i n c o m p a t i b i l i t y e f f e c t 
and s t a b i l i z e s polymer p a r t i c l e s a f t e r removal o f excess b l o c k 
copolymer by r e d i s p e r s i o n . The p r e p a r a t i o n o f s t a b l e p o l y a c r y l o -
n i t r i l e d i s p e r s i o n s c o n f i r m s t h i s view. Nonaqueous d i s p e r s i o n s 
o f PMMA and p o l y a c r y l o n i t r i l e s t a b i l i z e d by BAB b l o c k copolymers 
o f PS and PDMS have a l s o been r e p o r t e d by E v e r e t t and Stageman 
(11, 1 2 ) . 

PVA P a r t i c l e s . I n i t i a l s t u d i e s (13) on polymers w i t h g l a s s 
t r a n s i t i o n t e m p e r a t u r e s below the d i s p e r s i o n p o l y m e r i z a t i o n 
temperature suggest t h a t s t a b l e d i s p e r s i o n s o f p o l y ( v i n y l acetate) 
(PVA), and a l s o o f p o l y ( e t h y l a c r y l a t e ) , may be pr e p a r e d i n the 
presence o f excess PS-PDMS. An example i s shown i n F i g u r e 4 i n 
which PVA p a r t i c l e s are superimposed on a background c o n s i s t i n g 
o f m i c e l l e s o f PS-PDMS. PVA p a r t i c l e s p r e p a r e d w i t h PS-PDMS 
h a v i n g M (PS) ^ lOOOO showed a tendency t o f l o c c u l a t e a t ambient 
temperature d u r i n g r e d i s p e r s i o n c y c l e s t o remove e x c e s s b l o c k 
copolymer, p a r t i c u l a r l y i f the d i s p e r s i o n p o l y m e r i z a t i o n had n o t 
proceeded t o 100% c o n v e r s i o n o f monomer. I t i s w e l l documented 
t h a t on m i x i n g s o l u t i o n s o f p o l y s t y r e n e and p o l y ( v i n y l a c e t a t e ) 
homopolymers phase s e p a r a t i o n tends t o o c c u r (14, 15) , and s o l u b ­
i l i t y s t u d i e s (3_) o f PS i n n-heptane suggest t h a t PS b l o c k s w i t h 
M (PS) ^ 10000 w i l l be c l o s e t o d i s s o l u t i o n when d i s p e r s i o n 
p o l y m e r i z a t i o n s are performed a t 34 3 K. Consequently, we may 
p o s t u l a t e t h a t f o r s o f t polymer p a r t i c l e s t he b l o c k copolymer i s 
r e j e c t e d from the p a r t i c l e because o f an i n c o m p a t i b i l i t y e f f e c t 
and i s adsorbed a t the p a r t i c l e s u r f a c e . I f the b l o c k copolymer 
desorbs from the p a r t i c l e s u r f a c e , then p a r t i c l e a g g l o m e r a t i o n 
w i l l o c c u r u n l e s s r a p i d a d s o r p t i o n o f o t h e r copolymer m o l e c u l e s 
o c c u r s from a r e s e r v o i r o f excess b l o c k copolymer. 

W i t h a c a r e f u l r e d i s p e r s i o n t e c h n i q u e s t a b l e d i s p e r s i o n s 
f r e e o f excess b l o c k copolymer_are produced f o r PVA p a r t i c l e s w i t h 
the a n c h o r i n g PS b l o c k h a v i n g M (PS) = 33400. T h i s suggests t h a t 
more e f f e c t i v e a n c h o r i n g o ccurs nwhen t h e s o l u b i l i t y o f the b l o c k 
copolymer i n the d i s p e r s i o n medium i s reduced. PVA d i s p e r s i o n s 
s t a b i l i z e d w i t h b l o c k copolymers h a v i n g M (PS) = 33400 were r e -
d i s p e r s e d i n n-dodecane and r e t a i n e d t h e i r s t a b i l i t y on h e a t i n g 
t o 393 K. I n view o f the i n c o m p a t i b i l i t y e f f e c t o f PS i n t h e 
s o f t PVA m a t r i x and the tendency o f the PS b l o c k s towards 
d i s s o l u t i o n a t e l e v a t e d t e m p e r a t u r e s , e f f e c t i v e a n c h o r i n g o f the 
PDMS c h a i n s may r e q u i r e c o v a l e n t g r a f t i n g o f the copolymer t o the 
p a r t i c l e s by r e a c t i o n between PVA r a d i c a l s and PS-PDMS d u r i n g 
d i s p e r s i o n p o l y m e r i z a t i o n . L i t e r a t u r e v a l u e s f o r c h a i n t r a n s f e r 
c o n s t a n t s f o r the r e a c t i o n between PVA r a d i c a l s and PS suggest 
t h a t the g r a f t i n g r e a c t i o n i s more l i k e l y than t he c h a i n t r a n s f e r 
r e a c t i o n between PVA r a d i c a l s and PVA homopolymer which produces 
branched PVA a t h i g h c o n v e r s i o n s o f monomer (16 ) . I n o r d e r t o 
c o n f i r m t he e x i s t e n c e o f c o v a l e n t g r a f t i n g o f PS-PDMS t o t h e 
p a r t i c l e s , we have i s o l a t e d b l o c k copolymer from a washed and 
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196 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

dried sample of a PVA dispersed phase. Acetonitrile was used as 
solvent in a Soxhlet extraction for 60 h in order to remove PVA 
homopolymer. The residue was washed, dried and characterized by 
IR spectroscopy and GPC. The molecular weight distribution of the 
residue was broader than that of the original block copolymer, and 
the residue displayed an intense IR absorption at about 1730 cm"1 

Conclusions 

Our results demonstrate that PS-PDMS block copolymers stab­
ilize both hard and soft polymer particles during nonaqueous dis­
persion polymerization. The dispersions have been characterized 
by electron microscopy, silicon analysis and viscometry. It was 
observed that the surface coverage and surface layer thickness of 
the stabilizing PDMS blocks were similar for PS and PMMA particles 
and that the PDMS chains are in a somewhat extended chain conform­
ation. The anchoring of the PS blocks depends on the degree of 
compatibility between PS and the core polymer and on the incidence 
of radical grafting reactions during dispersion polymerization. 
From the results of the flocculation experiments, it is suggested 
that hard particles are stabilized because the PS blocks although 
incompatible with the PMMA chains are trapped within the PMMA 
matrix. The phase separation of the PS blocks into domains in the 
particles may be identified by small angle neutron scattering. 

Acknowledgements 

This work was supported by the Science Research Council and 
by an S.R.C. CASE award in collaboration with Dow Corning. 

Literature Cited 

1. Barrett, K.E.J., Ed. "Dispersion Polymerization in Organic 
Media"; Wiley: New York, 1975. 

2. Dawkins, J.V.; Taylor, G. In "Polymer Colloids II"; Fitch, 
R.M., Ed.; Plenum: New York, 1980; p. 447. 

3. Dawkins, J.V.; Taylor, G. Eur.Polym.J. 1979, 15, 453. 
4. Dawkins, J.V.; Taylor, G. Polymer 1979, 20, 599. 
5. Dawkins, J.V.; Taylor, G. Makromol. Chem. 1979, 180, 1737. 
6. Dawkins, J.V.; Taylor, G. J.C.S. Faraday I 1980, 76, 1263. 
7. Goodwin, J.W. In "Colloid Science"; Everett, D.H., Ed.; 

Specialist Periodical Report, The Chemical Society: 
London, 1975; Vol. 1, Chapter 7. 

8. Higgins, J.S.; Dawkins, J.V.; Taylor, G. Polymer 1980, 21, 
627. 

9. Dawkins, J.V.; Taylor, G. Colloid Polym.Sci. 1980, 258, 79. 
10. Napper, D.H. J.Colloid Interface Sci. 1977, 58, 390. 
11. Everett, D.H.; Stageman, J.F. Colloid Polym.Sci. 1977, 255, 

293. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

0



10. DAWKINS ET AL. Nonaqueous Radical Dispersion Polymerization 197 

12. Everett, D.H.; Stageman, J.F. Faraday Disc. Chem. Soc. 1978, 
65, 230. 

13. Dawkins, J.V.; Collett, R.W.R. unpublished work, 1979. 
14. Dobry, A.; Boyer-Kawenoki, F. J.Polym.Sci. 1947, 2, 90. 
15. Kern, R.J.; Slocombe, R.J. J.Polym.Sci. 1955, 15, 183. 
16. Brandrup, J.; Immergut, E.H. Eds. "Polymer Handbook"; Wiley­

-Interscience: New York, 1976. 
17. Dawkins, J.V.; Gatehouse, P. unpublished work, 1980. 

RECEIVED April 6, 1981. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

0



11 

The Formation of Coagulum in 
Emulsion Polymerization 

J. W. VANDERHOFF 

Emulsion Polymers Institute and Department of Chemistry, Lehigh University, 
Bethlehem, PA 18015 

In emulsion polymerization, a water-immiscible monomer is 
emulsified in water using an oil-in-water emulsifier and poly­
merized using a water-soluble or oil-soluble initiator. The pro­
duct is a latex, i.e., a colloidal sol comprised of submicro­
scopic polymer spheres suspended in water. The emulsion poly­
merization may be carried out by: (i) batch polymerization in 
which all ingredients are added to the reactor and the mixture is 
heated under agitation to the polymerization temperature: (ii) 
semi-continuous polymerization in which the monomer as well as 
other ingredients are added continuously or in increments over 
the course of the polymerization to remove the heat of reaction 
which would otherwise exceed the cooling capacity of the reactor; 
(iii) continuous polymerization in which all ingredients are 
added continuously to a tubular reactor or a continuous stirred­
tank reactor, either singly or in series, and partially or com­
pletely polymerized latex is removed continuously. 

All three types of emulsion polymerization can be carried 
out using seeded emulsion polymerization, i.e., by adding monomer, 
initiator, and emulsifier to a previously-prepared small-particle­
-size latex, the particles of which grow in size without initia­
tion of a new crop of particles. The purpose of seeded emulsion 
polymerization is to avoid the uncertainties of the particle ini­
tiation stage, obtain better batch-to-batch reproducibility, and 
give a stable latex of the desired particle size. 

The usual description of these different polymerization pro­
cesses suggests that all produce stable latexes and various hypo­
theses have been advanced to explain the stability of these la­
texes to such factors as added electrolyte, mechanical shear and 
freezing and thawing. In the literature, there is little mention 
of the fact that many of these polymerizations produce varying 
amounts of coagulum, i.e., polymer recovered in a form other than 
that of a stable latex. This coagulum is produced in all sizes 
of polymerization reactors, ranging from the smallest laboratory 

0097-6156/81/0165-0199$05.00/0 
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200 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

r e a c t o r t o the l a r g e s t p r o d u c t i o n r e a c t o r . I t may be a mere 
nu i s a n c e i n s m a l l l a b o r a t o r y p o l y m e r i z a t i o n r e a c t o r s , but i n 
l a r g e - s c a l e p o l y m e r i z a t i o n s i t may preven t the s c a l e - u p o f a com­
m e r c i a l l y - a c c e p t a b l e l a t e x o r ex a c t a heavy economic p e n a l t y i n 
lo n g e r c y c l e times and reduced y i e l d s . 

The f o r m a t i o n o f coagulum i s observed i n a l l types o f emul­
s i o n polymers: ( i ) s y n t h e t i c rubber l a t e x e s such as b u t a d i e n e -
s t y r e n e , a c r y l o n i t r i l e - b u t a d i e n e , and b u t a d i e n e - s t y r e n e - v i n y l p y r ­
i d i n e copolymers as w e l l as p o l y b u t a d i e n e , p o l y c h l o r o p r e n e , and 
p o l y i s o p r e n e ; ( i i ) c o a t i n g s l a t e x e s such as s t y r e n e - b u t a d i e n e , 
a c r y l a t e e s t e r , v i n y l a c e t a t e , v i n y l c h l o r i d e , and e t h y l e n e co­
polymers; ( i i i ) p l a s t i s o l r e s i n s such as p o l y v i n y l c h l o r i d e ; ( i v ) 
s p e c i a l t y l a t e x e s such as p o l y e t h y l e n e , p o l y t e t r a f l u o r o e t h y l e n e , 
and o t h e r f l u o r i n a t e d polymers; (v) i n v e r s e l a t e x e s o f p o l y a c r y l a -
mide and o t h e r w a t e r - s o l u b l e polymers prepared by i n v e r s e emulsion 
p o l y m e r i z a t i o n . There are no major l a t e x c l a s s e s produced by 
em u l s i o n p o l y m e r i z a t i o n t h a t are c o m p l e t e l y f r e e o f coagulum f o r ­
m a t i o n d u r i n g o r a f t e r p o l y m e r i z a t i o n . 

The coagulum formed d u r i n g p o l y m e r i z a t i o n may tak e many forms 
and i s commonly r e f e r r e d t o by many names, o f t e n c o l l o q u i a l , e.g., 
r e a c t o r f o u l i n g , f i l t e r a b l e s o l i d s , b u t t o n , sediment, s i l t , g r i t , 
seeds, sand, w a s t e , s c r a p , o r worse. I n t h i s d i s c u s s i o n , t he 
term "coagulum 1 1 w i l l be used t o denote any polymer r e c o v e r e d i n a 
form o t h e r than s t a b l e l a t e x . 

F o r mation o f Coagulum 

The coagulum formed i n a l a t e x can be d i v i d e d i n t o t h r e e 
main t y p e s : ( i ) coagulum formed d u r i n g p o l y m e r i z a t i o n and r e c o v ­
ered from the l a t e x a f t e r w a r d s by f i l t r a t i o n o r s e d i m e n t a t i o n ; 
( i i ) coagulum d e p o s i t e d on the r e a c t o r s u r f a c e s d u r i n g p o l y m e r i z a ­
t i o n , on the w a l l s , r o o f , bottom, a g i t a t o r , b a f f l e , t h e r m o w e l l , o r 
c o o l i n g c o i l ; ( i i i ) coagulum formed i n the l a t e x a f t e r p o l y m e r i z a ­
t i o n , d u r i n g s t o r a g e o r t r a n s p o r t a t i o n . 

The coagulum formed d u r i n g p o l y m e r i z a t i o n may range from a 
s i n g l e lump o f polymer w i t h l i t t l e f l u i d l a t e x t o t i n y s a n d - l i k e 
g r a i n s i n an o t h e r w i s e s t a b l e l a t e x . I t i s u n u s u a l f o r a l a t e x t o 
c o a g u l a t e c o m p l e t e l y d u r i n g p o l y m e r i z a t i o n , t o s o l i d i f y i n the r e ­
a c t o r and cause the a g i t a t o r t o s e i z e ; n e v e r t h e l e s s , i t o c c u r s o f ­
t e n enough to w a r r a n t development of means t o remove the s o l i d i ­
f i e d polymer. U s u a l l y , t he l a t e x c o a g u l a t e s o n l y p a r t i a l l y , t o 
form lumps of coagulum w h i c h can be removed by f i l t r a t i o n o r s e d i ­
m e n t a t i o n o r w h i c h remain i n the r e a c t o r a f t e r the l a t e x i s d r a i n ­
ed; the l a t e x i s u s u a l l y r e l a t i v e l y s t a b l e a f t e r removal o f the 
coagulum. The lumps of coagulum f i l t e r e d from the l a t e x may be 
s o l i d o r porous. The s o l i d lumps may be s o f t and s t i c k y o r h a r d , 
f r i a b l e , and g r a n u l a r a c c o r d i n g t o the polymer and i t s degree o f 
p l a s t i c i z a t i o n w i t h monomer. The porous lumps are u s u a l l y r e l a ­
t i v e l y hard and f r i a b l e . O c c a s i o n a l l y , the coagulum i s too f i n e 
i n p a r t i c l e s i z e t o be removed e a s i l y by f i l t r a t i o n o r sedimenta-
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11. VANDERHOFF Coagulum in Emulsion Polymerization 201 

t i o n ; i n t h i s c a s e , i t remains d i s p e r s e d i n the l a t e x , but mani­
f e s t s i t s e l f as s u r f a c e roughness o r h a z i n e s s when a f i l m i s c a s t 
from the l a t e x . 

The coagulum d e p o s i t e d on the r e a c t o r s u r f a c e s may be lumps 
and a c c r e t i o n s on the r e a c t o r w a l l s o r r o o f and on the a g i t a t o r 
s h a f t and b l a d e s , b a f f l e s , t h e r m o w e l l , o r c o o l i n g c o i l ; i t may be 
d e p o s i t e d on the r e a c t o r as a s u r f a c e l a y e r o r " s k i n " . The lumps 
and a c c r e t i o n s on the v a r i o u s r e a c t o r s u r f a c e s may be s t i c k y o r 
hard and g r a n u l a r a c c o r d i n g to the polymer c o m p o s i t i o n and i t s de­
gree o f p l a s t i c i z a t i o n w i t h monomer. S i m i l a r l y , the s u r f a c e l a y e r 
on the r e a c t o r s u r f a c e may d i s p l a y the p r o p e r t i e s o f the polymer 
i f i t i s r e l a t i v e l y t h i n and u n p l a s t i c i z e d ; a t h i c k e r f i l m p l a s -
t i c i z e d w i t h monomer may be s o f t and s t i c k y . O f t e n , coagulum may 
a l s o be found on the bottom o f the r e a c t o r where i t i s d e p o s i t e d 
when the l a t e x i s d r a i n e d from the r e a c t o r . G e n e r a l l y , the coagu­
lum l e f t i n the r e a c t o r resembles the lumps o f coagulum f i l t e r e d 
from the l a t e x ; however, i n some c a s e s , i t i s d i f f e r e n t , s u ggest­
i n g t h a t i t was formed by a d i f f e r e n t mechanism. 

The coagulum formed i n the l a t e x a f t e r p o l y m e r i z a t i o n d u r i n g 
s t o r a g e o r t r a n s f e r may r e s u l t from f l o c c u l a t i o n o f the l a t e x by 
mech a n i c a l s h e a r , e.g., by pumping the l a t e x from the r e a c t o r to 
the s t o r a g e tank and from the s t o r a g e tank to the tank c a r o r 
t r u c k , t r a n s p o r t a t i o n t o the c u s t o m e r 1 s p l a n t , and pumping from 
the tank c a r o r t r u c k i n t o the c u s t o m e r 1 s s t o r a g e tank. Coagulum 
may a l s o be formed by temperature v a r i a t i o n s w i t h i n the l a t e x 
d u r i n g s t o r a g e o r t r a n s p o r t a t i o n . Of c o u r s e , f r e e z i n g o f t e n 
causes f l o c c u l a t i o n o f l a t e x e s ; however, the s t a b i l i t y o f l a t e x e s 
v a r i e s w i t h temperature above the f r e e z i n g p o i n t , and a l a t e x t h a t 
i s s t a b l e a t room temperature may s l o w l y f l o c c u l a t e when the tem­
p e r a t u r e i s r a i s e d o r lowered s u f f i c i e n t l y . T h i s slow f l o c c u l a ­
t i o n may not be n o t i c e a b l e over a s h o r t t i m e , but may r e s u l t i n 
the f o r m a t i o n o f s i g n i f i c a n t coagulum over a l o n g e r t i m e . Indeed 
a c c e l e r a t e d s t o r a g e s t a b i l i t y t e s t s , e.g., h e a t i n g the l a t e x a t 
50°, a r e o f t e n used i n i n d u s t r y to p r e d i c t s t o r a g e s t a b i l i t y a t 
ambient c o n d i t i o n s . A l s o , some l a t e x e s may c o n t a i n m i c r o s c o p i c 
polymer p a r t i c l e s t h a t s l o w l y s e t t l e o r cream d u r i n g s t o r a g e . 
The c r i t i c a l p a r t i c l e s i z e f o r s e t t l i n g o r creaming can be e s t i m a ­
ted u s i n g Overbeek fs c r i t e r i o n ( 1 ) , i . e . , a p a r t i c l e t h a t s e t t l e s 
o r creams a t a r a t e of o n l y 1 mm i n 24 hours a c c o r d i n g to Stokes 
law w i l l never s e t t l e o r cream i n p r a c t i c e because o f the 
Brownian motion o f the p a r t i c l e s and the chance thermal convec­
t i o n w i t h i n the sample^ For example, f o r p o l y s t y r e n e p a r t i c l e s 
( d e n s i t y = 1.050 gm/cm ) the c r i t i c a l s i z e f o r s e t t l i n g i n water 
i s 0.65 ym, which has been co n f i r m e d by many o b s e r v a t i o n s o f the 
s t o r a g e s t a b i l i t y o f monodisperse p o l y s t y r e n e l a t e x e s . The s e t ­
t l i n g o r creaming o f these m i c r o s c o p i c p a r t i c l e s may form a dense 
l a y e r which w i l l not pass through a f i l t e r and thus appear as co­
agulum . 

The f o r m a t i o n o f coagulum d u r i n g o r a f t e r p o l y m e r i z a t i o n 
p r e s e n t s s e r i o u s problems i n i n d u s t r i a l l a t e x p r o d u c t i o n f o r sev-

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

1



202 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

e r a l r e a s o n s : ( i ) i t d e c r e a s e s t h e y i e l d o f the polymer by the 
amount o f coagulum formed; ( i i ) i t i n c r e a s e s the "down t i m e " o f 
the r e a c t o r , thus l e n g t h e n i n g t he c y c l e time u n p r e d i c t a b l y ; ( i i i ) 
i t n e c e s s i t a t e s c l e a n i n g the r e a c t o r between s u c c e s s i v e p o l y m e r i ­
z a t i o n b a t c h e s ; ( i v ) i t i n c r e a s e s the b a t c h - t o - b a t c h v a r i a t i o n i n 
l a t e x q u a l i t y and p r o p e r t i e s ; (v) the coagulum must be d i s p o s e d o f 
u s u a l l y by i n c i n e r a t i o n o r b u r i a l i n s a n i t a r y l a n d f i l l ; ( v i ) the 
s w e l l i n g o f coagulum w i t h monomer may pose a h e a l t h h a z a r d , p a r ­
t i c u l a r l y f o r monomers t h a t have been shown, o r a r e s u s p e c t e d , t o 
be t o x i c , e.g., v i n y l c h l o r i d e and a c r y l o n i t r i l e . These d i s a d v a n ­
tages emphasize the importance o f d e t e r m i n i n g the mechanism o f c o ­
agulum f o r m a t i o n and d e v e l o p i n g methods to reduce o r e l i m i n a t e i t . 

Mechanism o f Form a t i o n o f Coagulum 

Two mechanisms proposed f o r the f o r m a t i o n o f coagulum a r e : 
( i ) a f a i l u r e o f the c o l l o i d a l s t a b i l i t y o f the l a t e x d u r i n g o r 
a f t e r the p o l y m e r i z a t i o n , t o cause f l o c c u l a t i o n o f the p a r t i c l e s 
and e v e n t u a l l y form m i c r o s c o p i c and macroscopic coagulum; ( i i ) 
p o l y m e r i z a t i o n o f the monomer by a mechanism o t h e r than t h a t o f 
emulsion p o l y m e r i z a t i o n , to g i v e polymer o f d i f f e r e n t form than 
l a t e x p a r t i c l e s . 

L a t e x S t a b i l i t y F a i l u r e 

The f a i l u r e o f l a t e x s t a b i l i t y , a n d the r e s u l t a n t f l o c c u l a t i o n 
o f the l a t e x p a r t i c l e s , m a y cause the f o r m a t i o n o f coagulum t h a t i s 
rec o v e r e d from the l a t e x a f t e r p o l y m e r i z a t i o n as w e l l as a b u i l d u p 
on the r e a c t o r s u r f a c e s . Moreover, the i n h e r e n t i n s t a b i l i t y o f 
the l a t e x may a l s o cause f l o c c u l a t i o n d u r i n g s t o r a g e o r t r a n s p o r ­
t a t i o n . 

The e x p e r i m e n t a l f a c t o r s t h a t a f f e c t the s t a b i l i t y o f the l a ­
t e x d u r i n g and a f t e r p o l y m e r i z a t i o n a r e the r e c i p e used f o r the 
p o l y m e r i z a t i o n , t h e type and i n t e n s i t y o f a g i t a t i o n d u r i n g and a f ­
t e r t he p o l y m e r i z a t i o n , the temperature o f p o l y m e r i z a t i o n and 
s t o r a g e , and the age and s t o r a g e c o n d i t i o n s o f the l a t e x . The r e ­
c i p e used i n the p o l y m e r i z a t i o n i n c l u d e d the mode o f p o l y m e r i z a ­
t i o n , t h e monomer-water r a t i o , the s o l u b i l i t y o f the monomer i n 
water, the e m u l s i f i e r type and c o n c e n t r a t i o n , i n i t i a t o r type and 
c o n c e n t r a t i o n , t o t a l e l e c t r o l y t e c o n c e n t r a t i o n , and i m p u r i t i e s 
p r e s e n t i n the system. 

The s t a b i l i t y o f l a t e x e s d u r i n g and a f t e r p o l y m e r i z a t i o n may 
be a s s e s s e d a t l e a s t q u a l i t a t i v e l y by t h e t h e o r e t i c a l r e l a t i o n ­
s h i p s d e s c r i b i n g t he s t a b i l i t y o f l y o p h o b i c c o l l o i d s . The Verwey-
Overbeek t h e o r y (2) combines the e l e c t r o s t a t i c f o r c e s o f r e p u l s i o n 
between c o l l o i d a l p a r t i c l e s w i t h the London-van der Waals f o r c e s 
o f a t t r a c t i o n . The e l e c t r o s t a t i c f o r c e s o f r e p u l s i o n a r i s e from 
the s u r f a c e charge, e.g., from adsorbed e m u l s i f i e r i o n s , s u r f a c e 
s u l f a t e endgroups i n t r o d u c e d by p e r s u l f a t e i n i t i a t o r , o r i o n i c 
groups i n t r o d u c e d by u s i n g f u n c t i o n a l monomers. These e l e c t r o -
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11. VANDERHOFF Coagulum in Emulsion Polymerization 203 

s t a t i c r e p u l s i o n f o r c e s a r e g r e a t e s t c l o s e s t to the p a r t i c l e s u r ­
f a c e and decrease e x p o n e n t i a l l y w i t h i n c r e a s i n g d i s t a n c e from the 
p a r t i c l e s u r f a c e . The r a t e o f e x p o n e n t i a l decrease i s dependent 
upon the e l e c t r o l y t e c o n c e n t r a t i o n : the h i g h e r the c o n c e n t r a t i o n 
and the h i g h e r the v a l e n c e o f the c o u n t e r i o n s , the more r a p i d the 
decreas e . The London-van der Waals f o r c e s o f a t t r a c t i o n a r i s e 
from the d i f f e r e n c e i n d i e l e c t r i c c o n s t a n t between the p a r t i c l e s 
and the medium. These a t t r a c t i v e f o r c e s a r e g r e a t e s t c l o s e s t to 
the p a r t i c l e s u r f a c e and decrease e x p o n e n t i a l l y w i t h i n c r e a s i n g 
d i s t a n c e from the p a r t i c l e s u r f a c e . U n l i k e the e l e c t r o s t a t i c r e ­
p u l s i o n f o r c e s , the London-van der Waals f o r c e s a r e o n l y s l i g h t l y 
a f f e c t e d by e l e c t r o l y t e c o n c e n t r a t i o n and o t h e r parameters o f the 
system. The net o v e r a l l i n t e r a c t i o n between c o l l o i d a l p a r t i c l e s 
i s d e s c r i b e d by the sum o f the p o t e n t i a l e n e r g i e s o f r e p u l s i o n 
and a t t r a c t i o n . The u s u a l r e s u l t f o r s t a b l e c o l l o i d a l s o l s i s a 
deep p o t e n t i a l energy w e l l o f a t t r a c t i o n a t v e r y s m a l l i n t e r p a r -
t i c l e d i s t a n c e s , w i t h the p o t e n t i a l energy o f i n t e r a c t i o n r i s i n g 
s h a r p l y to a r e p u l s i o n peak a t s l i g h t l y g r e a t e r d i s t a n c e s , f o l ­
lowed by a slow decrease to zero w i t h i n c r e a s i n g i n t e r p a r t i c l e 
d i s t a n c e . For r e l a t i v e l y l a r g e p a r t i c l e s , the slow decrease from 
the r e p u l s i o n peak may g i v e a s h a l l o w secondary minimum o f a t t r a c ­
t i o n a t r e l a t i v e l y l a r g e i n t e r p a r t i c l e d i s t a n c e s . Thus the o v e r ­
a l l i n t e r a c t i o n w i l l r e s u l t i n f l o c c u l a t i o n i f the energy o f c o l ­
l i s i o n i s g r e a t enough to surmount the r e p u l s i o n peak and the i n ­
t e r p a r t i c l e d i s t a n c e decreases to t h a t c o r r e s p o n d i n g to the deep 
pr i m a r y a t t r a c t i o n p o t e n t i a l energy w e l l . Once f l o c c u l a t e d i n 
the primary p o t e n t i a l energy w e l l , the p a r t i c l e s a r e d i f f i c u l t to 
se p a r a t e and w i l l remain i n the f l o c c u l a t e d s t a t e . An i n c r e a s e 
i n e l e c t r o l y t e c o n c e n t r a t i o n o r v a l e n c e o f the c o u n t e r i o n l o w e r s 
the r e p u l s i o n peak and thus f a v o r s f l o c c u l a t i o n . S i m i l a r l y , p a r ­
t i c l e s f l o c c u l a t e d i n the secondary a t t r a c t i o n minimum may be r e -
d i s p e r s e d w i t h o u t d i f f i c u l t y . 

I n a d d i t i o n to e l e c t r o s t a t i c r e p u l s i o n and London^van der 
Waals a t t r a c t i o n , s t e r i c s t a b i l i z a t i o n (3) must be taken i n t o a c ­
count. S t e r i c s t a b i l i z a t i o n r e s u l t s from the a d s o r p t i o n o f an 
uncharged h y d r a t e d s p e c i e s on the p a r t i c l e s u r f a c e , which h i n d e r s 
the approach o f o t h e r p a r t i c l e s and thus a c t s as a mech a n i c a l b a r ­
r i e r to f l o c c u l a t i o n . S t e r i c s t a b i l i z e r s i n c l u d e such uncharged 
w a t e r - s o l u b l e polymers as m e t h y l c e l l u l o s e o r n o n i o n i c e m u l s i f i e r s 
such as n o n y l p h e n o l - e t h y l e n e o x i d e a dducts. The p o t e n t i a l energy 
of i n t e r a c t i o n between s t e r i c a l l y - s t a b i l i z e d c o l l o i d a l p a r t i c l e s 
i s r e p u l s i o n a t v e r y s m a l l i n t e r p a r t i c l e d i s t a n c e s , f o l l o w e d by a 
r a p i d decrease to a s h a l l o w a t t r a c t i o n w e l l a t somewhat l a r g e r 
d i s t a n c e s , an i n c r e a s e to a r e l a t i v e l y low r e p u l s i o n peak a t 
s l i g h t l y g r e a t e r d i s t a n c e s , and a slow decrease to zero w i t h i n ­
c r e a s i n g d i s t a n c e . Thus s t e r i c a l l y - s t a b i l i z e d p a r t i c l e s tend to 
f l o c c u l a t e i n the s h a l l o w p o t e n t i a l energy w e l l and are r e l a t i v e ­
l y easy to r e d i s p e r s e . 

I t s h o u l d be noted, however, t h a t the same uncharged polymer 
m o l e c u l e s t h a t g i v e r i s e to s t e r i c s t a b i l i z a t i o n a l s o may cause 
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204 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

f l o c c u l a t i o n o f c o l l o i d a l p a r t i c l e s by " b r i d g i n g 1 1 ( 4 ) . S t e r i c 
s t a b i l i z a t i o n r e s u l t s from the a d s o r p t i o n o f an uncharged h y d r a t e d 
polymer m o l e c u l e on a s i n g l e p a r t i c l e , perhaps w i t h l o o p s o f the 
polymer c h a i n e x t e n d i n g i n t o the aqueous phase. F l o c c u l a t i o n may 
r e s u l t from the a d s o r p t i o n o f the same m o l e c u l e on more than one 
p a r t i c l e to form a " b r i d g e " between them; a s u f f i c i e n t number o f 
such b r i d g e s would cause complete f l o c c u l a t i o n o f the l a t e x . The 
r e s u l t o f a d d i t i o n o f such polymers s t e r i c s t a b i l i z a t i o n o r 
f l o c c u l a t i o n i s determined by the s p e c i f i c system, the r e l a ­
t i v e c o n c e n t r a t i o n o f polymer and p a r t i c l e s , and the method o f 
m i x i n g the polymer w i t h the l a t e x . Such f l o c c u l a t i o n i s a l s o ob­
ser v e d w i t h polymer m o l e c l u e s c o n t a i n i n g i o n i c groups. I t s h o u l d 
be emphasized t h a t the use o f f u n c t i o n a l monomers such as a c r y l i c 
a c i d o r 2 - s u l f o e t h y l m e t h a c r y l a t e may form such polymers i n the 
aqueous serum o f the l a t e x . 

The f l o c c u l a t i o n o f c o l l o i d a l p a r t i c l e s can be d i v i d e d i n t o 
two main t y p e s : ( i ) d i f f u s i o n - c o n t r o l l e d f l o c c u l a t i o n ; ( i i ) a g i ­
t a t i o n - i n d u c e d f l o c c u l a t i o n . The d i f f u s i o n - c o n t r o l l e d f l o c c u l a ­
t i o n has been a n a l y z e d t h e o r e t i c a l l y by von Smoluchowski ( 5 ) . 
Each p a r t i c l e i s c o n s i d e r e d as a c e n t e r to which o t h e r p a r t i c l e s 
d i f f u s e by Browian m o t i o n . Thus the r a t e o f f l o c c u l a t i o n i s p r o ­
p o r t i o n a l t o the square o f the number o f p a r t i c l e s . The o r i g i n a l 
t reatment assumed t h a t a l l i n t e r p a r t i c l e c o l l i s i o n s were e f f e c ­
t i v e i n c a u s i n g f l o c c u l a t i o n . L a t e r m o d i f i c a t i o n s ( 6 ) assumed 
t h a t the p o t e n t i a l energy b a r r i e r between p a r t i c l e s r e s i s t s f l o c ­
c u l a t i o n and t h a t o n l y those c o l l i s i o n s w i t h s u f f i c i e n t energy to 
overcome t h i s b a r r i e r w i l l cause f l o c c u l a t i o n . The a g i t a t i o n -
i nduced f l o c c u l a t i o n has a l s o been a n a l y z e d t h e o r e t i c a l l y ( 7 ) . 
I n t h i s c a s e , the r a t e o f f l o c c u l a t i o n depends upon the c o l l i s i o n 
r a d i i o f the p a r t i c l e s and the r a t e o f sh e a r . A c o m b i n a t i o n o f 
the two t h e o r i e s ( 8 ) shows t h a t d i f f u s i o n - c o n t r o l l e d f l o c c u l a t i o n 
i s predominant a t p a r t i c l e s i z e s o f c a . O.lym, but a g i t a t i o n - i n ­
duced f l o c c u l a t i o n becomes e q u i v a l e n t a t s i z e s o f c a . lym and be­
comes predominant a t l a r g e r p a r t i c l e s i z e s . T h i s f i n d i n g a p p l i e d 
to l a t e x e s suggests t h a t the i n i t i a l s t a g e s o f f l o c c u l a t i o n a r e 
d i f f u s i o n - c o n t r o l l e d , but as the aggregates grow i n s i z e , they 
e v e n t u a l l y r e a c h t h e s i z e where a g i t a t i o n - i n d u c e d f l o c c u l a t i o n 
becomes c o m p e t i t i v e , and grow much more r a p i d l y when the a g i t a ­
t i o n - i n d u c e d f l o c c u l a t i o n becomes predominant. Thus an i n h e r e n t 
i n s t a b i l i t y o f a l a t e x d u r i n g p o l y m e r i z a t i o n may r e s u l t i n an 
a u t o a c c e l e r a t i n g f l o c c u l a t i o n o f the p a r t i c l e s as the p o l y m e r i z a ­
t i o n proceeds. 

The f o r m a t i o n o f coagulum can o f t e n be c o r r e l a t e d w i t h : ( i ) 
c o n v e r s i o n ; ( i i ) a g i t a t i o n r a t e ; ( i i i ) mode o f a d d i t i o n o f i n g r e ­
d i e n t s . G e n e r a l l y , the amount o f coagulum formed i n c r e a s e s w i t h 
i n c r e a s i n g c o n v e r s i o n , but t h i s o b s e r v a t i o n may be the r e s u l t o f 
an i n i t i a l s t a b i l i t y f a i l u r e w h i c h becomes more o b v i o u s as the 
p o l y m e r i z a t i o n proceeds. S i n c e l a t e x e s can be f l o c c u l a t e d by 
mec h a n i c a l s h e a r , t he a g i t a t i o n r a t e used must be s u f f i c i e n t to 
g i v e good m i x i n g and heat t r a n s f e r , y e t n o t so g r e a t as to cause 
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11. VANDERHOFF Coagulum in Emulsion Polymerization 205 

f l o c c u l a t i o n . G e n e r a l l y , f o r b a t c h p o l y m e r i z a t i o n s , the a g i t a ­
t i o n r a t e s h o u l d be v i g o r o u s to form the monomer e m u l s i o n , moder­
a t e from the i n i t i a t i o n o f p o l y m e r i z a t i o n to the disappearance o f 
the monomer d r o p l e t s , and m i l d ( o n l y s u f f i c i e n t to m a i n t a i n good 
heat t r a n s f e r and m i x i n g ) t h e r e a f t e r . The mode of a d d i t i o n o f 
i n g r e d i e n t s a l s o a f f e c t s t he f o r m a t i o n o f coagulum, e.g., c o n t i n ­
uous a d d i t i o n o f monomer o f t e n reduces the amount of coagulum 
compared to t h a t formed i n b a t c h p o l y m e r i z a t i o n . 

D i f f e r e n t Mechanism of P o l y m e r i z a t i o n 

P o l y m e r i z a t i o n o f monomer by a d i f f e r e n t mechanism a l s o 
causes the f o r m a t i o n of coagulum. Coagulum found i n the l a t e x 
may r e s u l t from p o l y m e r i z a t i o n i n l a r g e monomer d r o p l e t s o r a 
se p a r a t e l a y e r o f monomer. I n most p o l y m e r i z a t i o n s , monomer 
em u l s i o n d r o p l e t s a r e l-10ym i n diamete r . The chance e n t r y o f a 
r a d i c a l i n t o these d r o p l e t s causes t h e i r p o l y m e r i z a t i o n to form 
m i c r o s c o p i c (as opposed to s u b m i c r o s c o p i c ) p a r t i c l e s ; however, 
a l t h o u g h these m i c r o s c o p i c p a r t i c l e s a r e l e s s s t a b l e than the 
su b m i c r o s c o p i c p a r t i c l e s , the presence o f o n l y a few such p a r t i c ­
l e s i s u s u a l l y not s u f f i c i e n t to r e s u l t i n the f o r m a t i o n o f coag­
ulum. I n l a r g e r e a c t o r s , however, t h e r e may e x i s t l a r g e monomer 
drops as w e l l as a se p a r a t e l a y e r o f monomer, p a r t i c u l a r l y i f the 
a g i t a t i o n i s not s u f f i c i e n t to mix a l l p a r t s o f the system e q u a l ­
l y w e l l . I n t h i s case, e n t r y o f r a d i c a l s i n t o these l a r g e drops 
and the s e p a r a t e l a y e r w i l l cause a b u l k p o l y m e r i z a t i o n t h a t w i l l 
c e r t a i n l y r e s u l t i n the f o r m a t i o n o f coagulum. 

The coagulum d e p o s i t e d on the r e a c t o r s u r f a c e s may be the 
r e s u l t o f p o l y m e r i z a t i o n i n l a r g e monomer drops o r a s e p a r a t e 
monomer l a y e r , o r i t may be the r e s u l t o f p o l y m e r i z a t i o n o f the 
monomer i n the vapor space above the l a t e x o r a s u r f a c e p o l y m e r i ­
z a t i o n on the w a l l s and r o o f o f the r e a c t o r . P o l y m e r i z a t i o n i n 
the vapor space o f the r e a c t o r w i l l form s o l i d polymer i n the 
form o f p a r t i c l e s which may s t i c k to the r e a c t o r s u r f a c e s o r f a l l 
i n t o the l a t e x ; i n the l a t e r c a s e , t h e s e p a r t i c l e s s e r v e as nu­
c l e i f o r the f o r m a t i o n of coagulum. P o l y m e r i z a t i o n o f monomer on 
the r e a c t o r s u r f a c e s w i l l form s o l i d p a r t i c l e s t h a t become s w o l ­
l e n w i t h monomer and grow by f l o c c u l a t i o n o f the l a t e x p a r t i c l e s . 
The s u r f a c e p o l y m e r i z a t i o n can be r e l a t e d t o the smoothness o f 
the r e a c t o r s u r f a c e ; the smoother the s u r f a c e , the l e s s e r the 
tendency f o r s u r f a c e p o l y m e r i z a t i o n and f o r m a t i o n o f coagulum. 
I n t h i s r e s p e c t , g l a s s - l i n e d r e a c t o r s a r e s u p e r i o r t o s t a i n l e s s 
s t e e l r e a c t o r s , a l t h o u g h h i g h l y p o l i s h e d s t a i n l e s s s t e e l s u r f a c e s 
a r e o f t e n s a t i s f a c t o r y . Spots where the g l a s s l i n i n g has been 
f r a c t u r e d and i s m i s s i n g , o r s c r a t c h e s i n the s t a i n l e s s s t e e l 
w a l l s , s e r v e as n u c l e i f o r the f o r m a t i o n of coagulum. The impor­
t a n t parameter i s the w e t t i n g of the r e a c t o r s u r f a c e by the mon­
omer-polymer phase; such w e t t i n g i s f a c i l i t a t e d by s u r f a c e rough­
ness o r d i s c o n t i n u i t i e s and i n h i b i t e d by a p e r f e c t l y smooth s u r ­
f a c e . 
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206 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

E l i m i n a t i o n o f Coagulum 

There a r e no g e n e r a l methods or approaches to e l i m i n a t e the 
f o r m a t i o n o f coagulum i n emulsion p o l y m e r i z a t i o n s . Each polymer­
i z a t i o n system must be c o n s i d e r e d s e p a r a t e l y , and a l t h o u g h reme­
d i e s worked out i n one system may be u s e f u l i n another system, 
these d i f f e r e n c e s a r e such t h a t t h e r e a r e o n l y a few g e n e r a l i z a ­
t i o n s t h a t can be a p p l i e d . G e n e r a l l y , the coagulum can be r e ­
duced o r e l i m i n a t e d by m o d i f i c a t i o n of the p o l y m e r i z a t i o n r e c i p e 
and t e c h n i q u e o r by m o d i f i c a t i o n of the r e a c t o r . There a r e sev­
e r a l approaches to reduce o r e l i m i n a t e coagulum by m o d i f i c a t i o n 
of the p o l y m e r i z a t i o n r e c i p e and te c h n i q u e : ( i ) the s u b s t i t u t i o n 
of a seeded system f o r a unseeded system o f t e n e l i m i n a t e s the 
f o r m a t i o n o f a coagulum and decreases the b a t c h - t o - b a t c h v a r i a ­
t i o n s i n product p r o p e r t i e s ; ( i i ) a d d i t i o n o f s t a b i l i z i n g e m u l s i ­
f i e r a t the a p p r o p r i a t e c o n v e r s i o n may s t a b i l i z e p a r t i c l e s t h a t 
would o t h e r w i s e f l o c c u l a t e ; ( i i i ) r i g o r o u s temperature c o n t r o l 
o f t e n decreases the amount of coagulum formed whereas a l l o w i n g 
the temperature to r i s e s l i g h t l y d u r i n g the r a p i d exothermic 
p o l y m e r i z a t i o n g i v e s r i s e to f o r m a t i o n o f coagulum; ( i v ) v a r y i n g 
the mode of monomer a d d i t i o n may e l i m i n a t e the f o r m a t i o n of coag­
ulum, e.g., adding the monomer c o n t i n u o u s l y i n s t e a d o f a t the be­
g i n n i n g o f the r e a c t i o n ; (v) v a r i a t i o n o f the a g i t a t i o n r a t e , 
u s u a l l y a decrease a t each stage o f the r e a c t i o n to the l e v e l 
j u s t s u f f i c i e n t to m a i n t a i n good t r a n s f e r and m i x i n g ; ( v i ) a b e t ­
t e r u n d e r s t a n d i n g o f the p o l y m e r i z a t i o n system may suggest a l t e r ­
a t i o n s o f the r e c i p e t h a t w i l l be e f f e c t i v e . 

There a r e s e v e r a l approaches to reduce o r e l i m i n a t e the f o r ­
m ation of coagulum by m o d i f i c a t i o n o f the r e a c t o r d e s i g n : ( i ) 
s u b s t i t u t i o n o f a semi-continuous process f o r a b a t c h p r o c e ss and 
a c o n t i n u o u s p r o c ess f o r a semi-continuous p r o c e s s ; ( i i ) s u b s t i ­
t u t i o n o f a d i f f e r e n t r e a c t o r c o n f i g u r a t i o n , e.g., a tumbler type 
may g i v e l e s s coagulum than a s t i r r e d tank r e a c t o r and a tube r e ­
a c t o r used f o r c o n t i n u o u s p o l y m e r i z a t i o n may g i v e l e s s coagulum 
than a b a t c h r e a c t o r ; ( i i i ) m o d i f i c a t i o n of the a g i t a t o r and b a f ­
f l e system to ensure u n i f o r m a g i t a t i o n throughout the r e a c t o r and 
complete but m i l d m i x i n g o f the i n g r e d i e n t s ; ( i v ) b e t t e r tempera­
t u r e c o n t r o l ; (v) d i f f e r e n t mode of a d d i t i o n o f i n g r e d i e n t s , 
e.g., a d d i t i o n o f monomer below the s u r f a c e o f the l a t e x r a t h e r 
than by dr o p p i n g i t through the vapor space to the upper s u r f a c e 
of the l a t e x . 

D e s p i t e these g e n e r a l i z a t i o n s , the r e d u c t i o n o r e l i m i n a t i o n 
o f coagulum i s u s u a l l y b e s t a c c o m p l i s h e d by a "systems approach", 
i . e . , a c o n s i d e r a t i o n of l a t e x p r o p e r t i e s t o be a c h i e v e d i n the 
emulsion p o l y m e r i z a t i o n , the economics o f the p o l y m e r i z a t i o n p r o ­
c e s s , and the d e l i b e r a t e d e s i g n o f the r e a c t o r system f o r t h a t 
p a r t i c u l a r p o l y m e r i z a t i o n system. Each p o l y m e r i z a t i o n system 
must be c o n s i d e r e d as a s e p a r a t e system and t r e a t e d as such. The 
most e f f e c t i v e approach to reduce o r e l i m i n a t e the f o r m a t i o n of 
coagulum i s to determine the mechanism by which i t i s formed and 
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11. VANDERHOFF Coagulum in Emulsion Polymerization 207 

the approximate stage in the conversion at which it is formed. 
Once this is known, the remedies usually suggest themselves. 
Without this knowledge, the efforts are limited to cut-and-try 
methods without basis in mechanism or logic. 

Abstract 

Coagulum is formed in many emulsion polymerizations, from the 
smallest laboratory size to the largest production reactors. It 
is observed in many forms, from a single lump of polymer with lit­
tle or no fluid latex to tiny sand-like grains suspended in an 
otherwise stable latex. Usually, it is found as lumps in the la­
tex or deposited on the reactor surfaces. The type and amount of 
coagulum formed depends upon the polymer system and the polymeri­
zation recipe and technique. Two mechanisms are proposed for the 
formation of coagulum: (i) a failure of the stability of the la­
tex, giving rise to flocculation and growth of the aggregates to 
macroscopic size; (ii) a different mechanism of polymerization, 
e.g., polymerization in large monomer drops or a separate monomer 
layer in the vapor space above the latex and on the reactor sur­
faces. The factors affecting latex stability during polymeriza­
tion (electrostatic repulsion, London-van der Waals attraction, 
steric stabilization, flocculation by "bridging") as well as the 
possibility of polymerization by mechanisms other than emulsion 
polymerizations are discussed in terms of the parameters of poly­
merization. Generalizations on the formation of coagulum as a 
function of the parameters of the polymerization are reviewed, 
and recommendations are made to reduce or eliminate coagulum in 
specific cases. Generally, however, the reduction or elimination 
of coagulum depends upon the examination of the particular system 
and the determination of the mechanism and the time of coagulum 
formation, which determines the appropriate remedy. 
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12 
Effect of Spray Drying Parameters on Polyvinyl 
Chloride Resin Particle Size Distribution and 
Plastisol Rheology 
D. J. HOFFMANN and P. M. SAFFRON 
Diamond Shamrock Corporation, T. R. Evans Research Center, 
Painesville, OH 44077 

PVC plastisols are dispersions of very small PVC particles 
in a plasticizer. These very small particles are made by spray 
drying PVC latex. The latex particles range in size from 0.1 to 
2.0 micrometers and the distribution is extended to around 80 
micrometers due to the agglomerates formed in the spray drying 
process. The spray dried agglomerated particles can make up a 
large percentage of the total resin particle size distribution. 
The agglomerates can have various degrees of fusion depending 
on the drying parameters such as temperature, latex solids 
concentration and atomized droplet size. 

The viscosity of a plastisol is primarily determined by the 
particle size (PS) and particle size distribution (PSD) of the 
resin (1,2). Studies have shown that agglomerates play an 
important role in the plastisol viscosity and viscosity aging(3,9) 
Although it is recognized that the drying operation is important 
in the determination of the resin PS and PSD, its effects are not 
clearly understood. We therefore undertook a study to determine 
the effect of drying parameters on resin PSD and subsequent 
plastisol viscosity and viscosity aging. A single latex was used 
to eleviate the confounding effects of latex parameters on spray 
drying. The area of latex parameter/spray drying effects will be 
the topic of a future paper. 

Experimental 

Latex Preparation & Analysis. Deionized water was used for 
the aqueous phase in the polymerization and commercial grade 
vinyl chloride monomer (99.9% pure) was used without further 
purification. The emulsifier was a salt of a sulfated fatty 
alcohol, and the emulsifier solution for metering was prepared 
to have 0.15 mol/L in water. The initiator system was a water 
soluble redox system. 

The polymerization was conducted in a 50-gal. pilot plant 
reactor using the charge procedure described by Jones and 
Schaefer. (4) The polymerization was seeded with a PVC seed 
latex produced in a separate polymerization. During the 

0097-6156/81/0165-0209$05.00/0 
© 1981 American Chemical Society 
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210 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

p o l y m e r i z a t i o n , i n i t i a t o r and e m u l s i f i e r were metered i n t o the 
r e a c t o r . At the end of the p o l y m e r i z a t i o n (noted by a p r e s s u r e 
drop of 45 p s i g ) , the r e m a i n i n g monomer was s t r i p p e d o f f . The 
s t r i p p e d l a t e x c o n t a i n e d 40.6% s o l i d s and l e s s than 2000 ppm 
r e s i d u a l v i n y l c h l o r i d e monomer. 

An I C I - J o y c e L o e b l D i s c C e n t r i f u g e MK I I I , a photosedimento-
meter, was used t o measure the l a t e x p a r t i c l e s i z e d i s t r i b u t i o n . 
The l a t e x had a unimodal p a r t i c l e s i z e d i s t r i b u t i o n w i t h a 
diameter o f 1.05 micrometers ( s u r f a c e a r e a a v e r a g e ) . The methods 
of s e p a r a t i n g l a t e x p a r t i c l e s by a c e n t r i f u g a l f i e l d and d e t e c t ­
i n g the s i z e d i s t r i b u t i o n by a p h o t o c e l l may be found i n the 
l i t e r a t u r e . (1*^1) 

L a t e x D r y i n g . The s t r i p p e d l a t e x was d r i e d i n a p i l o t p l a n t 
NICH0LS/NIR0 spray d r i e r u s i n g c e n t r i f u g a l d i s c a t o m i z a t i o n . 
D i f f e r e n t d i s c speeds were o b t a i n e d by changing the a t o m i z e r 
d r i v e p u l l e y s . The d i s c speeds c o u l d be v a r i e d between 10,000-
24,000 rev/min, ( t i p speeds 62-150 m/sec) and were measured w i t h 
a tachometer. The d r y e r has a 1.22 m i n s i d e diameter and i s 
heated by a g a s - f i r e d h e a t e r . For a g i v e n d r y e r i n l e t temperature^ 
the d r y e r o u t l e t temperature i s c o n t r o l l e d by v a r y i n g the fe e d 
r a t e to the a t o m i z e r , e.g. i n c r e a s i n g t he feed r a t e l o w e r s the 
o u t l e t temperature. The d r i e d r e s i n was c o l l e c t e d i n a c y c l o n e . 

P a r t i c l e S i z e A n a l y s i s . P a r t i c l e s i z e d i s t r i b u t i o n measure­
ments of the dry r e s i n were made u s i n g a M i c r o m e r i t i c s S edigraph 
5000D p a r t i c l e s i z e a n a l y z e r . T h i s i n s t r u m e n t employs a g r a v i t y 
s e t t l i n g t e c h n i q u e and uses Stokes law t o determine the p a r t i c l e 
s i z e . The PSD was r u n over the s i z e range of 0.36 t o 100 
micrometers. A l l measurements were made i n d i b u t y l sebacate as 
the suspending medium. 

V i s c o s i t y Measurements. P l a s t i s o l s were p r e p a r e d by m i x i n g 
60 p a r t s p l a s t i c i z e r , d i o c t y l p h t h a l a t e (DOP), w i t h 100 p a r t s 
r e s i n u s i n g a l a b o r a t o r y s c a l e paddle type mixer. The v i s c o s i t y 
measurements were conducted on a Rheometrics Conometer equipped 
w i t h a h i g h s e n s i t i v i t y torque c e l l (10~6 t o 10~9 Kg-m). Ag i n g 
b e h a v i o r was f o l l o w e d by r u n n i n g v i s c o s i t y a n a l y s e s a f t e r 2 hours, 
24 hour s , and 7 days. The r e p r o d u c i b i l i t y o f the v i s c o s i t y 
a n a l y s i s was determined t o be v e r y good. V i s c o s i t y d a t a e r r o r i s 
l e s s than 5% f o r r e a n a l y s i s o f a g i v e n mix. Remixing and a n a l y s i s 
of a g i v e n sample g i v e s an e r r o r o f l e s s than 10%. 

0max D e t e r m i n a t i o n s . The maximum volume f r a c t i o n o f r e s i n 
t h a t forms a f l o w a b l e system was determined by the f o l l o w i n g 
procedure : 

1. A mix was prepared u s i n g r e s i n and 37% by volume DOP. 
2. A d d i t i o n a l p l a s t i c i z e r was added and hand s t i r r e d u n t i l 

a smooth p a s t e r e s u l t e d . ( I n g e n e r a l , the p a s t e s were 
h i g h l y d i l a t e n t . The a d d i t i o n o f p l a s t i c i z e r was h a l t e d 
when a s h i n y t e x t u r e was n o t i c e d . ) 
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12. HOFFMANN AND SAFFRON PVC Resin Particle Size Distribution 111 

3. <j>max = (WT /p )/(WT ρ +WT ρ ) r r r r ρ κ ρ ' 
WT = WT. of R e s i n r 

= D e n s i t y of R e s i n 
WT = Wt. of P l a s t i c i z e r 

Ρ 
ρ = D e n s i t y o f P l a s t i c i z e r 

The e n d p o i n t d e t e r m i n a t i o n , w h i l e s u b j e c t i v e was found to give 
v a l u e s of <J>max t o w i t h i n ±.02. T h i s procedure was taken from the 
t h e s i s work of G. W i l l i a m s a t L e h i g h U n i v e r s i t y . ( H ) 

M i c r o s c o p y . Scanning e l e c t r o n m i c r o s c o p y was run on r e s i n 
samples u s i n g a AMR 1200 Scanning E l e c t r o n M i c r o s c o p e . The 
samples were mounted on the stub u s i n g double s t i c k tape and then 
s p u t t e r coated w i t h g o l d . 

O p t i c a l m icroscopy of r e s i n and p l a s t i s o l s were conducted 
u s i n g t r a n s m i t t e d l i g h t on a Z e i s s O p t i c a l M i c r o s c o p e . 

R e s u l t s 

P a r t i c l e S i z e A n a l y s i s . The PSD f o r each unground r e s i n i n 
a p l a s t i s o l f o r m u l a t i o n ( u s i n g d i b u t y l sebacate as the p l a s t i c i ­
z e r ) was determined w i t h the f o l l o w i n g outcome: 

1. P a r t i c l e s i z e of the p r i m a r y emulsion p a r t i c l e s was 
u n a f f e c t e d by the spray d r y i n g o p e r a t i o n . 

2. A g g l o m e r a t i o n i n c r e a s e s w i t h i n c r e a s i n g o u t l e t tempera­
t u r e , ( F i g u r e I ) . 

3. A g g l o m e r a t i o n i n c r e a s e s w i t h i n c r e a s i n g a t o m i z e r speed, 
( F i g u r e I I ) . 

4. A g g l o m e r a t i o n i n c r e a s e s w i t h i n c r e a s i n g i n l e t tempera­
t u r e , ( F i g u r e I I I ) . 

The e f f e c t s of d r y e r temperatures and a t o m i z e r speeds on the 
pe r c e n t of a g g l o m e r a t i o n p r e s e n t i n the p l a s t i s o l s are a l s o 
shown i n Table I . 

Table I 

EFFECT OF DRYER CONDITIONS 
ON RESIN AGGLOMERATION (%)* 

DRYER ATOMIZER TIP SPEED (M/SEC) 
INLET/OUTLET (°C) 79 98 118 138 

150/60 8 17 25 35 
150/75 35 45 60 70 
180/60 18 20 30 35 
180/75 35 50 60 70 

* Agglomerates are d e f i n e d as p a r t i c l e s 4 urn. 
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212 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

PARTICLE SIZE DISTRIBUTION 

DIAMETER ( MICRONS ) 

Figure 1. Variation in particle size with dryer outlet temperature (dryer condi­
tions—inlet/outlet: ( ) 150°/75°C; ( ) 150°/60°C; atomizer tip speed: 

79 m/s) 

PARTICLE SIZE DISTRIBUTION 
iOO ι — 

Figure 2. Variation in particle size with dryer atomizer speed (dryer conditions— 
( ; 79 m/s; ( ; 138 m/s; inlet/outlet: 150°/75°C) 

PARTICLE SIZE DISTRIBUTION 
loo ι — 

IOO 10 I O.i 

DIAMETER (MICRONS) 

Figure 3. Variation in particle size with dryer inlet temperature (dryer condi­
tions—inlet/outlet: ( j 180°/60°C; ( ) 150°/60°C; atomizer tip speed: 

79 m/s) 
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12. HOFFMANN AND SAFFRON PVC Resin Particle Size Distribution 213 

E f f e c t o f O u t l e t Temperature. Low (60°C) and h i g h (75°C) 
d r y e r o u t l e t temperatures were s t u d i e d . The r e s u l t s are summar­
i z e d i n Table I and are d e p i c t e d i n F i g u r e I . They i n d i c a t e t h a t 
r e s i n a g g l o m e r a t i o n p r e s e n t i n the p l a s t i s o l s i n c r e a s e s w i t h 
i n c r e a s i n g o u t l e t temperature (decreased l a t e x f e e d r a t e t o the 
a t o m i z e r ) . I n c r e a s i n g the o u t l e t temperature causes two changes, 
both o f which s h o u l d i n c r e a s e the degree o f agglomerate f u s i o n . 
F i r s t , d e c r e a s i n g f e e d r a t e s t o c e n t r i f u g a l d i s c a t o m i z e r s p r o ­
duce s m a l l e r s p r a y d r o p l e t s , 

(8) 
which dry f a s t e r and s h o u l d be 

more h i g h l y f u s e d because of t h e i r l o n g e r heat h i s t o r y . Second, 
the h i g h e r d r y e r temperature s h o u l d more t h o r o u g h l y f u s e the 
agglomerates. The h i g h l y f u s e d agglomerates do not r e a d i l y break 
a p a r t d u r i n g p l a s t i s o l m i x i n g and r e s u l t i n more agglomerates i n 
the p l a s t i s o l s ( F i g u r e IV, Case I ) . By the same r e a s o n i n g , low 
d r y e r o u t l e t temperature o b t a i n e d by i n c r e a s i n g the fe e d r a t e t o 
the a t o m i z e r s h o u l d produce l a r g e r , l o o s e l y f u s e d agglomerates i n 
the d r i e d r e s i n . These would be expected to f a l l a p a r t more 
e a s i l y d u r i n g p l a s t i s o l m i x i n g and s h o u l d produce few agglomer­
a t e s i n the p l a s t i s o l ( F i g u r e IV, Case I I ) . 

E f f e c t of Ato m i z e r Speed. Four d i f f e r e n t a t o m i z e r t i p 
speeds, 79, 98, 118, and 138 M / s e c , were s t u d i e d . I n c r e a s i n g 
the a t o m i z e r speed i n c r e a s e d the a g g l o m e r a t i o n p r e s e n t i n the 
p l a s t i s o l s (Table I and F i g u r e I I ) . I n c r e a s i n g a t o m i z e r speed 
i s known to produce s m a l l e r spray d r o p l e t s . 

(8) 
T h i s s h o u l d 

r e s u l t i n more h i g h l y f u s e d r e s i n agglomerates, ( F i g u r e IV, 
Case I ) . 

E f f e c t s o f Dryer I n l e t Temperature. Low (150°C) and h i g h 
(180°C) d r y e r i n l e t temperatures were s t u d i e s . Both F i g u r e I I I 
and the r e s u l t s i n Table I i n d i c a t e t h a t the amount of agglomer­
a t e s p r e s e n t i n the p l a s t i s o l s i n c r e a s e s w i t h i n c r e a s i n g i n l e t 
temperature. The d r o p l e t s s h o u l d be more h i g h l y f u s e d because 
of the h i g h i n l e t temperature, and t h e r e f o r e , w i l l produce more 
agglomerates i n the p l a s t i s o l s ( F i g u r e IV, Case I I I ) . 

V i s c o s i t y A n a l y s i s . R h e o l o g i c a l a n a l y s e s o f the unground 
spray d r i e d r e s i n s i n d i o c t y l p h t h a l a t e (DOP) p l a s t i s o l s gave the 
v i s c o s i t y f l o w curves i n F i g u r e s V - V I I I . C h a r a c t e r i s t i c d a t a a r e 
p r e s e n t e d i n Ta b l e s I I and I I I . 

From the v i s c o s i t y d a t a , two t r e n d s are e v i d e n t : 
1. V i s c o s i t y i n c r e a s e s w i t h i n c r e a s i n g o u t l e t temperature. 
2. V i s c o s i t y decreases w i t h i n c r e a s i n g i n l e t temperature. 

There does not seem to be a c l e a r c u t dependence of v i s c o s i t y on 
at o m i z e r speed. 

A n a l y s i s o f the v i s c o s i t y a g i n g d a t a , Table I I I , r e v e a l s one 
s i g n i f i c a n t t r e n d . I n g e n e r a l , as d r y e r temperatures a r e i n ­
c r e a s e d , p l a s t i s o l v i s c o s i t y a g i n g d e c r e a s e s , F i g u r e IX. The 
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214 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

SPRAY RESIN PLASTISOL 

LARGE 
AGGLOMERATE 

Figure 4. Relationship between spray droplet size and the thoroughness of fusion 
on agglomerates 

VISCOSITY VS. SHEAR RATE 

BROOKFIELD 

Ο 
υ 

I DAY OLD PLASTISOL 

SHEAR RATE ( SEC" ' ) 

Figure 5. Effect of atomizer speed at low dryer inlet and outlet temperatures on 
plastisol viscosity (dryer conditions—inlet/outlet: 150°/60°C; atomizer tip speed: 

(-Ο-) 79 m/s; ( ) 98 m/s; ( ) 118 m/s; (~U~) 138 m/s) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

2



12. H O F F M A N N A N D S A F F R O N PVC Resin Particle Size Distribution 215 

Ο I 
υ 1 0 

(Λ 
I DAY OLD PLASTISOL 

10° I01 

SHEAR RATE ( SEC"' ) 

Figure 6. Effect of atomizer speed at low inlet and high outlet dryer temperatures 
on plastisol viscosity (dryer conditions—inlet/outlet: 150°/75°C; atomizer tip 

speed: (-0-) 79 m/s; ( ) 98 m/s; ( ) 118 m/s; (-^-) 138 m/s) 

8 

•ROOKFIELD 

I DAY OLO PLASTISOL 

SHEAR RATE ( SEC" 1 ) 

Figure 7. Effect of atomizer speed at high inlet and low outlet temperatures on 
plastisol viscosity (dryer conditions—inlet/outlet: 180°/60°C; atomizer tip speed: 

(-0-) 79 m/s; ( ) 98 m/s; ( ) 118 m/s; (-JH-) 138 m/s) 
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6 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 8. Effect of atomizer speed at high inlet and outlet temperatures on plasti­
sol viscosity (dryer conditions—inlet/outlet: 180°/75°C; atomizer tip speed: (-Ο-) 

79 m/s; ( ; 98 m/s; ( ) 118 m/s; (~U~) 138 m/s) 

VISCOSITY VS. SHEAR RATE 

t BROOKFISLO , , SEVERS 

SHEAR RATE ( SEC"' ) 

Figure 9. Influence of dryer outlet temperature on viscosity aging (dryer condi­
tions—inlet/outlet: (%)2h, 180°/60°C; (O) 7 day, 180°/60°C; f | J 2 h, 180°/ 

75°C; Ο 7 day, 180°/75°C; atomizer tip speed: 138 m/s) 
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12. HOFFMANN AND SAFFRON PVC Resin Particle Size Distribution 217 

d r y e r o u t l e t temperature i s seen t o have a much g r e a t e r e f f e c t on 
aging than i n l e t temperatures. 

Table I I 

EFFECTS OF DRYER CONDITIONS 
ON VISCOSITY ( P a - S ) * 

DRYER ATOMIZER TIP SPEED (M/SEC) 
INLET/OUTLET (°C) 79 98 118 138 

150/60 14 11 11 12 
150/75 18 22 19 21 

180/60 12 9 8 10 
180/75 9 11 17 15 

* V i s c o s i t y d a t a was taken a t 1 sec f o r day o l d p l a s t i s o l s . 

T able I I I 

EFFECTS OF DRYER CONDITIONS 
ON VISCOSITY AGING* 

DRYER 
INLET/OUTLET (°C) 

ATOMIZER TIP 
79 98 

SPEED 
118 

(M/SEC) 
138 

150/60 
150/75 

2.27 
2.7 

1.5 
1.3 

1.4 
1.3 

1.7 
1.0 

180/60 
180/75 

1.5 
0.8 

1.4 
1.3 

1.1 
0.0 

1.5 
0.90 

* V i s c o s i t y a g i n g = η (7 day) 
η (2 h r ) 

@ 0.1 sec -1 

The h i g h e r d r y e r temperatures a r e f e l t t o decrease a g i n g due 
to the l a t e x d r o p l e t s b e i n g s u b j e c t e d t o g r e a t e r temperatures. 
T h i s r e s u l t s i n more d e n s e l y packed, more f u s e d agglomerates. ^—' 
The de n s e l y packed, f u s e d agglomerates w i l l be l e s s s u s c e p t i b l e 
to d e agglomeration i n the p l a s t i s o l . The h i g h e r d r y e r c o n d i t i o n s 
a l s o i n c r e a s e s the amount o f agglomerates which w i l l decrease the 
o v e r a l l exposed s u r f a c e a r e a . These two mechanisms have been 
shown to improve v i s c o s i t y a g i n g by m i n i m i z i n g the s u r f a c e a r e a 
a v a i l a b l e f o r i n t e r a c t i o n between r e s i n and p l a s t i c i z e r . (1) 

There a l s o i s a s l i g h t t r e n d of d e c r e a s i n g a g i n g w i t h i n ­
c r e a s i n g a t o m i z e r t i p speed. T h i s a g a i n i s f e l t t o be due t o the 
l a t e x d r o p l e t s r e c e i v i n g a l o n g e r heat h i s t o r y . S m a l l e r l a t e x 
d r o p l e t s from h i g h e r t i p speeds w i l l dry f a s t e r , t h e r e f o r e i n ­
c r e a s i n g the heat h i s t o r y of the d r o p l e t . T h i s r e s u l t s i n more 
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218 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

h i g h l y f u s e d agglomerates. The optimum c o n d i t i o n s f o r m i n i m i z i n g 
v i s c o s i t y a g i n g a r e a t maximum a t o m i z e r speed and d r y e r tempera­
t u r e s . T h i s , however, does n o t r e s u l t i n the lo w e s t o v e r a l l 
v i s c o s i t y . 

M i c r o s c o p i c A n a l y s i s . SEM M i c r o s c o p y o f the unground r e s i n 
r e v e a l e d s e v e r a l t h i n g s . F i r s t , i t c o n f i r m e d the e s s e n t i a l l y 
unimodal n a t u r e o f the r e s i n p r i m a r y p a r t i c l e s , F i g u r e X. Second, 
i t showed the i n t e r i o r o f the agglomerates a t a l l the d r y i n g 
c o n d i t i o n s to be v e r y l o o s e l y packed and h i g h l y p o r o u s , F i g u r e X I . 
V i s u a l l y t h e r e was no obvious d i f f e r e n c e i n degree o f f u s i o n o f 
the agglomerates as d r y e r c o n d i t i o n s were a l t e r e d . 

O p t i c a l m i c r o s c o p y a n a l y s i s of the d r i e d r e s i n s c o n f i r m e d 
the r e l a t i v e e x t e n t o f a g g l o m e r a t i o n o f the r e s i n s i n a p l a s t i s o l , 
F i g u r e X I I . I n a d d i t i o n , i t a g a i n r e v e a l e d the h i g h l y porous 
n a t u r e o f the agglomerates. A d s o r p t i o n o f p l a s t i c i z e r i n t o the 
i n t e r n a l p ores takes p l a c e v e r y r a p i d l y , 1 s e c , and even w i t h 
h i g h v i s c o s i t y f l u i d (900 Pa-S, t o t a l a d s o r p t i o n i s acc o m p l i s h e d 
i n 40 seconds, F i g u r e X I I I . 

(f)max A n a l y s i s . <j>max i s an e x p e r i m e n t a l l y determined p a r a ­
meter t h a t r e p r e s e n t s the maximum volume f r a c t i o n o f r e s i n t h a t 
w i l l s t i l l form a f l o w a b l e system. T h i s i s the p o i n t where the 
system has gone through a phase i n v e r s i o n from a l i q u i d f i l l e d 
porous s o l i d t o a s o l i d f i l l e d l i q u i d . The pores are due to the 
i n t e r - and i n t r a - p a r t i c l e v o i d s , ((miax g i v e s an i n d i c a t i o n o f 
p a r t i c l e / p a r t i c l e i n t e r a c t i o n s where the i n t e r a c t i o n s i n c r e a s e 
w i t h d e c r e a s i n g c|>max. T h i s i n c r e a s e i n i n t e r a c t i o n s s h o u l d cause 
a subsequent i n c r e a s e i n v i s c o s i t y of the p l a s t i s o l . 

The r e s u l t of the <j>max d e t e r m i n a t i o n s a r e p r e s e n t e d i n Table 
IV. 

T a b l e IV 

EFFECT OF DRYER CONDITIONS ON 0T1AX 

DRYER ATOMIZER TIP SPEED (M/SEC) 
INLET/OUTLET (°C) 79 98 118 138 

150/60 0.63 0 .61 0.61 0. 62 
150/75 0.59 0 .56 0.57 0. 52 
180/60 0.63 0 .60 0.58 0. 61 
180/75 0.59 0 .56 0.56 0. 60 

T h i s d a t a c o u p l e d w i t h the v i s c o s i t y and m i c r o s c o p i c a n a l y ­
s i s i l l u s t r a t e s a f a c t o r i m p o r t a n t t o p l a s t i s o l v i s c o s i t y . F o r 
example, samples from d r y e r c o n d i t i o n s 150/75 °C and 180/75 °C 
@ 138 M/sec t i p speed have e s s e n t i a l l y i d e n t i c a l p a r t i c l e s i z e 
d i s t r i b u t i o n s , F i g u r e XIV, but have d i f f e r e n t v i s c o s i t i e s , F i g u r e 
XV and Table I I . 0max f o r the two samples i n d i c a t e a d i f f e r e n c e 
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HOFFMANN AND SAFFRON PVC Resin Particle Size Distribution 219 

Figure 10. Microphotograph of resin 
showing essentially unimodal nature of 

latex particles 

Figure 11. Microphotograph of a por­
ous resin agglomerate 
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220 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 12. Microphotograph of agglomerates showing relative amount of agglom­
erates in plastisols (dryer conditions: (A) 150°/60°C, 79 m/s, (B) 180°/75°C, 

138 m/s) 
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HOFFMANN AND SAFFRON PVC Resin Particle Size Distribution 221 

Figure 13. Absorption of high viscosity (900 Pa-S) silicone oil by porous agglom­
erates 
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222 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

DIAMETER (MICRONS) 

Figure 14. Particle size distribution of resins produced at two different dryer con­
ditions (dryer conditions—inlet/outlet: 150°/75°C and 180°/75°C; atomizer tip 

speed: 138 m/s) 

VISCOSITY VS. SHEAR RATE 

to 
Ο 
u 

I DAY OLD PLAST I SOL 

10"· 10° 10 ' 

SHEAR RATE ( SEC"' ) 

Figure 15. Illustration of different plastisol viscosities produced by resins having 
the same particle size distribution (see Figure 14) (dryer conditions—inlet/outlet: 

( J 150°/75°C; ( ; 180°/75°C; atomizer tip speed: 138 m/s) 
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12. HOFFMANN AND SAFFRON PVC Resin Particle Size Distribution 223 

where sample 180/75 °C has a lower 0max, Table IV. A lower 0max 
i m p l i e s more p l a s t i c i z e r i s r e q u i r e d t o f i l l v o i d s . T h i s e f f e c ­
t i v e l y reduces the amount of p l a s t i c i z e r a v a i l a b l e f o r p a r t i c l e 
l u b r i c a t i o n . T h i s d i f f e r e n c e can account f o r the d i f f e r e n t 
v i s c o s i t y b e h a v i o r . The d i f f e r e n c e i n 0max i s f e l t t o be due t o 
d i f f e r e n c e s i n the agglomerate i n t e r n a l p o r o s i t y . MukhinaC^) 
r e p o r t e d a s i m i l a r e f f e c t on agglomerate p a c k i n g and f u s i o n due 
to i n c r e a s e d d r y e r o u t l e t temperatures. 

0max i s seen to f o l l o w one major t r e n d w i t h r e s p e c t t o d r y e r 
c o n d i t i o n s ; 0max decreases w i t h i n c r e a s i n g d r y e r o u t l e t tempera­
t u r e . T h i s t r e n d s u b s t a n t i a t e s Mukhina's work t h a t i n c r e a s i n g 
o u t l e t temperatures r e s u l t s i n more d e n s e l y packed agglomerates. 

D i s c u s s i o n 

The s p r a y d r y i n g p r o c e s s f o r e m u l s i o n PVC has been shown t o 
be v e r y i m p o r t a n t t o p l a s t i s o l v i s c o s i t y and v i s c o s i t y a g i n g 
s t a b i l i t y , b o t h here and i n the l i t e r a t u r e . O ) Mukhina e t a l 
r e p o r t e d t h a t as the d r y e r o u t l e t temperature i s i n c r e a s e d , the 
agglomerates formed become more de n s e l y packed, and more h i g h l y 
f u s e d r e s u l t i n g i n p l a s t i s o l s w i t h b e t t e r v i s c o s i t y a g i n g s t a b i ­
l i t y . The o b s e r v a t i o n s i n t h i s study are i n agreement w i t h 
M ukhina 1s r e s u l t s , F i g u r e IX. 

V i s c o s i t y a g i n g b e h a v i o r has been shown t o be dependent on 
exposed r e s i n s u r f a c e a r e a and agglomerate f u s i o n . ( 3 , 9 ) H i g h e r 
d r y e r temperatures w i l l decrease the former and i n c r e a s e the 
l a t t e r , r e s u l t i n g i n b e t t e r v i s c o s i t y a g i n g s t a b i l i t y . 

I n i t i a l v i s c o s i t i e s seem to be dependent on s e v e r a l r e s i n 
v a r i a b l e s w i t h i n the p l a s t i s o l . R e s i n p a r t i c l e s i z e d i s t r i b u t i o n 
i s i m p o r t a n t t o the v i s c o s i t y i n t h a t decreased i n t e r p a r t i c l e 
v o i d volume by improved p a c k i n g w i l l decrease p l a s t i s o l v i s c o s i * -
t i e s . 

(10,11,12,13) 
The i n t r a p a r t i c l e v o i d volume w i t h i n a g g l o ­

merates w i l l a l s o a f f e c t the v i s c o s i t y . P l a s t i c i z e r which i s 
absorbed by the agglomerates can n o t l u b r i c a t e the p a r t i c l e s , so 
i t has been e s s e n t i a l l y removed from the c o n t i n o u s phase. T h i s 
e f f e c t i v e l y i n c r e a s e s the s o l i d s volume l o a d i n g r e s u l t i n g i n 
h i g h e r v i s c o s i t i e s . The co m b i n a t i o n o f both i n t e r - and i n t r a ­
p a r t i c l e v o i d s were determined by 0max a n a l y s i s . (While 0max 
g e n e r a l l y r e l a t e d t o the p l a s t i s o l v i s c o s i t y , c e r t a i n anomalies 
were no t e d . I t i s u n c l e a r what t o a t t r i b u t e these t o a t t h i s 
time. D i f f e r e n c e s between 0max and p l a s t i s o l m i x i n g procedures 
may be one cause. M i x i n g can cause p a r t i c l e a t t r i t i o n r e s u l t i n g 
i n l e s s agglomerates.) 

I t i s c l e a r t h a t i n o r d e r t o produce a low i n i t i a l v i s c o s i t y 
p l a s t i s o l w i t h good v i s c o s i t y s t a b i l i t y , the d r y i n g c o n d i t i o n s 
need t o be o p t i m i z e d f o r two f a c t o r s : 

1. O p t i m i z a t i o n o f the p a r t i c l e s i z e d i s t r i b u t i o n i n o r d e r 
to m i n i m i z e v o i d volume i n the p l a s t i s o l t o get good 
i n i t i a l v i s c o s i t i e s . 
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224 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

2. Production of well fused agglomerates for good viscosity 
stability through the appropriate choice of temperature 
and atomization. 

The drying conditions required for the optimization of plastisol 
viscosities will be dependent upon the latex PSD and percent 
solids. These factors need to be considered when performing 
drying studies and predictive work. 
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13 

Surfactant Interactions in Polyvinyl Acetate and 
Poly (vinyl acetate-butyl acrylate) Latexes 

B. R. VIJAYENDRAN, T. BONE, and C. GAJRIA 
Celanese Plastics and Specialties Company, Jeffersontown, KY 40299 

Recent investigations have shown that the behavior and inter­
actions of surfactants in a polyvinyl acetate latex are quite 
different and complex compared to that in a polystyrene latex (1, 
2). Surfactant adsorption at the fairly polar vinyl acetate latex 
surface is generally weak (3,4) and at times shows a complex ad­
sorption isotherm (2). Earlier work (5,6) has also shown that 
anionic surfactants adsorb on polyvinyl acetate, then slowly 
penetrate into the particle leading to the formation of a poly­
electroyte type solubilized polymer-surfactant complex. Such a 
solubilization process is generally accompanied by an increase in 
viscosity. The first objective of this work is to better under­
stand the effects of type and structure of surfactants on the 
solubilization phenomena in vinyl acetate and vinyl acetate-butyl 
acrylate copolymer latexes. 

It was reported earlier (1) that surfactant adsorption at a 
polymer/water interface can be related to the polarity of the 
polymer surface. The model used in that study was tested satis­
factorily by using the available literature data on polymer pol­
arity and sodium lauryl sulfate adsorption on latex surfaces. 
The second objective is to verify experimentally the predicted 
relationship between polymer polarity and surfactant adsorption 
by studying the adsorption of a non-ionic surfactant that shows 
a saturation type isotherm behavior on vinyl acrylic latexes of 
varying polarity. 

In order to achieve the above objectives, three vinyl acryl­
ic latexes of varying butyl acrylate content have been prepared 
and 'cleaned' for use in the study. Several anionic and nonionic 
surfactants commonly used in emulsion polymerization have been 
used to investigate the effects of surfactant structure and poly­
mer composition on the solubilization process. Polarity of latex 
surface estimated from contact angle measurements have been used 
to study the effect of polymer polarity on surfactant adsorption. 

0097-6156/81/0165-0225$O5.0O/0 
© 1981 American Chemical Society 
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226 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

E x p e r i m e n t a l S e c t i o n 

M a t e r i a l s ; Commercial grade v i n y l a c e t a t e (VA) and b u t y l 
a c r y l a t e (BA) from Celanese Chemical Company were used. Reagent 
grade potassium p e r s u l f a t e was used as the i n i t i a t o r . Sodium 
l a u r y l s u l f a t e (NaLS) from BDH Chemicals a f t e r p u r i f i c a t i o n (7) 
was used as the e m u l s i f i e r i n the p o l y m e r i z a t i o n . S u r f a c t a n t s 
used i n the a d s o r p t i o n s t u d i e s were the f o l l o w i n g : I g e p a l CO-630 
QLQ mole e t h y l e n e o x i d e adduct o f n o n y l phenol) and A l i p a l EP-110 
and EP-120 from GAF C o r p o r a t i o n ; A e r o s o l A-102 from American 
Cyanamid and BDH Chemical s o l i u m l a u r y l s u l f a t e . A c c o r d i n g t o the 
manu f a c t u r e r ' s l i t e r a t u r e , A l i p a l EP-110 and EP-120 are ammonium 
s a l t s o f a s u l f a t e d n o n y l phenoxy p o l y ( e t h y l e n e o x y ) e t h a n o l o f 
m o l e c u l a r weights 708 and 1640 r e s p e c t i v e l y . A e r o s o l A-102 i s an 
a n i o n i c / n o n - i o n i c type s u r f a c t a n t o f the c o m p o s i t i o n disodium 
e t h o x y l a t e d a l c o h o l (ClO - C12) h a l f e s t e r o f s u l f o - s u c c i n i c a c i d 
o f m o l e c u l a r weight o f about 1800. 

Emulsion P o l y m e r i z a t i o n : A t y p i c a l r e c i p e i s g i v e i n T a b l e 
I . E m u l s ion p o l y m e r i z a t i o n was c a r r i e d out at 60°C under a n i t r ­
ogen atmosphere u s i n g a b a t c h p r o c e s s . T h e o r e t i c a l s o l i d s c o ntent 
i n a l l t h e f o r m u l a t i o n s was 25%, and g e n e r a l l y the c o n v e r s i o n s 
were b e t t e r than 98%. A p o l y v i n y l a c e t a t e homopolymer and two 
p o l y ( v i n y l a c e t a t e - b u t y l a c r y l a t e ) copolymers h a v i n g VA/ΒΑ comp­
o s i t i o n o f 85/15 and 70/30 were p r e p a r e d a c c o r d i n g t o the above 
proced u r e . 

Ion Exchange and D i a l y s i s o f L a t e x e s : The above t h r e e l a t e ­
xes were ' c l e a n e d 1 by the i o n exchange method o f V a n d e r h o f f (8) 
and d i a l y s i s . I n g e n e r a l , the l a t e x e s were s t a b l e a f t e r the c l e ­
a n i n g p r o c e s s . In some c a s e s , the ion-exchange r e s i n was found 
t o d i s c o l o r a f t e r t h e treatment i n d i c a t i n g some i n t e r a c t i o n , p e r ­
haps h y d r o l y s i s o f t h e l a t e x , between the l a t e x and ion-exchange 
r e s i n . 

P a r t i c l e - S i z e D e t e r m i n a t i o n : P a r t i c l e - s i z e o f the 'cleaned' 
l a t e x e s were determined u s i n g t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y 
a f t e r f r e e z e - d r y i n g t h e samples and c o u n t i n g the p a r t i c l e s w i t h a 
Quantimet image a n a l y z e r . The number average p a r t i c l e d iameters 
( dn) o f the homopolymer, the 85/15 VA/ΒΑ and 70/30 VA/ΒΑ l a t e x e s 
were found t o be 0.Q57/um, 0 .062 /cm and 0.073 ̂ m, r e s p e c t i v e l y . 
The p o l y d i s p e r s i t y o f the t h r e e samples were 1.09, 1.05 and 
1.06, r e s p e c t i v e l y . 

A d s o r p t i o n S t u d i e s : A p p r o p r i a t e amounts o f c l e a n e d l a t e x 
and s u r f a c t a n t s were mixed, e q u i l i b r a t e d f o r 24 hours and the ex­
cess s u r f a c t a n t i n serum a n a l y z e d a f t e r s e p a r a t i o n by c e n t r i f u g a -
t i o n . I g e p a l CO-630 and A l i p a l s u r f a c t a n t s were a n a l y z e d by 
c o l o r i m e t r i c t i t r a t i o n w i t h cetyltrimethylammonium c h l o r i d e i n 
the presence o f methylene b l u e and a c h l o r o f o r m l a y e r s i m i l a r t o 
the method o f Epton ( 9 ) . Some n o n - i o n i c s u r f a c t a n t s and s o l u b i l -
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13. viJAYENDRAN ET AL. Surfactant Interactions in Latexes 227 

i z e d serum components were found t o have a p o s i t i v e i n t e r f e r e n c e 
i n t h e c o l o r i m e t r i c a n a l y s i s o f i o n i c s u r f a c t a n t s . 

Contact Angle Measurements and P o l a r i t y o f L a t e x F i l m s : 
Advancing c o n t a c t angle measurements were made at 250C u s i n g a 
Ramef Hart c o n t a c t a n g l e goniometer. Latexes ' c l e a n e d 1 by the 
above procedure were drawn on a g l a s s p l a t e and d r i e d at 40°C. 
An average o f e i g h t measurements was tak e n as the c o n t a c t a n g l e . 
Water and methylene i o d i d e were used as t e s t l i q u i d s . P o l a r i t y 
o f t h e d r i e d l a t e x f i l m s were e s t i m a t e d a c c o r d i n g t o the method 
o f K a e l b l e ( 1 0 ) . 

R e s u l t s and D i s c u s s i o n 

Shape o f A d s o r p t i o n Isotherms and Latex T h i c k e n i n g : 
A d s o r p t i o n isotherms o f NaLS and A e r o s o l A-102 s u r f a c t a n t s on a 
1 c l e a n ' 85/15 VA/ΒΑ copolymer l a t e x are shown i n F i g u r e 1. I t i s 
seen t h a t t h e shapes o f the two i s o t h e r m s a r e q u i t e d i f f e r e n t . 
A-102 seems t o e x h i b i t a Langmuir type s a t u r a t i o n a d s o r p t i o n be­
h a v i o r t y p i c a l o f s u r f a c t a n t a d s o r p t i o n at a p o l y s t y r e n e / w a t e r 
i n t e r f a c e . NaLS seems t o have a more complex a d s o r p t i o n i s o t h e r m , 
perhaps i n v o l v i n g a m u l t i p l e s t e p p r o c e s s as d i s c u s s e d by G i l e s et 
a l ( 1 1 ) . The i n i t i a l r e g i o n o f the i s o t h e r m upto Β appears t o be 
normal and beyond t h a t t h e i s o t h e r m become l i n e a r . G i l e s et a l 
have e x p l a i n e d such a l i n e a r i s o t h e r m ( c l a s s i f i e d as Type C) by 
p e n e t r a t i o n o f s u b s t r a t e by s o l u t e , l e a d i n g t o new a d s o r p t i o n 
s i t e s . Compared t o NaLS, the s i z e o f A e r o s o l A-102 m o l e c u l e i s 
much l a r g e r and b u l k i e r and t h u s perhaps h i n d e r e d i n b e i n g a b l e 
t o p e n e t r a t e i n t o t h e l a t e x p a r t i c l e . 

F i g u r e 2 shows a d s o r p t i o n i s o t h e r m s o f two s u l f a t e d ethoxy-
l a t e type a n i o n i c s - A l i p a l EP-110 and A l i p a l EP-120 - on the 
85/15 VA/ΒΑ l a t e x s u r f a c e . A g ain i t i s soen t h a t t h e lower mole­
c u l a r weight EP-110 shows a C type i s o t h e r m s i m i l a r t o NaLS w h i l e 
the h i g h e r m o l e c u l a r weight EP-120 e x h i b i t s a normal s a t u r a t i o n 
type i s o t h e r m . 

I t i s w e l l known (3,5,6) t h a t sodium l a u r y l s u l f a t e i n t e r ­
a c t s w i t h some polymers such as p o l y v i n y l a c e t a t e c a u s i n g s o l u b i l ­
i z a t i o n o f the i n s o l u b l e polymer l e a d i n g t o an i n c r e a s e i n v i s c o ­
s i t y . I n F i g u r e 3, v i s c o s i t y o f t h e homopolymer and 70/30 VA/BA 
at v a r i o u s NaLS/polymer r a t i o i s shown. I t i s seen t h a t t h e v i s ­
c o s i t y o f the 2% l a t e x d i s p e r s i o n i n c r e a s e s w i t h i n c r e a s e i n 
NaLS/polymer r a t i o . S i m i l a r v i s c o s i t y d a t a f o r the 85/15 VA/BA 
was i n t e r m e d i a t e between the homopolymer and 70/30 VA/BA l a t e x e s . 
S u r f a c t a n t s t h a t showed a normal s a t u r a t i o n type a d s o r p t i o n be­
h a v i o r d i d not show any s i g n i f i c a n t v i s c o s i t y i n c r e a s e o f the 
l a t e x . 

E d e l h a u s e r (3) has e x p l a i n e d h i s r e s u l t s on the i n t e r a c t i o n 
o f a n i o n i c s u r f a c t a n t s (sodium l a u r y l s u l f a t e and sodium d o d e c y l -
benzene s u l f o n a t e ) w i t h a PVAC l a t e x as a two-step mechanism i n ­
v o l v i n g s u r f a c e a d s o r p t i o n f o l l o w e d by s u r f a c t a n t p e n e t r a t i o n i n t o 
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228 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

0 50 100 150 200 

SURFACTANT CONCENTRATION MOLES/LTTRE x10 4 

Journal of Applied Polymer Science 

Figure 1. Adsorption isotherms of NaLS and Aerosol A-102 surfactants at 85/15 
VA/BA latex/water interface (11) ((O) sodium lauryl sulfate; (A) Aerosol A-102) 

100 

0 0.2 0.4 0.6 0.8 1.0 

SURFACTANT CONCENTRATION GRAMS/UTRE 

Journal of Applied Polymer Science 

Figure 2. Adsorption isotherms of Alipal EP-110 and Alipal EP-120 surfactants 
at 85/15 VA/BA latex/water interface (11) ( Y | j Alipal EP-110; (A) Alipal EP-

120) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

3



v i J A Y E N D R A N ET AL. Surfactant Interactions in Latexes 229 

Figure 3. Thickening of vinyl acrylic latexes in the presence of NaLS (11) ((O) 
PVAC homopolymer; (A) 70/30 VA/BA copolymer) 
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230 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

TABLE I 

EMULSION P0LYrF9I7.ATI0f! RECIPE (Π) 

MONOMERS 500 GRAMS 

SURFACTANT NALS 17.1 GRAMS 

K2 S2 Og 2.48 GRAMS 

DISTILLED WATER 1575 GRAMS 

SOLIDS 25! 

Journal of Applied Polymer Science 

TABLE II 

ANIONIC SURFACTANTS STUDIED IN 

VINYL ACRYLIC LATEXES (Π) 

PENETRATING TYPE 

(A) SODIUM LAURYL SULFATE 

C12 H25 S 0 4 N A M < K T = 2 8 8 · Ή 

(Β) SODIUM DODECYL BENZENE 

SULFONATE C 1 2 H 2 5 ^ S0 3 NA 

M. WT - 348.5 

(C) ALIPAL EP-110 M.WT = 708 

C G H 1 9 (0 CH 2 CH 2) O.SO3 ΝΗ Ή 

8-9 

NON PENETRATING TYPE 

(A) AEROSOL A-102 M. WT - 1800 

DISODIUM ETHOXYLATED 

ALCOHOL ( C 1 0 - C ^ ) HALF 

ESTER OF SULFOSUCCINIC 

ACID 

CHo · COO (HoC-CHo 0)C. H 
» 30 11 23 
CH COO NA 

SO3 NA 

(B) ALIPAL EP-120 M. WT - 1640 

Cg H i g Q - C O O ^ O y O.SO3W4 

29-30 

Journal of Applied Polymer Science 
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13. VIJAYENDRAN ET AL. Surfactant Interactions in Latexes 231 

t h e i n t e r i o r o f PVAC p a r t i c l e s t a k i n g water w i t h i t and c a u s i n g 
s w e l l i n g and g r a d u a l d i s s o l u t i o n o f the d i s i n t e g r a t e d polymer 
c h a i n s . Based on t h i s model, i t i s convenient t o c l a s s i f y t he 
a d s o r p t i o n b e h a v i o r o f a n i o n i c s u r f a c t a n t s a t v i n y l a c r y l i c l a t e x 
s u r f a c e i n t o p e n e t r a t i n g and n o n - p e n e t r a t i n g t y p e s as shown i n 
Tab l e I I . The s m a l l e r s u r f a c t a n t m o l e c u l e s seem t o be capa b l e o f 
p e n e t r a t i n g i n t o t h e l a t e x , c a u s i n g d i s i n t e g r a t i o n and s o l u b i l i z a ­
t i o n o f the o t h e r w i s e i n s o l u b l e polymer. The l a r g e r and b u l k i e r 
s u r f a c t a n t s s t u d i e d seem t o adsorb o n l y a t the l a t e x s u r f a c e un­
a b l e t o p e n e t r a t e i n t o the p a r t i c l e . I t appears t h a t t h e r e e x i s t s 
a c r i t i c a l s i z e and perhaps shape o f a n i o n i c s u r f a c t a n t m o l e c u l e , 
f o r t h e s u r f a c t a n t t o be a b l e t o p e n e t r a t e i n t o the p a r t i c l e . I t 
i s a l s o l i k e l y t h a t the n a t u r e o f hydrophobe a d s o r b i n g a t the 
l a t e x / w a t e r i n t e r f a c e and t h e charge d e n s i t y o f t h e polymer-sur­
f a c t a n t complex may i n f l u e n c e s u r f a c t a n t p e n e t r a t i o n and l a t e x 
s o l u b i l i z a t i o n . More e x t e n s i v e work w i t h o t h e r a n i o n i c s u r f a c t ­
ants o f v a r y i n g c h a i n l e n g t h and shape would be needed t o b e t t e r 
d e f i n e m o l e c u l a r parameters t h a t i n f l u e n c e p e n e t r a t i o n o f s m v 
f a c t a n t s i n t o a v i n y l a c r y l i c l a t e x . 

Latex t h i c k e n i n g i n the presence o f p e n e t r a t i n g type a n i o n i c 
s u r f a c t a n t s such as NaLS appears t o depend on polymer c o m p o s i t i o n 
as seen i n T a b l e I I I . The e x t e n t o f l a t e x t h i c k e n i n g i n the 
presence o f excess NaLS decreases w i t h the VA content o f a v i n y l 
a c e t a t e - b u t y l a c r y l a t e copolymer. P o l y s t y r e n e and p o l y a c r y l a t e 
copolymer l a t e x e s do not show any t h i c k e n i n g . 

Presence o f n o n - i o n i c s u r f a c t a n t s such as I g e p a l CO-630 
seems t o preve n t the t h i c k e n i n g o f PVAC l a t e x by NaLS, as shown i n 
T a b l e IV. T h i s can be i n t e r p r e t e d as t o show t h a t the presence o f 
n o n - i o n i c s u r f a c t a n t at t h e PVAC l a t e x s u r f a c e p r e v e n t s the pene­
t r a t i o n o f NaLS i n t o t h e p a r t i c l e . 

Formation o f s o l u b i l i z e d s u r f a c t a n t - l a t e x complexes can i n ­
f l u e n c e the p r o p e r t i e s and performance o f v i n y l a c r y l i c l a t e x e s 
p r e pared w i t h NaLS and o t h e r p e n e t r a t i n g type a n i o n i c s u r f a c t a n t s . 
Such complexes seem t o a f f e c t g l a s s t r a n s i t i o n temperature and 
f i l m c o a l e s c e n c e p r o c e s s ( 1 2 ) . 

Our r e s u l t s on the i n t e r a c t i o n s o f a n i o n i c s u r f a c t a n t s i n 
v i n y l a c r y l i c l a t e x e s can be summarized as f o l l o w s : 

Lower m o l e c u l a r weight C500-.800) a n i o n i c s u r f a c t a n t s such 
as NaLS and A l i p a l EP-110 adsorb at a v i n y l a c r y l i c l a t e x 
i n a complex C-type a d s o r p t i o n i s o t h e r m , l e a d i n g t o p e n e t r ­
a t i o n and s o l u b i l i z a t i o n o f l a t e x . 

R e l a t i v e l y h i g h e r m o l e c u l a r weight Q6O0) a n i o n i c s u r f a c t ­
a nts such as A l i p a l EP-120 and A e r o s o l Ατ102 adsorb i n a 
normal manner, s u g g e s t i n g t h a t t h e r e e x i s t s a c r i t i c a l s i z e , 
s p e c i f i c charge d e n s i t y and perhaps shape f o r the s u r f a c t a n t 
t o be a b l e t o p e n e t r a t e i n t o t h e l a t e x . 
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232 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

TABLE I I I 

EFFECT OF LATEX COMPOSITION ON THICKENING BY SODIUM LAURYL 

SULFATE (11) 

LATEX COMPOSITION LATEX THICKENING 

POLY VINYLACETATE 19.3 

POLY VINYL ACETATE-BUTYL ACRYLATE 10.0 
(70/30) 

POLYSTYRENE 1.1 

POLY (METHYL METHACRYLATE-ETHYL ACRYLATE) 1.1 

THICKENING _7 = BROOKFIELD VISCOSITY OF 21 LATEX IN THE 
η PRESENCE OF NALS 

BROOKFIELD VISCOSITY OF 21 CONTROL LATEX 

Journal of Applied Polymer Science 

TABLE IV 

EFFECT OF NON-IONIC SURFACTANT ON THICKENING OF POLYVINYL ACETATE-

SODIUM LAURYL SULFATE (NALS) (11) 

LATEX LATEX THICKENING 

POLYVINYL ACETATE + NALS 19.3 

POLYVINYL ACETATE + IGEPAL CO-630 1.0 

POST ADDITION OF IGEPAL CO-630 TO 

POLYVINYL ACETATE + NALS 17.4 

POST ADDITION OF NALS TO POLYVINYL 

ACETATE + IGEPAL CO-630 1.3 

POLY VINYL ACETATE + MIXED IGEPAL CO-630 

AND NALS 1.4 

'SEE TABLE I I I FOR DEFINITION OF LATEX THICKENING 

Journal of Applied Polymer Science 
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13. VIJAYENDRAN ET AL. Surfactant Interactions in Latexes 233 

Latex t h i c k e n i n g , a r e s u l t o f s u r f a c t a n t p e n e t r a t i o n and 
s o l u b i l i z a t i o n o f t h e polymer, i n c r e a s e s w i t h the v i n y l 
a c e t a t e content o f v i n y l a c e t a t e - b u t y l a c r y l a t e co-polymer 
l a t e x e s . 

Presence o f n o n - i o n i c s u r f a c t a n t s at the l a t e x / w a t e r i n t e r ­
f a c e seem t o i n t e r f e r e w i t h the p e n e t r a t i o n o f low m o l e c u l ­
a r weight p e n e t r a t i n g type a n i o n i c s u r f a c t a n t s . 

P o l a r i t y o f V i n y l A c r y l i c Latex and S u r f a c t a n t A d s o r p t i o n : 
Contact angle measurements, d i s p e r s i o n and p o l a r c o n t r i b u t i o n t o 
l a t e x f i l m s u r f a c e t e n s i o n and p o l a r i t y o f polymer c a l c u l a t e d 
a c c o r d i n g t o t h e method o f K a e l b l e (10) o f the t h r e e l a t e x f i l m s 
are whown i n T a b l e V. I t i s seen t h a t the p o l a r i t y o f the l a t e x 
f i l m decreases w i t h i n c r e a s e i n b u t y l a c r y l a t e content o f the 
v i n y l a c r y l i c co-polymer. The p o l a r i t y o f the 70/30 (VA/BA) 
l a t e x i s v e r y s i m i l a r t o t h a t o f the p o l y b u t y l a c r y l a t e homopoly­
mer e s t i m a t e d t o be about 0.21 (!). 

P o l a r i t y o f 0.54 f o r the PVAC homopolymer i s c o n s i d e r a b l y 
h i g h e r than t h e 0.33 v a l u e determined f o r the homopolymer from 
i n t e r f a c i a l t e n s i o n measurements on polymer m e l t s ( 1 3). The 
h i g h e r p o l a r i t y v a l u e found i n the PVAC f i l m s t r o n g l y suggests 
t h a t t h e r e was a s i g n i f i c a n t amount o f h y d r o l y s i s o f PVAC, e i t h e r 
d u r i n g p o l y m e r i z a t i o n and/or c l e a n i n g o f the l a t e x r e s u l t i n g i n a 
more h y d r o p h i l i c PVAC s u r f a c e . 

T a b l e VI shows the a d s o r p t i o n d a t a o f I g e p a l CO-630 s u r f a c t ­
ant a t t h e t h r e e l a t e x / w a t e r i n t e r f a c e s . The isotherms were o f 
the normal type and no t h i c k e n i n g o f the l a t e x i n the presence o f 
s u r f a c t a n t was observed. A t y p i c a l a d s o r p t i o n i s o t h e r m o f I g e p a l 
CO-630 on a 85/15 VA/BA l a t e x s u r f a c e i s shown i n F i g u r e 4. Area 
p e r m o l e c u l e was c a l c u l a t e d a c c o r d i n g t o e q u a t i o n - 1 ( 1 4 ) . 

A = 9.961 χ ΙΟ"
3 

- ( H 

where 
A = Area per m o l e c u l e i n ran . 

d = diameter o f l a t e x i n nm. 

Ρ = d e n s i t y o f polymer l a t e x . Taken as 
1.17 and 1.14 g/cc f o r the homopolymer 
and co-polymer r e s p e c t i v e l y . 

r = Moles s u r f a c t a n t / g r a m polymer l a t e x . 

I n t e r a c t i o n parameter ( I ) d e f i n e d as A 0/A, where A 0= l i m i t ­
i n g a r e a p e r mo l e c u l e o f s u r f a c t a n t , i s g i v e n i n the l a s t column 
o f the t a b l e . 
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234 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

TABLE V 

POLARITY OF LATEX SURFACE BY CONTACT ANGLE MEASUREMENTS Π 7) 

LATEX CONTACT ANGLE, θ DISPERSION POLAR CONTRIBUTION POLARITY 
H20 CH2I2 CONTRIBUTION DYNES/CM DYNES/CM XP = 

VA/BA 72° 41° 30.5 9.3 0.23 
70/30 

VA/BA 67° 38° 30.0 12.2 0.29 
85/15 

VA/BA 44° 29° 25.4 29.8 0.54 
100/0 

VA = VINYL ACETATE 

BA = BUTYL ACRYLATE 

θ = AVERAGE OF 3 MEASUREMENTS 

Journal of Applied Polymer Science 

UÏÏEX 

VA 

VA/BA 
85/15 

VA/BA 
70/30 

TABLE VI 

ADSORPTION OF IGEPAL CO-630 ON VINYL ACRYLIC LATEX OF DIFFERENT POLARITY (Π) 

POLARITY 

0.54 

0.?n 

0.23 

D , PARTICLE 
SIZE NM 

0.057 

0.062 

0.073 

ADSORPTION 
MOLES/CM 2 OF POLYMER 

-11 8.89x10' 

14.7xl0 - 1 1 

17.3xl0 - 1 1 

A, AREA PER 
MOLECULE NM 

1.87 

1.13 

0.96 

Is INTERACTION 
PARAMETER 

0.29 

0.49 

0.57 

INTERACTION PARAMETER = Ao 

A 
0.55 N M " FOR IGEPAL CO-630 

Journal of Applied Polymer Science 
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13. VUAYENDRAN ET AL. Surfactant Interactions in Latexes 235 

I t i s seen t h a t t he a d s o r p t i o n o f I g e p a l CO-630 at t h e t h r e e 
l a t e x / w a t e r i n t e r f a c e s decreases w i t h i n c r e a s e i n p o l a r i t y o f the 
v i n y l a c r y l i c l a t e x s u r f a c e . E x p l a n a t i o n f o r such a decrease i n 
s u r f a c t a n t a d s o r p t i o n a t a polymer/water i n t e r f a c e w i t h i n c r e a s e 
i n polymer p o l a r i t y has been d i s c u s s e d i n d e t a i l elsewhere ( 1 ) . 
B r i e f l y , i n c r e a s e d p o l a r i t y o f the polymer lowers t h e i n t e r f a c i a l 
f r e e energy o f the polymer l a t e x / w a t e r i n t e r f a c e and t h i s , i n 
t u r n , reduces t h e f r e e energy o f a d s o r p t i o n f o r a s i m p l e s a t u r a ­
t i o n t y p e a d s o r p t i o n p r o c e s s o f a s u r f a c t a n t a t a l a t e x s u r f a c e 
i n aqueous media. Such a l o w e r i n g i n f r e e energy o f s u r f a c t a n t 
a d s o r p t i o n a t a polymer l a t e x / w a t e r i n t e r f a c e w i t h i n c r e a s e i n 
polymer p o l a r i t y l e a d s t o t h e observed r e s u l t s , namely, decrease 
i n t h e a d s o r p t i o n o f I g e p a l CO-630 w i t h p o l a r i t y i n c r e a s e o f the 
VA/BA l a t e x p a r t i c l e . 

The i n t e r a c t i o n parameter, as expected, decreases w i t h i n ­
c r e a s e i n p o l a r i t y o f the l a t e x s u r f a c e ( 1 2 ) . I t shows t h a t a t 
s a t u r a t i o n a d s o r p t i o n , the e x t e n t o f i n t e r a c t i o n o f I g e p a l CO-630 
w i t h t he PVAC homopolymer and the two VA/BA co-polymer l a t e x e s i s 
29%, 49%, and 57% r e s p e c t i v e l y o f the t h e o r e t i c a l l i m i t c o r r e s p ­
onding t o a c l o s e packed monolayer a d s o r p t i o n . 

F i g u r e 5 shows a p l o t o f l o g A v s p o l a r i t y (χΡ) o f l a t e x 
s u r f a c e . I t i s r e a d i l y seen t h a t t h e p l o t i s q u i t e l i n e a r and 
f i t s e q u a t i o n 2 . i n good agreement w i t h t h e r e s u l t s on th e adsorp­
t i o n o f sodium l a u r y l s u l f a t e a t v a r i o u s l a t e x / w a t e r i n t e r f a c e s 
( 1 ) . 

l o g A = const + k('Xp) (2) 

Attempts t o c o r r e l a t e t he a d s o r p t i o n d a t a o f o t h e r s u r f a c t ­
a n t s such as A l i p a l EP-110 and NaLS on the t h r e e l a t e x s u r f a c e s 
i n a s i m i l a r manner f a i l e d because o f the more complex and s p e c i ­
f i c i n t e r a c t i o n s observed i n these systems. E q u a t i o n 2 can ade­
q u a t e l y d e s c r i b e the a d s o r p t i o n d a t a o f s u r f a c t a n t s a t polymer/ 
water i n t e r f a c e s , p r o v i d e d t h a t t h e f r e e energy o f the i n t e r f a c e 
i s r e l a t e d t o t h e f r e e energy o f a d s o r p t i o n and t h e r e are no 
s p e c i f i c i n t e r a c t i o n s between s u r f a c t a n t and i n t e r f a c e ( 1 5 ) . 

The p o l a r i t y and a d s o r p t i o n d a t a d i s c u s s e d above r e v e a l some 
i n t e r e s t i n g a s p e c t s o f the s u r f a c e c h e m i s t r y o f v i n y l a c r y l i c 
l a t e x s u r f a c e s . I t i s q u i t e l i k e l y t h a t t h e p o l a r i t y o f the l a t ­
ex f i l m s , e x p e c i a l l y o f the two co-polymers, determined by con t ­
a c t a n g l e measurements may not c o r r e s p o n d e x a c t l y w i t h t h e i r r e ­
s p e c t i v e l a t e x s u r f a c e s i n the d i s p e r s e d s t a t e due t o r e o r i e n t a ­
t i o n o f polymer c h a i n s d u r i n g f i l m f o r m a t i o n . But t h e s u r f a c t a n t 
a d s o r p t i o n d a t a shows c l e a r l y t h a t t he t h r e e l a t e x s u r f a c e s i n 
t h e i r d i s p e r s e d s t a t e do e x h i b i t v a r y i n g p o l a r i t y p a r a l l e l i n g t he 
t r e n d found from c o n t a c t angle measurements. The r e s u l t a l s o 
shows t h a t t h e s u r f a c e o f the co-polymer l a t e x s u r f a c e i s a mix­
t u r e o f v i n y l a c e t a t e and a c r y l a t e u n i t s . T h i s r e s u l t i s some­
what unexpected i n a v i n y l a c r y l i c l a t e x , p r e p a r e d by a b a t c h 
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236 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Surfactant Concentration Gm/Llter 

Figure 4. Adsorption isotherm of Igepal CO-630 surfactant at 85/15 VA/BA 
latex/water interface 

LOG A VS POLYMER POLARITY 

X POLARfTY 

Journal of Applied Polymer Science 

Figure 5. Effect of polymer polarity on the adsorption of Igepal CO-630 surfactant 
at vinyl acrylic latex/water interface (11) 
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13. VUAYENDRAN ET AL. Surfactant Interactions in Latexes 237 

p r o c e s s s i n c e one would expect the more r e a c t i v e b u t y l a c r y l a t e 
t o predominate the c o r e s t r u c t u r e l e a v i n g the l e s s r e a c t i v e v i n y l 
a c e t a t e near the l a t e x s u r f a c e . Based on the e l e c t r o n micrographs 
o f a b a t c h and semi-continuous p o l y m e r i z e d 63/37 VA/BA l a t e x p a r t ­
i c l e s , M i s r a e t a l (16) concluded t h a t the b a t c h sample has a h e t ­
erogenous s t r u c t u r e c o m p r i s i n g o f a r e l a t i v e l y l a r g e b u t y l a c r y -
l a t e - r i c h c o r e surrounded by a v i n y l a c e t a t e - r i c h s h e l l . I n 
comparison, the semi-continuous p o l y m e r i z e d p a r t i c l e was found t o 
have a homogenous s t r u c t u r e c o m p r i s i n g o f a much s m a l l e r b u t y l 
a c r y l a t e - r i c h c o r e surrounded by a s h e l l o f v i n y l a c e t a t e - b u t y l 
a c r y l a t e copolymer. I t would be i n t e r e s t i n g t o study the two 
VA/BA l a t e x samples o f M i s r a e t a l by the above methods t o a s c e r ­
t a i n t h e d i f f e r e n c e s i n t h e s u r f a c e c o m p o s i t i o n o f the two l a t e x ­
es. 

In agreement w i t h our e a r l i e r s t u d i e s ( 1 , 1 5 ) , t h e a d s o r p t i o n 
r e s u l t s o f I g e p a l CO-630 on the t h r e e v i n y l a c r y l i c l a t e x e s show 
t h a t t h e a r e a p e r m o l e c u l e o f s u r f a c t a n t can be r e l a t e d t o the 
p o l a r i t y o f polymer s u r f a c e . F u r t h e r , the r e s u l t s show t h a t one 
can employ the t e c h n i q u e s d i s c u s s e d above t o c h a r a c t e r i z e the 
p o l a r i t y o f co-polymer l a t e x s u r f a c e s . 
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Abstract 
Types of surfactant interactions encountered in polyvinyl 

acetate and poly (vinyl acetate-acrylate) latexes are: (1) simple 
saturation adsorption at the latex/water interface, (2) adsorption 
and penetration into the latex particle leading to the formation 
of solubilized polyelectrolyte type polymer-surfactant complex, 
and (3) grafting to the polymer chains, especially with non-ionic 
surfactants. In this paper, the effects of molecular weight and 
structure of anionic surfactants on their interactions with model 
vinyl acrylic latexes are considered. It is shown that anionic 
surfactants having fairly low molecular weight and perhaps simple 
structure readily penetrate into the latex core causing new adsop­
tion sites to open up. Such a process seems to result in a linear 
C-type adsorption isotherm and solubilization of the latex. On 
the other hand, higher molecular weight and bulkier anionic surf­
actants seem to show a saturation type adsorption isotherm with­
out any solubilization of the latex. 

It is also shown that the adsorption of non-ionic surfactants 
at a vinyl acrylic latex/water interface that exhibit a saturation 
type isotherm can be related to the polarity of the polymer surf­
ace, in agreement with earlier sufactant adsorption studies. 
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14 
Rapid Density Gradient Centrifugation of 
Polymer Latices 

H. LANGE 
Bayer AG, FE-DPP-Strukturforschung, 5090 Leverkusen, West Germany 

For the development, production, and application of 
polymer latices the determination of the size dis­
tribution and the analysis of the chemical composi­
tion and heterogeneity of the latex particles are im­
portant. The size distribution can be determined ra­
pidly by ultracentrifugation, electron microscopy or 
light scattering (1-4), but for the analysis of the 
composition distribution there is only the time-con­
suming density gradient centrifugation. 

In this method, usually a density profile is for­
med in the ultracentrifugation ce l l by centrifuging 
solutions for instance of sucrose or Metrizamide in 
water or methanol unti l the equilibrium state between 
sedimentation and diffusion of the dissolved molecules 
has been established. Figure 1 shows schematically two 
of such equilibrium density profiles (dotted lines). 
In these density profiles the latex particles, added 
before starting the experiment, migrate to that posi­
tion in the cel l where their density coincides with 
the density of the surrounding medium. The position of 
the particles can be recorded by schlieren optics or, 
if there is a particle density distribution, more pre­
cisely by scanning extinction measurements normally 
used for the characterization of proteins. Thus the 
density and extinction profile in the ultracentrifu­
gation ce l l yield a criterion for the density d i s t r i ­
bution and hence, because of the correlation between 
chemical composition and particle density, a criterion 
for the composition distribution or heterogeneity of 
the latex particles. 

This standard method of density gradient cen­
trifugation, however, has a serious disadvantage. Be­
cause of the sedimentation and diffusion equilibrium 
formation of the density profile the time needed for 
one experiment amounts to more than 15 hours. 

0097-6156/81 /0165-0239$05.00/0 
© 1981 American Chemical Society 
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240 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 1. Density profile in the cell of the ultracentrifuge in case of standard and 
rapid density gradient centrifugation (rotor speed Ν = 40.000 min'1)  P
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14. LANGE Rapid Density Gradient Centrifugation of Polymer Latices 241 

The Rapid Method 

To reduce this time a rapid method of density gradient 
centrifugation i s developed by avoiding the e q u i l i b r i ­
um formation and generating the density p r o f i l e only 
by diffusion. This i s done by adding a layer of a 
dispersion medium of low density to a chemically simi­
l a r medium of high density i n the ultracentrifugation 
c e l l , for instance H2O to D2O ( f u l l lines i n Figure 1 ). 

The procedure i s as follows. At the beginning of 
the rapid experiment a volume of H2O with a density 
value of about 1.0 g cm"" 3 ±s added to an approxima­
tely equal volume of D2O with a density value of a-
bout 1.1 g cm~3 containing the particles to be meas­
ured. Immediately after that, there i s a sharp density 
step of 0.1 g cm-3 i n the middle of the c e l l . Then 
this step i s equalized by diffusion and after a few 
minutes a slowly changing continuous density p r o f i l e 
has been established. During this time the particles 
migrate, just as i n standard density gradient centrif­
ugation, to that position i n the c e l l where their 
density coincides with the density of the surrounding 
medium. In such an experiment, however, the migration 
time of the particles to the right position in the 
c e l l must be negligible i n relation to the temporal 
change of the density p r o f i l e . But this condition i s 
f u l f i l l e d for nearly a l l latex particles i f the rotor 
speed i s high enough. 

For the evaluation of the experiment two quanti­
ties are necessary: the density p r o f i l e and the loca l 
position of the particles i n the c e l l at the same 
time. 

The density p r o f i l e (upper part of Figure 2) can 
be determined by measuring the refractive index gra­
dient along the c e l l (lower part of Figure 2) and the 
correlation between the refractive index and the den­
s i t y for the gradient system (Fi gure 3 ). This yields 
the density p r o f i l e with an accuracy of about + 1 per 
thousand. 

The l o c a l position of the particles i n the c e l l 
can be recorded i n a l l cases by scanning extinction 
measurements. Only i n the special case of chemically 
uniform particles can the schlieren optical method 
also be used. 
Examples for Application 
The upper part of Figure k shows the results of the 
rapid density gradient centrifugation of a latex mix­
ture of poly(styrene) and two chemically uniform co-
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242 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 2. Refractive index gradient and density profile in the cell of the ultracen­
trifuge in rapid density gradient centrifugation (N = 40.000 min1, centrifugation 

time t — t0 = 4 min, schlieren angle a = 65°) 
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gem 

1,10 

1.00H 

0,90 

0,80 
1,410 1,415 1,420 1,425 1,430 («) 
1,326 1,330 1,334 (·) 

Figure 3. Relation between density and refractive index of mixtures of 3-butene-
2-ol and ethylene glycol (X resp. H20 and D20 (Φ) ) 

poly (butadiene-
co-styrene) 

poly (styrene) 
95 vol.-% D20 

+ 5 vol.-%H20 

poly (vinylacetate-
co-ethylen) 

Figure 4. Density and extinction profile in rapid density gradient centrifugation 
of a latex mixture (concentration c « 10 mg L'1, Ν = 40.000 min'1, t — tG = 15 

min, wavelength of light Xv = 298 nm) 
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244 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

polymers of butadiene and styrene and of v i n y l acetate 
and ethylene. The gradient system consists of H2O and 
D2O. ρ means the density and Ε the extinction p r o f i l e 
i n the c e l l . The three types of particles are well 
separated: to the l e f t the copolymer particles of bu­
tadiene and styrene, i n the middle the particles of 
poly(styrene) with the known density of 1.054 g cm-3, 
and to the right the copolymer particles of vinyl 
acetate and ethylene. The lower part of Figure 4 
shows the corresponding schlieren pattern with the 
three faint perpendicular schlieren lines at the po­
sitions of the p a r t i c l e accumulations. In this ex­
periment the three kinds of particles are separated 
in less than 15 min. 

In Figure 5 the results obtained by rapid density 
gradient centrifugation of a polymer latex of unknown 
composition are shown. The gradient system consists 
of pure H2O and D2O. The density distribution of the 
particles has two broad peaks at the density values 
1.01 and 1.04 g cm"3. That means the latex contains 
two chemically heterogeneous kinds of p a r t i c l e s . This 
experiment requires only 4 min. In such a case of a 
broad p a r t i c l e density distribution, the l o c a l posi­
tions of the particles i n the ultracentrifugation c e l l 
can be recorded only by scanning extinction measure­
ments. 

The gradient system of H2O and D2O, however, ex­
cludes the application of the rapid method to p a r t i ­
cles with densities lower than 1.0 and higher than 
1.1 g cm"3, for instance poly(butadiene) with 0.9 and 
poly(vinyl acetate) with 1.2 g cm-3. To investigate 
such particles other density gradient systems are ne­
cessary. For these the following conditions must be 
f u l f i l l e d . F i r s t l y the gradient substances must be 
liquids with a density difference as large as possi­
ble. Secondly, the liquids must be miscible without 
considerable heat of mixing to avoid thermal disturb­
ances. Furthermore the liquids must be nonsolvents 
for the latex particles and the difference i n their 
refractive indices has to be so small that the stand­
ard optical schlieren system of the analytical u l t r a -
centrifuge can be used. These conditions are f u l ­
f i l l e d by the system 3-butene-2-ol and ethylene 
glycol. I t yields a density range from about 0.83 to 
1.1 g cm-3. 

In Figure 6 the result of a rapid density gra­
dient centrifugation i s shown using this system. I t 
deals with a graft copolymer latex of butadiene and 
styrene a c r y l o n i t r i l e . The gradient media are d i f f e ­
rent mixtures of 3-butene-2-ol and ethylene glycol. 
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LANGE Rapid Density Gradient Centrifugation of Polymer Latices 245 

Figure 5. Density and extinction profile in rapid density gradient centrifugation of 
a polymer latex of unknown composition (c 5 mg L'1, Ν = 40.000 min'1, t — t0 

= 4 min, Xv = 546 nm) 

94,8 vol.-% ethylene glycol 
+ 5,2 vol.-% 3-butene-2-ol 

Figure 6. Density and extinction profile in rapid density gradient centrifugation of 
a graft copolymer latex of butadiene and styrene acrylonitrile (c ^ 5 mg L1, Ν = 

40.000 min1, t — t0 = 60 min, Xv = 546 nm) 
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246 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

The particles have a r e l a t i v e l y uniform density of 
about 0.95 g cm-3 and hence a content of poly(buta-
diene) of 59 percent (ratio of the weight styrene/ 
a c r y l o n i t r i l e = 88/12). With this gradient system the 
investigation of the chemical composition and heter­
ogeneity of nearly a l l butadiene copolymer la t i c e s i s 
possible. The experiment needs about 1 hour. 

For particles with densities higher than 1.1 g 
cm-3, n o similar gradient system could be found. 
Therefore in this case mixtures of H2O and D2O with 
equal amounts of glycerol are used. Figure 7 shows 
the densities of these mixtures plotted against the 
volume fraction of glycerol (upper curves). Of course 
the width of the density range decreases as the glyc­
erol content increases, but the density rises up to 
1.26 g cm-3. As a corresnonding system for lower den­
s i t i e s down to 0.3 g cm-3 mixtures of H2O and D20with 
equal amounts of methanol are used (lower curves). 

Figure 8 shows an example for application of this 
technique i n the higher density range around 1.2 g 
cm-3. The gradient system consists of mixtures of H2O 
and D2O with glycerol and the latex under investiga­
tion i s a latex of poly(vinyl acetate). The p a r t i c l e 
density and consequently the chemical composition i s 
uniform, as i t i s expected for homopolymers. The ex­
periment needs 40 min. 

Figure 9 shows an example for application i n the 
lower density range. The gradient system consists of 
mixtures of H2O and D2O with methanol. The sample un­
der investigation i s a mixture of a normal and an ad­
d i t i o n a l l y cross-linked poly(butadiene) latex. The 
part i c l e density i s not uniform. The normal poly-
(butadiene) has p a r t i c l e densities as expected around 
0.89 g cm-3, but for the additionally cross-linked 
poly(butadiene) density values between 0.9 and 0.92 g 
cm-3 are obtained. Additional cross-linking yields 
obviously higher p a r t i c l e densities. In this case the 
experiment needs 30 min. 

These are some examples for application of the 
rapid density gradient centrifugation method for 
characterizing polymer latex p a r t i c l e s . The main con­
dition of this method i s that the migration time of 
the particles to the right positions i n the ultracen­
trifugation c e l l i s negligible compared with the tem­
poral change of the density p r o f i l e . That this condi­
tion i s f u l f i l l e d can be seen from Figure 10. Here 
the density of some chemically uniform latex p a r t i ­
cles, determined by rapid density gradient c e n t r i f ­
ugation, i s plotted against the centrifugation time. 
In a l l cases the right density values are obtained 
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g cm 3' i 11 glycerol 

1,20-

1,10-

1,00-

0,90-

0,80-
l i l t 

methanol 
0 0,2 0,4 0,6 0,8 1,0 Φ 

Figure 7. Density of mixtures of H20 resp. D20 with methanol and glycerol (Φ 
volume fraction) 

Figure 8. Density and extinction profile in rapid density gradient centrifugation of 
a latex of polyvinyl acetate (c ^ 5 mg L1, Ν = 40.000 min1, t — t0 = 40 min, 

\ v = 298 nm) 

American Chemfeal 
Society Library 

1155 16É st. 1. w. 
Washington, 0. C. 2003S 
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248 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 9. Density and extinction profile in rapid density gradient centrifugation of 
a mixture of two latices of polybutadiene (c 20 mg L1, Ν = 40.000 min1, t — t0 

= 30 min, λν = 546 nm) 

1,20 

1,10 

1,00 Η 

0,90 

0,80 

(•) (•) poly (vinylacetate) 

poly (vinylacetate-
• co-ethylene) 
. poly (styrene) 
• poly (butadiene-
co-styrene) 

• poly (butadiene) 

Η, 
0 5 10 15 20 min 

(0) (50) (100) (150) (200) 

Figure 10. Density of different polymer latex particles as a function of centrifu­
gation time (N = 40.000 min'1) (T|J polyvinyl acetate; (Φ) poly(vinylacetate-co-

ethylene); (A) polystyrene; (χ) poly (butadiene-co-sty rene); (O) polybutadiene) 
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14. LANGE Rapid Density Gradient Centrifugation of Polymer Latices 249 

after only a few minutes and there are no changes 
during the further centrifugation time. 

Thus the density and the density distribution 
and consequently the chemical composition and heter­
ogeneity and also the cross-linking of polymer latex 
particles can be determined in a few minutes by rapid 
density gradient centrifugation. 
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Abstract 

For the investigation of the chemical composition of 
dispersed particles, e. g. in polymer latices, a ra­
pid method of density gradient centrifugation is de­
veloped. The method yields in a few minutes the den­
sity distribution and by this the distribution of the 
chemical composition of the particles. The standard 
density gradient centrifugation needs for the same 
results because of the time-consuming equilibrium 
gradient formation more than 15 hours. 

The rapid method is based on adding a layer of 
a dispersion medium of low density to a chemically 
similar medium of high density and forming the den­
sity gradient by diffusion (e.g. H2O to D2O or 3-
butene-2-ol to ethylene glycol). The main f ield of 
application of this method is the investigation of 
the chemical composition and heterogeneity of co­
polymer latices and latex mixtures and of the par­
t ic le cross-linking. 
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15 
The Relationship Between the Electrophoretic 
Mobility and the Adsorption of Ions on 
Polystyrene Latex 
C. M. MA1, F. J. MICALE, M. S. EL-AASSER, and J. W. VANDERHOFF 
Department of Chemistry, Center for Surface and Coatings Research, 
Sinclair Laboratory #7, Lehigh University, Bethlehem, PA 18015 

The stability of latexes is important for many industrial 
applications and in theoretical research. One of the measures of 
the stability is the electrophoretic mobility or zeta potential of 
the latex particle. Thus far the chemisorbed surface charge 
groups have been considered as the dominant factor determine the ζ 
potential. In a previous paper (1), we concluded that the origin 
of surface charge on polystyrene latex was not simply the charged 
ionizable groups on the surface of the latex particle,and that the 
hydrophobic surface of the latex might be playing a more signifi­
cant role in the origination of the surface charge. In this work, 
the relationship between electrophoretic mobility and surface 
charge of latexes, especially the effect of the adsorption of ions 
from solution on the electrophoretic mobility of polystyrene latex 
particles, was investigated in more detail. The possible mechan­
isms of the origination of the surface charge on latex particles 
are the specific objectives of this investigation. 

Experimental 

The latexes investigated were the 357 nm Dow monodisperse 
polystyrene (LS-1010) and two polydisperse polystyrene latexes 
prepared in our laboratory (2) where the concentration of func­
tional monomer, Cops II (Alcolac-ammonium salt of a short chain 
vinyl sulfonate), added to the recipe was 10-3 and 10-1M for C1 

and C 5 , respectively. 
The latexes were cleaned by using a mixed ion-exchange resin 

bed (3). The number of acid surface groups were determined by 
using a conductometric titration technique (4). Initially the 
latexes contained only sulfate groups and a small concentration of 
hydroxyl groups. One of the latexes was hydrolized at 90°C for 
120 hrs in order to convert the surface sulfate groups to hydroxyl 
groups. The electrophoretic mobility of the latexes was measured 
at 25°C by using a Rank-microelectrophoresis. 
^Visiting Research Scientist, Peking University, Peking, Peoples 
Republic of China. 

0097-6156/81/0165-0251 $05.00/0 
© 1981 American Chemical Society 
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252 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

The a d s o r p t i o n o f sodium l a u r y l s u l p h a t e on PS l a t e x was de­
termined by u s i n g a d i f f e r e n t i a l r e f r a c t o m e t e r ( 5 ) . The sodium 
l a u r y l - s u l f a t e was a pro d u c t o f Eastman Kodak Company and d i d not 
undergo f u r t h e r p u r i f i c a t i o n . 

R e s u l t s and D i s c u s s i o n 

1. C h a r a c t e r i z a t i o n o f the P o l y s t y r e n e L a t e x Samples, The 
p o l y s t y r e n e , PS, l a t e x samples under i n v e s t i g a t i o n were c h a r a c t e r ­
i z e d a c c o r d i n g t o p a r t i c l e s i z e , c o n c e n t r a t i o n o f s u r f a c e s u l ­
phates and e l e c t r o p h o r e t i c m o b i l i t y , em, i n d e i o n i z e d w a t e r . The 
r e s u l t s , T a b l e I , show t h a t a l l the samples were o f s i m i l a r s i z e 
w i t h t h e e x c e p t i o n t h a t t h e Dow l a t e x e s were monodisperse w h i l e 
Ci and C5 had a broad p a r t i c l e s i z e d i s t r i b u t i o n . The Dow and C^ 
l a t e x e s had r e l a t i v e l y low s u r f a c e charge d e n s i t i e s , as determined 
from c o n d u c t o m e t r i c t i t r a t i o n , o f 3.1 and 5.9 yc/cm 2, r e s p e c t i v e ­
l y , w h i l e the C5 l a t e x e x h i b i t e d a h i g h s u r f a c e charge d e n s i t y o f 
74 yc/cm 2. The decrease i n s u r f a c e charge d e n s i t y f o r C^ and C 5 , 
i n d i c a t e d i n T a b l e I , i s a t t r i b u t e d t o p a r t i a l h y d r o l y s i s o f t h e 
samples w h i c h were s t o r e d under room temperature c o n d i t i o n s f o r 
about two y e a r s . The Dow l a t e x , however, was i n t e n t i o n a l l y hy-
d r o l y z e d a t 90°C w i t h the r e s u l t t h a t no a c i d groups were d e t e c ­
t a b l e . A s t r i k i n g f e a t u r e o f the e l e c t r o p h o r e t i c m o b i l i t y r e s u l t s 
i n d e i o n i z e d water i s the t o t a l l a c k o f dependence on the concen­
t r a t i o n o f s u r f a c e a c i d , s u l p h a t e , groups. The i n d i c a t i o n i s 
t h a t n e g a t i v e i o n s , the o n l y p o s s i b i l i t y b e i n g h y d r o x y l i o n s , ad­
sorb on the hydrophobic p a r t o f the PS s u r f a c e . 

2. The E f f e c t o f NaCl on the E l e c t r o p h o r e t i c M o b i l i t y o f PS 
L a t e x P a r t i c l e * The em o f the Dow 357 nm l a t e x i n the Η-form and 
Na-form, a l o n g w i t h two o t h e r Dow monodisperse l a t e x e s i n the H-
form w i t h d i a m e t e r s o f 795 and 1100 nm, was measured as a f u n c ­
t i o n o f NaCl c o n c e n t r a t i o n . The r e s u l t s i n F i g u r e 1 show t h a t 
the em f o r a l l t h r e e l a t e x e s i n c r e a s e d w i t h i n c r e a s i n g c o n c e n t r a ­
t i o n o f NaCl t o a maximum at about 1 χ ΙΟ""2 M NaCl f o l l o w e d by a 
r a p i d d e c r e a s e . C o n v e r t i n g the e l e c t r o p h o r e t i c m o b i l i t y t o z e t a 
p o t e n t i a l , u s i n g t a b l e s d e r i v e d by O t t e w i l l and Shaw (6) from the 
r e s u l t s o f Wiersma e t a l . i n o r d e r t o account f o r r e l a x a t i o n and 
r e t a r d a t i o n e f f e c t s , l e d t o the same dependency as shown i n F i g ­
u r e 2. 

The Η-form l a t e x was co n v e r t e d t o Na-form l a t e x by adding 
e i t h e r an excess or an ex a c t amount o f NaOH as determined by 
con d u c t o m e t r i c t i t r a t i o n i n o r d e r t o e l i m i n a t e t h e p o s s i b l e e f f e c t 
of t he ion-exchange between the Y& i o n on the l a t e x p a r t i c l e and 
N a + i o n i n the s o l u t i o n . The r e s u l t s showed t h a t the Na-form 
l a t e x had the same em (3.2 μ.cm/sec. v o l t ) w i t h Η-form l a t e x 
(3.1 μ.cm/sec. v o l t ) i n d e i o n i z e d w a t e r and same i n c r e a s i n g de­
pendency o f m o b i l i t y w i t h i n c r e a s i n g NaCl c o n c e n t r a t i o n , F i g u r e 1. 
A r e a s o n a b l e e x p l a n a t i o n f o r the i n c r e a s e i n z e t a p o t e n t i a l i s 
the a d s o r p t i o n o f n e g a t i v e c h l o r i d e i o n from s o l u t i o n t o the s u r ­
f a c e o f l a t e x p a r t i c l e . The decrease i n em above 10""2M NaCl i s 
a s s o c i a t e d w i t h compression o f the e l e c t r i c a l double l a y e r . 
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Figure 2. Zeta potential of 357-nm PS latex as a function of NaCl concentration 
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254 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

3. The E l e c t r o p h o r e t i c M o b i l i t y o f the Hy d r o x y l - f o r m 357 nm 
PS L a t e x . The h y d r o x y l a t e d 357 nm PS l a t e x was shown i n Tabl e I 
to have the same em i n d e i o n i z e d water as the o r i g i n a l l a t e x even 
though no a c i d groups were d e t e c t a b l e by c o n d u c t o m e t r i c t i t r a t i o n . 
S i n c e the p r o t o n on the h y d r o x y l was assumed not t o be d i s s o c i ­
a b l e , t he o r i g i n o f the n e g a t i v e charge was a t t r i b u t e d t o t h e ad­
s o r p t i o n o f a n i o n s , i n t h i s case h y d r o x y l i o n s . The em o f t h i s 
l a t e x i n both t he h y d r o x y l - f o r m and the o r i g i n a l s u l p h a t e - f o r m 
was i n v e s t i g a t e d i n F i g u r e 3 as a f u n c t i o n o f pH. The r e s u l t s 
f o r b o t h samples are v e r y s i m i l a r above a pH v a l u e o f 6. When 
the l a t e x e s a r e exposed t o more a c i d i c environments, however, the 
n e g a t i v e p o t e n t i a l o f the hydroxy1-form l a t e x d ecreases more 
r a p i d l y w i t h d e c r e a s i n g pH than t he o r i g i n a l l a t e x . F i g u r e 4 
shows the r e s u l t s f o r t he same samples as a f u n c t i o n o f pH at a 
co n s t a n t NaCl c o n c e n t r a t i o n o f 2 χ 1 0 " % . No d i f f e r e n c e i n r e ­
s u l t s was observed a t h i g h pH except t h a t the em f o r b o t h samples 
was h i g h e r below pH v a l u e s o f 10. Furthermore, when the pH was 
decreased below 5, the em decreased f a s t e r w i t h NaCl p r e s e n t . 
A l s o , the maximum at pH 2.5 was e l i m i n a t e d i n the presence o f 
NaCl. The em f o r the h y d r o x y l - f o r m o f the l a t e x was a l s o observed 
to decrease f a s t e r i n the low pH range p o s s i b l y due t o t h e adsorp­
t i o n o f p r o t o n s on the s u r f a c e h y d r o x y I s . 

The em o f the h y d r o x y l - f o r m l a t e x was a l s o i n v e s t i g a t e d as a 
f u n c t i o n o f the c o n c e n t r a t i o n o f the d i f f e r e n t e l e c t r o l y t e s NaOH, 
NaCl and HC1. The r e s u l t s i n F i g u r e 5 show t h a t t he charge on 
t h i s l a t e x i s independent of the type o f e l e c t r o l y t e at concen­
t r a t i o n below 10~5M. The r e s u l t s a t h i g h e r c o n c e n t r a t i o n s show 
t h a t h y d r o x y l i o n s adsorb more s t r o n g l y than c h l o r i d e i o n s , and 
t h a t hydrogen i o n s adsorb more s t r o n g l y than sodium i o n s . The 
same t r e n d s were observed f o r t h i s l a t e x i n the s u l p h a t e form. 
Thes^ r e s u l t s are c o n s i s t e n t w i t h t he concept t h a t t he o r i g i n o f 
charge on PS l a t e x e s b o t h w i t h and w i t h o u t s u r f a c e a c i d groups, i s 
due p r i m a r i l y t o the a d s o r p t i o n o f i o n s onto the hydrophobic p a r t s 
of the s u r f a c e . 

Table I 
P a r t i c l e S i z e and S u r f a c e Charge D e n s i t y o f PS La t e x e s 

E l e c t r o p h o r e t i c 
S u r f a c e Charge M o b i l i t y i n 

P a r t i c l e D e n s i t y ( s u l f a t e D e i o n i z e d Water, 
L a t e x S i z e , nm gr o u p ) , yc/cm2 μπι cm/sec v o l t 

Dow LS 1010 357 3.1 3.2 
( s u l f a t e form) 
Dow LS 1010 357 0 3.1 
( h y d r o x y l form) 

C x 416 5.9 ( 1 1 ) * 3.7 
C 5 448 74 (1 7 4 ) * 4.3 

* 0 r i g i n a l r e s u l t s o b t a i n e d by S.M. Ahmed soon a f t e r sample p r e ­
p a r a t i o n ( 2 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

5



MA ET AL. Electrophoretic Mobility and Ion Adsorption 255 

τ 1 1 1 1 1 1 1 Γ 

3 5 6 7 8 9 10 11 12 13 

ΓΙ1 

Figure 3. Electrophoretic mobility of 357-nm PS latex as a function of PH ((Φ) 
sulfate form; (O) hydroxyl form) 

1 1 1 1 1 1 1 1 1 1 1 1 Γ 

-6 -

Ρ Η 

Figure 4. Electrophoretic mobility of 357-nm PS latex as a function of 
2 X 10'3M NaCl ((Φ) sulfate form; (O) hydroxyl form) 

PH in 
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256 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

E l e c t r o l y t e C o n c e n t r â t i o n , M 

Figure 5. Electrophoretic mobility of the hydroxyl form 357-nm PS latex as a 
function of the concentration of electrolytes ((A) in NaOH; ([J) in NaCl; (O) in 

HCl) 

10~ 5 10-' ' 1Q-3 10-2 1 Q - 1 

SLS Concent râ t i o n , Ά 

Figure 6. Zeta potential of 357-nm PS latex as a function of SLS concentration 
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15. MA ET AL. Electrophoretic Mobility and Ion Adsorption 257 

4 . The E f f e c t of Adsorbed SLS on t h e E l e c t r o p h o r e t i c M o b i l ­
i t y o f PS L a t e x . The z e t a p o t e n t i a l , c o r r e c t e d f o r r e t a r d a t i o n 
and r e l a x a t i o n e f f e c t s ( 6 ) , o f the o r i g i n a l 3 5 7 nm PS l a t e x was 
determined as a f u n c t i o n o f SLS c o n c e n t r a t i o n . The r e s u l t s i n 
F i g u r e 6 show t h a t t h e r e i s e s s e n t i a l l y no change i n the z e t a 
p o t e n t i a l up t o the CMC a f t e r w h i c h the z e t a p o t e n t i a l i n c r e a s e s , 
w h i c h i s c o n s i s t e n t w i t h r e s u l t s o b t a i n e d by Kayes ( 7 ) . S o l u t i o n 
a d s o r p t i o n i s o t h e r m s on the same l a t e x a t d i f f e r e n t NaCl concen­
t r a t i o n , F i g u r e 7 , show t h a t t h e a d s o r p t i o n o c c u r s up t o the CMC, 
a f t e r w h i c h a d s o r p t i o n tends t o l e v e l o f f . The f a c t i s t h a t the 
z e t a p o t e n t i a l measured under these c o n d i t i o n s i s not a f u n c t i o n 
of the c o n c e n t r a t i o n o f adsorbed SLS. The i n t e r p r e t a t i o n o f 
these r e s u l t s , w h i c h i s c o n s i s t e n t w i t h the r e s u l t s p r e s e n t e d 
above, i s t h a t the n e g a t i v e charge on the PS l a t e x s u r f a c e i n de­
i o n i z e d w a t e r i s c o n t r o l l e d p r i m a r i l y by the a d s o r p t i o n o f hy­
d r o x y l i o n s . The i n c r e a s e i n SLS c o n c e n t r a t i o n r e s u l t s i n adsorp­
t i o n LS i o n s , p o s s i b l y through d i s p l a c e m e n t o f h y d r o x y l i o n s , and 
a d e c r e a s e i n the degree o f d i s s o c i a t i o n o f the s u r f a c e s u l p h a t e 
groups. The i n c r e a s e i n the z e t a p o t e n t i a l above t h e CMC i s not 
w e l l understood a t t h i s t i m e , but c o u l d be due t o the a d s o r p t i o n 
o f m i c e l l e s , w h i c h c o n c e n t r a t i o n range has been beyond the scope 
of s o l u t i o n a d s o r p t i o n measurements. 

The em o f t h e 3 5 7 nm PS l a t e x was measured as a f u n c t i o n o f 
SLS c o n c e n t r a t i o n i n the presence of d i f f e r e n t c o n c e n t r a t i o n s of 
NaCl. The r e s u l t s i n F i g u r e 8 show t h a t NaCl a f f e c t s the nega­
t i v e charge o f t h i s l a t e x i n a c o m p e t i t i v e f a s h i o n w i t h SLS. As 
the c o n c e n t r a t i o n o f NaCl i n c r e a s e s the n e g a t i v e charge on the 
l a t e x s u r f a c e i n c r e a s e s , and subsequent a d s o r p t i o n o f SLS has a 
d e c r e a s i n g e f f e c t on the e x i s t i n g s u r f a c e o r z e t a p o t e n t i a l . A l ­
though P i i r m a ( 8 ) has shown t h a t the s a t u r a t e d a d s o r p t i o n o f SLS 
on PS l a t e x i n c r e a s e s w i t h i n c r e a s i n g NaCl c o n c e n t r a t i o n , our 
r e s u l t s , F i g u r e 7 , show o n l y a s m a l l i n c r e a s e i n t h e a d s o r p t i o n 
o f SLS. The i n t e r p r e t a t i o n o f the r e s u l t s i n F i g u r e 8 i s t h a t 
the CI i o n adsorbs on the hydrophobic p a r t o f the PS l a t e x s u r ­
f a c e , and t h a t LS i o n d i s p l a c e s the CI i o n by p r e f e r e n t i a l ad­
s o r p t i o n . As the adsorbed CI i o n c o n c e n t r a t i o n i n c r e a s e s , sub­
sequent a d s o r p t i o n o f the LS i o n by di s p l a c e m e n t o f the CI i o n 
has a d e c r e a s i n g e f f e c t on the s u r f a c e p o t e n t i a l . These r e s u l t s 
a l s o suggest t h a t the d e c r e a s i n g o r d e r o f a d s o r p t i o n o f anions 
a r e LS, OH, and CI r e s p e c t i v e l y . 

5 . E l e c t r o p h o r e t i c M o b i l i t y o f L a t e x e s w i t h High Concentra­
t i o n o f S u r f a c e S u l p h a t e Groups. The two PS l a t e x e s , C^ and C 5 , 
were prepared w i t h i n c r e a s i n g c o n c e n t r a t i o n s o f s u l p h a t e f u n c ­
t i o n a l monomers ( 2 ) . Conductometric t i t r a t i o n r e s u l t s f o r a c i d 
groups, Table I , showed t h a t the s u r f a c e charge d e n s i t y was 5 . 9 
and 7 4 yc/cm 2 f o r C^ and C 5 , r e s p e c t i v e l y , w h i l e the em i n de­
i o n i z e d water was e s s e n t i a l l y i n s e n s i t i v e t o s u r f a c e charge den­
s i t y . The em f o r these two l a t e x e s was measured as a f u n c t i o n o f 
NaCl c o n c e n t r a t i o n . The z e t a p o t e n t i a l c a l c u l a t e d from these r e ­
s u l t s , F i g u r e 9 , show t h a t f o r C\ t h e r e i s no change up t o a con-
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0 1 2 3 i\ 5 6 7xl0"3 

SLS C o n c e n t r â t i o n , M 

F/gwre 7. Adsorption of SLS on 357-nm PS latex ((%) without NaCl; (O) 10~4M 
NaCl; (Α) 103Μ NaCl; Ο ' 0"2M MC/J 

-G.OI 1 1 Γ 

SLS C o n c e n t r a t i o n , M 

Figure 8. Electrophoretic mobility of 357-nm PS latex as a function of concentra­
tion of SLS in different concentrations of NaCl ((O) without NaCl; (Φ) 10~4M 

NaCl; (A) 10'3M NaCl; Ο 102M NaCl) 
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15. MA ET AL. Electrophoretic Mobility and Ion Adsorption 259 

c e n t r a t i o n o f 1 0 " % , a f t e r w h i c h the z e t a p o t e n t i a l i n c r e a s e s t o 
a maximum f o l l o w e d by a decrease. The C 5 sample, w h i c h has an 
or d e r o f magnitude h i g h e r c o n c e n t r a t i o n o f s u r f a c e a c i d groups, 
however, decreases l i n e a r l y w i t h i n c r e a s i n g NaCl c o n c e n t r a t i o n up 
to 10""%, a f t e r w h i c h the z e t a p o t e n t i a l remains c o n s t a n t . The 
i n t e r p r e t a t i o n o f these r e s u l t s i s t h a t the z e t a p o t e n t i a l o f 
i s c o n t r o l l e d p r i m a r i l y by the a d s o r p t i o n o f CI i o n s r e p l a c i n g OH 
i o n s on the hydrophobic p a r t o f the s u r f a c e , w h i l e the z e t a p o t e n ­
t i a l o f C 5 i s c o n t r o l l e d by the d e c r e a s i n g i o n i z a t i o n p o t e n t i a l o f 
the s u r f a c e s u l p h a t e s w i t h i n c r e a s i n g c o n c e n t r a t i o n o f Na i o n s . 

The em was a l s o measured f o r and C 5 as a f u n c t i o n o f SLS 
c o n c e n t r a t i o n . The r e s u l t s , F i g u r e 10, show t h a t t h e z e t a p o t e n ­
t i a l i n c r e a s e s w i t h i n c r e a s i n g SLS i n a manner s i m i l a r t o what was 
ob t a i n e d f o r t h e 357 ran PS l a t e x i n F i g u r e 8. The C 5 sample, how­
e v e r , decreased l i n e a r l y w i t h i n c r e a s i n g SLS c o n c e n t r a t i o n up t o 
1 0 ~ % , f o l l o w e d by an i n c r e a s e above the CMC c o n c e n t r a t i o n . The 
c o n c e n t r a t i o n e f f e c t of SLS on the z e t a p o t e n t i a l o f the C 5 sample 
i s i n q u a n t i t a t i v e agreement w i t h the c o n c e n t r a t i o n e f f e c t o f NaCl 
on t h i s sample up t o 10"*%. These r e s u l t s suggest t h a t SLS does 
not adsorb s t r o n g l y on a l a t e x sample c o n t a i n i n g a h i g h c o n c e n t r a ­
t i o n o f s u r f a c e s u l p h a t e s , and t h a t the decrease i n z e t a p o t e n t i a l 
w i t h i n c r e a s i n g c o n c e n t r a t i o n o f e i t h e r NaCl o r SLS i s due t o the 
d e c r e a s e i n the degree o f d i s s o c i a t i o n o f the s u r f a c e s u l p h a t e s 
w i t h i n c r e a s i n g Na i o n c o n c e n t r a t i o n . S o l u t i o n a d s o r p t i o n i s o ­
therms o f SLS was measured on C^ and C 5 . The r e s u l t s on C 5 were 
l i m i t e d because o f the l i m i t e d amount o f sample a v a i l a b l e . The 
r e s u l t s , F i g u r e 11, show t h a t SLS adsorbs t o a much g r e a t e r e x t e n t 
on as compared t o C 5 where the c a l c u l a t e d c r o s s s e c t i o n a l a r e a 
were 57 and 300 Â 2/molecule f o r C^ and C 5 , r e s p e c t i v e l y . These 
r e s u l t s are i n agreement w i t h the i n t e r p r e t a t i o n o f the em r e s u l t s 
proposed above. 

C o n c l u s i o n s 

PS l a t e x e s are g e n e r a l l y prepared by emu l s i o n p o l y m e r i z a t i o n 
u s i n g p o t a s s i u m p e r s u l p h a t e as i n i t i a t o r . The c o n c e n t r a t i o n o f 
s u r f a c e s u l p h a t e s i n these l a t e x e s a r e u s u a l l y i n t h e range o f 1 
to 5 s i t e s / 1 0 0 0 Â2. The r e s u l t s p r e s e n t e d i n t h i s paper show t h a t 
the z e t a p o t e n t i a l i s independent o f the c o n c e n t r a t i o n o f s u r f a c e 
s u l p h a t e s when the c o n c e n t r a t i o n o f the s e s u r f a c e s u l p h a t e s i s r e ­
l a t i v e l y low. The c o n t r o l l i n g mechanism f o r the g e n e r a t i o n o f 
s u r f a c e p o t e n t i a l i n t h e s e cases i s the tendency f o r the hydropho­
b i c p a r t o f the s u r f a c e , w h i c h r e p r e s e n t s a much g r e a t e r f r a c t i o n 
o f t h e s u r f a c e , t o adsorb n e g a t i v e i o n s . The anion s w h i c h were 
i n v e s t i g a t e d were LS, OH, and CI i n t h a t o r d e r w i t h r e s p e c t t o 
p r e f e r e n t i a l a d s o r p t i o n . When the c o n c e n t r a t i o n o f s u r f a c e s u l ­
phates i s h i g h , i . e . g r e a t e r than 15 s i t e s / 1 0 0 0 Â 2 , the s u r f a c e i s 
h y d r o p h i l i c and t h e z e t a p o t e n t i a l i s p r e d o m i n a n t l y a f u n c t i o n o f 
the degree o f d i s s o c i a t i o n o f the s u r f a c e s u l p h a t e s . 
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10 1 10" 

SLS C o n c e n t r â t ! o n , Γ1 
10" z 

Figure 10. Zeta potential of the PS latex CI and C5 as a function of the concen­
tration of SLS 
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15. MA ET AL. Electrophoretic Mobility and Ion Adsorption 261 

SLS Concentration, M 

Figure 11. Λ dsorption of SLS on PS latex Cl and C5 
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16 
Techniques for Measuring Particle Swelling of 
Carboxylic Emulsion Polymers 

D. R. BASSETT, E. J. DERDERIAN, J. E. JOHNSTON1, and T. B. MacRURY2 

Technical Center, Union Carbide Corporation, South Charleston, WV 25303 

Carboxylic monomers, such as acrylic or methacrylic acid, are 
included in emulsion polymerization recipes for a variety of reasons: 
to increase the stability of the latex particles, to improve the 
adhesion of the resultant films to various substrates, to provide 
functional crosslinking sites for interparticle thermosetting re­
actions and to control the viscosity of latex formulations via 
particle swelling upon neutralization. This swelling or partial 
solubilization, has been qualitatively investigated by titration (1) 
and turbidity measurements (2) as well as by viscometry and microscopy 
(3). More recently Nishida, et al. (4), characterized the swelling 
behavior of methyl methacrylate/methacrylic acid emulsion polymers 
using viscometry and light scattering. It is clear that particle 
swelling is influenced by the type and concentration of carboxylic 
monomer incorporated into the particle, the relative hydrophilicity 
of the comonomers employed in the polymerization, the stiffness (Tg) 
of the polymer chains, and the molecular weight of the polymer. 
While most studies of particle swelling have dealt with emulsion 
polymers containing high acid levels, we have restricted our attention 
to latexes containing relatively low incorporated acid (ca.2-3%) to 
avoid substantial solubilization of the particles. Questions under 
current consideration are related to the location of incorporated 
carboxyl groups within the latex particles, the morphology of 
expanded particles, and the detailed mechanism of expansion. Infor­
mation of this type is valuable not only from a fundamental stand­
point but is essential in the investigation of very practical 
problems such as the viscosity stability of latex formulations. 

Central to any investigation of particle swelling is the use 
of a reliable method of measuring the size of the particles under­
going expansion. A sedimentation method was described previously 
(5) which can be used to explore the expansion characteristics of 
carboxylic emulsion polymers. In the present report, we present 
a comparison of sedimentation results with those obtained with two 

1. Current address: Exxon Chemicals, Linden, New Jersey 
2. Current address: IMC Corporation, Terre Haute, Indiana 

0097-6156/81/0165-0263$05.00/0 
© 1981 American Chemical Society 
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264 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

other quantitat ive methods, precis ion viscometry and photon 
corre la t ion spectroscopy. Of par t i cu lar concern in th is comparison 
is the effect of i n t e r p a r t i c l e in teract ions . The special problems 
associated with the use of l i g h t scatter ing techniques to probe the 
internal structure of expanded part ic les is described elsewhere in 
this Monograph (6). 

EXPERIMENTAL 

Latex Preparation. Model latexes were prepared by a semi-batch 
technique in which a monomer mix was continuously fed into a s t i r r e d 
reactor at 80°C in the presence of ammonium persulfate and a s ingle 
anionic surfactant , Aerosol OT (American Cyanamid). The i n i t i a l 
surfactant concentration in the reactor was adjusted to produce a 
p a r t i c l e s ize of approximately 0 . 1 μ \ η . The standard a c r y l i c polymer 
composition was 40 parts methyl methacrylate, 54 parts ethyl acrylate 
and 6 parts butyl acry la te . The polymerization was a r b i t r a r i l y 
divided into two stages, Stage I being the f i r s t hal f of the monomer 
feed and Stage II being the las t half of the feed. Since previous 
expansion studies (5j revealed that p a r t i c l e swelling i s accentuated 
by late addit ion of the carboxyl ic monomer, the Stage II addit ion 
was chosen for the present comparison. A c r y l i c a c i d , amounting to 
2 percent of the total monomer mix, was added to the las t half of 
the monomer feed used to prepare the model carboxyl ic latex. A 
second a c r y l i c latex was prepared under the same conditions without 
the monomeric a c i d . Several much harder latexes were also prepared 
using methyl methacrylate with 2 or 3 percent a c r y l i c acid added 
in Stage II . 

Sedimentation. The sedimentation method, described previously (5) , 
i s based on the r e l a t i v e sedimentation rates of swollen and unswollen 
latex p a r t i c l e s . Start ing with the Stokes expression for centri fugal 
sedimentation, an equation can be developed for the ra t io of the 
sedimentation coe f f i c i ent of a p a r t i c l e , S , to the sedimentation 
c o e f f i c i e n t , S, of the same p a r t i c l e having a surface layer: 

V r 2 (<V < g > ( ™ > (1) 

S r 3 ( ec' Po] + (3r 2 x+3rx 2 +x 3 )( PQ- PQ) 

where r i s the radius of the p a r t i c l e , P c i s i t s dens i ty , CQ i s the 
density of the suspending medium, P e i s the density of the layer and 
χ i s the thickness of the layer . 

Surface layers (adsorbed, solvated, ionic) are of considerable 
importance in contro l l ing the s t a b i l i t y and rheological properties 
of c o l l o i d a l systems. Sedimentation methods have proven e f fect ive 
in the measurement of adsorbed layer thickness using equations 
s imi lar to Equation 1 when the density of the layer could be estimated 
( Λ 8 ) . The equation can be considerably s impl i f i ed i f the density 
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16. BASSETT ET AL. Particle Swelling of Carboxylic Emulsion Polymers 265 

of the adsorbed layer is equal to that of the surrounding f l u i d . 
This s impl i f i ca t ion was used by Ottewi11 and Walker {]) in the ir 
study of the adsorption of a nonionic surfactant onto polystyrene 
latex in aqueous sodium ch lor ide . In the case of carboxylated 
emulsion polymers, evidence from conductometric t i t r a t i o n s suggests 
that the carboxyl groups are generally concentrated near the 
p a r t i c l e surface. The resultant model of an expanded p a r t i c l e i s 
that of a hydrated a c i d - r i c h shel l surrounding a compact polymer 
core. The hydrated shell may be viewed as a d i l u t e polymer solution 
where the density is close to that of water, i . e . , Pe= P 0 . With 
th i s assumption, Equation 1 reduces to the form: 

A c t u a l l y , information regarding the internal structure of the 
swollen p a r t i c l e i s not necessary since the change in p a r t i c l e 
volume i s equal to the volume of water absorbed, and the expanded 
p a r t i c l e set t les slower, as i t s average density decreases, according 
to Equation 2 in e i ther case. As with other hydrodynamic methods, 
sedimentation does not offer easy access to information regarding 
p a r t i c l e morphology. 

In this study, model latexes were d i luted with d i s t i l l e d water 
to 1 percent so l ids by weight. Individual samples were adjusted 
with sodium hydroxide to various pH values from 3 to 13 and allowed 
to equi l ibrate 24 to 48 hours depending on the pH d r i f t observed. 
Sedimentation coef f ic ients were determined at 30°C with a Beckman 
Model Ε analyt ica l u l tracentr i fuge using a s ingle sector c e l l . 
Since the latexes had f a i r l y narrow p a r t i c l e s ize d i s t r i b u t i o n s , 
precise measurements of the sedimentation coef f ic ients were obtained 
from the change in boundary posi t ion with time. The operating 
speed of the rotor was selected to give a sedimentation time of at 
least 20 minutes. 

Viscometry. At low concentrations of suspended s o l i d s , the v i s c o s i t y , 
, of a dispersion increases with the volume of the suspended phase. 

Einste in (9) proposed a re la t ionship for spherical p a r t i c l e s : 

where Y £ 0 i s the v i scos i ty of the suspending 1 iquid and 0 i s the 
volume fract ion of the suspended phase. The Einste in equation 
assumes no interact ion between par t i c l e s and i s s t r i c t l y appl icable 
only at very low values of 0 (ca. 0.002 or below). This r e s t r i c t i o n 
necessitates extreme experimental accuracy due to the small difference 
in v i s cos i ty between the suspension and the 1 iquid medium. 

Many attempts have been made to extend Equation 3 to higher 
concentrations. Of these, we have chosen the equation of Guth, 
Simha and Gold (10,Jl). 

5_= _ ο _ r+x (2) 

H = % (1+2.5 0) (3) 

\ = v^ o (1+2.5 0 + 14.1 0 2) (4) 
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which has been v e r i f i e d for polystyrene latexes at volume fract ions 
up to 0.075 (12). S imi lar extensions have been u t i l i z e d in studies 
of polymer adsorption on i rregu lar par t i c l e s (T_3,T4_). The p a r t i c l e 
volume f r a c t i o n , 0, i s the hydrodynamic volume of the suspended 
phase. In the case of an expanded latex p a r t i c l e , th i s value w i l l 
be greater than that of the dry polymer such that 

where 0 o i s the volume fract ion of the dry polymer, P i s the density 
of the dry polymer and c i s the concentration of the polymer (g/ml). 
This equation leads to a swelling ra t io s imi lar to Equation 2: 

with 0 given by Equation 4. 
Viscometric p a r t i c l e swelling experiments were carr ied out 

with a Cannon-Ubbelohde shear-di lut ion viscometer thermostated at 
30 + 0 . 0 5 ° C . The shear rate was approximately 2000 sec" 1 with flow 
times determined to + 0.1 sec. As in the sedimentation method, the 
model latexes were d i luted with d i s t i l l e d water to a concentration 
of approximately 1 percent. Individual samples were adjusted with 
sodium hydroxide to various pH values and allowed to equi l ibrate 
at least 24 hours before measuring the v i s c o s i t y . 

Photon Corre lat ion Spectroscopy. In the past several years , photon 
corre la t ion spectroscopy (PCS), also known as quas ie last ic l i g h t 
sca t ter ing , has become an increasingly popular technique for 
measuring the p a r t i c l e size of c o l l o i d a l dispersions and macro-
molecules in so lut ion . A deta i led account of the theory and 
appl icat ions has been given by Berne and Pecora (15). B r i e f l y , when 
a c o l l o i d a l dispersion is i l luminated by a l i g h t source, the 
intens i ty of the scattered l i g h t f luctuates around i t s mean value 
because of the Brownian movement of the p a r t i c l e s . In PCS, the time 
dependence of these intens i ty f luctuat ions is related to the 
trans lat ional d i f fus ion coe f f i c i ent of the p a r t i c l e s . In a typica l 
experiment, the autocorrelat ion funct ion, C ( f ) , of the time-
dependent intens i ty i s determined. The autocorrelat ion function 
is a measure of the corre la t ion in the scattering intens i ty and, 
for monodisperse spheres, i s characterized by a s ingle exponential 
decay with time: 

(5) 

(6) 

C(f ) = A [1 + Β exp K / rc)] (7) 

where A i s the average scattering in tens i ty , Β is a spat ial 
coherence fac tor , and t i s the corre la t ion delay time. The exponential 
time decay is determined by a s ingle charac ter i s t i c corre la t ion time, 
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16. BASSETT ET AL. Particle Swelling of Carboxylic Emulsion Polymers 267 

7 ς > of the intens i ty f luctuat ions . In a homodyne l i g h t scattering 
experiment, Tc i s related to the trans lat ional d i f fus ion c o e f f i c i e n t , 
D T , of the par t i c l e s by the re lat ionship 

= (8) 
C 2K Dy 

where Κ is the scattering vector which is a function of the 
scattering angle, the wavelength of the l i g h t source and the re ­
f rac t ive index of the medium. 

For d i lu te dispersions of spherical p a r t i c l e s , the d i f fus ion 
coef f i c i ent can be related to the hydrodynamic diameter of the 
p a r t i c l e s by the Stokes-Einstein equation 

d = (9) 
31fV}DT 

where k is the Boltzmann constant, Τ the absolute temperature, and 
^ the v i s cos i ty of the medium. 

For th is descr ipt ion of PCS, i t is evident that , for mono-
disperse systems, the technique can provide an absolute measurement 
of hydrodynamic s i ze ; knowledge of the density or re frac t ive index 
of the par t i c l e s is not required, and no c a l i b r a t i o n or correct ion 
is needed. With the advent of d i g i t a l corre lators and micro­
processors, PCS has also become a very fast and precise technique. 
Recent studies of latex using PCS include adsorbed layers (8) , 
p a r t i c l e sizes (16), surface character izat ion (17) and aggregation 
(181. — ~~ 

The present study was carr ied out using a Chromatix KMX-6DC 
low-angle l i g h t scattering photometer (Chromatix, Inc . , Sunnyvale, 
Ca l i forn ia ) interfaced with a 64-channel d i g i t a l corre la tor 
(Chromatix Model 64) which is l inked to a DEC LSI-11 data processing 
system. The exci tat ion source is a 2mW He-Ne laser ( Λ =6328 Â ) . 
A Tektronix T921 osc i l loscope is used to display the temporal decay 
of the autocorrelat ion funct ion. 

The design of the photometer, shown in Figure 1, allows l i g h t 
scattering to be done in the backward as well as the forward 
d i r e c t i o n . At angles near 1 8 0 ° , the corre la t ion times of latex 
par t i c l e s and dust are well separated; furthermore, at 180° there 
is a large attenuation in the scattering intens i ty from dust due 
to destructive interference. As a r e s u l t , the autocorrelat ion 
function due to scattering from the latex par t i c l e s is not affected 
by the presence of dust; consequently, the latex samples did not 
require f i l t r a t i o n . A l l measurements were carr ied out at 1 7 5 . 5 ° in 
the backward d irec t ion at 20°C using the homodyne mode. The f u l l 
(undipped) autocorrelat ion function was used to obtain D j . An 
optimum corre la tor sample time was determined for each latex. 
Detai ls of th is procedure are given in Reference 16. 

The model latexes were d i luted with doubly d i s t i l l e d water to 
a concentration of 5 χ 104% by weight. Each sample was adjusted 
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268 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 1. Diagram of the optical arrangement for back-scattering at θ = 175.5° 
used in photon correlation spectroscopy 

1500 

Ο 1400 

1200 

1100 

-

" . " M l 
; u 

2 ΙΘ 20 22 24 26 42 44 
TIME, HOURS AFTER NEUTRALIZATION 

Figure 2. Effect of equilibration time on carboxylic particle expansion at pH = 
12.5 as determined by photon correlation spectroscopy. The confidence interval on 
d is at the 90% probability level. The initial particle size is given by d 0 (acrylic 

latex, 2% AA(II), d0 = 1120 A). 
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to the desired pH range with sodium hydroxide and equi l ibrated as 
in the sedimentation method; the f ina l pH was measured at the time 
the l i gh t scattering measurement was made. The need for adequate 
e q u i l i b r a t i o n time i s shown in Figure 2 for a high pH sample of the 
model a c r y l i c latex. Periodic measurement of the same sample after 
addit ion of sodium hydroxide showed that approximately 24 hours 
were required to reach the f ina l equi l ibrated degree of expansion 
at th i s pH. E q u i l i b r a t i o n was much faster at the lower pH's where 
l i t t l e expansion was observed. This exercise also i l l u s t r a t e s one 
of the benefits of PCS in that time effects can be conveniently 
studied. Twenty measurements were carr ied out at each pH; error 
l i m i t s on each point represent the 90% probabi l i ty l e v e l . 

RESULTS AND DISCUSSION 

The sedimentation r a t i o , SJS9 is presented in Figure 3 as a 
function of pH for two model latexes. The upper curve i l l u s t r a t e s 
the general charac ter i s t i c s of carboxyl ic p a r t i c l e expansion (5): 
an i n i t i a l region in which the p a r t i c l e size is independent of pH, 
an abrupt increase in s ize over a f a i r l y small range in pH, a 
narrow maximum, and f i n a l l y an abrupt contract ion . The behavior 
of the latex containing no polymerized acid i s quite d i f f e r e n t , 
exhibi t ing no expansion over the ent ire pH range. In f a c t , the 
par t i c l e s undergo a s l i gh t contraction at high pH. 

A general explanation of the expansion behavior i l l u s t r a t e d 
in Figure 3 i s as fol lows. At low pH the incorporated acid groups 
possess l i t t l e charge, but as the pH is increased, e l e c t r o s t a t i c 
charge i s generated to develop su f f i c i en t repulsion to separate the 
a c i d - r i c h polymer chains. The ionized chains expand, absorbing 
water in the process, thereby reducing the density of the par t i c l e s 
and hence causing a decrease in the sedimentation rate . The pH at 
maximum expansion corresponds to the pH (from potentiometric t i t r a t i o n ) 
at which most of the carboxyls are neutra l ized . Excess sodium 
hydroxide acts l i k e a simple e l e c t r o l y t e , and the hydrated p a r t i c l e 
shrinks as the repuls ive centers are shielded. The shrinkage of 
the latex having no incorporated acid i s due to the same excess 
e l ec tro ly te effect and i l l u s t r a t e s the presence of a hydration 
layer around most c o l l o i d a l par t i c l e s suspended in water. At 
present we lean toward a p a r t i c l e structure in which the acid 
groups are p r e f e r e n t i a l l y located near the p a r t i c l e surface, but 
hydrodynamic measurements cannot d i f f eren t ia t e between homogeneous 
and core-shel l p a r t i c l e s tructures . 

The viscometric expansion resul ts for the same model latexes 
are shown in Figure 4. Since sedimentation and PCS measurements 
include whatever hydration layer i s already present on the par t i c l e s 
before expansion (low pH), the i n i t i a l point on the expansion 
curves in Figure 4 was set equal to 1.0 for comparison with the 
other two methods. A c t u a l l y , the i n i t i a l value of ^1/3 ^ Q r 

the carboxyl ic latex was 1.08 indicat ing a layer thickness of 
about 45 A present at pH = 3.8. The general charac ter i s t i c s of the 
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270 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 4. Expansion characteristics of model acrylic latexes as determined by 
viscometry ((%) 2% AA(II); no acid) 
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16. BASSETT ET AL. Particle Swelling of Carboxylic Emulsion Polymers 111 

curves in Figure 4 are quite s imi lar to those obtained by 
sedimentation. Par t i c l e shrinkage of the noncarboxylic sample, 
evident in Figure 3 , was also detected by viscometry at the higher 
pH values due to the excess sodium hydroxide. 

Figure 5 shows the swelling behavior of the model a c r y l i c 
latexes as determined by photon corre la t ion spectroscopy. Changes 
in p a r t i c l e diameter are shown instead of radius as in Figures 3 
and 4 . Τhe^ diameter, d , at each pH was divided by the i n i t i a l 
diameter, d 0 , determined at pH = 5 (unexpanded). In general shape, 
the curves are s imi lar to those determined by sedimentation and 
viscometry. The i n i t i a l points occurred at a higher pH due to the 
much lower p a r t i c l e concentration. No ef fort was made to lower the 
i n i t i a l pH with a c i d ; consequently, the undesirable sa l t effect was 
avoided. 

A quanti tat ive comparison of p a r t i c l e expansion determined by 
the three methods is given in Table I . The p a r t i c l e d î a m e t e ç of 
the standard a c r y l i c latex was determined by PCS to be 1120 A. This 
value was used in the ca lcu la t ion of the increase in p a r t i c l e radius 
at maximum expansion in each case. The sedimentation method yielded 
the largest increase in radius , 302 A, followed by the viscometric 
value of 240 Â . Possibly the shear involved in the l a t t e r method 
resulted in a par t ia l col lapse of the surface layer . The value 
determined by PCS was found to be approximately half that determined 
by sedimentation. Since the PCS determination i s presumed to be 
free of p a r t i c l e interact ions at a concentration of 5 X 10" 4 %, we 
must conclude that the other two methods (at 1% sol ids) exhibi t 
such interact ions . As a r e s u l t , the charged par t i c l e s se t t l e slower 
( 1 9 ) and y i e l d a higher v i s cos i ty than in the absence of these 
(repulsive) in teract ions . 

TABLE I 

PARTICLE EXPANSION COMPARISON 

Method 
P a r t i c l e / r+x \ Increase ir 
Radius, A \ r / max Radius, A 

Sedimentation 560 1 . 5 4 302 
Viscometry 560 1 . 4 3 240 
PCS 560 1 . 2 8 157 

In an e f for t to estimate the magnitude of the decrease in 
sedimentation rate due to i n t e r p a r t i c l e in teract ions , several poly 
(methyl methacrylate) latexes (PMMA) were prepared since PMMA 
par t i c l e s are too hard for expansion to occur at low acid l eve l s . 
Thus surface charge can be adjusted in the absence of expansion. 
The lower curve in Figure 6 shows the sedimentation behavior of a 
PMMA latex containing 2% a c r y l i c acid added in Stage II in the same 
manner employed to make the model carboxyl ic a c r y l i c latex. A 
contraction of approximately 75 Â was observed at pH = 1 1 . 
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272 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 6. Expansion characteristics of PMMA latexes containing 2% ((Φ), d0 = 
0.10 μΐη) and 3% ((H), J 0 = 0.11 μτη) acrylic acid (Stage II) as determined by 

sedimentation 
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16. BASSETT ET AL. Particle Swelling of Carboxylic Emulsion Polymers 273 

In order to compare the PMMA resul ts with those obtained with 
the carboxyl ic a c r y l i c la tex , the concentration of surface carboxyls 
must be determined. Acid locat ion analysis ( 5 J was carr ied out for 
th i s purpose. B r i e f l y , the latexes were t i t r a t e d conductometrically 
with 0.1N NaOH followed by a t i t r a t i o n of the aqueous phase from 
which the par t i c l e s had been removed by centr i fugat ion . The 
difference in the two t i t r a t i o n s provided the d i s t r i b u t i o n between 
surface and soluble ac id . The d e f i c i t between the total acid thus 
determined and the concentration of a c r y l i c acid used in the poly­
merization was termed "buried". Although some d r i f t occurred in 
the conductance with time, an equ i l ibra t ion time of approximately 
10 minutes per addit ion of sodium hydroxide was generally su f f i c i en t 
to y i e l d stable readings. 

The resul ts of the acid locat ion analyses are given in Table I I . 
In the case of the standard carboxyl ic latex used in th i s study, 
most of the acid (92%) was found to be incorporated in the surface 
region of the par t i c l e s (eas i ly t i t ra ted ) with a small amount of 
soluble acid and r e l a t i v e l y l i t t l e unavai lable . This analysis 
i l l u s t r a t e s the basis for viewing the p a r t i c l e morphology of soft 
carboxyl ic latexes in terms of an acid r i c h surface region which 
leads to an expanded hydrated surface l a y e r , at high pH, surrounding 
a rather compact polymer core. In contrast , the s i m i l a r l y prepared 
PMMA latex containing 2% a c r y l i c acid (Stage II) y ie lded substant ia l ly 
less surface a c i d , 0.90% (only 45% of the total a c i d ) , with more 
than half the polymerized acid unavai lable . This resu l t i s a good 
i l l u s t r a t i o n of the effect of polymer Tg on the locat ion of 
incorporated acid within the par t i c l e s of carboxyl ic emulsion 
polymers. A comparison of the sedimentation properties of th i s 
latex with those of the standard a c r y l i c latex is thus inappropriate 
with regard to surface charge. 

TABLE II 
ACID LOCATION ANALYSIS OF MODEL LATEXES 

Latex % A c r y l i c Acid Based on Polymer 

(Acry l i c Acid in Stage II) Surface Soluble Buried 

STD A c r y l i c , 2% AA 1.84 (0.92) 0.12 (0.06) 0.04 (0.02) 
PMMA, 2% AA 0.90 (0.45) 0.04 (0.02) 1.06 (0.53) 
PMMA, 3% AA 1.89 (0.63) 0.21 (0.07) 0.90 (0.30) 

Parentheses indicate f rac t ion of total acid in respective loca t ion . 

A second PMMA latex was prepared, with 3% a c r y l i c acid (Stage 
I I ) , in an e f for t to match the surface acid concentration of the 
standard a c r y l i c latex. The acid locat ion resul t s in Table II show 
that the surface acid of th is latex was indeed close to that of the 
standard a c r y l i c . The sedimentation curve for th i s latex i s shown 
in Figure 6 in which an apparent expansion maximum of about 60 A 
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occurred at pH = 10.2. PCS examination of the same la tex , Figure D 

7, y ie lded an e n t i r e l y d i f ferent curve. Contraction of about 30 A 
in radius was observed in the high pH range. The difference in the 
two resul ts indicates that the sedimentation value at maximum 
expansion is too high by at least 90 Â due to p a r t i c l e - p a r t i c l e 
in terac t ion . Figure 7 also shows conclus ively that the p a r t i c l e 
expansion observed in Figure 5 is not an a r t i f a c t due to p a r t i c l e -
p a r t i c l e , e lectroviscous , double layer ar charge e f fec ts . 

A study of p a r t i c l e shrinkage due to added e l ec tro ly te is of 
interest because i t provides an estimate of the s ize of the 
hydration layer around par t i c l e s suspended in water. These values 
range from 26 Â (PCS) to 45 A (SED) for the noncarboxylated a c r y l i c 
latex , 75 A (SED) for the PMMA + 2% AA and 31 Â (PCS) for the PMMA 
+ 3% AA latex. 

The unexpected difference in the PCS expansion r e s u l t s , when 
compared with those obtained by the other two methods, is that the 
pH at which maximum expansion occurs is shifted from approximately 
10.5 in the case of sedimentation and viscometry to about 12.5 in 
the case of photon corre la t ion spectroscopy. Since much lower 
p a r t i c l e concentrations were employed in the PSC experiments, i t 
was of interest to explore the effect of ionic strength on p a r t i c l e 
expansion as determined by PCS. Figure 8 shows a comparison of 
expansion for the standard a c r y l i c latex in d i s t i l l e d water and in 
0.01 M NaCl. As expected, the size at maximum expansion decreased 
due to the shie lding effect of the e l ec tro ly te on the e l ec tros ta t i c 
repulsion between charged groups. In add i t ion , the pH at which 
the maximum occurred shifted downward to about pH = 11.2. This 
sh i f t indicates that the carboxyl groups are more eas i l y ionized 
the higher the ionic strength of the medium. These resul ts suggest 
that at very low p a r t i c l e concentration, carboxyl groups on latex 
p a r t i c l e surfaces are much weaker acids than hitherto suspected 
(20). A further inference i s that even when the ionic strength of 
the medium is low, the interact ions between charged par t i c l e s 
f a c i l i t a t e s the ionizat ion of weak acid groups in a manner s imi lar 
to that of discrete ions in so lut ion . The absence of such i n t e r ­
act ions , as in PCS at low p a r t i c l e concentration, makes the removal 
of a proton from the p a r t i c l e surface more d i f f i c u l t . Potentiometric 
t i t r a t i o n s on carboxyl ic latexes at concentrations used in the PCS 
experiments (5 X 10"^ weight percent) are necessary to ver i fy th i s 
hypothesis. Unfortunately, meaningful resul ts are very d i f f i c u l t 
to obtain with such d i l u t e systems. 

CONCLUSIONS 

The expansion charac ter i s t i c s of carboxyl ic latex par t i c l e s 
have been measured using three independent techniques: sedimentation, 
which uses the change in p a r t i c l e density due to swelling to deter­
mine the change in p a r t i c l e s i ze ; viscometry, which measures volume 
changes; and photon corre la t ion spectroscopy, which measures the 
d i f fus ion coef f i c i ent of the p a r t i c l e s . The sedimentation technique 
offers precise measurements at low shear but requires r e l a t i v e l y 
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Figure 7. Expansion characteristics of PMMA latex containing 3% acrylic acid 
(Stage II) as determined by photon correlation spectroscopy 
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Figure 8. Effect of added electrolyte (0.01M NaCl) on the expansion characteris­
tics of a model carboxylic latex as determined by photon correlation spectroscopy 
((%) acrylic latex, 2% AA(I1), d„ = 1120 A; (U) same latex in 0.01U NaCl, d 0 = 

1010 A) 
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narrow p a r t i c l e s ize d i s t r i b u t i o n s at f a i r l y high so l ids (ca_. 1%) 
for sharp sedimentation boundaries. The viscometric technique 
is simple in concept and requires a minimum expenditure for 
equipment although good temperature control i s important. The 
density of the polymer i s required for quanti tat ive r e s u l t s , and 
shear effects can be important. Again, r e l a t i v e l y high sol ids are 
required. Photon corre la t ion spectroscopy i s carr ied out at very 
low p a r t i c l e concentrations so that i n t e r p a r t i c l e interact ions are 
minimized. PCS offers f a s t , absolute measurements of hydrodynamic 
size at very low shear rate with excel lent prec i s ion . The back-
scattering mode described here minimizes the effect of dust par t i c l e s 
and thus eliminates the need for sample f i l t r a t i o n . 

Photon corre la t ion spectroscopy, carr ied out under very d i l u t e 
condit ions , has unambiguously demonstrated the expansion of car­
boxylic emulsion polymers at high pH, but i t may not always be 
useful in predict ing properties of pract i ca l in teres t . Of special 
concern i s the apparent decrease in the i n t r i n s i c ionizat ion con­
stant of surface carboxyls at very low concentration. Since most 
uses of emulsion polymer occur at high concentrations, the measure­
ment of p a r t i c l e - p a r t i c l e interact ions is of great pract i ca l 
importance ( 21_). It has been found that the sedimentation and 
viscometric techniques c lose ly re f l ec t v i s cos i ty changes in latexes 
at much higher so l id s . Extension of the PCS approach to more con­
centrated systems i s underway but not without problems (22). 

The existence of surface layers on aqueous c o l l o i d s i s an 
important consideration in the interpretat ion of hydrodynamic 
effects in v i s c o s i t y , s t a b i l i t y , e lectrophores is , d i f f u s i o n , 
sedimentation and adhesion measurements. In the case of charged 
systems, represented by expanded carboxyl ic latexes , these layers 
possess both s t er i c and e l ec t ros ta t i c properties and might properly 
be ca l l ed "electrosteric" in nature. The expansion properties of 
carboxy l i c , as well as other ionogenic, latex par t i c l e s are important 
in the interpretat ion of conductometric t i t r a t i o n curves, acid 
locat ion resul ts and in the choice of model c o l l o i d s for fundamental 
studies. The existence of a constant geometric surface over a wide 
range of pH is generally des irable in such studies. A variable 
surface layer obviously complicates the use of models designed to 
describe ionizable surface groups at interfaces (23). Polystyrene 
and poly(methyl methacrylate) latexes at reasonably low (< 5%) 
carboxyl contents seem appropriate choices in th is regard. 

ABSTRACT 

Carboxylic emulsion polymers exhibit particle swelling when 
the incorporated acid groups are neutralized. Active areas of 
investigation include the location of the polymerized carboxylic 
monomers, the detailed mechanism of particle expansion and the 
morphology of the expanded particles. Several methods have been 
used to study particle expansion including light scattering, 
centrifugal sedimentation, precision viscometry and photon 
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correlation spectroscopy (PCS). Although none of these techniques 
can distinguish homogeneous and non-uniform particle expansion, 
the hydrodynamic expansion curves were similar in shape. Particle 
expansions obtained by viscometry were slightly smaller than the 
values obtained by sedimentation. The PCS method however, yielded 
particle expansion values which were smaller by almost 50 percent. 
In addition, maximum expansion occurred at pH = 12.5 in the PCS 
experiments compared with approximately 10.5 observed in the 
sedimentation and viscometry experiments. Since PCS is carried 
out at much lower particle concentrations, interactions between the 
charged particles at the higher concentrations are probably involved. 
Similar comparisons with non-expanding carboxylic latex particles 
were carried out in an effort to separate interparticle charge 
effects from true particle expansion in interpreting apparent 
particle sizes determined by hydrodynamic methods. 

ACKNOWLEDGMENTS 

The authors thank the following people for helpful discussions 
and experimental assistance: K. L. Hoy, R. H. Peterson, L. C. Cantley, 
M. R. Doerflein and R. L. Pack. 

LITERATURE CITED 

1. Muroi, S., J. Appl. Polymer Sci., 1966, 10, 713. 
2. Muroi, S., Hosoi, K.; Ishikawa, T., J. Appl. Polymer Sci., 

1967, 11, 1963. 
3. Verbrugge, C. J., J. Appl. Polymer Sci., 1970, 14, 897,911. 
4. Nishida, S.; El-Aasser, M. S.; Klein, A.; Vanderhoff, J. W.; 

This volume, 
5. Bassett, D. R.; Hoy, K. L.; "Polymer Colloids II", R. M. 

Fitch, ed., Plenum Press, New York, 1980, p.1. 
6. Ford, J. R.; Rowell, R. L.; Bassett, D. R.; This volume, 
7. Ottewill, R. H.; Walker, T., Kolloid-Z., Z. Polymere, 1968, 

227, 108. 
8. Garvey, M. J.; Tadros, Th. F.; Vincent, B., J. Colloid 

Interface Sci., 1976, 55, 440. 
9. Einstein, Α., Ann. Physik, 1906, 19, 289. 

10. Guth, E.; Simha, R., Kolloid Z., 1963, 74, 266. 
11. Guth, E.; Gold, O., Phys. Rev., 1938, 53, 322. 
12. Cheng, P. Y.; Schachman, H. K., J. Polymer Sci, 1955, 16, 19. 
13. Doroszkowski, Α.; Lambourne, R., J. Colloid Interface Sci., 

1968, 26, 214. 
14. Fleer, G. J.; Koopal, L. K.; Lyklema, J., Kolloid-Z., Z. Polymere, 

1972, 250, 689. 
15. Berne, B. J.; Pecora, R., "Dynamic Light Scattering," John 

Wiley and Sons, Inc., New York, 1976. 
16. Derderian, E. J.; MacRury, T. B., Paper presented at the 54th 

Colloid and Surface Science Symposium, Lehigh University, June, 
1980. To be published in J. Dispersion Sci. Tech. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

6



278 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

17. Goosens, J. W. S.; Zembrod, Α., Colloid and Polymer Sci., 
1979, 257, 437. 

18. Bauer, D. R., J. Phys. Chem., 1980, 84, 1592. 
19. Dickinson, E., J. Colloid Interface Sci., 1980, 73, 578. 
20. James, R. O.; Davis, J. Α.; Leckie, J. O., J. Colloid 

Interface Sci., 1978, 65, 331. 
21. Ottewill, R. H., Prog. Colloid & Polymer Sci., 1980, 67, 71. 
22. Bauer, D. R., "Polymer Colloids II", R. M. Fitch, ed., 

Plenum Press, New York, 1980, p. 51. 
23. Healy, T. W.; White, L. R., Adv. Colloid Interface Sci., 

1978, 9, 303. 

RECEIVED April 6, 1981. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

6



17 
Light Scattering Studies of the Internal Structure 
of Emulsion Polymer Particles 

J. R. FORD and R. L. ROWELL 
Department of Chemistry, University of Massachusetts, Amherst, MA 01003 
D. R. BASSETT 
Technical Center, Union Carbide Corporation, South Charleston, WV 25303 

Wide angle light scattering is used as the principal probe 
to examine the core-shell structure proposed for certain acrylic 
acid acrylate ester copolymer latexes. Additional techniques 
were sedimentation and photon correlation spectroscopy. 

The work represents an application of core-shell light 
scattering theory to polymer latex suspensions and addresses the 
separate identification of light scattering by dust, latex par­
ticles and low molecular weight solutes. 

Core-Shell Theory and Model 

The exact electromagnetic scattering theory of the concen­
tric shell model was first solved by Aden and Kerker (1) and 
shortly thereafter by Güttler (2). The problem has been ex­
tensively studied both theoretically and experimentally for 
aerosols by Kerker and co-workers and is reviewed in Kerker's 
book (3). The aerosol system had a core of relative refractive 
index m1=2.105 and a shell of m2=1.482 corresponding to silver 
chloride coated with linolenic acid. The results indicated that 
for a smooth variation in the refractive index of the shell, the 
refractive index might not be sensitive to the form of the 
variation. 

Olaofe and Levine (4) investigated the scattering for con­
centric spheres and spherically symmetric inhomogeneous spheres 
with Cauchy and parabolic distributions of the radial profile 
of refractive index. Comparisons were with the volume-weighted 
refractive index 

They found, that for a concentric sphere with a variable coating, 
the scattering was not sensitive to the form of the variation in 
the shell whenever there was a constant amount of refractive 
material (m = 1.0738). For inhomogeneous spheres with either 
a Cauchy or parabolic distribution, the forward scattering 

m = (1/V) mdV 

0097-6156/81 /0165-0279$05.00/0 
© 1981 American Chemical Society 
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280 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

d i f f e r e d o n l y s l i g h t l y from the v a r i a b l e s h e l l c o n c e n t r i c sphere 
model. The b a c k s c a t t e r i n g , however, was c o n s i d e r a b l y d i f f e r e n t 
from t h a t o f c o n c e n t r i c spheres and was s i g n i f i c a n t l y d i f f e r e n t 
f o r d i f f e r e n t i n t e r n a l p r o f i l e s . 

P r e v i o u s Work 

Our f i r s t paper (5) appears t o be the f i r s t w i d e - a ngle l i g h t 
s c a t t e r i n g a p p l i c a t i o n of c o n c e n t r i c - s p h e r e t h e o r y t o aqueous 
su s p e n s i o n s . I n the i n v e s t i g a t i o n a l a s e r l i g h t s c a t t e r i n g 
a pparatus w i t h photon c o u n t i n g d e t e c t i o n was used t o o b t a i n wide-
a n g l e l i g h t s c a t t e r i n g d a t a on a s m a l l p a r t i c l e s i z e l a t e x , 
34BRD45, t h a t c o n c l u s i v e l y e s t a b l i s h e d the e x i s t e n c e o f a con­
c e n t r i c - s h e l l p a r t i c l e w i t h a c o r e d i a m e t e r o f 0.20 μιη, a s h e l l 
t h i c k n e s s o f 0.09 ym and a s h e l l r e l a t i v e r e f r a c t i v e i n d e x o f 
1.04. Some samples showed a slow, c o n s i s t e n t d e c r e a s e i n pH 
a f t e r d i l u t i o n t h a t c o n t i n u e d f o r a t l e a s t 8 hours so t h a t t he 
d e t a i l s o f the pH-dependent changes i n the c o r e - s h e l l s t r u c t u r e 
were not c o m p l e t e l y c l e a r w i t h i n the scope of the a n a l y s i s . 
S i n c e the a c c u r a c y o f the l i g h t s c a t t e r i n g a p p a r a t u s and the r e ­
l i a b i l i t y o f the i n v e r s i o n procedure had been proven by com­
p a r i s o n o f f o u r methods on Dow p o l y s t y r e n e l a t e x LS-1028-E ( 6 ) , 
i t was de c i d e d t o examine a l a r g e r l a t e x i n more d e t a i l as a 
f u r t h e r study o f the method o f d e t e r m i n i n g the i n t e r n a l s t r u c t u r e 
o f a l a t e x by wide-angle l i g h t s c a t t e r i n g . 

P r e s e n t Work 

Not o n l y was a l a r g e r l a t e x examined i n more d e t a i l b ut a l s o 
a g r e a t e r s t u d y was made o f the c o n c e n t r a t i o n dependence o f the 
l i g h t s c a t t e r i n g . The c o n c e n t r a t i o n dependence o f l a t e r a l 
s c a t t e r i n g was f i r s t examined by H e l l e r and T a b i b i a n (7). They 
measured the c o n c e n t r a t i o n dependence o f the s p e c i f i c t u r b i d i t y 
l 9 o / l 0 c and c a r r i e d out an e x t r a p o l a t i o n t o ze r o c o n c e n t r a t i o n 
d e f i n e d by 

( I 9 0 / I o c ) o = l i m ( I 9 o / I o c ) 
c->o 

P r a c t i c a l d i f f i c u l t i e s i n o b t a i n i n g I Q l e d t o the use o f a 
r e f e r e n c e i n t e n s i t y I R so t h a t I g o / I ^ c was p l o t t e d v e r s u s c and 
e x t r a p o l a t e d t o z e r o c o n c e n t r a t i o n . The method r e q u i r e d a c a l i ­
b r a t i o n c o n s t a n t w h i c h was o b t a i n e d by the use o f p o l y v i n y l -
t o l u e n e l a t e x spheres o f known s i z e from e l e c t r o n microscopy. 
For s m a l l p a r t i c l e s t he s p e c i f i c t u r b i d i t y i n c r e a s e d w i t h 
d i l u t i o n which was e x p l a i n e d by decreased i n t e n s i t y l o s s from t he 
pri m a r y and s c a t t e r e d beams due t o p a r t i c l e t u r b i d i t y . F or 
c e r t a i n p a r t i c l e s of a s i z e around the f i r s t t u r b i d i t y maximum 
where the s c a t t e r i n g i s s t r o n g e s t , t h e s p e c i f i c t u r b i d i t y 
decreased w i t h d i l u t i o n as the s t r a y l i g h t from m u l t i p l e s c a t t e r ­
i n g decreased. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

7



17. FORD ET AL. Internal Structure of Emulsion Polymer Particles 281 

I n the p r e s e n t work w i t h a l a s e r s o u r c e and photon c o u n t i n g 
d e t e c t i o n we were a b l e t o make measurements a t c o n c e n t r a t i o n s 
l o w e r than the work of H e l l e r and T a b i b i a n where m u l t i p l e 
s c a t t e r i n g and p a r t i c l e t u r b i d i t y were n e g l i g i b l e and s i n g l e 
s c a t t e r i n g c o u l d be d i r e c t l y observed. I t was p o s s i b l e t o make 
d i r e c t measurements of I Q and u t i l i z e the R a y l e i g h r a t i o V v and 
Mie t h e o r y c o e f f i c i e n t ( i i ) A by 

where R i s the o b s e r v a t i o n d i s t a n c e from a s c a t t e r i n g volume V, Ν 
i s the number c o n c e n t r a t i o n o f p a r t i c l e s , λ the wavelength i n the 
medium and ρ(a) i s a d i s t r i b u t i o n f u n c t i o n over the s i z e p a r a ­
meter α = 2πτ/λ. I t i s c l e a r t h a t V v i s d i r e c t l y p r o p o r t i o n a l t o 
Ν so t h a t one needs o n l y t o f i n d t h e range where the excess 
s c a t t e r i n g i s d i r e c t l y p r o p o r t i o n a l t o c o n c e n t r a t i o n i n o r d e r t o 
s e l e c t a weight c o n c e n t r a t i o n s u i t a b l e f o r measurement. 

L a t e x P r e p a r a t i o n 

The l a t e x e s were p r e p a r e d as i n p r e v i o u s work (8) by one o f 
us (DRB) u s i n g a semi-batch t e c h n i q u e i n which a monomer mix was 
fe d i n t o a r e a c t o r a t 80°C i n the presence of ammonium p e r s u l f a t e 
and AEROSOL OT. The i n i t i a l AEROSOL OT c o n c e n t r a t i o n was a d j u s t ­
ed t o produce a p a r t i c l e s i z e i n the range 0.10 t o 0.50 um. The 
monomer mix c o n s i s t e d of 40 p a r t s m e t h y l m e t h a c r y l a t e , 54 p a r t s 
e t h y l a c r y l a t e and 6 p a r t s b u t y l a c r y l a t e . For the " c o r e " 
l a t e x e s the s t a n d a r d monomer feed was used; f o r t h e " c o r e - s h e l l " 
l a t e x e s , a c r y l i c a c i d amounting t o 2 p e r c e n t of the t o t a l monomer 
fee d was added. I n e a r l i e r work (8) the manner of a d d i t i o n of 
the a c r y l i c a c i d was s t u d i e d : a l l i n Stage I ( t h e f i r s t h a l f of 
the monomer f e e d ) , a l l i n Stage I I ( t h e second h a l f of the 
monomer feed) and e q u a l l y d i v i d e d between Stages I and I I . Con-
du c t o m e t r i c t i t r a t i o n s i n d i c a t e d t h a t most of the c a r b o x y l groups 
were l o c a t e d i n the s u r f a c e r e g i o n o f the p a r t i c l e s . Stage I 
gave 98% s u r f a c e c a r b o x y l s ; Stages I & I I gave 99% s u r f a c e c a r -
b o x y l s but Stage I I gave 91% s u r f a c e c a r b o x y l s . The q u e s t i o n of 
the l o c a t i o n o f c a r b o x y l groups w i t h i n the l a t e x p a r t i c l e s 
remains a s u b j e c t of c u r r e n t i n v e s t i g a t i o n . For the " c o r e - s h e l l " 
l a t e x 42BRD47, measured by wide - a n g l e l i g h t s c a t t e r i n g , the a c i d 
was added i n Stage I I so t h a t one might expect t o f i n d 91% 
s u r f a c e c a r b o x y l s , 8% s o l u b l e c a r b o x y l s and 1% c a r b o x y l s b u r i e d 
w i t h i n the l a t e x p a r t i c l e on the assumption t h a t the e a r l i e r 
c o n d u c t o m e t r i c t i t r a t i o n r e s u l t s (8) were g e n e r a l . 

oo 
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282 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

R e s u l t s and D i s c u s s i o n 

T h e o r e t i c a l F e a s i b i l i t y . E a r l i e r work (5) had e s t a b l i s h e d 
the g e n e r a l domain of s i z e parameters and r e f r a c t i v e i n d e x ex­
pe c t e d . T h i s a l l o w e d a number of model c a l c u l a t i o n s t o be 
c a r r i e d out t o c l e a r l y e s t a b l i s h the t h e o r e t i c a l f e a s i b i l i t y o f 
the method. Computations were c a r r i e d out f o r homogeneous 
spheres and f o r c o n c e n t r i c c o r e - s h e l l spheres. 

The t h e o r e t i c a l f e a s i b i l i t y i s i l l u s t r a t e d i n F i g u r e 1 
which shows a homogeneous c o r e - s p h e r e A, a homogeneous expanded 
sphere Β and a c o r e - s h e l l s t r u c t u r e C. The c o r e - s h e l l s t r u c t u r e 
has the same c o r e diameter as A and the same s h e l l d i a m e t e r as B. 
The r e f r a c t i v e i n d e x of the homogeneous expanded sphere Β i s t h e 
volume-weighted r e f r a c t i v e i n d e x o f the c o r e - s h e l l s t r u c t u r e C. 
The two homogeneous spheres a r e c l e a r l y d i f f e r e n t i n a n g u l a r 
p a t t e r n from the c o r e - s h e l l s t r u c t u r e . The i n t e n s i t y s c a l e i ^ 
i s l o g a r i t h m i c and has been a r b i t r a r i l y s h i f t e d t o f a c i l i t a t e 
comparison o f the a n g u l a r p a t t e r n s . I n the comparison o f ex­
periment w i t h t h e o r y t o determine the b e s t - f i t s i z e p a r a m e t e r s , 
i t i s the a n g u l a r p a t t e r n o r te m p l a t e t h a t i s i m p o r t a n t and not 
the magnitude o f the i n t e n s i t y . 

Dust and E x t r a o r d i n a r y P a r t i c l e s . I n e a r l i e r work (5) i t 
was found t h a t f i l t r a t i o n of the l a t e x w i t h e i t h e r a 0.4 ym o r 
0.65 ym Nuc l e p o r e f i l t e r to remove d u s t , i n t r o d u c e d poor r e ­
p r o d u c i b i l i t y due t o the f i l m - f o r m i n g n a t u r e o f the l a t e x . S i n c e 
the number of dust p a r t i c l e s i n the l a t e x was s m a l l , the problem 
c o u l d be circ u m v e n t e d by u s i n g f o c u s e d i n c i d e n t i l l u m i n a t i o n . 
F o c u s i n g o f a l l the i l l u m i n a t i o n w i t h i n the o b s e r v a t i o n volume 
d i d n ot change t h e m o l e c u l a r s c a t t e r i n g or the l a t e x p a r t i c l e 
s c a t t e r i n g s i n c e the i n c r e a s e d i r r a d i a n c e was e x a c t l y compensated 
by a decrease i n the number of s c a t t e r e r s . Dust p a r t i c l e s , how­
e v e r , were v e r y l a r g e and were p r e s e n t i n a much lower concen­
t r a t i o n than l a t e x p a r t i c l e s and were observed as sharp s p i k e s 
superimposed on a c o n t i n u o u s s i g n a l as they d i f f u s e d through the 
beam. I t was a s i m p l e but time consuming m a t t e r t o i g n o r e the 
dust s p i k e s and r e c o r d the average c o n t i n u o u s s i g n a l . The method 
a l l o w e d then i n s i t u d i s c r i m i n a t i o n o f e x t r a o r d i n a r y p a r t i c l e s 
such as dust. 

A second method was a l s o used t h a t d i d n o t r e q u i r e f o c u s e d 
i n c i d e n t i l l u m i n a t i o n . S i n c e the d u s t p a r t i c l e s were i n low 
c o n c e n t r a t i o n compared t o the l a t e x p a r t i c l e s i t was p o s s i b l e t o 
c o l l e c t a time-averaged photon count over a time i n t e r v a l t h a t 
was s m a l l compared t o the average time between the dust " b l i p s . " 
The l o w e s t o f a s e r i e s o f time-averaged photon counts was taken 
as most r e p r e s e n t a t i v e o f a d u s t - f r e e measurement. S i n c e the 
l a t t e r method d i d n ot r e q u i r e f o c u s e d i l l u m i n a t i o n i t was p r e ­
f e r r e d over the f i r s t method. 
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17. FORD ET AL. Internal Structure of Emulsion Polymer Particles 283 

The f o c u s e d - i l l u m i n a t i o n method o f s i g n a l d i s c r i m i n a t i o n 
depends on b o t h t h e magnitude and frequen c y o f the e x t r a o r d i n a r y 
s i g n a l whereas the time-averaged count depends o n l y on the f r e ­
quency o f the e x t r a o r d i n a r y s i g n a l . I n g e n e r a l concept t he 
f o c u s e d - i l l u m i n a t i o n method i s s p a t i a l d i s c r i m i n a t i o n whereas the 
time-average count method i s time d i s c r i m i n a t i o n . 

S i n c e a v a s t number of photon counts may be r a p i d l y accumu­
l a t e d , i . e . a f u l l memory of 4096 measurements a t 20 ysec per 
measurement i s o b t a i n e d i n 82 msec, a s t a t i s t i c a l a n a l y s i s of 
such d a t a can, i n p r i n c i p l e , l e a d t o s e p a r a t e c h a r a c t e r i z a t i o n o f 
the o r d i n a r y s i g n a l from l a t e x p a r t i c l e s and an e x t r a o r d i n a r y 
s i g n a l which may a r i s e from dust p a r t i c l e s as i n the p r e s e n t 
i n s t a n c e o r i n g e n e r a l from a low p o p u l a t i o n o f any e x t r a o r d i n a r y 
p a r t i c l e s . 

Time-Dependence o f pH. P r e v i o u s work i n d i c a t e d t h a t s i g n i ­
f i c a n t time-dependent changes i n the sample pH c o u l d occur even 
a f t e r 24 hours o f e q u i l i b r a t i o n . An e x t e n s i v e s t u d y of the t i m e 
dependence o f pH was c a r r i e d out. 

I n the f i r s t e x p e r i m e n t s , f i v e samples a t 1% s a l i d s con­
c e n t r a t i o n were a d j u s t e d t o a p p r o x i m a t e l y pH 10 and the pH was 
moni t o r e d over the next 100 hours. Samples were s t o r e d i n 
beakers w i t h p a r a f i l m c o v e r s . I n the f i r s t 5 hours the pH v 

dropped s h a r p l y about 0.5 pH u n i t and then c o n t i n u e d a steady but 
slo w e r d e c l i n e over the n e x t 95 hours f o r a t o t a l drop of 1 o r 2* 
pH u n i t s depending on the p a r t i c u l a r l a t e x sample. 

I n a second p r o c e d u r e , the pH was a d j u s t e d t o 10, i n the 
morning, r e a d j u s t e d t w i c e more d u r i n g t h e course o f the f i r s t day, 
and a f i n a l adjustment the f o l l o w i n g morning. A f t e r the l a s t 
adjustment the sample pH was moni t o r e d f o r 7 ho u r s . A g a i n a two-
stage d e c l i n e was observed which was r a p i d i n the f i r s t two hours 
and s l o w e r t h e r e a f t e r and dropped around 0.6 pH u n i t over a 7 
hour p e r i o d . The g e n e r a l t r e n d s were s i m i l a r f o r 7 samples w i t h 
d e t a i l e d a b s o l u t e pH v a l u e s dependent on the p a r t i c u l a r sample. 

I t was concluded t h a t the time-dependence o f the pH r e p r e ­
sented i n t e r e s t i n g changes t h a t s h o u l d be examined more c l o s e l y 
i n a study o f the k i n e t i c s o f the system. F o r the p r e s e n t work 
the pH was s t a b l e over the time r e q u i r e d f o r measurement so t h a t 
an a n g u l a r l i g h t - s c a t t e r i n g scan a t c o n s t a n t pH was o b t a i n e d . 

L i n e a r S c a t t e r i n g Range. As d i s c u s s e d above, i n a v e r y 
d i l u t e s o l u t i o n , the excess i n t e n s i t y becomes d i r e c t l y p r o p o r ­
t i o n a l t o the c o n c e n t r a t i o n so t h a t i t i s s u f f i c i e n t t o determine 
t h e l i n e a r s c a t t e r i n g range i n o r d e r t o c a r r y out measurements. 
The c o n c e n t r a t i o n may then be t r e a t e d as an unknown which may be 
determined u s i n g a b s o l u t e R a y l e i g h r a t i o s o r , as i n t h i s work, i t 
may be h e l d c o n s t a n t i n o r d e r t o study s t r u c t u r a l changes. I n 
the p r e s e n t i n v e s t i g a t i o n we have e x p e r i m e n t a l l y determined two 
d i s t i n c t ranges i n which the l i g h t s c a t t e r i n g decreases l i n e a r l y 
w i t h d i l u t i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

7



284 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

1 I I I I I I Γ 
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Figure 2. Concentration dependence of V, scattering from Latex 42BRD47 at 
pH 3.64. The dilute range, expanded in the lower graph corresponds to residual 

molecular scattering in excess of the solvent. 
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17. FORD ET AL. Internal Structure of Emulsion Polymer Particles 285 

Both ranges of l i n e a r excess s c a t t e r i n g f o r V v p o l a r i z a t i o n 
a r e shown i n the upper graph o f F i g u r e 2 and the most d i l u t e 
range i s p l o t t e d w i t h an expanded s c a l e i n the lower graph of 
F i g u r e 2. I n the absence o f m u l t i p l e s c a t t e r i n g the excess 
n o r m a l i z e d i n t e n s i t y i s p r o p o r t i o n a l t o the R a y l e i g h f a c t o r and 
was computed from 

V = Ι(θ)/Ι - Β(θ)/Β ν ο ο 
where Ι(θ) and Β(θ) a r e p r o p o r t i o n a l t o the i n t e n s i t i e s o f sample 
and background a t angle θ and I Q and B Q are p r o p o r t i o n a l t o the 
i n t e n s i t i e s i n c i d e n t upon the s c a t t e r i n g volume. 

T y p i c a l a n g u l a r scans c o r r e s p o n d i n g t o the two d i s t i n c t 
l i n e a r ranges of F i g u r e 2 are shown i n F i g u r e 3. The upper curve 
i s c h a r a c t e r i s t i c o f p a r t i c l e s and the lower c u r v e i s more 
R a y l e i g h l i k e . 

C a l c u l a t i o n s have been c a r r i e d out t o e s t i m a t e the number 
c o n c e n t r a t i o n o f l a t e x p a r t i c l e s i n each o f the l i n e a r ranges 
shown i n F i g u r e s 2 and 3. In the upper range c o r r e s p o n d i n g t o 
l a t e x mass c o n c e n t r a t i o n s of 40-320 ppb the number of p a r t i c l e s 
i n the s c a t t e r i n g volume v a r i e s from 1,600 t o 13,000 so t h a t the 
s c a t t e r i n g i s c l e a r l y dominated by s c a t t e r i n g from l a t e x p a r ­
t i c l e s . I n the lower range c o r r e s p o n d i n g t o l a t e x mass concen­
t r a t i o n s o f 2 t o 20 ppb the number o f p a r t i c l e s i n the s c a t t e r ­
i n g volume i s e s t i m a t e d t o va r y from 80 t o 800. The s c a t t e r i n g 
p a t t e r n i n the d i l u t e range i s c l e a r l y dominated by R a y l e i g h 
s c a t t e r e r s w h i c h i s v e r y l i k e l y m o l e c u l a r s c a t t e r i n g from o l i ­
gomers, monomer and e m u l s i f i e r . 

The upward s h i f t i n the excess s c a t t e r i n g a t the d i s c o n ­
t i n u i t y between ranges as the d i l u t i o n goes from 40 t o 20 ppb 
i s an i n t e r e s t i n g e f f e c t and may a r i s e from a r e d i s t r i b u t i o n o f 
s c a t t e r i n g m a t e r i a l a t a c r i t i c a l c o n c e n t r a t i o n . 

L i g h t S c a t t e r i n g R e s u l t s . The excess V v s c a t t e r i n g i n t e n ­
s i t y was taken as the d i f f e r e n c e between the p a r t i c l e s c a t t e r i n g 
range a t 160 ppb and the background s c a t t e r i n g range a t 10 ppb. 
T y p i c a l l y , an a n g u l a r scan was c h a r a c t e r i z e d by measuring a t 
56 a n g l e s from 40 o(2°)150°, and from t h e s e , 46 an g l e s 60°(2°)150° 
were used i n the d a t a i n v e r s i o n program. The data were a n a l y z e d 
u s i n g b o t h the t h e o r y f o r homogeneous spheres and c o r e - s h e l l 
s t r u c t u r e s . 

The t y p i c a l r e s u l t s of the w i d e - a n g l e l i g h t - s c a t t e r i n g 
(WALS) a n a l y s i s on the l a t e x p a r t i c l e s t h a t were presumed t o be 
cor e s are g i v e n i n T a b l e I where the t h e o r e t i c a l model t o be 
f i t t e d was e i t h e r S = sphere or CS = c o r e - s h e l l , the v a r i a n c e 
measured the goodness o f f i t , the modal s i z e parameter i s g i v e n 
by a M = 2 i T r A , oQ i s the l o g normal b r e a d t h parameter, D M i s the 
co r e d i a m e t e r i n ym, m̂  the r e l a t i v e r e f r a c t i v e i n d e x o f the 
c o r e and m 2 the r e l a t i v e r e f r a c t i v e i n d e x o f the s h e l l o f i n ­
d i c a t e d t h i c k n e s s . 
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286 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T a b l e I . Wide-Angle L i g h t S c a t t e r i n g R e s u l t s on L a t e x 41BRD30 
(No - a c i d c o r e s w i t h t u r b i d i m e t r i c diameter o f 0.41 ym) 

F i t pH V a r i a n c e a 
ο 

D M(ym) mi m 2 S h e l l (ym) 

S 3.65 0.742 3.1 0.06 0.36 1.20 
CS 3.65 0.566 3.2 0.01 0.37 1.18 1.03 0.14 

S 9.96 0.768 3.2 0.005 0.37 1.18 
CS 9.96 0.622 3.3 0.01 0.38 1.18 1.03 0.14 

The c o n s t a n t v a l u e o f c o r e d i a m e t e r and low p o l y d i s p e r s i t y 
o Q i n c o r e diameter i s c o n s i s t e n t w i t h the known u n i f o r m i t y o f 
the l a t e x e s . E i t h e r the S o r the CS a n a l y s i s g i v e s a c o r e d i a ­
meter of 0.37 ym and r e f r a c t i v e i n d e x o f 1.18-1.20. The c o r e 
diameter i s s l i g h t l y s m a l l e r t h a n t h e v a l u e o f 0.41 ym which 
came from an independent a n a l y s i s u s i n g a t u r b i d i m e t r i c t e c h ­
n i q u e . The t u r b i d i m e t r i c t e c h n i q u e was an approximate method 
t h a t r e q u i r e d the assumption of r e f r a c t i v e i n d e x and d e n s i t y . 
At b o t h pH's, the main r e s u l t i s a c o n s t a n t c o r e diameter and 
c o m p o s i t i o n , independent of t h e t h e o r e t i c a l model. 

S i n c e the c o r e - s h e l l f i t s were b e t t e r than the homogeneous 
sphere f i t s t h e r e might be some m a t e r i a l i n a l a y e r around the 
c o r e o t h e r than pure s o l v e n t . The d a t a f o r the s h e l l , however, 
must be c l o s e t o the u n c e r t a i n t y of the f i t o b t a i n e d w i t h the 
crude s t e p - f u n c t i o n model so t h a t a t b e s t the arguments f o r a 
s h e l l a r e tenuous. C l e a r l y , a f u r t h e r i n v e s t i g a t i o n i s r e q u i r e d 
i n o r d e r t o t e s t the s t a t i s t i c a l s i g n i f i c a n c e of the f i t s and t o 
c o n s i d e r o t h e r p o s s i b l e models. 

I n T a b l e I I a r e summarized r e p r e s e n t a t i v e r e s u l t s f o r the 
l i g h t s c a t t e r i n g on a l a t e x t h a t was presumed t o be ca p a b l e o f 
expans i o n a t h i g h pH. An independent e s t i m a t e by the t u r b i d i ­
m e t r i c method gave a c o r e d i a m e t e r o f 0.43 ym. 

Table I I . Wide-Angle L i g h t S c a t t e r i n g R e s u l t s on L a t e x 42BRD47 

F i t pH V a r i a n c e σ 
ο 

D M(ym) mi m2 S h e l l (ym) 

S 3.64 0.839 3.80 0.015 0.44 1.24 
CS 3.64 0.303 3.90 0.02 0.45 1.20 1.05 0.20 

S 9.90 0.487 3.90 0.03 0.45 1.22 

CS 9.90 0.316 3.90 0.02 0.45 1.22 1.03 0.18 
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17. FORD ET AL. Internal Structure of Emulsion Polymer Particles 287 

Independent o f the model used, i t i s q u i t e c l e a r t h a t the 
c o r e d i a m e t e r i s 0.44 t o 0.45 ym and the r e l a t i v e r e f r a c t i v e 
i n d e x o f the c o r e i s 1.22 + 0.02. The evidence f o r a s h e l l 
s t r u c t u r e i s a g a i n v e r y tenuous. The " s h e l l " t h i c k n e s s i s un-
r e a l i s t i c a l l y l a r g e , c o n s t a n t i n e x t e n t , and l i t t l e d i f f e r e n t 
from the r e s u l t s f o r the n o - a c i d l a t e x . I f a s h e l l s t r u c t u r e 
was p r e s e n t i t was a t b e s t m a r g i n a l l y o b s e r v a b l e i n the w i d e -
a n g l e l i g h t s c a t t e r i n g . 

Comparison o f S e d i m e n t a t i o n and L i g h t S c a t t e r i n g . The s e d i ­
m e n t a t i o n method has been p r e s e n t e d elsewhere (8) where i t was 
shown t h a t 

S Q / S = ( r + x ) / r 

where S i s the measured s e d i m e n t a t i o n c o e f f i c i e n t , S Q r e f e r s t o 
the unexpanded p a r t i c l e o f r a d i u s r and χ i s the s h e l l t h i c k n e s s . 
The model i s c o n t r o l l e d by the average d e n s i t y o f the p a r t i c l e 
r e l a t i v e t o the d e n s i t y o f the s u r r o u n d i n g l i q u i d . I n the 
d e r i v a t i o n o f the model i t was assumed t h a t the d e n s i t y of the 
s h e l l was v e r y c l o s e t o t h a t o f the s o l v e n t which i s e q u i v a l e n t 
t o the statement t h a t the decrease i n d e n s i t y due t o p a r t i c l e 
s w e l l i n g i s r e l a t e d t o the volume o f water adsorbed. The s e d i ­
m e n t a t i o n r e s u l t s a l o n e , then, c o u l d not d i f f e r e n t i a t e between 
homogeneous and heterogeneous p a r t i c l e s t r u c t u r e s . 

I n essence, the s e d i m e n t a t i o n method g i v e s a r a t i o o f the 
hydrodynamic r a d i u s a t a g i v e n pH t o the hydrodynamic r a d i u s o f 
the same p a r t i c l e s a t a r e f e r e n c e pH. I t i s not an a b s o l u t e 
method and r e q u i r e s an independent a b s o l u t e measurement o f 
p a r t i c l e r a d i u s . 

The e x p a n s i o n o f c a r b o x y l i c l a t e x 42BRD47 as a f u n c t i o n o f 
pH, determined by the s e d i m e n t a t i o n method, i s g i v e n i n F i g u r e 4. 
More than a 50% i n c r e a s e i n hydrodynamic diameter has been 
reached a t h i g h pH. 

Taken t o g e t h e r , the l i g h t s c a t t e r i n g measurement o f a con­
s t a n t c o r e s i z e o f 0.45 ym and the s e d i m e n t a t i o n c u r v e showing a 
pronounced i n c r e a s e i n hydrodynamic s i z e i n d i c a t e t h a t the 
p a r t i c l e e x p a n s i o n occurs i n a l a y e r o f v e r y low d e n s i t y . I t i s 
not s u r p r i s i n g , t h e r e f o r e , t h a t attempts t o q u a n t i t a t i v e l y 
measure the t h i c k n e s s and r e f r a c t i v e i n d e x o f the expanded l a y e r 
by w i d e - a n g l e l i g h t s c a t t e r i n g met w i t h some d i f f i c u l t y . 

C o n c l u s i o n s 

1. T h e o r e t i c a l c a l c u l a t i o n s have demonstrated the f e a s i ­
b i l i t y o f d i s t i n g u i s h i n g a c o r e - s h e l l l a t e x from a homogeneous 
l a t e x . 
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288 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 4. Expansion curve of carboxylic Latex 42BRD47 as determined by the 
sedimentation method. The estimate of particle diameter by turbidity was 0.43 μ/η. 
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17. FORD ET AL. Infernal Structure of Emulsion Polymer Particles 289 

2. Wide angle light scattering experiments have been 
carried out with sufficient accuracy to separately identify dust 
or extraordinary particles, latex particles and small-molecule 
scattering. 

3. WALS has been used to establish conditions of stable 
particle size and to illustrate the possibility of examining the 
kinetics of the system by light scattering. 

4. Inversion of WALS data gave evidence for a uniform 
sphere, independent of pH. At best, only marginal evidence for 
a shell of low relative refractive index and ill-defined extent 
was obtained. 

5. Sedimentation studies of the same latex showed a pro­
nounced increase in hydrodynamic size with pH so that particle 
expansion must occur by a layer of very low density. 

The results are generally consistent with a broader treat­
ment of the techniques for measuring particle swelling of car­
boxylic emulsion polymer latexes reported elsewhere in this 
Monograph (9). The broader study, which was carried out in­
dependently but concurrently, has shown that the magnitude and 
pH of maximum expansion depends on dilution and ionic strength. 
Studies of the concentration dependence in the dilute regime and 
more concentrated systems are underway. 
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18 
Preparation and Characterization of Alkali­
-Swellable Carboxylated Latexes 

S. NISHIDA1, M. S. EL-AASSER, A. KLEIN, and J. W. VANDERHOFF 
Emulsion Polymers Institute, Lehigh University, Bethlehem, PA 18015 

Latexes prepared with ionogenic monomers containing carboxy­
lic acid groups are a special class of latexes which have wide 
industrial application in carpet backing, adhesives, surface 
coatings, and paper coating. These are usually prepared using 
monomers such as itaconic, acrylic, methacrylic, maleic, fumaric 
and crotonic acids. These carboxyl-containing monomers are co­
polymerized with the main monomer and contribute to the stability 
of the latex, and exhibit alkali-swelling and/or dissolving be­
havior with increasing pH. 

The alkali-swelling and dissolving behavior of carboxylated 
latexes has been qualitatively correlated to the glass transition 
temperature (Tg), hydrophilicity and molecular weight of latex 
polymers, and the carboxyl content and their distribution within 
the latex particles (1-5). These investigations have been useful 
in understanding the swelling and dissolving behavior of carboxy­
lated latexes. However, no consideration was given to the effect 
of polymerization procedure and method of monomer addition on the 
properties of carboxylated latex systems used in these studies. 
Moreover, the alkali-swelling behavior of these latexes was stud­
ied on not-well-characterized latex systems; for example, no con­
sideration was given to the location and distribution of the car­
boxyl groups within the particles. It is well known that in the 
copolymerization process, in which two monomers have different 
reactivity ratios, the instantaneous copolymer composition at the 
initial stage of a batch polymerization would be quite different 
from that at the final stage. On the other hand, in a semi-con­
tinuous process, if the feed rate (Rf) is adjusted to be much 
lower than the maximum rate of polymerization (Rpmax ), [Rpmax is 
referred to the rate of polymerization in a system which enough 
monomer is available at reaction sites, just as in the batch type 
polymerization]; the instantaneous copolymer composition could be 
substantially equal to feed monomer composition during the course 
of polymerization. Snuparek and Krska (6) have recently experi­
mentally proven this finding with semi-continuous emulsion copoly-
1 Japan Synthetic Rubber Co., Yokkaichi Mie, Japan 
merization of styrene and butyl acrylate. 

0097-6156/81/0165-0291$06.00/0 
© 1981 American Chemical Society 
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292 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T h i s m i c r o s c o p i c d i f f e r e n c e i n the copolymer c o m p o s i t i o n 
c o u l d i n f l u e n c e the p a r t i c l e morphology, e s p e c i a l l y the d i s t r i b u ­
t i o n o f the c a r b o x y l groups w i t h i n the l a t e x p a r t i c l e , which i n 
t u r n c o u l d be expected to i n f l u e n c e the a l k a l i - s w e l l i n g b e h a v i o r . 

B a s s e t t and Hoy (7,8) i n v e s t i g a t e d the i n f l u e n c e o f the me­
thod o f monomer a d d i t i o n on the a l k a l i - s w e l l i n g b e h a v i o r . I n 
t h i s c a s e , c a r b o x y l - c o n t a i n i n g monomers were f e d i n t h r e e d i f f e r ­
ent s t a g e s o f the semi-continuous p o l y m e r i z a t i o n : ( i ) i n the 
f i r s t h a l f o f the monomer f e e d , ( i i ) i n the second h a l f o f the 
monomer f e e d , and ( i i i ) i n bot h segments. The r e s u l t s o f con-
d u c t o m e t r i c t i t r a t i o n w i t h these l a t e x e s i n d i c a t e d t h a t most of 
the c a r b o x y l groups were l o c a t e d a t the p a r t i c l e s u r f a c e s . How­
eve r , the p a r t i c l e e x p ansion, e s t i m a t e d by the r a t e o f sedimenta­
t i o n , i n d i c a t e d t h a t the c a r b o x y l monomer feed i n the second h a l f 
was most e f f e c t i v e i n the p a r t i c l e s w e l l i n g . T h i s suggests t h a t 
the method of monomer feed a f f e c t e d the l o c a t i o n o f c a r b o x y l 
groups, and i n t u r n the p a r t i c l e e x p ansion, a l t h o u g h the d i f f e r ­
ence c o u l d not be d e t e c t e d by con d u c t o m e t r i c t i t r a t i o n . 

The purpose o f the c u r r e n t work i s to i n v e s t i g a t e q u a n t i t a ­
t i v e l y the a l k a l i - s w e l l i n g b e h a v i o r o f c a r b o x y l a t e d l a t e x systems. 
D u r i n g t h i s i n v e s t i g a t i o n a model methyl m e t h a c r y l a t e (MMA) -
m e t h a c r y l i c a c i d (MAA) copolymer l a t e x system was prepared u s i n g 
both a b a t c h and a semi-continuous p o l y m e r i z a t i o n p r o c e s s . The 
MAA co n t e n t was v a r i e d over the range o f 5 - 25% by w e i g h t . A 
k i n e t i c study was conducted to e s t a b l i s h the r e a c t i v i t y r a t i o s of 
the comonomers and the p e r m i s s i b l e r a t e s o f monomer a d d i t i o n i n 
the semi-continuous p o l y m e r i z a t i o n . A l l model l a t e x e s were c h a r ­
a c t e r i z e d w i t h r e s p e c t to p a r t i c l e s i z e , monomer sequence i n the 
copolymer, and m o l e c u l a r w e i g h t . A new method based on conducto­
m e t r i c t i t r a t i o n was developed i n o r d e r to determine the d i s t r i ­
b u t i o n o f the c a r b o x y l groups w i t h i n the l a t e x p a r t i c l e s . F i n a l ­
l y , the a l k a l i - s w e l l i n g b e h a v i o r o f these l a t e x e s was. determined 
by i n v e s t i g a t i n g the l i g h t s c a t t e r i n g and the v i s c o s i t y b e h a v i o r s 
of the l a t e x e s as a f u n c t i o n o f pH. 

Ex p e r i m e n t a l 

l e M a t e r i a l s . M e t h y l m e t h a c r y l a t e (MMA) and m e t h a c r y l i c 
a c i d (MAA) monomers (Rohm and Haas), and n-dodecyl mercapten 
(Eastman Kodak Co.) were p u r i f i e d by vacuum d i s t i l l a t i o n under 
n i t r o g e n atmosphere to remove the i n h i b i t o r . D i s t i l l e d - d e i o n i z e d 
and deoxygenated water was used i n a l l p o l y m e r i z a t i o n s . Sodium 
l a u r y l s u l f a t e (99% Onyx M a p r o f i x 563) and T r i t o n X-100 n o n i o n i c 
s u r f a c t a n t (Rohm and Haas), and potassium p e r s u l f a t e i n i t i a t o r 
( F i s h e r S c i e n t i f i c Co.) were used as r e c e i v e d w i t h o u t f u r t h e r pur­
i f i c a t i o n . 

2. P r e p a r a t i o n o f C a r b o x y l a t e d L a t e x e s . L a t e x e s were p r e ­
pared by emulsion p o l y m e r i z a t i o n u s i n g r e c i p e s g i v e n i n Table I . 
S e v e r a l MMA-MAA copolymer l a t e x samples were prepared w i t h d i f f e r -
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18. NiSHiDA ET AL. Alkali-Swellable Carboxylated Latexes 293 

ent MAA c o n t e n t o f 5, 10, 15, 20 and 25 weight %. The b a t c h 
p o l y m e r i z a t i o n was c a r r i e d out u s i n g the b o t t l e p o l y m e r i z a t i o n 
method. A l l i n g r e d i e n t s , except i n i t i a t o r , were charged i n t o the 
b o t t l e s and purged w i t h n i t r o g e n . The b o t t l e s were tumbled end-
over-end a t 35 rpm, i n a co n s t a n t - t e m p e r a t u r e bath a t 60°C f o r 10 
minutes p r i o r to i n i t i a t o r i n j e c t i o n , and f o r 6 hours t h e r e a f t e r . 

Table I 
P o l y m e r i z a t i o n R e c i p e f o r P r e p a r a t i o n o f Model C a r b o x y l a t e d L a t e x 

Batch Semicontinuous 
Water 270.00 360.00 
M e t h y l m e t h y l a t e (MMA) 3 ( K 0 Q 40.00 
M e t h a c r y l i c a c i d (MAA) 
N-Dodecylmercaptan 0.06 0.08 
Potas s i u m p e r s u l f a t e 0.09 0.12 
Sodium L a u r y l s u l f a t e 0.15 0.20 
T r i t o n X-100 0.60 0.80 

The semicontinuous p o l y m e r i z a t i o n was c a r r i e d out i n a 500-
ml f o u r - n e c k f l a s k immersed i n a c o n s t a n t temperature b a t h a t 60° 
C, and equipped w i t h a r e f l u x condenser, a two-bladed s t a i n l e s s 
s t e e l s t i r r e r and a graduated d r o p p i n g f u n n e l . The water and 
s u r f a c t a n t were i n t r o d u c e d i n t o the f l a s k , then n i t r o g e n gas was 
bubbled w i t h a g i t a t i o n f o r a t l e a s t 20 minu t e s . The i n i t i a t o r 
s o l u t i o n was added, and a f t e r 5 minutes the m i x t u r e o f monomer 
a d d i t i o n s t a r t e d and c o n t i n u e d f o r a t o t a l o f t h r e e hours. The 
p o l y m e r i z a t i o n was c o n t i n u e d f o r a t l e a s t one hour past t h i s 
p o i n t . Under these c o n d i t i o n s the r a t e o f monomers a d d i t i o n was 
l e s s than 1/10 o f t h e i r maximum r a t e o f p o l y m e r i z a t i o n (Rpmax). 

D u r i n g the semi-continuous p o l y m e r i z a t i o n , 4-5 s m a l l samples 
were withdrawn from the p o l y m e r i z a t i o n f o r the d e t e r m i n a t i o n o f 
the comonomer and copolymer c o m p o s i t i o n . A few drops o f the sam­
p l e l a t e x were mixed w i t h hydroquinone, c o o l e d i n i c e , and sub­
j e c t e d to GC a n a l y s i s to determine the amounts o f unr e a c t e d mono­
mer. The r e s t o f the sample (5-8 ml) was poured i n t o mixed s o l ­
v e n t o f is p r o p a n o l / h e x a n e (45/55) c o n t a i n i n g hydroquinone, and 
the p r e c i p i t a t e d polymer, a f t e r i t was washed w i t h hexane, was 
d r i e d i n a vacuum oven a t 45°C f o r more than 5 hou r s . A c e r t a i n 
amount o f the d r i e d polymer was d i s s o l v e d i n d i m e t h y l formamide 
(DMF), and t i t r a t e d f o r the c a r b o x y l c o n t e n t w i t h NaOH s o l u t i o n 
u s i n g p h e n o l p h t h a l e i n as the i n d i c a t o r . 

3. D e t e r m i n a t i o n o f R , r- and r 0 . A b a t c h p o l y m e r i z a -
_ ~T)max —1 

t i o n o f MMA-MAA comonomers was c a r r i e d out f o r the d e t e r m i n a t i o n 
o f R p m a x and r e a c t i v i t y r a t i o s . The same procedure d e s c r i b e d i n 
the b a t c h p r o c e s s was used f o r t h i s purpose except t h a t the r e ­
a c t i o n v e s s e l was a round bottom f l a s k equipped w i t h a g i t a t i o n , a 
n i t r o g e n gas i n l e t , an o u t l e t f o r t a k i n g samples, and a condenser. 

A s m a l l amount o f the r e a c t i o n m i x t u r e was withdrawn by a 
s y r i n g e , then put i n a v i a l which c o n t a i n e d hydroquinone as a 
p o l y m e r i z a t i o n s t o p p e r , and c o o l e d i n i c e . One o r 2 y l o f the 
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294 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

withdrawn m i x t u r e was s u b j e c t e d to gas chromatography (GC) a n a l y ­
s i s f o r d e t e r m i n a t i o n o f the amounts of unr e a c t e d monomers. The 
GC column (Sup a l c o , I n c . ) , which was 6 f t . l o n g and 1/8 i n c h i n 
diameter and packed w i t h Chromosorb W AW 10% SP-1200/1% H PO , i s 
s u i t a b l e f o r the s e p a r a t i o n o f c a r b o x y l i c a c i d s . The GC fchroma-
l y t i c , I n c .) was equipped w i t h a flame i o n i z a t i o n ( F I ) d e t e c t o r 
which i s c o n v e n i e n t because i t i s i n s e n s i t i v e to i n o r g a n i c ma­
t e r i a l s o r wate r . 

4. M o l e c u l a r Weight D e t e r m i n a t i o n . The m o l e c u l a r weight 
and d i s t r i b u t i o n o f each copolymer l a t e x sample was determined by 
g e l permeation chromatography (GPC) u s i n g Waters A s s o c i a t e U n i t 
equipped w i t h a d i f f e r e n t i a l r e f T a c t o m e t e r d e t e c t o r . F i v e c o l ­
umns packed w i t h m i c r o s t y r a g e l ( f u l l y porous, h i g h l y c r o s s l i n k e d ^ 
s t g r e n e - d i v i n y l b e n z e n e copolymer) w i t h pore s i z e i n the range 10 -
10 . The l a t e x samples were d r i e d i n vacuum oven a t 45-50°C and 
d i s s o l v e d i n t e t r a h y d r o f u r a n THF w i t h 0.5% by weight s o l i d s . ^ 

5. Monomer Sequence D i s t r i b u t i o n i n the Copolymer by C 
NMR. The l a t e x samples which were p r e c i p i t a t e d i n the mixed s o l ­
v ent ( i s p r o p a n o l / h e x a n e =^45/55 and d r i e d i n a vacuum oven a t 45-
50°C, were used f o r t he C NMR stud y . The polymer samples were 
d i s s o l v e d (5-7% w e i ght volume) i n d e u t e r a t e d p y r i d i n e (PYR d%) 
w i t h t e t r a m e t h y l s i l a n e (TMS) as a zero e x t e r n a l r e f e r e n c e . The 
NMR measurement and the t h e o r e t i c a l c a l c u l a t i o n were c a r r i e d out 
i n CNRS, L a b o r a t o i r e des M a t r i a u x Organiques, i n Lyon, France u s ­
i n g C NMR 30 MH ( B r u k e r ) . 

6. D e t e r m i n a t i o n o f P a r t i c l e S i z e . A B r i c e Pheonix l i g h t 
s c a t t e r i n g apparatus was used f o r the d e t e r m i n a t i o n o f p a r t i c l e 
s i z e s u s i n g the dissymmetry method. The i n t e n s i t i e s o f s c a t t e r e d 
l i g h t a t 45° and 135° were measured f o r the d i l u t e d l a t e x samples 
w i t h 0.02, 0.002 and 0.0002 wt. % s o l i d s . S i n c e r a t i o s o f i n t e n ­
s i t y a t 45° to t h a t a t 135° were not s i g n i f i c a n t l y changed f o r 
the c o n c e n t r a t i o n range o f 0.02-0.0002 wt. %, the average v a l u e 
o f them was taken to c a l c u l a t e p a r t i c l e diameter u s i n g the t a b l e 
computed by Pangonis and H e l l e r ( 9 ) . No attempts were made to 
c o r r e c t f o r the changes i n r e f r a c t i v e i n d e x o f polymer d u r i n g 
n e u t r a l i z a t i o n w i t h NaOH. Consequently, t he p a r t i c l e s i z e d e t e r ­
mined as a f u n c t i o n o f pH a r e o n l y apparent and not a b s o l u t e . 

7. C h a r a c t e r i z a t i o n o f L a t e x P a r t i c l e s w i t h Respect to Car­
b o x y l D i s t r i b u t i o n . A l l l a t e x samples were c l e a n e d by the serum 
replacement t e c h n i q u e ( 1 0 ) . D i l u t e d l a t e x sample ( 3 % by wei g h t ) 
was p l a c e d i n the c e l l c o n f i n e d w i t h a Nuclepore membrane and 
d i s t i l l e d d e i o n i z e d water was f e d i n t o the c e l l from a r e s e r v o i r 
p l a c e d a t 1.5 meters above the c e l l . The serum from the c e l l 
e x i t was c o l l e c t e d and mon i t o r e d w i t h conductance measurement. 
The c l e a n i n g o f the l a t e x was c o n s i d e r e d completed when the con­
ductance o f the serum was reduced to t h a t o f the pure w a t e r . 
S i n c e the c a r b o x y l groups were i n t r o d u c e d i n the a c i d form, and 
s i n c e no b u f f e r was used d u r i n g the p o l y m e r i z a t i o n , t h e r e f o r e , 
the c a r b o x y l groups a r e expected to be kept i n the H+ form a f t e r 
the serum replacement. C o n s e q u e n t l y , no a d d i t i o n a l c l e a n i n g 
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18. NiSHiDA ET AL. Alkali-Swellable Carboxylated Latexes 295 

s t e p s were r e q u i r e d p r i o r t o the t i t r a t i o n o f the c a r b o x y l a c i d . 
The " c l e a n e d " l a t e x e s and the c o r r e s p o n d i n g serums were c h a r a c ­
t e r i z e d w i t h r e s p e c t the c a r b o x y l c o n t e n t u s i n g the conductomet-
r i c t i t r a t i o n t e c h n i q u e ( 1 1 ) . 

The c o n v e n t i o n a l c o n d u c t o m e t r i c t i t r a t i o n was not s u i t a b l e 
f o r the c h a r a c t e r i z a t i o n o f these c a r b o x y l a t e d l a t e x e s because 
the s u r f a c e o f the l a t e x p a r t i c l e s was v a r i e d d u r i n g the t i t r a ­
t i o n . I n c a r b o x y l a t e d l a t e x e s , the c a r b o x y l groups l o c a t e d a t 
the p a r t i c l e s u r f a c e a r e n e u t r a l i z e d and h y d r a t e d f i r s t , f o l l o w ^ 
ed by the n e u t r a l i z a t i o n and h y d r a t i o n o f the c a r b o x y l groups l o ­
c a t e d i n the i n n e r l a y e r s a d j a c e n t to the s u r f a c e , and so on. 
These s e q u e n t i a l r e a c t i o n s seemed to t a k e l o n g e r than the e x p e r i ­
mental time ( s a y , 30 m i n u t e s ) . Verbrugge (4_) r e p o r t e d t h a t i t 
took almost two days to get to e q u i l i b r i u m c o m p l e t e l y . The o v e r ­
a l l r a t e o f r e a c t i o n s h o u l d be c o n t r o l l e d by a d i f f u s i o n process 
i n the n e u t r a l i z a t i o n r e a c t i o n o f c a r b o x y l a t e d l a t e x e s . I f t h i s 
i s the c a s e , the r a t e o f r e a c t i o n must be a f u n c t i o n o f the d i s ­
t r i b u t i o n o f c a r b o x y l groups w i t h i n the l a t e x p a r t i c l e s . 

C o nsequently, m o d i f i e d c o n d u c t r i m e t r i c t i t r a t i o n , which 
takes i n t o account the time dependence o f the n e u t r a l i z a t i o n r e ­
a c t i o n was d e v i s e d and used i n t h i s work, as f o l l o w s ( 1 2 ) . 

a) A c e r t a i n amount of l a t e x sample i s weighed i n a 250 
ml. beaker. 

b) The e l e c t r o d e s o f a conductance meter i s s e t to mea­
su r e conductance o f the l a t e x . The beaker i s covered and n i t r o ­
gen i s i n t r o d u c e d i n t o the l a t e x to e l i m i n a t e carbon d i o x i d e . 

c) A c e r t a i n amount o f NaOH s o l u t i o n , which i s 30-50% 
i n excess o f the amount r e q u i r e d to complete n e u t r a l i z a t i o n , i s 
q u i c k l y i n j e c t e d w i t h a s y r i n g e i n t o the beaker. 

d) Immediately a f t e r the i n j e c t i o n o f NaOH, conductance 
of the l a t e x i s r e c o r d e d and i s c o n t i n u e d f o r a p e r i o d o f time 
d u r i n g which the i n i t i a l r a p i d change i n conductance s e t t l e s down 
to a steady s t a t e . 

e) The latex-NaOH m i x t u r e i s s e a l e d up i n a g l a s s b o t ­
t l e and l e f t a t room temperature f o r 24 hours. 

f ) A f t e r 24 ho u r s , the l a t e x i s s u b j e c t e d to conducto­
m e t r i c b a c k - t i t r a t i o n w i t h HC1 s o l u t i o n , which g i v e s the t o t a l 
amount o f c a r b o x y l groups n e u t r a l i z e d w i t h i n 24 hou r s . 

g) E x a c t l y the same procedure i s c a r r i e d out f o r pure 
water as a b l a n k . 

8. A l k a l i - S w e l l i n g B e h a v i o r . The a l k a l i - s w e l l i n g b e h a v i o r 
o f the " c l e a n e d " c a r b o x y l a t e d l a t e x e s as a f u n c t i o n o f pH was de­
termined by the change i n p a r t i c l e s i z e , and the v i s c o s i t y o f the 
l a t e x system. The change i n p a r t i c l e s i z e o f the c a r b o x y l a t e d 
l a t e x as a f u n c t i o n o f pH was measured by dissymmetry method o f 
l i g h t s c a t t e r i n g . L a t e x samples w i t h 0.01 wt. % s o l i d s were 
used. Sodium h y d r o x i d e s o l u t i o n was used to a d j u s t the pH, 24 
hours b e f o r e dissymmetry measurements. 

The v i s c o s i t y measurements were c a r r i e d out u s i n g a cone-
p l a t e v i s c o m e t e r (Model R-16 Weissenberg Rheogoniometer-Sangamo 
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296 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

C o n t r o l s , L t d . ) . The apparatus was c a l i b r a t e d u s i n g c e r t i f i e d 
v i s c o s i t y s t a n d a r d s No. S60 and S600 (Cannon Instrument Co.). 
The s o l i d c o n t e n t s o f l a t e x samples were 2.0 wt. %. The pH ad­
justment was c a r r i e d out u s i n g NaOH s o l u t i o n 24 hours p r i o r to 
v i s c o s i t y measurement. The v i s c o s i t y measurements were c a r r i e d 
out over a range o f shear r a t e o f 102-10^ s e c ~ l . 

R e s u l t s and D i s c u s s i o n 

1. P o l y m e r i z a t i o n R e s u l t s . A b a t c h p o l y m e r i z a t i o n o f MMA-
MAA comonomer was a n a l y z e d f o r the d e t e r m i n a t i o n o f the r e a c t i v i t y 
r a t i o s o f the two monomers. The change i n the r a t i o o f the co­
polymer c o m p o s i t i o n determined by GC was p l o t t e d a g a i n s t conver­
s i o n as shown i n F i g u r e 1. S i m i l a r l y , the c a l c u l a t e d curves f o r 
some assumed r e a c t i v i t y r a t i o s are a l s o shown i n the same F i g u r e . 
The optimum v a l u e s o f the r e a c t i v i t y r a t i o f o r the emulsion p o l y ­
m e r i z a t i o n a t 50°C o f the two monomers were o b t a i n e d from the 
curve f i t t i n g by t r i a l - a n d e r r o r , r ^ (MMA) = 0.60 & r 2 (MAA) = 
1.55. Consequently, i n a b a t c h emulsion p o l y m e r i z a t i o n p r o c e s s , 
the copolymer c o m p o s i t i o n w i l l be r i c h i n MAA t i l l i t i s consumed. 

The c o n v e r s i o n o f each monomer, as determined by GC, was 
p l o t t e d a g a i n s t the p o l y m e r i z a t i o n t i m e , and the maximum r a t e s o f 
p o l y m e r i z a t i o n (R ) were determined from the i n i t i a l s l o p e s . 
The r e s u l t s showe8 mfriat R (MMA) = 6.28 X 1 0 " 2 (mol/l-min) and 
Rpmax ( M A A ^ = 3.93 X 1 0 - 2 P ^ 1 / 1 _ m i n ) # Based on these r e s u l t s , 
tne f e e d i n g r a t e d u r i n g the semicontinuous p o l y m e r i z a t i o n were ad­
j u s t e d to R f (MMA) = 0.41 X 10"2 m o l / l - m i n and R (MAA) = 0.16 X 
1 0 " 2 m o l / l - m i n . 

Tables I I & I I I show the p a r t i c l e s i z e , p e r c e n t c o n v e r s i o n 
and p e r c e n t s o l i d o f the MMA-MAA copolymer l a t e x e s prepared by 
ba t c h and semicontinuous p r o c e s s e s r e s p e c t i v e l y . The amount o f 
coagulum which was formed d u r i n g the p o l y m e r i z a t i o n was n e g l i g i b l e 
i n a l l l a t e x e s . The p a r t i c l e s i z e o f a l l b a t c h l a t e x e s a r e l e s s 
than the c o r r e s p o n d i n g semicontinuous l a t e x e s ; w i t h one e x c e p t i o n 
f o r the copolymer w i t h 5 weight p e r c e n t MAA, where the r e v e r s e i s 
t r u e . A l s o , the p a r t i c l e s i z e i n the b a t c h l a t e x e s seems to de­
pend on the MAA c o n t e n t , where i t i s found to decrease w i t h i n ­
c r e a s i n g the MAA c o n t e n t . The p a r t i c l e s i z e o f the s e m i - c o n t i n ­
uous copolymer l a t e x e s i s found to be independent o f the copolymer 
c o m p o s i t i o n i n the range o f 10-25 weight p e r c e n t MAA. T h i s d i f ­
f e r e n c e i n p a r t i c l e s i z e suggests t h a t MAA, which i s the monomer 
w i t h the h i g h e r r e a c t i v i t y r a t i o and h i g h e r water s o l u b i l i t y com­
pared to the MMA, i s a c t i v e i n the f o r m a t i o n o f s t a b l e , h i g h e r 
number o f i n i t i a l p a r t i c l e s d u r i n g the e a r l y s t a g e s o f b a t c h p o l y ­
m e r i z a t i o n . 

The i n s t a n t a n e o u s c o n v e r s i o n o f each monomer was c a l c u l a t e d 
from the amount o f un r e a c t e d monomers determined by GC, which was 
found to be h i g h e r than 90% d u r i n g the course o f semi-continuous 
p o l y m e r i z a t i o n and to i n c r e a s e s l i g h t l y as the p o l y m e r i z a t i o n p r o ­
ceeded. The r a t i o o f i n s t a n t a n e o u s c o n v e r s i o n between the two 
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18. NiSHiDA ET AL. Alkali-Swellable Carboxylated Latexes 297 

monomers was found t o be c o n s t a n t and v e r y c l o s e to u n i t y , ( F i g ­
u r e 2 ) , which i n d i c a t e s t h a t the copolymer c o m p o s i t i o n i s homo­
geneous d u r i n g the course o f p o l y m e r i z a t i o n . 

Table I I 
R e s u l t s o f the Batch P o l y m e r i z a t i o n o f MMA-MAA System 

L a t e x No. MMA/MAA Coagu - pH S o l i d C o n v e r s i o n P.S. (by 
Weight lum Content (%) L i g h t S c a t ­
R a t i o (%) (%) t e r i n g ) (nm) 

SPB- 2 - ( l ) 95/5 0 3.6 10.21 99.4 90 
SPB-2-(2) 90/10 0 3.6 10.20 99.3 88 
SPB-2-(3) 85/15 0 3.5 10.23 99.6 81 
SPB-2-(4) 80/20 0 3.5 10.21 99.4 77 
SPB-2-(5) 75/25 0 3.6 10.19 99.2 78 

Tab l e I I I 
R e s u l t s o f the Semi--Continuous P o l y m e r i z a t i o n o f MMA--MAA System 
L a t e x No. MMA/MAA Coagu - pH S o l i d C o n v e r s i o n P.S. (by 

Weight lum Content % L i g h t S c a t ­
R a t i o (%) (%) S.C. G.C. t e r i n g ) (nm) 

SP-29 95/5 0 3.8 10.42 96.5 >99 70 
SP-28 90/10 0 3.8 10.39 99.8 >99 127 
SP-26 85/15 0 3.8 10.09 98.0 >99 144 
SP-27 80/20 0 3.4 10.09 97.9 >99 144 
SP-30 75/25 0 3.5 10.10 96.5 144 

2. M o l e c u l a r C h a r a c t e r i s t i c s of the MMA/MAA Copolymer 
L a t e x e s . 

a. M o l e c u l a r Weight D i s t r i b u t i o n . The average m o l e c u l a r 
w e i g h t s c a l c u l a t e d from GPC da t a a r e shown i n Tab l e IV. I t 
sh o u l d be noted t h a t the number average m o l e c u l a r weight i s i n d e ­
pendent o f the MAA con t e n t and the p o l y m e r i z a t i o n p r o c e s s . How­
e v e r , the b a t c h l a t e x e s seem to have s l i g h t l y w i d e r m o l e c u l a r 
weight d i s t r i b u t i o n than those o f the semi-continuous l a t e x e s . 

Table IV 
Average M o l e c u l a r Weights Obtained by GPC 

L a t e x No. MMA/MAA Numb er Weight 
Weight Average j- Average,. 

Mw/Mn R a t i o Mn χ 10 Mw X 10 Mw/Mn 
SPB - 2 - ( l ) 95/5 1.60 6.67 4.17 
SPB-2-(2) 90/10 2.03 8.27 4.08 
SPB-2-(3) 85/15 1.66 5.22 3.15 
SPB-2-(4) 80/20 1.28 4.05 3.18 
SPB-2-(5) 75/25 1.75 5.01 2.92 

SP-29 95/5 1.47 3.28 2.23 
SP-28 90/10 1.70 4.30 2.47 
SP-26 85/15 1.75 4.29 2.45 
SP-27 80/20 1.74 4.26 2.45 
SP-30 75/25 1.58 3.62 2.29 
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298 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

§ 

1.0 

0 20 40 60 80 100 
Conversion (%) 

Figure 1. Changes in copolymer composition (PMMA/PMAA ratio) during batch 
polymerization of MMA-MAA copolymer system: comparison between theoretical 
and experimental values ((O) experimental point; (1) xt = 0.60, r2 = 1.50; (2) TT 

= 0.60, τ2 = 1.55; (3)τ1= 0.45, τ2 = 1.60) 

0.2 0.1 0.6 0.8 1.0 

RATIO OF ADDED MONOMERS TO TOTAL MONOMERS 

Figure 2. Changes in conversion ratio CMMA/CMAA during semicontinuous polym­
erization of MMA-MAA comonomer system: (CMMA) instantaneous conversion of 
MMA; (CMMA) instantaneous conversion of MAA ((A) SP-28 (90/10); (U) SP-26 

(85/15); (O) SP-27 (80/20)) 
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18. NiSHiDA ET AL. Alkali-SweUable Carboxylated Latexes 299 

b. Monomer Sequence D i s t r i b u t i o n . The 1 J C NMR s t u d i e s were 
done on the f i n a l l a t e x polymers prepared by e i t h e r b a t c h o r 
semicontinuous p r o c e s s . Consequently, o n l y average v a l u e s o f the 
sequence from b e g i n n i n g to end of the p o l y m e r i z a t i o n can be de­
termined. The NMR s p e c t r a o f the c a r b o x y l a t e d l a t e x was 
found to c o n s i s t o f many peaks as shown i n F i g u r e ( 3 ) . K l e s p e r 
et a l (13-15) have a s s i g n e d 18 NMR peaks to a l l p o s s i b l e pentad-
t r i a d sequences i n the MMA-MAA. For the purpose o f t h i s work, 
o n l y two peaks No. 12 and 13 ( a c c o r d i n g to K l e s p e r a s s i g n m e n t s ) , 
were c o n s i d e r e d , which depend m a i n l y on the MMA-triad and a l l 
s y n d i o t a c t i c sequences ( i . e . g A s A g A ) and r e p r e s e n t the MMA 
sequence l e n g t h i n the copolymer. 

For the semi-continuous MMA-MAA copolymer system, the MAA 
segments s h o u l d be u n i f o r m l y d i s t r i b u t e d a l o n g the copolymer 
c h a i n , which means t h a t the MMA sh o u l d be i n t e r r u p t e d more reg u ­
l a r l y . On the o t h e r hand, f o r the b a t c h MMA-MAA copolymer system 
w i t h the same o v e r a l l c o m p o s i t i o n , the h e t e r o g e n e i t y o f the c o ­
polymer c o m p o s i t i o n would make the MMA sequence l e n g t h much 
l o n g e r compared to the semi-continuous l a t e x e s . Consequently, i t 
i s expected t h a t the peak f r a c t i o n s f o r Peaks No. 12 and 13 are 
l e s s i n the semi-continuous l a t e x polymers compared to the b a t c h 
l a t e x polymers. T h i s was shown to be the case from 13c NMR dat a 
g i v e n i n Columns 3 and 5 i n Table V; which c o n f i r m s the above 
e x p e c t a t i o n t h a t the average sequence l e n g t h f o r MMA i n the semi-
c o n t i n u o u s MMA-MAA copolymer l a t e x s h o u l d be l e s s than the s e ­
quence l e n g t h i n the b a t c h l a t e x . 

The t h e o r e t i c a l peak f r a c t i o n s l i s t e d i n Column 4 i n Table V 
were c a l c u l a t e d by assuming r 1 (MMA) = 0.60 and r ? (MAA) =1.55 

Table V 
The R e s u l t s o f 1 3 C NMR Comparison 

Between T h e o r e t i c a l and E x p e r i m e n t a l Peak F r a c t i o n s 
Copolymer Peak Batch L a t e x e s Semi-Continuous 

Composition No. Peak F r a c t i o n L a t e x e s 
(MMA/MAA Exper. Theor. Peak F r a c t i o n 
Wt. R a t i o ) Exper. 

95/5 12 0.183 0.211 0.184 
13 0.360 0.343 0.320 

90/10 12 0.179 0.211 0.175 
13 0.262 0.285 0.202 

95/15 12 0.188 0.206 0.180 
13 0.216 0.237 0.156 

80/20 12 0.162 0.198 0.160 
13 0.114 0.196 0.211 

75/25 12 0.158 0.187 0.140 
13 0.160 0.160 0.140 

a c c o r d i n g to the method o u t l i n e d by K l e s p e r e t a l (13,14). The 
t h e o r e t i c a l v a l u e s a r e i n good agreement w i t h the e x p e r i m e n t a l 
v a l u e s f o r the b a t c h l a t e x polymers, which means t h a t the r e -
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300 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 4. Changes in conductance of a "cleaned" MMA-MAA copolymer latex 
sample after injection of excess NaOH and assignment of location of carboxyl 

groups 
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18. NiSHiDA ET AL. Alkali-Swellable Carboxylated Latexes 301 

a c t i v i t y r a t i o s , r (MMA) =0.60 and (MAA) = 1.55, are q u i t e 
c o r r e c t i n the emulsion c o p o l y m e r i z a t i o n o f the MMA-MAA system. 

3. C h a r a c t e r i z a t i o n o f C a r b o x y l Content and D i s t r i b u t i o n i n 
MMA-MAA Copolymer L a t e x P a r t i c l e s . The r e s u l t s o f the conducto-
m e t r i c t i t r a t i o n o f serums and c l e a n e d l a t e x e s a re shown i n Table 
V I , where the charged amount o f MAA i n wt. % and e q u i v a l e n t / g -
polymer are shown t o g e t h e r f o r comparison. I t s h o u l d be noted 
t h a t the amount o f c a r b o x y l groups i n the serum i s v e r y s m a l l i n 
a l l l a t e x e s , r e g a r d l e s s o f the MAA co n t e n t and p o l y m e r i z a t i o n 
p r o c e s s . The t o t a l amounts o f c a r b o x y l groups n e u t r a l i z e d w i t h i n 
24 hours are g r e a t e r i n semi-continuous l a t e x e s than i n b a t c h l a ­
t e x e s , f o r samples c o n t a i n i n g more than 15% MAA. However, i n 
these r e s u l t s , the d i f f e r e n c e between the two types o f l a t e x e s 
i s not o b v i o u s . 

The d i f f e r e n c e i n the c a r b o x y l d i s t r i b u t i o n between the two 
types of l a t e x e s i s more c l e a r l y shown i n the time dependence 
measured by the change i n conductance a f t e r i n j e c t i o n o f NaOH a c ­
c o r d i n g to the method o u t l i n e d i n the e x p e r i m e n t a l s e c t i o n . A 
t y p i c a l r e s u l t o f the time e f f e c t on the conductance o f the l a t e x 
-NaOH m i x t u r e i s shown i n F i g u r e 4. The conductance a t l e v e l "A" 
i n F i g u r e 4 i s the conductance o b t a i n e d when the same amount o f 
NaOH s o l u t i o n i s added to water o n l y , i . e . , i n absence o f l a t e x 
p a r t i c l e s . The conductance a t l e v e l "B" r e p r e s e n t s the conduc­
tance o f the l a t e x measured im m e d i a t e l y a f t e r i n j e c t i o n o f NaOH 
s o l u t i o n , i . e . a t time z e r o . The conductances a t l e v e l s "C" and 
"D" r e p r e s e n t the conductances measured a t 10 minutes and 24 
hour s , r e s p e c t i v e l y , a f t e r i n j e c t i o n o f NaOH. 

The change i n the conductance o f the latex-NaOH m i x t u r e a t 
v a r i o u s time i n t e r v a l s i s then used to determine the amount of 
c a r b o x y l groups t i t r a t e d d u r i n g t h a t time p e r i o d , which i n t u r n 
i s r e l a t e d to a c e r t a i n l o c a t i o n i n s i d e the l a t e x p a r t i c l e . 
Thus, i n F i g u r e 4, v a l u e " a " , c a l c u l a t e d from the d i f f e r e n c e i n 
conductances "B" and "A" (A-B), corresponds to the amount o f c a r ­
b o x y l groups n e u t r a l i z e d i m m e d i a t e l y a f t e r i n j e c t i o n o f the NaOH 
s o l u t i o n , which i s assumed to r e p r e s e n t the amount of c a r b o x y l 
groups l o c a t e d on the p a r t i c l e s u r f a c e . V a l u e "b", c a l c u l a t e d 
from B-C, i s taken to r e p r e s e n t the n e u t r a l i z a t i o n o f c a r b o x y l 
groups l o c a t e d i n s i d e the p a r t i c l e , but c l o s e to the p a r t i c l e 
s u r f a c e . V a l u e " c " , c a l c u l a t e d from C-D, corresponds to the a-
mount o f c a r b o x y l groups b u r i e d deep i n s i d e the p a r t i c l e . The 
summation, a+b+c, i s e q u i v a l e n t to the t o t a l amount of c a r b o x y l 
groups n e u t r a l i z e d w i t h i n 24 ho u r s . The d i f f e r e n c e between the 
t o t a l amount of MAA charged and the summation o f a+b+c g i v e s the 
amount o f c a r b o x y l i c a c i d which c o u l d not be n e u t r a l i z e d a f t e r 24 
hours by i n j e c t i n g the a l k a l i , and i s d e s i g n a t e d as "d". 

I n F i g u r e 5, the d i s t r i b u t i o n s o f c a r b o x y l groups g i v e n as 
weight p e r c e n t based on the amount of MAA charged a r e p r e s e n t e d 
f o r the l a t e x e s prepared by b a t c h and semi-continuous p r o c e s s e s . 
I n t h i s f i g u r e , Column 1 r e p r e s e n t s the amount o f c a r b o x y l groups 
i n the serum (see a l s o T a b l e V I ) , Column 2 r e p r e s e n t s the v a l u e 
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Κ) 15 20 
Total MAA Content (wtft) 

Figure 5. Distribution of carboxyl groups in MMA-MAA copolymer latexes as 
weight percent based on the MAA content used in the polymerization: (1) carboxyl 
groups in the serum; (2) surface carboxyl groups; (3) carboxyl groups next to the 
surface; (4) carboxyl groups buried deeply; (5) unneutralized carboxyl groups; (A) 

batch-type latexes; (B) semicontinuous-type latexes 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

8



304 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

" a " ( s u r f a c e c a r b o x y l g r o u p s ) , Column 3 r e p r e s e n t s the v a l u e f fb , f 

( c a r b o x y l groups next to the s u r f a c e ) , Column 4 r e p r e s e n t s the 
v a l u e " c " ( c a r b o x y l groups b u r i e d d e e p l y ) , and Column 5 r e p r e ­
s e n t s the v a l u e M d " ( u n n e u t r a l i z e d c a r b o x y l g r o u p s ) . The c o r r e s ­
ponding c a r b o x y l groups d i s t r i b u t i o n , g i v e n as a b s o l u t e v a l u e o f 
weight p e r c e n t MAA based on the polymer, i s shown i n F i g u r e 6. 

In the l a t e x e s o f low MAA c o n t e n t s o f 5% and 10%, t h e r e i s 
no s i g n i f i c a n t d i f f e r e n c e i n the n e u t r a l i z a t i o n b e h a v i o r between 
b a t c h and semi-continuous l a t e x e s . On the o t h e r hand, f o r l a ­
texes o f h i g h MAA c o n t e n t s o f 15%, 20% and 25%, i t can be seen 
that b a t c h l a t e x e s c o n t a i n r e l a t i v e l y more c a r b o x y l groups i n the 
r e g i o n c l o s e r to the p a r t i c l e s u r f a c e ; whereas i n semi-continuous 
l a t e x e s , c a r b o x y l groups a re more u n i f o r m l y d i s t r i b u t e d i n s i d e 
the p a r t i c l e . 

I n F i g u r e 7, the curves showing n e u t r a l i z a t i o n r e a c t i o n -
ve:sus time a f t e r i n j e c t i o n o f a l k a l i a r e g i v e n f o r b a t c h and 
semi-continuous l a t e x e s w i t h MAA co n t e n t o f 15%. These curves 
show t h a t more c a r b o x y l groups a re n e u t r a l i z e d i n i t i a l l y i n the 
bat c h l a t e x than i n the semi-continuous l a t e x , which i n d i c a t e s 
t h a t more c a r b o x y l groups a r e l o c a t e d a t the s u r f a c e i n the b a t c h 
l a t e x . But the e x t e n t o f n e u t r a l i z a t i o n i s r e v e r s e d between the 
two l a t e x e s a f t e r 24 hou r s , which means t h a t more c a r b o x y l groups 
are l o c a t e d i n s i d e the p a r t i c l e i n the semi-continuous l a t e x . 
T h i s r e v e r s a l o c c u r r e d a t a much e a r l i e r stage i n l a t e x e s w i t h 
h i g h e r MAA c o n t e n t s o f 20% and 25%. 

Alth o u g h MAA monomer possesses a l a r g e r r e a c t i v i t y r a t i o 
than MMA monomer, more MAA was found to e x i s t i n the o u t e r s i d e 
of the p a r t i c l e i n the b a t c h l a t e x , as shown i n F i g u r e s 5 and 6. 
T h i s b e h a v i o r c o u l d be e x p l a i n e d i f one can acc e p t the f a c t t h a t 
the MAA-rich polymers, which a re formed e a r l y on d u r i n g the p o l y ­
m e r i z a t i o n , can m i g r a t e to the s u r f a c e o f the p a r t i c l e due to 
t h e i r h i g h e r h y d r o p h i l i c i t y and p l a s t i c i z a t i o n o f the polymer 
w i t h the monomer. I n the semi-continuous p r o c e s s , i t c o u l d be 
expected t h a t copolymer w i t h the same c o m p o s i t i o n as the comono-
mer feed i s formed, and the p a r t i c l e c o n t a i n s a u n i f o r m d i s t r i b u ­
t i o n o f c a r b o x y l groups. 

4. S w e l l i n g B e h a v i o r o f the MMA-MAA Copolymer L a t e x e s . 
When some a l k a l i i s added to the c l e a n e d l a t e x e s o f the MMA-MAA 
copolymer system, v a r i o u s changes can occ u r i n the l a t e x e s . The 
c a r b o x y l groups a r e n e u t r a l i z e d and charged w i t h n e g a t i v e i o n s , 
the charged groups a r e h y d r a t e d and e x e r t e l e c t r o s t a t i c r e p u l s i v e 
f o r c e s on each o t h e r . As a r e s u l t , t he l a t e x p a r t i c l e s a r e s w e l ­
l e d and some segments o f the polymer and/or whole polymer c h a i n s 
are d i s s o l v e d i n the aqueous phase. These d i s s o l v e d polymer seg­
ments can i n t e r a c t w i t h each o t h e r by hydrogen bond f o r m a t i o n 
and/ o r c h a i n entanglements, which cause an i n t e r a c t i o n between 
the l a t e x p a r t i c l e s . When one examines the l a t e x i n these s i t u a ­
t i o n s , m a c r o s c o p i c a l l y the above phenomena sh o u l d be r e f l e c t e d i n 
changes i n p a r t i c l e s i z e and v i s c o s i t y . The change i n p a r t i c l e 
s i z e o f the l a t e x has o f t e n been measured as a change i n the op-
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α> 
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5 10 15 20 25 
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Figure 6. Distribution of carboxyl groups in MMA-MAA copolymer latexes given 
as absolute MAA amount based on polymer (the columns represent the same as in 

Figure 5; (A ) batch latex; (B) semicontinuous latex) 
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no 

1 
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Tlmt tftar Injtction ( min ) 

Figure 7. Percent conversion of neutralization reaction with time of latexes with 
the MAA content of 15 wt % 

1.0 

Figure 8. Dependence of viscosity on shear rate at various pH's for 85:15 MMA-
MAA batch latex (SPB-2-(3)) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

8



18. NiSHiDA ET AL. Alkali-Swellable Carboxylated Latexes 307 

t i c a l p r o p e r t i e s ( 2 , 3 , 5 ) . However, i n the o p t i c a l measurements 
of c a r b o x y l a t e d l a t e x e s , t h e r e a r e some c o m p l i c a t i n g f a c t o r s , 
such as changes i n the d e n s i t y and the r e f r a c t i v e i n d e x o f the 
l a t e x p a r t i c l e due to s w e l l i n g and d i s s o l u t i o n o f l a t e x polymer. 
For t h i s r e a s o n , Verbrugge (4) i n s i s t e d t h a t the v i s c o s i t y mea­
surement was b e t t e r to i n v e s t i g a t e the b e h a v i o r o f c a r b o x y l a t e d 
l a t e x e s w i t h v a r y i n g pH. 

V i s c o s i t y o f d i s p e r s i o n i s known to f o l l o w E i n s t e i n ' s equa­
t i o n , i n the extreme case where the p a r t i c l e c o n c e n t r a t i o n i s so 
low t h a t the p a r t i c l e s do not i n t e r a c t w i t h each o t h e r . 

n r = 1 + 2.5<f> , (1) 
where i s the r e l a t i v e v i s c o s i t y , and 

φ i s the volume f r a c t i o n of the d i s p e r s e d phase, 
I f the s w e l l i n g b e h a v i o r o f c a r b o x y l a t e d l a t e x e s c o u l d be c h a r ­
a c t e r i z e d o n l y by the i n c r e a s e i n the volume f r a c t i o n , i . e . , i n 
p a r t i c l e s i z e , Eq. 1 would s t i l l h o l d ; but t h i s i s not the case 
i n c a r b o x y l a t e d l a t e x e s . The l a t e x p a r t i c l e s a r e s w e l l e d to a 
g r e a t e x t e n t , and the polymer segments are d i s s o l v e d i n t o the 
aqueous phase and i n t e r a c t between the p a r t i c l e s by the hydrogen 
bonds and c h a i n entanglements. Thus, Eq. 1 i s not expected to 
h o l d a t a l l and the i n t e r p a r t i c l e i n t e r a c t i o n s a r e expected to be 
dominant i n the v i s c o s i t y development o f the l a t e x . 

I n the l i g h t s c a t t e r i n g b e h a v i o r o f the c a r b o x y l a t e d l a t e x , 
t h e r e a r e some c o m p l i c a t i n g f a c t o r s , such as a change i n r e f r a c ­
t i v e index of l a t e x p a r t i c l e s upon the s w e l l i n g and d i s s o l u t i o n 
o f l a t e x polymers. However, i t can be expected t h a t d i f f e r e n c e s 
i n the a l k a l i - s w e l l i n g b e h a v i o r as measured by changes i n v i s c o s ­
i t y and by changes i n l i g h t s c a t t e r i n g s h o u l d g i v e v a l u a b l e i n ­
f o r m a t i o n about the t r u e scheme of a l k a l i - s w e l l i n g . 

a. V i s c o s i t y 
The apparent v i s c o s i t y shows some dependence on shear r a t e ; 

the magnitude of which i s a f u n c t i o n of pH as shown i n F i g u r e s 
8 and 9 f o r b a t c h and semicontinuous c a r b o x y l a t e d l a t e x e s r e ­
s p e c t i v e l y . I t i s d i f f i c u l t to compare the v i s c o s i t i e s o f non-
Newtonian f l u i d s . One p o s s i b l e method f o r comparison i s to t a k e 
the apparent v i s c o s i t y v a l u e a t a c e r t a i n shear r a t e f o r a l l sam­
p l e s ^ I n t h i s work, the v i s c o s i t y v a l u e s a t a shear r a t e o f 215 
(sec ) were taken to compare the b e h a v i o r o f the samples. The 
r e s u l t s of v i s c o s i t y as a f u n c t i o n o f pH o b t a i n e d i n t h i s manner 
ar e shown i n F i g u r e 10 f o r b a t c h l a t e x e s , and i n F i g u r e 11 f o r 
semi-continuous l a t e x e s . 

The semi-continuous l a t e x e s w i t h r e l a t i v e l y h i g h MAA c o n t e n t 
were found to e x h i b i t 5 o r d e r s of magnitude i n c r e a s e i n v i s c o s i t y 
a t pH 8-9. Furthermore, v i s u a l o b s e r v a t i o n o f these l a t e x e s 
showed t h a t the m i l k y w h i t e c o l o r d i s a p p e a r e d and the d i s p e r s i o n 
became s l i g h t l y hazy a t the pH o f the peak v i s c o s i t y . For the 
s emi-continuous l a t e x e s w i t h low MAA c o n t e n t s of 5 and 10%, no 
s i g n i f i c a n t v i s c o s i t y change w i t h pH was observed. On the o t h e r 
hand, b a t c h l a t e x e s , even w i t h the h i g h e s t MAA c o n t e n t , main-
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308 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Batch Latexes 

Latex Weight Ratio 
MMA/MAA 

Ο SPBH2H 95/5 
Δ SPBi?)-2 90/10 
• SPBW-3 85Λ5 • SPBtf)-4 80/20 
Ο S PB 12) -5 75/25 

10 -

I 
£ 1.0 \ 

4 5 6 7 8 9 10 11 12 13 

PH 

F/gwre 70. Changes in viscosity with ρ Η of batch MMA-MAA copolymer latexes 
determined at shear rate of 215 s~*) 
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18. NiSHiDA ET AL. AIkali-Swellable Carboxylated Latexes 309 

t a i n e d the m i l k y w h i t e c o l o r a t h i g h pH, and the change i n v i s ­
c o s i t y was not more than one o r d e r o f magnitude. 

The d i f f e r e n c e i n v i s c o s i t y b e h a v i o r between the two types 
of l a t e x e s appeared i n the dependence on the shear r a t e . A c a r e ­
f u l comparison between F i g u r e s 8 and 9 shows t h a t the semi-con­
t i n u o u s l a t e x e x h i b i t s a s t r o n g e r dependence on the shear r a t e 
than the b a t c h l a t e x . The l a t e x e s showing the l a r g e i n c r e a s e s i n 
v i s c o s i t y , i . e . the semi-continuous l a t e x e s w i t h the MAA c o n t e n t s 
o f 15, 20 and 25%, e x h i b i t e d such a s t r o n g dependence on the 
shear r a t e . A l l the b a t c h l a t e x e s w i t h v a r i e d MAA co n t e n t s o f 5-
25% and the semi-continuous l a t e x e s w i t h MAA c o n t e n t s o f 5 and 
10% which e x h i b i t e d moderate o r s m a l l i n c r e a s e s i n v i s c o s i t y ex­
h i b i t e d l e s s s i g n i f i c a n t dependence on the shear r a t e . G e n e r a l l y 
the h i g h dependence o f v i s c o s i t y on the shear r a t e means an ex­
t e n s i v e l y spread s t r u c t u r e f o r m a t i o n i n the d i s p e r s i o n due to a 
s t r o n g i n t e r a c t i o n between the d i s p e r s e d m a t e r i a l s . I n the semi-
c o n t i n u o u s l a t e x e s , the hydrogen bonds c o n s t r u c t e d i n the whole 
d i s p e r s i o n by the f u l l y s w e l l e d l a t e x p a r t i c l e s c o u l d be a r e a ­
s o n a b l e e x p l a n a t i o n f o r the e x t r a o r d i n a r y i n c r e a s e s i n v i s c o s i t y 
and the h i g h e r dependency o f v i s c o s i t y on the shear r a t e . I n the 
b a t c h l a t e x e s , the s w e l l i n g o f the l a t e x p a r t i c l e s can be c o n s i d ­
ered t o extend to the r e g i o n c l o s e to the p a r t i c l e s u r f a c e , not 
too deep i n s i d e the p a r t i c l e , and hence i n s u f f i c i e n t to i n t e r a c t 
s t r o n g l y w i t h each o t h e r and form the hydrogen bonds i n the whole 
d i s p e r s i o n . 

These r e s u l t s on v i s c o s i t y b e h a v i o r a r e i n good agreement 
w i t h the r e s u l t s o f the l a t e x c h a r a c t e r i z a t i o n by co n d u c t o m e t r i c 
t i t r a t i o n (see F i g u r e s 5 & 6 ) , which showed t h a t the c a r b o x y l 
groups a r e u n i f o r m l y d i s t r i b u t e d w i t h i n the p a r t i c l e f o r the 
semi-continuous l a t e x , whereas i n the b a t c h l a t e x the c a r b o x y l 
groups a r e c o n c e n t r a t e d a t the w a t e r - p a r t i c l e i n t e r f a c e . 

b. L i g h t S c a t t e r i n g B e h a v i o r 
The change i n apparent p a r t i c l e s i z e measured by the d i s ­

symmetry method o f l i g h t s c a t t e r i n g a r e shown i n F i g u r e 12 f o r 
b a t c h l a t e x e s , and i n F i g u r e 13 f o r semi-continuous l a t e x e s as a 
f u n c t i o n of pH. The dependence o f the apparent p a r t i c l e s i z e on 
pH i s found to depend on both p o l y m e r i z a t i o n process and MAA con­
t e n t . The b a t c h l a t e x e s w i t h MAA c o n t e n t s o f 5, 10 and 15% ex­
h i b i t a slow i n c r e a s e i n p a r t i c l e s i z e w i t h i n c r e a s i n g pH; where­
as l a t e x e s w i t h h i g h e r MAA c o n t e n t s e x h i b i t peaks i n p a r t i c l e 
s i z e a t pH = 10.5 f o l l o w e d by a slow d e c r e a s e . These r e s u l t s 
can be e x p l a i n e d i n terms o f s w e l l i n g upon n e u t r a l i z a t i o n f o l ­
lowed by d i s s o l u t i o n and/or s h r i n k a g e o f p a r t i c l e due to a d d i ­
t i o n o f excess a l k a l i . 

On the o t h e r hand, the changes i n apparent p a r t i c l e s i z e o f 
the semi-continuous l a t e x e s w i t h pH i s found to be i n s i g n i f i c a n t . 
The p a r t i c l e s i z e decreases s l i g h t l y t o a minimum a t a c e r t a i n 
pH f o l l o w e d by a s l i g h t i n c r e a s e w i t h i n c r e a s i n g pH. These r e ­
s u l t s can be e x p l a i n e d on the b a s i s o f the homogeneous d i s t r i b u -
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Figure 11. Changes in viscosity with pH of semicontinuous MMA-MAA copoly­
mer latexes (determined at shear rate of 215 s'1) 

Latex Weight Ratio 
150 MMA/MAA 

ο SPB (Ί) 1 55/5 
Δ SPB (?> 1 90/10 
• 5PB(?> 3 85/15" • bPB l?)-4 80/20 
Ο SPB-(?)-5 75/25* 
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Figure 12. Changes in apparent particle size with pH of batch MMA-MAA co­
polymer latexes (determined by dissymmetry method of light scattering) 
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18. NiSHiDA ET AL. AIkali-Swdiable Carboxylated Latexes 311 

t i o n o f c a r b o x y l groups i n s i d e the p a r t i c l e s . Upon n e u t r a l i z a ­
t i o n o f the semi-continuous l a t e x e s , s w e l l i n g and simultaneous 
d i s s o l u t i o n o f the o u t e r l a y e r t a k e s p l a c e , thus c a u s i n g the pa r ­
t i c l e s i z e d e t e c t e d by l i g h t s c a t t e r i n g to e x h i b i t i n s i g n i f i c a n t 
changes w i t h pH. At pH h i g h e r than 11.5, the i n c r e a s e i n pa r ­
t i c l e s i z e o f l a t e x e s w i t h lower MAA co n t e n t s c o u l d be seen, 
which can r e s u l t from f l o c c u l a t i o n o f the l a t e x p a r t i c l e s due to 
the h i g h i o n i c s t r e n g t h . 

Y udelson and Mack (16) r e p o r t e d t h a t c e r t a i n c a r b o x y l - c o n -
t a i n i n g polymer s o l u t i o n s showed e x t r a o r d i n a r y v i s c o s i t y maxima 
i n a narrow pH r e g i o n a t degrees o f i o n i z a t i o n t h a t a r e l e s s than 
100% and e x p l a i n e d these r e s u l t s by g e l f o r m a t i o n due to i n t e r -
m o l e c u l a r i n t e r a c t i o n , p a r t i c u l a r l y hydrogen bonding. They a l s o 
showed t h a t a t the g e l a t i o n pH, a t t r a c t i v e f o r c e i n t e r a c t i o n s 
due to hydrogen bonding s h o u l d be equal to r e p u l s i v e f o r c e e f ­
f e c t s due to the coulombic r e p u l s i o n o f charged c a r b o x y l a t e i o n s . 
I n our pr e s e n t c a r b o x y l a t e d l a t e x systems, the l a t e x p a r t i c l e s 
s h o u l d be s w e l l e d and polymer m o l e c u l e s o r s m a l l e r segments 
sh o u l d be d i s s o l v e d i n the aqueous phase upon n e u t r a l i z a t i o n so 
t h a t the p a r t i c l e - p a r t i c l e and/or p a r t i c l e - d i s s o l v e d polymer i n ­
t e r a c t i o n may o c c u r . A t the pH o f the v i s c o s i t y peak, s w e l l i n g 
would be q u i t e h i g h , and so p a r t i c l e s s h o u l d be c l o s e enough to 
i n t e r a c t s t r o n g l y w i t h each o t h e r . Some o f the u n n e u t r a l i z e d 
c a r b o x y l groups can form hydrogen bonds, b o t h i n t e r - a n d i n t r a -
p a r t i c l e s , w i t h o t h e r c a r b o x y l groups and e s t e r groups. Thus, a 
s t r u c t u r e which i s f u l l y extended i n the e n t i r e l a t e x system 
c o u l d be formed. As the pH i n c r e a s e s and n e u t r a l i z a t i o n p r o ­
ceeds, more c a r b o x y l groups would be n e u t r a l i z e d , and polymer 
m o l e c u l e s would be more expanded due to the i n c r e a s e d e l e c t r o ­
s t a t i c r e p u l s i o n . However, the u n n e u t r a l i z e d c a r b o x y l groups 
which p l a y the main r o l e i n forming hydrogen bonds would d i s ­
appear as the pH i s i n c r e a s e d f u r t h e r . T h e r e f o r e , the v i s c o s i t y 
d e c r e a s e s . I n t h i s s p e c i a l c a s e , hydrogen bonding c o u l d be ex­
pected to be r e s p o n s i b l e f o r the v i s c o s i t y peak, and the bre a k ­
age o f the hydrogen bond c o u l d be a reason f o r the v i s c o s i t y de­
cr e a s e f o l l o w i n g the peak. 

From the above R e s u l t s and D i s c u s s i o n , one c o u l d s p e c u l a t e 
the f o l l o w i n g scheme g i v e n i n F i g u r e 14, of a l k a l i - s w e l l i n g and/ 
or d i s s o l v i n g b e h a v i o r s o f the MMA-MAA c a r b o x y l a t e d l a t e x e s . 
The s e mi-continuous l a t e x i s s w o l l e n e x t e n s i v e l y and forms s t r u c ­
t u r e due to hydrogen bonds which r e s u l t s i n a l a r g e i n c r e a s e i n 
v i s c o s i t y and a h i g h shear r a t e dependence o f v i s c o s i t y . A t 
h i g h e r pH, c a r b o x y l a t e d groups a r e n e u t r a l i z e d c o m p l e t e l y and 
hence the hydrogen bonds d i s a p p e a r , which r e s u l t s i n the de­
c r e a s e i n v i s c o s i t y . The b a t c h l a t e x i s s w o l l e n o n l y i n the 
s u r f a c e r e g i o n and the s w e l l i n g i s not s u f f i c i e n t f o r the p a r ­
t i c l e s to i n t e r a c t s t r o n g l y w i t h each o t h e r , r e s u l t i n g i n a mod­
e r a t e i n c r e a s e i n v i s c o s i t y . A t h i g h e r pH, s w o l l e n l a t e x would 
be shrunk due to the i n c r e a s e d i o n i c s t r e n g t h . 
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2 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Ε c 
glOO 

PH 

Figure 13. Changes in apparent particle size with pH of semicontinuous MMA-
MAA copolymer latexes (determined by dissymmetry method of light scattering) 

Semi-
Continuous^ 
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strong interaction 
and repulsion 

( ?H at peak viscosity) 

repulsion 
and shrinkage 

I higher pH ) 
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Figure 14. Schematic explanation of alkali-swelling and/or dissolving behaviors 
of carboxylated MMA-MAA copolymer latexes 
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18. NiSHiDA ET AL. Alkali-Swellable Carboxylated Latexes 313 

Conclusions 

In the emulsion polymerization of alkali-swellable carboxy­
lated latexes, the polymerization process was found to influence 
the distribution of carboxyl groups in the final latex par­
ticles, which in turn, influence the alkali-swelling and/or dis­
solving behaviors of the latexes. MMA-MAA copolymer latexes 
prepared by batch process contained less uniform distribution 
of carboxyl groups inside the particle, and exhibited moderate 
increase in viscosity followed by slow decrease with increasing 
pH. The corresponding copolymer latexes prepared by semi-con­
tinuous process, in which the rate of monomer feed is much less 
than the maximum rate of polymerization, contained more uniform 
distribution of carboxyl groups inside the particle, and exhibi­
ted a great increase in viscosity followed by rapid decrease 
with increasing pH. 

The distribution of carboxyl groups in alkali-swellable 
carboxylated latex particles could be detected by the modified 
conductometric titration after cleaning by serum replacement 
technique. The modified conductometric titration is composed of 
the following procedures: (1) following a change in conductance 
after injection of excess NaOH into a sample latex; (2) after 24 
hours, conductometrically back-titrating the latex containing 
excess NaOH with HC1; and (3) assigning the amount of carboxyl 
groups neutralized during a certain period of time to a location 
of carboxyl groups within the particle. 

The extraordinary increases in viscosity exhibited by the 
semi-continuous latexes with MAA contents of 15, 20 and 25% 
were attributed to the balance of repulsive forces due to dis­
sociated carboxyl groups with attractive forces due to hydrogen 
bonds, which results in structure formation extending within the 
entire system. On the other hand the moderate increase in vis­
cosity of the batch latex was attributed to limited swelling, 
and moderate interaction between the particles and restricted to 
the surface regions of the particles. 
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19 
Emulsion Polymerization Kinetics 
Chain Entanglements and Glassy-State Transition 

B. HARRIS 
Dow Chemical Company, Midland, MI 48640 
A. E. HAMIELEC and L. MARTEN1 

Department of Chemical Engineering, McMaster University, Hamilton, Canada 

Free radical polymerization in a latex particle occurs at 
polymer concentrations where chain entanglements and low free 
volume can significantly reduce the translational and segmental 
mobility of macroradicals. The termination reaction becomes 
diffusion-controlled and a reduction in the termination rate 
constant by several orders of magnitude can cause a large increase 
in the average number of radicals per particle and an acceleration 
in the rate of polymerization. At higher conversions a 
glassy-state transition may occur with the propagation reaction 
rate falling rapidly and approaching rates which are typical of 
solid state polymerizations. In the normal time scale a limiting 
conversion of less than 100% is reached. When molecular weight 
development is controlled mainly by termination reactions, a 
dramatic increase in the weight average molecular weight is 
observed at high conversions. In emulsion polymerizations chain 
transfer reactions are generally more important and thus molecular 
weight increases with conversion are not large. However, at very 
high conversions (X >80%), abnormal molecular structures have been 
observed and predicted in the emulsion polymerization of vinyl 
chloride (1-6). These include a large increase in the number of 
terminal double bonds associated with a sharp decrease in the 
number average molecular weight (MN) and an increase in the number 
of long branches (LCB) associated with an increase in the weight 
average molecular weight (MW). Abnormal changes in MN, MW and LCB 
can be predicted on the basis of diffusion-controlled propagation 
(6). 

A valid kinetic model of stage 3 emulsion polymerization must 
account for diffusion-controlled termination and propagation 
reactions. Marten and Hamielec (7) have proposed such a model 
based on a free-volume theory and have confirmed its validity for 
the bulk polymerization of methyl methacrylate (7). Herein is 
reported an evaluation of this model for the emulsion 
1 Present address: Air Products and Chemicals Inc., Allentown, PA 

18105 
0097-6156/81/0165-0315$05.00/0 
© 1981 American Chemical Society 
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316 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

p o l y m e r i z a t i o n o f s t y r e n e . The e x p e r i m e n t a l e v a l u a t i o n was done 
u s i n g monodispersed l a t e x p a r t i c l e s i n t h e s i z e range, 400-1650 A 
w i t h a measure o f i n s t a n t a n e o u s r a t e s u s i n g an a d i a b a t i c 
c a l o r i m e t e r as r e a c t o r . A knowledge o f i n s t a n t a n e o u s r a t e s 
p e r m i t s one t o d e t e r m i n e t h e v a r i a t i o n o f k t and k w i t h 
c o n v e r s i o n . In p a r t i c u l a r f o r the 400 A l a t e x p a r t i c l e s , one can 
se t the average number o f r a d i c a l s per p a r t i c l e (n) equal t o 0.5 
and t h i s p e r m i t s a d i r e c t measure o f t h e d e c r e a s e o f t h e 
pro p a g a t i o n c o n s t a n t w i t h c o n v e r s i o n . 

K i n e t i c Model Development 
When the p o l y m e r i z a t i o n temperature i s l e s s than the g l a s s -

t r a n s i t i o n temperature (T ) o f the polymer b e i n g s y n t h e s i z e d , a 
g l a s s y - s t a t e t r a n s i t i o n g 8 c c u r s and a l i m i t i n g c o n v e r s i o n i s 
approa:red w i t h the unreacted monomer a c t i n g as a p l a s t i c i z e r . 
The c o r r e l a t i o n o f l i m i t i n g c o n v e r s i o n u s i n g free-volume t h e o r y 
has been q u i t e s u c c e s s f u l ( 7 - 1 2 ) . The l i m i t i n g c o n v e r s i o n ( x^) 
can be estimated u s i n g e q u a t i o n s (1) and (2) n e g l e c t i n g volume 
changes on m i x i n g monomer and polymer. 

(P /o ) Φ 
x - ρ m ρ M ) 

l ' ( 1 - ( 1 - ρ / ρ ) φ ) K U 

ρ m ρ 

α φ Τ + α ( 1 -Φ ) Τ 
Τ = Τ =-Ρ_Ε_δΡ " * «"» (2) 

G V P + a m ( i - y 

where Τ i s the p o l y m e r i z a t i o n temperature and Τ i s the g l a s s -
t r a n s i t i o n temperature o f the monomer/polymer s o l u t i o n , Τ and 
Τ m are the g l a s s - t r a n s i t i o n temperatures o f pure polymer and 
monomer. φ i s the volume f r a c t i o n o f polymer i n the g l a s s y 
s t a t e , otp i s the d i f f e r e n c e between the c o e f f i c i e n t s o f v o l u m e t r i c 
expansion o f the polymer i n the mel t and g l a s s y s t a t e , and i s 
the c o r r e s p o n d i n g q u a n t i t y f o r the monomer. ρ and are 
d e n s i t i e s o f polymer and monomer. 

A graph o f eq u a t i o n s (1) and (2) i s shown i n F i g u r e 1 f o r the 
homopolymerization o f s t y r e n e . The parameters used are g i v e n i n 
the c a p t i o n . In an independent study Sundberg and James ( 12) 
found the f o l l o w i n g s e t o f parameters t o f i t l i m i t i n g c o n v e r s i o n s 
f o r s t y r e n e / p o l y s t y r e n e seed l a t i c e s : T__ = 92.5 C f Τ = -106 C, 

ο 1 3 ο -1 a = 0.43 x 10 " C" and α = 1.0 χ 10"^ C . These data a r e ρ m 
a l s o shown i n F i g u r e 1 and support somewhat lower l i m i t i n g 
c o n v e r s i o n s . The t r e n d s are the same however. 

A comprehensive model which i s based on the free-volume 
t h e o r y and which accounts f o r the e f f e c t o f m o l e c u l a r weight and 
s o l v e n t on c h a i n entanglements and g l a s s y - s t a t e t r a n s i t i o n has 
been r e c e n t l y developed by Marten and Hamielec (7) . T h i s model 
accounts f o r d i f f u s i o n - c o n t r o l l e d t e r m i n a t i o n and p r o p a g a t i o n 
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Emulsion Polymerization Kinetics 317 

Figure 1. Styrene homo polymerization— 
limiting conversions (Equations 1 and 2 
with parameters Tgp = 93.5°C; Ttjm = 
-88.2°C; ap = 0.48 χ W^C'1; am = 
1.0 X W^C'1). Experimental limiting 
conversions (bulk, suspension, and emul­
sion polymerization)—{Ο ) present data; 

(m)fromRef. 12. 
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318 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

reactions with the following equations 

k. J'w , \ 2 e 

_1_ _ e r 1 l „._r . ,1 1 
o \ w / cr1 

k 
^ = exp [- Β (γ- - ^ J — ) ] (M) 
"Ρ 'F F „ ο cr2 

= (0.025 + α (Τ - Τ ) ) <b + (0.025 + α (Τ - Τ ) ) <b (5) Γ ρ gp ρ m grn m 

where fl^ i s the cumulative weight average molecular weight at 
cr1 

Vp the free volune fraction at which the termination reactions 
cr 1 

become diffusion-controlled. A, Β and α are adjustable parameters 
which are obtained by f i t t i n g rate and molecular weight data. In 
solution polymerization the termination and propagation constants 
f a l l simultaneously and both affect the polymerization rate. This 
makes i t d i f f i c u l t to observe the effect of say a d i f f u s i o n -
controlled propagation reaction on the polymerization rate alone 
without the confounding influence of the diffusion-controlled 
t e r m i n a t i o n . Emulsion polymerization presents a unique 
opportunity to observe the e f f e c t of a d i f f u s i o n - c o n t r o l l e d 
propagation reaction on the polymerization rate at dif f e r e n t 
l e v e l s of conversion or fre e volume. When very small 
monodispersed latex particles and low rates of radical i n i t i a t i o n 
are used, the average number of radicals per p a r t i c l e should 
remain at 0.5 over the entire conversion range. The decrease in 
kfc w i l l therefore have no effect on the rate and the f a l l in rate 
corrected for monomer concentration should be due to a f a l l in the 
propagation constant. These data permit one to make direct 
estimates of V r and B. This w i l l be i l l u s t r a t e d with data for 

F c r a 
400 X latex particles under Discussion and Results. 

Experimental Details 
An adiabatic batch reactor was constructed from a 2 - l i t e r 

Dewar fla s k . The reactor top was fabricated from cork, machined 
to f i t and then coated with epoxy resin to seal i t s pores. 
Agitation was provided by a paddle agitator, Gast a i r motor, via a 
glass seal. Teflon stopcocks allowed venting, nitrogen purge and 
addition of reaction components. Temperature was monitored via a 
Hewlett Packard 2802 A platinum resistance thermometer and quick 
response probe. The 2 volt analog output was recorded on a Heath 
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19. HARRIS ET AL. Emulsion Polymerization Kinetics 319 

servo r e c o r d e r , EU-20 B. A buc k i n g v o l t a g e and v o l t a g e d i v i d e r 
were used t o modify the s i g n a l t o a l l o w r e c o r d i n g on the m i l l i v o l t 
s c a l e . 

A t y p i c a l l a t e x r e c i p e f o l l o w s : 

Component Weight (grams) 

water 1300 
p o l y s t y r e n e seed (monodispersed)* 104 
st y r e n e monomer (washed w i t h 

c a u s t i c and water) 100 
sodium p e r s u l f a t e 2-10 
sodium b i s u l f i t e 0.1-2 
F e ( N 0 3 ) 3 ( H 2 0 ) 9 0.01 
c a u s t i c t o pH 6-7 
a n i o n i c e m u l s i f i e r (DOWFAX 2A1)** 0-5 

* o r i g i n a l 300 8 l a t e x p a r t i c l e s c o n t a i n e d 1% d i v i n y l benzene 
c r o s s l i n k e r 

** Trademark o f the Dow Chemical Co. 

The polymer, water and monomer phases were heated e x t e r n a l l y 
and added t o the r e a c t o r ( p r e v i o u s l y purged w i t h n i t r o g e n ) . A f t e r 
thermal e q u i l i b r i u m (estabishment o f steady s t a t e heat l o s s ) and 
c h e m i c a l e q u i l i b r i u m t h e r e a c t i o n was i n i t i a t e d by a 
p e r s u l f a t e / b i s u l f i t e system, each component heated s e p a r a t e l y t o 
r e a c t o r temperature. The t o t a l a d i a b a t i c temperature r i s e was 
a p p r o x i m a t e l y 10 C. T h i s was used t o c a l c u l a t e r a t e s o f 
p o l y m e r i z a t i o n , change i n r a t e w i t h temperature and l i m i t i n g 
c o n v e r s i o n . 

The p o l y s t y r e n e seed l a t e x was monodispersed. Even a f t e r 
s e v e r a l grow-ups ( p o l y m e r i z a t i o n s ) the f i n a l 1650 A l a t e x was 
monodispersed. Hydrodynamic chromatography on the 1650 A l a t e x 
gave a mean diameter o f 1660 & w i t h a s i z e v a r i a n c e as s m a l l as 
f o r normal p o l y s t y r e n e l a t e x s t a n d a r d s ( t y p i c a l standard o f 1760 A 
w i t h a standard d e v i a t i o n o f t 23 Ï ) . The f i n a l l a t e x p a r t i c l e 
s i z e c o u l d be a c c u r a t e l y p r e d i c t e d from the i n i t i a l p a r t i c l e s i z e 
and the t o t a l amounts o f monomer and polymer used. 

With s m a l l l a t e x p a r t i c l e s 400 A) the r a t e o f f r e e r a d i c a l 
g e n e r a t i o n ( v a r i e d by v a r y i n g the p e r s u l f a t e l e v e l ) d i d not a f f e c t 
t h e p o l y m e r i z a t i o n r a t e o v e r t h e r a n g e o f c o n v e r s i o n s 
i n v e s t i g a t e d . In a d d i t i o n , s m a l l amounts o f sodium b i s u l f i t e were 
added t o i n c r e a s e r a d i c a l g e n e r a t i o n a t low temperatures (^ 25 C ) 
a t v a r i o u s c o n v e r s i o n l e v e l s . T h i s a l s o d i d not change t h e 
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320 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

reaction rate. These experiments confirm the assumption that 
small latex particles contain on the average 1/2 r a d i c a l / p a r t i c l e 
over the entire conversion range investigated. 

Discussion of Results 
Figure 2 i l l u s t r a t e s some typical instantaneous rate data 

obtained using the adiabatic calorimeter reactor for monodispersed 
l a t i c e s in the size range 395-1650 8. The smallest latex 
particles (395 8) experience a continuous decrease in rate with 
decrease i n monomer co n c e n t r a t i o n . At about a monomer 
concentration of 1 gmole/liter the rate f a l l s very sharply. These 
observations are consistent with case II kinetics and η = 0.5 and 
a rapidly f a l l i n g propagation constant at higher conversions. 
This was further confirmed by showing that the rate data were 
independent of i n i t i a t i o n rate over the entire conversion range 
investigated. The larger latex particles experience a rate 
maximum which i s more pronounced for the larger p a r t i c l e s . These 
observations are consistent with diffusion-controlled termination 
and latex particles which contain two or more radi c a l s . For the 
larger latex particles the sharp drop in rate at very high 
conversions i s due to diffusion-controlled propagation. 

The rate data for the 395 A latex particles w i l l be treated 
f i r s t to examine the v a r i a t i o n of the d i f f u s i o n - c o n t r o l l e d 
propagation constant during an adiabatic polymerization. Setting 
ή" = 2 permits one to calculate k at differ e n t temperature and 
conversion levels from the instantaneous rate data. These values 
are shown plotted in Fig. 3. The propagation constant obeys an 
Arrhenius type equation at intermediate conversions where 
propagation i s k i n e t i c a l l y - c o n t r o l l e d . However, a sharp break 
occurs and then k f a l l s rapidly in the diffusion-controlled 
region. Figure 4 shows these same f a l l i n g k values plotted 
versus conversion with k set equal to zero at the li m i t i n g 
conversion χ = 0.948 at ?5°C. A l l the k values were normalized 
to 75°C. Figure 5 shows the k data for 3 395 8 latex particles 
plotted versus free volume fraction according to equation (4). A 
value for Β = 0. 1275 f i t s the higher temperature data quite well 
and suggests that equation (4) i s s u i t a b l e f o r c o r r e l a t i n g 
propagation constants in the diffusion-controlled region. The 
lower temperature data deviate somewhat from the higher 
temperature data at very high conversions. This may be due to 
experimental errors with the very low rates obtained at the lower 
temperatures. Figure 6 shows a c o r r e l a t i o n of Xç C?t t h e 

conversion at which the propagation reaction becomes d i f f u s i o n -
c o n t r o l l e d , with polymerization temperature. The c r i t i c a l 
conversion increases with temperature and presumably w i l l reach 
unity at some temperature above the glass-transition temperature 
of the polymer. 

The rate data for the 1650 ft latex p a r t i c l e s w i l l now be 
treated. These rates are sensitive to the magnitude of the 
termination constant and therefore i t should be possible to 
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Ι Ο Ο Ο Γ 
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Figure 2. Styrene emulsion polymerization—instantaneous rate data for mono-
dispersed latices showing the effect of particle size (—LHp = 16.4 kcal/gmol) 
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284 2 86 2.88 2.90 2.92 
Ι /Τ( ·Κ) Χ ΙΟ 3 

Figure 3. Styrene emulsion polymerization—variation of the propagation constant 
with temperature during adiabatic polymerization of 395-À latex particles (kp in 

L/mol - s) 

Figure 4. Styrene emulsion polymeriza­
tion—variation of the propagation con­
stant with conversion during adiabatic 
polymerization of 395-À latex particles 
(kp values normalized to 75 °C with an 
activation energy of 7700 cal/gmol and 

in L/mol · s) 
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HARRIS ET AL. Emulsion Polymerization Kinetics 323 

Figure 5. Styrene emulsion polymerization—variation of the propagation constant 
with free volume fraction according to Equation 4 during adiabatic polymerization 
of 395-A latex particles at different temperature levels (( ) Equation 4, Β = 
0.1275; (Ο) Τ = 76.4eC, VFcri = 0.0426; (Φ) Τ = 30.3°C, VFcr2 = 0.0306) 

60 70 
T(°C) 

Figure 6. Styrene emulsion polymerization—critical conversion for diffusion-con­
trolled propagation as a function of temperature ( ) X ( T 2 = 0.740 - j - 1.846 X 

10~3Ί (°C)) 
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324 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

determine the change i n a t d i f f e r e n t l e v e l s o f c o n v e r s i o n once 
the decrease i n k p i s accounted f o r . To i n c r e a s e the s e n s i t i v i t y 
o f the r a t e t o k^ f we w i l l c o n s i d e r c o n v e r s i o n s g r e a t e r than 0.7 
where ή i s g r e a t e r than about 4. To t e s t the a p p l i c a b i l i t y o f 
eq u a t i o n (3) i n t h i s c o n v e r s i o n range one can r e w r i t e t he e q u a t i o n 
as f o l l o w s 

k t 1 ι 
- y r e x p [ - Α Γ - - ί τ ) ] (3a) 
k t F V F 

where k j.s the t e r m i n a t i o n c o n s t a n t when the f r e e volume f r a c t i o n 
e q u a l s ΊΓ ρ β The e f f e c t o f m o l e c u l a r weight changes on k f c i s 
n e g l e c t e d . F i g u r e 7 shows the dependence o f k^ on f r e e volume 
f r a c t i o n a c c o r d i n g t o e q u a t i o n (3a) ob t a i n e d Q w i t h 1650 A l a t e x 
p a r t i c l e s i n the temperature range, £4.2 - 78.0 C. The dat a shown 
i n F i g u r e 7 were no r m a l i z e d t o 75 C. The f i t o f the da t a t o 
eq u a t i o n (3a) i s e x c e l l e n t . T h i s suggests t h a t c o r r e c t i o n s f o r 
mo l e c u l a r weight change are e i t h e r n e g l i g i b l e o r t h a t changes i n 
mo l e c u l a r weight w i t h c o n v e r s i o n are s m a l l . 

At t h i s p o i n t i t i s a p p r o p r i a t e t o p o i n t out an apparent 
i n c o n s i s t e n c y . In F i g u r e 3 t h e pr o p a g a t i o n c o n s t a n t obeys an 
Ar r h e n i u s e q u a t i o n w i t h an a c t i v a t i o n energy o f about 16,000 
cal/gmole b e f o r e the onset o f d i f f u s i o n c o n t r o l . T h i s v a l u e i s 
ab o u t d o u b l e t h e u s u a l l y a c c e p t e d v a l u e s f o r s t y r e n e 
p o l y m e r i z a t i o n . A p o s s i b l e e x p l a n a t i o n f o r t h i s d i s c r e p a n c y i s 
t h a t the t e r m i n a t i o n c o n s t a n t may have f a l l e n t o the p o i n t where a 
s m a l l f r a c t i o n o f the 400 Â l a t e x p a r t i c l e s might c o n t a i n 2 
r a d i c a l s . T h i s o f c o u r s e would i n c r e a s e t h e r a t e o f 
p o l y m e r i z a t i o n and i f not accounted f o r would g i v e k v a l u e s t h a t 
are too l a r g e . At_ the p o i n t o f d i f f u s i o n c o n t r o l o f k i t i s 
estimated t h a t an η = 0.6 c o u l d account f o r a d o u b l i n g o f the 
apparent a c t i v a t i o n energy. In f a c t , when k v a l u e s were measured 
at d i f f e r e n t temperatures but f o r the same *sized l a t e x p a r t i c l e s 
and a t the same monomer c o n c e n t r a t i o n t h e a c t i v a t i o n energy f o r 
pro p a g a t i o n was found t o be about 8400 c a l / g m o l e . A r e a s o n a b l e 
v a l u e . The s m a l l i n c r e a s e i n ή would i n t r o d u c e a r e l a t i v e l y s m a l l 
e r r o r i n the e s t i m a t i o n o f k v a l u e s and thus the c o n c l u s i o n s 
reached are b a s i c a l l y unchanged. 

In F i g u r e 1, the parameters Τ = 93.5 c and Τ = - 38.2 C 
were e s t i m a t e d by f i n d i n g the best f i t t o the l i m i t i n g c o n v e r s i o n 
d a t a . The remaining parameters were a r b i t r a r i l y s e t to re a s o n a b l e 
v a l u e s . 

In c o n c l u s i o n i t may be s a i d t h a t e q u a t i o n s (3a) and (4) 
adequately r e p r e s e n t the changes o f t e r m i n a t i o n and p r o p a g a t i o n 
c o n s t a n t s i n the d i f f u s i o n - c o n t r o l l e d r e g i o n s f o r the emulsion 
p o l y m e r i z a t i o n o f s t y r e n e . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
01

9



HARRIS ET AL. Emulsion Polymerization Kinetics 325 

τ 1 1 1 1 1 Γ 

Figure 7. Styrene emulsion polymerization—variation of the termination constant 
with free volume according to Equation 3 with molecular weight changes neglected 
during adiabatic polymerization of 1650-A latex particles over the conversion range, 

0 J-0.911 ((A = 0.44; VF* = 0.0708) 
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20 
Diffusion-Controlled Kinetics in the Emulsion 
Polymerization of Styrene and 
Methyl Methacrylate 
D. C. SUNDBERG, J. Y. HSIEH, and S. K. SOH 
Department of Chemical Engineering, University of New Hampshire, Durham, NH 03824 
R. F. Β ALDUS1 

Department of Chemical Engineering, University of Idaho, Moscow, ID 83843 

The locus of reaction during an emulsion polymerization is 
nearly exclusively within particles in which the ratio of polymer 
to monomer is high enough so that the reacting fluid is quite 
viscous. Relative to bulk polymerization, this is beyond the 
start of the "gel effect" and one should expect the influence of 
restricted diffusion of the polymer to be felt during the entire 
emulsion polymerization reaction. The most common approach for 
treating this behavior in bulk polymerization is to treat the 
termination rate constant, kt, as a function of conversion level 
and to predict or correlate its decrease with increasing conver­
sion. The decrease in kt causes a buildup in free radicals and 
increases the reaction rate. For latex systems in which radical 
desorption from the particles is not significant, this restricted 
diffusion will lead to particles having n > 1/2. Some time ago 
van der Hoff (1) noted that a kt value of two or three orders of 
magnitude below that at infinite dilution was required in order to 
explain rate data for various latex particle sizes. Similar re­
sults were obtained by James and Sundberg (2) in a more detailed 
study of this effect for styrene. From this work it is quite 
clear that the gel effect is prevalent in all styrene emulsion 
polymerizations, only masked at times when the initiator level or 
temperature is quite low or the particle is very small. 

The first attempts to translate the gel effect work accom­
plished in bulk polymerization into the context of emulsion poly­
merization were offered by Friis and Hamielec (3,4). Here they 
used the empirical relationships developed to express kt as a 
function of conversion and temperature for the mass polymerization 
of styrene (5) and methylmethacrylate (6) in order to modify the 
rate expressions for emulsion polymerization. The modification 
came about by adjusting Stockmayer's (7) dimensionless group 
α = ρV/(Nkt) with new values of k t (from mass polymerization) as 

1Current address: Crown-Zellerbach Corp., Camas, WA 98607 
0097-6156/81/0165-0327$05.00/0 
© 1981 American Chemical Society 
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328 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

the c o n v e r s i o n l e v e l i n c r e a s e d . They were r e a s o n a b l y s u c c e s s f u l 
i n f i t t i n g the c o n v e r s i o n v s . time curve f o r one e x p e r i m e n t a l 
c o n d i t i o n f o r s t y r e n e , and one f o r m e t h y l m e t h a c r y l a t e . The pur­
pose of the p r e s e n t communication i s to remove the e m p i r i c a l na­
t u r e of the dependency d i s c u s s e d above and to use the f r e e 
volume concept to i n t e r p r e t the same b e h a v i o r . E x p e r i m e n t a l d a t a 
o b t a i n e d over a wide range o f c o n d i t i o n s w i l l be pr e s e n t e d t o 
p r o v i d e a broad base a g a i n s t which the t h e o r e t i c a l r e s u l t s may be 
judged. 

QUANTITATIVE DEVELOPMENT 

U t i l i z i n g the seed l a t e x p o l y m e r i z a t i o n method t o a v o i d t he 
occurance of new p a r t i c l e f o r m a t i o n , the k i n e t i c treatment o f an 
emulsion p o l y m e r i z a t i o n i s q u i t e s t r a i g h t f o r w a r d . Assuming t h a t 
a l l the p a r t i c l e s a r e the same s i z e , the r a t e of p o l y m e r i z a t i o n , 
Rp, can be expressed as 

R = -dM/dt = k η M/(vN A ) (1) ρ ρ Αν 
where M i s the monomer c o n c e n t r a t i o n i n the p a r t i c l e s (gmoles/ 
l i t . ) , kp the p r o p a g a t i o n r a t e c o n s t a n t ( l i t e r s / g m o l e , s e c ) , ν 
the volume of the p a r t i c l e ( l i t e r s ) , and i s Avogadro 1 s num­
be r . I t i s conv e n i e n t t o remove the monomer c o n c e n t r a t i o n from 
the r i g h t hand s i d e o f the e x p r e s s i o n and to w r i t e the r e l a t i o n ­
s h i p i n terms of the f r a c t i o n a l c o n v e r s i o n ( 2 ) , X, 

d I n ( l - X ) " " 1 / d t = k η / (vN ) (2) ρ Αν 
As l o n g as the d i s t r i b u t i o n o f r a d i c a l s among the p a r t i c l e s ap­
proximates a steady s t a t e s i t u a t i o n (a c o n d i t i o n t h a t may be 
v i o l a t e d d u r i n g p e r i o d s o f r a p i d a c c e l e r a t i o n i n l a t i c e s ) , one 
may use Stockmayer fs r e s u l t (7) t o compute n. When r a d i c a l 
d e s o r p t i o n i s i n s i g n i f i c a n t and water phase t e r m i n a t i o n o f r a d i ­
c a l s i s n e g l e c t e d , 

η = (a/4) [ I Q (a) / ^ (a)] (3) 
2 

where a = 8 a , and α = pv/Ck^N), where ρ i s the r a t e o f r a d i c a l 
p r o d u c t i o n i n the aqueous phase. Assuming t h a t one has a method 
f o r c a l c u l a t i n g k^ as a f u n c t i o n o f c o n v e r s i o n and temperature 
f o r the p a r t i c u l a r polymer/monomer system a t hand, one can make 
c a l c u l a t i o n s i n a s t e p w i s e f a s h i o n by computing η from e q u a t i o n 
(3) and then i n t e g r a t i n g e q u a t i o n (2) f o r one time s t e p . The 
procedure i s then r e p e a t e d by u p d a t i n g η ( v i a k t and a) w i t h the 
new c o n v e r s i o n l e v e l . The procedure needs some m o d i f i c a t i o n when 
the ste a d y s t a t e a p p r o x i m a t i o n does not h o l d and when d e c e l e r a t i o n 
i s e x p e r i e n c e d as the c o n v e r s i o n approaches i t s l i m i t i n g v a l u e . 
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20. SUNDBERG ET AL. Diffusion-Controlled Kinetics 329 

D i f f u s i o n c o n t r o l l e d r e a c t i o n s have been the s u b j e c t o f con­
s i d e r a b l e study and s e v e r a l models have been proposed t o r e l a t e 
the r a t e c o n s t a n t t o the a p p r o p r i a t e d i f f u s i o n c o e f f i c i e n t . A l l e n 
and P a t r i c k (8») summarize these models and show t h a t they may be 
w r i t t e n as 

k A B = ( c o n s t a n t ) D A B (4) 

where la i s the r a t e c o n s t a n t f o r r e a c t i o n between s p e c i e s A and 
B, D^B i s the mutual d i f f u s i o n c o e f f i c i e n t , and i s the c o l l i ­
s i o n r a d i u s f o r an encounter. For the t e r m i n a t i o n s t e p i n a 
p o l y m e r i z a t i o n r e a c t i o n , R _ i s r e l a t e d t o the s i z e o f a f r e e l y 

A D 

r o t a t i n g polymer segment and to the m o l e c u l a r w e i g h t . D._ i s de-
pendent upon whether the m o l e c u l a r motion r e q u i r e d t o cause an 
encounter i s c o n t r o l l e d by the segmental o r t r a n s l a t i o n a l d i f f u -
s i v i t y of the c h a i n , and whether or not t h a t d i f f u s i o n i s i n f l u ­
enced by c h a i n entanglements. 

S i n c e the e n t i r e e m u l s i o n p o l y m e r i z a t i o n takes p l a c e under 
d i f f u s i o n c o n t r o l l e d c o n d i t i o n s , the v a r i a t i o n i n the t e r m i n a t i o n 
r a t e c o n s t a n t may be c o n v e n i e n t l y expressed as a r a t i o o f the 
v a l u e s a p p r o p r i a t e a t d i f f e r e n t times d u r i n g the r e a c t i o n . 
L e t t i n g k ^ r e f e r t o the c o n d i t i o n s o f the b e g i n n i n g o f the r e a c ­
t i o n , eq'n (4) g i v e s ; 

V ki-« = < V D ™ > (R/R„> ( 5 ) 

t t o ρ po ο 
As a f i r s t a p p r o x i m a t i o n t o t h i s d e s c r i p t i o n , the v a r i a t i o n o f the 
c o l l i s i o n r a d i i w i t h c o n v e r s i o n w i l l be n e g l e c t e d , y i e l d i n g 

k /k = D /D (6) t t o ρ po 
Pe r f o r m i n g t h i s a p p r o x i m a t i o n i s e s s e n t i a l l y e q u i v a l e n t t o i g n o r ­
i n g changes o f m o l e c u l a r weight w i t h c o n v e r s i o n . Because of the 
dominance of c h a i n t r a n s f e r r e a c t i o n s throughout most of the 
m o l e c u l a r weight development o f an emul s i o n p o l y m e r i z a t i o n ( r e ­
s u l t i n g i n l i t t l e , i f any, m o l e c u l a r weight change w i t h c onver­
s i o n ( 9 ) ) , t h i s a p p r o x i m a t i o n may be r e a s o n a b l e . 

As noted e a r l i e r , the concept o f f r e e volume has been used t o 
r e l a t e changes i n k f c w i t h c o n v e r s i o n . The r e l a t i o n s h i p between 
the d i f f u s i o n c o e f f i c i e n t and f r e e volume has been d i s c u s s e d i n 
d e t a i l by Buefche (10) and accounts f o r the s e p a r a t e e f f e c t s o f 
temperature and c o n v e r s i o n l e v e l . T h i s r e l a t i o n s h i p i s w r i t t e n as 
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330 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

D p = ( φ ο o 2 / 6 S ) e x p ( - v * / v f ) (7) 

where i s the jump frequency of the polymer segments, δ i s the 
jump d i s t a n c e f o r polymer segments, v* i s the c r i t i c a l f r e e volume 
f o r a segment to jump, and v^ i s the f r e e volume of the polymer 
s o l u t i o n . S i s r e l a t e d t o the number of f r e e l y r o t a t i n g segments 
i n the polymer c h a i n , but i t s v a l u e depends upon whether segmental 
or t r a n s l a t i o n a l d i f f u s i o n i s b e i n g c o n s i d e r e d , and i n the l a t t e r 
case whether o r not the polymer c h a i n s a r e e n t a n g l e d . A c c o r d i n g 
to Bueche, 

S = 1.0 (segmental d i f f u s i o n ) 
= Ν (unentangled t r a n s l a t i o n a l d i f f u s i o n ) 
= N* ( e n t a n g l e d t r a n s l a t i o n a l d i f f u s i o n ) 

where Ν i s the number of segments i n the polymer c h a i n , and N* i s 
g r e a t e r than Ν due to entanglements. A l t h o u g h i t i s c e r t a i n t h a t 
the polymer c h a i n s a r e e n t a n g l e d i n a l a t e x p a r t i c l e , t h i s e f f e c t 
has been n e g l e c t e d i n the d e s c r i p t i o n t h a t f o l l o w s . F u r t h e r , 
s i n c e the m o l e c u l a r weight does not change markedly w i t h c onver­
s i o n , the f a c t o r Ν c a n c e l s out of the unentangled t r a n s l a t i o n a l 
d i f f u s i o n e x p r e s s i o n when the r a t i o of d i f f u s i o n c o e f f i c i e n t s a r e 
w r i t t e n as i n E q u a t i o n ( 6 ) . T h i s form i s m a t h e m a t i c a l l y e q u i v a l e n t 
to t h a t o b t a i n e d by s i m p l y employing the segmental d i f f u s i o n 
r e l a t i o n . F u r t h e r comments w i l l be made on t h i s p o i n t i n the 
D i s c u s s i o n S e c t i o n . With the above c o n s i d e r a t i o n s , e q T s (6) and 
(7) reduce to 

k t / k t = exp [ v * ( l / v f Q - l / v f ) ] (8) 
ο 

The f r e e volume of the polymer s o l u t i o n may be w r i t t e n by assuming 
a d d i t i v i t y of the f r e e volume of polymer and monomer, and i s g i v e n 
by 

ν , = [0.025 + α (T-T )] φ + [0.025 + α (Τ-Τ ) ] (1-φ ) f ρ gp τ ρ m gm ρ 
(9) 

where Τ i s the r e a c t i o n temperature (°C), Τ and Τ a r e the 
F gp gm 

g l a s s t r a n s i t i o n temperatures o f the polymer and monomer, r e s p e c ­
t i v e l y , φρ i s the volume f r a c t i o n o f polymer, i s the d i f f e r e n c e 
between the c o e f f i c i e n t s o f v o l u m e t r i c expansion o f polymer i n the 
melt and g l a s s y s t a t e s , and i s the c o r r e s p o n d i n g d i f f e r e n c e f o r 
the monomer. The v a l u e of 0.025 i s the f r a c t i o n a l f r e e volume of 
pure polymer a t i t s g l a s s p o i n t . I n t h i s work ot^ was taken as 
0.48 χ 10" 3/°C, α as 1.0 χ 10" 3/°C, and Τ as - 106°C ( 1 1 ) . The m gm — 

of p o l y s t y r e n e was taken to be 100°C and t h a t f o r methyl 
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20. SUNDBERG ET AL. Diffusion-Controlled Kinetics 331 

m e t h a c r y l a t e as 115°C. Gi v e n a v a l u e f o r v* ( t o be d i s c u s s e d 
b e l o w ) , e q f s (8) and (9) a l l o w computation of k ^ / k ^ a t any p o i n t 
i n the r e a c t i o n . 

D u r i n g p e r i o d s of r a p i d a c c e l e r a t i o n and a t c o n v e r s i o n 
l e v e l s a p p r o a c h i n g the l i m i t i n g c o n v e r s i o n , the above approach 
needs some m o d i f i c a t i o n . There i s a p h y s i c a l l i m i t to the r a t e 
a t which f r e e r a d i c a l s may accumulate i n the l a t e x and t h a t i s 
e q u i v a l e n t to the d i s s o c i a t i o n r a t e o f the i n i t i a t o r . Thus one 
needs to c o n t i n u a l l y p r o v i d e a check to l i m i t the r a t e of change 
of f r e e r a d i c a l s i n the l a t e x , nN (N i n t h i s case b e i n g the t o t a l 
number of l a t e x p a r t i c l e s ) , as 

d(nN)/dt <_ ρ (10) 

Alt h o u g h k^ decreases r a p i d l y as the c o n v e r s i o n i n c r e a s e s 
( f r e e volume d e c r e a s e s ) , i t does not approach a v a l u e of zero but 
reaches a l i m i t i n g b e h a v i o r . T h i s was f i r s t d i s c u s s e d by Gardon 
(12) who p o i n t e d out t h a t t h i s l i m i t i n g b e h a v i o r s h o u l d be r e ­
l a t e d to the p r o p a g a t i o n s t e p , s i n c e t e r m i n a t i o n can take p l a c e 
even when a l l c h a i n segments are immobile. Thus i t i s seen t h a t 
p r o p a g a t i o n p r o v i d e s c h a i n end m o b i l i t y i n the absense o f o v e r a l l 
c h a i n m o b i l i t y . A q u a n t i t a t i v e d e s c r i p t i o n o f t h i s b e h a v i o r i s 
q u i t e i n v o l v e d and i s l e f t to f u t u r e d i s c u s s i o n ( 1 3 ) . I n the 
pr e s e n t work k^ i s a l l o w e d to decrease t o a c e r t a i n p o i n t ( a c t u a l ­
l y d e f i n e d as a c r i t i c a l f r e e volume) and then h e l d c o n s t a n t 
throughout t h e remainder o f the r e a c t i o n . T h i s has the e f f e c t o f 
c r e a t i n g an upper l i m i t f o r the v a l u e η as c a l c u l a t e d from e q f n 
( 3 ) . 

At c o n v e r s i o n l e v e l s near the g l a s s p o i n t o f the monomer/ 
polymer s o l u t i o n , the f r e e volume i s low enough t h a t the propaga­
t i o n r e a c t i o n becomes d i f f u s i o n c o n t r o l l e d . I n a development 
analogous to t h a t f o r k , the k b e h a v i o r i s w r i t t e n as 

t ρ 

k /k = D /D = exp[v * ( l / ( v ^ ) - I / O ] (11) ρ po m mo m f o m r 
where k i s the normal, o r d i f f u s i o n u n a f f e c t e d p r o p a g a t i o n r a t e po 
c o n s t a n t , D i s the d i f f u s i o n c o e f f i c i e n t f o r the monomer, and m 
ν * i s the c r i t i c a l f r e e volume f o r the monomer to jump. ( v f ) m fo m 
i s the f r e e volume o f the monomer/polymer s o l u t i o n a t the p o i n t 
a t which k^ b e g i n s t o dec r e a s e . 

EXPERIMENTAL WORK 

The approach taken i n t h i s study was to use the v a r i a b l e s em­
bod i e d i n the d i m e n s i o n l e s s parameter α to change the e x p e r i m e n t a l 
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332 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

c o n d i t i o n s over as wide a range as p o s s i b l e . The seed l a t e x 
t e c h n i q u e a v o i d s the occurance o f new p a r t i c l e f o r m a t i o n and thus 
l e a v e s the s p e c i f i c e x p e r i m e n t a l v a r i a b l e s as p a r t i c l e s i z e (ν), 
i n i t i a t o r l e v e l (ρ) , and temperature ( t h r o u g h ρ and ̂ t)· Base 
l a t i c e s were prepared h a v i n g a p a r t i c l e s i z e range between 500 and 

ο 
2500 A and were s u b s e q u e n t l y s w o l l e n w i t h monomer t o the e x t e n t o f 
150-175 p a r t s o f monomer per hundred p a r t s o f polymer. The s u r ­
f a c t a n t l e v e l was a d j u s t e d to 45% o f s a t u r a t i o n on the s w o l l e n 
p a r t i c l e s u r f a c e so t h a t each experiment was e q u i v a l e n t i n s u r ­
f a c e d e n s i t y of s u r f a c t a n t a t the s t a r t of the r e a c t i o n . That 
m a i n t a i n e d a s t a b l e l a t e x throughout the p o l y m e r i z a t i o n and avoi d e d 
new p a r t i c l e f o r m a t i o n . 

P o l y m e r i z a t i o n s were conducted i n s i m p l e g l a s s r e a c t o r s w i t h 
temperature c o n t r o l (+ 1°C) p r o v i d e d by a c i r c u l a t i n g water j a c k e t 
around the r e a c t o r . The i n h i b i t o r was removed from the monomers 
by washing them w i t h a 5% sodium h y d r o x i d e s o l u t i o n f o l l o w e d by 
double vacuum d i s t i l l a t i o n o f the monomers. Reagent grade p o t a s ­
sium p e r s u l f a t e was used as the i n i t i a t o r and sodium l a u r y l 
s u l f a t e was used as the s u r f a c t a n t . Water was d i s t i l l e d and/or 
d e i o n i z e d p r i o r t o use. 

The seed l a t i c e s were charged w i t h monomer and any n e c e s s a r y 
s u r f a c t a n t , and s t i r r e d under a n i t r o g e n b l a n k e t f o r > 4 hours to 
as s u r e s o l u b i l i z a t i o n of the monomer. The l a t i c e s were then 
brought to r e a c t i o n temperature and charged w i t h i n i t i a t o r s o l u ­
t i o n t o b e g i n the p o l y m e r i z a t i o n . No r e a c t i o n took p l a c e d u r i n g 
the monomer s o l u b i l i z a t i o n p e r i o d as evidenced by samples w i t h ­
drawn from the l a t i c e s j u s t a f t e r the i n i t i a t o r charge. The 
e x t e n t o f c o n v e r s i o n was determined p e r i o d i c a l l y throughout the 
r e a c t i o n by w i t h d r a w i n g ^ 5 ml. samples o f the l a t e x and g r a v i -
m e t r i c a l l y d e t e r m i n i n g the c o n v e r s i o n s . P a r t i c l e s i z e s were 
determined by s t a n d a r d t u r b i d i t y t e c h n i q u e s . E l e c t r o n micrographs 
were o b t a i n e d f o r s e l e c t e d samples to check the t u r b i d i t y and to 
v e r i f y t h a t no new polymer p a r t i c l e s were formed d u r i n g the seed 
p o l y m e r i z a t i o n . 

RESULTS AND DISCUSSION 

Experiments were c a r r i e d out f o r b o t h s t y r e n e and methyl 
m e t h a c r y l a t e i n the temperature range of 40-70°C. For each mono­
mer the experiments were d i v i d e d i n t o two groups. Those i n t h e 
f i r s t group were r u n a t the same temperature but a t v a r y i n g 
c o n d i t i o n s of p a r t i c l e s i z e , p a r t i c l e number, and i n i t i a t o r l e v e l 
to o b t a i n a wide range of v a l u e s . Those i n the second group 
were r u n under i d e n t i c a l f o r m u l a t i o n c o n d i t i o n s , but a t d i f f e r e n t 
temperatures. S i n c e the seed l a t i c e s were s w o l l e n w i t h monomer t o 
the e x t e n t o f 150 p a r t s / 1 0 0 p a r t s polymer, the e f f e c t i v e conver­
s i o n l e v e l s t a r t s a t X = 0.40 a t the b e g i n n i n g o f the experiment. 
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20. SUNDBERG ET AL. Diffusion-Controlled Kinetics 333 

There a r e s e v e r a l parameters t h a t need to be q u a n t i f i e d 
b e f o r e computations can be made, the f i r s t of which i s k . For 

to 
each o f the two monomers, a s e r i e s o f runs were made a t a c o n s t a n t 
temperature o f 50°C, the c o n v e r s i o n p r o f i l e s c o r r e c t e d f o r i n h i ­
b i t i o n t i m e , the d a t a p l o t t e d as l n ( l - X ) " 1 v s . t i m e , and the s l o p e 
determined a t the b e g i n n i n g of the r e a c t i o n (X = 0.40). Usin& 
eq'n (2) the c o r r e s p o n d i n g v a l u e of η was c a l c u l a t e d . These η 
v a l u e s were then p l o t t e d a g a i n s t pV Q/N = α

0 ^ £ 0
 a s shown i n F i g u r e 

1. For each s e t o f da t a s e v e r a l t r i a l v a l u e s o f k were assumed, 
_ to 

c o r r e s p o n d i n g v a l u e s o f η c a l c u l a t e d from e q f n (3) f o r a range o f 
a r b i t r a r y a^'s, and the r e s u l t s p l o t t e d as a s o l i d curve t o be 
compared w i t h the d a t a . The curves shown i n F i g u r e I a r e the 
r e s u l t s o f t h i s p r o c e d u r e , compare w e l l w i t h b o t h s e t s o f d a t a , 
and c o r r e s p o n d t o v a l u e s o f k of 1.8 χ 1 0 6 and 1.9 χ 10^ l i t e r / 

t o 
mol, s e c . f o r s t y r e n e and methyl m e t h a c r y l a t e , r e s p e c t i v e l y . 
These v a l u e s assume t h a t the r a d i c a l e f f i c i e n c y f a c t o r i s u n i t y . 
A more complete d e s c r i p t i o n o f t h i s procedure i s shown i n r e f e r ­
ence (2) f o r the p o l y s t y r e n e d a t a . The po l y ( m e t h y m e t h a c r y l a t e ) 
d a t a a r e from H s i e h ( 1 4 ) . I t s h o u l d be noted here t h a t the k 

v — 7 t o 
v a l u e s f o r the two systems a r e d i f f e r e n t by two o r d e r s of magnitude. 

A number o f parameters have to be determined i n o r d e r t o use 
e q f s (8) and (11) t o p r e d i c t the c o n v e r s i o n p r o f i l e s . These are 
v* i n e q f n (8) ( s i n c e V^ q corresponds t o v^ a t X = 0.4 where k^ 

was computed), and ν * and ( v . ) i n eq'n ( 1 1 ) . Over the course m f o m 
of t h i s work s e v e r a l independent sources were used t o o b t a i n e s t i ­
mates of v*. The f i r s t was t o use e q f s (8) and (9) t o t r e a t the 
p u b l i s h e d k^/k^ d a t a o f H u i and Hamielec (5_) f o r the mass p o l y ­
m e r i z a t i o n of s t y r e n e . T h i s treatment y i e l d e d a v a l u e o f 0.6. 
Second, use was made of the " u n i v e r s a l c o n s t a n t s " f o r the WLF 
e q u a t i o n (15) and t h i s y i e l d e d a p p r o x i m a t e l y the same v a l u e . 
F j u i t a (16) s t u d i e d the v i s c o s i t y b e h a v i o r of a p o l y s t y r e n e / e t h y l -
benzene s o l u t i o n t o o b t a i n the v a r i a t i o n o f f r e e volume w i t h 
changing polymer c o n c e n t r a t i o n . T h i s work suggested a v a l u e o f v* 
= 0.68 a t 50°C and 0.65 a t 70°C. The pr e s e n t work has made use o f 
v* = 0.6 f o r the e n t i r e 40-70°C temperature range and assumes t h a t 
the same v a l u e i s a p p l i c a b l e t o bo t h s t y r e n e and methyl metha­
c r y l a t e . F u j i t a (16) a l s o suggested t h a t the c r i t i c a l f r e e volume 
f o r the jump of a s m a l l m o l e c u l e be 0.38. Thus v m * was tak e n as 
t h i s v a l u e f o r b o t h monomers. 

The f r e e volume a t which k̂_ i s assumed t o have reached i t s 
l i m i t i n g v a l u e ( h e n c e f o r t h c a l l e d v ^ ) , as w e l l as the v a l u e o f 
(v_ ) , must be determined from the e m u l s i o n p o l y m e r i z a t i o n d a t a f o m 
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334 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

0.8, 

1 1 I I I I I I 1 

-21.0 - 2 0 . 0 -19.0 -18.0 -17.0 
LOG 10 (tt kt) 

Figure 1. Plot of log10 (n0) vs. log10 (a0ktu) for styrene (O) and MM A (A) polym­
erizations at 50°C. Solid lines represent theory and the data points show experi­

mental behavior. 

Figure 2. Conversion profile for MM A at 50° C. Curves show influence of each 
part of the reaction model ((O) Exp. 67). 
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20. SUNDBERG ET AL. Diffusion-Controlled Kinetics 335 

and thus r e p r e s e n t " f i t t e d " c o n s t a n t s . However, i t i s c l e a r t h a t 
k s h o u l d reach i t s l i m i t i n g v a l u e p r i o r to the onset of d i f f u s i o n 
c o n t r o l of the p r o p a g a t i o n s t e p , and thus v £ > ( v £ ) . For each 

r f c fo m 
of the two monomers used, one of the e x p e r i m e n t a l runs a t 50°C was 
used to determine the b e s t v a l u e s of these two parameters. The 
v a l u e o f v f c f o r s t y r e n e was found to be 0.049 and t h a t f o r methyl 
m e t h a c r y l a t e t o be 0.074. The reason t h a t k becomes l i m i t e d f o r 
methyl m e t h a c r y l a t e a t a lower c o n v e r s i o n ( h i g h e r f r e e volume) 
than f o r s t y r e n e i s because the k f o r the former i s s e v e r a l times 

Ρ 
l a r g e r than t h a t of the l a t t e r . The computed r e s u l t s a r e not v e r y 
s e n s i t i v e t o the v a l u e o f ( v , ) and a v a l u e o f 0.047 was used f o r 
ι to m bot h systems. 

F i g u r e 2 shows the e f f e c t of a l l o f the above c o n s i d e r a t i o n s , 
s e p a r a t e l y and c o l l e c t i v e l y , upon the computed r e s u l t s f o r a 
methy l m e t h a c r y l a t e r u n . Curve A n e g l e c t s any d i f f u s i o n con­
t r o l l e d r e a c t i o n s and assumes t h a t η = 1/2 throughout. The curve 
does not come c l o s e t o d e s c r i b i n g the c o n v e r s i o n b e h a v i o r even a t 
the b e g i n n i n g o f the r e a c t i o n . U s i n g the p r e v i o u s l y computed 
v a l u e o f k , η shoul d be 2.4 and Curve Β shows the a n t i c i p a t e d t o ο 
b e h a v i o r i f t h i s remains c o n s t a n t f o r the remainder o f the r e a c ­
t i o n . Curve C computes the g e l e f f e c t through e q T n (8) but i g ­
nores a n y t h i n g e l s e . Curve D f u r t h e r p l a c e s the p h y s i c a l r e ­
s t r i c t i o n o f a f i n i t e a c c u m u l a t i o n r a t e of f r e e r a d i c a l s v i a e q f n 
(10 ) . Adding the f a c t t h a t k t s h o u l d have a lower l i m i t , makes a 
s i g n i f i c a n t change i n the h i g h c o n v e r s i o n b e h a v i o r as seen i n 
Curve E. However, i t takes the a d d i t i o n a l c o n s i d e r a t i o n o f d i f f u ­
s i o n c o n t r o l l e d p r o p a g a t i o n to show l i m i t i n g c o n v e r s i o n v i a Curve 
F. The a c t u a l d a t a are shown as the open c i r c l e s . 

The goodness o f the model p r e s e n t e d here can be judged by 
comparison t o a wide range of experiments. T h i s i s shown i n 
F i g u r e s 3-6 which d i s p l a y i s o t h e r m a l and v a r i a b l e temperature con­
v e r s i o n p r o f i l e s f o r b o t h monomers. The v a l u e s o b t a i n e d f o r 
and ( v . ) were d e r i v e d from the α = 0.458 curve i n F i g u r e 3 and t o r n ο 
the a Q = 30.3 curve i n F i g u r e 4. Once these v a l u e s were s e t f o r 
one c u r v e , they were not changed when c o n s i d e r i n g the o t h e r c u r v e s . 
As can be seen, t h e r e i s e x c e l l e n t agreement between the p r e d i c t e d 
and e x p e r i m e n t a l r e s u l t s over a broad range of c o n d i t i o n s . Table 
1 l i s t s the a c t u a l e x p e r i m e n t a l f o r m u l a t i o n s f o r the d a t a shown i n 
F i g u r e s 3-6. 

In o r d e r t o compute the c o n v e r s i o n p r o f i l e s a t v a r i o u s temper­
a t u r e s , the k and k v a l u e s were a d j u s t e d by u s i n g the appro-

t o po 
p r i a t e a c t i v a t i o n e n e r g i e s . The a c t i v a t i o n energy f o r t e r m i n a t i o n 
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1.0, 

0.9 

TIME (min) 

Figure 4. Conversion profiles for MMA seed latex polymerization at 50°C. Solid 
curves are theoretical predictions and data points are experimental results a0 = 

1.40; (A) «o = 16.2; (O) a0 = 30J; (X) a0 = 65.9) 
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ι.ο 

TIME (hr) 

Figure 5. Conversion profiles for styrene seed latex polymerization at various 
temperatures. Solid curves are theoretical predictions and data points are experi­

mental results ( O «« = 0.458; (A) a0 = 1.82; (O)a0 = 7.71) 

1.0, 

TIME (min) 

Figure 6. Conversion profiles for MMA seed latex polymerization at various tem­
peratures. Solid curves are theoretical predictions and data points are experimental 

results ((A) a0 = 5.24; (O)a0 = 1.40; Ο «ο = 0.35) 
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20. SUNDBERG ET AL. Diffusion-Controlled Kinetics 339 

was taken to be 2370 c a l / m o l f o r s t y r e n e and 2490 f o r m e t h y l -
m e t h a c r y l a t e . The A r r e n h i u s e x p r e s s i o n s f o r the k f s were taken 
from the l i t e r a t u r e as P 

k p Q = 2.17 x 1 0 7 exp (-7760/RT), l i t / m o l , sec f o r s t y r e n e (17) and 

k = 1.19 x 1 0 7 exp (-6840/RT), l i t / m o l , sec. f o r methyl metha-
P ° c r y l a t e ( 1 8 ) . 

With no f u r t h e r change from the computations a t 50°C, the r e s u l t s 
a t v a r i a b l e temperatures a r e shown i n F i g u r e s 5 and 6. A g a i n the 
agreement between computations and experiment a r e v e r y good. The 
o n l y s i g n i f i c a n t disagreement o c c u r s f o r the computations f o r 
s t y r e n e a t 60 and 70°C ( F i g u r e 5) which o v e r e s t i m a t e the l i m i t i n g 
c o n v e r s i o n s a c t u a l l y measured by s e v e r a l p e r c e n t . The T^ used f o r 
p o l y s t y r e n e was 100°C but t h e r e i s some i n d i c a t i o n i n the l i t e r ­
a t u r e t h a t i t s h o u l d be lower ( 4 ) . I f so, t h i s would p r o v i d e 
b e t t e r agreement a t these h i g h c o n v e r s i o n l e v e l s as w e l l . 

As a f i n a l i l l u s t r a t i o n of the comparison between a n t i c i p a t e d 
b e h a v i o r and a c t u a l performance, i t i s i n t e r e s t i n g to c o n s i d e r the 
p o l y m e r i z a t i o n of two seed l a t i c e s which d i f f e r markedly i n t h e i r 
p h y s i c a l c h a r a c t e r i s t i c s and which a r e r e a c t e d under s i g n i f i c a n t l y 
d i f f e r e n t f o r m u l a t i o n c o n d i t i o n s . I n p a r t i c u l a r i t i s of i n t e r e s t 
to note the c o n d i t i o n s under which the c o n v e r s i o n p r o f i l e s o f two 
such l a t i c e s w i l l be n e a r l y i d e n t i c a l . E q f n (2) i n d i c a t e s t h a t as 
l o n g as the v a l u e of (k n/vN. ) i s the same f o r the two l a t i c e s , 

ρ Αν 
the c o n v e r s i o n p r o f i l e s s h o u l d be the same. Among the numerous 
methyl m e t h a c r y l a t e r e a c t i o n s c a r r i e d out by H s i e h (14) were two 
which were not planned as such, but which are s u i t a b l e f o r such a 
comparison. T a b l e I I l i s t s the c o n d i t i o n s of the experiments and 
the v a l u e s n e c e s s a r y to compute (k^ n / v ^ v ) · A l t h o u g h the above 
i n d i v i d u a l parameters a r e v a s t l y d i f f e r e n t , the v a l u e s o f _^ 
(k n/vN ) a t the b e g i n n i n g of the r e a c t i o n s a r e 2.31 χ 10 / 
sec and 2.54 χ 10 /sec , f o r experiments 62 and 73 r e s p e c t i v e l y . 
Thus one sho u l d expect t h a t the i n i t i a l s l o p e s of the_ X v s . t p l o t 
s h o u l d be i d e n t i c a l . F u r t h e r , i f the v a r i a t i o n s i n η w i t h conver­
s i o n a r e the same, then the e n t i r e c o n v e r s i o n p r o f i l e s h o u l d be 
i d e n t i c a l , except c l o s e t o the l i m i t i n g c o n v e r s i o n s because o f the 
d i f f e r e n t temperatures i n v o l v e d , η sh o u l d change due to the 
v a r i a t i o n i n k v i a eq'n ( 8 ) , t h a t i n t u r n depending upon changes 
i n f r e e volume v i a e q f n ( 9 ) . S i n c e the two temperatures i n v o l v e d 
a r e f a i r l y c l o s e , t h e r e w i l l be no s i g n i f i c a n t d i f f e r e n c e i n f r e e 
volume of the two systems u n t i l the l i m i t i n g c o n v e r s i o n s a r e 
approached, and t h e r e f o r e the c o n v e r s i o n p r o f i l e s s h o u l d be i d e n ­
t i c a l . Near the l i m i t i n g c o n v e r s i o n s , the curve f o r the h i g h e r 
temperature run should d e v i a t e above the o t h e r . T h i s a n t i c i p a t e d 
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20. SUNDBERG ET AL. Diffusion-Controlled Kinetics 341 

b e h a v i o r i s shown as the s o l i d c urves i n F i g u r e 7. The da t a a r e 
shown t o be i n v e r y s t r o n g agreement w i t h these p r e d i c t i o n s , a l ­
though the d i f f e r i n g l i m i t i n g c o n v e r s i o n s are not as d i s t i n c t i v e 
as a n t i c i p a t e d . When combined w i t h the r e s u l t s shown i n F i g u r e s 
3-6, those o f F i g u r e 7 p r o v i d e complementary e v i d e n c e t h a t the 
pr e s e n t i n t e r p r e t a t i o n o f d i f f u s i o n c o n t r o l l e d e m u l s i o n p o l y m e r i ­
z a t i o n b e h a v i o r f o r the two monomers i n v e s t i g a t e d i s q u i t e ade­
quate t o e x p l a i n r e a c t i o n r a t e d a t a over v e r y broad ranges o f 
e x p e r i m e n t a l c o n d i t i o n s . 

CONCLUDING REMARKS 

In c l o s i n g , i t i s i n t e r e s t i n g to c o n s i d e r t h a t a model which 
i s m a t h e m a t i c a l l y e q u i v a l e n t to assuming segmental d i f f u s i o n 
c o n t r o l of the t e r m i n a t i o n r e a c t i o n d u r i n g the g e l e f f e c t works 
so w e l l f o r e m u l s i o n p o l y m e r i z a t i o n d a t a w h i l e i t i s c l e a r t h a t 
t r a n s l a t i o n a l d i f f u s i o n o f en t a n g l e d m o l e c u l e s c o n t r o l s the 
t e r m i n a t i o n s t e p i n b u l k p o l y m e r i z a t i o n (13,19,20,21). I t may be 
t h a t r a t e d a t a a l o n e , a l t h o u g h d i s p l a y i n g v e r y c h a r a c t e r i s t i c 
b e h a v i o r , a r e not s e n s i t i v e enough to c r i t i c a l l y d i s c e r n between 
two somewhat s i m i l a r models ( i . e . segmental and t r a n s l a t i o n a l ) . 
On the o t h e r hand i t may be t h a t the polymer r a d i c a l p r o x i m i t y 
w i t h i n the l a t e x p a r t i c l e s reduces the need f o r s i g n i f i c a n t 
t r a n s l a t i o n a l motion o f the r a d i c a l s f o r t e r m i n a t i o n t o o c c u r . 
M o l e c u l a r weight d a t a and p r e d i c t i o n s might c l a r i f y the s i t u a t i o n 
somewhat, but t y p i c a l l y t h e r e i s l i t t l e change i n emulsion p o l y ­
mer m o l e c u l a r weight d u r i n g the r e a c t i o n (9) due t o the predomi­
nance o f c h a i n t r a n s f e r r e a c t i o n s . With t h i s s i t u a t i o n , our near 
term f u t u r e e f f o r t s w i l l be devoted t o wor k i n g w i t h emulsion 
p o l y m e r i z a t i o n systems which d i f f e r s i g n i f i c a n t l y from s t y r e n e 
and methyl m e t h a c r y l a t e i n o r d e r t o determine the g e n e r a l i t y o f 
the r e a c t i o n model p r e s e n t e d h e r e . 
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21 
Polymerization Kinetics by Precision Densimetry 

K. J. ABBEY 

Glidden Coatings and Resins, Division of SCM Corporation, 
16651 Sprague Road, Strongsville, OH 44136 

Frequently the extent of conversion in commercial polymer­
ization reactors can be monitored by measuring the total heat 
evolved. This is possible because of the large volume-to-sur­
face area ratio of these reactors. The small scale laboratory 
preparations become much more difficult to follow by calori­
metry. Meeks(1) has reported a suitable laboratory scale iso­
thermal reactor utilizing an analog computer. Many other reac­
tion calorimeter designs are known. Other methods, such as 
dilatometry and gravimetric analysis, have been used in the 
laboratory. A method for monitoring polymerizations was desired 
which would avoid the restrictions on reactor design, provide 
rapid response, and allow for automatic data collection and 
possibly control. The apparatus of Meeks appeared appropriate 
except that the reaction vessel was an integral part of the 
instrument. 

The use of a precision digital density meter as supplied by 
Mettler Instruments (Anton Paar, Ag.) appeared attractive. Few 
references on using density measurements to follow polymeriza­
tion or other reactions appear in the literature. Poehlein and 
Dougherty (2) mentioned, without elaboration, the occasional use 
of γ-ray density meters to measure conversion for control 
purposes in continuous emulsion polymerization. Braun and 
Disselhoff (3) utilized an instrument by Anton Paar, Ag. but only 
in a very limited fashion. More recently Rentsch and Schultz(4) 
also utilized an instrument by Anton Paar, Ag. for the contin­
uous density measurement of the cationic polymerization of 
1,3,6,9-tetraoxacycloundecane. Ray(5) has used a newer model 
Paar digital density meter to monitor emulsion polymerization in 
a continuous stirred tank reactor train. Trathnigg(6,7) quite 
recently considered the solution polymerization of styrene in 
tetrahydrofuran and discusses the effect of mixing on the 
reliability of the conversion data calculated. Two other refer­
ences by Russian authors(8,9) are known citing kinetic measure­
ments by the density method but their procedures do not fulfill 
the above stated requirements. 

0097-6156/81/0165-0345$05.00/0 
© 1981 American Chemical Society 
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346 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T h i s paper i n c l u d e s c r i t i c a l comments on the i n s t r u m e n t a ­
t i o n and methodology. Examples from s o l u t i o n and emulsion p o l y ­
m e r i z a t i o n a r e g i v e n f o r i l l u s t r a t i o n . 

EXPERIMENTAL 

For the work p r e s e n t e d i n t h i s paper a DMA 60/DMA 601H h i g h 
p r e c i s i o n , h i g h temperature, d i g i t a l d e n s i t y meter ( M e t t i e r 
Instruments Corp.) was used. The c o n t i n u o u s l y monitored emul­
s i o n p o l y m e r i z a t i o n r e a c t i o n s u t i l i z e d e i t h e r a M a s t e r f l e x 
p e r i s t a l t i c pump (Cole Palmer Instrument Co.) equipped w i t h v a r ­
i o u s t u b i n g d i s c u s s e d below of 1.66 mm I.D. o r a PULSAfeeder 
M i c r o f l o m e t e r i n g pump ( I n t e r p a c e Inc.) w i t h a remote, h e a t -
t r a c e d , diaphram pump head. The remote, h i g h temperature den­
s i t y c e l l was equipped w i t h a co n t i n u o u s f l o w a d a p t e r . T e f l o n 
t u b i n g of 1.5 mm I.D. was used f o r the i n t e r c o n n e c t i n g plumbing. 

F a i l u r e of the pumps was a p e r s i s t e n t problem. V i t o n 
t u b i n g would t y p i c a l l y f a i l i n the p e r i s t a l t i c pump due to 
monomer s w e l l i n g , a c r y l a t e s i n 10-30 minutes and a f t e r about 
3 hours f o r s t y r e n e . K a l r e z t u b i n g (DuPont Co.) was c h e m i c a l l y 
r e s i s t a n t but f a i l e d from m e c h a n i c a l f a t i g u e a f t e r 1-2 hours. 
S i l i c o n t u b i n g i s r e p o r t e d ( 5 ) to s u r v i v e 8-10 hours w i t h a 
s o l u t i o n of methyl m e t h a c r y l a t e i n e t h y l a c e t a t e . T h i s t u b i n g , 
however, was observed to undergo s w e l l i n g by methyl m e t h a c r y l a t e 
i n t h i s study. The diaphram pump f a i l e d a f t e r a c o u p l e hours 
because a polymer plaque formed on the check v a l v e s . T h i s 
o c c u r r e d f o r both s t a i n l e s s s t e e l and T e f l o n v a l v e s . Plaque 
f o r m a t i o n was more pronounced w i t h l a t i c e s f o r m u l a t e d f o r 
low Tg. 

A l l syntheses d i s c u s s e d below used commonly a v a i l a b l e 
commercial m a t e r i a l s w i t h o u t f u r t h e r p u r i f i c a t i o n . M a n u a l l y 
sampled r e a c t i o n s were a n a l y z e d f o r t h e i r d e n s i t y a t temperatures 
between 20-30°C. C o n t i n u o u s l y sampled r e a c t i o n s were a n a l y z e d 
at the p o l y m e r i z a t i o n temperature. Temperature c o n t r o l i n the 
d e n s i t y c e l l was b e t t e r than ±0.1°C f o r s t a t i c samples. Temp­
e r a t u r e f l u c t u a t e d more f o r c o n t i n u o u s l y sampled r e a c t i o n s , 
sometimes r i s i n g ,1-.3°C because of the exothermic r e a c t i o n 
c o n t i n u i n g i n the d e n s i t y c e l l . C a l i b r a t i o n o f t h e d e n s i t y 
c e l l below 95°C was accomplished u s i n g v a l u e s f o r d e n s i t i e s 
f o r m o i s t a i r ( 1 0 ) and degassed, d i s t i l l e d w a t e r ( 1 1 ) . For 
measurements above 95°C a c e r t i f i e d v i s c o s i t y s t a n d a r d o i l 
(Number S-200 o i l from Cannon Instrument Co.) was used. 
D e n s i t i e s a t s i x temperatures a c c u r a t e to f o u r s i g n i f i c a n t 
f i g u r e s over the range of 20° to 100°C f o r t h i s v i s c o s i t y 
s t a n d a r d was e x t r a p o l a t e d to h i g h e r temperatures u s i n g an 
e x c e l l e n t l i n e a r f i t ( c o r r e l a t i o n c o e f f i c i e n t of 0.999998). 

The mass f r a c t i o n polymer, F, a t a g i v e n t i m e , t , i s 
g i v e n by e q u a t i o n 1. W p ( t ) and W m ( t ) a r e the i n s t a n t a n e o u s 
masses of polymer and monomer, r e s p e c t i v e l y . 
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21. ABBEY Precision Densimetry 347 

(2) 

W ( t ) 
F ( t ) » W ( t ) + w ( t ) ( i> 

p m 

T h i s e q u a t i o n can be put i n a more u s a b l e form f o r semi-
c o n t i n u o u s s o l u t i o n or emulsion p o l y m e r i z a t i o n by a l g e b r a i c 
m a n i p u l a t i o n , e q u a t i o n 2. 

KM + w ™ ( t ) Μ ϋ > KM ν

β^) 
ρ m a _ _m ρ a 

m a m ρ a 
Ρ Ρ Ρ Ρ Ρ 

W ( t ) + W ( t ) W ( t ) W ( t ) + w ( t ) w ( t ) ρ m a ρ m a 
m a ρ a 
Ρ Ρ Ρ Ρ 

The new v a r i a b l e s i n e q u a t i o n 2, pm, pp, pa and W a ( t ) , a r e the 
d e n s i t i e s of the monomer, polymer, and aqueous or s o l v e n t com­
ponents and the mass of s o l v e n t o r aqueous phase. C o l l e c t i n g 
terms w i t h the assumption t h a t no change i n volume o c c u r s on 
m i x i n g y i e l d s e q u a t i o n 3. 

v n ( t ) - w r ( t ) / p r ( t ) 

v m ( t ) - v p ( t ) 

V m ( t ) and V p ( t ) a r e the t h e o r e t i c a l volumes of the e n t i r e r e a c ­
t i o n m i x t u r e a t any time assuming no p o l y m e r i z a t i o n and complete 
p o l y m e r i z a t i o n , r e s p e c t i v e l y . W r ( t ) and p r ( t ) a r e the e n t i r e 
r e a c t i o n mass a t a g i v e n time and the measured d e n s i t y of t h i s 
m i x t u r e . V m ( t ) i s c a l c u l a t e d from known masses and d e n s i t i e s 
measured i n i t i a l l y a t the o p e r a t i n g temperature of the d e n s i ­
meter. The q u a n t i t y V p ( t ) r e q u i r e s the f u r t h e r knowledge of the 
d e n s i t y of the polymer b e i n g produced a t any g i v e n i n s t a n t . 

RESULTS AND DISCUSSION 

S e v e r a l companies supply d e n s i t y equipment which was 
c o n s i d e r e d s u i t a b l e f o r a u t o m a t i c , c o n t i n u o u s o p e r a t i o n w i t h 
s u f f i c i e n t p r e c i s i o n f o r c a l c u l a t i o n of p o l y m e r i z a t i o n c onver­
s i o n . These break down i n t o t h r e e c l a s s e s based on mode of 
o p e r a t i o n : γ-ray a b s o r p t i o n , o s c i l l a t o r y f requency of a sample 
f i l l e d tube, and mass measurement at f i x e d volume. Only one of 
t h e s e , an o s c i l l a t o r - b a s e d system d i s t r i b u t e d by M e t t l e r 
Instrument Corp. ( r e p r e s e n t i n g Anton Paar Ag.) has models w i t h 
dead volumes s m a l l enough f o r l a b o r a t o r y s c a l e e x p e r i m e n t a t i o n . 
The o t h e r u n i t s g e n e r a l l y a l s o s u f f e r e d from narrow d e n s i t y spans 
when the p r e c i s i o n was s u f f i c i e n t f o r c o n v e r s i o n s t u d i e s . T able 

American Chemical 
Society Library 

1155 16th St. N. w . 
Washington, 0. C. 20036 
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348 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

I r e p r e s e n t s some c a l c u l a t i o n s based on s t y r e n e models of the 
M e t t l e r - P a a r i n s t r u m e n t a t i o n . 

TABLE I 

SUITABILITY OF DENSIMETRY FOR MONITORING POLYMERIZATIONS 

Monomer 

Styrene ( b u l k ) 
S t y r e n e (20 wt. % 
s o l u t i o n ) * 

S t y r e n e ( 4 wt. % 
s o l u t i o n ) * 

R e s o l u t i o n (% c o n v e r s i o n ) 
Δρ 20°C DMA 40 DMA 60/601 
(gcm-3) (±1x10-4 gcm-3) (±1x10-6 gcm~3) 

0.159 

0.033 

0.006 

6 χ 10 

3 χ 10" 

1.5 

6 χ 10 

3 χ 10 

1.5 χ 10 -2 

f C a l c u l a t e d from d a t a i n (12.) ^ 
* Assuming i d e a l m i x i n g w i t h s o l v e n t of d e n s i t y 1.000 gem 

Under the f l o w c o n d i t i o n s of c o n t i n u o u s l y sampling the 
maximum p r e c i s i o n cannot be m a i n t a i n e d f o r the DMA 60/DMA 601 
in s t r u m e n t . T h i s i s shown by Table I I where a s m a l l subset of 
data i s p r e s e n t e d from an emulsion p o l y m e r i z a t i o n of s t y r e n e 
f o r which the l a t e x was pumped through the densimeter o p e r a t i n g 
a t 70.0°C. The l a t e x passed through an i n t e r n a l heat exchanger 
immediately b e f o r e e n t e r i n g the a c t u a l measuring compartment. 
I f the r a t e of p o l y m e r i z a t i o n over t h i s s m a l l range of o v e r a l l 
c o n v e r s i o n can be assumed to be c o n s t a n t , then the average 
Δρ i s 1.16 χ 10"4 ± 0.10 χ 10-4g/ Cm3. The st a n d a r d d e v i a t i o n 
l e a d s to an e r r o r i n the percentage c o n v e r s i o n of ±0.02% f o r 
the 59% c o n v e r s i o n datum. By comparing the e s t i m a t e f o r the 
e r r o r i n the percentage c o n v e r s i o n w i t h i n the c a l c u l a t e d v a l u e 
i n Table I shows t h a t the a c t u a l pumped r e a c t i o n m i x t u r e l e a d s 
to an o r d e r t o magnitude l a r g e r e r r o r . 

Four p o l y m e r i z a t i o n examples a r e p r e s e n t e d here t o 
i l l u s t r a t e both a v a i l a b l e s e n s i t i v i t y , e x p e r i m e n t a l d i f f i c u l t i e s , 
and h o p e f u l l y some i n t e r e s t i n g a s p e c t s o f the p o l y m e r i z a t i o n 
p r o c e s s e s . The f i r s t two examples a r e the semi-continuous 
emulsion p o l y m e r i z a t i o n of methyl m e t h a c r y l a t e (MMA) and 
s t y r e n e , r e s p e c t i v e l y . The t h i r d example i s a b a t c h charged 
c o p o l y m e r i z a t i o n of b u t y l a c r y l a t e (BA) w i t h MMA. The f o u r t h 
example i s a semi-continuous s o l u t i o n p o l y m e r i z a t i o n o f an 
a c r y l i c system. I n t h i s l a s t example a l i q u o t s were taken 
manually and a n a l y z e d a t 29.7°C under s t a t i c c o n d i t i o n s . No 
f u r t h e r p o l y m e r i z a t i o n o c c u r r e d a f t e r the samples were c o o l e d 
to t h i s temperature. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
02

1



21. ABBEY Precision Densimetry 349 

TABLE I I 

EMULSION POLYMERIZATION OF STYRENE 

Emulsion ρ 70°C(gcm ) * F r a c t i o n C o n v e r s i o n Ap (xlO ) (gem ) 

*22% monomer p l u s polymer; d e n s i t y measurements made every 0.95 
minutes. 

F i g u r e 1 shows the c o n v e r s i o n h i s t o r y f o r the MAA l a t e x , 
the r e c i p e f o r which i s g i v e n i n T able I I I . The p o l y m e r i z a t i o n 
was conducted e s s e n t i a l l y i s o t h e r m a l l y a t 82-84°C. The d e n s i t y 
c e l l was s e t a t 83.0°C f o r a s t a t i c sample. Curve A i s the 
c a l c u l a t e d response when the d e l a y between r e a c t o r and d e n s i t y 
c e l l i s i g n o r e d . Curve Β was c a l c u l a t e d c o n s i d e r i n g a f i x e d 
d e l a y of 2.7 minutes. TKe d e l a y was i n f a c t not c o n s t a n t and 
tended t o i n c r e a s e as the r e a c t i o n p r o g r e s s e d . T h i s i s b e l i e v e d 
t o be r e l a t e d t o the problems mentioned above w i t h the sampling 
pumps, but c o u l d a l s o be r e l a t e d to a v i s c o s i t y change i n the 
r e a c t i o n medium. F u r t h e r , the responses measured i n the d e n s i t y 
c e l l a r e not e x a c t l y those o c c u r r i n g i n the r e a c t o r s i n c e 
r e a c t i o n c o n t i n u e s i n the c i r c u l a t i o n l i n e s and d e n s i t y c e l l . 
Thus, curve Β i s an upper l i m i t to the t r u e r e a c t o r b e h a v i o r . 
These o b s e r v a t i o n s suggest the use of the l o w e s t dead volume and 
l a g time p o s s i b l e i n the sampling l o o p . 

.973906 

.974030 

.974133 

.974251 

.974377 

.974487 

.5830 

.5860 

.5885 

.5914 

.5944 

.5971 

124 
103 
118 
126 
110 

TABLE I I I 

MMA LATEX RECIPE FOR FIGURES 1 AND 2 

I n i t i a l Charge 

D e i o n i z e d water 
S u r f a c t a n t 
Buffer. 
K o S o 0 Q 

400.Og 
4.0g 
0.8g 
0.3g 

MMA + m o d i f i e r 20.Og 

Feed 

MMA + m o d i f i e r 380.8g 
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350 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 1. Conversion representation of 
MMA semicontinuous emulsion polym­
erization. Curve A results from neglect­
ing lag in sampling while curve Β is cor­

rected for 2.7 min of lag. 

i f " 
A 

g s 
< 

D0 40 80 120 
TIME, MINUTES 

Figure 2. Rate representation for MMA 
semicontinuous emulsion polymerization 
(( ) the monomer feed rate (right or­
dinate); (O) the polymerization rate with­
out correction for the lag in sampling (left 
ordinate); (+) the most significantly 
changed points when the 2.7-min lag is 

used) 

z> ζ 

< 
Ο î • 

40 80 120 
TIME, MINUTES 

5 
Ο 
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21. ABBEY Precision Densimetry 351 

F i g u r e 2 i s the r a t e of p o l y m e r i z a t i o n c o r r e s p o n d i n g to 
curve A i n F i g u r e 1. The o n l y s i g n i f i c a n t a l t e r a t i o n caused 
by i n c l u d i n g the 2.7 minute d e l a y i n response i s a f l a t t e n i n g 
of the minimum t h a t o c c u r s a t about 10 minutes ( r e p r e s e n t e d 
by + Ts i n the f i g u r e ) . The r a t e r e p r e s e n t a t i o n has s e v e r a l 
advantages, one of which i s g r e a t e r s e n s i t i v i t y t o pr o c e s s 
p e r t u r b a t i o n s e s p e c i a l l y a t h i g h c o n c e n t r a t i o n and h i g h 
c o n v e r s i o n . The r a p i d r a t e i s p o s s i b l e because of the f i f t h 
s i g n i f i c a n t d i g i t a v a i l a b l e when the DMA 60/DMA 601 in s t r u m e n t 
c o m b i n a t i o n i s used. 

The s t y r e n e p o l y m e r i z a t i o n i s shown i n F i g u r e s 3 and 4. 
As w i t h the MMA l a t e x , the s t y r e n e l a t e x began w i t h a s m a l l 
p o r t i o n of the monomer added i n i t i a l l y . The r e m a i n i n g monomer 
was added as shown i n F i g u r e 4. Apparent " n e g a t i v e " c o n v e r s i o n 
was caused by the c o l l e c t i o n of a se p a r a t e d monomer phase on the 
g l a s s w a l l s o f the d e n s i t y c e l l . T h i s b e h a v i o r was o n l y noted 
w i t h s t y r e n e and was a f u n c t i o n of the p r o p o r t i o n o f monomer 
to s u r f a c t a n t i n the i n i t i a l charge. The s e p a r a t e d monomer 
was s l o w l y absorbed i n t o the c i r c u l a t i n g r e a c t i o n medium. A f t e r 
about 70 minutes, o r above 50% c o n v e r s i o n , the responses a r e 
r e l i a b l e . The sharp r a t e a c c e l e r a t i o n due t o the Trommsdorff 
g e l e f f e c t can be seen i n both f i g u r e s a t about 100 minutes. 
The l a g between d e n s i t y c e l l response and r e a c t o r events were 
c o n s i d e r a b l y l e s s f o r t h i s example and the f i g u r e s i g n o r e any 
c o r r e c t i o n . A f t e r e s t a b l i s h i n g a "steady s t a t e " response to 
the monomer feed (about 160 minutes i n t o the r e a c t i o n ) , the 
i n c r e m e n t a l i n c r e a s e o f the feed r a t e i s seen not to a l t e r the 
o v e r a l l f r a c t i o n a l c o n v e r s i o n s i n c e the r a t e o f p o l y m e r i z a t i o n 
i n c r e a s e s to p a r a l l e l the monomer feed r a t e . A t the end of t h i s 
s e t of da t a the r a t e i s 2-3 times t h a t observed e a r l i e r b e f o r e 
the f e e d . 

The b a t c h charged emulsion c o p o l y m e r i z a t i o n of BA and MMA i s 
shown i n F i g u r e s 5 and 6. The r e a c t i o n proceeded more s l o w l y 
than the above MMA l a t e x and the l a g time was a l s o l e s s ( i g n o r e d 
i n t hese p l o t s ) . The r a t e a c c e l e r a t i o n a t about 40% c o n v e r s i o n 
i s b e l i e v e d to be the Trommsdorff e f f e c t . The much lower s l o p e 
of the c o n v e r s i o n curve above 90% c o n v e r s i o n i n F i g u r e 5 i s 
b e l i e v e d to be an a r t i f a c t o f the s i m p l e model used i n the 
c a l c u l a t i o n s . The model assumed t h a t the c o m p o s i t i o n o f the 
polymer produced was the same as the i n i t i a l monomer mix. T h i s , 
of c o u r s e , i s not the case. G i v e n an i n i t i a l c o m p o s i t i o n o f 
25 mole % BA, the polymer produced can be c a l c u l a t e d u s i n g 
l i t e r a t u r e r e a c t i v i t y r a t i o s (12) to v a r y i n c o m p o s i t i o n from 
about 15 mole % BA e a r l y i n the r e a c t i o n to about 50 mole % 
d u r i n g the l a s t 10% of the r e a c t i o n . The e n t i r e p l o t i s thus 
skewed, w i t h the c o m p o s i t i o n changing most r a p i d l y l a t e i n the 
p o l y m e r i z a t i o n . 

The use of densimetry p r o v i d e s a r a p i d and, w i t h proper 
c a r e , p r e c i s e measure of the p o l y m e r i z a t i o n p r o c e s s . By u s i n g 
a second independent method of measuring the same p r o c e s s , the 
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352 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Q. 

6 

Figure 3. Conversion representation for 
styrene semicontinuous emulsion polym­

erization ((· - ·) zero conversion axis) 

ζ Ο 

60 120 180 
TIME, MINUTES 

Figure 4. Rate representation for sty­
rene semicontinuous emulsion polymeri­
zation (( ) the monomer feed rate 
(right ordinate); the scatter plot is the 

polymerization rate (left ordinate)) 
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21. ABBEY Precision Densimetry 353 

8 16 24 
TIME, MINUTES 

Figure 5. Conversion representation for 
α ΒAI MM A (30/70 by weight) batch 

emulsion polymerization 

Figure 6. Rate representation for a 
~l S 24~~ Β A/MMA (30/70 by weight) batch 
TIME, MINUTES emulsion polymerization 
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354 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 7. Conversion representation for 
a multicomponent acrylic, semicontinuous 

solution polymerization 

Q. 
° 0 80 160 240 

TIME, MINUTES 
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21. ABBEY Precision Densimetry 355 

copolymer reactivity ratios could be determined as a function of 
conversion. The study of the copolymerization of styrene and 
methyl methacrylate at high conversion (13,14) has shown that the 
reactivity ratios do deviate from the values reported from 
dilute solution measurements. 

The last example, for which Figure 7 shows the running 
fractional conversion as a function of time, was conducted by 
feeding a catalyzed acrylic monomer mixture into a hot solvent 
mixture. The control on monomer feed rate was not as good as 
in the previous examples. This accounts for much of the 
scatter in the data as the calculations assume a constant feed 
rate. Unlike the semi-continuous emulsion polymerizations, the 
fractional conversion did not remain constant during the monomer 
feed, but increased throughout. Indeed, the actual weight of 
free monomer remained remarkably constant irrespective of the 
running total reaction mass or conversion, Table IV. 

TABLE IV 

WEIGH UNREACTED MONOMER IN SOLUTION ACRYLIC DURING FEED 

Time (min.) Monomer (g) Time (min.) Monomer (g) 

15 5.2 105 11.2 
30 9.6 120 9.7 
45 9.1 135 10.3 
60 12.7 150 9.6 
75 11.8 165 11.1 
90 15.1 180 12.7 

CONCLUSIONS 

The use of precision density measurements for monitoring 
polymerization reactions can be done rapidly and automatically 
using commercially available instrumentation. The method is 
independent of the reactor size and design but suffers from 
sampling difficulties. The examples of this paper show the 
rapidity of data collection and three distinct sampling problems; 
pump failure from either monomer attack or polymer scale 
formation, monomer phase separation in the density cell, and 
the lag time for rapid polymerizations. Techniques have or can 
be devised to avoid or reduce the influence of these problems. 
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22 
The Effect of Nonreactive Additives on the 
Kinetics of Emulsion Polymerization 

A. R. M. AZAD1 and R. M. FITCH 
Institute of Materials Science and Department of Chemistry, 
The University of Connecticut, U-136, Storrs, CT 06268 
M. NOMURA 
Department of Industrial Chemistry, Fukui University, Fukui, Japan 

Various substances are often added to the monomers in an emulsion 
polymerization in order to achieve desirable end use properties or to 
investigate specific effects such as dilution or viscosity of the particles. 
Chain transfer agents (CTA) have long been used to control the 
molecular weight of synthetic rubbers and other emulsion polymers. 
Furthermore, plasticizers or other liquids (1 - 4) are often added in order 
to modify the polymer properties or polymerization conditions. In 
accordance with previous usage, we have considered the CTA as 
'reactive' and the other additives as 'non-reactive' (3, 4). The effect of 
these additives on the polymerization has generally been to a) decrease 
the rate beyond that due to dilution alone; and b) to lead to the 
formation of low molecular weight polymer. However, the explanations 
given for the effect of the 'non-reactive' additives on the kinetics of the 
emulsion polymerization (3, 4) is open to some doubt. 

When various non-reacting diluents were combined with the 
monomer in styrene emulsion polymerization, Owen and coworkers found 
both increases and decreases in the rates of polymerization (3). They 
postulated that the additives such as octane, nujol and dioctyl phthalate 
would enter the monomer-swollen polymer particles (even though highly 
water-insoluble) and exert two effects, depending upon solubility 
parameters and viscosity: a) phase separation (at least in part) leading 
to changed reactivity of propagating radicals and, b) changes in reaction 
rates due to differences in viscosity. Because they did not control nor 
measure particle sizes, differences in particle number concentration, 
which undoubtedly were obtained, were not accounted for. Blackley and 
Haynes followed up on these experiments using lower molecular weight 
additives which are all capable of transport through the water to the 

1 Current Address: Research and Development Dept. 
Ortho Diagnostic Systems Inc., 
410 University Avenue, Westwood, Mass. 02090 

0097-6156/81/0165-0357$05.00/0 
© 1981 American Chemical Society 
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358 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

particles (ft). They found reductions in the rate of polymerization in 
every case which they showed was due to a decrease in the rate of 
polymerization per particle. They attributed the effects to a reduction 
of the Trommsdorff "gel" effect because of the lowering of the viscosity 
in the polymerizing particles by the non-reacting additives. However, 
the gel effect should not be in evidence until the latter stages of the 
polymerization, whereas the reductions in rate were observed from the 
earliest times of reaction. Furthermore, their particle sizes were on the 
order of 60 nm diameter, too small for Smith-Ewart Case 3 kinetics 
where the gel effect would be observed. 

Azad and Fitch {5} investigated the effect of low molecular weight 
hydrocarbon additives on the formation of colloidafr particles in 
suspension polymerization of methyl methacrylate and vinyl acetate. It 
was found that the additives η-octane, n-dodecane, n-octadecane, n-
tetracosane and mineral oil exerted a thermodynamic affect depending 
upon water-solubility and molecular weight. Since these effects on 
emulsion polymerization have not been considered by the earlier 
investigators, we have chosen n-pentane and ethyl benzene as additives 
with limited water-solubility and n-octadecane, and n-tetracosane as 
water-insoluble ones. Seeded emulsion polymerization was chosen so 
that the number of particles could be kept constant throughout the 
experiments and only the effect of the other parameters on the rate 
could be determined. 

We now report on some experiments using seeded emulsion 
polymerization of styrene in which conditions were carefully chosen to 
ensure that Smith-Ewart Case 2 kinetics (6) would obtain throughout, in 
the absence of chain transfer/radical desorption effects. Various 
hydrocarbons were investigated for their effects on kinetics of 
polymerization and equilibrium swelling of the latex particles. 

Experimental 

Materials. Al l chemicals were reagent grade purity and used as 
received. Styrene (Aidrich) was distilled twice under vacuum to remove 
inhibitor. 

Apparatus and Procedure. The apparatus and procedures are the 
same as reported earlier (5) except for the following changes: Seed latex 
200g, distilled water 220g, potassium persulfate (PPS) 0.675g, styrene 
monomer 60g, additive dissolved in monomer-variable. Polymerization 
temperature was 50°C. The PPS, dissolved in water, was added 3 min 
before the addition of monomer. All oxygen was removed from the 
system by purging with high purity nitrogen. Conversions were obtained 
by shortstopping samples with a solution of p-benzoquinone in methanol 
followed by drying and gravimetry. 

The seed latex was prepared by emulsion polymerization at 50°C 
using distilled water, k dm 3 ; SDS, 50g; PPS, 5g; and distilled styrene, 
440g. Two batches were prepared, one in U.S.A. and one in Japan with 
same recipe. 
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360 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Equilibrium swelling measurements with toluene were carried out 
by agitation with a mechanical shaker, a mixture of seed latex (10ml) 
and toluene-alkane solution (3 to 6ml) for 16 to 20h at 20-22 C, 
centrifugation to separate the oil phase, and measurement of the change 
in solvent and latex heights by means of a precision micrometer. 
Equilibrium swelling measurements with styrene/ethyl benzene were 
carried out by thoroughly mixing the initiator-free seed latex with 
styrene-ethyl benzene mixture, centrifugration and analysis by gas 
chromatography. 

Results and Discussion 

Figure 1 gives the conversion-time curves for the seeded emulsion 
polymerization of styrene in the absence and presence of various low 
molecular weight additives. Table I summarizes the results given in 
Figure 1. The rates of polymerization were determined from the 
straight line portion of the conversion-time curves (below 40% 
conversion) by least squares analysis of the experimental points. Table I 
also gives the calculated rates assuming a mere dilution of the monomer 
in the seed by the additive. It is clear that in every case the rate of 
polymerization is retarded much more than that due to dilution alone. 

Electron microscopy of the final latex of the experiments given in 
Table I showed almost no new nucleation. The particle size distributions 
were narrow and indicated no noticeable coagulation as well. New 
nucleation would lead to increased rates whereas coagulation would have 
the opposite effect. Any decrease in the rate therefore must be due to a 
decrease in [M] if we assume ή to be constant. We therefore 
determined the toTuene/polymer ratio in the seed latex in the absence 
and presence of the various additives. Toluene was chosen as the 
solvent, because it is similar to styrene and allows the measurement of 
equilibrium solubilities without the risk of polymerization. Table II gives 
the experimental values of the toluene solubility in the seed as a 
function of time. The results indicate that the swelling is nearly 
complete within 5 to 10 min. 

Rate of Swelling of Polystyrene Seed Particles by Toluene 

Diameter of polystyrene seed = 64 nm, 10% seed latex = 10 ml, 5% 
octadecane in toluene (v/v) = 4 ml. 

TABLE II 

Time 
5 min 
10 min 
19 h 

Toluene Absorbed, ml 
1.55 
1.58 
1.64 

Percent Saturation 
95 
96 
100 
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22. A Z A D ET A L . Nonreactive Additives 361 

Figure 2 gives the equilibrium swelling values of the seed by 
various octadecane-toluene mixtures. It is apparent that the 
concentration of toluene in the particles at all octadecane levels in the 
monomer phase is lower than that calculated on the basis of a similar 
dilution effect. This arises from the fact that the water-insoluble 
additive depresses the activity of the monomer (or toluene) and 
concentrates only in the monomer droplets so that at swelling 
equilibrium there will be less in the latex particles than expected from 
simple dilution. The activity of "solvent" (monomer or toluene) in the 
swollen particles is further affected by the Kelvin effect. These 
thermodynamic considerations have been quantitatively treated by Azad 
(7), in detail by Ugelstad and coworkers (8-10, 12-17) and later by Azad 
and Fitch (5 ). Ugelstâd has also extended the two component swelling 
equation given by Morton et al. (19) to a three component system and has 
discussed the effect of chain length, interaction parameters and water-
solubility on the degree of swelling of latexes and emulsions. 
Expressions for the three component competitive swelling has been given 
by Azad and Fitch (5) and Ugelstad and coworkers (13-16). Expressions 
have also been given by the above authors for the cases where one has in 
a system polymer in one set of particles and low-molecular weight 
compound in another. 

The swelling of the seed latex in the presence of water-insoluble, 
low molecular weight compounds in the monomer phase may be 
quantitatively expressed by (5, 7-18), 

Ί ( Λ α ) / Γ Γ A G l ( 2 ) + 2 ^ l ( 2 ) / r 2 ( 1 ) A G i 

where 

S G 1 ( 1 ) - R T [ l n * 1 ( 1 ) + ( l - 1 / ί ( 1 ) ) Φ 2 ( 1 ) + Χ 1 Φ 2
2 ( ΐ ) ] ( 2 ) 

and 

Δ 0 1 ( 2 ) = Κ Τ [ 1 η φ 1 ( 2 ) + ( 1 - 1 / J ( 2 ) H 2 ( 2 )
+ X 2 < i > 2 2 ( 2 ) l ( 3 ) 

i f r 2 » r i 

r G l ( l ) = S " G l ( 2 ) " 2 ^ l ( l ) / r l ( A ) 

and [H] p = £ φ 1 ( 1 ) (5) 
1 

where γ, r and χ refer to the interfacial tension, radius and Flory-
Huggins interaction parameter, and subscripts 1 and 2 refer to the seed 
latex and "solvent" (monomer) droplet respectively. For the other 
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362 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

T I M E , MIN 

Figure 1. Effect of addition of low molecular weight hydrocarbons as additives 
upon the progress of the seeded emulsion polymerization of styrene at 50°C. 

Ν = 3.5 Χ 1017 particle dm3 water; diameter of seed = 64 nm; styrene monomer = 
150 g dm3 water; PPS = 1.69 g dm'3 water; amount of additive variable (see Table I); 
60 g styrene/200 mh seed latex with: (O) no additive; (D) 5.89 X 103 mol n-octa­
decane; (•) 23.6 X 10~3 mol n-octadecane; (φ) 5.89 X 10'3 mol n-tetracosane; (+) 

5.89 X 103 mol n-pentane; (O) 83.2 X 103 mol n-pentane. 

VOLLME FRACTION OF OCTADECANE IN DROPLETS 

Figure 2. Toluene concentration and volume fraction in seed as a function of the 
volume fraction of octadecane in the toluene phase. Curves Α (χ2 = 0) and Β 
(χ2 = 0.8) are theoretical curves with 2y1V,n)/T1RT = 0.0236 ((O) experimental 

points). 
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22. AZAD ET AL. Nonreactive Additives 363 

parameters subscript 1 represents "solvent," and 2, polymer or additive; 
(1) represents the polymer particle and (2), the "solvent" droplet; 
KG is the partial molar free energy of mixing; φ is the volume 
fraction; V is the partial molar volume; j is the ratio of molar volumes of 
polymer or additive to "solvent"; (M} is monomer (solvent) concentration 
in polymer particles; d is the density and M j , is monomer (solvent) 
molecular weight. 

Figure 2 gives the calculated values of the concentration as a 
function of the volume fraction using Eq. 4 for various values of χ 2 . 
The value of 2γ.V,/,χ/r,RT was taken to be 0.0236, obtained from the 
experimental value or Φ 2(ι\ = 0.33 (swelling with pure toluene) and χ^ = 
0.43 (19)_and calculated using Eq. (4), with Φι(2)=1· W e n a v e assumed 
that Y i V i Q \ / r , R T is approximately constant, throughout the entire 
swelling process. 

Figure 2 shows that with octadecane the theoretical curves fit the 
experimental values well if χ 2 = 0.8. If χ 2 = 0, the swelling of the seed 
would be lower than that for all cases where χ~ = 0.8. The interaction 
parameter, χ^, was expressed by Huggins (20; using the van Laar -
Scatchard - Hndebrand approximations as 

*2 = *As + V l < W 2 / R T 

w h e r e χ ^ = ( l - l / j ) / z f = l / z
 1 i f j > > ! 

Here χ Δ is the entropy contribution to χ 2 , Vj the molar volume of the 
solvent fmonomer), o 1 and δ 2 are the solubility parameters of the 
solvent and additive, and z f is approximately the coordination number, 
i.e. the number of nearest neighbors of the additive molecule or 
segment. Thus,x2 is determined by the solubility parameter of the 
additive and solvent (20). This may explain the observed dependence of 
the rate on the solubility parameter of the additive found by Owen and 
coworkers (3). y 

The value of η calculated fcom the experimental values of ρ, Λ -b 
= 5.6 mol dm _ j J and Ν = 3.5 χ 1017/drri water with k = 206 dm^mof s" 
(21) is 0.5. The results indicate Smith-Ewart Case 2 kinetics in the 
absence of additives. Table I, columns 2 to 6 give the value of [Mj using 
η - 1/2. The calculations indicate that the decrease in R irf these 
systems may be due primarily to decrease in[M] . This is especially so 
in the case of C ^ H C Q and CjgHoo where the additives would not be 
present in the seedparticles. rn the case of pentane (and ethyl benzene 
(see below)) it is expected that the hydrocarbon may rather rapidly 
diffuse through the aqueous phase and thus also be present in the swollen 
latex particles. Equation 2 should then be replaced by Flory's 
expression for a three component system (22,9) 

Â G 1 ( 1 ) = RT [ 1 η Φ 1 ( 1 ) + ( 1 - 1 / 1 2 ) φ 2 ( 1 ) + ( 1 - 1 / 3 3 ) Φ 3 { 1 ) + 

Χ 1 2 Φ 2 ( 1 ) + Χ ΐ 3 Φ 3 ( 1 ) + ( Χ ΐ 2 + Χ ΐ 3 - Χ 2 3 ) Φ 2 α ) Φ 3 ( 1 ) ί (6) 
J2 
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364 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

where the x's are the interaction parameters and the subscripts 1, 2 and 
3 now refer to the "solvent" (monomer) additive (diluent) and polymer 
respectively in the polymer particle. For ethyl benzene which is the 
saturated analog of styrene, the interaction parameter with polymer, the 
ratio of molar volumes and possibly the interfacial tension would be 
almost identical (i.e. χ.^ = χ 2~, χ< 2 = 0, j 2 = 1) to that of styrene (23). 
Equation (6) would then reduce to 
S e i ( 1 ) = RT [ 1 η φ 1 ( 1 ) + ( 1 - 1 / J 3 H 3 ( 1 ) + Χ 1 3 Φ 2

1 } ] (7) 

This may explain the fact that the degree of swelling with ethyl benzene, 
given in Figure 4, is identical to that for styrene alone. In the ease of 
pentane, since the interaction parameters and j 2 are not identical to that 
of the "solvent," the swelling would be lower than that due to simple 
dilution. A large difference between χ . - and χ 2^ favors selective 
absorption of the better solvent in the polymer particle. The effect of 
pentane on the rate of polymerization is most probably similar to that of 
ethyl benzene, but with a lower [M) in the particles, and with less chain 
transfer, as discussed below. Ρ 

Table III 

Kinetics of the Seeded Emulsion Polymerization of 
Styrene in the Presence of Ethylbenzene, at 50°C 

Data taken from Figures 3 and 4 

St/(St+EtBz), 
Weight fraction mol dm particles 

R p x l p " 
mol s dm H 2 0 

η 

1 5.5 1.31 0.50 
0.769 4.5 0.82 0.38 
0.625 3.5 0.58 0.35 
0.5 2.75 0.35 0.27 
0.4 2.2 0.27 0.25 

When ethyl benzene replaces styrene in seeded emulsion polymerizations, 
using the recipes and seed latex otherwise identical to those above, the 
rate of polymerization is also depressed below that expected for simple 
dilution (Figure 3) even though ethyl benzene is indistinguishable from 
styrene in its swelling behavior (Figure 4). In these experiments, then, 
reduction in rate must be attributable to chain transfer to the ethyl 
benzene which accumulates in the polymerizing particles. The small 
radicals formed are capable of diffusing out of the particles which has 
the effect of lowering the average number of radicals per particle, ή, as 
can be seen from the results given in Table III which were calculated 
from the data in Figures 3 and 4. This may be explained on the basis of 
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AZAD ET AL. Noweactive Additives 365 

T I M E ( M I N ) 

Figure 3. Effect of progressive addition of ethyl benzene upon the progress of the 
seeded emulsion polymerization of styrene at 50°C. Ν = 1.4 χ 1017 particles dm'3 

water; monomer = 102 g dm 3 water; PPS = 1.25 g dm 3 water; and ethyl benzene 
= 0-153 g dm'3 water. The monomer weight fractions St/(St + Et Bz) are: (O) 

1.0; ((1 ), 0.769; (€) 0.625; Ο 0.5; (Φ) OA. 

monomer weight f ract ion, s t / (s t + eb) 

Figure 4. Effect of added ethyl benzene on the monomer concentration in seed 
particles ((O) data obtained from swelling experiments; (Φ) data obtained from 

seeded emulsion polymerization at start) 
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366 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

the general theory for emulsion polymerization (24) that because of the 
low value of the ratio of entry to termination frequencies per particle, 
α', where 

and of the increase in the ratio of desorption to termination frequencies, 
m, where 

the system is sensitive to these processes and deviates from Smith-Ewart 
Case 2 in the direction of Case 1. Here ρ denotes the rate of radical 
production in the water phase, k . and \ χ denote desorption rate 
constant and termination rate constant respectively and ν is the average 
volume of a polymer particle. 

These results explain the findings of Blackley and Haynes who also 
showed that the molecular weight of the polymer formed in the presence 
of ethyl benzene was lower than that in its absence. Calculation from 
their experimental data shows that their ή varied from 0.005 to 0.039 
radicals per particle, well into Case 1. Thus, their explanation on the 
basis of the Trommsdorff "gel" effect cannot be correct since this 
requires the mutual termination of two macroradicals in a particle, 
which obtains only under Case 3 kinetics. Similar experiments on the 
effect of the diluents on "insitu" (unseeded) and seeded emulsion 
polymerization indicates that h decreases due to desorption of free 
radicals from the particles (27). 

Nomura (25) investigated the effect of carbon tetrabromide, 
carbon tetrachloride and long chain mercaptans on the kinetics of 
emulsion polymerization of styrene. In the case of CBr^ and C C l ^ the 
effect on the polymerization was attributed to desorption of the small 
chain transferred radicals. Similar results were obtained by Napper et al 
(26). Nomura also observed that the long chain mercaptan (n- dodecyl 
mercaptan) did not affect the number of particles and the rate, 
presumably due to the water-insolubility of the chain transferred 
radicals. 

It should be noted that in the case of water-insoluble long chain 
mercaptans, the thermodynamic effect as in the case with n-octadecane, 
may also depress the rate. Similar effects may be anticipated in 
emulsion copolymerizations, and polymerizations involving several 
monomers where one or more are highly water-insoluble. These effects 
would then be superimposed on the other variables of the polymerization. 

Summary 

When water-insoluble compounds are mixed with the monomer in 
styrene seeded emulsion polymerizations, the rate of polymerization is 
lowered below a simple dilution effect. Since the additive is not 
transported through the water, it remains in the droplets of monomer, 
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22. AZAD ET AL. Nonreactive Additives 367 

reducing its activity, which in turn leads to a lower activity of monomer 
in the polymerizing particles. The results with octadecane and 
tetracosane agree well with theoretical predictions based on equations 
for equilibrium swelling. When the additive may diffuse rapidly through 
the aqueous phase, then simple dilution governs the monomer 
concentration, but chain transfer with the additive may have the effect 
of further depressing the rate. Experiments with ethyl benzene show 
that its effect on decreasing h, the average number of radicals per 
particle, can be pronounced when the particles are small. In this sense, 
of course, ethyl benzene cannot be considered as "non-reactive." 
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Abstract 

Various substances such as plasticizers and other hydrocarbons are 
sometimes added to the monomer in an emulsion polymerization. The 
effect on the kinetics of the seeded emulsion polymerization of styrene 
in the presence of various 'non-reactive' hydrocarbons as low molecular 
weight additives have been investigated. By the use of seed latex, the 
number of particles was kept constant throughout the experiments, so 
that the effect of other parameters on the rate could be determined. All 
the additives decreased the polymerization rate more than could be 
accounted for by dilution alone. In the case of the water-insoluble 
alkanes n-tetracosane and n-octadecane, the decrease in rate could be 
attributed to a reduction in the monomer concentration in the latex 
particles, [Μ]p, resulting from a lowering of the activity of the monomer 
in the monomer droplets. No alkane is transported to the polymerizing 
particles. Theoretical equations have been developed for calculating [M]p 

at equilibrium swelling under these conditions. The values are in good 
agreement with those calculated from Smith-Ewart case 2 kinetics. 
Independent measurements confirm that the average number of radicals 
per particle, ñ = 1/2 in these experiments. When the hydrocarbon 
additives were of lower molecular weight, e.g. n-pentane and 
ethylbenzene, they are capable of transport through the aqueous phase 
and of swelling the latex particles. Ethyl benzene has been shown to be 
indistinguishable from styrene in its swelling behavior. In these cases 
the depression in the rate of polymerization comes about from not only 
dilution of the monomer, but also from chain transfer with the diluent as 
it accumulates in the particles. Chain transfer leads to formation of 
small radicals which may diffuse out of the particles, lowering the value 
of ñ. These conclusions differ from those of earlier workers on similar 
systems: Owen, McLemore, Liu, Seymour and Tinnerman suggested 
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368 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

phase separation within the particles may be responsible, but they did 
not control nor measure their particle number concentrations. Blackley 
and Haynes invoked the Trommsdorff "gel" effect, but calculation shows 
that their kinetics follow Smith-Ewart Case 1 where this cannot occur. 
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23 
Nonuniform Emulsion Polymers 
Process Description and Polymer Properties 

D. R. BASSETT and K. L. HOY 
Technical Center, Union Carbide Corporation, South Charleston, WV 25303 

Because of its heterophase nature, emulsion polymeri­
zation is generally more complicated than simple solution polymeri­
zation in which monomers and polymers are soluble in a suitably 
chosen solvent. In emulsion polymerization the different relative 
solubilities of monomers in water and in the polymer particles lead 
to different reaction locales and to different particle structures. 
Another complicating factor is the need to achieve and maintain 
colloidal stability throughout the polymerization and subsequent 
handling of the dispersions. Emulsion polymers can properly be 
called products by process since the process details exert such a 
powerful effect on the properties of the particles and resultant 
films. Consequently, an emulsion polymer is far more than a pro­
duct defined by a simple polymer composition. 

One way of altering the properties of latex particles is 
to change the monomer feed composition during the polymerization. 
Much work has been carried out on multistage processes in which the 
composition of each stage differs from that of the preceding stage 
(1). Film properties as well as filming properties of latexes can 
be altered in this manner. Not only are multistage processes 
cumbersome to carry out in practice, but often incompatibility of 
the copolymers produced in the various stages leads to poor end use 
properties, especially in thin films. We report here a process for 
continuously changing the composition of the monomer mix fed into 
a reactor producing, thereby, copolymers whose instantaneous com­
positions vary as the polymerization proceeds. The exact nature of 
the variation in composition is controlled by suitable choices of 
simple variables. Characterization of several model emulsion 
polymers produced in this manner serves to highlight the polymer 
differences induced by the process. 
PROCESS DESCRIPTION 

A simple arrangement for gradually changing the monomer 
mix composition of the feed stream entering the reactor is shown in 
Figure 1. In this arrangement, the monomer mixture in the far tank 
is continuously added to the monomer mixture in the well-stirred 

0097-6156/81 /0165-0371 $05.00/0 
© 1981 American Chemical Society 
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372 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

near tank. The continuously changing mixture in the near tank is 
simultaneously fed into the reaction vessel in the usual manner of 
emulsion polymerization. Assuming monomer starved conditions, i . e . , 
no build up of unreacted monomers, the composition of the growing 
particles varies as the polymerization takes place, thereby avoiding 
the abrupt changes in composition encountered in multistage pro­
cesses. In effect, each part icle is an al loy of polymers of a 
nearly inf in i te compositional variety within set compositional 
l imi ts ( 2 ) . 

An expression for the instantaneous composition of the 
mixture entering the reactor can be developed by assuming perfect 
mixing and writing the material balance for monomer A in the near 
tank: 

Input (A) - Output (A) = Accumulation (A) (1) 
At constant flow rates, R-j and R^, this equation becomes 

C 2 R 2 dt - C 1 R ] dt = d i W ^ ) (2) 

where Co is the concentration (weight fraction) of monomer A in the 
far tank (constant), C-j is the concentration of monomer A in the 
near tank, and W-j is the weight of the monomer mixture in the near 
tank at any given time. 

Rearrangement of Equation 2 and integration yields the 
following expression: 

W" + (Rg-R^t 

w 
l n Ί 

C° -C° 
(3) 

where W-| is the i n i t i a l weight of the monomer mix in the near tank, 
C^ is the i n i t i a l concentration of monomer A in the near tank. If 
we require both monomer mix tanks to empty simultaneously, Equation 
3 becomes 

(Ro -Ri) 
1 + * . 1 t 

W 

C° -C 
L 2 h 
C° -C° 
L 2 h 

(4) 

where χ =-R 2 / (R2" R l ) · l t c a n D e shown that χ is also the ratio of 
the i n i t i a l monomer weight in the far tank to that in the near tank. 
Since the quantity-(R2~R])t/W° is rea l ly the fraction of the monomer 
fed, c< , at time t , the final general equation for the process can 
be given: 

Ci - (C^ Ί -C?)( l- (5) 
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23. BASSETT AND HOY Nonuniform Emulsion Polymers 373 

Equation 5 expresses the var ia t ion in the concentration of monomer 
A in the feed stream entering the reactor as a function of time. 
Since th i s var iat ion is a power function of time, the process has 
been named "power feed." 

General ly , the feed rate into the reactor , R-|, is f ixed 
by the total feed time desired for a given polymerization. The 
feed rate from the far tank is then: 

Another useful power feed equation permits the ca lcu la t ion of the 
fract ion of a given component, A, in the f ina l polymer, 

F A = i C l d = C 2 - (x+1) <7> 

Normalized plots of several power feed orof i l e s are shown 
in Figure 2. For the special case where χ = 1, (W-| =W29R] =2R2) > the 
feed p r o f i l e i s l inear with time. Curvature i s introduced by s u i t ­
able changes of the i n i t i a l monomer weights in the two tanks: when 
χ > 1, the curve i s concave to the abscissa; when χ < 1, the curve 
is convex. With proper mixing in the near tank, these feed pro­
f i l e s can be v e r i f i e d experimentally. 

The addit ion of a t h i r d monomer tank to the basic power-
feed arrangement expands the possible feed prof i l e s avai lable for 
invest igat ion . As i l l u s t r a t e d in Figure 3, one such arrangement 
involves a s t i r r e d middle tank which receives a monomer mix from 
the far tank and pumps a varying mixture to the near tank. The 
arrangement i s e s sent ia l ly a power feed on top of a power feed and 
can be analyzed in the same manner as carr ied out with the two 
tank systems, except that C 2 , the concentration of monomer A in 
the second (middle) tank i s not constant but is given by 

C 2 = C3 " ( C 3 " Φ ( 1 " ( 8 ) 

Where y = W3/W2. The easiest way to handle th is problem is by 
computer in tegrat ion , but an e x p l i c i t equation can be developed 
(_3) for C ] , the concentration of monomers A in the feed stream 
entering the reactor: 

C, = C° + (C° - C ° ) 
y-x 

; i - « ) x o - o O - v + (c° -c°)(i - o( )x (9) 

In Equation 9 , C3 i s the i n i t i a l concentration of monomer A in 
the far tank of Figure 3, and 
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374 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 2. Power feed concentration profiles of a single monomer in the feed 
stream entering the reactor as a function of time. The curvature is controlled by 
the value vf x, the ratio of monomer weight in the far tank to that in the near tank. 
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23. BASSETT AND HOY Nonuniform Emulsion Polymers 375 

W° + W° 
χ = ^ Ί Γ - ^ (10) 

The monomer feed rates are related as follows, 

R2 - R l <Τϊχ> 

R 3 - R 2 ( ^ ) (12) 

Whereas the two-tank arrangement permits monomer feed 
profiles which vary smoothly in one direct ion, the three-tank 
scheme leads to inflections and concentration reversals as i l l u s ­
trated in Figure 4. Such reversals are useful in preparing hard-
soft-hard, hydrophilic-hydrophobic-hydrophilic polymer variations 
and the l i k e . In addition, three tank power feed has been useful 
as a means of calculating monomer inventory in copolymerization 
experiments (4·). 

While other monomer tank arrangements can be devised, the 
two-and three-tank configurations described here can generate most 
of the monomer feed profiles l i k e l y to be of interest. Variable 
feed rates can also be employed to generate similar prof i les , but 
the use of constant feed rates simplifies laboratory and plant 
operations. 

EXPERIMENTAL 
Model latexes were prepared using a conventional semi-

batch technique in which the reactor i n i t i a l l y contained only 
water and an anionic surfactant, Aerosol 0T (American Cyanamid), 
for part icle generation. Generally the polymerizations were 
carried out at 80-85°C using ammonium persulfate as the i n i t i a t o r , 
although some redox polymerizations were also carried out. Uniform 
staged, and two-tank power feed techniques were used to introduce 
the monomers into the reactor. Samples were taken periodically 
during the three-hour feed time for residual monomer analysis. 
Generally, not more than 3-5% unreacted monomer was detected at any 
time during the reaction, thus assuring monomer starved conditions. 
The finished latexes were cast or molded into films for testing. 

RESULTS AND DISCUSSION 
The properties of polymers prepared by different processe 

can be studied in a variety of ways, the choice often depending on 
the intended end use of the polymer. For coatings applications, 
mechanical testing of films can lead to an understanding of polymer 
structure as well as to a prediction of end use performance (5j . 
As an i l l u s t r a t i on of the influence of monomer feed profiles on 
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376 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Far Feed Middle Feed Near Feed Latex 
Tank Tank Tank Reactor 

Figure 3. Three-tank monomer feed arrangement in which the near and middle 
tanks are stirred during operation 

Figure 4. Monomer concentration profiles of a single monomer in the feed stream 
entering the reactor as a function of time for the three-tank arrangement 
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23. BASSETT AND HOY Nonuniform Emulsion Polymers 377 

the properties of latex f i lms , a series of emulsion polymers was 
prepared and examined in th i s manner. Examples of mechanical 
measurements included dynamic mechanical, s t res s -re laxat ion , and 
b r i t t l e - d u c t i l e experiments. Par t i c l e structure was investigated 
by p a r t i c l e expansion measurements u t i l i z i n g a sedimentation 
technique. 

Stiffness-Temperature - One simple t ens i l e test of polymers 
involves the measurement of a modulus as a function of temperature. 
Figure 5 i l l u s t r a t e s the charac ter i s t i c s of such a measurement. 
The modulus in th i s case is the secant modulus at 1% s t r a i n . Both 
polymers had the same composition: 39/59/2 - methyl methacrylate/ 
butyl a c r y l a t e / a c r y l i c ac id . The power feed example was prepared 
such that butyl acrylate varied 0.83 — 0.30 and methyl meth­
acrylate varied 0.15 —* 0.68 as the polymerization proceeded, with 
χ = 0.83. While both examples show the usual trend of high modulus 
at low temperature to low modulus at higher temperature, the power 
feed polymer exhibits a much broader t rans i t i on region than the 
uniform example. 

Stress Relaxation - The a b i l i t y to predict long term properties of 
polymers using short term tests is of obvious benefit in develop­
ing high performance coatings from latexes. Relaxation tests have 
been developed for th is purpose and serve as a useful means of 
invest igat ing the v i scoe las t i c properties of polymers. In a stress 
relaxation experiment, a constant s tra in is applied to the specimen 
and the resul t ing stress is measured as a function of time. The 
time-dependent relaxation modulus can be extended to long times by 
making measurements over a wide temperature range and using the 
p r i n c i p l e of time-temperature superposition (6) to sh i f t the moduli 
to form a master curve as i l l u s t r a t e d in Figure 6. In th is case 
two polymers of the same composition (62/38-methyl methacrylate/ 
butyl acrylate) are compared at a reference temperature of 2 6 ° C . 
The power feed example u t i l i z e d a feed p r o f i l e with increasing 
butyl acry la te , 0 —*» 0.65, decreasing methyl methacrylate con­
centrat ion , 1 . 0 — * · 0.35, and χ = 1.3. 

The s i m i l a r i t y of the stress relaxation results in Figure 
6 and the stiffness-temperature results in Figure 5 is quite apparent 
While the uniform (or random) copolymer exhibits the usual abrupt 
t rans i t i on between b r i t t l e and rubbery regions with increasing 
time, the power feed example undergoes a much more gradual change. 
This broadened t rans i t ion region may be an important factor in the 
a b i l i t y of a f i lm to re l i eve stress gradually to avoid cracking 
over long periods of time. 

Dynamic Mechanical Testing - Film properties such as impact 
resistance and the cure response of thermosetting resins are con­
veniently investigated by dynamic measurements in which an 
o s c i l l a t o r y or torsional s tra in is applied to the sample with the 
stress and phase difference between the applied s tra in and measured 
stress being determined. In the present study, a Rheovibron 
Viscoelastometer was used which employed a sinusoidal s tra in at a 
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378 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

6 

CO 

-

1 1 ι r 1 1 1 1 

- \ POWER FEED 

- UNIFORM FEED 

-

39 /59 /2 - M MA/BA/AA 

1 1 1 L_ 1 1 1 1 
- 3 0 - 2 0 - 1 0 0 - 1 0 2 0 3 0 4 0 5 0 

TEMPERATURE, °C 

Figure 5. Stiffness-temperature comparison of two emulsion polymers having the 
same overall composition. In the power feed example, the methyl methacrylate 
concentration varied (0.15 0.68) and the butyl acrylate concentration varied 

(0.83 0.30), with χ = 0.83. 

0 2 4 6 8 10 12 

Log t (MIN) 

Figure 6. Stress relaxation comparison of two emulsion polymers having the same 
overall composition. The power feed example utilized a feed profile with increasing 
butyl acrylate (0 -> 0.65), decreasing methyl methacrylate (1.0 —» 0.35), and χ = 

1.3. The time axis has been shifted to a reference temperature of 26°C. 
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23. BASSETT AND HOY Nonuniform Emulsion Polymers 379 

frequency of 11 Hz and a heating rate of 1°C per minute. Using 
the standard treatment of data from this type of experiment (7J, 
the storage modulus, E' (a measure of e las t ic response), and the 
loss modulus, E" (a measure of the viscous response), were c a l ­
culated and displayed as a function of temperature in Figures 7-10 
for a series of four latexes having the same composition: 50/50 -
styrene/ethyl acrylate. 

Figure 7 shows the dynamic mechanical response obtained 
with the latex prepared with a constant monomer feed composition. 
As expected, a single sharp transit ion is observed characteristic 
of a reasonably uniform copolymer. Figure 8 shows the dynamic 
mechanical spectrum for a two-stage process in which the f i r s t 
stage feed was ethyl acrylate and the second stage feed was styrene. 
This time, two well-defined transitions are observed characteristic 
of the hard and soft homopolymers. 

The dynamic mechanical responses of the two power feed 
latexes are quite different from either of those discussed above. 
In Figure 9, the polymer was prepared via a l inear power feed pro­
f i l e in which the near tank contained only ethyl acrylate and the 
far tank contained only styrene. In Figure 10, the polymer was 
prepared with the tanks reversed: the monomer feed began with 
styrene and ended with ethyl acrylate. In both cases, the 
transit ion regions are much broader than those observed with the 
uniform feed or staged feed examples. 

The broadened transit ion response is a general character­
i s t i c of power feed polymers as evidenced by the results of stiffness-
temperature, stress relaxation and dynamic mechanical measurements. 
The broadening phenomenon is probably a result of an alloying 
effect caused by the wide variety of sequencing induced by the 
continuously changing monomer feed composition. Indeed, sequence 
distr ibution analysis is an important aspect of the characterization 
of non-uniform emulsion polymers ( 4 ) . The broadening effect may 
also result from compositional differences in polymer domains that 
form at different stages in the reaction. In terms of practical 
f i lm properties, this broadened response suggests a wider use-
temperature range which is of importance in many coatings appl i ­
cations. 
Br i t t l e -Duct i le - F l e x i b i l i t y is a mechanical property of great 
interest in polymer design especially for polymers intended for use 
in f i lms. Impact tests provide information about the a b i l i t y of a 
f i lm to withstand a high rate of deformation. Bending and drawing 
operations generally occur at lower strain rates and test the 
a b i l i t y of a f i lm to withstand severe elongations. The analysis of 
stress-strain behavior of polymers over a range of temperatures 
shows that â b r i t t l e specimen generally breaks at low elongations 
without exhibiting y i e l d , whereas a ductile specimen exhibits a 
y ie ld point which permits greater elongation before fai lure occurs. 
The temperature at which a sample changes from b r i t t l e to ductile 
can be called the b r i t t l e -duc t i l e transit ion temperature (Τ β ρ) . 
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380 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 7 . Dynamic mechanical properties of a model latex made with a uniform 
monomer feed composition 

130 - 9 0 -50 -10 30 70 

TEMP, DEG C 

Figure 8. Dynamic mechanical properties of a model latex made with a two-stage 
monomer feed: Stage I contained ethyl acrylate, Stage II contained styrene. 
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BASSETT AND HOY Nonuniform Emulsion Polymers 381 

Figure 9. Dynamic mechanical properties of a model latex made with a linear 
power feed process; ethyl acrylate varied 1-^0 and styrene varied 0 -> 1. 

Figure 10. Dynamic mechanical properties of a model latex with a linear power 
feed process; ethyl acrylate varied 0 —> 7 and styrene varied 1 —» 0. 
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382 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Although the exact nature of the B-D transit ion i s not well under­
stood, Wu (8) has shown that T B D is related to the a b i l i t y of 
plastics to be deep-drawn. Since the implications of such behavior 
to coatings are obvious, we desired to learn i f non-uniform polymers 
offered any advantage in this respect. 

A convenient wav of measuring Τβπ is to determine the 
ultimate strain (at break) and the y ie ld or a specimen as a function 
of temperature. The intersection of the two curves defines T Bp. 
A constant strain rate of 10% per minute was employed. Polymers 
were isolated by a i r drying or freeze drying and molded at 150°C 
into dumbbell speciments for the tensile measurements. Glass 
transit ion temperatures (Tg) were measured by differential scanning 
calorimetry. 

The relationship between f l e x i b i l i t y and copolymer com­
position was explored by measuring Tg and Τβρ f ° r a series of 
copolymers consisting of styrene or methyl methacrylate paired with 
several "softer" comonomers. An example of the kind of results 
obtained is i l lus t ra ted in Figure 11 with the methyl methacrylate/ 
ethyl acrylate pair. Included in this plot is a d u c t i l i t y , or 
toughness, parameter, q, defined by Wu as, 

q = ^ l B D ( 1 3 ) 

g 

with temperatures in °K. In general, the objective is to minimize 
Τβρ relat ive to Tg so that q is as large as possible, i . e . , design 
a polymer which is hard but f lexible over a wide range of tempera­
tures. 

As shown in Figure 11, the MMA/EA compositions yielded a 
f a i r l y smooth variation in T q but a much more erratic variation in 
Τβρ. The two most f lexible composition ranges (highest q values) 
occurred at the extremes of the series, homopolymers of methyl 
methacrylate or ethyl acrylate, with inconvenient Tg's for most 
practical uses. The composition styrene/ethyl acryiate series 
yielded q values of less than 0.05 indicating less f l e x i b i l i t y over 
the entire composition range. This prediction was borne out by 
impact tests on the polymers of the series. Some of the con­
clusions of this study are: i ) no simple relationship between T g 

and Tgp was found; i i j no simple correlation was detected between 
TB Dana sub-Tg transitions in the dynamic mechanical spectra of the 
samples, and i i i ) copolymer pairs containing methyl methacrylate 
were generally more f lexible (lower Τβρ) than the corresponding 
copolymers containing styrene. 

The effect of non-uniform polymer composition is shown in 
Figure 11 for the case of a 50/50-methyl methacrylate/ethyl acrylate 
copolymer made by a linear power feed process in which the near tank 
i n i t i a l l y contained only ethyl acrylate and the far tank only methyl 
methacrylate. Compared with i t s uniform counterpart, the non­
uniform polymer had a T R n approximately 25° lower and a respectable 
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373 

Wt % METHYL METHACRYLATE 

Figure 11. Brittle-ductile behavior of a 
series of methyl methacrylate/ethyl acry­

late copolymers. 

The "toughness" parameter q is defined by 
Equation 13. The effect of nonuniform 
polymerization is shown for a. 50/50 co­
polymer in which the power feed profile 
involved a decreasing ethyl acrylate concen­
tration 1), with χ = 1 (linear). ((· ) 

power feed, q = 0.19) 
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384 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

q value of almost 0.20. Indeed, most of the power feed polymers, 
as well as the multi-staged polymers examined, were characterized 
by a significant lowering of Τβη· This behavior could be another 
manifestation of the alloying effect discussed ear l ie r . 
Part icle Structure - So far, the discussion of non-uniform emulsion 
polymers has centered around mechanical properties, interpreted 
in terms of gradations of sequences between set compositional 
l imi t s . But latexes are aqueous dispersions, and an exploration 
of part icle morphology is equally interesting and important. For 
instance, can polymer particles be constructed such that part icle 
sequence compositions are located in a desired region of the 
par t ic le , and what evidence exists that such part icle morphologies 
have been realized? 

We have carried out extensive investigations of the 
swelling properties of carboxylic latex particles with increasing 
PH (£>10). Particles expand on neutralization due to electrostatic 
repulsion of the charged carboxylate groups and subsequent absorption 
of water. The major factors which control part icle expansion are: 
the type and concentration of copolymerized acid, the stiffness 
(Tg) and hydrophilicity of the backbone, and the polymerization 
process employed. The process variable of most interest was the 
use of varying monomer compositions in stepwise changes. It was 
found that the expansion properties of carboxylic particles were 
controlled to a large extent by the order of addition of the 
different monomer compositions. Part icle expansion, then, may be 
useful as a means of exploring the structures of emulsion polymers 
made in various ways. 

The expansion behavior of carboxylic latex particles can 
be studied by several methods (]_0). The present comparison was 
made using a sedimentation method which involved the measurement 
of part icle sedimentation rates in an ultracentrifuge at various 
degrees of neutralization. Assuming the change in part icle volume 
is equal to the volume of water absorbed, an expanded part icle 
settles slower, as i t s density decreases, according to the equation: 

^ o _ r + x (14) 
S r 

Where S is the sedimentation coefficient of the part icle at an 
adjusted pH, S 0 is the sedimentation coefficient of the unswollen 
part icle (low pH), r i s the unswollen part icle radius, and χ is 
the increase in radius of the swollen par t ic le . In this study, 
the model latexes were diluted with d i s t i l l e d water to 1 percent 
solids by weight. Individual samples were adjusted to various 
pH values with sodium hydroxide and allowed to equilibrate for at 
least 24 hours. Sedimentation rates were obtained at 30°C using 
a Beckman Model Ε analytical ultracentrifuge. 

Two latexes were prepared with the composition: 
47.5/47.5/5-styrene/ethyl acrylate/methacrylic acid. The power 
feed example had the monomer feed profi le shown in Figure 12, with 
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23. BASSETT AND HOY Nonuniform Emulsion Polymers 385 

the styrene concentration increasing with time and ethyl acrylate 
decreasing as the reaction proceeded. The methacrylic acid con­
centration in the monomer feed was held constant in both cases. 
The particle expansion characteristics of the two latexes are 
shown in Figure 13. With 5 percent incorporated acid, both latexes 
have considerable potential for expansion upon neutralization. Not 
only did the power feed example f a i l to show the substantial 
expansion exhibited by the uniform feed example, but part icle con­
traction was observed at the higher pH's characteristic of latex 
particles having no incorporated acid (9). Assuming carboxyl 
groups tend to locate in the surface regions of par t ic les , the 
res t r ic t ion in the expansion of the power feed example may be 
explained by the preferential polymerization of the styrene-rich 
segments near the sruface of the growing particles as opposed to 
polymerization in the particle in ter ior . 

The "onion skin" growth mechanism is supported by 
filming experiments in which fi lm formation is greatly effected by 
the nature of the monomer composition added last in the polymeri­
zation. In power feed examples, as well as in staged feeds, hard 
and hydrophobic compositions hinder fi lm formation while softer 
and more hydrophilic compositions aid f i lm formation. Curiously, 
in this respect, i t was found that the filming characteristics of 
a l l - a c r y l i c latexes responded to non-uniform polymerization 
techniques much more dramatically than did their styrene-acrylic 
counterparts. 
Molecular Weight Control - In addition to the control of monomer 
reaction sequences and particle morphology, the power feed process 
lends i t s e l f to molecular weight manipulation in ways not possible 
with uniform polymerizations. Molecular weight modifiers can be 
used separately or in combinations to produce unusually broad 
molecular weight distr ibutions. One part icularly useful technique 
involves the use of a multifunctional monomer in the near tank and 
a chain transfer agent in the far tank to produce latex particles 
with very high molecular weight capable of forming smooth, glossy 
films (11 ). The response of part icle coalesence to small amounts 
of a chain transfer agent added late in a polymerization is another 
indication of the surface growth mechanism mentioned above and is 
consistent with other film studies of heterogeneous latexes (12). 
CONCLUSIONS 

A simple multi-tank arrangement for continuously changing 
the composition of a monomer feed stream into a latex reactor has 
been described and analyzed. The process is useful for preparing 
controlled non-uniform emulsion polymers. Such polymers exhibit 
broad transitions in dynamic mechanical and stress-relaxation 
measurements which imply a broad range of sequence distributions 
within the polymers and possibly polymer domains that form during 
the changing feed composition. The process can also be used to 
control the part icle morphology of emulsion polymers to affect 
part icle coalescence, viscosity control and functional group 
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386 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 13. The effect of nonuniform polymerization on the expansion behavior of 
carboxylic emulsion polymers. The power feed example was prepared using the 
monomer feed profile illustrated in Figure 12 ((Φ) uniform feed; (J^) power feed). 
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23. BASSETT AND HOY Nonuniform Emulsion Polymers 387 

location. Finally, the multiple tank arrangement offers unique 
opportunities for molecular weight control through the use of 
molecular weight modifiers. 
ABSTRACT 

A novel polymerization technique has been developed by 
which non-uniform emulsion polymers can be produced in a con­
trolled manner. The technique involves the continuous addition of 
one monomer mixture into a stirred tank containing another monomer 
mixture. This continuously changing mixture is then fed into a 
reaction vessel producing, thereby, polymers whose instantaneous 
copolymer composition varies as the polymerization proceeds. A 
general equation is developed which expresses the composition of 
the feed stream as a function of time. The process, call "power 
feed", is used to prepare emulsion polymers which exhibit dynamic 
mechanical spectra having broad transition ranges. Stress 
relaxation measurements also show a broadened transition range 
compared with analogs prepared using a uniform monomer feed profile. 
The characteristics of power feed latexes are interpreted in terms 
of an alloying of a wide range of sequence distributions and/or 
polymer domains of differing compositions superimposed on a particle 
morphology in which the surface properties of the particles re­
flect the characteristics of the polymer formed last. Practical 
applications include the control of particle expansion of carboxylic 
emulsion polymers on neutralization, the increased flexibility of 
relatively hard polymers and the control of molecular weight 
distributions for specific latex applications. 
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24 
Nonuniform Emulsion Polymers 
Carbon-13 NMR Spectroscopy 

J. E. JOHNSTON1, D. R. BASSETT, and T. B. MacRURY2 

Technical Center, Union Carbide Corporation, South Charleston, WV 25303 

With the advent of advanced characterization techniques 
such as multiple detector liquid exclusion chromatography and 13C 
Fourier transform nuclear magnetic resonance spectroscopy, the 
study of structure/property relationships in polymers has become 
technically feasible (1-6). Understanding the relationship be­
tween structure and properties alone does not always allow for 
the solution of problems encountered in commercial polymer 
synthesis. Certain processes, of which emulsion polymerization 
is one, are controlled by variables which exert a large influence 
on polymer infrastructure (sequence distribution, tacticity, 
branching, enchainment) and hence properties. In addition, be­
cause the emulsion polymerization takes place in an heterophase 
system and because the product is an aqueous dispersion, it is 
important to understand which performance characteristics are 
influended by the colloidal state, (i.e., particle size and size 
distribution) and which by the polymer infrastructure. 

In order to design experiments to test the influence of 
process variables on polymer infrastructure, a simple but general 
process design is needed. For these studies a new sequential 
feed polymerization process called "power-feed" was chosen (7-8,9). 
The advantage of this technique is that almost any conventional 
monomer feed profile can be simulated and described by an equation 
containing only three independent variables. In addition, a 
number of novel monomer composition profiles can also be con­
structed with this approach. The composition of the monomer feed 
to the reactor can be described by: 

C ] = C0

2 - (C0

2-C0

1)(l -<X)X (1) 

where C1 is the instantaneous concentration of a given monomer A 
entering the reactor, C2 is the initial concentration of the 

1 Current address: Exxon Chemicals, Linden, New Jersey 
2 Current address: IMC Corporation, Terre Haute, Indiana 

0097-6156/81/0165-0389$05.00/0 
© 1981 American Chemical Society 
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390 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

monomer in the second of two feed tanks, C-j is the i n i t i a l con­
centration in the f i r s t feed tank, the one which feeds the reactor, 
o( is a dimensionless quantity which expresses the percent of total 

monomer fed; o( = R 2 t /W 2 = t / t f , R2 is the feed rate from the second 
feed tank to the f i r s t tank, t is the elapsed time, t f is the total 
monomer feed time, W-j is the i n i t i a l weight of monomer mix in the 
f i r s t feed tank, χ is the power exponent, i . e . , W2/W-j, which 
assumes that the feed tanks empty simultaneously. 

The power exponent, χ determines what the monomer feed 
profile w i l l look l ike as a function of o< . Some examples of more 
common feed profiles are shown in Figure 1. If the polymerization 
is carried out under monomer-starved conditions, the composition of 
the polymer being formed at any instant is the same as the feed 
composition, C]. Therefore, the cumulative polymer composition at 
any timeo< may be obtained from: 

r* 
Cumulative polymer composition = I C-jd* (2) 

where C] is given by Equation 1. The total composition in com­
ponent A can be determined by integrating from oC= 0 to oC= 1, 

hA " L 2 (χ + i ) 

As can be seen by comparison of curve I and IV in Figure 1, there 
can be a significant difference in monomer composition distr ibution 
as a function of ci in spite of the fact that the total content of 
monomer A in both cases is the same, as determined by Equation 3. 

It is anticipated, and in fact is true, that the physical 
properties and performance characteristics of emulsion polymers 
prepared by routes I and IV are different. The question here is 
whether i t is possible by characterization techniques to distinguish 
polymers made by different routes and, more subtly, by the same 
nominal route but with some process aberration such as a feed upset. 
In order to determine the f ea s ib i l i t y of such an approach, an 
emulsion copolymer system was selected: the copolymer of styrene and 
ethyl acrylate. 

We speculate that process changes could cause changes in 
sequence dis t r ibut ion. '^C NMR spectroscopy has been used to 
study simiiar copolymers (1_0,Vl_,l_2) and hence should be of value 
in correlating process with sequence dis t r ibut ion. ^ C NMR is a 
means of looking at changes in the electronic environment of 
nucleii of the isotope of carbon, '^C. There are a number of 
texts on ' 3 C NMR spectroscopy and i t s application to organic mole­
cules, and polymers (V3,j_4,1_5). The chemical shifts which one 
observes as characteristic of different carbons can be caused by 
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24. JOHNSTON ET AL. Carbon-13 NMR Spectroscopy 391 

substitution, that i s , oxygen, halogen, etc. substituted, primary, 
secondary, ter t iary carbon. They may be caused by changes in bond 
hybridization, i . e . , sp 3 , spS They may be caused by changes in 
tact ic placement within a sequence, i . e . , i so tac t ic , heterotactic, 
syndiotactic, or they may be related to nearest neighbors on a 
chain, as for instance, whether a given carbon of an A monomer 
unit is in a sequence surrounded by A monomer units , Β monomer 
units or both. The changes caused by this last effect, that i s , 
sequence dis t r ibut ion, are the ones of predominant interest in 
this study. It i s by correlation of sequence distribution data 
with process variables and performance characteristics that we 
hope to establish some generally val id guidelines for predicting 
structure/process/property relationships in emulsion polymers. 

EXPERIMENTAL 
The latexes were prepared using a conventional semi-batch 

emulsion polymerization system modified for power-feed by the 
addition of a second monomer tank. Polymerization temperatures 
ranged from 30-85°C using either redox or thermal in i t i a to r s . 
Samples were taken periodically during the polymerization and 
analyzed to determine residual monomer in order to assure a 

"starved-feed" condition. As used in this study this is a con­
di t ion in which monomer feed rate and polymerization rate are 
identical and residual monomer levels are less than 5%. 
1 The 1 3 C NMR spectra were obtained using a Varian FT80A 

H / C spectrometer (20 MHz 1 3 C ) or a JEOL FX 90Q spectrometer 
(22.5 MHz loC). Unless otherwise indicated, the samples were 
analyzed at room temperature using deuterated chloroform, C D C I Q , 
as solvent and hexamethyld i s i1oxane, HMDS, as reference. Sample 
concentrations were 10-20% polymer by weight. 

In order to obtain quantitative data, there must be com­
plete relaxation between pulses. Thus a pulse width of 37.5° was 
employed rather than the fu l l excitation pulse width of 90°. Using 
the shorter pulse width permits immediate repulsing but requires 
somewhat higher numbers of pulses to obtain the same signal-to-
noise ratio (2J. However, our studies indicated that adequate 
signal-to-noise could be obtained in overall shorter times with 
this method as compared to using a 90° pulse width. 

A l l the spectra discussed here were pseudo-white noise 
decoupled to eliminate sp l i t t ing due to spin-spin interactions 
between protons and nuc le i i . 

RESULTS AND DISCUSSION 
Styrene/ethyl acrylate random copolymers were prepared 

with ethyl acrylate contents of 10,25,50,75 and 90% by weight. 
Examination of the 1 3 C NMR spectra of the copolymers reveals that 
the carbonyl carbon of the acrylate ester is a sensitive probe of 
the sequence distr ibution in these copolymers. Figure 2 shows 
the carbonyl carbon resonance region for a sample containing 50% 
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392 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

1 .0 

0 . 2 0 .4 0 . 6 0 . 8 1.0 

ot= t/t f 

Figure 1. Monomer feed profiles for the power feed process ((I) Q ° = 0.90, 
C,0 = 0.10, X = 1.0; (II) C2° = 0.90, C,° = 0.10, X = 0.5; (HI) C2° = 0.90, 

C 2° = 0.10, X = 7.5; (IV) C2° = Cj° = 0.5) 

STY/EA/STY H 

177.0 176.0 175.0 174.0 173.0 

CHEMICAL SHIFT (PPM RELATIVE TO TMS) 

Figure 2. The 13C NMR spectrum of a 50/50—styrene/ethyl acrylate copolymer 
prepared using a conventional uniform monomer feed process 
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24. JOHNSTON ET AL. Car bon-13 NMR Spectroscopy 393 

ethyl acrylate. Based on the five random copolymers, assignments 
have been made for the three major resonance regions observed in 
terms of tr iad sequences indicated in the figure. The essential 
feature is that changes in overall composition of the copolymers 
lead to easily recognizable and qual i ta t ively predictable changes 
in the carbonyl carbon resonance pattern. 

Figures 2, 3 and 4 i l lus t ra te the differences between 
conventional mixed feed, staged and power-feed copolymers whose 
average composition i s 50/50 ethyl acrylate/styrene. In the case 
of the staged polymerization, a l l the ethyl acrylate was fed 
f i r s t followed by the styrene. The power-feed copolymer was pre­
pared with ethyl acrylate l inear ly increasing as a function of 
time, i . e . , χ = 1.0, C£/\ = 0. 

The differences in the three polymerization processes are 
immediately apparent in the spectra. For the conventional co­
polymer, Figure 2, there is a predominance of BAB triads (EA = A). 
The power-feed copolymer appears to have re la t ive ly higher con­
centrations of mixed (AAB = BAA) and homo (AAA) tr iads. In the 
case of the stage polymerization, Figure 3, the carbonyl reso­
nance is essentially identical to that for poly(ethyl acrylate), 
that i s , AAA tr iads. 

One of the factors which can affect the sequence d i s t r i ­
bution of copolymers of this type i s the value of the apparent 
react ivi ty ra t ios , r-j and r2- The fact that these ratios are 
apparent is important since the conversions obtained in these 
polymerizations at any point in time are considerably higher than 
those at which conventional react ivi ty ratio calculations should 
be applicable (16). Nonetheless, under otherwise similar con­
di t ions , changes in the apparent react ivi ty ratios may provide 
some information about the different systems. 

Harwood (17) has described a technique using run number 
theory to calculate react ivi ty ratios based on sequence d i s t r i ­
bution. The run number, R, which characterizes a particular 
copolymer may be calculated as follows: 

R = 2(mole % Α ) ( Ρ β Α Β ) 1 / 2 (5) 
where: 

PBAB = P r o b a b i l i t y o f B A B t r i a d = ( Ρ Αβ) 2 

= fraction of BAB tr iad present in the polymer. 
An equation can be derived which relates run number, and 

feed composition to react ivi ty rat ios: 

^-"·£-(£) 2 ·η" 2 · t 6 ) 

where for the case of starved-feed: A f = % A, B f = % Β as mole 
percent. 
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394 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

E A / E A / E A 

177 .0 1 7 6 . 0 175 .0 174 .0 173 .0 

C h e m i c a l S h i f t (ppm r e l a t i v e to TMS) 

Figure 3. The 13C NMR spectrum of a 50/50—styrene / ethyl acrylate copolymer 
prepared using a staged feed process in which the ethyl acrylate was fed first fol­

lowed by the styrene 

S T Y / E A / E A + 

S T Y / E A / S T Y E A / E A / S T Y E A / E A / E A 

H 

177 .0 176 .0 175 .0 174 .0 173 .0 

C h e m i c a l S h i f t (ppm r e l a t i v e to TMS) 

Figure 4. The 13C NMR spectrum of a 50/50—styrene/ethyl acrylate copolymer 
prepared using a linear power feed profile with ethyl acrylate increasing 0 -» 1.0, 

and styrene decreasing 1.0—> Ο with time 
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24. JOHNSTON ET AL. Carbon-13 NMR Spectroscopy 395 

By using Equation 5 to determine run number values for 
each of our conventional semi-batch copolymers, and then regressing 
the data as 

100 ^ f I ^ f \ 2 

2(-p- ~ Ό * B~~ versus ^ g- J the intercept is r^ and the 

slope is r-j. When monomer 1 is ethyl acrylate and monomer 2 is 
styrene, these data are given in Table I. The expected values for 
r-, and r~ are 0.16 + .04 and 1.01 + .14 respectively (18). The 
agreement is quite good between the apparent react ivi ty ratios 
calculated from run number theory and those reported in the 
1iterature. 

TABLE I 

Run Number and Reactivity Ratios for Conventional Copolymers 

100 ,* A f 1 Κ Λ 1 

Sample 2 ( - ^ - l ) R 

42BRD- %EA(A) %STY(B) ABA R f 

9 9.6 90.4 0.115 61. .3 11.82 87.66 
22 24.3 75.7 0.213 69. .9 2.69 9.70 
23 49.0 51.0 0.525 73. .9 0.74 1.08 
20 89.6 10.4 1.00 20. ,8 0.88 0.01 

r 1 = 0.12 + 0.04 

r 0 = 0.97 + 0.15 

In order to predict sequence distributions based on run 
number theory, some model for the polymerization is necessary. 
Our model for the polymerization consists of two stages. The 
i n i t i a l reaction stage, in which the rate of polymerization is 
slower than the rate of feed and some residual monomer accumulates 
in the reactor, is followed by the second reaction stage during 
which the rate of polymerization is essentially equal to the rate 
of feed. During this stage, the amount of residual monomer re­
mains constant or decreases s l igh t ly . A simple linear power-feed 
system w i l l i l lus t ra te the features of the model. The i n i t i a l 
concentration of ethyl acrylate is 100% in the tank feeding the 
reactor and 0.0% in the second tank. This results in the feed 
profi le shown in Figure 5. Only the f i r s t ten percent of this 
profi le w i l l be used in describing the feed during the f i r s t 
stage. Once the reaction has reached i t s second stage at<X = 0.1 
the monomer feed rate equals the polymerization rate. Now the 
residual monomer pool takes on the function of a third tank. Thus, 
from this point on the equation for a three tank power-feed 
system must be used to describe the feed to the polymerization. 
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396 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

* = t/t f 

Figure 5. Linear power feed profile for a 50/50—styrene/ethyl acrylate copoly­
mer in which ethyl acrylate decreases 1.0 —> 0 and styrene increases 0-^ 1.0 with 

time 

0 0.2 0.4 0.6 0.8 1.0 

ot = t / t f 

Figure 6. Calculated ethyl acrylate-centered triad probabilities as a function of 
conversion for the model copolymer described in Figure 5 ((A) EA-EA-EA; 

(M) EA-EA-STY =STY-EA-EA; (Φ) STY-EA-STY) 
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24. JOHNSTON ET AL. Carbon-13 NMR Spectroscopy 397 

The weight fraction conversion during the i n i t i a l stage, 
0.25 has been selected to create a residual monomer pool approxi­
mately the same size as that observed in the experimental systems. 
During the second stage, however, the amount of monomer being 
converted is identical to that being fed, hence the weight fraction 
conversion during this stage is 1.0. 

A series of computer programs was written to test models 
for predicting sequence distr ibution for the power-feed copolymers. 
The programs consist of: 

• a feed generator - calculates the input feed com­
positions as a function of reaction time, 

t a copolymer generator - calculates the instantaneous 
copolymer and feed compositions at weight fraction 
conversions from the feed generator, 

t a sequence distr ibution generator - calculates the 
instantaneous and cumulative t r iad fractions based 
on the changing feed composition from the copolymer 
generator. 

The feed generator calculations are based on the two-
tank and three-tank power-feed equations. The three tank equation, 
described in the previous paper (7), has the form: 

C l B C 3 + £ z ( C Z - f y [ { } ~ * ) X " 0 + ( C 1 - Φ ( 1 - * ) Χ · ( 7 ) 

w 3 + w 2 

where χ = the f i r s t power exponent = ^ 

W3 
y = the second power exponent = r,— 

w2 
The copolymer generator calculates a series of '•mini-batch" 
copolymerizations and has been described in more detail by Mol au 
(19) and Meyer and Lowry (2£). The sequence distr ibution gener­
ator uses Harwood's (J4) run number approach to calculate t r iad 
functions. 

Table II shows the results of the final t r iad fractions 
calculated using the above model with react ivi ty ratio combi­
nations corresponding to the range represented by the experi­
mentally determined values. 

Example number 4, r, = 0.16, r ? = 0.82, shows the closest 
agreement with the experimentally observed values. A more rigorous 
test of the model is the prediction of the intermediate t r iad 
fractions. Figure 6 i l lus t ra tes the change in t r iad probabil i t ies 
as a function of conversion 
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398 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

TABLE II 
Final Triad Fractions as a Function of Reactivity Ratio 

Example 
No. r r 2 AAA1 

AAB= 
BAA BAB 

1 0. .08 0. .82 .25 .36 .29 
2 0. .08 1. .12 .30 .43 .27 
3 0. .12 0, .97 .30 .40 .30 
4 0. .16 0 .82 .30 .34 .36 
5 0. .16 1. .12 .35 .41 .24 

Experimental -- -- .29 .34 .37 

1) A = ethyl acrylate, Β = styrene 

as predicted by the model. Figure 7 shows the corresponding 
experimental data and Figure 8 shows the relationship between the 
calculated and measured t r iad fractions for a l l intermediate 
samples. The correspondence between the calculated and measured 
triad fractions is within the error of the NMR measurements. The 
same model has been applied to a linear profile in which the ethyl 
acrylate content is r i s ing during the feed. Figure 9 shows the 
relationship between calculated and measured tr iad fractions for 
this case. 

The development of the t r iad fractions as observed by NMR 
during the course of a polymerization of a 75/25 ethyl acrylate 
styrene copolymer is shown in Figure 10. Over the course of the 
feed, the ethyl acrylate content dropped from 100% to 50% l inear ly . 
The increase in styrene containing triads is evident from the NMR 
spectra and is predicted by the model. Figure 11 shows the 
correspondence between calculated and measured tr iad fractions for 
this system. 
CONCLUSIONS 

13 
C nuclear magnetic resonance spectroscopy can be em­

ployed to study changes in copolymer sequence distr ibution brought 
about by differences in monomer feed profi les . Sequence d i s t r i ­
butions characteristic of conventional, staged, and power-feed 
copolymers are easily distinguishable in a model system of the 
type described here. 

A method for calculating apparent react ivi ty ratios based 
on run number theory has been applied to "starved-feed" styrene/ 
ethyl acrylate systems. The react ivi ty ratios found are in 
agreement with those determined from solution polymerization data. 
The further confirmation of the observed agreement between react i ­
vi ty ratios determined at low conversions and those determined by 
run number theory in "starved-feed" high conversion copolymeri-
zation requires the analysis of other comonomer pairs. 
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WEIGHT 

FRACTION 

TRIAD 

0 . 2 0 .4 0 . 6 0 . 8 1.0 

<X = t / t f 

Figure 7. Experimental ethyl acrylate-centered triad probabilities as a junction of 
conversion for the model copolymer described in Figure 5 ((A) EA-EA-EA; f | j 

EA-EA-STY/STY-EA-EA; (Φ) STY-EA-STY) 

π η, ? η.4 η.6 0.8 i . o 

MFASiJPFη TRIAD P R O B A B I L I T I E S 

Figure 8. Correlation of calculated and measured triad fractions from Figures 6 
and 7 (n = 0.16; r, = 0.82; (A) EA-EA-EA; <M> EA-EA-STY = STY-EA-

EA; (Φ) STY-EA-STY) 
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400 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

0 0.2 0.4 0.6 0.8 1.0 

MEASURED TRIAD PROBABILITIES 

Figure 9. Correlation of calculated and measured triad fractions for a model 
50/50—styrene/ethyl acrylate copolymer prepared with a linear power feed profile 
in which ethyl acrylate increases 0 -» 1.0 and styrene decreases 1.0 -» 0 with time 
(Tl = 0.16; r2 = 0.82; (A) EA-EA-EA; f | i EA-EA-STY = STY-EA-EA; 

(Φ) STY-EA-STY) 

ι . 

176 175 PPM (HMDS) 

Figure 10. Development of triad fractions as observed by NMR for a model 
25/75—styrene/ethyl acrylate copolymer prepared with a linear power feed profile 
in which ethyl acrylate decreased 1.0 —> 0.50 and styrene increased 0 -> 0.50 

with time 
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24. JOHNSTON ET AL. Carbon-13 NMR Spectroscopy 401 

Figure 11. Correlation of calculated and measured triad fractions for the model 
copolymer described in Figure 10 (τ, = 0.16; r2 — 0.82; (A) EA-EA-EA; (U) 

EA-EA-STY = STY-EA-EA; (Φ) STY-EA-STY) 
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402 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

A model has been developed in which the polymerization 
is described by two stages; a short first stage in which feed rate 
exceeds polymerization rate, and a second stage in which feed and 
polymerization rates are equal. The model requires the use of an 
additional "monomer tank" to simulate the residual monomer pool 
during this second stage. In addition, equivalent weights of 
monomer are entering and polymerizing during each portion of this 
stage; hence, the conversion is 100%. This model predicts the 
intermediate and final sequence distributions for a number of two-
tank power-feed systems. 

ABSTRACT 
A "model" latex copolymerization system consisting of 

styrene and ethyl acrylate has been studied using 13C nuclear 
magnetic resonance spectroscopy. Conventional semi-batch co­
polymers at five monomer ratios, a staged equimolar copolymer, 
and sequential, or "power-feed", copolymers of equimolar average 
composition have been prepared. Sequence distribution measure­
ments for these samples using 13C NMR spectroscopy clearly show 
differences arising from the use of different process designs. 

Triad sequence assignments have been made for ethyl acrylate­
-centered triads. Apparent reactivity ratios have been calculated 

for the semi-batch copolymers using run number theory. A model 
has been developed to describe the power-feed systems and predict 
the triad distributions in the incremental and final copolymer using 
the experimentally determined r1 and r2 values. 
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25 
Morphology of Two-Stage Latex Particles 
Polystyrene and Styrene-Butadiene Copolymer Pair Systems 

D. I. LEE 
Designed Latexes & Resins, Michigan Division, Dow Chemical Company, 
Midland, MI 48640 

Staged emulsion polymerization produces heterogeneous struc­
tured latexes which exhibit a wide variety of properties depend­
ing on their particle morphology. It is thus extremely important 
for the design of structured latex products to understand the 
factors controlling the particle morphology. In addition to this 
technological importance, a better understanding on the morpho­
logical aspect of latex particles may shed some light on the 
mechanism of emulsion polymerization as well as polymer mixing 
on a microscopic scale. 

Williams and his co-workers (1-9) proposed a core-shell 
morphology for two-stage emulsion polymerization, based on a 
monomer-rich shell model. Gardon (10, 11) argued against a 
monomer-rich shell model, and suggested the possibility of surface 
polymerization due to the fast diffusion of monomer molecules. 
Napper (12) also argued against a monomer-rich shell on the basis 
of diffusion theory, but explained the core-shell formation by 
means of the surface-active oligomeric radicals in the absence of 
chain transfer activity. They all agreed on the possibility of 
surface polymerization, but the question remained whether surface 
polymerization alone would be sufficient for a core-shell morpho­
logy in two-stage emulsion polymerization over a wide range of 
variations in polymerization conditions, polymer compatibility, 
etc. 

In this study, the morphology of two-stage (styrene//styrene­
-butadiene) latex particles was investigated as a function of 

polymer phase ratio (stage ratio), molecular weights (chain 
transfer agent level), polymer compatibility (butadiene level in 
S-B copolymers), polymerization sequence (polystyrene first and 
S-B copolymer second or vice versa), and polymerization conditions 
(flooded or starved, polymerization temperature, etc.). This 
paper describes the preparation of two-stage latex samples and 
the morphological characterization of their particles by electron 
microscopy. 

0097-6156/81/0165-0405$05.00/0 
© 1981 American Chemical Society 
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406 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

E x p e r i m e n t a l 

M a t e r i a l s . S t y r e n e and but a d i e n e monomers were p o l y m e r i z a ­
t i o n grade, a v a i l a b l e from Dow Chemical Company. A c r y l i c a c i d 
was a t e c h n i c a l grade monomer from Dow B a d i s c h e . The p o l y m e r i z a ­
t i o n s u r f a c t a n t was sodium d o d e c y l d i p h e n y l o x i d e s u l f o n a t e 
a v a i l a b l e from Dow. The p o l y m e r i z a t i o n i n i t i a t o r was sodium 
p e r s u l f a t e , and bromoform and carbon t e t r a c h l o r i d e t he c h a i n 
t r a n s f e r a g e n t s . 

P r e p a r a t i o n of L a t e x Samples. Two-stage l a t e x samples were 
prepared by emulsion p o l y m e r i z a t i o n of t h e second-stage monomer 
mix i n the presence of the f i r s t - s t a g e polymer l a t e x . The f i r s t -
s t a g e l a t e x e s were e i t h e r i n - s i t u o r s e p a r a t e l y made u s i n g an 
e x t e r n a l l y prepared p o l y s t y r e n e l a t e x seed. The mode of polymer­
i z a t i o n was a semi-continuous p r o c e s s f o r both s t a g e s . 

A s e r i e s of l a t e x samples w i t h v a r y i n g s t a g e r a t i o s (LS-1 to 
LS-4) was prepared a t 90°C by emulsion p o l y m e r i z i n g s t y r e n e and 
bu t a d i e n e monomer mixes (S/B/AA/CHBr3: 59/40/1/0.5) i n the p r e ­
sence of p o l y s t y r e n e l a t e x (S/AA: 99/1). A c r y l i c a c i d (AA) was 
used f o r l a t e x s t a b i l i t y . The stage r a t i o s v a r i e d from 40/60 to 
10/90. Both s t a g e monomer mixes were c o n t i n u o u s l y added over 
4 hours, r e s p e c t i v e l y , based on 100 p a r t s monomer mix. One-hour 
cook-down was p r o v i d e d between the s t a g e s , r e g a r d l e s s of t h e stage 
r a t i o v a r i a t i o n . The aqueous mix c o n t a i n i n g sodium p e r s u l f a t e 
(0.7 p a r t s ) , sodium d o d e c y l d i p h e n y l o x i d e s u l f o n a t e (1 p a r t ) , and 
sodium h y d r o x i d e (0.05 p a r t ) was c o n t i n u o u s l y added over 6 1/2 
hours w i t h o u t any i n t e r r u p t i o n between the s t a g e s . The f i n a l 
p a r t i c l e s i z e s were 1500 A and the f i n a l polymer s o l i d s were 
about 47%. 

Two l a t e x samples (LS-5 and LS-6) were prepared i n the same 
manner as d e s c r i b e d above except t h a t 5 p a r t s of carbon t e t r a ­
c h l o r i d e were added i n bot h the f i r s t and second stage monomer 
mixes, based on 100 p a r t s monomer mix. The sta g e r a t i o s were 
50/50 and 20/80, r e s p e c t i v e l y . 

A s e r i e s of l a t e x samples w i t h v a r y i n g S/B r a t i o s i n t h e 
second stage (LS-7, LS-8 and LS-9) was prepared a t 90°C, u s i n g 
an e x t e r n a l l y prepared p o l y s t y r e n e l a t e x of 1350 A. The 
second-stage S/B r a t i o s were 70/30, 90/10, and 95/5, r e s p e c t i v e l y . 
The stage r a t i o was 20/80. N e i t h e r v i n y l a c i d nor c h a i n t r a n s f e r 
agent was used. 

Two l a t e x samples (LS-10 and LS-11) were prepared by s w i t c h ­
i n g the o r d e r of monomer a d d i t i o n between a s t y r e n e mix (S/AA: 
98/2) and a h i g h b u t a d i e n e mix (S/B/AA: 28/70/2) a t the sta g e 
r a t i o of 50/50. The p o l y m e r i z a t i o n temperature was 80°C d u r i n g 
the c o n t i n u o u s a d d i t i o n o f monomer mixes and then r a i s e d to 100°C 
f o r one-hour cook-down. 

A l l the l a t e x samples a r e l i s t e d i n Table I . 
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25. LEE Morphology of Two-Stage Latex Particles 407 

Table I . 

The L i s t of La t e x Samples 

L a t e x 
Samples 

Compositions 
1 s t Stage 2nd Stage 

Stage R a t i o s 
1 s t Stage/2nd Stage 

LS-1 99S/1AA 59S/40B/1AA/0.5 CHBr3 40/60 

LS-2 99S/1AA 59S/40B/1AA/0.5 CHBr3 30/70 

LS-3 99S/1AA 59S/40B/1AA/0.5 CHBr3 20/80 

LS-4 99S/1AA 59S/40B/1AA/0.5 CHBr3 10/90 

LS-5 100S/5 C C U 60S/40B/5 C C U 50/50 

LS-6 100S/5 C C U 60S/40B/5 C C U 20/80 

LS-7 100S 70S/30B 20/80 

LS-8 100S 90S/10B 20/80 

LS-9 100S 95S/5B 20/80 

LS-10 98S/2AA 28S/70B/2AA 50/50 

LS-11 28S/70B/2AA 98S/2AA 50/50 

S = S t y r e n e , Β = But a d i e n e , AA = A c r y l i c A c i d 
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408 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

E l e c t r o n M i c r o s c o p y . For m o r p h o l o g i c a l c h a r a c t e r i z a t i o n 
e l e c t r o n m icroscopy was e x t e n s i v e l y used i n c o n j u n c t i o n w i t h the 
osmium t e t r a o x i d e s t a i n i n g method. 

R e s u l t s 

F i g u r e s 1A and 1A* a r e the t r a n s m i s s i o n e l e c t r o n micrographs 
a t 0s0i+-stained two-stage ( s t y r e n e / / s t y r e n e - b u t a d i e n e ) l a t e x 
p a r t i c l e s a t the stage r a t i o of 40/60 (LS-1) and t h e i r u l t r a -
t h i n c r o s s - s e c t i o n s , r e s p e c t i v e l y . I t i s c l e a r from the m i c r o ­
graphs t h a t when s t y r e n e and b u t a d i e n e monomers were p o l y m e r i z e d 
i n t h e presence of p o l y s t y r e n e l a t e x p a r t i c l e s , the second-stage 
S-B copolymer phase-separated as microdomains w i t h i n the f i r s t -
s t age p o l y s t y r e n e phase. F i g u r e s IB and I B 1 show 0 s 0 i * - s t a i n e d 
two-stage l a t e x p a r t i c l e s a t the stage r a t i o of 30/70 (LS-2) and 
t h e i r u l t r a - t h i n c r o s s - s e c t i o n s , r e s p e c t i v e l y . At t h i s s tage 
r a t i o , t h e second-stage S-B copolymers a r e s t i l l d i s p e r s e d i n the 
p o l y s t y r e n e phase, however, some p a r t i c l e s appear to be made up of 
two c o n t i n u o u s p o l y s t y r e n e and S-B copolymer phases. F i g u r e 1C 
shows OsOi+-stained two-stage l a t e x p a r t i c l e s a t the stage r a t i o of 
20/80 ( L S - 3 ) . At t h i s s t a g e r a t i o , the second-stage S-B copolymer 
became a c o n t i n u o u s phase. T h i s suggests t h a t phase i n v e r s i o n 
took p l a c e between t h e stage r a t i o s of 30/70 and 20/80. I t i s i n ­
t e r e s t i n g to note t h a t t h i s phase i n v e r s i o n may have been a r e s u l t 
of the c l o s e p a c k i n g of S-B copolymer microdomains. F i g u r e ID i s 
the t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h of OsOtt-stained two-stage 
l a t e x p a r t i c l e s a t the stage r a t i o of 10/90 (LS-4) . T h i s m i c r o ­
graph c l e a r l y shows an o f f - c e n t e r e d p o l y s t y r e n e phase e n c a p s u l a t e d 
w i t h the S-B copolymer. 

F i g u r e 2A shows the u l t r a - t h i n c r o s s - s e c t i o n s of OsOit-stained 
two-stage ( s t y r e n e / / s t y r e n e - b u t a d i e n e ) l a t e x p a r t i c l e s a t the 
stage r a t i o of 50/50 ( L S - 5 ) . F i g u r e 2B i s the u l t r a - t h i n c r o s s -
s e c t i o n of OsO^-stained l a t e x f i l m made from LS-6 ( s t a g e r a t i o = 
20/80). U n l i k e the micro-phase s e p a r a t i o n s t r u c t u r e shown i n 
F i g u r e s 1A and 1A 1, these two-stage l a t e x p a r t i c l e s prepared w i t h 
h i g h l e v e l s of carbon t e t r a c h l o r i d e a r e composed of two d i s t i n c t 
polymer phases, s u g g e s t i n g a complete phase s e p a r a t i o n due to t h e 
h i g h e r m o b i l i t i e s of polymer m o l e c u l e s i n v o l v e d . F i g u r e 2A shows 
a h e m i s p h e r i c a l s t r u c t u r e a t t h e e q u a l s t a g e r a t i o . F i g u r e 2B 
suggests t h a t as the amount of the second-stage S-B copolymer i n ­
c r e a s e d above the equal stage r a t i o , the S-B copolymer began to 
e n c a p s u l a t e the f i r s t - s t a g e p o l y s t y r e n e , r e s u l t i n g i n an o f f -
c e n t e r e d p o l y s t y r e n e phase i n the c o n t i n u o u s S-B copolymer phase. 

F i g u r e s 3A, 3B, and 3C show the u l t r a - t h i n c r o s s - s e c t i o n s of 
0s0i+-stained two-stage ( s t y r e n e / / s t y r e n e - b u t a d i e n e ) l a t e x p a r t i c l e s 
a t the stage r a t i o of 20/80, whose S/B r a t i o s i n the second stage 
are 70/30 ( L S - 7 ) , 90/10 ( L S - 8 ) , and 95/5 ( L S - 9 ) , r e s p e c t i v e l y . I t 
can be seen from the micrographs t h a t the s i z e of p o l y s t y r e n e 
phase domains decreases w i t h d e c r e a s i n g b u t a d i e n e l e v e l i n the 
second-stage S-B copolymers and becomes so s m a l l a t the S/B r a t i o 
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25. LEE Morphology of Two-Stage Latex Particles 409 

Figure 1. Transmission electron micrographs of OsOk-stained two-stage (S//S-B) 
latex particles (A, B, C, and D) and their ultrathin cross sections (A' and B') show­
ing the effect of stage ratio on morphology ((A and A' 40/60 (LS-1); (B and B') 

30/70 (LS-2); (C) 20/80 (LS-3; and (D) 10/90 (LS-4)) 
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410 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 2. Ultrathin cross sections of OsOrstained two-stage (S//S-B) latex par­
ticles at the stage ratios of 50/50 and 20/80, respectively, snowing the effect of 

molecular weight ((A ) LS-5, (B) LS-6) 

Figure 3. Ultrathin cross sections of ΟsO^-stained two-stage (S//S-B) latex 
particles at the stage ratio of 20/80 showing the effect of polymer compatibility 
((A) 30 parts butadiene (LS-7); (B) 10 parts butadiene (LS-8); and (C) 5 parts 

butadiene (LS-9))  P
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25. LEE Morphology of Two-Stage Latex Particles 411 

of 95/5 t h a t phase s e p a r a t i o n i s no l o n g e r d i s c e r n a b l e by the p r e ­
sent e l e c t r o n m icroscopy method. 

F i g u r e s 4A and 4B a r e the u l t r a - t h i n c r o s s - s e c t i o n s of OsOi+-
s t a i n e d two-stage ( s t y r e n e / / s t y r e n e - b u t a d i e n e ) and ( s t y r e n e -
b u t a d i e n e / / s t y r e n e ) l a t e x p a r t i c l e s a t the stage r a t i o of 50/50 
(LS-10 and LS-11), r e s p e c t i v e l y . L a t e x samples were mixed w i t h 
a p o l y m e r i z a b l e monomer mix of b u t y l and methyl m e t h a c r y l a t e s , 
c u r e d , and microtomed f o r e x a m i n a t i o n . F i g u r e 4A shows p a r t i c l e 
c r o s s - s e c t i o n s much s m a l l e r than the a c t u a l p a r t i c l e s i z e of LS-10. 
I t appears t h a t s i n c e the embedding monomer s o l u t i o n was a s o l v e n t 
f o r p o l y s t y r e n e , the c o n t i n u o u s p o l y s t y r e n e phase was d i s s o l v e d 
and s m a l l S/B copolymer microdomains were l e f t b e h i nd. T h i s i s 
f u r t h e r evidence t h a t the second-stage S-B copolymers phase-
se p a r a t e d as microdomains w i t h i n the f i r s t - s t a g e p o l y s t y r e n e 
phase, as shown i n F i g u r e s 1A and 1A !. F i g u r e 4B shows somewhat 
s w o l l e n and deformed p a r t i c l e c r o s s - s e c t i o n s , s u g g e s t i n g t h a t t he 
f i r s t - s t a g e c r o s s - l i n k e d S-B copolymers were a co n t i n u o u s phase. 
Indeed, the former (LS-10) behaved l i k e a hard l a t e x , but the 
l a t t e r (LS-11) behaved l i k e a s o f t l a t e x . 

The morphology of two-stage l a t e x p a r t i c l e s was g r e a t l y 
a f f e c t e d by v a r i a t i o n s i n p o l y m e r i z a t i o n c o n d i t i o n s : e.g., b a t c h 
v s . s e m i - c o n t i n u o u s , f l o o d e d v s . s t a r v e d , low v s . h i g h p o l y m e r i z a ­
t i o n temperature, e t c . Two-phase s t r u c t u r e s of two-stage l a t e x 
p a r t i c l e s r e a r r a n g e toward a more s t a b l e s t a t e ( i . e . , c o a r s e n i n g 
or i n t e r m i x i n g ) , i f the p o l y m e r i z i n g p a r t i c l e s a r e f l u i d . Such 
rearrangement was found to be a c c e l e r a t e d by a h i g h temperature, 
f l o o d e d p o l y m e r i z a t i o n . C o n v e r s e l y , a low temperature, s t a r v e d 
p o l y m e r i z a t i o n i m m o b i l i z e d two-phase s t r u c t u r e s d u r i n g t h e 
p o l y m e r i z a t i o n p r o c e s s , l e a d i n g to a c o r e - s h e l l morphology. 

D i s c u s s i o n 

A c o r e - s h e l l morphology was r e p o r t e d f o r two-stage combina­
t i o n s o f modera t e l y c o m p a t i b l e polymers: ΡMA and PMMA ( 1 3 ) , and 
PEA and PMMA ( 1 4 ) . In a d d i t i o n , i t was found t h a t hydrophobic 
l a t e x p a r t i c l e s were e a s i l y e n c a p s u l a t e d w i t h h y d r o p h i l i c polymers 
(14, 15). These o b s e r v a t i o n s , a l o n g w i t h the k i n e t i c e v i d e n c e 
( 1 6 ) , support t h e f a c t t h a t p a r t i c l e s u r f a c e i s a main l o c u s o f 
emulsion p o l y m e r i z a t i o n and t h i s s u r f a c e p o l y m e r i z a t i o n may l e a d 
to a c o r e - s h e l l s t r u c t u r e f o r two-stage emulsion p o l y m e r i z a t i o n , 
i f t h e r e i s l i t t l e or no interpénétration. On the o t h e r hand, our 
c u r r e n t study shows t h a t i n the case of i n c o m p a t i b l e p o l y s t y r e n e 
and S-B copolymers, the second-stage polymer forms a d i s p e r s e 
phase w i t h i n the f i r s t - s t a g e polymer p a r t i c l e , d e s p i t e s u r f a c e 
p o l y m e r i z a t i o n . Matsumoto e t . a l . (17) a l s o r e p o r t e d a m i c r o -
phase s e p a r a t i o n of the second-stage p o l y s t y r e n e i n the f i r s t -
s t a g e p o l y e t h y l a c r y l a t e p a r t i c l e . S p e r l i n g e t . a l . (18, 19) 
s t u d i e d the dynamic m e c h a n i c a l b e h a v i o r s of two-stage l a t e x 
i n t e r p e n e t r a t i n g networks and observed a s h e l l - c o r e phase 
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412 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 4. Ultrathin cross sections of OsOrstained two-stage (S//S-B) and (S-B// 
S) latex particles at the stage ratio of 50/50, respectively, embedded in a polymeriz-
able mix of butyl and methyl methacrylates ((A) LS-10, (B) LS-11 (reverse of 

LS-10)) 
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25. LEE Morphology of Two-Stage Latex Particles 413 

s e p a r a t i o n , i n a d d i t i o n t o a micro-phase s e p a r a t i o n of th e second-
stage polymer i n the c o r e . A l l these o b s e r v a t i o n s o b v i o u s l y sug­
g e s t t h a t the morphology of two-stage l a t e x p a r t i c l e s depends not 
o n l y on s u r f a c e p o l y m e r i z a t i o n , but a l s o the k i n e t i c and thermo­
dynamic a s p e c t s of p o l y m e r i z i n g l a t e x systems. W i t h these 
f i n d i n g s i n mind, we can not o n l y p r e d i c t a. p r i o r i the morphology 
of two-stage l a t e x p a r t i c l e s from the knowledge of p o l y m e r i z a t i o n 
systems, but a l s o c o n t r o l t h e i r morphology. 

Summary 

The morphology of two-stage ( s t y r e n e / / s t y r e n e - b u t a d i e n e ) and 
( s t y r e n e - b u t a d i e n e / / s t y r e n e ) l a t e x p a r t i c l e s was found to v a r y 
from a c o r e - s h e l l s t r u c t u r e to a complete phase s e p a r a t i o n w i t h 
v a r i o u s two-phase s t r u c t u r e s i n between, depending on p o l y m e r i z a ­
t i o n sequence, p o l y m e r i z a t i o n c o n d i t i o n s , polymer c o m p a t i b i l i t y , 
m o l e c u l a r w e i g h t s , polymer phase r a t i o , e t c . 

Acknowledgement 

The a u t h o r would l i k e t o thank Ε. B. B r a d f o r d , R. A. W i t h e r s , 
and J . C o t t e r f o r t h e i r c o n t r i b u t i o n s i n e l e c t r o n m i c r o s c o p y , 
R. A. W i l l e n c y f o r h i s c o n t r i b u t i o n of Mi c r o g r a p h s 4A and 4B and 
E. F. Stevens f o r h i s a s s i s t a n c e i n the e x p e r i m e n t a l work. 

Abstract 

The morphology of two-stage (styrene//styrene-butadiene) 
latex particles was studied with respect to variations in stage 
ratio, molecular weights, styrene-butadiene (S-B) copolymer 
composition, polymerization sequence, and polymerization 
conditions. The morphological features observed were mainly 
structures resulting from phase separation rather than the core­
shell morphology expected from surface polymerization with no 
interpenetration. At intermediate chain transfer agent (CTA) 
levels in the second-stage polymer phase-separated as micro­
domains within the first-stage polymer particles, then underwent 
phase inversion to become a continuous phase as the amount of the 
second-stage polymer increased. At high CTA levels, polymers were 
completely separated, resulting in a hemispherical morphology at 
the equal stage ratio. Upon further increase in the amount of the 
second-stage polymer, asymmetric encapsulation occurred. Phase 
domain sizes decreased with decreasing butadiene in the S-B 
copolymers, as expected from better compatibility. This study 
strongly suggests that the morphology of two-stage latex 
particles greatly depends on the thermodynamic nature of polymeriz­
ing latex systems, polymerization conditions, and the order of 
polymerization. 
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26 
New Design for Producing Constant-Composition 
Copolymers in Emulsion Polymerization 
Comparison with Other Processes 

A. GUYOT, J. GUILLOT, C. PICHOT, and L. RIOS GUERRERO1 

CNRS—Laboratoire des Matériaux Organiques, 
BP 24 - 69390 VERNAISON, France 

Except in very special cases (azeotropic copolymerizations), 
copolymerization via radical mechanism shows a drift in the compo­
sition of the copolymers produced through the polymerization pro­
cess. Emulsion copolymerization obeys this rule too, although the 
special features of its mechanism can change the drift process. The 
most common way to obviate that composition drift is to use the 
semi-continuous process where, after polymerization has been ini­
tiated with a small percent of the total charge (say 10 to 20 %) 
like in the batch process, most of the charge is added continuous­
ly at a much smaller rate (Ra) than the rate (Rp) at the end of the 
batch period, so that the added charge is polymerized quite instan­
taneously (1, 2). Then,the composition drift is limited to the ini­
tial period and most of the product does possess actually a cons­
tant composition. 

In this paper we would like to describe a new design, based 
on gas chromatographic analysis of the monomer mixture, for produc­
tion of constant composition copolymers and its application to emul­
sion copolymerization. This design was already shortly described 
and applied to solution copolymerization (3) of methylmethacrylate 
and vinylidene chloride. Since then, the apparatus was made more 
simple, more reliable and more accurate. It is actually monitored 
by an analogic computering system which keeps the ratio of the mono­
mers constant by controlling the addition of one of them. The pro­
cess based on it can be called "corrected batch process" because 
the initial value of this ratio is kept up to the end. 

1 Current address : Universidad Autonoma Nacional de México 
MEXICO 20 D.F. 

0097-6156/81/0165-0415$05.50/0 
© 1981 American Chemical Society 
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416 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

We w i l l d e s c r i b e i t s use f o r c o n t r o l l i n g the s t y r e n e - a c r y l o n i -
t r i l e e mulsion c o p o l y m e r i z a t i o n system. R e s u l t s c o n c e r n i n g copolymer 
c o m p o s i t i o n s , m o l e c u l a r c h a r a c t e r i s t i c s and p a r t i c l e s i z e s w i l l be 
compared t o the c o r r e s p o n d i n g ones from b a t c h o r semi-continuous 
p r o c e s s e s . 

D e s c r i p t i o n of the apparatus 

B a s i c a l l y , samples o f t h e r e a c t i o n medium are i n j e c t e d a t r e ­
g u l a r time i n t e r v a l s i n a GC apparatus ; s i g n a l s from two ( o r more) 
comonomers are compared and a d i f f e r e n t i a l s i g n a l i s used t o moni­
t o r a m e t e r i n g system f o r i n t r o d u c i n g the monomer which i s consumed 
more r a p i d l y . 

A scheme i s p r e s e n t e d i n F i g u r e 1. 
From the r e a c t o r , the r e a c t i o n medium i s c o n t i n u o u s l y c i r c u ­

l a t e d i n a s m a l l t u b i n g u s i n g a pump. I n the c i r c u i t , an i n j e c t i o n 
v a l v e i s i n s e r t e d , which i s worked by compressed a i r v i a an e l e c t r o -
v a l v e governed by a t i m e r , so t h a t a g i v e n amount of the r e a c t i o n 
medium, s t o r e d i n a lo o p o f the i n j e c t i o n v a l v e i s i n j e c t e d i n t o 
the GC app a r a t u s . Because of f l c c c u l a t i o n problems, due t o mechani­
c a l s t r e s s , o c c u r i n g i n the pump, i n j e c t i o n v a l v e o r t u b i n g , the 
s o l i d c o n t e n t s of the r e a c t i o n medium must be l i m i t e d t o about 30 %. 
The s i g n a l from the GC apparatus ( w i t h flame i o n i z a t i o n d e t e c t o r ) 
i s t r e a t e d by an e l e c t r o n i c i n t e g r a t o r w i t h m i c r o p r o c e s s o r based 
c a l c u l a t o r (LTT-ICAP 10) which g i v e s a d i f f e r e n t i a l s i g n a l from a 
r e f e r e n c e one. A s p e c i a l e l e c t r o n i c i n t e r f a c e has been de s i g n e d , 
which a l l o w s t h i s d i f f e r e n t i a l s i g n a l t o govern the r a t e of a d d i ­
t i o n of one of the monomers t o the r e a c t o r by a m e t e r i n g b u r e t t e 
( T a c u s s e l - E l e c t r o b u r e x EBX 2 ) . The v a r i a t i o n o f the a d d i t i o n r a t e 
tends t o make n u l l t he d i f f e r e n t i a l s i g n a l . The time e l a p s e d b e t ­
ween two s u c c e s s i v e o r d e r s i s dependent on the time n e c e s s a r y f o r 
GC a n a l y s i s (a few m i n u t e s ) . 

S t y r e n e - a c r y l o n i t r i l e c o p o l y m e r i z a t i o n - R e s u l t s 
P r e v i o u s k i n e t i c study of emu l s i o n c o p o l y m e r i z a t i o n of s t y r e ­

ne (S) and a c r y l o n i t r i l e (AN) l e a d s us t o determine (4) the r e a c ­
t i v i t y r a t i o s as : 

r S = ° - A A r A N = 0 - 1 0 

u s i n g the Kelen-Tiidos method ( 5 ) . 
These v a l u e s show t h a t t h e r e w i l l be a l a r g e c o m p o s i t i o n d r i f t 

i n a wide range of c o m p o s i t i o n o f the monomer f e e d , where the s t y ­
rene consumption w i l l be h i g h e r than t h a t of a c r y l o n i t r i l e . Expe­
ri m e n t s have been c a r r i e d out t o o b t a i n a copolymer w i t h 46 mole % 
of s t y r e n e u n i t s . U s i n g the e l e c t r o n i c computering system designed 
t o o b t a i n c o n s t a n t c o m p o s i t i o n copolymers, j u s t d e s c r i b e d above, 
the copolymers were found t o be r i c h e r i n s t y r e n e (Table 1 ) . The 
e f f e c t seems not t o be r e l a t e d t o the s t i r r i n g r a t e ( i f i t i s h i g h 
enough) and then i t i s not a d i f f u s i o n e f f e c t . The r e s u l t s at f i n a l 
c o n v e r s i o n , o b t a i n e d from gas chromatographic a n a l y s i s of the 
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26. GUYOT ET AL. Constant-Composition Copolymers All 

r e s i d u a l monomer m i x t u r e , show t h a t the s t y r e n e enrichment i n c r e a s e s 
w i t h c o n v e r s i o n . 

Table 1 - A c r y l o n i t r i l e ( A N ) - S t y r e n e ( S ) c o p o l y m e r i z a t i o n w i t h the 
" c o r r e c t e d b a t c h p r o c e s s " - E f f e c t o f s t i r r i n g r a t e 

S t i r r i n g r a t e 
rpm 

F i n a l c o n v e r s i o n 
Average 

C a l c u l a t e d 
AN I S 

a} 
Com p o s i t i o n 
E x p e r i m e n t a l 
AN I S 

200 
275 
400 
500 
850 

45 
38 
57 
65 
62 

54 
54 
54 
54 
54 

46 
46 
46 
46 
46 

52 
47 
44 
42 
46 

48 
53 
56 
58 
54 

i n i t i a l charge : water : 600 ml ; AN : 0.8 moles ; S : 0.2 moles 
K2 S2°8 : 1 0 m g ; C 1 2 H 2 5 S H : 4 4 5 m g ; 

sodium l a u r y l s u l f a t e : 2 g ; temperature : 50° C 
c a l c u l a t e d v a l u e s from the r e a c t i v i t y r a t i o s 

E x p l a n a t i o n may be r e l a t e d t o the h e t e r o g e n e i t y of the r e a c ­
t i o n medium ; p o l y m e r i z a t i o n l o c a t i o n i s m o s t l y l i m i t e d t o w i t h i n 
t h e polymer p a r t i c l e s , so the copolymer c o m p o s i t i o n i s dependent 
on t h e c o m p o s i t i o n of the monomer m i x t u r e i n s i d e the p a r t i c l e s , 
which may be d i f f e r e n t from t h a t o f the whole r e a c t o r , m o n i t o r e d 
by the a p p a r a t u s . So, c o m p o s i t i o n s of v a r i o u s phases, monomer drop­
l e t s , polymer p a r t i c l e s , aqueous phase, were measured u s i n g gas 
chromatographic (GC) a n a l y s i s , a f t e r they were s e p a r a t e d by u l t r a -
c e n t r i f u g a t i o n (33,000 rpm). 

The f o l l o w i n g experiments were c a r r i e d out a t 50° C, 250 rpm, 
keeping c o n s t a n t the i n i t i a l AN/S r a t i o o f 4, and the same i n i t i a ­
t o r system ( K 2 S 2 0 8 : 10 mg ; C ^ H ^ S H : 445 mg i n 600 ml H 2 0 ) . 

A f i r s t s e t o f experiments was c a r r i e d out i n b a t c h , v a r y i n g 
e i t h e r t h e amount of e m u l s i f i e r , sodium l a u r y l s u l f a t e (SDS) from 
2 t o 8 g, o r the amount o f monomers from 1 t o 2.7 moles (X = AN/S 
be i n g kept c o n s t a n t at 4 ) . 

T y p i c a l c o n v e r s i o n c u r v e s are shown i n F i g u r e 2. T h e i r shapes 
are as expected. As expected t o o , p o l y m e r i z a t i o n r a t e i n c r e a s e s w i t h 
i n c r e a s i n g e m u l s i f i e r c o n c e n t r a t i o n ( a l t h o u g h the exponent of the 
c o n c e n t r a t i o n law i s 0.74), but t h e l i m i t i n g c o n v e r s i o n s u r p r i s i n g ­
l y d e c reases w i t h i n c r e a s i n g e m u l s i f i e r c o n c e n t r a t i o n . On the o t h e r 
hand, as shown i n t a b l e IT, h i g h e r f i n a l c o n v e r s i o n may be reached 
i f t he i n i t i a l monomer amount i s l a r g e r . At the same t i m e , i t can 
be seen t h a t the f i n a l amount o f a c r y l o n i t r i l e i n the water phase 
remains q u i t e l a r g e at comparable v a l u e s . I n the s e experiments t o o , 
t h e i n i t i a l conpolymer c o m p o s i t i o n i s not v e r y d i f f e r e n t from the 
c a l c u l a t e d one u s i n g the above mentioned r e a c t i v i t y r a t i o s . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
02

6



418 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 1. General scheme of the apparatus: (1) magnetically stirred reactor; (2) 
circulation path for sampling of the reaction mixture; (3) automatic injection device 
(1-2 μ-L); (4) gas chromatograph; (5) recorder; (6) electronic integrator + interface 

+ timer; (7) monitor reagent addition system; (8, 9) additional sensors 
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420 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

A f t e r s e p a r a t i o n of the phases through u l t r a c e n t r i f u g a t i o n , 
the amount of each monomer i n the v a r i o u s phases can be o b t a i n e d . 
T y p i c a l r e s u l t s a r e g i v e n i n f i g u r e 3 f o r run ?2 w i - t n 4 g SDS. 

In these e x p e r i m e n t s , monomer d r o p l e t s d i s a p p e a r a f t e r about 
25 % c o n v e r s i o n . Monomer amounts i n the p a r t i c l e s i n c r e a s e t o a ma­
ximum around the p o i n t where d r o p l e t s d i s a p p e a r , and then decrease. 

But, as shown i n f i g u r e 4, c o m p o s i t i o n of the monomer m i x t u r e 
i n the p a r t i c l e s does not change v e r y much when d r o p l e t s are s t i l l 
p r e s e n t . A f t e r t h a t p o i n t , however, the c o m p o s i t i o n d r i f t i s v e r y 
l a r g e , a l t h o u g h s t y r e n e remains p r e f e r e n t i a l l y i n the p a r t i c l e s . 

A l a r g e amount of a c r y l o n i t r i l e always remains i n the water 
phase. The s t y r e n e content i n the water phase i s v e r y much lower , 
i t decreases c o n t i n u o u s l y , and f i n a l l y v a n i s h e s . At t h a t p o i n t , 
the c o n v e r s i o n p r a c t i c a l l y s t o p s . 

The i n i t i a l copolymer c o m p o s i t i o n corresponds w e l l t o r e a c t i ­
v i t y r a t i o s measured (6, 7) from b u l k o r s o l u t i o n c o p o l y m e r i z a t i o n 
( r A J , =0.13 ; r g = 0.34) T a k i n g i n t o account not the whole monomer 
f e e d , but i t s c o m p o s i t i o n w i t h i n p a r t i c l e s . So, the i n i t i a l c o p o l y ­
mer c o m p o s i t i o n i s p r a c t i c a l l y kept c o n s t a n t as l o n g as d r o p l e t s 
remain. A f t e r t h e i r d i s a p p e a r a n c e , the p o l y m e r i z a t i o n r a t e remains 
c o n s t a n t up t o about 50 % c o n v e r s i o n . 

As shown i n f i g u r e 5, the average c o m p o s i t i o n s , u s i n g " s o l u ­
t i o n 1 1 r e a c t i v i t y r a t i o s (0.13 and 0.34) and t a k i n g i n t o account 
monomer c o n t e n t s w i t h i n p a r t i c l e s ( c u r v es 1 and 2 ) , c o r r e s p o n d w e l l 
to e x p e r i m e n t s , and are q u i t e d i f f e r e n t from the ones c a l c u l a t e d 
from "emulsion r e a c t i v i t y r a t i o s " (0.1 and 0.44)(curves 5 and 6 ) . 
As shown by the d o t t e d l i n e s (3 and 4) i n s t a n t a n e o u s c o m p o s i t i o n s 
b e g i n t o change d r a s t i c a l l y a f t e r the d r o p l e t d i s a p p e a r a n c e . 

The monomer volume f r a c t i o n i n the p a r t i c l e s (φ) ( F i g u r e 6) 
remains r e l a t i v e l y c o n s t a n t i f d r o p l e t s are pres e n t and decreases 
t o z e r o a t the l i m i t i n g c o n v e r s i o n , so t h e r e f o r e i t can be c o n c l u ­
ded t h a t s t y r e n e i s p r e f e r e n t i a l l y absorbed w i t h i n the p a r t i c l e s 
and a l l o w s a p a r t of a c r y l o n i t r i l e t o be absorbed t o o . When s t y ­
rene has been t o t a l l y consumed, no more a c r y l o n i t r i l e can be ab s o r ­
bed and p o l y m e r i z e d . At the l i m i t i n g c o n v e r s i o n , t he amount o f 
a c r y l o n i t r i l e i n the water phase i s not v e r y d i f f e r e n t from the 
i n i t i a l one. The monomer volume f r a c t i o n i n the p a r t i c l e s , d e c r e a ­
s i n g a f t e r d r o p l e t s have d i s a p p e a r e d , does not seem t o be c o n s i s ­
t e n t w i t h the r a t e , which tends t o remain c o n s t a n t . So the number 
and t h e s i z e of the p a r t i c l e s were measured u s i n g l i g h t s c a t t e r i n g 
d i s s y m e t r y method ( 8 ) . R e s u l t s shown i n f i g u r e 7 a re q u i t e s u r p r i ­
s i n g : the average p a r t i c l e s i z e tends t o decrease i n i t i a l l y and 
then a l t h o u g h t h e p a r t i c l e number i n c r e a s e s t h r o u g h o u t , the p o l y ­
m e r i z a t i o n r a t e remains c o n s t a n t and then l e v e l s o f f . O b v i o u s l y , 
new p a r t i c l e s a r e c r e a t e d a t l e a s t up t o v e r y h i g h c o n v e r s i o n f a r 
a f t e r the disappearance of the d r o p t l e t s , t h a t i s a t v a r i a n c e f o r 
the most w i d e l y accepted t h e o r i e s . 

The same beha v i o u r i s observed i n o t h e r experiments where 
e i t h e r t he amount of e m u l s i f i e r o r the amount o f monomers has been 
v a r i e d . 
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GUYOT ET AL. Constant-Composition Copolymers All 

ACRYLONITRILE STYRENE 
5 0 4 ( 9 } t ( g ) 

CONVERSION {mo\<L %) 

Figure 3. Monomer contents in the various phases, (a) AN: (1) whole emulsion; 
(2) water; (3) particles; (4) droplets; (b) S: (5) whole emulsion; (6) water; (7) 

particles; (8) droplets. 

x = [ A f % ] 

1 

_ Figure 4. Experimental relative com-
20 40 65 position of monomer mixture in whole 
CONVERSION ( mola % ) emulsion (Xm) and in particles (Xp) 
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422 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

COMPOSITION 

I ( m o l a % ) 

I , ». t 

20 40 60 
C O N V E R S I O N ( mole %) 

Figure 5. Average and instantaneous copolymer composition vs. conversion with 
Xp, VAS-H = 0.13 and T S . A \ = 0.34. Overall values: (1) AN; (2) S; instantaneous 
values: (3) AN; (4) S, with Xm, rAX„s = 0.09 and T s . a n = 0.44; average values: 

(5) AN; (6) S. 

Φ 

0.4 

0.2 

Figure 6. Monomer volume fraction (φ) 
vs. conversion: (1) batch; (2) corrected 

batch 
20 40 60 

(AN) CONVERSION ( mole %) 
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GUYOT ET AL. Constant-Composition Copolymers 423 

20 40 60 

CONVERSION ( mole%) 

Figure 7. Number average particle size (Dp) vs. conversion (run P>) 

Figure 8. Rate of particle formation (dNp/dt) vs. polymerization rate at 20% 
conversion for various amounts of SDS (-Φ-) or monomer/water ratio (-X-) 
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424 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

I t i s q u i t e i n t e r e s t i n g to see ( f i g u r e 8) t h a t i n one of these 
s e r i e s ( v a r y i n g e m u l s i f i e r ) a l i n e a r r e l a t i o n s h i p i s obeyed between 
the p o l y m e r i z a t i o n r a t e and the p a r t i c l e f o r m a t i o n r a t e . 

R p = ,.46 l ( f 1 4 ^ 

The same k i n d of law i s v a l i d f o r the second s e r i e s but w i t h 
a d i f f e r e n t c o e f f i c i e n t 

R p . o.9 10" 1 5 

F dt 
By i n c r e a s i n g the i n i t i a l amounts of monomer, p a r t i c l e s i z e 

decreases and p a r t i c l e number, as w e l l as the f o r m a t i o n r a t e , i n ­
c r e a s e s d r a s t i c a l l y (Table I I I ) . 

The f i n a l i n c r e a s e i n p a r t i c l e s i z e , shown i n f i g u r e 7, i s pro­
b a b l y caused by l i m i t e d f l o c c u l a t i o n , s i n c e p a r t i c l e coverage by 
e m u l s i f i e r i s v e r y l i m i t e d . C o n d u c t i m e t r i c t i t r a t i o n of e m u l s i f i e r 
shows t h a t o n l y a p a r t of i t i s used f o r s t a b i l i z i n g particles·Typi­
c a l r e s u l t s are shown i n f i g u r e 9. 

Curve 1 i n f i g u r e 9 shows t h a t SDS amount used f o r p a r t i c l e 
coverage i s l e s s than h a l f the added e m u l s i f i e r amount (4 g ) . Curve 
2 shows t h a t the a c t u a l p a r t i c l e coverage decreases as new p a r t i ­
c l e s are c r e a t e d . Data f o r curve 2 were c a l c u l a t e d from Gardon (9) : 

N A ( A s ) ( S D S ) 
Γ = 2 

NpDpgVem 
5 ° 2 

where N A.A g = 1.25 10 A per SDS g i n 100 g water 
Vem = volume of e m u l s i f i e r 
Dp g = s u r f a c e average diameter of p a r t i c l e s 

= Avogadros number 
A = are a covered by one molecule SDS ( v a l u e measured f o r 

p o l y s t y r e n e l a t e x ) . 
The f l o c c u l a t i o n p r o c e s s i s more c l e a r l y observed i n e x p e r i ­

ments w i t h h i g h monomer co n t e n t s (2.7 moles) and r a t h e r moderate 
SDS c o n c e n t r a t i o n (4 g ) . As shown i n f i g u r e 10, most o f the emul­
s i f i e r i s used t o s t a b i l i z e the p a r t i c l e s , when d r o p l e t s are s t i l l 
p r e s e n t , and at the same time p a r t i c l e average s i z e tends t o de­
c r e a s e , w h i l e t h e i r number r a p i d l y i n c r e a s e s . At a p o i n t where prac­
t i c a l l y a l l the e m u l s i f i e r has been used, which p o s s i b l y i n c i d e n t a l ­
l y corresponds t o disappearance o f d r o p l e t s , p a r t i c l e f o r m a t i o n 
r a t e decreases t o a lower v a l u e , p a r t i c l e s i z e tends t o i n c r e a s e , 
w h i l e a p a r t of the e m u l s i f i e r i s desorbed. 

M o l e c u l a r weight remains r a t h e r l i m i t e d . D u r i n g an experiment, 
i t does not change v e r y much. I t seems to i n c r e a s e a l i t t l e w i t h 
i n c r e a s i n g e m u l s i f i e r c o n c e n t r a t i o n (Mw from 36000 to 55000 when 
SDS v a r i e s from 2 t o 8 g ) . As shown i n t a b l e 2 i t i n c r e a s e s w i t h 
amount of charged monomer ( i t seems to be l i n e a r ) . P o l y d i s p e r s i t y 
i s found t o be l i m i t e d (Mw/Mn) t o between 1.8 and 2. M o l e c u l a r 
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426 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

20 40 60 
CONVERSION ( m o l e % ) 

Figure 9. Amount of emulsifier adsorbed (I) on the particles and actual coverage 
(2) vs. conversion (run P>) 

ADSORBED 5D5 

20 to So 3) 
C O N V E R S I O N ( m o l e %) 

Figure 10. The % SDS adsorbed (-M~)> average size (-[J-), and number of 
particles at increasing conversion. Arrow shows the point where droplets 

disappear. 
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26. GUYOT ET AL. Constant-Composition Copolymers 421 

weight v a l u e i s more p r o b a b l y governed by a t r a n s f e r process onto 
mercaptan, so t h a t the a c t u a l v a l u e s h o u l d be dependent on mercap-
tan p a r t i t i o n w i t h i n the d i f f e r e n t phases. 

Most of the above r e s u l t s are v a l i d ^or the. " c o r r e c t e d b a t c h 
p r o c e s s " where s t y r e n e i s added t o the r e a c t o r i n o r d e r to keep 
the AN/S r a t i o c o n s t a n t . Monomer d i s t r i b u t i o n i n the v a r i o u s pha­
ses, shown i n f i g u r e 11, f o r an experiment w i t h i n i t i a l charge : 
4 g SDS, AN : 0.8 mole, S : 0.2 mole and a t o t a l amount o f 0.42 
mole S added, i s not d r a s t i c a l l y changed, except f o r s t y r e n e : i t s 
amount, which i s kept c o n s t a n t i n the water phase, decreases s l i ­
g h t l y i n the p a r t i c l e s a f t e r d r o p l e t d i s a p p e a r a n c e , so t h a t the 
AN/S r a t i o i n the p a r t i c l e s (Xp) tends t o decrease : co n s e q u e n t l y , 
s t y r e n e content o f the a r i s i n g copolymer keeps i n c r e a s i n g 
(Table I V ) . 

assuming c o p o l y m e r i z a t i o n t a k e s p l a c e c h i e f l y i n the p a r t i ­
c l e s , t h e r e i s a good agreement between e x p e r i m e n t a l average com­
p o s i t i o n and c a l c u l a t e d one u s i n g " s o l u t i o n " r e a c t i v i t y r a t i o s 
(0.13 and 0.34). 

As shown i n f i g u r e 6, the monomer volume f r a c t i o n i n the p a r ­
t i c l e s f o l l o w s a law s i m i l a r t o the case o f the ba t c h p r o c e s s , but 
due t o t h e c o n s t a n t s t y r e n e a d d i t i o n , l a r g e r amounts o f monomer 
(both a c r y l o n i t r i l e and s t y r e n e ) are s t i l l b e i n g absorbed i n t o t h e 
p a r t i c l e s . D e s p i t e a l a r g e a c r y l o n i t r i l e amount r e m a i n i n g i n water 
phase, h i g h e r c o n v e r s i o n may be reached. Continuous f o r m a t i o n of 
p a r t i c l e s t a k e s p l a c e a g a i n and a c l o s e p a r a l l e l i s m between p o l y ­
m e r i z a t i o n r a t e and n u c l e a t i o n r a t e i s a g a i n observed. However, 
average p a r t i c l e s i z e ( f i g u r e 12),as w e l l as m o l e c u l a r weight 
(Table I V ) , i s k e p t c o n s t a n t . 

Another d i f f e r e n c e l i e s i n the v a l u e o f average p a r t i c l e 
s i z e ( T a b l e V ) . At low monomer c o n t e n t s ( r u n P j and Mj) the s i z e 
i s s m a l l e r i n the c o r r e c t e d b a t c h p r o c e s s , but the r e v e r s e i s 
t r u e at h i g h monomer c o n t e n t s ( r u n Rj and M2) where the s i z e a l s o 
remains c o n s t a n t i n the c o r r e c t e d b a t c h process ( o r tends t o de­
crease s l i g h t l y from 2050 t o 1950 A ) . A l t h o u g h e m u l s i f i e r amount 
has not been changed, no evidence f o r f l o c c u l a t i o n can be observed: 
the SDS amount used f o r coverage c o n t i n u o u s l y i n c r e a s e s , but co­
verage i t s e l f (Γ v a l u e ) remains at v a l u e s not h i g h e r than v a l u e s 
shown i n f i g u r e 9. 

A f i n a l remark concerns m o l e c u l a r w e i g h t , which i n c r e a s e s w i t h 
amount o f monomer charged, and i s s m a l l e r i n the case o f c o r r e c t e d 
b a t c h p r o c e s s than i n b a t c h p r o c e s s ( t a b l e V ) . 

For comparison, a few experiments were c a r r i e d out u s i n g the 
semi-continuous p r o c e s s . I n a t y p i c a l experiment (N2) c o r r e s p o n d i n g 
to r un ?2> a f o u r t h of the monomer feed (AN : 0.19 mole, 
5 : 0.05 mole) was i n i t i a l l y charged w i t h the t o t a l amount of wa­
t e r , e m u l s i f i e r (4 g) and i n i t i a t o r system. A f t e r a con s t a n t r a t e 
(Rp) p e r i o d has been reached ( d r o p l e t d i s a p p e a r a n c e ) , t h e n the mono­
mer m i x t u r e was added at the f o l l o w i n g r a t e : Ra = 0.75 Rp. Monomer 
d i s t r i b u t i o n i n v a r i o u s phases i s shown i n f i g u r e 13, w h i l e d a t a 
c o n c e r n i n g p a r t i c l e s i z e and number i s i l l u s t r a t e d i n f i g u r e 14 
and d a t a f o r coverage by e m u l s i f i e r are g i v e n i n f i g u r e 15. F i n a l 
m o l e c u l a r weight i s 57000 but p o l y d i s p e r s i t y i s h i g h e r (Mw/Mn= 4.7). 
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430 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

Figure 11. Corrected batch process— 
quantities of monomers in the different 
phases (in g): in particles: Sp (1); ANP (2); 
in water: Sw (3); ANW (4); in droplets: 

Sn (5); ANn (6) 

MONOMERS 
(9) 

10 30 50 70 
(AN) C O N V E R S I O N 
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26. G U Y O T E T A L . Constant-Composition Copolymers 431 

MONOMERS 
(mole) 

0.10 

0 . 0 5 

1 0 0 3 0 0 

TIME (min.) 
Figure 13. Unreacted monomers vs. 

time (run N2) 

Figure 14. Conversion (1), total number (2), and average particle size (3) vs. time 
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432 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

MONOMERS 

20 <0 60 80 
CONVERSION ( mota.%) 

Figure 16. Monomer distribution in the different phases vs. conversion: droplets: 
(1 ) T;.(2) AN; (3) S, water: (7) AN; particles: (4) T; (5) AN; (6) S, run Q2 
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26. GUYOT ET AL. Constant-Composition Copolymers 433 

Constant c o m p o s i t i o n copolymer may be produced i n t h i s p r o c e s s , 
but p a r t i c l e s i z e changes d u r i n g the p r o c e s s . P a r t i c l e number i n ­
creases c o n t i n u o u s l y , a ^ a i n f o l l o w i n p polymer y i e l d . A lthough 
e m u l s i f i e r tends to be more c o m p l e t e l y used ^or c o v e r i n g D ^ r t i c l e , 
coverage i t s e l f remains weak. 

D i s c u s s i o n 
The study of monomer d i s t r i b u t i o n among v a r i o u s phases, and 

the a n a l y s i s of copolymer c o m p o s i t i o n c l e a r l y shows t h a t copolyme-
r i z a t i o n t a k e s p l a c e m a i n l y w i t h i n p a r t i c l e s . T a king t h i s f a c t i n ­
t o account, t h e n i t i s easy t o understand why the " c o r r e c t e d b a t c h 
p r o c e s s " l e a d s t o a c o n t i n u o u s d r i f t o f copolymer c o m p o s i t i o n ( w i t h 
c o n t i n u o u s enrichment i n s t y r e n e ) i n s t e a d of expected c o n s t a n t co­
polymer c o m p o s i t i o n . The d r i f t i s o b v i o u s l y caused by a l a r g e AN 
amount which remains d i s s o l v e d i n water phase and cannot be p o l y ­
m e r i z e d . Consequently t h a t d r i f t i s l e s s important i f the t o t a l 
amount of monomer i s h i g h e r because a l t h o u g h a l a r g e r AN amount i s 
then d i s s o l v e d i n the water phase i t s r e l a t i v e importance i s smal­
l e r . So, i n t h a t case, the semi-continuous p r o c e s s remains the 
best way to get c o n s t a n t copolymer c o m p o s i t i o n . I n the b a t c h p r o ­
c e s s , p o l y m e r i z a t i o n i n s i d e the p a r t i c l e s stops when most of the 
s t y r e n e has been consumed and i t seems f u r t h e r t h a t AN s o l u b i l i t y 
i n s i d e p a r t i c l e s i s i n c r e a s e d by the presence of s t y r e n e ; so, 
when s t y r e n e i s c o n t i n u o u s l y added i n the " c o r r e c t e d b a t c h p r o c e s s " , 
a h i g h e r AN c o n v e r s i o n may be reached. T h i s p o i n t was checked 
through another set o f experiments i n b a t c h , where 60 ml t o l u e n e 
was added t o s t y r e n e . Toluene i s d i s t r i b u t e d among the t h r e e pha­
se s , i t s s o l u b i l i t y i s c l o s e t o t h a t of s t y r e n e , b u t i t i s not 
consumed. R e s u l t s o f one experiment w i t h h i g h monomer c o n t e n t s 
(monomer/water r a t i o : 0.3) are shown i n f i g u r e 16 f o r monomer 
and t o l u e n e d i s t r i b u t i o n , and i n f i g u r e 17 f o r c o n v e r s i o n , num­
ber and s i z e of p a r t i c l e s . I n such experiments d r o p l e t s never d i s ­
appear, h i g h AN c o n v e r s i o n may be reached even a f t e r a l l s t y r e n e 
has been consumed, and o n l y at the end o f the p r o c e s s , when a c r y ­
l o n i t r i l e homopolymer i s formed, some t o l u e n e i s r e j e c t e d from 
p a r t i c l e s t o d r o p l e t s . The l a t t e r t r e n d i s more c l e a r l y v i s i b l e 
i n experiments w i t h low monomer c o n t e n t s . Due to the presence o f 
a c r y l o n i t r i l e homopolymer, the product i s no l o n g e r t o t a l l y s o l u ­
b l e i n THF, so t h a t m o l e c u l a r weight was not s t u d i e d . 

A thermodynamic approach was put forward by one of us ( 1 0 ) , 
based on the F l o r y - H u g g i n s l a t t i c e t h e o r y of a polymer s o l u t i o n ; 
the c h e m i c a l p o t e n t i a l s o f each monomer must be equal i n each pha­
se ; c o p o l y m e r i z a t i o n increment causes a l i t t l e change i n the che­
m i c a l p o t e n t i a l i n the p a r t i c l e s : d i f f u s i o n of monomers from the 
water phase w i l l r e e q u i l i b r a t e the system and i n t u r n d i f f u s i o n 
from d r o p l e t s t o water phase takes p l a c e . F o r i n s t a n c e , e x p r e s s i o n 
from monomer 1 i n the p a r t i c l e s i s : 
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434 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

CONVERSION N p x l O 

20 50 eo 
T I M E , (min.) 

Figure 17. Total particle number (1), average particle size (2), and conversion vs. 
time (Q2 experiment) 

Γ m l M I 
J ? = μ ο ι + R T L n ( h + d - Φ, ) - Φ 9 Φ — 

+ ( X . 2 ^ 2 + Χ ΐ ρ Φρ> (*2 + V - X 2 p i ; * 2 * p 

+ 2 
ν,γ 

JÎLL J / 3 
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26. GUYOT ET AL. Constant-Composition Copolymers 435 

where φ|, Φ2 and φ are the volume f r a c t i o n o f monomer 1 and 2 and 
polymer i n s i d e p a r t i c l e s 

mj and the monomer w e i g h t s , m^ the polymer weight 
Xj9> Xjp» X2p t* l e Η υ δ δ ^ η δ i n t e r a c t i o n parameters 
y t h e i n t e r f a c i a l energy between water and p a r t i c l e s 
r Q the r a d i u s of u n s w o l l e n p a r t i c l e s 
V m the molar volume of l i q u i d i n s i d e p a r t i c l e s 

S i m i l a r but s i m p l e r e x p r e s s i o n s are v a l i d f o r d r o p l e t s or 
water phase. 

U s e f u l parameters are ta k e n from the l i t e r a t u r e o r c a l c u l a t e d 
from the H i l d e b r a n d s o l u b i l i t y parameters. 

P o l y m e r i z a t i o n causes a change i n φ v a l u e s , from which 
v a r i a t i o n may be c a l c u l a t e d . D i f f e r e n t i a l e q u a t i o n s d e s c r i b i n g mo­
nomer d i f f u s i o n from one phase t o the o t h e r can be i n t e g r a t e d nu­
m e r i c a l l y through a computer program. Curves c a l c u l a t e d i n t h a t 
way f o r monomer c o n c e n t r a t i o n i n each phase are i n good agreement 
w i t h experiments. The c a l c u l a t i o n c o n f i r m s t h a t the presence o f 
st y r e n e f a v o r s AN s o l u b i l i t y i n the p a r t i c l e s , so t h a t at the end 
of the p o l y m e r i z a t i o n , some AN i s r e j e c t e d i n water phase. The 
f a c t t h a t copolymer c o m p o s i t i o n does not change v e r y much whenever 
d r o p l e t s are pr e s e n t i s a l s o e x p l a i n e d on t h i s b a s i s . However, i t 
must be noted t h a t the ch e m i c a l p o t e n t i a l o f AN i n the water phase 
i s dependent on the e m u l s i f i e r c o n c e n t r a t i o n : e x p e r i m e n t a l d e t e r ­
m i n a t i o n o f AN c o n c e n t r a t i o n i n water a l l o w s to make the c o r r e s ­
ponding c o r r e c t i o n o f the ch e m i c a l p o t e n t i a l . Anyway, the thermo­
dynamic approach j u s t d e s c r i b e d w i l l be a u s e f u l t o o l f o r p r e d i c ­
t i n g how the c o p o l y m e r i z a t i o n proceeds. The computer program a l l o w s 
an e x c e l l e n t s i m u l a t i o n of the process and might be f u r t h e r used 
f o r m o n i t o r i n g the p r o d u c t i o n o f an a c t u a l c o n s t a n t c o m p o s i t i o n 
copolymer. 

R e s u l t s c o n c e r n i n g p a r t i c l e number and s i z e are more p u z z l i n g . 
One f a c t i s v e r y c l e a r : the Harkins-Smith-Ewart t h e o r y of emul­
s i o n p o l y m e r i z a t i o n i s not obeyed by t h a t system, s i n c e new p a r t i ­
c l e s are c o n t i n u o u s l y c r e a t e d a l l o v e r the p r o c e s s . F u r t h e r , the 
p o l y m e r i z a t i o n r a t e f o l l o w s v e r y p r e c i s e l y p a r t i c l e f o r m a t i o n r a t e . 
So, i t seems t h a t most o f the p a r t i c l e s are i n a c t i v e at a g i v e n 
time. P o l y m e r i z a t i o n p r o b a b l y takes p l a c e i n a s m a l l number o f a c ­
t i v e p a r t i c l e s t h a t v e r y r a p i d l y grow up to the l i m i t i n g s i z e and 
then s t o p s . At the end of the p r o c e s s , some growth i n the average 
s i z e i s observed i n some c a s e s , m o s t l y i n the b a t c h p r o c e s s . Most 
p r o b a b l y , t h a t growth pr o c e s s i s the r e s u l t o f a l i m i t e d f l o c u l a ­
t i o n . I t i s i n t e r e s t i n g t o note t h a t s i m i l a r r e s u l t s were o b s e r ­
ved f o r a c r y l o n i t r i l e h o m o p o l y m e r i z a t i o n by M o r r i s and P a r t s ( 1 1 ) : 
continuo u s f o r m a t i o n o f p a r t i c l e s o f r a t h e r c o n s t a n t s i z e , w i t h 
a t r e n d to growing at the end o f p o l y m e r i z a t i o n p r o c e s s . 

C o n s i d e r i n g t h a t p o l y m e r i z a t i o n takes p l a c e i n p a r t i c l e s , 
as shown by r e s u l t s c o n c e r n i n g copolymer c o m p o s i t i o n , these r e s u l t s 
seem s u r p r i s i n g . The p o s s i b i l i t y of continu o u s n u c l e a t i o n i s q u i t e 
normal and e x p l a i n e d through the F i t c h t h e o r y (12) but q u e s t i o n a ­
b l e p o i n t s are : 
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436 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

a) why does particle growth stop ? 
b) which parameters are controlling the final particle size ? 

It must be admitted that the monomer present in the inactive 
particles must leave them and again diffuse through the water pha­
se to allow active particle growth : the inactive particles will 
act as a reservoir exactly as droplets do, such a fact might ac­
count for the rate not decreasing soon after droplet disappearance. 

It must also be noted that, in these systems with high acry­
lonitrile contents, SDS is not efficient at all for covering par­
ticles. A large part of emulsifier remains in the water solution, 
whe re it tends to increase monomer solubility so emulsifier proba­
bly does not play a major role in particle stabilization. Its 
major role seems to make nucleation of new particles easier. Ten­
tatively, it might be suggested that strong acid groups coming from 
the initiator, together with high polar nitrile groups, are able 
to inhibit not only the flocculation process, which remains limited, 
but also the capture of new radicals (primary or oligomeric) born 
in water phase. 

A final remark is to underline the efficiency of the "correc­
ted batch process" to regulate not only the copolymer composition, 
but also the molecular weight and more importantly particle size. 
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27 
Theory of Compartmentalized Free-Radical 
Polymerization Reactions 
D. C. BLACKLEY 
National College of Rubber Technology, The Polytechnic of North London, 
Holloway, London N7 8DB, England 

The purpose of this paper is to summarise some of the advan­
ces which we have made in recent years in developing the theory of 
compartmentalised free-radical polymerisation reactions. These 
developments either have been, or will be, published and discussed 
in detail elsewhere. By the term "compartmentalised free-radical 
polymerisation reaction" we mean a free-radical polymerisation 
which is taking place within a large number of separate reaction 
loci. These loci are dispersed in a contiguous external phase. 
The details of the reaction model will be given subsequently, but 
it is noted here that whilst, in principle, the free radicals which 
initiate the polymerisation may be generated either within the 
external phase or within the reation loci, in all the cases to be 
considered in this paper the new radicals are assumed to be gener­
ated exclusively with the external phase. The reaction loci then 
acquire the radicals by absorption from the external phase. 

The theory of compartmentalised free-radical polymerisation 
reactions of the type considered in this paper is of interest pri­
marily because it is believed that most of the polymer which is 
formed in the course of an emulsion polymerisation reaction is 
formed by way of reactions of this type. The objective of the 
theory is to calculate the relative proportions of the reaction 
loci which at any instant contain 0, 1, 2, ..., r, ... propagating 
radicals, and also such properties of the locus population distri­
bution as the average number of propagating radicals per reaction 
locus, and the variance of the distribution of locus populations. 
It is then a straightforward matter to write down an expression 
for the overall rate of polymerisation in the reaction system, 
once an expression has been obtained for the average number of 
propagating radicals per reaction locus. 

The problem of the distribution of locus populations in reac­
tion systems which have reached a steady state was completely sol­
ved several years ago by Stockmayer (1) and O'Toole (2). Our con­
cern has been with the behaviour of reaction systems in a non­

-steady state, as they approach the steady state. The objective is 
to derive expressions which show the way in which the distribution 
of locus populations changes as the reaction proceeds towards the 

0097-6156/81 /0165-0437$05.00/0 
© 1981 American Chemical Society 
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438 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

s t e a d y s t a t e . Not o n l y i s the t h e o r y i n t r i n s i c a l l y i n t e r e s t i n g i n 
i t s e l f ; i t i s a l s o o f c o n s i d e r a b l e a d d i t i o n a l i n t e r e s t because mea­
surements o f c o n v e r s i o n as a f u n c t i o n o f time d u r i n g the non-steady 
s t a t e o f f e r the p o s s i b i l i t y o f access t o c e r t a i n o f the fundamental 
p r o p e r t i e s o f r e a c t i o n systems w h i c h are not o t h e r w i s e a v a i l a b l e . 

R e a c t i o n model assumed 

The r e a c t i o n model assumed i s one i n which f r e e - r a d i c a l p o l y ­
m e r i s a t i o n i s c o m p a r t m e n t a l i s e d w i t h i n a f i x e d number o f r e a c t i o n 
l o c i , a l l o f w h i c h have s i m i l a r volumes. As has been p o i n t e d out 
above, new r a d i c a l s a r e g e n e r a t e d i n t h e e x t e r n a l phase o n l y . No 
n u c l e a t i o n o f new r e a c t i o n l o c i o c c u r s as p o l y m e r i s a t i o n p r oceeds, 
and the number o f l o c i i s n ot reduced by p r o c e s s e s such as p a r t i c l e 
a g g l o m e r a t i o n . R a d i c a l s e n t e r r e a c t i o n l o c i from the e x t e r n a l phase 
a t a c o n s t a n t r a t e ( w h i c h i n c e r t a i n cases may be z e r o ) , and thus 
the r a t e o f a c q u i s i t i o n o f r a d i c a l s by a s i n g l e l o c u s i s k i n e t i c -
a l l y o f ze r o o r d e r w i t h r e s p e c t t o the c o n c e n t r a t i o n o f r a d i c a l s 
w i t h i n the l o c u s . Once a r a d i c a l e n t e r s a r e a c t i o n l o c u s , i t i n i t ­
i a t e s a c h a i n p o l y m e r i s a t i o n r e a c t i o n w h i c h c o n t i n u e s u n t i l t he 
a c t i v i t y o f the r a d i c a l w i t h i n the l o c u s i s l o s t . P o l y m e r i s a t i o n 
i s assumed t o o c c u r almost e x c l u s i v e l y w i t h i n the r e a c t i o n l o c i , 
because the s o l u b i l i t y o f the monomer i n the e x t e r n a l phase i s 
assumed t o be low. The volumes o f the r e a c t i o n l o c i a r e presumed 
not t o i n c r e a s e g r e a t l y as a consequence o f p o l y m e r i s a t i o n . Two 
c l a s s e s o f mechanism a r e i n g e n e r a l a v a i l a b l e whereby the a c t i v i t y 
o f r a d i c a l s can be l o s t from r e a c t i o n l o c i : 
( i ) P r o c e s s e s w h i c h a r e k i n e t i c a l l y o f f i r s t o r d e r w i t h r e s p e c t t o 

the c o n c e n t r a t i o n o f r a d i c a l s w i t h i n t he r e a c t i o n l o c u s . These 
p r o c e s s e s i n c l u d e e x i t from the l o c u s i n t o the e x t e r n a l phase, t e r ­
m i n a t i o n by r e a c t i o n w i t h monomer w i t h i n the l o c u s , t e r m i n a t i o n by 
r e a c t i o n w i t h a d v e n t i t i o u s i m p u r i t i e s i n the l o c u s and spontaneous 
d e a c t i v a t i o n . 
( i i ) P r o c e s s e s w hich a r e k i n e t i c a l l y o f second o r d e r w i t h r e s p e c t 
t o the c o n c e n t r a t i o n o f r a d i c a l s w i t h i n t he r e a c t i o n l o c u s . The most 
i m p o r t a n t o f the s e p r o c e s s e s i s b i m o l e c u l a r mutual t e r m i n a t i o n be­
tween p a i r s o f p r o p a g a t i n g r a d i c a l s w i t h i n the same r e a c t i o n l o c u s . 
R a d i c a l s w h i c h a r e l o s t t o the e x t e r n a l phase by e x i t from the r e ­
a c t i o n l o c i a r e assumed t o be not a v a i l a b l e f o r r e - e n t r y i n t o the 
l o c i , o r f o r the r e i n i t i a t i o n o f p r o p a g a t i o n . I n s o f a r as i t i s de­
s i r e d t o make p r e d i c t i o n s o f the o v e r a l l r a t e o f p o l y m e r i s a t i o n i n 
the r e a c t i o n system, the c o n c e n t r a t i o n o f monomer w i t h i n the r e a c ­
t i o n l o c i i s assumed t o be c o n s t a n t throughout the r e a c t i o n . T h i s 
i m p l i e s t h a t monomer d r o p l e t s are p r e s e n t as a s e p a r a t e phase 
throughout the r e a c t i o n , and t h a t the r a t e o f t r a n s f e r o f monomer 
t o the l o c i from the d r o p l e t s i s f a s t r e l a t i v e t o the r a t e o f con­
sumption o f monomer i n the l o c i by p o l y m e r i s a t i o n . 

The time-dependent Smith-Ewart d i f f e r e n t i a l d i f f e r e n c e e q u a t i o n s ; 
methods a v a i l a b l e f o r t h e i r s o l u t i o n 

The fundamental e q u a t i o n s w h i c h govern the b e h a v i o u r o f the 
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27. BLACKLEY Compartmentalized Free-Radical Polymerization 439 

r e a c t i o n system i n the non-steady s t a t e are an i n f i n i t e s e t o f l i n ­
e a r d i f f e r e n t i a l d i f f e r e n c e e q u a t i o n s i n w h i c h the v a r i a b l e s a r e 
the p o p u l a t i o n s o f the v a r i o u s t y pes o f r e a c t i o n l o c i c l a s s i f i e d 
w i t h r e s p e c t t o r a d i c a l occupancy, i . e . , w i t h r e s p e c t t o the numbei 
o f p r o p a g a t i n g r a d i c a l s w h i ch a re p r e s e n t i n a p a r t i c u l a r r e a c t i o n 
l o c u s . T h i s s e t o f e q u a t i o n s i s o b t a i n e d by m o d i f y i n g the r e c u r ­
r e nce r e l a t i o n s h i p o f Smith and Ewart Q) i n such a way as t o a l l o w 
f o r the p o s s i b i l i t y t h a t the p o p u l a t i o n s f o r the d i f f e r e n t c l a s s e s 
o f r e a c t i o n l o c u s a r e n o t n e c e s s a r i l y s t a t i o n a r y . The r e s u l t i s 
the f o l l o w i n g s e t o f e q u a t i o n s f o r i = 0, 1, 2, w i t h = 0: 

~ = -*:)<r + V ^ ' K H - [G+2)(£+t)*\;+2 - ί(ί-ικ}£ (1) 
I n t h i s s e t o f e q u a t i o n s , n^ i s the number o f r e a c t i o n l o c i p e r 
a r b i t r a r y volume o f r e a c t i o n system which c o n t a i n i p r o p a g a t i n g 
r a d i c a l s , or i s the average r a t e o f e n t r y o f r a d i c a l s i n t o a s i n g l e 
r e a c t i o n l o c u s , xr i s the volume o f the r e a c t i o n l o c u s , kf. i s the 
r a t e c o e f f i c i e n t f o r the mutual t e r m i n a t i o n o f r a d i c a l s , and k i s 
a composite c o n s t a n t w h i c h q u a n t i f i e s the r a t e a t w h i c h r a d i c a l s 
are l o s t from r e a c t i o n l o c i by f i r s t - o r d e r p r o c e s s e s . F o r conven­
i e n c e we put kju r χ. 

The eqns ( l ) can be d e r i v e d by c o n s i d e r i n g the r a t e s o f g a i n 
and l o s s o f l o c i o f c l a s s i as a consequence o f p r o c e s s e s o f r a d i ­
c a l a c q u i s i t i o n and r a d i c a l l o s s . I n these c o n s i d e r a t i o n s , i t i s 
n e c e s s a r y t o ta k e i n t o account the r a t e s o f c e r t a i n o f the t r a n s i ­
t i o n s between the c l a s s e s o f l o c i c o n t a i n i n g i - 2 , i - 1 , i , i + 1 , and 
i+2 r a d i c a l s , as i n d i c a t e d i n F i g u r e 1. The f i r s t term on the r i g h t 
hand s i d e o f the t y p i c a l e q u a t i o n o f the s e t (1) t h e n a r i s e s as the 
d i f f e r e n c e between the r a t e a t w h i c h l o c i o f c l a s s i are formed 
from l o c i o f c l a s s i - 1 by a c q u i s i t i o n o f a r a d i c a l , and the r a t e a t 
w h i c h l o c i o f c l a s s i are l o s t by a c q u i s i t i o n o f a r a d i c a l , t h e r e ­
by c a u s i n g them t o become l o c i o f c l a s s i+1. S i m i l a r l y , t he second 
term on the r i g h t - h a n d s i d e a r i s e s from the b a l a n c e between the 
r a t e s o f g a i n and l o s s o f l o c i o f c l a s s i by l o s s from, and g a i n 
t o , l o c i o f c l a s s e s i+1 and i r e s p e c t i v e l y by f i r s t - o r d e r p r o c e s s e s 
The t h i r d term i s the n e t r a t e o f f o r m a t i o n o f l o c i o f c l a s s i 
a t t r i b u t a b l e t o the l o s s o f r a d i c a l s from r e a c t i o n l o c i by b i m o l e ­
c u l a r mutual t e r m i n a t i o n w i t h i n l o c i . An e q u a t i o n w h i c h i s e q u i v a ­
l e n t t o the t y p i c a l e q u a t i o n o f the s e t ( l ) can a l s o be d e r i v e d by 
c o n s i d e r i n g the r a t e s o f t r a n s i t i o n o f l o c u s p o p u l a t i o n s a c r o s s a 
n o t i o n a l b a r r i e r s i t u a t e d between two n e i g h b o u r i n g s t a t e s o f r a d i ­
c a l occupancy, as i n d i c a t e d i n F i g u r e 2. 

Two approaches have been used t o s o l v e the s e t o f eqns ( l ) 
g e n e r a l l y : 

( i ) Napper and h i s co-workers (4rJL) have r e - c a s t the e q u a t i o n s i n 
m a t r i x form, and t h e n have sought t o o b t a i n approximate s o l u t i o n s 
o f t he consequent m a t r i x e q u a t i o n s a f t e r s u i t a b l e t r u n c a t i o n , 
( i i ) We have found i t more p r o f i t a b l e t o t r a n s f o r m the e n t i r e s e t 
o f t hese e q u a t i o n s i n t o a s i n g l e e q u a t i o n by i n t r o d u c i n g a l o c u s -
p o p u l a t i o n g e n e r a t i n g f u n c t i o n , "^(ξ t) , d e f i n e d as 
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440 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

(i + 2)(i + l)n i + 2x 

n σ (i + l)ni + |k 

Οη-,χ 

-Ier k 

i-2 

Figure 1. Transitions for derivation of time-dependent Smith-Ewart differential 
difference equations (χ = kt/v) 

(i + 2)(i + l ) n i + 2 X 

(i + l ) i n i + | X 

η,σ (i + l )n i + | k 1
 '< : 

/ l / * ι 

( 1 s"\ 

these transitions not relevant 

Figure 2. Transitions for derivation of equivalent equation 
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27. BLACKLEY Compartmentalized Free Radical Polymerization 441 

ψ(ξ,ΐ) - ̂ i(t)î: (2) 
where J i s an a u x i l i a r y v a r i a b l e . I n t h i s r e s p e c t , we have 
g e n e r a l i s e d the approach o f Stockmayer (l_) and 0 f Toole (2), 
who used t h i s approach i n o b t a i n i n g a complete s o l u t i o n t o 
the s t e a d y - s t a t e ( i n which case, o f c o u r s e , the f u n c t i o n \£r 
does not c o n t a i n t ) . 

Attempts have a l s o been made t o p r o v i d e approximate s o l u t i o n s by 
t r u n c a t i n g t he i n f i n i t e s e t o f d i f f e r e n t i a l d i f f e r e n c e e q u a t i o n s 
t o a s m a l l s e t which i s t h e n amenable t o s o l u t i o n by s t a n d a r d me­
thods f o r si m u l t a n e o u s l i n e a r d i f f e r e n t i a l e q u a t i o n s . The most 
u s u a l t r u n c a t i o n s which have been adopted a r e those which c o r r e s ­
pond t o two- and t h r e e - s t a t e models i n which each r e a c t i o n l o c u s 
can c o n t a i n a t most e i t h e r one o r two p r o p a g a t i n g r a d i c a l s r e s p e c ­
t i v e l y . 

I n o r d e r t o c o n v e r t the s e t o f d i f f e r e n t i a l d i f f e r e n c e equa­
t i o n s (1) i n t o a s i n g l e d i f f e r e n t i a l e q u a t i o n w i t h AJT as the. de­
pendent v a r i a b l e , each e q u a t i o n f o r dnijcLt i s m u l t i p l i e d by ξ 1 , and 
the n a l l the e q u a t i o n s so o b t a i n e d a r e summed. I f i t i s t h e n 
n o t e d t h a t 

Σ η . . , 5 Σ = ξ* Σ ^ ^ Η ^ δ ' * \ (3) 

where i n each case the summations a re over a l l p o s s i b l e v a l u e s o f 
i , t h e n the r e s u l t a n t s i n g l e d i f f e r e n t i a l e q u a t i o n can be t r a n s ­
formed i n t o 

υ . «. ko-ηψ + x i ' - e A ; 0 (4) 
I t may be no t e d t h a t Stockmayer's d i f f e r e n t i a l e q u a t i o n f o r h i s 
g e n e r a t i n g f u n c t i o n f o l l o w s i m m e d i a t e l y as a s p e c i a l case o f eqn 
(4) by p u t t i n g d^t/dt = 0 ( c o r r e s p o n d i n g , o f c o u r s e , t o the 
st e a d y s t a t e ) . The r e s u l t i s 

which i s i d e n t i c a l w i t h eqn (4) o f Stockm a y e r 1 s paper, a p a r t from 
d i f f e r e n c e s o f n o t a t i o n . 

H a v i n g s o l v e d eqn (4) f o r *\J/% t a k i n g i n t o account the r e l e ­
v a n t boundary c o n d i t i o n s f o r the p a r t i c u l a r problem f o r which a 
s o l u t i o n i s sought, the nr(t) can t h e n r e a d i l y be found from 
as f o l l o w s : 

• n r ( t j = (6) 

The average number o f p r o p a g a t i n g r a d i c a l s p e r r e a c t i o n l o c u s can 
be found from 

r(t) = e - (7) 
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442 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

(8) 

S o l u t i o n f o r case where r a d i c a l l o s s i s p r e d o m i n a n t l y by f i r s t -
o r d e r mechanism (8, 9» 10) 

F o r t h i s case we put χ = 0. I t i s t h e n p o s s i b l e t o o b t a i n 
an e x p l i c i t s o l u t i o n t o eqn (4)· F o r the case where the boundary 
c o n d i t i o n s are 

( i ) no(0) = Ν 
( i i ) m(0) = n 2 (0) = = 0 
where Ν i s the t o t a l number o f r e a c t i o n l o c i i n the a r b i t r a r y v o l ­
ume o f r e a c t i o n system, t h e s o l u t i o n f o r -ψ - i s 

- ^ ( f , t j = A/*x/»^(f- 1 J O ( 9 ) 

T h i s r e s u l t shows t h a t the d i s t r i b u t i o n o f l o c u s p o p u l a t i o n s w i t h 
r e s p e c t t o r a d i c a l occupancy i s always P o i s s o n i a n , i . e . , the n T ( t ) 
a t any i n s t a n t t always form a P o i s s o n d i s t r i b u t i o n w i t h r e s p e c t 
t o the r . The n a t u r e o f the d i s t r i b u t i o n i s , however, t i m e -
dependent, i n t h a t t he parameter o f the d i s t r i b u t i o n a t any i n s t -
and i s e q u a l t o (cr/k)(j - «£~kb)„ The e x p r e s s i o n s which we o b t a i n 
f o r ny[i) and w(t/ a r e as f o l l o w s : 

- r W - ( ' - * - * * ; } \ χ ^ - £ ( / - « - " ) } (10) 

T(t) r (11) 

T y p i c a l c u r v e s showing ^ ( t j / N as a f u n c t i o n o f t f o r r = 0,1,2 
are g i v e n i n F i g u r e 3. The v a l u e s chosen f o r the parameters cr 
and k are 1 χ 10_5 secT 1 and 5 χ 10~4 s e e r 1 r e s p e c t i v e l y . 

We have a l s o found i t p o s s i b l e t o g e n e r a l i s e t h i s case t o i n ­
c l u d e r e a c t i o n systems f o r which the parameters cr and k are time 
dependent. To emphasise the time-dependence of<r and k, t h e y a r e 
w r i t t e n as cr(t-) and k(t) r e s p e c t i v e l y . We have found t h a t the 
s o l u t i o n t o eqn (4) always has the form 

afe,t) -- Nës-')m (12) 

where 0(t) i s a f u n c t i o n o f time which s a t i s f i e s t he o r d i n a r y d i f ­
f e r e n t i a l e q u a t i o n 

* cr(t) - k(t). 0(t) (13) 
oLt 

and i s s u b j e c t t o the i n i t i a l c o n d i t i o n θ(θ) = 0 f o r r e a c t i o n s y s ­
tems f o r which the boundary c o n d i t i o n s a r e as s t a t e d i n eqns (β). 
T h i s r e s u l t f o r shows t h a t the d i s t r i b u t i o n o f l o c u s p o p u l a t ­
i o n s w i t h r e s p e c t t o r a d i c a l occupancy i s a t a l l t i m e s P o i s s o n i a n , 
n o t w i t h s t a n d i n g t h e time-dependence o f cr and k, and t h a t t he p a r a ­
meter o f the d i s t r i b u t i o n i s always e q u a l t o 0(t). I t t h e r e f o r e 
f o l l o w s t h a t T(t) i s always e q u a l t o B(t^. 

Of the v a r i o u s p a r t i c u l a r cases o f the v a r i a t i o n o f cr and k 
w i t h t f o r which s o l u t i o n s have been o b t a i n e d , p r o b a b l y the most 
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27. BLACKLEY Compartmentalized Free-Radical Polymerization 443 

i m p o r t a n t i s t h a t where cr decays e x p o n e n t i a l l y w i t h time and k i s 
c o n s t a n t . T h i s case i s o f c o n s i d e r a b l e i n t e r e s t because the dec­
o m p o s i t i o n o f most d i s s o c i a t i v e i n i t i a t o r s i s k i n e t i c a l l y o f f i r s t 
o r d e r w i t h r e s p e c t t o i n i t i a t o r c o n c e n t r a t i o n , and t h e r e f o r e b o t h 
the i n i t i a t o r c o n c e n t r a t i o n and the r a t e o f d e c o m p o s i t i o n o f the 
i n i t i a t o r w i l l decay e x p o n e n t i a l l y w i t h t i m e . P u t t i n g 0"(tj = σ é"*; 

we f i n d t h a t 6(t) i s g i v e n by 

e(t) - ^£ΐ(ι-^-^) (14) 
except f o r the u n l i k e l y s p e c i a l case where oc = k , i n which case 
the r e s u l t f o r 6(t) i s 

e(t) = vot *r*k (15) 

Examples o f the v a r i a t i o n o f 6(t) w i t h t f o r the case o f ex­
p o n e n t i a l decay o f σ w i t h t , and k c o n s t a n t , a r e g i v e n i n F i g u r e 
4. I n c o n s t r u c t i n g the curves o f F i g u r e 4> the v a l u e s chosen f o r 
<T0 and k were 1 χ 10~5 s e c T 1 and 5 χ 10~4 sec": 1 r e s p e c t i v e l y . 
Curves are g i v e n f o r s e v e r a l v a l u e s o f ot r a n g i n g from 0 t o 5 x 
10~3 s e e r 1 . I t appears t h a t the e x p o n e n t i a l decay o f cr has 
l i t t l e e f f e c t upon the v a r i a t i o n o f 8(t) w i t h t p r o v i d e d t h a t 
oc/k < ca.10-2. But i n a l l cases the e f f e c t o f a non-zero <x i s t o 
cause 9(t) t o r i s e t o a maximum and th e n e v e n t u a l l y t o decay t o 
z e r o . T h i s i m p l i e s t h a t e v e n t u a l l y a l l the n - r ( t j f o r v>0 w i l l 
decay t o z e r o . 

Other p a r t i c u l a r cases o f the v a r i a t i o n o f cr and k w i t h t f o r 
which s o l u t i o n s have been o b t a i n e d a r e as f o l l o w s : 

( i ) the case where cr decays l i n e a r l y w i t h t , and k i s c o n s t a n t ; 
( i i ) the case where σ decays as a consequence o f second-order de­

p l e t i o n o f i n i t i a t o r , and k i s c o n s t a n t ; 
( i i i ) the case where σ i s c o n s t a n t but k v a r i e s because the l o c i 

grow a t a c o n s t a n t r a t e ; and 
( i v ) the case where σ v a r i e s because r a d i c a l s l o s t t o the 

e x t e r n a l phase a r e a v a i l a b l e f o r r e - i n i t i a t i o n , and k i s 
c o n s t a n t . 

S o l u t i o n f o r case where g e n e r a t i o n o f new r a d i c a l s ceases ( l _ l ) 

We have a l s o been a b l e t o o b t a i n an e x p l i c i t a n a l y t i c s o l u t ­
i o n t o eqn (4), and hence t o the g e n e r a l time-dependent S m i t h -
Ewart d i f f e r e n t i a l d i f f e r e n c e e q u a t i o n s , f o r t h e case where the 
r a t e o f f o r m a t i o n o f new r a d i c a l s i n the e x t e r n a l phase i s z e r o , 
i . e . , cr = 0. Of c o u r s e , i f no r a d i c a l s e v e r have been generated 
w i t h i n the e x t e r n a l phase o f the r e a c t i o n system, t h e n the problem 
becomes t r i v i a l and admits o f an obvious and s i m p l e s o l u t i o n , 
namely, t h a t a l l l o c i a r e a t a l l t i m e s d e v o i d o f p r o p a g a t i n g r a d i ­
c a l s , and the r a t e o f p o l y m e r i s a t i o n i s always z e r o . T h i s s o l u t ­
i o n i s c l e a r l y o f no i n t e r e s t . The case which i s o f i n t e r e s t i s 
t h a t o f a r e a c t i o n system i n which r a d i c a l s have been gen e r a t e d 
w i t h i n t he e x t e r n a l phase, so t h a t a c e r t a i n r a t e o f p o l y m e r i s a -
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444 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

nr(t) 

1-0 

0-8 

0-6 

0-41 

02 

r=0 

r=l 

r=2 

10 15 20 

t (sec) X IO" 3 

J. C. S. Faraday I 

Figure 3. Fractional locus populations, n r(t)/N, as functions of time t for r = 0, 
1, and 2, for reaction system for which radical loss from reaction loci is exclusively 
by first-order processes ($). Values taken for σ and k are 1 X 10~5 s~l and 5 X 
10 4 s1, respectively. The ordinates for r = 0 are n„(t)/N; those for r = 1 are 40 

n,(t)/N; those for τ = 2 are 2000 n,(t)/N. 

Figure 4. Locus-population distribution parameter 0(t) and average number of 
radicals per locus i(t) as functions of time t for case where σ = σ0\~αί and k is 
constant (10). Values taken for σ0 and k are 1 X 10 5 s'1 and 5 X 10'4 s1, 
respectively. Curves are given for various values of a, indicated by the a/k ratios 

appended to the curves. 
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27. BLACKLEY Compartmentalized Free-Radical Polymerization 445 

t i o n has developed; then the rate of generation of new radicals 
i s suddenly reduced to zero, so that the reaction rate decays spo­
ntaneously. It i s with the characteristics of the reaction during 
th i s period of decay, following the cessation of the generation of 
new radicals, that this aspect of the theory of compartmentalised 
free-radical polymerisation reactions i s concerned. Possible ways 
i n which the rate of generation of new radicals might be reduced 
to zero include (a) release of a ra d i c a l scavenger into the exter­
nal phase of the reaction system, and (b) reducing the intensity 
of radiation to zero i n the case of a radiâtion-initiated reaction. 

It i s convenient to represent the r a t i o k/χ by the symbol m. 
It i s then found necessary to consider two separate cases, namely, 
the general case f o r which m ρ 0, and the special case f o r which 
m = 0. The former corresponds to a reaction system i n which r a d i ­
cals can be l o s t from reaction l o c i by f i r s t - o r d e r processes; the 
l a t t e r e f f e c t i v e l y corresponds to a reaction system i n which r a d i ­
cals cannot be l o s t from reaction l o c i by f i r s t - o r d e r processes, 
although t h e o r e t i c a l l y the case m = 0 also includes reaction sys­
tems f o r which χ i s t r u l y i n f i n i t e (and therefore i s t r u l y i n ­
f i n i t e ) and k may or may not be zero. For the case m ψ 0, the 
behaviour of the reaction system during the decay period i s char­
acterised by the locus-population generating function 

- M Î ^ l ' " ' M ( i j / Î / r t (16) 

where τ> « ^ χ jr> (f> + Μ - ι ) \ ' \ (17) 

The Jp i n eqn (16) are Jacobi polynomials, t i s time measured from 
the instant at which the generation of new radicals ceased, and 
the Bp are co e f f i c i e n t s whose values are determined by the require­
ment that ty(t,t) at t = 0 must have a par t i c u l a r form Q) · 
This p a r t i c u l a r form f o r "φ·(|τθ) i s i n turn determined by the 
di s t r i b u t i o n of locus populations i n the reaction system at the 
instant when the generation of new radicals cased. The general re­
sults obtained f o r n r ( t ) and t ( t ) are 

ru,(t] = Ν Σ ^ ( h — ' h ^ " ' ^ ' 0 ^ . ^ (18) 
2 Y ί rzy 

and 

X(t) 1 IR.^*-,)**' (19) 
where a symbol of the type (u)„ i s a Pochhammer symbol denoting 
the function P(u.r v) j P(u) . 

Eqn (16) shows that the nature of the decay of the reaction 
following the cessation of the generation of new radicals i s det­
ermined by, in t e r a l i a , a set of characteristic "relaxation times", 

, the number of which i s i n general i n f i n i t e . Eqn (16) also 
shows that, whilst i t i s possible to obtain a perfectly general 
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446 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

e x p r e s s i o n f o r the l o c u s - p o p u l a t i o n g e n e r a t i n g f u n c t i o n throughout 
the decay p e r i o d , an e x p l i c i t s o l u t i o n f o r any p a r t i c u l a r r e a c t i o n 
system can be o b t a i n e d o n l y i f i n f o r m a t i o n i s a v a i l a b l e c o n c e r n i n g 
the n a t u r e o f the d i s t r i b u t i o n o f l o c u s p o p u l a t i o n s w h ich e x i s t e d 
a t t he i n s t a n t when the r a t e o f g e n e r a t i o n o f new r a d i c a l s i n the 
e x t e r n a l phase was reduced t o z e r o . More p r e c i s e l y , i t i s n e c e s s ­
a r y t o have t h i s i n f o r m a t i o n i n the form o f the g e n e r a t i n g f u n c ­
t i o n f o r the d i s t r i b u t i o n o f l o c u s p o p u l a t i o n s w h ich e x i s t e d a t 
t h a t i n s t a n t . 

We have a p p l i e d our g e n e r a l s o l u t i o n t o o b t a i n p r e d i c t i o n s 
f o r t h e decay o f the r e a c t i o n from the f o l l o w i n g t h r e e t y p e s o f 
d i s t r i b u t i o n o f l o c u s p o p u l a t i o n s : 

( i ) a d i s t r i b u t i o n o f the Stockmayer - 0 1Toole t y p e ; 
( i i ) a P o i s s o n d i s t r i b u t i o n ; and 

( i i i ) a homogeneous d i s t r i b u t i o n , i . e . , a d i s t r i b u t i o n i n w h i c h 
a l l the r e a c t i o n l o c i c o n t a i n the same number o f p r o p a g a t i n g 
r a d i c a l s . 

I f t he i n i t i a l d i s t r i b u t i o n o f l o c u s p o p u l a t i o n s i s o f the 
Stockmayer-0 1 Toole t y p e , t h e n , 0) i s g i v e n by 

Mi. O) - (, * I Γ ^ Χ . , (κβΠ) (20) 
where A** - 8u-cr/klr) a b e i n g the average r a t e o f e n t r y o f r a d i ­
c a l s i n t o a s i n g l e l o c u s b e f o r e the r a t e o f g e n e r a t i o n o f new 
r a d i c a l s was reduced t o z e r o , and 1η denotes the m o d i f i e d B e s s e l 
f u n c t i o n o f the f i r s t k i n d o f o r d e r η . The r e s u l t o b t a i n e d f o r 
the c o e f f i c i e n t s f o r t h i s case i s 

The case m = 0 r e q u i r e s s e p a r a t e t r e a t m e n t , because the a r g u ­
ment which l e a d s t o the g e n e r a l r e s u l t embodied i n eqn (16) i s 
i n v a l i d i f m = 0. As has been p o i n t e d out above, m = 0 e f f e c t i v e ­
l y i m p l i e s t h a t i t i s not p o s s i b l e f o r r a d i c a l s t o be l o s t from 
r e a c t i o n l o c i by f i r s t - o r d e r p r o c e s s e s . T h i s i n t u r n i m p l i e s t h a t 
the o n l y p r o c e s s e s by which the r a d i c a l occupancy o f a l o c u s can 
change a r e second-order p r o c e s s e s such as b i m o l e c u l a r m u t u r a l t e r ­
m i n a t i o n . Thus i f t he r a d i c a l occupancy i s t o change, i t must be 
by increments o f -2. The mat h e m a t i c a l c o m p l e x i t i e s o f t h i s case 
appear t o a r i s e from these p h y s i c a l c o n s i d e r a t i o n s . The g e n e r a l 
e x p r e s s i o n f o r ^ ( § ; t ) o b t a i n e d f o r t h i s case i s 

^(I,t) N% Kkc£«a,(t)*Tt,X> (22) 
r'-° 

where Cf}~'lz^(i) i s a Gegenbauer p o l y n o m i a l o f o r d e r p and p a r a ­
meter-!/^, the xy a r e g i v e n by eqn (17) w i t h m = 0, and the a r e 
c o e f f i c i e n t s w hich are determined by the n a t u r e o f Ο) . The 
ge n e r a l r e s u l t s o b t a i n e d f o r -n- r(tj and t ( t j f o r t h i s case a r e 
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27. BLACKLEY Compartmentalized Free-Radical Polymerization 441 

n , W . £ » £ Κ, ( - Γ " » * « * ( 2 5 ) 

where the summation extends over a l l v a l u e s o f p^r such t h a t f>-r 
i s even; and 

T(t) - - | k > ^ (24) 

F o r the case where the i n i t i a l d i s t r i b u t i o n o f l o c u s p o p u l a t i o n s 
i s o f the Stockmayer-0'Toole t y p e , ψ(ξ,θ) b e i n g g i v e n by eqn ( 2 0 ) , 
the c o e f f i c i e n t s a re found t o be g i v e n by 

Kh - - (h-'/i) htziM (25) 

Approximate " P o i s s o n i a n " s o l u t i o n t o the g e n e r a l case (1.2) 

Al t h o u g h we have so f a r been unable t o o b t a i n a c o m p l e t e l y 
g e n e r a l e x p l i c i t a n a l y t i c s o l u t i o n t o eqn (4)(and t h e r e f o r e t o the 
se t (1)), we have r e c e n t l y o b t a i n e d an e x p l i c i t a n a l y t i c s o l u t i o n 
t o a m o d i f i e d form o f eqn (4), namely, 

1* * ο-(ξ-\)φ + fc(/-ffjlS: - x( i -S)! l2£ ( 2 6 ) 

f o r r e a c t i o n systems which are i n i t i a l l y d e v o i d o f r a d i c a l s , and 
i n the e x t e r n a l phase o f which r a d i c a l s suddenly b e g i n t o be gen­
e r a t e d a t a c o n s t a n t r a t e . T h i s e q u a t i o n can be o b t a i n e d from a 
m o d i f i e d s e t o f time-dependent Smith-Ewart d i f f e r e n t i a l d i f f e r e n c e 
e q u a t i o n s i n which the c o e f f i c i e n t o f k^/tr i n the f i n a l t e r m on 
the r i g h t - h a n d s i d e o f the s e t (1) i s r e p l a c e d by \(i ^-2)(l H ) n - t n : l -

J . We b e l i e v e t he m o d i f i e d s e t o f e q u a t i o n s t o be a 
rea s o n a b l e a p p r o x i m a t i o n , p r o v i d e d t h a t the r a t e o f l o s s o f r a d i ­
c a l s from r e a c t i o n l o c i by second-order p r o c e s s e s i s not so g r e a t 
as t o be i n e f f e c t the dominant r a d i c a l - l o s s mechanism. 

Our a n a l y s i s shows t h a t , f o r r e a c t i o n systems whose b e h a v i o u r 
i s governed by eqn ( 2 6 ) , the d i s t r i b u t i o n o f l o c u s p o p u l a t i o n s i s 
always P o i s s o n i a n . Furthermore the parameter o f the d i s t r i b u t i o n , 
β(ί) , i s a f u n c t i o n o f time which s a t i s f i e s t he d i f f e r e n t i a l equa­
t i o n 

- σ - kd(t)- X\e(t)\2 (21) 

and i s s u b j e c t t o the i n i t i a l c o n d i t i o n θ(θ) - Ο f o r r e a c t i o n 
systems f o r which the boundary c o n d i t i o n s are as s t a t e d i n eqns 
( 8 ) . The e x p l i c i t form which we o b t a i n f o r 8(t) i s 

6(t) = 2σ fe^lT (28) 
OL r khcxnk at 

2 

American Chemical 
Society Library 

1155 16 th St. N. 1. 
Washington, D. C. 2OT8I 
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448 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

where α 3 - Ισχ + k . Examples o f p r e d i c t i o n s o f â(t) (and hence 
o f I ( t J ) as f u n c t i o n s o f t g i v e n by t h i s t h e o r y are shown i n 
F i g u r e 5 f o r v a r i o u s c o m b i n a t i o n s o f v a l u e s o f cr , £ and ̂  . 

Summary o f cases f o r which e x p l i c i t a n a l y t i c s o l u t i o n s have so f a r 
been o b t a i n e d 

I n r e v i e w i n g the cases f o r which e x p l i c i t a n a l y t i c s o l u t i o n s 
have so f a r been o b t a i n e d , i t i s h e l p f u l t o r e c a l l t h a t the Smit h -
Ewart d i f f e r e n t i a l d i f f e r e n c e e q u a t i o n s a r e d e r i v e d on the assum­
p t i o n t h a t the s t a t e o f r a d i c a l occupancy o f a r e a c t i o n l o c u s can 
change as a r e s u l t o f t h r e e d i s t i n c t t y p e s o f p r o c e s s : 

( i ) z e r o - o r d e r a c q u i s i t i o n o f r a d i c a l s from the c o n t i g u o u s 
e x t e r n a l phase; 

( i i ) f i r s t - o r d e r l o s s o f r a d i c a l s , e.g., by e x i t o f r a d i c a l s from 
the r e a c t i o n l o c i i n t o t he co n t i g u o u s e x t e r n a l phase; and 

( i i i ) second-order l o s s o f r a d i c a l s , e.g. , by b i m o l e c u l a r mutual 
t e r m i n a t i o n w i t h i n r e a c t i o n l o c i . 

We have so f a r been a b l e t o o b t a i n e x a c t e x p l i c i t a n a l y t i c s o l u ­
t i o n s f o r (a) the case where o n l y p r o c e s s e s ( i ) and ( i i ) a r e s i g ­
n i f i c a n t , and (b) the case where o n l y p r o c e s s e s ( i i ) and ( i i i ) a r e 
s i g n i f i c a n t . We have a l s o o b t a i n e d an approximate a n a l y t i c s o l u ­
t i o n f o r the case where a l l t h r e e p r o c e s s e s ( i ) , ( i i ) and ( i i i ) 
o c c u r , but where the l o s s o f r a d i c a l s o c c u r s p r e d o m i n a n t l y by p r o ­
cess ( i i ) r a t h e r t h a n by prodess ( i i i ) . As a g e n e r a l i s a t i o n o f 
case ( a ) , we have o b t a i n e d a g e n e r a l s o l u t i o n which c o v e r s the 
case where the parameters which c h a r a c t e r i s e the p r o c e s s e s ( i ) and 
( i i ) a r e themselves time-dependent. The g e n e r a l s o l u t i o n t o case 
(b) r e q u i r e s m o d i f i c a t i o n i f p r o c e s s e s o f type ( i i ) do not o c c u r . 
Complete s o l u t i o n s have been o b t a i n e d f o r t h r e e s p e c i a l cases o f 
( b ) , namely, decay from a Stockmayer-0 fToole d i s t r i b u t i o n o f l o c u s 
p o p u l a t i o n s , decay from a P o i s s o n d i s t r i b u t i o n o f l o c u s p o p u l a ­
t i o n s , and decay from a homogeneous d i s t r i b u t i o n o f l o c u s p o p u l a ­
t i o n s . 

N u m e r i c a l p r e d i c t i o n s ( i j j ) 

We have a l s o d e v i s e d a n u m e r i c a l procedure f o r computing the 
s o l u t i o n s o f the s e t o f e q u a t i o n s (1) i n t h e i r most g e n e r a l form. 
Examples o f the r e s u l t s o f such c a l c u l a t i o n s a r e g i v e n i n F i g u r e s 
6 and 7, and i n Table I . A l l these c a l c u l a t i o n s r e f e r t o r e a c t i o n 
systems f o r w h ich the boundary c o n d i t i o n s a r e as s t a t e d i n eqns 
( 8 ) , i . e . , the r e a c t i o n systems are i n i t i a l l y d e v o i d o f r a d i c a l s 
and a t a c e r t a i n i n s t a n t o f tim e , t a k e n as t = 0, r a d i c a l s sudden­
l y b e g i n t o be generated i n t h e e x t e r n a l phase o f the r e a c t i o n 
system a t a c o n s t a n t r a t e . F i g u r e 6 i l l u s t r a t e s the e f f e c t o f i n ­
c r e a s i n g yc upon the v a r i a t i o n o f ~(t) w i t h t > cr and k b e i n g 
h e l d c o n s t a n t . As expected, an i n c r e a s e i n the v a l u e o f χ l e a d s 
t o a r e d u c t i o n i n the v a l u e o f Τ a t any i n s t a n t . F i g u r e 7 shows 
the e f f e c t o f i n c r e a s i n g χ and d e c r e a s i n g k upon T(tJ as a f u n ­
c t i o n o f t , c r b e i n g h e l d c o n s t a n t . I t i s o f p a r t i c u l a r i n t e r e s t 
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27. BLACKLEY Compartmentalized Free-Radical Polymerization 449 

3r 

T(t) 

Figure 5. 
for (Α) σ = 1 
k = 4 χ 10 4 

kt 
J. C. S. Faraday I 

Predictions for i(t) as function of t A S given bv Poissonian approximation 
1 - ^ Λ Λ 5 χ ΙΟ4, χ = 5 Χ 70 4 s1; (Β) σ = 1 Χ 70Λ 

(C) σ = 1 Χ 10'*, k = 2 Χ 70"4, χ = i Χ 
70 4 5 1 (12j 

Χ i O 4 , k = 
χ = 4 χ IO'* 

Α-
I f 

Ο 1 2 3 4 

kt 
J. C. S. Faraday I 

Figure 7. Variation of i(t) with t for σ = 1 χ 105 s'1 and various values of k 
and χ (in s'1) as follows: (A) k = 1 χ 10~3, x = 1 X 10~8; (B) k = 1 X 10~4, 
χ = 1 X IO6; (C)k=lX 10 5, χ = 1 χ IO4; (D)k = l Χ ΙΟ6, χ = 1 Χ 10*; 

(E)k = 1 χ ΙΟ7, χ = 1 Χ 10° (13) 
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450 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

0 6 r 

Oh- ι ι 1 
IO3 10* 10s 10* 

t (sec) 
J. C. S. Faraday I 

Figure 6. Variation of i(t) with t for σ = 7 X 10'3 j " 1 , k = 7 X 10~3 s'1, a/id 
v f l r / o M j va/wes ο/ χ (in s'1) as follows: (A) 0; (B) 1 X 70 5; (C) 1 X 70"4; (Ό; 7 X 

70"3; fE; 7 χ IO2; (F) 1 X IO1 (13) 
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27. BLACKLEY Compartmentalized Free-Radical Polymerization 451 

Table I : P r e d i c t i o n s f o r η ( t ) / N , r = 0, 1, 2, 5, as f u n c t i o n s o f 
r -2 -1 t f o r r e a c t i o n s system f o r which σ= 1x10 s e c . , 

k = 5x10~^ secT1, and ̂  = 1x10~^ secT1 (lj$) 

• 

t n u m e r i c a l p r e d i c t i o n s P o i s s o n i a n p r e d i c t i o n s 

(sec, χ 10~^) n Q ( t ) n-,(t) n 2 ( t ) n Q ( t ) ^ ( t ) n 2 ( t ) n ? ( t ) 
Ν Ν Ν Ν Ν Ν Ν Ν 

0.457 0.664 0.273 0.055 0.007 0.665 0.271 0.055 0.007 
1.03 0.448 0.361 0.144 0.038 0.448 0.360 0.144 0.038 
1.60 0.335 0.368 0.201 0.072 0.335 0.366 0.201 0.073 
2.17 0.270 0.356 0.232 0.100 0.269 0.355 0.232 0.101 

2.74 0.230 0.341 0.250 0.120 0.229 0.358 0.249 0.122 

3.31 0.205 0.328 0.260 0.135 0.203 0.324 0.258 0.137 
3.89 0.188 0.318 0.265 0.145 0.186 0.313 0.263 0.147 
4.46 0.177 0.311 0.268 0.152 0.175 0.505 0.266 0.155 
5.03 0.169 0.305 0.270 0.157 0.166 0.298 0.268 0.160 
5.60 0.164 0.301 0.272 0.161 0.161 0.294 0.269 0.164 
6.17 0.160 0.298 0.272 0.163 0.157 0.290 0.269 0.166 

6.74 0.157 0.296 0.273 0.165 0.154 0.288 0.270 0.166 

7.31 0.155 0.294 0.273 0.166 0.152 0.286 0.270 0.17C 

7.89 0.154 0.293 0.274 0.167 0.150 0.285 0.270 0.171 

Stockmayer-
0 f T o o l e 

p r e d i c t i o n s 
0.150 0.290 0.274 0.170 0.150 0.290 0.274 0.17C 
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452 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

t h a t , f o r l a r g e v a l u e s o f χ/k, the v a l u e o f ï(t) a t l o n g t appro­
aches the Smith-Ewart "Case 2" v a l u e o f 0.5. T h i s i s t o be expec­
t e d , s i n c e the requ i r e m e n t s f o r a Smith-Ewart "Case 2" r e a c t i o n 
system are k - 0 and γ. = οο. 

Table I shows the n u m e r i c a l p r e d i c t i o n s f o r rv T(ir)/N, r = 0, 
1, 2, 3> as a f u n c t i o n o f t f o r a c o m b i n a t i o n o f v a l u e s o f cr , k 
and χ such t h a t the b e h a v i o u r o f the r e a c t i o n system c o u l d be 
r e a s o n a b l y supposed t o be r e p r e s e n t e d by the " P o i s s o n i a n " a p p r o x i ­
mation d e s c r i b e d above. The c o r r e s p o n d i n g p r e d i c t i o n s g i v e n by 
the P o i s s o n i a n a p p r o x i m a t i o n are a l s o shown. I t i s e v i d e n t t h a t 
these p r e d i c t i o n s do conform s a t i s f a c t o r i l y w i t h t he r e s u l t s ob­
t a i n e d by n u m e r i c a l s o l u t i o n o f the s e t o f e q u a t i o n s ( 1 ) . 

L i s t o f symbols 

a = Λ/4σχ + & 2 

B -1 i CÉ, 
ρ = c o n s t a n t a s s o c i a t e d w i t h term c o n t a i n i n g .e 

^ ( ξ ) = Gegenbauer p o l y n o m i a l o f o r d e r ρ and parameter —g-

h = A/8u-<r/k t 

Iη denotes m o d i f i e d B e s s e l f u n c t i o n o f o r d e r η 

i = number o f p r o p a g a t i n g r a d i c a l s p e r s i n g l e r e a c t i o n l o c u s 

Τ = average number o f p r o p a g a t i n g r a d i c a l s i n s i n g l e r e a c t i o n 
l o c u s . 

j^(f> 9i ̂  _ j a c o " b i p o l y n o m i a l o f o r d e r f> 

= c o n s t a n t a s s o c i a t e d w i t h term c o n t a i n i n g JZ*^* 

k = c o e f f i c i e n t c h a r a c t e r i s i n g r a t e o f e x i t o f r a d i c a l s from 
r e a c t i o n l o c i 

k̂ . = r a t e c o e f f i c i e n t f o r b i m o l e c u l a r mutual t e r m i n a t i o n 

m = kv/k^ = k/χ 

Ν = number o f r e a c t i o n l o c i i n a r b i t r a r y volume o f r e a c t i o n 
system 

n. = number o f l o c i i n a r b i t r a r y volume o f r e a c t i o n system 
which c o n t a i n i p r o p a g a t i n g r a d i c a l s 

r = number o f p r o p a g a t i n g r a d i c a l s i n s i n g l e r e a c t i o n l o c u s 

t = time 
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27. BLACKLEY Compartmentalized Free-Radical Polymerization 453 

(ujv is a Pochhammer symbol which denotes P(u + ̂ )/P(w<) 

ν volume of reaction locus 

Ρ denotes gamma function 

= time-dependent parameter of Poisson distribution 

ξ = auxiliary variable of locus-population generating function 

\$r = locus-population generating function 
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28 
A Reinvestigation of Vinyl Acetate Emulsion 
Polymerization: Isotope Effect 

M. H. LITT and K. H. S. CHANG 
Department of Macromolecular Science, Case Western Reserve University, 
Cleveland, OH 44106 

One of the most important factors in vinyl acetate poly­
merization is chain transfer of growing radical to the monomer 
(1-5). This was concluded because there is no dependence of 
molecular weight on initiator concentration. While chain 
transfer to polymer was found, it is unimportant below 30% 
conversion; there is no molecular weight increase in the polymer 
until higher conversions. Hydrolysis and reacetylation of low 
conversion polymer shows no molecular weight change, indicating 
that there is no back-biting on polymer acetyl groups. 

An interesting and to us an important question is where 
is the main chain transfer site on vinyl acetate. All studies 
concluded that the main chain transfer site was the hydrogen 
atoms of the acetyl group (6-9). Some investigators found 
vinyl groups in the polymer and proposed some chain transfer 
on the vinyl hydrogens (8,9). On the other hand, we concluded 
on the basis of a kinetic analysis that chain transfer is 
mainly on the vinyl hydrogens of vinyl acetate (10). 

One way to distinguish between the two possibilities is 
to study the isotope effect on the kinetics of vinyl acetate poly­
merization and on the polymer molecular weight. The deuterium 
isotope effect has been ascribed to the difference in the zero 
point energies of the stretching vibrations of the C-H and C-D 
bond (11). The rate of a reaction in which deuterium is 
transferred is slower than that of the corresponding reaction 
for hydrogen, since the C-D bond has a lower zero point energy. 
The magnitude of the isotope effect is temperature dependent. 
For example, the reaction at a C-H bond has a maxium isotope 
effect of 7 at 25° C and 2.1 at 500° C (12). 

Urry (13) studied hydrogen abstraction from toluene 
α-d1 versus toluene by chlorine, bromine and CH3COO•radicals 
and found that the attack on toluene α-d1 is slower than that 
on toluene. The isotope effect was found to be in the range 
of 2.2 to 9.9. 

Bartlett and Tate (14) studied the polymerization of allyl 
acetate and allyl-1-d2 acetate and found that the rate of poly-

0097-6156/81/0165-0455$05.00/0 
© 1981 American Chemical Society 
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456 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

m e r i z a t i o n f o r the d e u t e r a t e d a l l y l a c e t a t e was about 2.4 times 
as g r e a t as t h a t of the undeuterated a l l y l a c e t a t e . An e x p l a n a ­
t i o n was advanced t h a t when d e u t e r a t e d a l l y l a c e t a t e was used 
t h e r e was l e s s c h a i n t r a n s f e r on the monomer because of the 
s t r o n g e r C-D bond. Bothe the p o l y m e r i z a t i o n r a t e and m o l e c u l a r 
weight i n c r e a s e d by the same r a t i o when d e u t e r a t e d a l l y l a c e t a t e 
was used because i n t h i s system each r a d i c a l produces one polymer 
m o l e c u l e . 

Thus, a r e l a t i v e l y l a r g e i s o t o p e e f f e c t can be expected 
i f d e u t e r a t e d v i n y l a c e t a t e i s used f o r p o l y m e r i z a t i o n . S i n c e 
the degree of p o l y m e r i z a t i o n f o r v i n y l a c e t a t e e q u a l s k^/k^, 
the r a t i o of the r a t e c o n s t a n t f o r p r o p a g a t i o n t o t h a t For c h a i n 
t r a n s f e r , the degree of p o l y m e r i z a t i o n s h o u l d e x p r e s s the f u l l 
i s o t o p e ! e f f e c t . I t known t h a t i n em u l s i o n p o l y m e r i z a t i o n , 
Rp Œ k 2 (10), and thus the r e l a t i v e change i n r a t e s h o u l d be 
p r o p o r t i o n a l t o the square r o o t of the i s o t o p e e f f e c t . We f e l t 
t h a t s y n t h e s i s and p o l y m e r i z a t i o n of two p a r t l y d e u t e r a t e d v i n y l 
a c e t a t e s , t r i d e u t e r o v i n y l a c e t a t e (Ό^ = CD - OAc) and v i n y l 
t r i d e u t e r o a c e t a t e ^ = C H _ 0 _ ^ _ C D ^ c o u l d s e t t l e the q u e s t i o n 

of which end o f the monomer i s the major c h a i n t r a n s f e r s i t e . 
I f i t i s the a c e t y l group, when CD COOCH^H^ i s used t h e r e w i l l 
be an i n c r e a s e of the m o l e c u l a r weight compared t o un d e u t e r a t e d 
v i n y l a c e t a t e . On the o t h e r hand, i f the p o l y m e r i z a t i o n o f 
t r i d e u t e r o v i n y l a c e t a t e shows the m o l e c u l a r weight i n c r e a s e , 
then the v i n y l hydrogens a re i m p l i c a t e d . A l s o , i t i s expected 
t h a t the emulsion p o l y m e r i z a t i o n r a t e would r i s e when t r i d e u t e r o ­
v i n y l a c e t a t e i s used, i f c h a i n t r a n s f e r on t h i s s i t e i s important 
as we b e l i e v e (10). 

E x p e r i m e n t a l 

M a t e r i a l s . E m u l s i f i e r : A v e r y pure grade of sodium l a u r y l 
s u l f a t e ( S t e p a n o l WA-100) was o b t a i n e d from Stepan Chemical 
Company and was used d i r e c t l y from t h e b o t t l e . 

I n i t i a t o r : P o t assium p e r s u l f a t e was F i s h e r c e r t i f i e d 
reagent grade and was used d i r e c t l y from the b o t t l e i n e m u l s i o n 
p o l y m e r i z a t i o n . 

Seed L a t e x : The seed l a t e x was prepared as d e s c r i b e d b e f o r e 
(10). I t had a s o l i d s c o ntent of 17.0% and i t s number average 
diameter was about 0.045 μ as measured by q u a s i e l a s t i c l a s e r 
l i g h t s c a t t e r i n g (15). 

V i n y l A c e t a t e : V i n y l a c e t a t e was o b t a i n e d from Eastman 
Kodak Company and p u r i f i e d by d i s t i l l a t i o n t hrough a P e r k i n 
Elmer s p i n n i n g band column w i t h 45 t h e o r e t i c a l p l a t e s . The 
f i r s t and l a s t 25% of the d i s t i l l a t e was d i s c a r d e d f o r a l l the 
d i s t i l l a t i o n s . I t was then s t o r e d Q a t 5° C. 

V i n y l T r i d e u t e r o a c e t a t e ^ _g_0_cH=CH ) T l i e m e t h o c ^ o f 

p r e p a r a t i o n was based on the i n t e r c h a n g e r e a c t i o n o f v i n y l e s t e r 
w i t h a c e t i c a c i d (16,17). 150 g (1.5 mole) of v i n y l p r o p i o n a t e 
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28. LiTT AND CHANG Vinyl Acetate Emulsion Polymerization 457 

( P o l y s c i e n c e Inc.)» 48 g (0.75 mole) of t e t r a d e u t e r o a c e t i c a c i d 
( A l d r i c h Chemical Co., 99.5 atom % D), 0.9 g o f m e r c u r i c a c e t a t e , 
( A l d r i c h Chemical Co.), 0.155 g of c o n c e n t r a t e d s u l f u r i c a c i d 
( F i s h e r S c i e n t i f i c , ACS reagent grade) and 0.001 g of h y d r o q u i -
none (MC/B reagent grade) were put i n t o a t h r e e neck f l a s k which 
was connected t o a P e r k i n Elmer s p i n n i n g band column w i t h 45 
t h e o r e t i c a l p l a t e s . The m i x t u r e was heated t o 90°C f o r two 
ho u r s ; 2 g of sodium a c e t a t e ( F i s h e r S c i e n t i f i c , ACS reagent 
grade) was added and the r e s u l t a n t v i n y l t r i d e u t e r o a c e t a t e was 
d i s t i l l e d at atmosphere p r e s s u r e . The f r a c t i o n b o i l i n g from 
71 t o 75°C was c o l l e c t e d . The crude v i n y l t r i d e u t e r o a c e t a t e 
was then r e d i s t i l l e d and 58 grams (0.65 moles) o f pure v i n y l 
a c e t a t e , bp 74°C, was o b t a i n e d . The y i e l d was 87% based on the 
t e t r a d e u t e r o a c e t i c a c i d used. P r o t o n N.M.R. spectrum o f v i n y l 
t r i d e u t e r o a c e t a t e showed t h a t the r a t i o o f the p r o t o n peak 
i n t e n s i t i e s o f m e t h y l hydrogens t o v i n y l hydrogens was 0.018; 
the i s o t o n i c p u r i t y of ̂  _ J _ 0 _ C H = C H was 98.2%. 

T r i d e u t e r o v i n y l a c e t a t e . % 2 The r e a c t i o n 
( G H — G —0—C D — C D « ) 

of a c e t y l e n e w i t h a c e t i c a c i d (18,19) was adopted f o r t h i s 
s y n t h e s i s . To a t h r e e neck f l a s k was added 30 g (1.50 moles) o f 
deu t e r i u m o x i d e ( A l d r i c h Chemical Co.), 162 g o f a c e t i c anhyd­
r i d e (1.59 moles) ( A l d r i c h Chemical Co.) and 0.1 g cone. HC1 
( F i s h e r S c i e n t i f i c Co.). I t was then s t i r r e d and heated t o 100°C. 
A f t e r about 20 mi n u t e s , the r e a c t i o n was complete; 180 g of 
monodeuteroacetic a c i d was formed. 7.0 g of m e r c u r i c a c e t a t e 
( A l d r i c h Chemical Co.) and 10 g of fuming s u l f u r i c a c i d ( F i s h e r 
S c i e n t i f i c Co.) were then added t o the f l a s k . D i d e u t e r o a c e t y l e n e 
was generated i n another t h r e e neck f l a s k by the slow a d d i t i o n 
of 120 g of c a l c i u m c a r b i d e ( F i s h e r S c i e n t i f i c , 80% pure) (1.15 
moles) t o 400 g o f deuterium o x i d e and passed c o n t i n u o u s l y f o r 
f i v e hours a t 20°C i n t o the f l a s k c o n t a i n i n g monodeuteroacetic 
a c i d and m e r c u r i c a c e t a t e . A f t e r f i v e hours 15 g o f sodium 
a c e t a t e were added t o the r e a c t i o n m i x t u r e and the whole was 
d i s t i l l e d through a s p i n n i n g band column a t atmosphere p r e s s u r e . 
Crude t r i d e u t e r o v i n y l a c e t a t e was c o l l e c t e d between 69 t o 75°C, 
was o b t a i n e d . The y i e l d was 55% based on the d i d e u t e r o a c e t y l e n e 
used. P r o t o n N.M.R. spectrum of t r i d e u t e r o v i n y l a c e t a t e showed 
t h a t the r a t i o o f p r o t o n peak i n t e n s i t i e s o f v i n y l t o me t h y l 
hydrogens was 0.034; the i s o t o p i c p u r i t y of ̂  -C-0-CD=CD 
was 96.6%. 3 2 

P o l y m e r i z a t i o n s . B u l k P o l y m e r i z a t i o n : 3.5 g of f r e s h l y 
d i s t i l l e d monomer was put i n t o a 12 ml p o l y m e r i z a t i o n tube which 
was then degassed under a vacuum of ̂ Q-3 mm Hg f o u r o r f i v e t i m e s 
and s e a l e d . Three s e a l e d samples of each monomer were immersed 
i n 700 g of molten NaH PO,·2Η ?0, m.p. = 60.0°C (made by adding 
80.78 g of H 20 t o 619.22 g o f N a H ^ ' H 0) a t 60°C i n a w e l l 6 

i n s u l a t e d b e a ker. The tubes were th e n i r r a d i a t e d a t 0.12 χ 10 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
02

8



458 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

r a d / h r u s i n g a 6^Co γ-ray source and samples were withdrawn a t 
s e l e c t e d i n t e r v a l s . C o n v e r s i o n was measured by e v a p o r a t i n g t he 
monomer at 1 mm Hg and 40°C f o r 8 hours, r a i s i n g t he temperature 
to 65°C and we i g h i n g t he r e s i d u e a t i n t e r v a l s u n t i l i t reached 
c o n s t a n t w e i g h t . 

E m ulsion P o l y m e r i z a t i o n : The p o l y m e r i z a t i o n apparatus was 
a d i l a t o m e t e r which was s i m i l a r t o though s m a l l e r than t he one 
used b e f o r e . ( 1 0 ) ^ graduated 10 ml column (adapted from a 10 ml 
p i p e t t e ) was connected t o a 50 ml v o l u m e t r i c f l a s k w i t h t h r e e 
i n d e n t a t i o n s i n i t s e t a t 120°. L a t e x volume changes were read 
by t a k i n g t h e emulsion t o a r e f e r e n c e p o i n t i n the column and 
r e a d i n g t he h e i g h t on a p r e c i s i o n bore s i d e tube. 

The seeded p o l y m e r i z a t i o n procedure was the same as d e s c r i b ­
ed e a r l i e r (10) except t h a t o n l y .175 of the r e c i p e was used. 
P o l y m e r i z a t i o n s o f a l l monomers were r u n at 60.0C u s i n g f o u r d i f f ­
e r e n t i n i t i a l i n i t i a t o r c o n c e n t r a t i o n s ( I Q = 2 χ IO"1* M t o 10 χ 
10 _ i +M K2S2O8) a t a co n s t a n t volume o f o r g a n i c phase per u n i t v o l ­
ume of aqueous phase ( V o r g / V a q = 0 . 3 3 ) . Rates were c a l c u l a t e d 
from the s l o p e s of the l i n e a r p o r t i o n of the polymer/time curve s 
a t 30-85% c o n v e r s i o n . 

A n a l y s i s 
NMR Measurement: 0.3 g o f monomer was d i s s o l v e d i n 1 g 

of CDCI3 u s i n g TMS as i n t e r n a l s t a n d a r d . NMR s p e c t r a were r un 
u s i n g a V a r i a n A-60A p r o t o n NMR ins t r u m e n t a t 23°C. 

V i s c o m e t r y : The s p e c i f i c v i s c o s i t y o f each polymer 
from the b u l k p o l y m e r i z a t i o n was measured i n acetone a t 30°C 
u s i n g an Ubbelohde d i l u t i o n v i s c o m e t e r . F i v e c o n c e n t r a t i o n s i n 
the range o f 1.120 t o 0.242 g/d£ p o l y ( v i n y l a c e t a t e ) and p o l y ­
v i n y l t r i d e u t e r o a c e t a t e ) and 0.385 t o 0.084 g/d£ ( p o l y ( t r i d e u ­
t e r o v i n y l a c e t a t e ) ) were r u n . I n t r i n s i c v i s c o s i t y was c a l c u l a t ­
ed by e x t r a p o l a t i o n o f the n Sp/c v e r s u s c p l o t t o zero c o n c e n t r a ­
t i o n . Number average m o l e c u l a r w e i g h t s were c a l c u l a t e d u s i n g t h e 
equ a t i o n ( 2 0 ) [ n ] =1.0 χ 1 0 ~ 4 [ M n ] 0 · 7 2 which i s i n the mid range o f 
the e q u a t i o n s l i s t e d . 

R e s u l t s and D i s c u s s i o n 
P o l y m e r i z a t i o n Rate. 

B u l k P o l y m e r i z a t i o n : The c o n v e r s i o n v e r s u s time p l o t 
f o r the b u l k p o l y m e r i z a t i o n s o f v i n y l a c e t a t e and i t s d e u t e r a t e d 
analogues i s shown i n F i g u r e 1. V i n y l t r i d u e t e r o a c e t a t e has a 
c o n v e r s i o n r a t e o f 9.9 χ 10" 3/min which i s i d e n t i c a l w i t h t h a t o f 
v i n y l a c e t a t e (9.5 χ 10~ 3/min) w i t h i n t h e e x p e r i m e n t a l e r r o r . 
However, t r i d e u t e r o v i n y l a c e t a t e has a much h i g h e r c o n v e r s i o n 
r a t e (1.69 χ 1 0 ~ 2 / m i n ) . The r a t i o o f t h e r a t e o f p o l y m e r i z a t i o n 
of t r i d u e t e r o v i n y l a c e t a t e t o the average o f the o t h e r two mono­
mers i s 1.74 - .03. 

V i n y l a c e t a t e and v i n y l t r i d e u t e r o a c e t a t e were r u n t o g e t h e r , 
w h i l e t r i d e u t e r o v i n y l a c e t a t e was r u n l a t e r . The l a g shown i n t h e 
f i r s t two i s almost c e r t a i n l y not due t o r e s i d u a l oxygen, as t h i s 
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460 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

would p r o b a b l y be d i f f e r e n t f o r each sample. I t i s p r o b a b l y an 
e x p e r i m e n t a l a r t i f a c t due t o p u t t i n g the samples i n t h e 60°C 
bat h i m m e d i a t e l y b e f o r e l o w e r i n g them i n t o t he s o u r c e . 

Emulsion P o l y m e r i z a t i o n : Table 1 shows the comparison of 
r a t e s o f em u l s i o n p o l y m e r i z a t i o n of v i n y l a c e t a t e and i t s d e u t e r ­
a t e d analogues as the i n i t i a l i n i t i a t o r c o n c e n t r a t i o n , I Q , was 
v a r i e d . A g a i n , t h e r a t e o f p o l y m e r i z a t i o n f o r v i n y l t r i d e u t e r o ­
a c e t a t e i s i d e n t i c a l w i t h t h a t of v i n y l a c e t a t e , w h i l e the r a t e 
of p o l y m e r i z a t i o n o f t r i d e u t e r o v i n y l a c e t a t e averages 1.76 times 
h i g h e r . T h i s i n d i c a t e s t h a t v i n y l hydrogen i s the major c h a i n 
t r a n s f e r s i t e i n v i n y l a c e t a t e . A l s o , Table 1 shows t h a t t h e 
c h a i n t r a n s f e r on a c e t y l hydrogens (shown l a t e r t o be 6%) i s 
k i n e t i c a l l y i n s i g i f i c a n t . The acc u r a c y o f measurement of the 
r a t e i s about 1% and the r a t i o o f the r a t e s o f p o l y m e r i z a t i o n 
of v i n y l a c e t a t e and v i n y l t r i d e u t e r o a c e t a t e average 1.00 t o 
w i t h i n h%. I f t h e c h a i n t r a n s f e r s t e p i s k i n e t i c a l l y s i g n i f i ­
c a n t , the r a t e s h o u l d have been i n c r e a s e d by 2%, which would be 
e a s i l y seen. Our p r e v i o u s work(10,22) showed t h i s s t e p s h o u l d 
have no k i n e t i c e f f e c t . 

M o l e c u l a r Weights: The m o l e c u l a r w e i g h t s o f t h e t h r e e p o l y ­
mers a t t h r e e d i f f e r e n t c o n v e r s i o n s a r e compared i n Table 2. As 
can be seen, t h e m o l e c u l a r weight of p o l y ( t r i d e u t e r o v i n y l ace­
t a t e ) averages 2.59 times h i g h e r than t h a t of p o l y ( v i n y l ace­
t a t e ) , i n d i c a t i n g a g a i n t h a t the major c h a i n t r a n s f e r s i t e i s 
the v i n y l hydrogens. A l s o t h e r e i s some c h a i n t r a n s f e r on the 
a c e t y l hydrogens of v i n y l a c e t a t e s i n c e the m o l e c u l a r weight o f 
p o l y ( v i n y l t r i d e u t e r o a c e t a t e ) i s about 1.04 times t h a t of p o l y ­
v i n y l a c e t a t e ) . 

The F r a c t i o n o f Chain T r a n s f e r on V i n y l Hydrogens and t h e 
Magnitude of the Is o t o p e E f f e c t : I f c h a i n t r a n s f e r i s on b o t h 
v i n y l and a c e t y l hydrogen, t h e degree of p o l y m e r i z a t i o n o f the 
polymers can be expressed as i n e q u a t i o n (1) 

k 2 1 
n fc3A + k 3 V MA MV 

where C M A a n d C^y a r e the c h a i n t r a n s f e r c o n s t a n t s on a c e t y l and 
v i n y l hydrogens o f v i n y l a c e t a t e r e s p e c t i v e l y . The k i n e t i c model 
i s g i v e n i n the next s e c t i o n . 

CMA = ^ <2> 

C „ , = k 3 V ( 3 ) MV k 2 

We know from T a b l e 2 t h a t the m o l e c u l a r weight o f p o l y ( v i n y l t r i ­
d e u t e r o a c e t a t e ) i s 1.04 times t h a t o f p o l y ( v i n y l a c e t a t e ) . 

Thus, t a k i n g i n t o account i s o t o p i c p u r i t y , 
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LiTT AND CHANG Vinyl Acetate Emulsion Polymerization 

TABLE I 
The comparison of seeded emulsion polymerization, 
Rp, of three monomers (vinyl acetate, v i n y l t r i ­
deuteroacetate, and trideuterovinyl acetate) at 
various i n i t i a t o r concentrations. The polymeriza­
tion was run at 60°C with K

2
S 2 ° 8 a S i n i t i a t o r e 

Monomer/100 Rp (M/min) 
1 0 4 I o (m/£) 

2.0 3.0 4.0 10.0 

,0 
y 

v0-CH=CHo 

CH -C^ 2.63 3.28 4.44 6.89 
χ 2 

CH -C ' 2.59 3.26 4.54 6.79 
N0-CH=CH2 

0 
CH -C-Ô-CD=CD„ 4.57 5.85 7.77 12.27 3 2 

5 3 / R P l ( Rp Q/RP n
( a ) 1.74 1.78 1.75 1.78 

(a) Rp^ and Rp^ are the polymerization rates of 

CH^-C^ and CH^-C^ respectively. 
0-CD=CD X0-CH=CH 
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462 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

TABLE I I 

The i n t r i n s i c v i s c o s i t i e s and m o l e c u l a r w e i g h t s o f p o l y ( v i n y l 
a c e t a t e ) , p o l y ( v i n y l t r i d e u t e r o a c e t a t e ) , and p o l y ( t r i d e u t e r o ­
v i n y l a c e t a t e ) a t t h r e e c o n v e r s i o n s . 

Polymer C o n v e r s i o n [η] M o l e c u l a r , (b) 
(d£/g) Weight(a) V w 

0 5 " 0.127 1.15 4 . 3 7 x 1 0 . 
^ 3 0.195 1.17 4.48 χ 10^ 

V 0.270 1.16 4.42 x 1 0 
<CH0-CH> ζ n 

„C-CD 
0 J 0.125 1.18 4.57 x 10^ 1.05 

, ™ ν 0.193 1.19 4.61 x 1 0 ^ 1.03 
t U 2 U r t t

n 0.274 1.19 4 . 6 0 x l 0 3 1.04 

0 5 
" 0.175 2.28 11.31 x 1 0 ^ 2.59 

V 3 0.257 2.32 11.58 x 1 0 ^ 2.58 
«CD -CD} 0.344 2.31 11.51 x 10 2.60 

l n 

(a) M o l e c u l a r , w e i g h t was c a l c u l a t e d by [η] = KM a, where Κ 
1.0 χ 10 (d£/g), a = 0.72 ( 2 0 ) . 

(b) Mw/M i s the r a t i o o f m o l e c u l a r weight o f d e u t e r a t e d 
1 v i n y l a c e t a t e t o t h a t of v i n y l a c e t a t e . 
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28. L I T T A N D C H A N G Vinyl Acetate Emulsion Polymerization 463 

. x 0 4 =
 CMA + CMV 

Y .982C A / x + .018C„A + C m 7
 k J 

*ΊΙ MA MA MV 

where X n and X nj)A a r e t n e degrees of p o l y m e r i z a t i o n o f v i n y l 
a c e t a t e and v i n y l t r i d e u t e r o a c e t a t e r e s p e c t i v e l y and χ i s the 
i s o t o p e e f f e c t . 

A l s o , the m o l e c u l a r weight of p o l y ( v i n y l t r i d e u t e r o ­
a c e t a t e ) i s 2.59 times t h a t o f p o l y ( v i n y l a c e t a t e ) . Taking 
i n t o account the rem a i n i n g hydrogen, e q u a t i o n (5) r e s u l t s : 

5aM = _ CMA + CMV 
X n · C M A + . 9 6 6 C M V / x + . 0 3 4 C M V 

where X ^ y i s the degree o f p o l y m e r i z a t i o n o f t r i d e u t e r o ­
v i n y l a c e t a t e . 

S o l v i n g (4) and (5) f o r the unknowns, we o b t a i n 

CMA 
7 ^ = 0 .062 ( 6 ) 
LMV 

χ = 3.04 ( 7 ) 

Thus, o n l y 6% of the c h a i n t r a n s f e r i s on the a c e t y l hydrogens 
and 94% on the v i n y l hydrogens o f v i n y l a c e t a t e . The o v e r a l l 
i s o t o p e e f f e c t i s 3.04. 

The r a t e of p o l y m e r i z a t i o n i n emu l s i o n p o l y m e r i z a t i o n i s 
p r o p o r t i o n a l t o k^~^9 where k 3 i s the f h a i n t r a n s f e r s t e p on 
the v i n y l group ( 1 0 ) . S u b s t i t u t i n g t r i d e u t e r o v i n y l a c e t a t e 
f o r v i n y l a c e t a t e r a i s e d the r a t e by a f a c t o r o f 1.76. When 
the c a l c u l a t i o n f o r the i s o t o p e e f f e c t on r a t e i s done a c c u r ­
a t e l y , t a k i n g i n t o account the 3% H on the t r i d e u t e r o v i n y l , we 
f i n d t h a t i f the e f f e c t i s p u r e l y on kg, the r a t e s h o u l d r i s e 
by a f a c t o r o f 1.69 as compared to 1.76 ± .02. T h i s i s almost 
w i t h i n the e x p e r i m e n t a l e r r o r . There may be a v e r y s l i g h t 
secondary i s o t o p e e f f e c t (23,24) on the p r o p a g a t i o n and r e -
i n i t a t i o n r a t e c o n s t a n t s k 2 and k^, but i t cannot be dec i d e d 
from these d a t a . 

A q u e s t i o n has been r a i s e d by the r e v i e w e r s about the 
exac t n a t u r e of the t r a n s f e r s t e p . W h i l e no doubt e x i s t s t h a t 
a v i n y l hydrogen i s t r a n s f e r r e d , the ex a c t mechanism i s d i s p u t e d . 
T h i s w i l l be d i s c u s s e d l a t e r . 

Model and Nature o f T e r m i n a t i o n Step f o r B u l k P o l y m e r i z a t i o n 
of V i n y l A c e t a t e : The f o l l o w i n g i s a r e a s o n a b l e k i n e t i c model 
f o r t he b u l k p o l y m e r i z a t i o n of v i n y l a c e t a t e . 
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464 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

1. I 
k l 1. I 

2. R-
η 

+ M -

3. R- + M -

4. M- + M -

5. R' + R-

6. R- + Μ· 

k 
R^ +^ R* = Growing r a d i c a l 

k 3 > RH + Μ· Μ· - Monomer r a d i c a l from 
c h a i n t r a n s f e r 

— > χ ( t e r m i n a t i o n ) 

-> χ ( t e r m i n a t i o n ) 
I f kit i s r e l a t i v e l y l a r g e , e.g. 1 0 3 , then Μ· would be p r e ­

sent i n such low c o n c e n t r a t i o n t h a t s t e p 5 would be the major 
t e r m i n a t i o n s t e p . I f ki* i s v e r y s m a l l ( l i t t l e o r no r e i n i t i a ­
t i o n ) then s t e p 6 p l u s Μ· + Μ· would be the major t e r m i n a t i o n 
s t e p s . Such a case l e a d s to a l l y l a c e t a t e type o f k i n e t i c s 
w i t h both X and Rp p r o p o r t i o n a l to 1/k ( 1 4 ) , which i s not 
found. Thus Μ· + M- cannot be c o n s i d e r e d as a major t e r m i n a t i o n 
s t e p . We s h a l l s o l v e f o r extremes of the re m a i n i n g t e r m i n a ­
t i o n s t e p s which imp l y a r e a s o n a b l e amount o f r e i n i t i a t i o n , 
s t e p s 5 and 6, assuming t h a t each s e p a r a t e l y o c c u r s almost 100%. 

A: The e x p r e s s i o n s f o r the r a t e and degree of p o l y m e r i z a ­
t i o n when the major t e r m i n a t i o n s t e p i s s t e p 5 a r e g i v e n i n 
(8) and (9) r e s p e c t i v e l y . The s o l u t i o n i s based on the steady 
s t a t e assumption, k3(R*)(M) = k i ^ M O W , which i m p l i e s t h a t the 
r a t e s o f Steps 3 and 4 a r e a t l e a s t f i v e times f a s t e r than t e r ­
m i n a t i o n . 

RP = v^r^1^ ( 8 ) 

k 

In t h i s c a s e , d e u t e r a t i o n has l i t t l e e f f e c t on the p o l y m e r i z a t i o n 
r a t e s i n c e k3 ( c h a i n t r a n s f e r c o n s t a n t ) does not appear i n equa­
t i o n ( 8 ) . But t h e r e w i l l be an i n c r e a s e i n m o l e c u l a r weight com­
pared t o v i n y l a c e t a t e s i n c e the c h a i n t r a n s f e r c o n s t a n t f o r t r i ­
d e u t e r o v i n y l a c e t a t e i s s m a l l e r than t h a t o f v i n y l a c e t a t e . 

B: The major t e r m i n a t i o n i s s t e p ( 6 ) ; the r a t e of p o l y ­
m e r i z a t i o n i s now g i v e n by (10) 

J Ό 
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28. LITT AND CHANG Vinyl Acetate Emulsion Polymerization 465 

The e q u a t i o n f o r degree of p o l y m e r i z a t i o n i s unchanged, (9)· 
Thus an i n c r e a s e o f p o l y m e r i z a t i o n r a t e s by (k^/k^^r and molec­
u l a r weight by k ^ / k g ^ s h o u l d be observed when t r i d e u t e r o v i n y l 
a c e t a t e i s used (kgn i s the c h a i n t r a n s f e r r a t e c o n s t a n t f o r t r i ­
d e u t e r o v i n y l a c e t a t e ) . 

We have seen i n Tables 1 and 2 t h a t both the p o l y m e r i z a t i o n 
r a t e and m o l e c u l a r weight o f t r i d e u t e r o v i n y l a c e t a t e i n c r e a s e d 
compared t o t h a t o f v i n y l a c e t a t e . S i n c e the r a t e i n c r e a s e i s 
i d e n t i c a l f o r b u l k and em u l s i o n p o l y m e r i z a t i o n and we know t h a t 
almost a l l t e r m i n a t i o n i n e m u l s i o n p o l y m e r i z a t i o n i s between 
monomer and growing r a d i c a l ( 1 0 ) , the i m p l i c a t i o n i s t h a t the 
same i s t r u e i n b u l k p o l y m e r i z a t i o n . W h i l e t h i s c o n c l u s i o n i s 
i n i t i a l l y s u r p r i s i n g , i t s u p p o r t s our argument t h a t the v i n y l 
r a d i c a l i s r e a s o n a b l y s t a b l e ( 1 0 ) . Otherwise the r a d i c a l would 
r e i n i t i a t e r a p i d l y and i t s c o n c e n t r a t i o n would be too low f o r 
t e r m i n a t i o n w i t h i t t o be i m p o r t a n t . 

F u r t h e r c o n s i d e r a t i o n shows t h a t one s h o u l d expect almost 
a l l t e r m i n a t i o n t o be by st e p 6. The steady s t a t e assumption 
can be w r i t t e n as 

( R - ) / ( M - ) = k 4 / k 3 ( 1 1 ) 

ki+ was found (10) t o be 29 w h i l e k s i s known from the l i t e r a t u r e 
to be 2 t o 2.5 a t 60° (when k£ % I O 4 ) . Thus, (R')/(M-) % 13 ± 2 . 
S i n c e R* i s a macromolecule w i t h average degree o f p o l y m e r i z a ­
t i o n o f f o u r t o f i v e thousand w h i l e Μ· i s a monomer r a d i c a l , Μ· 
has a d i f f u s i o n c o n s t a n t a t l e a s t s i x t o 100 times g r e a t e r than 
( R * ) . S i n c e t e r m i n a t i o n r a t e c o n s t a n t s a r e d i f f u s i o n c o n t r o l l e d , 

k s w i l l be much s m a l l e r than k g . Even though R* i s the m a j o r i t y 
r a d i c a l p r e s e n t , c r o s s - t e r m i n a t i o n i s f a v o r e d ; k s ( R * ) 2 / k g ( Μ · ) -
(R-) <. 1/5. On the o t h e r hand, the t e r m i n a t i o n o f 2 Μ · 1 s i s 
d i s f a v o r e d even though t h i s t e r m i n a t i o n r a t e c o n s t a n t s h o u l d be 
t w i c e as h i g h as kg, s i n c e both r a d i c a l s a r e s m a l l . Here we f i n d 
kg(M-)(R')/2kg(M-) 2 = (R-)/2(M-) % 6. Thus by chance, we a r e i n 
a r e g i o n where even w i t h no cross-terminâtion enhancement (which 
u s u a l l y o c c u r s ) , the major t e r m i n a t i o n must be by s t e p 6, c o n s i d ­
e r i n g the r a t e c o n s t a n t s found i n our p r e v i o u s paper t o be 
c o r r e c t . 

Nature o f the C h a i n T r a n s f e r Step 
Our k i n e t i c work (10) showed t h a t the s m a l l m o l e c u l e 

r a d i c a l produced by c h a i n t r a n s f e r w i t h monomer had t o be a 
s t a b l e r a d i c a l . T h i s was co n f i r m e d i n the p r e s e n t paper by 
a n a l y s i s o f the i s o t o p e e f f e c t on the b u l k p o l y m e r i z a t i o n r a t e s . 
The i s o t o p e e f f e c t on m o l e c u l a r w e i g h t s and r a t e s u n e q u i v o c a l l y 
showed t h a t almost 100% o f the c h a i n t r a n s f e r i n v o l v e d the v i n y l 
hydrogen. There i s some evidence i n the l i t e r a t u r e t o support 
the i d e a o f a s t a b l e v i n y l r a d i c a l . P h e n y l a c e t y l e n e a c t s as a 
r e t a r d e r when c o p o l y m e r i z e d w i t h s t y r e n e o r m e t h y l m e t h a c r y l a t e 
( 2 5 ) . Thus the p h e n y l v i n y l r a d i c a l i s v e r y s t a b l e compared t o 
the growing s t y r y l o r m e t h a c r y l y l r a d i c a l . 
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466 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

However, knowledge o f bond s t r e n g t h s o f v a r i o u s C-H bonds 
l e a d s and has l e d t o o t h e r c o n c l u s i o n s , which i s why the i d e a o f 
v i n y l c h a i n t r a n s f e r was not c o n s i d e r e d s e r i o u s l y i n the p a s t 
( 6 - 9 ) . There i s unanimous agreement t h a t the C-H bond s t r e n g t h 
where the carbon has s p 2 h y b r i d i z a t i o n i s h i g h e r than the C-H 
bond s t r e n g t h where the carbon has sp3 h y b r i d i z a t i o n (26,27,28). 
The q u e s t i o n i s how much h i g h e r and how i s i t a f f e c t e d by the ad­
j a c e n t oxygen. A c c o r d i n g t o Sanderson ( 2 6 ) , the i n t r i n s i c bond 
s t r e n g t h s are e q u a l , but the v i n y l carbon undergoes r e o r g a n i z a ­
t i o n d u r i n g c l e a v a g e t o sp h y b r i d i z a t i o n , which adds 11 k c a l / 
mole t o the energy needed t o break the bond. J o s h i (28) e s t i ­
mates the C-H v i n y l bond energy about 2.6 k c a l / m o l e h i g h e r than 
the C-H a l k y l bond energy, due t o the s m a l l e r C-H bond d i s t a n c e 
i n the v i n y l compounds. C-H spg bonds a d j a c e n t t o another oxy­
gen a r e weaker by about 4 kc a l / m o l e than those a d j a c e n t t o carbon 
(26,28). L i t t l e i s known about the bond s t r e n g t h o f C-H groups 
a d j a c e n t t o e s t e r groups; however, f o r spg h y b r i d i z a t i o n t h e r e 
seems to be l i t t l e e f f e c t compared t o an a d j a c e n t carbon. 

Thus, i t may be p o s s i b l e t h a t i n the v i n y l e s t e r c a s e , the 
C-H bond a d j a c e n t t o the oxygen c o u l d e f f e c t i v e l y be no s t r o n g e r 
than the a c e t y l methyl C-H bond .(H - C H 2 C = 0 was shown t o have the 
same s t r e n g t h as H - C H 2 - C H 2 - (27) a g a i n s t t-butoxy r a d i c a l s , 
which are a c t i v e . ] For an a c t i v e r a d i c a l , and the growing r a d i ­
c a l from v i n y l a c e t a t e i s v e r y a c t i v e , c h a i n t r a n s f e r may i n ­
v o l v e l i t t l e or no r e o r g a n i z a t i o n o f the fragment b e f o r e the 
bond i s broken. Based on r e c e n t bond s t r e n g t h d a t a and r e a c t i v ­
i t y c o n c e p t s , the v i n y l C-H may then be as r e a c t i v e as an a l i ­
p h a t i c C-H. 

Our problem i s t h a t the v i n y l C-H i n t h i s case i s much more 
r e a c t i v e than the a l k y l C-H, i m p l y i n g t h a t the r a d i c a l generated 
i s more s t a b l e . Our k i n e t i c d a t a support t h i s v i e w , s i n c e t h e 
r a d i c a l generated adds s l o w l y compared t o the growing r a d i c a l . 
Are t h e r e o t h e r p o s s i b i l i t i e s ? A r e v i e w e r has suggested t h a t 
perhaps c h a i n t r a n s f e r o c c u r s by d i s m u t a t i o n o f a growing c h a i n , 
p a r t i c u l a r l y a f t e r a head-to-head a d d i t i o n . Such a step has been 
p o s t u l a t e d f o r v i n y l c h l o r i d e ( 2 9 ) , where the c h l o r i n e atom i s 
l o s t from the c h a i n and s t a r t s a new c h a i n . 
- CH - CH - CH ' >- - C H 0 - CH - CH = C H 0 + C I -

» t Ζ Ζ ι ζ 
C l C l C l 

The l o s s of c h l o r i n e i s f a v o r e d b o t h e n e r g e t i c a l l y and s t e r i -
c a l l y as the C-Cl bond i s weaker than the C-H bond and s t e r i c 
s t r a i n i s removed. 

The analogue f o r v i n y l a c e t a t e , which c o u l d show the i s o ­
tope e f f e c t , i s l o s s o f hydrogen 

- CH - CH - CH - CH · > C H 0 - CH - C = CH +H* 
ζ f f ζ Z f f ζ 

OAc OAc OAc OAc 
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28. LITT AND CHANG Vinyl Acetate Emulsion Polymerization 467 

T h i s s t e p i s u n l i k e l y . There i s no r e l i e f o f s t e r i c s t r a i n as 
the acetoxy group i s s t i l l p r e s e n t and the C-H bond s t r e n g t h i s 
h i g h e r than the 0=CO-C bond s t r e n g t h by about seven k c a l / m o l e 
( 2 6 ) . I n a d d i t i o n the a c y l o x y r a d i c a l i s u n s t a b l e and decompos­
es e x o t h e r m i c a l l y ( 2 6 ) . I f t h i s happens d u r i n g d i s m u t a t i o n , 
l o s s o f acet o x y i s f a v o r e d even more, up t o t h i r t y k c a l / m o l e . 

- C H 2 - CH - CH - C H 2 * > - C H 2 - CH - CH=CH 2 + CH^+C(> 2 

OAc OAc OAc 
The r e s u l t i n g r a d i c a l , CH3*, i s v e r y a c t i v e and cannot be the 
s t a b l e r a d i c a l t h a t the k i n e t i c s r e q u i r e . 

One f u r t h e r comment. M o l e c u l a r w e i g h t s a r e determined by 
the r a t i o o f the p r o p a g a t i o n r a t e t o c h a i n t e r m i n a t i o n r a t e . I f 
d i s m u t a t i o n , which t e r m i n a t e s a g i v e n c h a i n , i s the main source 
o f c h a i n t r a n s f e r , we would f i n d : 

- _ k p R - M = f M 
η " k D R . k D 

(The d i s m u t a t i o n r a t e c o n s t a n t i n c l u d e s i n i t the f r a c t i o n o f 
H-H a d d i t i o n s . ) Here X n depends on monomer c o n c e n t r a t i o n which 
i s c o n t r a r y t o f a c t . There a r e about 1-2% H-H a d d i t i o n s a l o n g 
the PVAc backbone ( 3 1 ) , so i t does not dismute as soon as one 
monomer adds backward. 

Thus d i s m u t a t i o n does not seem t o be a p o s s i b l e e x p l a n a t i o n 
o f our r e s u l t s . There s h o u l d be no i s o t o p e e f f e c t on the p r e ­
f e r r e d pathway f o r d i s m u t a t i o n , and the r e s u l t i n g r a d i c a l i s 
v e r y a c t i v e . The pathway i s a l s o inadequate t o e x p l a i n the k i n ­
e t i c s . We a r e l e f t t h e r e f o r e where we s t a r t e d . The major c h a i n 
t r a n s f e r s t e p i s p r o b a b l y hydrogen a b s t r a c t i o n from the v i n y l 
group w i t h the p r o d u c t i o n o f a s t a b l e v i n y l r a d i c a l . 

The double c o n t r a d i c t i o n o f our r e s u l t s w i t h the thermo­
dynamics o f bond s t r e n g t h s c o u l d be weakly r a t i o n a l i z e d as 
f o l l o w s (we i n t e n d t o study t h i s ) . The v i n y l r a d i c a l s t a b i l i t y 
may be k i n e t i c r a t h e r than thermodynamic. S i n c e the v i n y l r a d i ­
c a l carbon r e a r r a n g e s t o sp h y b r i d i z a t i o n , the a c e t y l group i s 
f r e e t o r o t a t e . Low energy conformers f o r the r a d i c a l (which 
a f t e r the r e o r g a n i z a t i o n t o sp c o u l d be 11 k c a l h i g h e r i n energy 
than the growing r a d i c a l ) may have the a c e t y l group i n such a 
p o s i t i o n t h a t i t cannot e a s i l y move t o the normal s p 2 h y b r i d 
o r i e n t a t i o n i f the r a d i c a l a t t a c k s a double bond. The d i f f i ­
c u l t y o f a t t a c k would then have p a r t l y e n e r g e t i c and p a r t l y 
s t e r i c o r i g i n . 

The l a r g e p r o p o r t i o n of a t t a c k on the v i n y l group c o u l d be 
due t o a phenomenon proposed many y e a r s ago but never proved 
( 3 0 ) : p r e c o m p l e x i n g of the r a d i c a l w i t h the monomer ( s o l v a t i o n ) 
b e f o r e f i n a l c o l l a p s e t o the sigma bond s t a t e . 

CH *?**2 
R e + „ 2 > R / ' (Two 1.5 e l e c t r o n sigma bonds 

CHX ^ v> ' o r a π complex) "v. Hv 
X 
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468 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

I f an a l t e r n a t i v e c o l l a p s e c o u l d i n v o l v e H a b s t r a c t i o n , the same 
i n t e r m e d i a t e would be i n v o l v e d i n p r o p a g a t i o n and v i n y l c h a i n 
t r a n s f e r . The heat o f f o r m a t i o n of the complex then s h o u l d be 
s u b t r a c t e d from the v i n y l C-H bond energy as the r a d i c a l now 
c o u l d spend most o f i t s time a s s o c i a t e d w i t h the double bond. 
SUMMARY AND CONCLUSIONS 

The b u l k p o l y m e r i z a t i o n r a t e o f t r i d e u t e r o v i n y l a c e t a t e was 
found to be 1.78 times t h a t o f v i n y l a c e t a t e . I n emu l s i o n p o l y ­
m e r i z a t i o n the same r e s u l t was found. The m o l e c u l a r weight o f 
p o l y ( t r i d e u t e r o v i n y l a c e t a t e ) was 2.59 times t h a t o f p o l y ( v i n y l 
a c e t a t e ) . The o v e r a l l i s o t o p e e f f e c t on c h a i n t r a n s f e r t o mono­
mer was c a l c u l a t e d t o be 3.04. Chain t r a n s f e r was shown t o be 
94% on the v i n y l hydrogens and 6% on the a c e t y l hydrogens. The 
measurement of p o l y m e r i z a t i o n r a t e s i n emu l s i o n p o l y m e r i z a t i o n 
showed t h a t the c h a i n t r a n s f e r on a c e t y l hydrogens i s k i n e t i ­
c a l l y i n s i g n i f i c a n t . 

The r e s u l t s d e f i n i t e l y p r o v e our hypotheses i n the k i n e t i c 
model f o r v i n y l a c e t a t e e m u l s i o n p o l y m e r i z a t i o n ( 1 0 ) , t h a t 
v i n y l r a d i c a l , CH2=C-0Ac, i s the major monomer r a d i c a l formed and 
i s a s t a b l e r a d i c a l which r e i n i t i a t e s r e l a t i v e l y s l o w l y compared 
to the p r o p a g a t i o n s t e p . 

The i d e a t h a t 94% o f the c h a i n t r a n s f e r a t 60C i s on v i n y l 
hydrogens i s c o m p l e t e l y d i f f e r e n t from the c o n c l u s i o n s o f a l l 
p r e v i o u s w o r k e r s . However, they had to use i n d i r e c t methods t o 
determine the c h a i n t r a n s f e r s i t e . Here d e u t e r a t e d v i n y l a c e ­
t a t e s t e s t e d the i s o t o p e e f f e c t on the p o t e n t i a l c h a i n t r a n s f e r 
s i t e s d i r e c t l y and gave an u n e q u i v o c a l answer. 

The q u e s t i o n a r o s e whether the p r o d u c t i o n o f new c h a i n s i s 
due t o d i s m u t a t i o n o f a head-to-head r a d i c a l end o r due t o o r d i n ­
a r y c h a i n t r a n s f e r . A n a l y s i s o f d i s m u t a t i o n e n e r g e t i c s made 
t h a t s t e p seem v e r y improbable i n t h i s case. We a r e s t i l l l e f t 
w i t h the problem t h a t a bond which has h i g h e r s t r e n g t h i n the 
ground s t a t e i s p r e f e r e n t i a l l y a t t a c k e d and the r e s u l t i n g r a d i ­
c a l i s r e l a t i v e l y s t a b l e . T h i s i s not und e r s t o o d , but none­
t h e l e s s the v i n y l c h a i n t r a n s f e r has been e s t a b l i s h e d by t h i s 
work. 

The t e r m i n a t i o n s t e p i n b u l k p o l y m e r i z a t i o n , which was p r e ­
v i o u s l y assumed t o be growing r a d i c a l r e a c t i n g w i t h growing 
r a d i c a l , has been shown here t o be almost c o m p l e t e l y monomer 
r a d i c a l r e a c t i n g w i t h growing r a d i c a l . 
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29 
Catalysis of Thermal Initiation of Styrene 
Emulsion Polymerization by Emulsifiers 

ZAID F. M. SAID, SABAH A. HASSAN, and ALEXANDER S. DUNN 
Chemistry Department, University of Manchester Institute of Science and 
Technology, Manchester M60 1QD, England 

Monomers which have appreciable thermal initiation rates 
polymerize at much higher rates in emulsion than in bulk in the 
presence of some emulsifiers. Breitenbach (1) found that styrene 
emulsified with sodium oleate polymerized at 11.5 % hr-1 at 20 °C, 
10,000 times faster than in bulk. Matsumoto et al. (2) found that 
thermal polymerization of 66% suspensions of methyl methacrylate, 
ethyl acrylate, styrene, and vinyl acetate but not of 
acrylonitrile was accelerated by a factor of about four in the 
presence of polymethacrylic acid. In the case of methyl 
methacrylate, the overall energy of activation was the same 
whether polymethacrylic acid was present or not. This effect is 
most probably attributable to the stabilization of latex 
particles nucleated in the aqueous phase. In a series of papers 
published in the years 1970-75 from the Institute of Industrial 
Science of the University of Tokyo, Asahara, Arita, Seno, and 
Shiraishi showed (3) that the thermal polymerization of methyl 
methacrylate was greatly accelerated by emulsification with 
sodium oleate, sodium dodecyl sulphate, sodium tetrapropylene 
benzene sulphonate, and especially sodium 2-dodecylbenzene 
sulphonate but not with cetyl pyridinium chloride and two 
non-ionic emulsifiers. The polymerization was inhibited by 
hydroquinone. The rate of polymerization was found (4) to be 
proportional to the cube root of the monomer concentration and 
the cube root of the sodium tetrapropylene benzene sulphonate 
concentration. The same rate of radical generation was observed 
through the rate of consumption of diphenyl picryl hydrazyl when 
the monomer was replaced by ethyl acetate. The overall energy of 
activation was 12 kJ mol -1, very much lower than the value 
(71 kJ mol-1) found by Matsumoto et al. (2) and, indeed lower than 
the energy of activation for the propagation reaction of methyl 
methacrylate (about 21 kJ mol-1 (5)) which might indicate that 
the rate of the initiation reaction decreases with increase of 
temperature. Acrylonitrile did not polymerize but styrene did 
polymerize with an overall activation energy of 58 kJ mol-1 when 
sodium tetrapropylene benzene sulphonate was used (6): the 

0097-6156/81/0165-0471 $05.00/0 
© 1981 American Chemical Society 
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472 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

r e a c t i o n was i n h i b i t e d by hydroquinone and the energy of 
a c t i v a t i o n f o r i n i t i a t i o n was c a l c u l a t e d as 53 k J m o l " 1 , much 
lower than 115 k J m o l " 1 found f o r the therm a l p o l y m e r i z a t i o n i n 
b u l k (7) a l t h o u g h t h i s c a l c u l a t i o n i n v o l v e s the assumption t h a t 
the degree of p o l y m e r i z a t i o n o f the p o l y s t y r e n e o b t a i n e d was 
equ a l t o the k i n e t i c c h a i n l e n g t h i . e . was not l i m i t e d by 
t r a n s f e r t o monomer, s t y r e n e dimer, or e m u l s i f i e r c o n t r a r y t o 
the c o n c l u s i o n reached by B r e i t e n b a c h (\). The h i g h e r a l k y l 
c a r b o x y l a t e s were a l s o found t o be e f f e c t i v e above t h e i r c r i t i c a l 
m i c e l l e c o n c e n t r a t i o n s (c.m.c.) but w i t h s t y r e n e the r a t e was 
independent of a l k y l c h a i n l e n g t h ( 8 ) . By c o n t r a s t , the r a t e d i d 
i n c r e a s e w i t h a l k y l c h a i n l e n g t h f o r methyl m e t h a c r y l a t e w i t h 
sodium a l k y l benzene sulphonate s u r f a c t a n t s ( 9 ) . S t u d i e s of the 
c o m p o s i t i o n of copolymers formed conf i r m e d t h a t the r e a c t i o n 
i n v o l v e d f r e e r a d i c a l i n t e r m e d i a t e s ( 1 0 ) . O r i g i n a l l y (3) 
p e r o x i d e s i n the e m u l s i f i e r s were suspected as the source of 
f r e e r a d i c a l s and, indeed, the e a r l i e r r e s u l t s (4) i n which an 
ap p r o x i m a t e l y 2/5th o r d e r i n e m u l s i f i e r was found can be 
e x p l a i n e d i n t h i s way. L a t e r i t was found t h a t the r a t e s were 
f i r s t o r d e r i n e m u l s i f i e r c o n c e n t r a t i o n (11) but 2/5th order when 
d e l i b e r a t e l y p e r o x i d i z e d e m u l s i f i e r was added (12) and the energy 
of a c t i v a t i o n f o r methyl m e t h a c r y l a t e was now (11) found t o be 
33 k J m o l " 1 . I t was a l s o found (11) t h a t the r e s u l t s c o u l d be 
f i t t e d by the M i c h a e l i s - M e n t e n e q u a t i o n d e r i v e d f o r e n z y m a t i c a l l y 
c a t a l y s e d r e a c t i o n s which i n v o l v e the f o r m a t i o n of an 
i n t e r m e d i a t e enzyme-substrate complex. These r e s u l t s do suggest 
t h a t s o l u b i l i z a t i o n of monomers i n e m u l s i f i e r m i c e l l e s reduces 
the a c t i v a t i o n energy of some ste p i n the thermal i n i t i a t i o n 
mechanisms of methyl m e t h a c r y l a t e (and a l s o e t h y l , b u t y l , and 
h e x y l m e t h a c r y l a t e s (11)) and s t y r e n e and i t i s r e l e v a n t i n t h i s 
c o n n e c t i o n t h a t s u r f a c t a n t s w i t h a c i s double bond were found t o 
be p a r t i c u l a r l y e f f e c t i v e (8) w h i l s t those w i t h a t r a n s double 
bond were i n e f f e c t i v e . F u r t h e r c o n f i r m a t i o n of the c a t a l y s i s o f 
the thermal p o l y m e r i z a t i o n of s t y r e n e by an e m u l s i f i e r i s 
c o n t a i n e d i n two v e r y r e c e n t p u b l i c a t i o n s from the U n i v e r s i t y o f 
Sydney (13, 14). The background thermal r a t e i n seeded emulsion 
p o l y m e r i z a t i o n s of s t y r e n e u s i n g sodium d o d e c y l s u l f a t e as 
e m u l s i f i e r w i t h e i t h e r p e r s u l f a t e (13) o r γ-ray i n i t i a t i o n (14) 
was found to be much h i g h e r (by a f a c t o r of 225) than would have 
been expected f o r b u l k thermal p o l y m e r i z a t i o n . No e m u l s i f i e r 
m i c e l l e s were p r e s e n t i n these experiments. I n a b a t c h ab 
i n i t i o p o l y m e r i z a t i o n under s i m i l a r c o n d i t i o n s a r a t e 50 times 
f a s t e r than the b u l k thermal r a t e was observed. The energy of 
a c t i v a t i o n f o r thermal i n i t i a t i o n was found t o be (14) 87 +_ 10 
k J mol s i g n i f i c a n t l y lower than the b u l k v a l u e . 

In r e c e n t y e a r s m i c e l l a r e m u l s i f i e r s have been found t o 
a f f e c t the r a t e of many r e a c t i o n s (15,16). T h i s phenomenon o f 
m i c e l l a r c a t a l y s i s o r i g i n a l l y a t t r a c t e d a t t e n t i o n as a model 
f o r e n z y m a t i c a l l y c a t a l y s e d r e a c t i o n s a l t h o u g h the analogy i s 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
02

9



29. SAID ET AL. Styrene Emulsion Polymerization 473 

r a t h e r s t r a i n e d s i n c e a l a r g e excess of the m i c e l l a r c a t a l y s t i s 
u s u a l l y r e q u i r e d s e v e r e l y l i m i t i n g the p o t e n t i a l of such methods 
f o r p r a c t i c a l p r e p a r a t i o n s whereas s m a l l amounts of enzyme can 
ach i e v e c o n v e r s i o n of l a r g e amounts o f s u b s t r a t e . So f a r , 
however, o n l y i o n i c r e a c t i o n s have been found t o be s u b j e c t t o 
m i c e l l a r c a t a l y s i s or i n h i b i t i o n . I n the case of b i m o l e c u l a r 
r e a c t i o n s the e f f e c t i s o f t e n l a r g e l y e x p l i c a b l e by the i n c r e a s e 
i n the c o n c e n t r a t i o n of the r e a g e n t s on s o l u b i l i z a t i o n i n the 
m i c e l l e s , but c a t a l y s i s of u n i m o l e c u l a r r e a c t i o n s has a l s o been 
observed. I n t e r a c t i o n of s u r f a c t a n t and s u b s t r a t e has been 
p o s t u l a t e d t o e x p l a i n the e f f e c t i n these cases and the 
M i c h a e l i s - M e n t e n e q u a t i o n has been found a p p l i c a b l e to such 
systems. 

The presence of m i c e l l e s i s not a ne c e s s a r y c o n d i t i o n f o r 
emulsion p o l y m e r i z a t i o n : the e s s e n t i a l c h a r a c t e r i s t i c i s the 
i s o l a t i o n of p o l y m e r i z i n g r a d i c a l s i n s e p a r a t e l o c i p r e v e n t i n g 
mutual t e r m i n a t i o n and p r o d u c i n g h i g h m o l e c u l a r weights w h i c h , 
a t low i n i t i a t i o n r a t e s , may be l i m i t e d by t r a n s f e r . 
N e v e r t h e l e s s m i c e l l e s are n o r m a l l y p r e s e n t d u r i n g I n t e r v a l I of 
an emulsion p o l y m e r i z a t i o n i n which l a t e x p a r t i c l e s are 
n u c l e a t e d . M i c e l l a r n u c l e a t i o n of l a t e x p a r t i c l e s i s dominant 
f o r monomers which have o n l y a low s o l u b i l i t y i n water (e.g. 
s t y r e n e ) . For such a monomer any e f f e c t o f m i c e l l a r c a t a l y s i s 
i s l i k e l y t o be r e v e a l e d by an i n c r e a s e i n the number of l a t e x 
p a r t i c l e s formed which would a l s o r e s u l t i n an i n c r e a s e d r a t e 
of p o l y m e r i z a t i o n . The thermal e m u l s i o n p o l y m e r i z a t i o n c i t e d 
above seem t o be a prima f a c i e case of m i c e l l a r c a t a l y s i s . The 
therm a l e m u l s i o n p o l y m e r i z a t i o n o f s t y r e n e i s i n v e s t i g a t e d 
f u r t h e r h e r e . 

E x p e r i m e n t a l 

M a t e r i a l s . Styrene (BDH Chemicals L t d . ) was s t a b i l i z e d w i t h 
0.002 % t - b u t y l c a t e c h o l . The s t a b i l i z e r was removed by washing 
s u c c e s s i v e l y w i t h 10 % pot a s s i u m h y d r o x i d e s o l u t i o n and w a t e r , 
d r y i n g over c a l c i u m c h l o r i d e f o r 24 h r , and vacuum d i s t i l l i n g . 
The monomer was kept i n a r e f r i g e r a t o r u n t i l r e q u i r e d . E f f e c t i v e 
removal of i n h i b i t o r was checked by gas chromatography and by 
d i l a t o m e t r i c measurement of the r a t e of b u l k thermal 
p o l y m e r i z a t i o n a t 60 °C: t h i s was 0.080 % hr"" 1 which compares 
w i t h a l i t e r a t u r e v a l u e (17) of 0.089 % h r " 1 . 

P o t a s s i u m octadecanoate was prepared i n s i t u by 
n e u t r a l i z a t i o n of s t e a r i c a c i d (Hopkin & W i l l i a m s L t d . ) u s i n g a 
s l i g h t excess (2 cnr* of 0.1 M) pot a s s i u m h y d r o x i d e s o l u t i o n t o 
prevent h y d r o l y s i s . A c o n c e n t r a t i o n of 8.2 χ 10" z mol dm""-* was 
used i n a l l experiments. A l t h o u g h l a b e l l e d 'Pure', t h i s sample 
of s t e a r i c a c i d was s t a t e d t o c o n t a i n a maximum of 6 % p a l m i t i c 
a c i d and 3 % o l e i c a c i d . Another sample (BDH ' S p e c i a l l y P u r e 1 ) 
was s t a t e d t o be 99 % by g a s - l i q u i d chromatography. A 
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474 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

c o n c e n t r a t i o n of 8.23 χ 10~ 3 mol dm 3 was used w i t h 4.0 χ 10~ 3 

mol dm excess potassium h y d r o x i d e to prevent h y d r o l y s i s . 

Sodium d o d e c y l benzene s u l f o n a t e (BDH Chemicals L t d . ) was 
' s u i t a b l e f o r g a s - l i q u i d chromatography' i . e . was f r e e from 
commercial d e t e r g e n t a d d i t i v e s but c o n t a i n e d 60 % sodium s u l f a t e . 
I t was used at a c o n c e n t r a t i o n of 4.6 χ 10" J mol dm J which i s 
f o u r times the c.m.c. (1.15 χ 10~ 3 mol dm"3 (18)) i n the absence 
of an a d d i t i o n a l e l e c t r o l y t e . The c o n c e n t r a t i o n of sodium 
s u l f a t e was 1.7 χ 10 mol dm"3. The same c o n c e n t r a t i o n of excess 
potassium h y d r o x i d e was used (4.0 χ 10 mol dm"3) as i n the 
experiments w i t h p o t a s s i u m octadecanoate. 

P o l y m e r i z a t i o n p rocedure. P o l y m e r i z a t i o n s were c a r r i e d out 
i n a f i v e - n e c k e d f l a s k immersed i n a t h e r m o s t a t . The f l a s k was 
f i t t e d w i t h a r e f l u x condenser and s t i r r e r . Styrene and water 
were s e p a r a t e l y f r e e d from oxygen by passage of 'oxygen-free' 
n i t r o g e n from which the r e s i d u a l oxygen was removed by passage 
through a l k a l i n e p y r o g a l l o l s o l u t i o n . A slow stream of n i t r o g e n 
was m a i n t a i n e d above the emulsion d u r i n g p o l y m e r i z a t i o n . In an 
experiment i n which the e f f l u e n t gas was passed through a l i q u i d 
n i t r o g e n t r a p i t was found t h a t a t 80 °C no more than 1.3 % of 
the monomer was l o s t to the gas stream. 

D e t e r m i n a t i o n o f p a r t i c l e s i z e was p r i m a r i l y by e l e c t r o n 
m icroscopy because the p a r t i c l e s i z e d i s t r i b u t i o n s were broad 
which meant t h a t the average p a r t i c l e volume c o u l d not_be 
c a l c u l a t e d s a t i s f a c t o r i l y from the average d i a m e t e r s , d and d^g» 
o b t a i n a b l e by the l i g h t - s c a t t e r i n g procedure (19) used i n 
p r e v i o u s work. However these average diameters can be c a l c u l a t e d 
from the p a r t i c l e s i z e d i s t r i b u t i o n s o b t a i n e d by measuring 
e l e c t r o n micrographs and p r o v i d e a u s e f u l check on the r e s u l t s 
s i n c e , when the p a r t i c l e s i z e d i s t r i b u t i o n i s broad the s m a l l e s t 
p a r t i c l e s may be out of f o c u s and t h e r e f o r e e a s i l y o v e r l o o k e d on 
the e l e c t r o n m i c r o g r a p h s . A drop of d i l u t e d l a t e x was p l a c e d on 
a carbon-coated c o l l o d i o n covered g r i d and a l l o w e d t o d r y . The 
g r i d was dipped i n t o hot water t o remove e m u l s i f i e r and 
photographed d i r e c t l y i n the e l e c t r o n microscope a t a 
m a g n i f i c a t i o n of χ 15 000. M a g n i f i c a t i o n was c a l i b r a t e d by use 
of a carbon r e p l i c a g r a t i n g . P r i n t s e n l a r g e d χ 4 were made on 
Kodagraph P84 l i g h t w e i g h t p r o j e c t i o n paper f o r use w i t h the 
C a r l Z e i s s TGZ-3 P a r t i c l e S i z e A n a l y s e r which enables the number 
of p a r t i c l e s i n each of 48 s i z e ranges to be counted. 800 
p a r t i c l e s were counted f o r each sample. To c a l c u l a t e the number 
of p a r t i c l e s i n _ a g i v e n volume of the water phase, the r o o t mean 
cube d i a m e t e r , d , i s r e q u i r e d ( 2 0 ) : t h i s i s the diameter of a 
p a r t i c l e w i t h the number-average volume. The number-average 
diameter, d n , has o f t e n been used i n the pa s t but the number of 
p a r t i c l e s per u n i t volume c a l c u l a t e d on t h i s b a s i s w i l l be too 
l a r g e u n l e s s the p a r t i c l e s i z e d i s t r i b u t i o n i s n e a r l y 
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29. SAID ET AL. Styrene Emulsion Polymerization 475 

monodisperse. C o n v e r s e l y use of the h i g h e r averages d e r i v e d from 
l i g h t s c a t t e r i n g measurements d ( o r i g i n a l l y w r i t t e n as d^) and 
d L S ( o r i g i n a l l y d g ) g i v e p a r t i c l e numbers which are too s m a l l . 

En.d. 3 Ση.ά.3 3 / Z n . d . 6 

d - - L i , 5 « Α / - ϋ - , d T = / - L i , , d._ 
n Ση. r m c V Ση. /y Ση-d. 3 L S yj Ση.ά. 

R e s u l t s 

TABLE I 

60 65 70 75 80 
98.4 92.0 90.0 79.1 75. ,3 

1.03 1.27 1.35 1.99 2, ,31 

90.6 75.9 70.4 67.0 61 . ,8 
07.2 129.7 142.0 110.8 129, ,8 

V a r i a t i o n w i t h Temperature of the Number of L a t e x P a r t i c l e s formed 
i n the Thermal P o l y m e r i z a t i o n o f Styrene e m u l s i f i e d w i t h 

9.15 ~ 1 0 " z mol dm""3 P o t a s s i u m Octadecanoate 

Temperature/°C 
d /nm 
10 l J N/cnT water 

d /nm 
d /nm 
τ 

A graph of l o g ̂ N a g a i n s t the r e c i p r o c a l o f the a b s o l u t e 
temperature ( F i g . 1) was o b t a i n e d u s i n g a L e a s t Mean Squares 
Program on the H e w l e t t - P a c k a r d 981 OA C a l c u l a t o r : t h i s has a 
g r a d i e n t of -2.09 χ 1 0 3 Κ w i t h a c o r r e l a t i o n c o e f f i c i e n t o f 
-0.977. Hence the energy o f a c t i v a t i o n f o r the n u c l e a t i o n of 
l a t e x p a r t i c l e s , E^ = 40.0 k J mol"" 1. 

TABLE I I 
V a r i a t i o n w i t h Temperature of the Number of L a t e x P a r t i c l e s formed 

i n the Thermal P o l y m e r i z a t i o n o f Styrene e m u l s i f i e d w i t h 
4.6 χ 10~J mol dm ̂  SodiunTdodecyl benzene s u l f o n a t e 
i n 1.7 χ 10" z mol dm"J Sodium s u l f a t e 

Temperature/°C 55 60 65 70 
/nm 156.9 140.5 128.4 116.4 

rmc 
10" 1 5N/cm 3 water 0.200 0.346 0.454 0.600 

The graph of l o g ^ N a g a i n s t the r e c i p r o c a l o f the a b s o l u t e 
temperature ( F i g . 1) has a g r a d i e n t of -3.47 χ ΙΟ 3 Κ w i t h a 
c o r r e l a t i o n c o e f f i c i e n t of 0.986, whence E.T = 66 k J m o l " 1 . 

Ν 
D i s c u s s i o n 

Measurement of the energy of a c t i v a t i o n f o r the n u c l e a t i o n of 
l a t e x p a r t i c l e s , E N , p e r m i t s the energy of a c t i v a t i o n f o r 
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476 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

1-5, 

IO-
z 

s 
+ 

0 5 -

2-8 

Figure I. Arrhenius plots of dependence of number of particles formed per cm3 

water on temperature in the thermal polymerization of styrene emulsified with (I) 
potassium octadecanoate and (II) sodium dodecyl benzene sulfonate 

Ο 5 0 I O O , I S O 2 0 0 
d/nm 

Figure 2. Particle size distribution for latex particles formed by thermal poly­
merization of styrene emulsified with potassium octadecanoate at65°C 
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29. SAID ET AL. Styrene Emulsion Polymerization All 

i n i t i a t i o n o f emul s i o n p o l y m e r i z a t i o n , E., to be c a l c u l a t e d f o r 
a r e a c t i o n which conforms t o Smith and Ewart's Case 2 (21) 
throughout the temperature range p r o v i d e d , a^, the a r e a o c c u p i e d 
by a s u r f a c t a n t m o l e c u l e a t the polymer/water i n t e r f a c e i s 
independent of temperature. T h i s would imply t h a t the e n t h a l p y 
of a d s o r p t i o n o f the s u r f a c t a n t i s zero which seems u n l i k e l y . 

B a r t h o l i n ! ejt a l . (22) found f o r s t y r e n e w i t h per s u l f a t e 
i n i t i a t i o n and a sodium a l k y l benzene s u l f o n a t e e m u l s i f i e r t h a t 
t h e r e was a d i s c r e p a n c y between t h e i r measured v a l u e of 
Ε (21.7 k J m o l " 1 ) and t h a t c a l c u l a t e d (on the assumption t h a t 
ΔΗ = 0) from the e x p r e s s i o n E^ = 2/5(E^ - Ε ). However t h e i r 
v a l u e o f Ε (which was d e r i v e d from measuremlnts of the r a t e o f 
seeded emuïsion p o l y m e r i z a t i o n experiments i n which Ν was the 
same a t a l l temperatures) now seems to be too h i g h p r o b a b l y 
because the average number of r a d i c a l s per p a r t i c l e , η < 0.5 a t 
the lower temperatures: t a k i n g Ε =32.5 k J mol as the b e s t 
e s t i m a t e , AH g can be c a l c u l a t e d ?rom AH g = / 2 ( E N ( e x p ) - Escale)) 
= -57.2 k J mol"" 1. The r e c e n t work o f P i i r m a and Chen (23) 
c l e a r l y shows a s i g n i f i c a n t i n c r e a s e i n ag f o r sodium d o d e c y l 
s u l f a t e on p o l y s t y r e n e w i t h temperature. 

However, the Smith-Ewart e q u a t i o n f o r the dependence o f the 
number o f l a t e x p a r t i c l e s formed, N, on a g , s u r f a c t a n t and 
i n i t i a t o r c o n c e n t r a t i o n , i n i t i a t i o n and p r o p a g a t i o n r a t e c o n s t a n t s 
does not a p p l y to cases i n which i n i t i a t i o n i s i n the o i l phase. 
Square r o o t dependence on the r a t e of i n i t i a t i o n and l i n e a r 
dependence on s u r f a c t a n t c o n c e n t r a t i o n have been observed 
e x p e r i m e n t a l l y (24) but the o b s e r v a t i o n s do not extend t o the 
e f f e c t o f v a r i a t i o n o f a g or of the p a r t i c l e growth r a t e 
( i n v o l v i n g the p r o p a g a t i o n r a t e c o n s t a n t , k ). Consequently, i t 
i s not p o s s i b l e t o c a l c u l a t e E. from o b s e r v a t i o n s o f E^ i n t h i s 
case. However the f a c t t h a t d i f f e r e n t r e s u l t s are o b t a i n e d w i t h 
d i f f e r e n t e m u l s i f i e r s ( F i g . 1) i n d i c a t e s an e f f e c t o f the 
e m u l s i f i e r on the thermal i n i t i a t i o n mechanism f o r s t y r e n e u n l e s s 
i t can be shown t h a t the e f f e c t can be accounted f o r c o m p l e t e l y 
by d i f f e r e n c e s i n the temperature dependence of a g f o r the 
e m u l s i f i e r s ( i . e . d i f f e r e n c e s i n the e n t h a l p i e s or a d s o r p t i o n , 
ΔΗ ) . 

s 
I n the p r e s e n t experiments g r e a t l y enhanced r a t e s o f the r m a l 

e m u l s i o n p o l y m e r i z a t i o n were observed when po t a s s i u m _^ 
octadecanoate or sodium d o d e c y l s u l f a t e (at 0.12 mol dm ) 
whereas sodium d o d e c y l benzene s u l f o n a t e and ' T r i t o n 1 X-100 (Rohm 
& Haas, a n o n - i o n i c e m u l s i f i e r o c t y l p h e n o x y p o l y ( e t h y l e n e o x y ) -
e t h a n o l ) d i d not enhance the r a t e . The c o n v e r s i o n a f t e r 12 h r 
at 60 °C w i t h p o t a s s i u m octadecanoate was 69 % whereas w i t h sodium 
d o d e c y l benzene sulp h o n a t e i t was o n l y 29 % ( F i g . 2 ) . 

In c r e a s e o f i o n i c s t r e n g t h reduces the s t a b i l i t y o f 
e l e c t r o s t a t i c a l l y s t a b i l i z e d l a t e x p a r t i c l e s and causes them t o 
c o a l e s c e a t s u f f i c i e n t l y h i g h v a l u e s . However the d i f f e r e n c e i n 
the e f f e c t s o f pot a s s i u m octadecanoate and sodium dodecyl benzene 
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478 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

s u l f o n a t e cannot be a t t r i b u t e d to presence of sodium s u l f a t e i n 
the l a t t e r . A d d i t i o n o f 0.1 mol dm~^ sodium s u l f a t e to p o t a s s i u m 
octadecanoate was s u f f i c i e n t to produce o n l y a s l i g h t i n c r e a s e i n 
p a r t i c l e s i z e (Table I I I ) . N e i t h e r does the presence of minor 
amount of p o t a s s i u m o l e a t e and p o t a s s i u m hexadecanoate i n the 
sample of p o t a s s i u m octadecanoate used i n most experiments have 
any s i g n i f i c a n t e f f e c t a l t h o u g h t h i s would p r o b a b l y not have been 
the case i f the i m p u r i t i e s had had a lower c.m.c. than the b u l k of 
the m a t e r i a l . 

TABLE I I I 
Mean p a r t i c l e s i z e s of l a t t i c e s o b t a i n e d by t h e r m a l p o l y m e r i z a t i o n 

o f s t y r e n e a t 60 °C 
—3 —3 — E m u l s i f i e r Cone./mol dm Na 0SO,/mol dm d /nm .—ί 2 4 rmc 

Sodium dodecyl benzene 0.0046 0.017 140 
s u l f o n a t e 

P o t assium octadecanoate 
93% 0.00915 - 100, 103 

0.00915 0.1 110 
99% 0.00915 - 102 

Sodium d o d e c y l s u l f a t e 0.12 - 80 

The a n a l y s i s of t h e i r r e s u l t s by Asahara e t a l . (6) appears to 
be i n e r r o r . T h e i r use o f the v i s c o s i t y - a v e r a g e degree of 
p o l y m e r i z a t i o n , Ρ , where the number-average degree of 
p o l y m e r i z a t i o n , Ρ , i s r e a l l y r e q u i r e d need not l e a d to any e r r o r 
i n the energy o f a c t i v a t i o n of the degree of p o l y m e r i z a t i o n , E-, 
so l o n g as the m o l e c u l a r weight d i s t r i b u t i o n does not change w i t h 
temperature. However t h e i r assumption t h a t t e r m i n a t i o n of 
polymer molecules by a l l t r a n s f e r p r o c e s s e s may be n e g l e c t e d so 
t h a t the degree o f p o l y m e r i z a t i o n may be equated t o the k i n e t i c 
c h a i n l e n g t h seems v e r y dubious s i n c e i t i s g e n e r a l l y agreed t h a t 
the m o l e c u l a r weight o f p o l y s t y r e n e i s l i m i t e d at low r a t e s of 
p o l y m e r i z a t i o n by t r a n s f e r to monomer or s t y r e n e dimer which has 
a l a b i l e hydrogen atom and a much h i g h e r t r a n s f e r c o e f f i c i e n t 
than the monomer. Moreover w i t h o i l - p h a s e i n i t i a t i o n t r a n s f e r 
to monomer ( o r , more p r o b a b l y t o e m u l s i f i e r t o g i v e a more water 
s o l u b l e r a d i c a l ) may be e s s e n t i a l t o a l l o w one of a p a i r of 
r a d i c a l s to escape to the water phase so as to l e a v e an i s o l a t e d 
r a d i c a l i n the polymer phase which i s e s s e n t i a l t o p e r m i t 
emulsion p o l y m e r i z a t i o n to proceed a t a l l . But t h e i r p r i n c i p a l 
e r r o r i s to have confused the r a t e of p o l y m e r i z a t i o n and the r a t e 
of p r o p a g a t i o n . I t i s of course t r u e t h a t i n a p o l y m e r i z a t i o n 
r e a c t i o n the o v e r a l l r a t e of p o l y m e r i z a t i o n i s e q u a l to the r a t e 
of the p r o p a g a t i o n r e a c t i o n . But the e x p r e s s i o n f o r the r a t e of 
the p r o p a g a t i o n r e a c t i o n R = k ((Μ)(Μ·) c o n t a i n s the polymer 
r a d i c a l c o n c e n t r a t i o n (M«)PwS?ch i f i an e m u l s i o n p o l y m e r i z a t i o n 
conforming to Smith and Ewart's Case 2 may be equated to 
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29. SAID ET AL. Styrene Emulsion Polymerization 479 

^N/L (L = Avogadro !s number). In an ab i n i t i o e m ulsion 
p o l y m e r i s a t i o n (as d i s t i n c t from a seeded r e a c t i o n ) , Ν i s not 
independent o f t e m p e r a t u r e I t i s c o r r e c t to w r i t e (assuming 
t r a n s f e r can be n e g l e c t e d ) Ρ = R e r a i ] / R i s ^ n c e t l i e o v e r a l l 
r a t e of p o l y m e r i z a t i o n depenSs on°Meana the o v e r a l l energy of 
a c t i v a t i o n i n c l u d e s E^. They g i v e the o v e r a l l energy^ of 
a c t i v a t i o n as 58 k J mol and f i n d E- = -21.7 k J mol f o r sodium 
t e t r a p r o p y l e n e benzene s u l f o n a t e . S i n c e E^ = E q ^ - E- (and 
not Ε - Ε- as they s t a t e ) , E. = 80 k J m ol~ 1 0^ant not 53 k J 
mol""^w8?ch they d e r i v e d from the erroneous e x p r e s s i o n ) . T h i s i s 
c l o s e t o R u s s e l l and T o b o l s k y f s b u l k v a l u e of 86 k J m o l - 1 (25) 
which they quote. But i n f a c t , R u s s e l l and T o b o l s k y f s v a l u e seems 
to be too low and the amended v a l u e of 80 k J mol~* i s s t i l l 
s i g n i f i c a n t l y lower than the median b u l k v a l u e of E. = 115 k J 
mol . 1 

Duerksen and Hamielec (26) c o l l a t e d much of the l i t e r a t u r e 
d a t a on the energy of a c t i v a t i o n f o r the thermal i n i t i a t i o n of 
st r y e n e i n b u l k or s o l u t i o n which was a v a i l a b l e i n 1968 and 
concluded t h a t the v a l u e of 115 k J mol"* d e r i v e d from experiments 
i n a Continuous S t i r r e d Tank Reactor was concordant w i t h the 
e x i s t i n g v a l u e s which they quoted. Recent work by Bengough e t a l . 
(27, 28) g i v e s v a l u e s of 121 and 118 k J m o l ^ 1 s u p p o r t i n g the 
median v a l u e of 115 k J rnol"^. 

I t thus seems t h a t sodium d o d e c y l s u l f a t e , sodium 
t e t r a p r o p y l e n e benzene s u l f o n a t e , and p o t a s s i u m octadecanoate do 
a c c e l e r a t e the thermal i n i t i a t i o n r e a c t i o n of s t y r e n e but t h a t 
T T r i t o n X-100* and sodium d o d e c y l benzene s u l f o n a t e do not 
a l t h o u g h the l a t t e r i s e f f e c t i v e i n a c c e l e r a t i n g thermal 
i n i t i a t i o n o f a l k y l m e t h a c r y l a t e s (_3). 

The mechanism by which e m u l s i f i e r s c o u l d i n f l u e n c e the r a t e 
of the thermal i n i t i a t i o n r e a c t i o n i s obscure. Most p r o b a b l y the 
e m u l s i f i e r s i n c r e a s e the e f f i c i e n c y w i t h which one of the r a d i c a l s 
produced i n the thermal i n i t i a t i o n p r o c e s s escapes i n t o the 
aqueous phase so t h a t emulsion p o l y m e r i z a t i o n may b e g i n . I f so 
those e m u l s i f i e r s f o r which exchange between the m i c e l l e or the 
adsorbed l a y e r on a l a t e x p a r t i c l e and t r u e s o l u t i o n i n the 
aqueous phase i s most r a p i d should be most e f f e c t i v e i n promoting 
the thermal p o l y m e r i z a t i o n . R e c e n t l y the k i n e t i c s of 
m i c e l l i z a t i o n has a t t r a c t e d much a t t e n t i o n (29) but the data which 
i s a v a i l a b l e i s inadequate t o show whether such a t r e n d e x i s t s . 
I t would be nece s s a r y to determine the a c t i v a t i o n energy f o r 
thermal i n i t i a t i o n i n e m u l s i o n w i t h two e m u l s i f i e r s of s i m i l a r 
s t r u c t u r e s e l e c t e d to have exchange r a t e s which d i f f e r e d as much 
as p o s s i b l e . 

Summary 

Evidence i n the l i t e r a t u r e (3, 4_, 6_, £-12) showing t h a t some 
e m u l s i f i e r s can a c c e l e r a t e the thermal i n i t i a t i o n r e a c t i o n of 
monomers i s confirmed a l t h o u g h i t i s shown t h a t t h e r e has been 
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480 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

some confusion in calculating a value for the energy of activation 
for the thermal initiation of styrene emulsified with sodium 
tetrapropylene benzene sulfonate (6) which means that the value is 
not so low as was suggested. Nevertheless some emulsifiers do 
increase the rate of thermal initiation of styrene whereas others 
do not. 
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30 
Latex Seed Particle Growth at High Surfactant 
Surface Coverage 

J. R. ERICKSON and R. J. SEIDEWAND 
Glidden Coatings and Resins, Division of SCM Corporation, 
16651 Sprague Road, Strongsville, OH 44136 

The preparation of heterogeneous latex particles by two or 
more stage processes is a subject of considerable interest and 
importance (1,2,3). First stage (seed) particles are produced, 
and in the next stage(s) more monomer(s) of a different composi­
tion is added and polymerized. The additional monomer is intend­
ed to continue the growth of the seed particles to produce com­
posite, heterogeneous particles. These hetero-particles are use­
ful in plastics, adhesives, and coatings. Often they are char­
acterized as being layered (4) or core//shell particles (5). 

The journal (6,7) and patent (8,9,10) literature indicate 
that the amount of surfactant in the seed latex must be below the 
critical micelle concentration, cmc, before and during the next 
stage monomer addition and polymerization, if complete associa­
tion (seed growth) is to occur. This is equivalent to stating 
that the seed particle surfactant surface coverage, S, must be 
below 100%, since complete coverage with a condensed and incom­
pressible surfactant monolayer is equated with the attainment of 
the cmc in the surrounding aqueous phase. It is inconsequential 
whether the emulsifiers are anionic, nonionic, cationic, or mix­
tures, or the second stage monomer is batch charged or monomer 
fed, except that in the latter case, the instantaneous seed must 
have S significantly under 100%. Specifically, references 8 and 
9 require the growing particles to have S<60-70%. 

The present paper demonstrates that for polystyrene seed 
latexes and styrene-acrylic or all acrylic second stage monomers, 
complete association can take place when S>100%, if certain mix­
tures of anionic and nonionic surfactant are used. The morphol­
ogy of some of the two-stage latexes is described. 

Experimental 

Several types of equipment were used to prepare the latexes. 
A five gallon glass reactor, five and two liter Morton flasks 
equipped with condensers, stainless steel stirrers, thermoregu-
lators, and nitrogen inlets were used to prepare the seed latexes 

0097-6156/81/0165-0483$05.50/0 
© 1981 American Chemical Society 
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484 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

i n r e q u i r e d q u a n t i t i e s . The f i v e g a l l o n r e a c t o r c o n t a i n e d i n ­
t e r n a l t h e r m o r e g u l a t e d c o o l i n g and h e a t i n g c o i l s w h i l e Morton 
f l a s k s s a t i n t h e r m o r e g u l a t e d water b a t h s . Second stage polymer­
i z a t i o n s were g e n e r a l l y c a r r i e d out i n t w e l v e ounce beverage 
b o t t l e s . These were capped, p l a c e d i n a thermostated tank, and 
tumbled end over end. The copolymer and a c r y l i c components of 
the b l e n d systems c o r r e s p o n d i n g i n c o m p o s i t i o n to the two-stage 
l a t e x e s were a l s o prepared i n beverage b o t t l e s . 

Reagent grade p o t a s s i u m p e r s u l f a t e , a z o b i s i s o b u t y r o n i t r i l e 
(AIBN), .IN sodium h y d r o x i d e , d o d e c y l mercaptan, and sodium b i ­
carbonate were used as r e c e i v e d . Commercial grades of s t y r e n e 
( S t ) , η-butyl a e r y l a t e (ΒΑ), methyl m e t h a c r y l a t e (MMA), and meth-
a c r y l i c a c i d (MAA) were used w i t h o u t a d d i t i o n a l p u r i f i c a t i o n . 
T r i t o n X-100 ( p o l y o x y e t h y l e n e i s o o c t y l p h e n y l e t h e r from Rohm and 
Haas Co.) and S i p o n a t e DS-10 (a r e l a t i v e l y c l e a n commercial grade 
of sodium dodecylbenzene s u l f o n a t e from A l c o l a c Chemical Co.) 
were used as the n o n i o n i c and a n i o n i c s u r f a c t a n t s i n p r e p a r i n g 
the p o l y s t y r e n e seed and heterogeneous two-stage l a t e x e s . Two 
l o t s of T r i t o n X-100 and t h r e e l o t s of S i p o n a t e DS-10 were used. 
The T r i t o n X-100 c o n t a i n e d c a . 1.6% m o i s t u r e w h i l e the t h r e e l o t s 
of S i p o n a t e DS-10 v a r i e d i n m o i s t u r e c o n t e n t . The amount o f 
a c t i v e s u r f a c t a n t i n each l o t o f S i p o n a t e DS-10 was determined by 
s u b t r a c t i n g 2% ( S i p o n a t e DS-10 n o m i n a l l y c o n t a i n s 2% Na2S04 im­
p u r i t y ) from the e x p e r i m e n t a l l y measured n o n - v o l a t i l e c o n t e n t s . 
A e r o s o l MA (American Cyanamid Co.) and T r i t o n X-114 (Rohm and 
Haas Co.) were the s u r f a c t a n t s used f o r the p r e p a r a t i o n of the 
copolymer and a c r y l i c components of the b l e n d l a t e x e s . D e i o n i z e d 
water was used i n a l l of the experiments. 

S u r f a c t a n t t i t r a t i o n s were c a r r i e d out u s i n g a Cenco T e n s i o -
meter (Model No. 70545) equipped w i t h a P l a t i n u m - I r i d i u m r i n g . 

L a t e x p a r t i c l e s i z e s and p o l y d i s p e r s i t y were measured by use 
of an I C I Joyce L o e b l d i s c c e n t r i f u g e (JLDC) photosedimentometer 
(11,12). 

For m o r p h o l o g i c a l s t u d i e s , t r a n s m i s s i o n e l e c t r o n microscopy 
(TEM) samples were prepared by adding 2-3 drops of l a t e x to 20 ml 
of water and then p l a c i n g one drop o f the d i l u t e d l a t e x s o l u t i o n 
on a carbon d e p o s i t e d copper g r i d and a l l o w i n g the water t o evap­
o r a t e b e f o r e p l a c i n g i n a H i t a c h i 100 kv e l e c t r o n m i c roscope. 
Scanning e l e c t r o n microscopy (SEM) samples were pre p a r e d by making 
drawdowns on g l a s s or t e f l o n c o a t e d p a n e l s w i t h a Gardner U l t r a 
A p p l i c a t o r ( S e r . No. 236) t o g i v e c a . a 4 m i l wet f i l m and c a . a 
2 m i l d r y f i l m . The f r a c t u r e s e c t i o n s were prepared by immersion 
of the sample f i l m i n l i q u i d N2 and f r a c t u r i n g w h i l e immersed. 
The samples were then mounted and coated w i t h an Au/Pd a l l o y and 
p l a c e d i n a Cambridge S t e r e o s c a n (S4-10), equipped w i t h a LaB6 
e l e c t r o n e m i t t e r . 

G l a s s t r a n s i t i o n temperatures were measured by d i f f e r e n t i a l 
s canning c a l o r i m e t r y (DSC) u s i n g a DuPont 900 D i f f e r e n t i a l Therm­
a l A n a l y z e r . The samples were c o o l e d t o -100°C i n a c l o s e d pan 
and then scanned to 150°C a t a r a t e of 15°/minute. 
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30. E R I C K S O N A N D S E I D E W A N D Latex Seed Particle Growth 485 

The minimum f i l m temperatures (MFT) were determined u s i n g a 
MFT t e s t e r which c o n s i s t s of a graduated grooved m e t a l tempera­
t u r e bar (13). Crack p o i n t s were the h i g h e s t temperatures a t 
which v i s u a l d i s c o n t i n u i t i e s were p r e s e n t . The k n i f e p o i n t MFT 
was the minimum temperature a t which the f i l m f i r s t e x h i b i t e d 
c o n t i n u i t y w h i l e b e i n g scrapped from low to h i g h temperature. 

Seed L a t e x e s 

Seed P r e p a r a t i o n . P o l y s t y r e n e seed l a t e x e s were produced by 
e i t h e r the b a t c h charge o r the monomer f e e d t e c h n i q u e . For b a t c h 
c h a r g i n g , a l l the i n g r e d i e n t s (Table I ) were loaded i n t o the r e ­
a c t o r and purged w i t h N2 d u r i n g u p h e a t i n g t o 65°C. The i n i t i a t o r 
was added and the p o l y m e r i z a t i o n s were c a r r i e d out a t 65° under a 
N2 b l a n k e t . For the monomer f e d b a t c h e s , the DDM was mixed i n t o 
the s t y r e n e , and 10% of the m i x t u r e was added d u r i n g the i n i t i a l 
c h a r g i n g . When 65°C was reached, i n i t i a t o r was added. A p p r o x i ­
m a t e l y f i f t e e n minutes l a t e r , the monomer feed was s t a r t e d and 
then added u n i f o r m l y over t h r e e hours. Seeds 1-4 were used as 
i n g r e d i e n t s i n the two-stage p o l y m e r i z a t i o n s . Seed 9 was used 
f o r the d e t e r m i n a t i o n of s u r f a c t a n t s u r f a c e a r e a . 

T a b l e I - Seed L a t e x Compositions 

I n g r e d i e n t s Seed 1 2 & 3 4 9 

S i p o n a t e DS-10 
a c t i v e .127 .094 .156 .093 
i n e r t .006 .006 .015 .006 

T r i t o n X-100 
a c t i v e 3.40 1.31 3.37 1.31 
i n e r t .06 .02 .05 .02 

.IN NaOH 11.51 - 7.36 -
NaHC03 - .090 - .090 
H2O 133.33 132.67 111.58 132.88 

Sty r e n e 100.00 100.00 100.00 100.00 
Dodecyl mercaptan - .200 - .200 
K 2 S 2 ° 8 .180 .180 .101 .180 

10% S i p o n a t e DS-10 - 4.94 - -
R e a c t o r 5 g a l . 5 l i t r e 5 g a l . 2 l i t r e 
Type p o l y m e r i z a t i o n b a t c h f e d b a t c h f e d 

Seed C h a r a c t e r i z a t i o n . A monodisperse seed l a t e x of known 
i n i t i a l diameter i s r e q u i r e d i f c o n t i n u e d seed growth by second 
stage polymers i s t o be unambiguously measured by p a r t i c l e s i z e 
a n a l y s i s . The seed r e c i p e s s e l e c t e d were known t o g i v e u n i f o r m 
s i z e d p a r t i c l e s (14,15). A l l f i v e of the l a t e x e s were monodis­
perse as measured by JLDC (Table I I ) and e x h i b i t e d a c h a r a c t e r -
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486 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

i s t i c v i o l e t p i n k c o l o r ( 1 6 ) . The m o n o d i s p e r s i t y was f u r t h e r 
c o n f i r m e d by TEM ( F i g u r e 1 ) . 

Table I I - Seed R e s u l t s 

Seed 1 2 3 4 

Volume s u r f a c e average 
diameter (y) .2464** .2489** .2530* .2461* .2408* 
P o l y d i s p e r s i t y (Dw/Dn) 1.01 1.01 1.03 1.02 1.01 
P a r t i c l e d e n s i t y (g/cm 3) 1.057 1.057 1.057 1.056 1.058 
% C o n v e r s i o n 99.1 99.0 99.3 99.3 98.4 
E x p e r i m e n t a l % Polymer + 
r e s i d u a l monomer 40.2 41.8 41.8 44.3 42.5 

* D u p l i c a t e a n a l y s i s . * * T r i p l i c a t e a n a l y s i s . 

The b a t c h charged r e c i p e s r e q u i r e d more t o t a l s u r f a c t a n t , 
and a g r e a t e r f r a c t i o n o f t h a t s u r f a c t a n t as n o n i o n i c , than t he 
monomer f e d r e c i p e s employed t o o b t a i n the same p a r t i c l e s i z e . 

S u r f a c t a n t S u r f a c e Area 

The s u r f a c e a r e a per gram o c c u p i e d by Si p o n a t e DS-10 and 
T r i t o n X-100 were measured to a l l o w the c a l c u l a t i o n of s u r f a c t a n t 
s u r f a c e coverage on the seed l a t e x e s . The e x p e r i m e n t a l p r o c e d u r e 
and a n a l y s i s were based on Maron's t e c h n i q u e (17,18) . The p r o ­
cedure u t i l i z e d i s e x p l a i n e d i n d e t a i l below. 

A s u r f a c t a n t s o l u t i o n ( t i t r a n t ) i s used t o t i t r a t e L grams 
o f a d i l u t e d l a t e x ( m i x t u r e ) t o produce the t y p i c a l p l o t shown i n 
F i g u r e 2, i n which ν ml o f t i t r a n t a r e r e q u i r e d t o r e a c h the cmc. 
The mass of s u r f a c t a n t p er gram of m i x t u r e a t the cmc i s 

D + Τ + v ( C n + C_) 
L + pv 

where D and Τ are the grams o f a c t i v e S i p o n a t e DS-10 and T r i t o n 
X-100, r e s p e c t i v e l y , i n the amount of seed l a t e x used; Cj) and Cx 
are the c o n c e n t r a t i o n s (g/ml) of the a c t i v e s u r f a c t a n t s i n the 
t i t r a n t , and ρ i s the t i t r a n t d e n s i t y . At cmc, the mixed s u r ­
f a c t a n t i s d i s t r i b u t e d between two l o c a t i o n s , as shown. 

α = β + γΜ (2) 

Here β i s the grams of s u r f a c t a n t i n the water phase per gram o f 
m i x t u r e , and γΜ i s the grams o f s u r f a c t a n t on the p a r t i c l e s u r f a c e 
per gram of m i x t u r e , γ i s the grams of s u r f a c t a n t a t the p a r t i ­
c l e s u r f a c e per gram of polymer, w h i l e M i s the grams of polymer 
( i n c l u d i n g r e s i d u a l monomer) p er gram of m i x t u r e . 
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30. E R i C K S O N AND S E i D E W A N D Latex Seed Particle Growth 487 

Figure 1. TEM photomicrograph of 
Seed 9 

^""g. crr.c 

h μ 1 
10.00 ν 30.00 

TITRRNT (ML) 
40. 00 

Figure 2. Titration of 12 g of Seed 9 polymer containing .0112 g of Siponate 
DS-10 and .1868 g of Triton X-100 withl% Siponate DS-10 solution 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
03

0



488 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

P e r f o r m i n g a s e r i e s of F i g u r e 2 type t i t r a t i o n s , s t a r t i n g 
w i t h d i f f e r e n t amounts of the same seed l a t e x i n the m i x t u r e and 
ending w i t h the same f r a c t i o n a l amount of n o n i o n i c s u r f a c t a n t , Ν 
( E q u a t i o n 3) p r o v i d e s a s e t o f α v s . M v a l u e s . These can be 
p l o t t e d to p r o v i d e e s t i m a t e s f o r β and γ. 

Τ + C T v 
N = D + Τ + v ( C D + C T) ( 3 ) 

The p o l y s t y r e n e s u r f a c e a r e a o c c u p i e d per gram o f mixed s u r f a c t ­
ant of c o m p o s i t i o n Ν i s g i v e n as 

A N - 7 (4) 

2 
Here a i s the s u r f a c e a r e a (cm ) per gram of l a t e x polymer. The 
area/g of the l a t e x polymer i s o b t a i n e d from the known seed d i a ­
meter and d e n s i t y . 

S t a r t i n g w i t h m i x t u r e s of Seed 9 and water, f o u r s e t s o f 
s u r f a c e t e n s i o n t i t r a t i o n s were performed a t 25°C. F i r s t , the 
m i x t u r e s were t i t r a t e d w i t h 0.01 g/ml Si p o n a t e DS-10. F o r the 
second and t h i r d s e t s , the s u r f a c t a n t c o m p o s i t i o n of the s t a r t i n g 
m i x t u r e s were a d j u s t e d by adding known q u a n t i t i e s of T r i t o n X-100 
s o l u t i o n . T i t r a t i o n s were then performed u s i n g the S i p o n a t e DS-
10 t i t r a n t . F i n a l l y , u n a d j u s t e d s t a r t i n g m i x t u r e s were t i t r a t e d 
u s i n g 0.01 g/ml T r i t o n X-100. The da t a c o l l e c t e d from these 
t i t r a t i o n s i s g i v e n i n Table I I I . 

Table I I I - T i t r a t i o n Data f o r Seed 9 

T o t a l g 
g polymer D Τ C D v C Tv S u r f a c ­

t a n t Ν L + pv 

7.01 .0065 .0918 .1718 0 .2701 .340 116.5 
12.01 .0112 .1573 .2440 0 .4125 .381 127.2 
17.00 .0159 .2227 .3352 0 .5738 .388 132.1 
7.01 .0065 .1093 .1486 0 .2644 .413 116.2 

12.00 .0112 .1868 .2196 0 .4176 .447 124.0 
17.01 .0159 .2650 .2740 0 .5549 .478 130.5 
7.01 .0065 .2197 .0324 0 .2586 .850 116.3 

12.00 .0112 .3599 .0552 0 .4263 .844 126.0 
17.01 .0159 .4973 .0783 0 .5915 .841 136.3 
7.00 .0065 .0918 0 .1791 .2774 .977 118.3 

12.00< a) .0112 .1572 0 .2824 .4508 .975 134.7 
17.00 .0159 .2227 0 .4171 .6557 .976 142.4 

(a) L i n e a r F i g u r e 2 type p l o t used 
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30. ERiCKSON AND SEiDEWAND Latex Seed Particle Growth 489 

U s i n g d a t a from Table I I I , the e x p e r i m e n t a l v a l u e s o f α, M, 
and average Ν were c a l c u l a t e d . These a r e l i s t e d i n Table IV. 

Table IV - γ , M, and Ν Val u e s f o r F i g u r e 3 Type P l o t s 

Average Ν α M 

.002318 .06017 
.370 .003243 .09442 

.004344 .1287 

.002275 .06033 
.446 .003368 .09677 

.004252 .1303 

.002224 .06028 
.845 .003383 .09524 

.004340 .1248 

.002345 .05917 
.976 .003347 .08909 

.004605 .1194 

F i g u r e 3 type p l o t s were c o n s t r u c t e d u s i n g the d a t a i n Table 
IV. R e f e r r i n g to F i g u r e 3, 

Ύ = Ρ + I (5) 

β = I(l-M) (6) 

where ρ i s the l e a s t squares f i t s l o p e and I i s the i n t e r c e p t , 
i . e . the cmc of the mixed s u r f a c t a n t i n pure water. The γ , I , 
and computed A v a l u e s o b t a i n e d from the l e a s t squares f i t o f F i g ­
ure 3 and the s i m i l a r p l o t s done f o r the r e m a i n i n g t h r e e Ν v a l u e s 
are l i s t e d i n Table V. 

As seen i n F i g u r e 4, a l i n e a r f i t of A to Ν i s c a l l e d f o r 
and s h o u l d p r o v i d e r e a s o n a b l y a c c u r a t e e s t i m a t e s f o r A when 
.3 < Ν < 1. 

Table V - E s t i m a t e s of γ ^ , 1$, and Ajg 

Ν γ χ 1 0 2 ( a ) ι χ ί ο 2 ( b ) A x ΙΟ""7 

.370 3.007 .051 .785 

.446 2.887 .059 .817 

.845 3.306 .025 .714 

.976 3.761 .008 .624 
(a) Standard d e v i a t i o n of γ = .148x10"^ w i t h 4 degrees of freedom. 
(b) Standard d e v i a t i o n o f I = . 0 1 4 x l 0 " 2 . 
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30. E R I C K S O N A N D S E I D E W A N D Latex Seed Particle Growth 491 

The l i n e a r e q u a t i o n i s 

A = (.913 - .268N) x 1 0 7 cm 2/g (7) 

I t has a c o r r e l a t i o n c o e f f i c i e n t o f .94 and a st a n d a r d e r r o r of 
es t i m a t e of .036 x 10? w i t h two degrees of freedom. When the e s ­
t i m a t e d e r r o r f o r seed p a r t i c l e s i z e d e t e r m i n a t i o n and % polymer 
are i n c l u d e d , the s t a n d a r d e r r o r of e s t i m a t e i s .052 x 10'. Thus, 
a f i x e d a r e a per gram c o u l d be a s s i g n e d t o each s u r f a c t a n t and no 
c o n f i r m a t i o n of the a n i o n i c s u r f a c t a n t 1 s a r e a changing w i t h the 
r e l a t i v e presence of n o n i o n i c (19) i s i n d i c a t e d . 

The f i x e d a r e a/g f o r a c t i v e S i p o n a t e DS-10 and T r i t o n X-100 
over p o l y s t y r e n e are shown below, 

Vo - · 9 1 3 x 1 0 ? 

A N = 1 = .645 x 1 0 7 cm 2/g 

ο o 
These A^ v a l u e s c o r r e s p o n d to 53 and 67 A z / m o l e c u l e , r e s p e c t i v e l y . 

The i n i t i a l s u r f a c e coverages and Ν v a l u e s f o r Seeds 1-4 and 
9 have been computed u s i n g the determined area/gram i n f o r m a t i o n 
f o r the s u r f a c t a n t s (Table V I ) . 

Table VI - % Su r f a c e Coverages of Seeds as S y n t h e s i z e d 

Seed 1 Seed 2 Seed 3 Seed 4 Seed 9 

s (%) 100 61 62 100 39 
Ν .96 .69 .69 .96 .93 

Second Stage P o l y m e r i z a t i o n s 

S t y r e n e - A c r y l i c Second Stage. Two s e r i e s o f p o l y m e r i z a t i o n s 
were done a t a 35//65 f i r s t / / s e c o n d stage polymer r a t i o u s i n g a 
70/28/2 p a r t s by weight m i x t u r e o f BA/St/MAA as the second stage 
monomer. A spread o f S and Ν v a l u e s were o b t a i n e d on the seed 
l a t e x e s by a d j u s t i n g them w i t h a d d i t i o n a l a n i o n i c and n o n i o n i c 
s u r f a c t a n t . Table V I I p r o v i d e s the b a s i c c o m p o s i t i o n s f o r the 
p o l y m e r i z a t i o n s . For b o t t l e runs the i n g r e d i e n t s were charged i n 
the o r d e r shown (Table V I I ) . B e f o r e adding the i n i t i a t o r , the 
b o t t l e s were purged w i t h N2 , then the b o t t l e s were capped, shaken 
and p l a c e d i n the thermostated b a t h a t 65°C where they tumbled 
f o r c a . 16 h r s . When the p o l y m e r i z a t i o n s were done i n 2 l i t r e 
f l a s k s , the seed, s u r f a c t a n t s and water were added and mixed. 
The monomers were then added. D u r i n g the c a . 45 minute heat up 
p e r i o d t o r e a c t i o n temperature, the i n g r e d i e n t s were purged w i t h 
Ν2· The i n i t i a t o r was added and the p o l y m e r i z a t i o n was c a r r i e d 
t o c o m p l e t i o n a t c o n s t a n t temperature under a N2 b l a n k e t . 
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492 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Table V I I - 35//65 - Two Stage L a t e x e s U s i n g 
S t y r e n e / a c r y l a t e Second Stage Monomer 

I n g r e d i e n t s P a r t s by Weight 

P o l y s t y r e n e Seed 1 87.03 
P o l y s t y r e n e Seed 2 o r 3 - 83.68 
Si p o n a t e DS-10* V a r i a b l e V a r i a b l e 
T r i t o n X-100* V a r i a b l e V a r i a b l e 
H2O V a r i a b l e V a r i a b l e 
BA/St/MAA Monomer 70/28/2 65.00 65.00 
K2S2O8 .12 .23 
T o t a l 222.24 250.00 

Reactor 12 oz. b o t t l e 2 l i t r e f l a s k s 

*Added as water s o l u t i o n s . 

The weight f r a c t i o n o f the second stage polymer, y, which 
a s s o c i a t e d w i t h the seed was o b t a i n e d u s i n g E q u a t i o n 6. 

D 3 - D 3 

y - - f — i ( 6 ) 

Ρ ι 

Here Df i s the f i n a l , composite p a r t i c l e d i a m e t e r , T)± i s the 
i n i t i a l (seed) d i a m e t e r , and D p i s the p r o j e c t e d diameter. Df i s 
o b t a i n e d by u s i n g the p r e v i o u s l y r e p o r t e d (20) i n t e r a t i v e p r o ­
cedure. The method of c a l c u l a t i n g Dp can be found i n the Appen­
d i x o f t h a t p r e v i o u s r e p o r t . The independent e s t i m a t e of e r r o r 
on y, determined from the p r e s e n t and r e l a t e d s t u d i e s i s .16 (22 
degrees o f freedom). Because o f random e r r o r , y > 1.00 s h o u l d 
o f t e n be observed when complete a s s o c i a t i o n o c c u r s . 

The r e s u l t s f o r the f i r s t s e r i e s o f p o l y m e r i z a t i o n s ( u s i n g 
Seed 1) a r e shown i n Table V I I I . The f a c t t h a t complete a s s o c i a ­
t i o n o c c u r s a t S > 100% i s seen. F u r t h e r , w i t h the y v a l u e s 
o r d e r e d i n the manner shown, the y decreases w i t h i n c r e a s i n g S 
and d e c r e a s i n g N. 

Table V I I I - E f f e c t of S and N on y 

Composition S (%) Ν y 

St//BA/St/MAA 314 .95 1.33 
35Z/65 (70/28/2) 326 .93 1.06 

211 .83 .94 
127 .83 .93 
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30. ERiCKSON AND SEiDEWAND Latex Seed Particle Growth 493 

Table V I I I - (Continued) 

Composition S (%) Ν y 

418 .88 .36 
302 .77 .33 
543 .93 .32 
619 .88 .03 

The Ν v a l u e s i n Table V I I I a r e h i g h l y c o n s t r a i n e d because o f 
the use of Seed 1. As made, Seed 1 had 100% s u r f a c t a n t s u r f a c e 
coverage and Ν = .96. By adding a d d i t i o n a l s u r f a c t a n t , S c o u l d 
be v a r i e d upward, but r e l a t i v e l y low v a l u e s f o r Ν c o u l d not be 
ach i e v e d w i t h o u t p r o d u c i n g e x t r a o r d i n a r i l y h i g h S v a l u e s . To 
a l l o w a wider range of Ν v a l u e s , the monomer f e d seed c o m p o s i t i o n 
was developed and r e p l i c a t e Seeds 2 and 3 were prepared and used. 
These seeds had low S v a l u e s and d i d a l l o w r e l a t i v e l y low Ν v a l ­
ues t o be o b t a i n e d i n the second stage p o l y m e r i z a t i o n s . Four S, 
Ν p o s i t i o n s were checked. To determine whether the apparent y 
beh a v i o r w i t h S and Ν v a l u e s i s independent o f p o l y m e r i z a t i o n 
temperature, p o l y m e r i z a t i o n s were c a r r i e d out a t both 65° and 
75°C a t each of the f o u r S, Ν p o i n t s . F u r t h e r , the p o l y m e r i z a ­
t i o n s were done i n 2 l i t r e f l a s k s so t h a t % n o n - v o l a t i l e m o n i t o r ­
i n g c o u l d be done to determine i f any c o r r e l a t i o n e x i s t s between 
the observed y v a l u e s and the r a t e of p o l y m e r i z a t i o n . The r e s u l t s 
a r e g i v e n i n Table IX. 

Table IX - E f f e c t of S, Ν, and Temperature on y and Rate 

Composition S (%) Ν Τ (°C) Rate (%/hr.) y 

St//BA/St/MAA 251 .71 65 9* .87* 
35//65 (70/28/2) 75 22* .87* 

203 .31 65 35 .29 
75 133* .45* 

424 .71 65 48 .17 
75 100* .35* 

336 .31 65 29 .26 
75 175* .12* 

*Average of two runs. 

The r a t e of p o l y m e r i z a t i o n i n c r e a s e d w i t h i n c r e a s i n g S, and 
d e c r e a s i n g Ν as might be expected i f more second g e n e r a t i o n p a r ­
t i c l e s a r e b e i n g formed which i s c o n s i s t e n t w i t h the determined y 
v a l u e s . I n c r e a s i n g temperature a l s o i n c r e a s e d the r a t e o f p o l y ­
m e r i z a t i o n , but the temperature had no e f f e c t on the observed y 
v a l u e s . 

When the d a t a from Table V I I I & IX are combined ( c o n s i d e r -
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494 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

i n g s i m i l a r runs a t d i f f e r e n t temperatures as r e p l i c a t e s ) as 
shown i n Tab l e X, t h e r e i s l i t t l e doubt t h a t S and Ν c o n t r o l y i n 
the manner p r e v i o u s l y i n d i c a t e d over a v e r y wide range of S and Ν 
v a l u e s . I t s h o u l d a l s o be apparent t h a t not o n l y i s i t p o s s i b l e 
to f i n d c o n d i t i o n s above S = 100% which g i v e complete second 
stage a s s o c i a t i o n but i t i s a l s o p o s s i b l e to p i c k c o n d i t i o n s 
which p r o v i d e r e l a t i v e l y e x a c t amounts o f second g e n e r a t i o n p o l y ­
mer t o g i v e predetermined i n s i t u h e t e r o - p a r t i c l e copolymer 
b l e n d s . 

Table X - Complete Set of S t y r e n e - a c r y l i c Second Stage R e s u l t s 

C o m p o s i t i o n S N y 

314* .95 1.33 
St//ΒΑ/St/MAA 326 .93 1.06 
35//65 (70/28/2) 211 .83 .94 

127 .83 .93 
251*** .71 .87 
203** .31 .39 
418 .88 .36 
302 .77 .33 
543 .93 .32 
424** .71 .29 
336** .31 .17 
619 .88 .03 

*Average of two r u n s , * * t h r e e r u n s , * * * f o u r r u n s . 

A l l A c r y l i c Second Stage. B u t y l a c r y l a t e and m i x t u r e s o f 
b u t y l a c r y l a t e w i t h methyl m e t h a c r y l a t e , and m e t h a c r y l i c a c i d 
were used as second stage monomers. P o l y m e r i z a t i o n s were done 
u s i n g b o t h 65//35 and 35//65 f i r s t / / s e c o n d stage polymer r a t i o s . 
A g a i n , a spread of S and Ν v a l u e s were o b t a i n e d u s i n g a b a t c h 
charge seed l a t e x and a d j u s t i n g i t w i t h a d d i t i o n a l a n i o n i c and 
n o n i o n i c s u r f a c t a n t . The i n i t i a t o r was K2S2O8 except where noted. 
Table XI p r o v i d e s the b a s i c c o m p o s i t i o n s f o r the second s t a g e 
p o l y m e r i z a t i o n s . A l l i n g r e d i e n t s except f o r the i n i t i a t o r were 
charged i n t o the b o t t l e , purged w i t h N 2 , capped and tumbled f o r 
two hours i n the 65°C b a t h . The i n i t i a t o r was then added and the 
b o t t l e s recapped and tumbled f o r 16 hours a t 65°C. 

Table XI - Two-Stage Composition w i t h A l l A c r y l i c Second Stage 

I n g r e d i e n t s 6 5 / / 3 5 ( a ) 35//65 

Seed 4 
Si p o n a t e DS-10 
T r i t o n X-100 

146.89 
V a r i a b l e 
V a r i a b l e 

79.08 
V a r i a b l e 
V a r i a b l e 
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30. ERiCKSON AND SEiDEWAND Latex Seed Particle Growth 

T a b l e XI - (Continued) 

495 

I n g r e d i e n t s 6 5 / / 3 5 ( a ) 35//65 

H 20 
Monomer 
I n i t i a t o r 
T o t a l 

V a r i a b l e 
35.00 

.15 
250.00 g. 

V a r i a b l e 
65.00 

.15 
250.00 g. 

(a) F i r s t stage//second stage polymer r a t i o . 

The e f f e c t of S and Ν on y i s shown i n Table X I I . 

Tab l e X I I - E f f e c t o f S and Ν on y 

Compo s i t i o n S (%) Ν y 

St//BA 194 .93 .93 
65//35 128 .90 .89 

141 .83 .86* 
177 .72 .53 
211 .83 .46 
255 .90 .44 
316 .83 .26 
383 .90 .18 

St//BA/MAA 127 .90 .99 
65//35 (98/2) 194 .93 .90 

141 .83 .87* 
382 .90 .46 
211 .83 .45 
177 .72 .42 
316 .83 .33 
255 .90 .32 

St//BA/MMA/MAA 193 .93 1.58 
65//35 (64/34/2) 127 .90 1.57 

140 .83 1.25 
210 .83 1.02 
176 .72 .88* 
253 .90 .87* 
314 .83 .76* 
380 .90 .74 

St//BA/MMA/MAA 170 .79 1.10 
35//65 (64/34/2) 192 .67 1.02 

267 .86 .73 
340 .79 .46 
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496 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Table X I I - (Continued) 

Composition S (%) N y 

247 .51 .30 
292 .66 .24 
387 .66 .24 
512 .78 .21 

St//BA 226 .92 1.31 
35//65 

St//BA 153 .93 1.22 
65//35 (AIBN) 

*Average of two runs. 

Thus, r e g a r d l e s s of the second stage c o m p o s i t i o n o r i t s r e l a t i v e 
amount compared t o seed,y = 1 c o n t i n u e s t o occur when S > 100% 
and y c o n t i n u e s t o decrease w i t h i n c r e a s i n g S and d e c r e a s i n g N. 

La t e x P a r t i c l e Morphology 

E l u c i d a t i o n o f the morphology of the two stage l a t e x p a r t i ­
c l e s , which had complete second stage monomer a s s o c i a t i o n , was 
c a r r i e d out by a comparison w i t h the c o r r e s p o n d i n g copolymer and 
mec h a n i c a l b l e n d systems u s i n g e l e c t r o n microscopy and th e r m a l 
a n a l y s i s t e c h n i q u e s . 

The copolymer and a c r y l i c homopolymer and copolymer l a t e x e s 
r e q u i r e d f o r the blend systems to correspond c o m p o s i t i o n a l l y t o 
the two-stage l a t e x e s were prepared by a ba t c h charged p r o c e s s as 
o u t l i n e d i n Tab l e X I I I . 

Table X I I I - Copolymer L a t e x S y n t h e s i s 

I n g r e d i e n t P a r t s by Weight 

A e r o s o l MA-80 
T r i t o n X-114 
H20 
Monomer M i x t u r e 
5% K2S2O8 

V a r i a b l e (1.0-1.4) 
V a r i a b l e (3.6-4.0) 

93.09 
100.00 

7.57 

A l l of the i n g r e d i e n t s except the i n i t i a t o r were charged and 
purged w i t h N 2 . The i n i t i a t o r was then added and the r e a c t i o n 
was c a r r i e d out a t 65°C (12-16 h r . ) . 

The p a r t i c l e s i z e i n f o r m a t i o n f o r the l a t e x e s s e l e c t e d f o r 
s t r u c t u r a l c h a r a c t e r i z a t i o n i s shown i n Table XIV. The homo­
polymer p o l y s t y r e n e seed l a t e x was used to prepare the two-stage 
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30. ERICKSON AND SEiDEWAND Latex Seed Particle Growth 497 

l a t e x e s and was a l s o blended w i t h the BA homopolymer l a t e x and 
the BA/MMA/MAA ter p o l y m e r l a t e x t o p r o v i d e the b l e n d systems 
c o r r e s p o n d i n g t o the two-stage l a t e x e s . 

Table XIV - La t e x P a r t i c l e S i z e S t a t i s t i c s 

L a t e x Composition R a t i o D V S ( y ) v J D w/D n 

Homopolymer 
(Seed 4) St - .2461 1. ,02 
Homopolymer BA - .2023 1, ,05 
Two-Stage St//BA 65//35 .2813 1. .02 
Two-Stage St//BA 35//6S .3711 1, .02 
Two-Stage St//BA/MMA/MAA 35//65 .3472 1, .01 
Copolymer St/BA 65/35 .1695 1, .02 
Copolymer St/BA 35/65 .2566 1, .02 
Copolymer BA/MMA/MAA 64/34/2 .2034 1, .02 
Copolymer St/BA/MMA/MAA 35/41.6/22.1/1.3 .2025 1. .09 
(a) DVS = volume s u r f a c e average d i a m e t e r . 
(b) D w/D n = p o l y d i s p e r s i t y , D w = weight average d i a m e t e r , D n = 

number average diameter. 

The t r a n s m i s s i o n e l e c t r o n microscope was used t o a i d i n the 
d e t e r m i n a t i o n of l a t e x p a r t i c l e s t r u c t u r e . F i g u r e 5 i s a photo­
graph o f a 65/35 (St/BA) copolymer l a t e x which shows s p h e r i c a l 
r e l a t i v e l y non-deformed l a t e x p a r t i c l e s . The 65//35 (St//BA) 
l a t e x shown i n F i g u r e 6 r e v e a l s the deformed, s l i g h t l y c o a l e s c e d , 
e x t e r i o r p o r t i o n s o f the l a t e x p a r t i c l e s . Comparison of F i g u r e s 
5 and 6 r e a d i l y r e v e a l the s o f t e r l a t e x p a r t i c l e s u r f a c e i n the 
two-stage l a t e x , presumably due to the g r e a t e r s e g r e g a t i o n of the 
s o f t p-BA second stage near the s u r f a c e o f the p a r t i c l e . The 
co r r e s p o n d i n g 65 + 35 (St + BA) b l e n d system of F i g u r e 7 shows 
the a g g r e g a t i o n of the dark p o l y s t y r e n e spheres. I t i s d i f f i c u l t 
t o determine i f the p o l y s t y r e n e p a r t i c l e s are a c t u a l l y d i s p e r s e d 
i n a p-BA m a t r i x s i n c e the r e a d i l y c o a l e s c a b l e p-BA p a r t i c l e s a r e 
r e l a t i v e l y t r a n s p a r e n t under our TEM c o n d i t i o n s . The 35//65 
(St//BA) l a t e x of F i g u r e 8 r e v e a l s an apparent f i l m formed from 
the c o a l e s c e n c e o f these s o f t e r two-stage p a r t i c l e s . The r e l a ­
t i v e l y non-deformed d a r k e r s p h e r i c a l domains appear t o be t h e 
f i r s t stage p o l y s t y r e n e seed p a r t i c l e s . The b e t t e r s t a t e o f d i s ­
p e r s i o n of the p o l y s t y r e n e spheres compared t o the b l e n d l a t e x of 
F i g u r e 7 can e a s i l y be seen. 

The t r a n s m i s s i o n e l e c t r o n microscopy r e s u l t s a r e c o n s i s t e n t 
w i t h a segregated l a t e x p a r t i c l e c o n s i s t i n g o f a p o l y s t y r e n e r i c h 
c ore and a s o f t p o l y - n - b u t y l a e r y l a t e r i c h s h e l l . 

Scanning e l e c t r o n microscopy was used t o probe the f i l m mor­
phology o f the two-stage l a t e x p a r t i c l e s . F i g u r e 9A i s a s u r f a c e 
photograph of the 65//35 (St//BA) l a t e x showing a u n i f o r m p a c k i n g 
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498 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 5. Τ EM photomicrograph of 65/ 
35 (St/Β A) copolymer latex 

Figure 6. TEM photomicrograph of 
65//35 (St//Β A) two-stage latex 

Figure 7. TEM photomicrograph of 65 
+ 35 (St + Β A ) blend latex 

Figure 8. TEM photomicrograph of 
351/65 {StI/BA ) two-stage latex 
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30. ERiCKSON AND SEiDEWAND Latex Seed Particle Growth 499 

a r r a y f o r the s l i g h t l y deformed l a t e x p a r t i c l e s . The f r e e z e 
f r a c t u r e s e c t i o n , shown i n F i g u r e 9B, l i k e w i s e shows the s l i g h t l y 
deformed l a t e x p a r t i c l e s . A 65//35 two-stage l a t e x i n i t i a t e d i n 
the second stage w i t h AIBN p r o v i d e d s i m i l a r SEM photographs. 
F i g u r e s 10A and 10B a r e the s u r f a c e and f r e e z e f r a c t u r e photo­
graphs of the 65 + 35 (St + BA) b l e n d system. Both p i c t u r e s show 
the aggregated d i s p e r s i o n of the r e l a t i v e l y non-deformed p o l y s t y ­
rene p a r t i c l e s . The t i n y w h i t e s p o t s on top o f some of the p a r ­
t i c l e s i n the f r a c t u r e s e c t i o n a r e b e l i e v e d t o be an a r t i f a c t o f 
the f r a c t u r e p r o c e s s . F i g u r e s 11A and 11B a r e the s u r f a c e and 
f r a c t u r e s e c t i o n s of the 35//65 (St//BA) staged l a t e x . The most 
i n t e r e s t i n g photograph i s F i g u r e 113 which shows the i n t e r t w i n e d 
r o p e - l i k e s t r u c t u r e of the 35//65 two-stage l a t e x f i l m . 

The SEM r e s u l t s appear t o be c o n s i s t e n t w i t h the s t r u c t u r a l 
c o n c l u s i o n s drawn i n the a n a l y s i s by t r a n s m i s s i o n e l e c t r o n m i c r o ­
scopy. 

D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y was used to p r o v i d e therm­
a l a n a l y s i s d a t a t o i n v e s t i g a t e l a t e x p a r t i c l e s t r u c t u r e . A 
g l a s s t r a n s i t i o n a t c a . 100°C f o r p-St and one a t c a . -54°C f o r 
p-BA would be the expected t r a n s i t i o n s f o r a core of p-St and a 
s h e l l of p-BA. A s i n g l e , p o s s i b l y broadened thermal t r a n s i t i o n , 
between these two v a l u e s would be the a n t i c i p a t e d r e s u l t o f a 
p a r t i c l e c o n t a i n i n g a good degree o f m i x i n g of the f i r s t s t age 
and second stage polymer c h a i n s . Table XV l i s t s the t h e r m a l an­
a l y t i c a l d a t a f o r the two-stage l a t e x e s and the c o r r e s p o n d i n g 
b l e n d and copolymer l a t e x e s . 

T able XV - D i f f e r e n t i a l Scanning C a l o r i m e t r y 

L a t e x C o m p o s i t i o n R a t i o T r a n s i t i o n s (°C) 

Homopolymer St _ 94 
Homopolymer BA - -54 
Two-Stage S t / / B A 65//35 -52,36,83 
Bl e n d St+BA 65+35 -54,105 
Copolymer St/BA 65/35 33 
Two-Stage S t / / B A 35//65 -55,105 

The t h e r m a l t r a n s i t i o n s o b t a i n e d f o r the p-St and p-BA homopoly­
mer s , and f o r t h e b l e n d of these two homopolymers, a re the a n t i ­
c i p a t e d t r a n s i t i o n s . The St/BA (65/35) copolymer e x h i b i t s a 
s i n g l e t r a n s i t i o n a t 33°C which i s i n the temperature r e g i o n ex­
pe c t e d f o r t h a t copolymer c o m p o s i t i o n . The 65//35 (St//BA) two-
stage l a t e x e x h i b i t s the p-St and p-BA t r a n s i t i o n s i n a d d i t i o n t o 
a t r a n s i t i o n i n the c o r r e s p o n d i n g copolymer range. T h i s i n t e r ­
mediate t r a n s i t i o n was a l s o observed when a m i x t u r e of 98 p a r t s 
η-butyl a c r y l a t e and 2 p a r t s m e t h a c r y l i c a c i d was used as the 
second stage c o m p o s i t i o n o r i f AIBN was used as the second stage 
i n i t i a t o r . A t e n t a t i v e i n t e r p r e t a t i o n i s t h a t t h i s t r a n s i t i o n i s 
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500 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 9. SEM photomicrograph of 65//35 (St//ΒA) two-stage latex film: (A) 
surface; (B) freeze fracture section 

Figure 10. SEM photomicrograph of 65 + 35 (St + BA) blend latex film: (A) 
surface; (B) freeze fracture section 
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30. ERICKSON AND SEiDEWAND Latex Seed Particle Growth 501 

Figure 11. SEM photomicrograph of 35//65 (St//BA) two-stage latex film: (A) 
surface; (B) freeze fracture section 
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502 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

due t o an i n t e r f a c i a l r e g i o n between a p o l y s t y r e n e r i c h c o r e and 
a p o l y - n - b u t y l a c r y l a t e r i c h s h e l l s i m i l a r t o an i n t e r p e n e t r a t i n g 
network. R e v e r s a l o f the s t a g e r a t i o to 35//65 ( S t / / B A ) , unex-
p l a i n a b l y , does not show a mid-range t r a n s i t i o n , but does show 
the t r a n s i t i o n s f o r p-St and p-BA. With l i m i t e d d a t a i t would 
appear t h a t the stage r a t i o may e x e r t some i n f l u e n c e on whether 
one observes an i n t e r f a c i a l g l a s s t r a n s i t i o n . 

The DSC r e s u l t s support a s e g r e g a t e d two-stage l a t e x p a r t i ­
c l e which i s r i c h i n p - s t y r e n e and i n p - n - b u t y l a c r y l a t e . 

The s u r f a c e c h a r a c t e r i s t i c s of a two-stage polymer were 
compared a g a i n s t those of a c o r r e s p o n d i n g b l e n d and copolymer 
l a t e x by minimum f i l m temperature a n a l y s i s (11) (Table X V I ) . 

Table XVI - Minimum F i l m Temperature 

MFT (°C) 
L a t e x C o m p o s i t i o n R a t i o Crack K n i f e 

Two-Stage St//BA/MMA/MAA 35//65(64/34/2) 12 18 
B l e n d St+BA/MMA/MAA 35+65(64/34/2) 9 11 
Copolymer St/BA/MMA/MAA 35/41.6/22.1/1.3 36 38 

The b l e n d system which c o n s i s t s b a s i c a l l y of a d i s p e r s i o n o f p-St 
i n a BA/MMA s o f t f i l m f o r m i n g m a t r i x has the lowest MFT v a l u e s as 
would be a n t i c i p a t e d . The copolymer l a t e x has the h i g h e s t MFT 
v a l u e s i n a c c o r d w i t h the e l e c t r o n microscopy r e s u l t s . The two-
stage l a t e x polymer has MFT v a l u e s much c l o s e r t o the b l e n d s y s ­
tem which argues a g a i n s t a good degree of m i x i n g o f the f i r s t 
s tage and second st a g e polymer c h a i n s . 

The MFT r e s u l t s i n d i c a t e the presence o f the f i l m f o r m i n g 
second stage polymer at the s u r f a c e of the l a t e x p a r t i c l e and 
p r o v i d e s f u r t h e r evidence f o r a p o l y s t y r e n e r i c h c o r e and p o l y -
a c r y l a t e r i c h s h e l l f o r the two-stage l a t e x e s . 

C o n c l u s i o n s 

I t has been g e n e r a l l y a c c e p t e d t h a t second g e n e r a t i o n f r e e 
heterogeneous p a r t i c l e l a t e x e s can be produced i n a m u l t i p l e stage 
l a t e x p o l y m e r i z a t i o n p r o c e s s o n l y i f the seed p a r t i c l e s have l e s s 
than 100% s u r f a c t a n t s u r f a c e coverage. The p r e s e n t work demon­
s t r a t e s t h a t t h i s v i e w i s not e n t i r e l y c o r r e c t . U s i n g c e r t a i n 
c o m b inations of a n i o n i c and n o n i o n i c s u r f a c t a n t s , the seed c o v e r ­
age may be g r e a t e r than 100%. T h i s i s the case because the de­
gree of second stage a s s o c i a t i o n i n c r e a s e s w i t h i n c r e a s i n g f r a c ­
t i o n o f the n o n i o n i c s u r f a c t a n t which compensates f o r the d e c r e a s ­
i n g a s s o c i a t i o n caused by i n c r e a s i n g the s u r f a c t a n t s u r f a c e cov­
erage. 

The p r e p a r a t i o n of a c o n t r o l l e d amount of second g e n e r a t i o n 
l a t e x p a r t i c l e s t o g i v e a r e l a t i v e l y e x a c t i n s i t u b l e n d o f c o -
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30. ERICKSON AND SEiDEWAND Latex Seed Particle Growth 503 

polymer particles and hetero-particles can be affected by adjust­
ing the nonionic/anionic ratio and the overall surfactant surface 
coverage. 

Transmission and scanning electron microscopy, differential 
scanning calorimetry and minimum film temperature analysis 
supports a core/shell morphology for the two-stage latex poly­
mers, consisting predominantly of a polystyrene rich core sur­
rounded by a soft acrylic rich shell. 
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31 
On-Line Monitoring of Emulsion Polymerization 
Reactor Dynamics 

F. J. SCHORK and W. H. RAY 
Department of Chemical Engineering, University of Wisconsin, 
Madison, WI 53706 

The available data from emulsion polymerization systems 
have been obtained almost exclusively through manual, off-line 
analysis of monomer conversion, emulsifier concentration, 
particle size, molecular weight, etc. For batch systems this 
results in a large expenditure of time in order to sample with 
sufficient frequency to accurately observe the system kinetics. 
In continuous systems a large number of samples are required to 
observe interesting system dynamics such as multiple steady 
states or limit cycles. In addition, feedback control of any 
process variable other than temperature or pressure is im­
possible without specialized on-line sensors. This note 
describes the initial stages of development of two such sensors, 
(one for the monitoring of reactor conversion and the other for 
the continuous measurement of surface tension), and their im­
plementation as part of a computer data acquisition system for 
the emulsion polymerization of methyl methacrylate. 

Emulsion Density and Monomer Conversion 

Monomer conversion has traditionally been determined 
gravitimetrically by drying emulsion samples to constant weight. 
The procedure is slow, requiring several hours for analysis, and 
precludes automated data acquisition. A new method has been 
developed based on the DMA-series digital densitometers manu­
factured by Anton Paar of Austria, and marketed in the United 
States by Mettler Instrument Corporation. (Very recently Dr. 
Kirk Abbey made us aware of his parallel work in these direc­
tions and of some initial data reported from his laboratory 
[1,2]). This instrument is capable of immediate determination 
of the density of any test fluid, and, if equipped with a flow 
cell, can continuously monitor the density of a process stream. 
Results are displayed locally and can be transmitted digitally 
to a data acquisition computer. 

0097-6156/81/0165-0505$05.00/0 
© 1981 American Chemical Society 
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506 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

D e n s i t y measurement i s accomplished by i n t r o d u c i n g a t e s t 
f l u i d i n t o a g l a s s U-shaped sample tube which i s r i g i d l y 
supported a t i t s open ends. The tube i s e l e c t r o n i c a l l y e x c i t e d 
to v i b r a t e a t i t s n a t u r a l f r e q u e n c y . The frequency of o s c i l l a t i o n 
i s c o n t i n u o u s l y m o n i t o r e d e l e c t r o n i c a l l y , and from t he change of 
frequency caused by the t e s t f l u i d w i t h i n t h e tube, t h e d e n s i t y 
of the t e s t f l u i d can be determined from the f o r m u l a 

(p - ρ ) = k ( T 2 - T 2) (1) s s 
where ρ and Τ a r e the d e n s i t y and p e r i o d o f o s c i l l a t i o n f o r t h e 
t e s t f l u i d and pg and T s a r e the d e n s i t y and p e r i o d f o r a s t a n ­
d a r d . O s c i l l a t i o n i s c o n t i n u o u s and the p e r i o d o f o s c i l l a t i o n i s 
updated every two seconds, making t he in s t r u m e n t e s s e n t i a l l y con­
t i n u o u s . The c a v i t y s u r r o u n d i n g t he sample tube i s f i l l e d w i t h 
gas o f h i g h t h e r m a l c o n d u c t i v i t y ; t h i s i n t u r n , i s surrounded by 
thermostated l i q u i d f o r a c c u r a t e sample temperature c o n t r o l . An 
a c c e s s o r y f l o w a d a p t e r may be added t o mon i t o r the d e n s i t y of 
pro c e s s streams. Output of e i t h e r p e r i o d of o s c i l l a t i o n o r 
a c t u a l d e n s i t y i s p o s s i b l e . Models a r e a v a i l a b l e w i t h f o u r , 
f i v e , o r s i x p l a c e p r e c i s i o n . 

The i n s t r u m e n t i s n o r m a l l y c a l i b r a t e d a g a i n s t d i s t i l l e d 
water and a i r by r e a r r a n g i n g E q u a t i o n (1) as f o l l o w s : 

ρ = c(T 2 - D) (2) 

The v a l u e s of C and D a r e determined from t h e known d e n s i t i e s of 
water and a i r . Once c a l i b r a t e d , t h e in s t r u m e n t s h o u l d not need 
r e c a l i b r a t i o n u n l e s s t he sample tube i s r e p l a c e d . 

S i n c e monomer c o n v e r s i o n i s a l i n e a r f u n c t i o n of emulsion 
s p e c i f i c volume, t h e f r a c t i o n a l c o n v e r s i o n , x, may be c a l c u l a t e d 
as 

(v° - v e) (i/p° - i/P e) 
(3) 

Λ " ( v j - v j ) " (1/P°-1/Pe> 
where t h e s p e c i f i c volumes a t 0 and 100% c o n v e r s i o n , and v \ 
may be approximated as weighted averages o f t h e component 
s p e c i f i c volumes: 

V° = X V + X A v (4) e mm A w 

V 1 = X V + X.V (5) e m ρ A w 
where X m and X A a r e t h e i n i t i a l weight f r a c t i o n s of monomer and 
aqueous phase r e s p e c t i v e l y . F o r b a t c h systems, and f o r a con­
t i n u o u s system w i t h s t a r t - u p from an empty r e a c t o r , t he weight 
f r a c t i o n t o t a l monomer i n the sample stream, X m ( i n c l u d i n g mono­
mer i n c o r p o r a t e d i n polymer c h a i n s ) , remains c o n s t a n t and e q u a l 
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31. SCHORK AND RAY Emulsion Polymerization Reactor Dynamics 507 

t o t he i n i t i a l o r i n l e t v a l u e . I f s t a r t - u p i s from a f u l l con­
t i n u o u s r e a c t o r (water o r emulsion f i l l e d ) , i n t h e sample 
stream approaches the v a l u e of the fee d as f o l l o w s : 

Xm " V + < V " V > e x P < " t / e ) ( 6 ) 

feed ι feed 
where t i s time and θ i s the r e s i d e n c e time of t h e r e a c t o r . I n 
t h i s case, a t each sampling t i m e , ^ must be c a l c u l a t e d from 
E q u a t i o n ( 6 ) , and must be r e e v a l u a t e d based on the c u r r e n t 
v a l u e o f and E q u a t i o n (3) a p p l i e d t o e v a l u a t e x. I n a system 
employing d i g i t a l d a t a a c q u i s i t i o n , t h i s computation i s e a s i l y 
handled i n r e a l t i m e . 

For the purposes of c o n v e r s i o n m o n i t o r i n g of emul s i o n p o l y ­
m e r i z a t i o n , we have found t h e DMA40D w i t h a p r e c i s i o n of 
+1 χ 10~^g/cm ca p a b l e of r e s o l v i n g monomer c o n v e r s i o n t o +0.2% 
i n t he absence of t h e r m o s t a t i n g and sampling e r r o r s . O n - l i n e , i n 
the presence of such p o s s i b l e e r r o r s , a r e s o l u t i o n of a t l e a s t 
+0.5% can be expected. Care must be tak e n t o ensure a r e p r e s e n ­
t a t i v e sample and good temperature c o n t r o l of the sample stream 
b e f o r e i n t r o d u c i n g i t i n t o t he i n s t r u m e n t . Some example r e s u l t s 
w i t h t h i s i n s t r u m e n t a r e p r e s e n t e d below. 

S u r f a c e T e n s i o n and Free E m u l s i f i e r C o n c e n t r a t i o n 

The s u r f a c e t e n s i o n of the co n t i n u o u s phase of a polymer 
emulsion may be used as a measure of the f r e e e m u l s i f i e r concen­
t r a t i o n . The term " f r e e e m u l s i f i e r " i s used h e r e t o denote s u r ­
f a c t a n t which i s d i s s o l v e d i n t h e c o n t i n u o u s aqueous phase, 
r a t h e r than adsorbed onto polymer p a r t i c l e s o r monomer d r o p l e t s , 
o r aggregated i n t o m i c e l l e s . The d i s t r i b u t i o n of s u r f a c t a n t 
w i t h i n t he emulsion has a c r i t i c a l e f f e c t on the dynamics of the 
p o l y m e r i z a t i o n system, and knowledge o f t h i s p r o p e r t y i s , perhaps, 
the key t o u n d e r s t a n d i n g the abnormal system dynamics which a r e 
sometimes observed. S u r f a c e t e n s i o n i s a d i f f i c u l t p r o p e r t y t o 
measure, p a r t i c u l a r l y f o r systems c o n t a i n i n g s u r f a c t a n t s . Extreme 
c l e a n l i n e s s and good t e c h n i q u e a r e r e q u i r e d t o o b t a i n r e p r o d u c i b l e 
r e s u l t s . The most w i d e l y a c c e p t e d t e c h n i q u e i s perhaps t h e 
Wilhelmy p l a t e procedure which measures the v e r t i c a l f o r c e n e c e s ­
s a r y t o b a l a n c e t he f o r c e e x e r t e d on the p l a t e by the l i q u i d 
s u r f a c e as t h e p l a t e i s withdrawn from t h e l i q u i d . T h i s method 
can g i v e good p r e c i s i o n , but i s slow and not a t a l l s u i t a b l e f o r 
automated o n - l i n e use. Gerrens [3] has p u b l i s h e d one s e t of dat a 
i n which s t e a d y o s c i l l a t i o n s i n the s u r f a c e t e n s i o n of a c o n t i n ­
uous emulsion p o l y m e r i z a t i o n system were monitored by c o u n t i n g 
the number of drops of emulsion per time coming from an o r i f i c e 
of known diamet e r . T h i s method i s a l s o v e r y slow and would not 
seem a t t r a c t i v e f o r o n - l i n e a p p l i c a t i o n s . 
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508 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

A new method of s u r f a c e t e n s i o n d e t e r m i n a t i o n has been 
developed which i s c o n t i n u o u s , automated, c o m p a t i b l e w i t h com­
p u t e r d a t a a c q u i s i t i o n systems, and ca p a b l e of m o n i t o r i n g 
f l o w i n g p r o c e s s streams. The method i s a v a r i a n t o f the w e l l -
known maximum bubble p r e s s u r e t e c h n i q u e . To i l l u s t r a t e t h e p r i n ­
c i p l e s , we w i l l d e s c r i b e t he s i m p l e s t i n i t i a l c o n f i g u r a t i o n o f 
the i n s t r u m e n t h e r e . F u r t h e r d e t a i l s and a d e s c r i p t i o n of a r e ­
f i n e d v e r s i o n o f the ins t r u m e n t w i l l be r e p o r t e d l a t e r . 

A t e s t f l u i d i s i n t r o d u c e d i n t o a sample c e l l ( p o s s i b l y as 
a c o n t i n u o u s stream) as shown i n F i g u r e 1. Gas bubbles a r e 
formed below the s u r f a c e of the l i q u i d from two o r i f i c e s o f d i f ­
f e r e n t d i a m e t e r s . The i n s t a n t a n e o u s d i f f e r e n c e i n p r e s s u r e 
between t h e two o r i f i c e s i s sensed c o n t i n u o u s l y , and the output 
s i g n a l c o n d i t i o n e d as shown i n F i g u r e 2 t o y i e l d a d i f f e r e n t i a l 
p r e s s u r e AP f. I t may be shown [5] t h a t t h e l i q u i d s u r f a c e t e n s i o n 
i s a l i n e a r f u n c t i o n o f APf. 

In t h i s s i m p l e c o n f i g u r a t i o n , t he in s t r u m e n t was c a l i b r a t e d 
by measuring APf and s u r f a c e t e n s i o n f o r numerous t e s t f l u i d s . 
The independent measurements of s u r f a c e t e n s i o n were o b t a i n e d by 
the t e d i o u s Wilhelmy p l a t e method. F i g u r e 3 i l l u s t r a t e s such a 
c a l i b r a t i o n c u rve f o r one set of o r i f i c e s and f o r f i v e t y p e s of 
t e s t f l u i d s (methanol-water, e t h a n o l - w a t e r , acetone-water, sodium 
l a u r y l s u l f a t e i n water s a t u r a t e d w i t h m e t h y l m e t h a c r y l a t e , and 
p o l y m e t h y l m e t h a c r y l a t e l a t i c e s ) . T h i s i s a " u n i v e r s a l " c a l i b r a ­
t i o n c u r v e independent of t h e f l u i d b e i n g m o n i t o r e d . For t h e 63 
data p o i n t s shown i n F i g u r e 3, t h e l e a s t squares r e g r e s s i o n l i n e 
i s g i v e n by 

γ = 0.060AP f + 2.76 (7) 

w i t h a st a n d a r d d e v i a t i o n of 1.3 dynes/cm. The dat a were taken 
w i t h an o b s o l e t e d i f f e r e n t i a l p r e s s u r e t r a n s d u c e r which has been 
d i s c o v e r e d t o have s i g n i f i c a n t zero and span d r i f t . Thus the 
c a p a b i l i t i e s of the in s t r u m e n t w i t h more modern e l e c t r o n i c s have 
been found t o be even b e t t e r than noted h e r e . 

I t i s p o s s i b l e t o o b t a i n a t h e o r e t i c a l c a l i b r a t i o n c u r v e by 
p r e c i s e measurements of the two o r i f i c e d i a m e t e r s . T h i s t h e o r e ­
t i c a l c u r v e i s a l s o shown i n F i g u r e 3, and i s compared w i t h t he 
t h e o r e t i c a l maximum bubble p r e s s u r e c u r v e t o i l l u s t r a t e t h e d i f ­
f e r e n c e s between the two methods. I n t h i s s i m p l e c o n f i g u r a t i o n , 
t h e t h e o r e t i c a l c a l i b r a t i o n c a l c u l a t i o n i n v o l v e s s e v e r a l approx­
i m a t i o n s and s t i l l g i v e s a remarkable a p r i o r i f i t t o the d a t a . 

The s i m p l e p r o t o t y p e u n i t d i s c u s s e d here i s c a p a b l e o f con­
t i n u o u s l y m o n i t o r i n g a p r o c e s s stream w i t h r a p i d response t o s u r ­
f a c e t e n s i o n changes, and a c c u r a c y w i t h i n 1-2%. I n i t i a l i n v e s ­
t i g a t i o n s i n d i c a t e t h a t a commercial u n i t based on t h i s d e s i g n 
would be ca p a b l e o f d a t a a c q u i s i t i o n , a l a r m m o n i t o r i n g , and/or 
c l o s e d - l o o p c o n t r o l o f a p r o c e s s v a r i a b l e i n a l a b o r a t o r y , p i l o t 
p l a n t o r p r o d u c t i o n s c a l e i n s t a l l a t i o n . A commercial i n s t r u m e n t 
based on the work done i n t h i s l a b o r a t o r y i s b e i n g developed and 
marketed. 
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31. SCHORK AND RAY Emulsion Polymerization Reactor Dynamics 509 

INFLOW^ 

TO SIGNAL CONDITIONING 

Figure 1. On-line surface tensiometer sample cell 

TEST FLUID -
INLET 

• OVERFLOW 
OUTLET 

SIGNAL CONDITIONING 

- TO POP 11/55 
REAL TIME COMPUTER 

DIGITAL DISPLAY 

RECORDER 

Figure 2. On-line surface tensiometer schematic 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
03

1



10 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

DIFFERENTIAL PRESSURE, D Y N E / c m 2 

Figure 3. Example calibration curve for the surface tensiometer ((X) Il-MEOH-
H20; (O) J2-ETOH-H20; Ο 12-acetone-H Ό; (A) T1-SLS-MMA-H20; (o ) 

Rll latex) 

M A C TO* DtNSITOMtTi· 

Figure 4. On-line monitoring of conversion and free emulsifier concentration in 
emulsion polymerization 
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31. SCHORK AND RAY Emulsion Polymerization Reactor Dynamics 511 

A p p l i c a t i o n s 

The s e n s o r s d e s c r i b e d above have been used t o m o n i t o r b o t h 
the b a t c h and c o n t i n u o u s emulsion p o l y m e r i z a t i o n of m e t h y l meth­
a c r y l a t e as shown i n F i g u r e 4. I n b o t h c a s e s , a s m a l l stream of 
e m u l s i o n i s c o n t i n u o u s l y pumped from the r e a c t o r d u r i n g p o l y m e r i ­
z a t i o n . To i l l u s t r a t e the performance of these m o n i t o r i n g de­
v i c e s , t h e i r a p p l i c a t i o n i n a b a t c h p o l y m e r i z a t i o n i s shown i n 
F i g u r e 5. A l s o shown ar e c o n v e r s i o n v a l u e s determined o f f - l i n e 
by the t r a d i t i o n a l g r a v i m e t r i c d r y s o l i d s method. As may be seen, 
the o f f - l i n e r e s u l t s agree q u i t e w e l l , and, i n f a c t , the l a r g e s t 
e r r o r can p r o b a b l y be a t t r i b u t e d t o i n a c c u r a c i e s i n sampling and 
a n a l y s i s f o r the o f f - l i n e method. The a p p l i c a t i o n of t h e s e sen­
s o r s t o the m o n i t o r i n g of o s c i l l a t o r y b e h a v i o r i n c o n t i n u o u s 
m e t h y l m e t h a c r y l a t e p o l y m e r i z a t i o n i s shown i n F i g u r e 6. 

A l t h o u g h we measure s u r f a c e t e n s i o n of the l a t e x i n F i g u r e s 
5 & 6, i t i s r e a l l y the f r e e e m u l s i f i e r c o n c e n t r a t i o n we w i s h to 
m o n i t o r . R e c a l l t h a t i n e m u l s i o n p o l y m e r i z a t i o n , as the polymer 
p a r t i c l e s grow w i t h i n c r e a s i n g c o n v e r s i o n , the f r e e e m u l s i f i e r 
c o n c e n t r a t i o n f a l l s due t o a d d i t i o n a l s u r f a c t a n t b e i n g adsorbed 
onto the new polymer s u r f a c e . As t h e f r e e e m u l s i f i e r c o n c e n t r a ­
t i o n f a l l s , the s u r f a c e t e n s i o n of t h e aqueous phase r i s e s above 
the v a l u e at the c r i t i c a l m i c e l l e c o n c e n t r a t i o n . The f r e e emul­
s i f i e r c o n c e n t r a t i o n may be determined d i r e c t l y from the s u r f a c e 
t e n s i o n by r e f e r e n c e t o F i g u r e 7. P l o t t e d a r e s u r f a c e t e n s i o n s 
(as determined by the Wilhelmy p l a t e method) of s o l u t i o n s of 
sodium l a u r y l s u l f a t e ( t h e p o l y m e r i z a t i o n e m u l s i f i e r ) i n w a t e r . 
Curve A shows the r e s u l t s f o r pure water; Β shows the r e s u l t s f o r 
water s a t u r a t e d (1.4 weight %) w i t h methyl m e t h a c r y l a t e . S i n c e 
the m ethyl m e t h a c r y l a t e c o n c e n t r a t i o n d i d not exceed i t s s o l u b i ­
l i t y i n w a ter, no monomer d r o p l e t s were p r e s e n t . As may be seen 
from the graph, the presence of m e t h y l m e t h a c r y l a t e has l i t t l e 
e f f e c t on the c r i t i c a l m i c e l l e c o n c e n t r a t i o n , o r the s u r f a c e 
t e n s i o n at the c r i t i c a l m i c e l l e c o n c e n t r a t i o n . T h i s i s due t o 
the f a c t t h a t m ethyl m e t h a c r y l a t e i s o n l y s l i g h t l y s u r f a c e a c t i v e , 
and i t s e f f e c t i s f a r overshadowed by t h a t of the sodium l a u r y l 
s u l f a t e . At low s u r f a c t a n t c o n c e n t r a t i o n s , however, the e f f e c t 
of t h e m e t h y l m e t h a c r y l a t e becomes s i g n i f i c a n t , and the s u r f a c e 
t e n s i o n i n the presence of methyl m e t h a c r y l a t e i s much lower t h a n i n 
i t s absence. Thus by making use of c u r v e s such as those shown i n 
F i g u r e 7, one may r e l a t e measured s u r f a c e t e n s i o n t o f r e e e m u l s i ­
f i e r c o n c e n t r a t i o n f o r any emulsion p o l y m e r i z a t i o n . 

I t would appear t h a t these sensors a r e q u i t e v a l u a b l e i n ex­
p l o r i n g the dynamics of emulsion p o l y m e r i z a t i o n systems b o t h a t 
the l a b o r a t o r y and p i l o t p l a n t s c a l e s . I n a d d i t i o n , i t appears 
t h a t these i n s t r u m e n t s , i n more rugged d e s i g n would have a p p l i c a ­
t i o n s f o r m o n i t o r i n g , a l a r m , and c o n t r o l f u n c t i o n s i n i n d u s t r i a l -
s c a l e i n s t a l l a t i o n s . F u r t h e r r e f i n e m e n t s and a p p l i c a t i o n s a r e 
under study a t p r e s e n t . 
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512 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 5. Example data acquisition for the batch emulsion polymerization of 
MM A at 40°C (initiator (ammonium persulphate) = 0.01 gmol/L H20;emulsifier 

(SLS) = 0.02 gmol/L H20;wt.ratio monomer/water = 0.43) 

m i [ ι ι τ ι t ι ι ι ι ι ι t J τ τ t ι j ι > ι r 

\ ι ι t ι I t t t » J ι ι ι ? J t ι ι f { ι ι ι ? j ι ι t ι j 
"00 400 TOO iOO 701? 500 900 

MINUTE 

Figure 6. Example data acquisition for the continuous emulsion polymerization 
of MM A showing conversion and surface tension oscillations (Run 15, Recipe 8; 
Τ = 40°C; initiator (ammonium persulfate) =0.01 gmol/L H20; emulsifier (SLS) 

= 0.02 gmol/L H20;wt.ratio monomer/water = 0.43) 
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β Of ι 1—I f ι ι ι t ι 1 1—ι—\ ! 1 l l | 1 Γ 

3 
0 0 ΙΟΙ ι . • . . . . . I I ι » • I 

0.01 0.1 10 10.0 
CONCENTRATION SLS (qms/l) 

Figure 7. Wilhelmy plate measurements of surface tension for SLS solutions: (A) 
no Μ Μ A; (Β) saturated with MM A 
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32 
Control of Particle Size Distribution Through 
Emulsifier Metering Based on Rate of Conversion 

DANIEL L. GORDON and KARL R. WEIDNER 
Diamond Shamrock Plastics Corporation, Painesville, OH 44077 

In emulsion polymerization of PVC, water and vinyl chloride 
monomer are charged to the reactor. The reactor is heated to the 
desired reaction temperature. Then the pumps, to continuously 
meter initiator and emulsifier into the reactor, are activated. 
As will be explained later, the particle size distribution is a 
function of the amount of emulsifier present at all times during 
the polymerization. The extent of polymerization can be followed 
by measuring the conversion of monomer which can be followed by 
quantifying the heat liberated from the reactor. By combining 
the knowledge of the extent of conversion with the effect of 
emulsifier on particle size distribution (PSD), an algorithm can 
be generated to produce a given PSD. 

Experimental Materials 

The reactor system used for these experiments is a 190 
liter, jacketed, stainless steel vessel equipped with initiator 
and emulsifier metering system. The reactor is monitored and 
controlled by a minicomputer. The computer monitors: the reactor 
temperature and pressure, the jacket water inlet and outlet 
temperatures and flow rate, and the initiator and emulsifier flow 
rates. The computer calculates the amount of heat transferred 
through the jacket from the process measurements and transmits 
signals to control the reactor temperature and metering pumps. 

Determining Conversion 

Determining the conversion of monomer can only be as 
accurate as the method of quantifying the heat liberated from the 
reaction. The usual method is to take the difference between the 
inlet and outlet jacket water temperatures multiplied by the 
specific heat and flow rate of the water. This steady-state 
energy balance equation is: 

Q = wCp (Τ. - Τ )̂ m out 

0097-6156/81/0165-0515$05.00/0 
© 1981 American Chemical Society 
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516 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T h i s e q u a t i o n i s e a s i l y implemented i n an i n d u s t r i a l p l a n t 
u s i n g a n a l o g i n s t r u m e n t a t i o n . W i t h computers becoming a v a i l a b l e 
i n t h e p l a n t s , more a c c u r a t e methods o f o b t a i n i n g Q ( c a l / s ) , can 
be employed. 

The s t e a d y - s t a t e (SS) method i s c o m p l e t e l y a c c e p t a b l e and 
c o r r e c t i f , and o n l y i f T. and Τ a r e not changi n g . But i f 
th e y a r e , the v a l u e c a l c u l a t e d f o r U Q w i l l be i n e r r o r . F o r 
example, w i t h t he r e a c t o r empty, a s t e p change i n the j a c k e t 
i n l e t water temperature was made. The responses of t h e j a c k e t 
i n l e t and o u t l e t temperatures a r e shown i n F i g u r e 1. W i t h 
n e g l i g i b l e heat b e i n g t r a n s f e r r e d , Q s h o u l d be z e r o , but t h e SS 
method gave the Q p r o f i l e shown i n F i g u r e 2 . The SS method has 
ob v i o u s l i m i t a t i o n s t o i t s use. 

Wi t h no heat b e i n g t r a n s f e r r e d through t h e j a c k e t , an 
a c c u r a t e p r e d i c t i o n of t h e j a c k e t water o u t l e t temperature s h o u l d 
be p o s s i b l e by knowing the h i s t o r y o f the j a c k e t i n l e t 
t emperature and the m i x i n g c h a r a c t e r i s t i c s o f t h e j a c k e t . 
T h e r e f o r e , t he d i f f e r e n c e between the a c t u a l and p r e d i c t e d o u t l e t 
t e m p e r a t u r e s m u l t i p l i e d by t h e f l o w r a t e and s p e c i f i c heat o f t h e 
water s h o u l d a l s o e q u a l Q. 

UN-SS Energy B a l a n c e . To p r e d i c t t h e o u t l e t t e m p e r a t u r e , an 
u n s t e a d y - s t a t e (UN-SS), energy b a l a n c e (1) must be w r i t t e n around 
th e r e a c t o r j a c k e t . That b a l a n c e i s : 

pVCp d T Q 

— - - - = wCp (T. -T ) + UA (T. -T J_)-U'A I (T -T ) * i n o u t i n o u t out Ε a t 

The r a t e of change of t h e o u t l e t temperature t i m e s t h e 
h e a t c a p a c i t y o f the j a c k e t e q u a l s t h e heat accumulated by t h e 
water f l o w p l u s t h e heat t r a n s f e r r e d from the r e a c t o r t o the 
j a c k e t minus t h e hea t t r a n s f e r r e d from t he j a c k e t t o t h e 
environment. 

The UN-SS e q u a t i o n reduces t o the SS e q u a t i o n i f 
dT / d t = 0 and the hea t t r a n s f e r t o t h e environment i s 
n e g l i g i b l e : 

Q = -UA (Τ -T ) = wCp (Τ. -T 
R o u t * i n o u t 

D i v i d i n g t h e UN-SS e q u a t i o n by wCp pro d u c e s : 

PVCp dT UA U'A1 

__2H_ = (T. -T ) + — ( T - T ) (T -T ) i n o u t _ R out n o u t Ε wCp d t wCp wCp 

L e t : τ 
I 
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32. GORDON AND WEIDNER Metering of Particle Size Distribution 517 

T̂ôô 4 0 . 0 0 8 0 . 0 0 1 2 0 . 0 0 1 6 0 . 0 0 2 0 0 - 0 0 , 2 4 0 . 0 0 2 8 0 . 0 0 3 2 0 - 0 0 3 * 0 . 0 0 

TIME ( S ) ·10' 

Figure 1. Jacket water inlet and outlet temperatures in response to a —33°C 
(Test II) change in the inlet. The response of the jacket outlet temperature typifies 

a first-order mixing model. 

Figure 2. Plot of the heat transferred from the reactor to the jacket using the SS 
equation on the data from Figure 1 
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518 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T h i s e q u a t i o n i s f i r s t o r d e r i n Τ w i t h r e s p e c t t o t . 
A f i r s t o r d e r m i x i n g p a t t e r n has been assumed, and a f i r s t o r d e r 
p a t t e r n i s e x h i b i t e d by most " w e l l - m i x e d " v e s s e l s t h a t do n o t 
have b a f f l e s o r f l o w d i r e c t i n g n o z z l e s . How c l o s e l y t h i s f i r s t 
o r d e r e q u a t i o n f i t s t h e a c t u a l p r o c e s s w i l l be determined l a t e r . 

D e t e r m i n i n g Model Parameters. To s i m p l i f y f i t t i n g t h i s 
f i r s t o r d e r e q u a t i o n t o the a c t u a l d a t a , t h e UN-SS e q u a t i o n must 
be reduced. Heat t r a n s f e r t o the environment, t h e U'A' term, may 
be assumed n e g l i g i b l e ( f o r a f i r s t a p p r o x i m a t i o n anyway). W i t h 
no r e a c t i o n o c c u r r i n g and the r e a c t o r empty, t h e heat t r a n s f e r 
from the r e a c t o r t o the j a c k e t , and the heat r e t a i n e d i n t h e 
j a c k e t w a l l s , t h e UA terra, may be assumed t o be z e r o . The 
r e m a i n i n g e q u a t i o n (2^.3) i s : 

dT out 
d t 

= (T. - Τ ) xn out 

G i v e n t h e d e r i v a t i v e ( d T ^ ^ / d t ) and the temperature T ^ , 
t h i s e q u a t i o n w i l l p r e d i c t t h e v a l u e of t h e o u t l e t temperature 
w i t h a l l e x t e r n a l h e a t t r a n s f e r e q u a l t o z e r o . 

The s o l u t i o n of t h i s d i f f e r e n t i a l e q u a t i o n (assuming dT. / d t 
= 0) x s : 

-t/τ - t / x 
Τ = Τ ,.,.β +T. (1-e ) ou t o u t ( x ) xn 
To account f o r l a g o r dead time as w i t h p l u g f l o w , a d e l a y , 

Θ, may be i n c l u d e d i n the e q u a t i o n . 

- ( t - 6 ) / T - ( t - 6 ) / T 
T 4_=T t / . . e + T. ( 1-e ) ou t o u t ( x ) xn 
The two parameters, θ and τ , need t o be determined ( 4 ) . 

B o t h may be o b t a i n e d from a p l o t of t h e j a c k e t i n l e t and o u t l e t 
t e m p e r a t u r e t o a s t e p change i n the j a c k e t i n l e t ( see F i g u r e 1 ) . 
F o r the f i r s t a p p r o x i m a t i o n s , θ w i l l e q u a l the d i f f e r e n c e i n time 
between the o b s e r v e d changes of t h e i n l e t and o u t l e t 
t e m p e r a t u r e s , χ e q u a l s t h e time t a k e n f o r the o u t l e t temperature 
t o a c h i e v e 63.2% of i t s f i n a l change. (The d e f i n i t i o n of a time 
c o n s t a n t o r τ i n t h i s case i s t h e time f o r a response t o a t t a i n 
63.2% o f i t s f i n a l v a l u e . ) V a l u e s f o r the two t e s t s a r e shown 
below. 
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32. GORDON AND WEIDNER Metering of Particle Size Distribution 519 

TABLE I 

TEST 2 TEST 2 

Step Change -39.5°C -33.0°C 
Flow Rate 567.7cm / s 525.7cm / s 
θ 18.5 s 23.5 s 
Κ 10500 12350 
τ 130.2 s 143.4 s 
τ 86.4 s 93.6 s 
K 2 1.502 1.532 

E a r l i e r , was s e t e q u a l t o pV/w. The volume, d e n s i t y , 
and f l o w r a t e a r e known so t h a t t h i s "ideal"τ c o u l d have been 
c a l c u l a t e d . R e a l i s t i c a l l y , t h e i d e a l and a c t u a l , τ , w i l l 
d i f f e r . i s the compensating f a c t o r t h a t r e l a t e s t h e i d e a l t o 
t h e a c t u a l , and hence: 

θ was assumed t o be a f u n t i o n of w, and i s used t o r e l a t e 
θ t o w as i n : 

θ = wK 1 

The f i r s t o r d e r c u r v e s were compared t o the a c t u a l d a t a i n 
F i g u r e s 3 and 4. Average Κ v a l u e s f o r θ and τ were used. The 
f i t s a r e r e l a t i v e l y good and s u b s t a n t i a t e the assumptions o f 
f i r s t o r d e r w i t h a d e l a y t i m e . 

B e f o r e t h e UN-SS e q u a t i o n can be implemented on the computer 
t h e temperature sampling r a t e s and method of c a l c u l a t i n g dT / d t 
must be d e c i d e d . The s m a l l e r the time c o n s t a n t , t h e s m a l l e r t h e 
s a m p l i n g r a t e s h o u l d be. A l l d a t a i n t h i s r e p o r t was o b t a i n e d a t 
3 second i n t e r v a l s (about 2.2% o f t h e time c o n s t a n t ) . 

The d e r i v a t i v e , d T Q t / d t , may be c a l c u l a t e d by p e r f o r m i n g a 
l e a s t squares f i t arouncf 'N1 number of p o i n t s . Ν s h o u l d be 
chosen i n v e r s e l y p r o p o r t i o n a l t o the a c c u r a c y and s t a b i l i t y o f 
t h e temperature measurements. The h i g h e r t h e a c c u r a c y , t h e lower 
Ν can be. Ν was chosen t o be 7 i n these t e s t s . 

A comparison of t h e SS and UN-SS e q u a t i o n s a r e shown i n 
F i g u r e 5 as a p p l i e d t o the e a r l i e r s t e p change i n F i g u r e 1. 

The UN-SS e q u a t i o n was r e a r r a n g e d so b o t h s i d e s e q u a l the 
h e a t t r a n s f e r r e d through t h e r e a c t o r . The UN-SS e q u a t i o n p l o t t e d 
i s : 

UN-SS: Q = -UA ( T ^ o u t * 

= ( T i n @ ( t - e f T I K 2 ( d T o u t / d t ) - T o u t ) w C P 
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520 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 3. Comparison of the actual and predicted jacket water outlet temperatures. 
Average values of θ = 21.7 and τ = 142.3 were used for the predicted temperature. 

c ο 
ο 
ο. 

ο. 

Ό . 0 0 4 0 . 0 0 8 0 . 0 0 1 2 0 . 0 0 1 6 0 . 0 0 2 0 0 - 0 0 2 4 0 . 0 0 2 8 0 . 0 0 3 2 0 . 0 0 3 6 0 . 0 0 
TIME ( S ) ·10' 

Figure 4. Plot of the heat transferred from the reactor to the jacket using the 
UN-SS equation on the data from Figure 1 
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32. GORDON AND WEIDNER Metering of Particle Size Distribution 521 

The UN-SS e q u a t i o n i s an improvement o v e r t h e SS e q u a t i o n . 
The t o t a l a r e a between the curve and 0.00 c a l / s s h o u l d be z e r o . 
The UN-SS e q u a t i o n does have some drawbacks. The dT Q t / d t terra i s 
s e n s i t i v e t o n o i s e and t o the f l u c u a t i o n s i n t h e l a s t b i t o f t h e 
d i g i t a l t o a n a l o g c o n v e r t e r i n the computer. T h i s n o i s e may be 
c o n t r o l l e d by v a r y i n g 'Ν' u n t i l an a c c e p t a b l e agreement i s 
reach e d between n o i s e and a c c u r a c y . 

To f u r t h e r improve t h e UN-SS e q u a t i o n , t h e v a r i a b l e s , θ 
and τ , may be v a r i e d t o o p t i m i z e t h e f i t , o r a h i g h e r o r d e r 
model may be n e c e s s a r y f o r a smoother response. U'A1 may be 
determined by t r i a l and e r r o r , o r the UN-SS e q u a t i o n may be 
s o l v e d f o r a non-zero U'A1 t o improve the a c c u r a c y o f t h e 
e q u a t i o n . 

E x p e r i m e n t a l P o l y m e r i z a t i o n . The o n l y r e a l t e s t o f t h e 
UN-SS e q u a t i o n i s w i t h a c t u a l d a t a . F i g u r e 6 i l l u s t r a t e s t h e 
j a c k e t i n l e t , j a c k e t o u t l e t , and r e a c t o r temperatures d u r i n g an 
e m u l s i o n r u n . The c o n t r o l was i n t e n t i o n a l l y underdamped t o 
i n s u r e the temperatures o s c i l l a t e d , t h e r e b y i mposing a f a i r l y 
s t r i n g e n t t e s t on the two methods. F i g u r e 7 i s t h e SS c u r v e , and 
F i g u r e 8 i s t h e UN-SS. Both models account f o r t he major changes 
i n t h e j a c k e t t e m p e r a t u r e , but the UN-SS e q u a t i o n h a n d led the 
s p i k e i n the j a c k e t i n l e t much b e t t e r . U n l i k e t he SS e q u a t i o n , 
a t no a p p r e c i a b l e time was t h e j a c k e t " h e a t i n g " t h e r e a c t o r 
(showing a p o s i t i v e c a l / s ) when i t was therm οdynamically 
i m p o s s i b l e t o do so. The UN-SS e q u a t i o n reduced t h e e f f e c t by 
r e d u c i n g t he a r e a encompassed by the s p i k e i n the heat t r a n s f e r 
c u r v e . 

W i t h an a c c u r a t e t o t a l and r a t e of hea t e v o l v e d from the 
r e a c t o r , t h e t o t a l and r a t e of c o n v e r s i o n i s e a s i l y c a l c u l a t e d . 
Now an a l g o r i t h m r e l a t i n g e m u l s i f i e r a d d i t i o n t o c o n v e r s i o n can 
be developed and p r o p e r l y implemented. 

A p p l i c a t i o n s 

A l g o r i t h m s , computer p r o c e s s c o n t r o l e q u a t i o n s , have been 
developed t o c o n t r o l e m u l s i f i e r m e t e r i n g r a t e s based on 
i n f o r m a t i o n o b t a i n e d from r a t e of c o n v e r s i o n . U s i n g t h i s 
t e c h n i q u e of e m u l s i f i e r m e t e r i n g , p a r t i c l e s i z e growth can be 
m o d i f i e d d u r i n g t he p o l y m e r i z a t i o n . P a r t i c l e s i z e d i s t r i b u t i o n 
i s n o r m a l l y c o n t r o l l e d f o r em u l s i o n PVC through horaogenization 
(_5 ) o r by u s i n g seeded p o l y m e r i z a t i o n (§_t2.) · Seeded 
p o l y m e r i z a t i o n s n o r m a l l y produce a bimodal p a r t i c l e s i z e (PSD). 
F i g u r e 9 shows a t y p i c a l PVC l a t e x bimodal PSD (6,1). Note one 
f r a c t i o n of p a r t i c l e s i s l a b e l e d " l a r g e s " and the o t h e r f r a c t i o n 
i s l a b e l e d " s m a l l s " . P a r t i c l e s i z e i n c r e a s e s from r i g h t t o l e f t . 
P a r t i c l e s i z e was determined by an I C I - J o y c e L o e b l D i s c 
C e n t r i f u g e MK I I I w i t h photosedimentometer. T h i s i n s t r u m e n t 
measures p a r t i c l e s i z e and p a r t i c l e s i z e d i s t r i b u t i o n by 
c e n t r i f u g a t i o n u s i n g a p h o t o c e l l d e t e c t i o n system ( 8 , 9 ) . 
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522 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

8 
8 

8 
3 

ο 
78 

4b.00 · 0 . 0 0 120.00 160.00 200.00 . 240.00 2 *0 .00 320.00 360.00 
TIME ( S ) · 1 0 ' 

Figure 5. Superposition of Figures 2 and 4. The area between the curves and 
0.0 cal/s represents the error in each calculation. 

8 
ah 
8 
M 
8 
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UJ<r 

t b . 0 0 160.00 240.00 320.00 400.00 . 460.00 560.00 640.00 720.00 
TIME ( S ) · 1 0 ' 

Figure 6. Temperature responses from an emulsion run using an underdamped 
controller to simulate adverse conditions 
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32. GORDON AND WEIDNER Metering of Particle Size Distribution 523 

I S 

Ό.00 80 .00 160.00 240.00 320.00 400.00 480.OP 5*0.00 640.00 720.00 

TîhE ( S ) · 1 0 ' 
Figure 7. Plot of the heat transferred from the reactor to the jacket using the SS 

equation on the data from Figure 6 

•O.OO 80 .00 160-00 240.00 320.00 400.00 480-00 5 6 0 . 0 0 6 4 C . 0 0 , ' ? ί · . υ θ 
T Î M t ( S ) · 1 ϋ ' 

Figure 8. Plot of the heat transferred from the reactor to the jacket using the 
UN-SS equation on the data from Figure 6 
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524 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

The d i s t r i b u t i o n of larges (Figure 9 ) has been found to be a 
primary function of the d i s t r i b u t i o n of p a r t i c l e s i n a seed 
(Figure 1 0 ) . This can be seen by comparing the d i s t r i b u t i o n at 
the base of the large p a r t i c l e peak i n Figure 9 to the 
d i s t r i b u t i o n of the seed i n Figure 1 0 . The seed i n Figure 10 was 
used to make the seeded latex i n Figure 9 . K. W. Mi η ( ^ 0 ) has 
indicated that the d i s t r i b u t i o n of smalls i s a function of the 
excess emulsifier over that which i s needed to cover the t o t a l 
growing p a r t i c l e surface area during polymerization. Figure 11 
shows Min's work for a t y p i c a l computer simulated run. In t h i s 
figure, excess emulsifier over that needed to cover a l l surface 
area, occurs at approximately 180 minutes and continues u n t i l 4 2 0 
minutes of run. During t h i s period, micelle and subsequent 
p a r t i c l e formation can occur. For t h i s p a r t i c u l a r run, new 
p a r t i c l e or smalls formation occurs over a long period of the 
polymerization creating a wide d i s t r i b u t i o n for a smalls peak 
(J_0 ) (Figure 1 2 ) . 

By p l o t t i n g the conversion curve for the same simulator run 
in Figure 1 3 , a number of s i m i l a r i t i e s occur between t h i s curve 
and the p a r t i c l e surface area growth curve. During Interval I, 
the slopes of conversion and p a r t i c l e surface area curves 
i n i t i a l l y are si m i l a r . This i s the period of seed growth only. 
The seed w i l l form the large p a r t i c l e s shown i n Figure 9 . During 
Interval II, emulsifier metering begins. Both smalls and larges 
begin to compete for emulsifier. Surface area growth becomes a 
function of both smalls and larges growth. F i n a l l y i n Interval 
III, the surface area growth of the smalls becomes predominant. 
From these observations, i t becomes evident that smalls growth 
can be inferred from changes i n slope of the conversion curves. 

From a p r a c t i c a l standpoint, the emulsifier metering should 
be able to be altered based on rates of change of conversion to 
give a desired p a r t i c l e size d i s t r i b u t i o n of the small p a r t i c l e s . 
To prove t h i s , runs were made i n a p i l o t plant to determine i f a 
narrow d i s t r i b u t i o n of small p a r t i c l e s could be produced through 
emulsifier metering techniques. Run 1 1 1 2 7 - 8 8 was used as a 
control. Emulsifier was metered at a constant rate i n a 1 9 0 
l i t e r computer controlled reactor. This i s i d e n t i c a l to the type 
of emulsifier metering presented by Mi η i n Figures 11 and 1 3 . As 
shown for Run 1 1 1 2 7 - 8 8 i n Figure 1 4 , shortly a f t e r emulsifier 
metering i s started the conversion curve slope increased 
s i g n i f i c a n t l y . The increase i n conversion i s probably a r e s u l t 
of new micelle and p a r t i c l e formation. The greater number of 
p a r t i c l e s , now present, competing for monomer would increase the 
o v e r a l l rate of conversion ( J J [ ) . The slope of the conversion 
curve remained constant u n t i l the emulsifier was turned o f f . 
From the p a r t i c l e size curve i n Figure 1 5 , the smalls 
d i s t r i b u t i o n was as wide as expected indicating small p a r t i c l e 
growth over a long period of conversion. 
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GORDON AND WEiDNER Metering of Particle Size Distribution 

LARGES 

K S M A L L S 

0.0 

DIAMETER (microns) 

Figure 9. Particle size distribution of a seeded PVC latex (bimodal distribution) 
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526 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 11. Particle surface area growth (( ) total emulsifier; ( ) total 
particle surface area) 

DIAMETER (microns) 

Figure 12. Simulator particle size distribution 
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32. GORDON AND WEIDNER Metering of Particle Size Distribution 527 

RUN TIME (min.) 

Figure 13. Particle surface area growth (( ) total emulsifier; ( ) total 
particle surface area; ( ) conversion) 
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Figure 14. Rate of conversion and emulsifier metering vs. time (Run No. 
11127-88; start date: 03-JUN-80; start time: 05:55:42) 
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F o r t h e n e x t r u n t o n a r r o w t h e s m a l l p a r t i c l e d i s t r i b u t i o n , 
i t w a s e n v i s i o n e d t h a t e m u l s i f i e r m e t e r i n g s h o u l d b e c a r r i e d o u t 
r a p i d l y o v e r a s h o r t p e r i o d o f t i m e . T h e m e t e r i n g w o u l d t h e n b e 
s t o p p e d f o r a g i v e n t i m e s o t h a t m i c e l l e f o r m a t i o n w o u l d c e a s e . 
T h e e m u l s i f i e r w o u l d b e r e s t a r t e d t o g i v e e n o u g h e m u l s i f i e r t o 
s t a b i l i z e t h e g r o w i n g p a r t i c l e s , y e t n o t e x c e e d t h e e m u l s i f i e r 
l e v e l n e e d e d t o c o v e r a l l t h e g r o w i n g p a r t i c l e s u r f a c e a r e a ( n o t 
p r o d u c e n e w m i c e l l e s ) . W i t h t h e a i d o f a c o m p u t e r c o n t r o l l e d 190 
l i t e r r e a c t o r , t h i s w a s a c c o m p l i s h e d i n R u n 1 1 1 2 7 - 9 0 . 

E m u l s i f i e r m e t e r i n g f o r R u n 1 1 1 2 7 - 9 0 , F i g u r e 1 6 , w a s s t a r t e d 
a t t h e s a m e c o n v e r s i o n a s f o r R u n 1 1 1 2 7 - 8 8 . T h e r a t e w a s k e p t 
v e r y l o w u n t i l 2 0 % c o n v e r s i o n . T h e r a t e w a s t h e n i n c r e a s e d t o 
t h e s a m e r a t e a s R u n 1 1 1 2 7 - 8 8 . W i t h t h i s c h a n g e i n e m u l s i f i e r 
m e t e r i n g , t h e c o n v e r s i o n c u r v e b e g a n t o i n c r e a s e s l i g h t l y . T o 
e n s u r e s m a l l s g r o w t h , t h e m e t e r i n g r a t e w a s i n c r e a s e d 2 . 5 t i m e s 
a t 30% c o n v e r s i o n . A d e f i n i t e i n c r e a s e i n r a t e o f c o n v e r s i o n w a s 
n o t e d . T o s t o p n e w m i c e l l e f o r m a t i o n , t h e e m u l s i f i e r w a s t u r n e d 
o f f a f t e r o n e h o u r a t t h e h i g h r a t e . E m u l s i f i e r m e t e r i n g c e a s e d 
f o r a p p r o x i m a t e l y 8% c o n v e r s i o n . I t w a s t h e n r e s t a r t e d a t a l o w 
r a t e t o m a i n t a i n l a t e x m e c h a n i c a l s t a b i l i t y a s t h e p a r t i c l e s 
g r e w . N o new m i c e l l e f o r m a t i o n s h o u l d h a v e o c c u r r e d a t t h e l o w 
e m u l s i f i e r r a t e s i n c e n o c h a n g e i n t h e c o n v e r s i o n c u r v e w a s n o t e d 
c o m p a r e d t o t h e z e r o e m u l s i f i e r m e t e r i n g r a t e . T h e p a r t i c l e s i z e 
d i s t r i b u t i o n c u r v e i n F i g u r e 17 s h o w s t h a t t h e a b o v e e m u l s i f i e r 
m e t e r i n g t e c h n i q u e w o r k e d t o p r o d u c e a v e r y n a r r o w d i s t r i b u t i o n 
o f s m a l l s . R u n 1 1 1 2 7 - 8 8 , t h e c o n t r o l , h a d a p a r t i c l e s i z e 
d i s t r i b u t i o n a p p r o x i m a t e l y t h r e e t i m e s t h a t o f t h e e x p e r i m e n t a l 
R u n 1 1 1 2 7 - 9 0 . 

T h i s w o r k h a s s h o w n t h a t b y m o n i t o r i n g c o n v e r s i o n c u r v e s b y 
a c o m p u t e r , e m u l s i f i e r m e t e r i n g c a n b e v a r i e d t o p r o d u c e a 
d e s i r e d p a r t i c l e s i z e d i s t r i b u t i o n o f s m a l l s i n a s e e d e d P V C 
e m u l s i o n p o l y m e r i z a t i o n . 

A b s t r a c t 

T h e p a r t i c l e s i z e d i s t r i b u t i o n o f e m u l s i o n p o l y ( v i n y l 
c h l o r i d e ) c a n b e c o n t r o l l e d b y v a r y i n g t h e r a t e o f e m u l s i f i e r 
a d d i t i o n d u r i n g t h e p o l y m e r i z a t i o n . F o r r e p r o d u c i b i l i t y , t h e 
e m u l s i f i e r s h o u l d b e m e t e r e d a c c o r d i n g t o a r e a c t i o n d e p e n d e n t 
v a r i a b l e s u c h a s p e r c e n t c o n v e r s i o n . B y m o n i t o r i n g t h e h e a t 
l i b e r a t e d b y t h e r e a c t i o n , t h e r a t e o f m o n o m e r c o n v e r s i o n , a n d 
t h e r e f o r e , t h e p r o g r e s s o f t h e r e a c t i o n c a n b e f o l l o w e d . B u t t h i s 
l i b e r a t e d h e a t m u s t b e a c c u r a t e l y q u a n t i f i e d i f t h e c o n v e r s i o n 
m e a s u r e m e n t i s t o b e e x a c t . T h e c o m m o n , s t e a d y - s t a t e m e t h o d o f 
m e a s u r i n g t h e h e a t g i v e n o f f c a n l e a d t o a n a p p r e c i a b l e e r r o r i n 
t h e m e a s u r e m e n t . I n some i n s t a n c e s , a n u n s t e a d y - s t a t e e q u a t i o n 
m a y b e b e t t e r s u i t e d t o c a l c u l a t e t h e h e a t t r a n s f e r r e d . W i t h 
c o n v e r s i o n a c c u r a t e l y m e a s u r e d , a l g o r i t h m s c a n b e d e v e l o p e d t h a t 
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Figure 15. Particle size distribution of control (Run No. 11127-88; start date: 
03-JUN-80; start time: 05:55:42) 
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Figure 17. Particle size distribution (Run No. 11127-90) 
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32. GORDON AND WEIDNER Metering of Particle Size Distribution 531 

will control the addition of emulsifier as a function of 
conversion and therefore, control the particle size distribution 
of emulsion PVC. 

Legend of Symbols 
calories 
specific heat of water - cal/g C 
compensating factor for θ 
compensating factor for 
heat transferred to/from reactor - cal/s 
seconds 

ο 
environmental temperature - C 
jacket water inlet temperature - C 
jacket water outlet temperature - C 
reactor temperature - C 
time 
heat transfer coefficient and area to reactor -
cal/s C 
heat transfer coefficient and area of 
environment - cal/s C 
volume of jacket - liters 
mass flow rate of jacket water - g/s 
dead, delay or lag timê - seconds 
density of water - g/cm 
experimental time constant - seconds 
ideal time constant - seconds 
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33 
A Simulation Study on the Use of a Dead-Time 
Compensation Algorithm for Closed-Loop 
Conversion Control of Continuous Emulsion 
Polymerization Reactors 
KENNETH W. LEFFEW and PRADEEP B. DESHPANDE 
Department of Chemical and Environmental Engineering, University of Louisville, 
Louisville, KY 40292 

Although continuous emulsion polymerization is an area of 
considerable industrial interest and importance, it has received 
very little attention in the literature when compared to the vast 
amount of published work available for the batch process. Large­
ly in response to the growing interest expressed by industry, the 
amount of work on continuous emulsion polymerization appearing in 
the technical literature has been increasing in recent years. 
The majority of this work has dealt with the steady-state opera­
tion of a single continuous stirred tank reactor (CSTR). Few 
workers have dealt with the problems associated with operation of 
a train of reactors, which is the type of reaction system most 
commonly found in industry. Even less attention has been given 
to control strategies for these multi-reactor trains, in which 
the system dynamics are of concern. In the commercial manufac­
ture of polymers by continuous emulsion polymerization, perhaps 
the primary concerns are maintenance of uniform product quality 
and avoidance of production of poor quality material resulting 
from swings away from the steady-state levels of the process 
variables. Therefore, a control system which provides tight 
regulatory control of the process is a need of the industry. 
Design of such a system for many continuous emulsion polymerized 
monomers is complicated by the occurrence of a steady-state limit 
cycle in the number of polymer particles produced and in the 
monomer conversion achieved in the reaction system. In this 
paper, control strategies are suggested, and demonstrated by 
simulation of the vinyl acetate system, which are designed to 
provide the required regulatory control of a series of continuous 
emulsion polymerization reactors. 

Background 

The two prominent variables to be controlled in a continuous 
polymerization system are the reaction temperature and the mono­
mer conversion achieved in the reaction system. Final polymer 
properties are directly influenced by changes in these process 

0097-6156/81/0165-0533$08.25/0 
© 1981 American Chemical Society 
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534 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

v a r i a b l e s . S e v e r a l c o n t r o l systems f o r c o n t i n u o u s e m u l s i o n p o l y ­
m e r i z a t i o n have been suggested. Wismer and Brand (1) m a n i p u l a t e d 
r e a c t i o n temperature over a p o r t i o n o f a c o n t i n u o u s r e a c t o r 
t r a i n t o c o n t r o l t h e monomer c o n v e r s i o n from t h e f i n a l r e a c t o r 
i n a s t y r e n e - b u t a d i e n e e m u l s i o n p o l y m e r i z a t i o n . Changes i n 
temperature were based on a f e e d - f o r w a r d c o n t r o l scheme developed 
from a v e r y s i m p l e l i n e a r p r o c e s s model and t h e c o n t r o l a l g o r i t h m 
was implemented on a d i g i t a l computer. The a p p l i c a b i l i t y o f t h i s 
c o n t r o l s t r a t e g y i s l i m i t e d t o systems which obey t h e s i m p l e 
p r o c e s s model and t o those where changes i n r e a c t i o n temperature 
can be made w i t h o u t a f f e c t i n g polymer p r o p e r t i e s . F r a n c i s and 
Sonntag (2) suggested an a l t e r n a t e c o n t r o l s t r a t e g y i n which the 
r e s i d e n c e time i n the l a s t of a t r a i n o f c o n t i n u o u s s t i r r e d tank 
r e a c t o r s was m a n i p u l a t e d as r e q u i r e d t o c o n t r o l t h e c o n v e r s i o n 
e x i t t h a t r e a c t o r . T h i s t e c h n i q u e a l s o has l i m i t e d a p p l i c a b i l i t y 
due t o the r e l a t i v e l y slow response of the c o n t r o l l o o p m a i n t a i n ­
i n g t he l a s t r e a c t o r l e v e l and a l s o because t h e p o l y m e r i z a t i o n 
r a t e of many systems has been found t o be n o n l i n e a r l y a f f e c t e d 
by r e a c t o r r e s i d e n c e time ( P o e h l e i n and Dougherty ( 3 ) ) . 

The most common co n t i n u o u s e m u l s i o n p o l y m e r i z a t i o n systems 
r e q u i r e i s o t h e r m a l r e a c t i o n c o n d i t i o n s and p r o v i d e f o r c o n v e r s i o n 
c o n t r o l through m a n i p u l a t i o n of i n i t i a t o r feed r a t e s . T y p i c a l l y , 
as shown i n F i g u r e 1, f l o w r a t e s of monomer, w a t e r , and e m u l s i ­
f i e r s o l u t i o n s i n t o t he f i r s t r e a c t o r o f t h e s e r i e s are c o n t r o l ­
l e d a t l e v e l s p r e s c r i b e d by the p a r t i c u l a r r e c i p e b e i n g made and 
r e a c t i o n temperature i s c o n t r o l l e d by changing t h e temperature of 
the c o o l a n t i n the r e a c t o r j a c k e t . M a n i p u l a t i o n of the i n i t i a t o r 
f e e d r a t e t o t h e r e a c t o r i s then used t o c o n t r o l r e a c t i o n r a t e 
and, s u b s e q u e n t l y , e x i t c o n v e r s i o n . An aspect of t h i s c o n t r o l 
s t r a t e g y which has not been c o n s i d e r e d i n the l i t e r a t u r e i s the 
c o m p l i c a t i o n p r e s e n t e d by the apparent dead-time which e x i s t s 
between t h e p o i n t of a d d i t i o n of i n i t i a t o r and t h e p o i n t where 
c o n v e r s i o n i s measured. I n many systems t h i s dead-time i s of 
the o r d e r of s e v e r a l h o u r s , p r e s e n t i n g a problem which conven­
t i o n a l c o n t r o l systems a r e i n c a p a b l e of s o l v i n g . T h i s apparent 
dead-time o f t e n encountered i n i n i t i a t i o n of p o l y m e r i z a t i o n . 

S e v e r a l c o n t r o l t e c h n i q u e s have been developed t o compensate 
f o r l a r g e dead-times i n p r o c e s s e s and have r e c e n t l y been reviewed 
by Gopalratnam, et a l . ( 4 ) . Among t h e most e f f e c t i v e o f these 
t e c h n i q u e s and t h e one which appears t o be most r e a d i l y 
a p p l i c a b l e t o co n t i n u o u s emulsion p o l y m e r i z a t i o n i s t h e a n a l y t i ­
c a l p r e d i c t o r method of dead-time compensation (DTC) o r i g i n a l l y 
proposed by Moore ( 5 ) . The a n a l y t i c a l p r e d i c t o r has been demon­
s t r a t e d by Doss and Moore (6) f o r a s t i r r e d tank h e a t i n g system 
and by Meyer, e t a l . (7) f o r d i s t i l l a t i o n column c o n t r o l i n t h e 
o n l y e x p e r i m e n t a l a p p l i c a t i o n s p r e s e n t l y i n the l i t e r a t u r e . Imple­
m e n t a t i o n of the a n a l y t i c a l p r e d i c t o r method t o monomer c o n v e r s i o n 
c o n t r o l i n a t r a i n of co n t i n u o u s emulsion p o l y m e r i z a t i o n r e a c t o r s 
i s t h e s u b j e c t of t h i s paper. 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 535 

The a n a l y t i c a l p r e d i c t o r , as w e l l as the o t h e r dead-time 
compensation t e c h n i q u e s , r e q u i r e s a math e m a t i c a l model o f the 
pro c e s s f o r im p l e m e n t a t i o n . The b l o c k diagram o f the a n a l y t i c a l 
p r e d i c t o r c o n t r o l s t r a t e g y , a p p l i e d t o the problem of c o n v e r s i o n 
c o n t r o l i n an emulsion p o l y m e r i z a t i o n , i s i l l u s t r a t e d i n 
F i g u r e 2(a). I n t h i s a p p l i c a t i o n , the c u r r e n t measured v a l u e s 
of monomer c o n v e r s i o n and i n i t i a t o r feed r a t e a r e i n p u t i n t o 
the m a t hematical model which then c a l c u l a t e s the v a l u e o f 
co n v e r s i o n u n i t s of time i n the f u t u r e assuming no changes i n 
i n i t i a t o r f l o w o r r e a c t o r c o n d i t i o n s occ ur d u r i n g t h i s t i m e . 
Here, T^ i s the sum of the pr o c e s s dead-time, 0<j, and o n e - h a l f 
of the sampling t i m e , T g, 

T' = 0 D + h T s (1) 

(The dynamic e f f e c t of sampling i s e q u i v a l e n t t o t h a t of a pure 
dead-time of o n e - h a l f the sampling time.) The m o d e l - p r e d i c t e d 
f u t u r e v a l u e of c o n v e r s i o n i s then compared w i t h the c o n v e r s i o n 
s e t p o i n t t o generate an e r r o r s i g n a l which i s used by the c o n t r o l 
a l g o r i t h m t o a c h i e v e the new i n i t i a t o r f e e d r a t e s e t p o i n t . 
U t i l i z i n g t h i s s t r a t e g y , t he c o n t r o l scheme f o r t h e f i r s t r e a c t o r 
of a s e r i e s appears as F i g u r e 3, where temperature i s m a i n t a i n e d 
by m a n i p u l a t i n g the r e a c t o r j a c k e t temperature, and e x i t conver­
s i o n i s c o n t r o l l e d by means of the a n a l y t i c a l p r e d i c t o r a l g o ­
r i t h m . By comparison, the b l o c k diagram d e p i c t i n g the s t a n d a r d 
feedback c o n t r o l s t r a t e g y i n which the i n i t i a t o r f e e d r a t e s e t -
p o i n t i s m a n i p u l a t e d by the pri m a r y c o n v e r s i o n c o n t r o l l e r i s 
shown i n F i g u r e 2(b) and a schematic o f the implemented cascade 
c o n t r o l system i s i d e n t i c a l t o F i g u r e 3 w i t h a st a n d a r d d i s c r e t e 
form of a PID c o n t r o l l e r as the c o n t r o l a l g o r i t h m ( i . e . no 
p r e d i c t i o n ) . 

A r e c e n t paper by K i p a r i s s i d e s , e t a l . (8) d e t a i l s a mathe­
m a t i c a l model f o r the continu o u s p o l y m e r i z a t i o n o f v i n y l a c e t a t e 
i n a s i n g l e CSTR. O p e r a t i n g c o n d i t i o n s were shown t o e x i s t i n 
which e i t h e r s t e a d y - s t a t e o p e r a t i o n o r s u s t a i n e d c o n v e r s i o n 
o s c i l l a t i o n s would occur f o r v i n y l a c e t a t e . E x p e r i m e n t a l r e s u l t s 
f o r b o t h cases were s u c c e s s f u l l y s i m u l a t e d by t h e i r model. I n 
a d d i t i o n , r e g u l a t o r y c o n v e r s i o n c o n t r o l p o l i c i e s were c o n s i d e r e d 
i n which b o t h i n i t i a t o r feed r a t e and e m u l s i f i e r feed r a t e were 
used as man i p u l a t e d v a r i a b l e s ( K i p a r i s s i d e s ( 9 ) ) . The problem 
of c o n v e r s i o n c o n t r o l i n the o p e r a t i n g r e g i o n i n which s u s t a i n e d 
c o n v e r s i o n o s c i l l a t i o n s o c c u r i s one of s i g n i f i c a n t commercial 
importance. Most commonly, however, a u n i f o r m c o n c e n t r a t i o n of 
e m u l s i f i e r i s r e q u i r e d i n the emulsion r e c i p e and, hence, 
e m u l s i f i e r f l o w r a t e cannot be used as a manip u l a t e d v a r i a b l e . 

The o b j e c t i v e of t h i s paper i s t o i l l u s t r a t e , by s i m u l a t i o n 
of the v i n y l a c e t a t e system, the u t i l i t y of the a n a l y t i c a l 
p r e d i c t o r a l g o r i t h m f o r dead-time compensation t o r e g u l a t o r y 
c o n t r o l of con t i n u o u s emulsion p o l y m e r i z a t i o n i n a s e r i e s o f 
CSTR 1s u t i l i z i n g i n i t i a t o r f l o w r a t e as the ma n i p u l a t e d v a r i a b l e . 
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536 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

INITIATOR 

FLOW J 

EMULSION! 

SHORT-STOP 

Figure 1. Typical continuous reactor train for emulsion polymerization 

P % H ? K H8>-h m 

INITIATOR FLOW RATE 

CONVERSION 

PREDICTED FUTURE VALUE OF CONVERSION 
1 

CONV. 

SETPOINT 

Computer Control I 7\Jf, h 

Algorithm ' 

- & 1 

INITIATOR FLOW RATE 

CONVERSION 

PRESENT VALUE OF CONVERSION 

Figure 2. (a) Block diagram of conversion control loop utilizing the analytical 
predictor technique of dead-time compensation; (b) conventional feedback control 
loop ((GPj) reactor process transfer function; (GPg) initiator flow transfer function; 

(GLl) initiator flow load; (GLjt) reactor load; (GHo) zero-order hold) 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 537 

r H F R C 1*- Computer Control I 
j I „ » Algorithm ι 
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INITIATOR 

EMULSION 
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9 TP 

TEMPERATURE 
SETPOINT 

PULSION 

_o COOLANT 

'--GEO' 
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Figure 3. Schematic of a control system for the first reactor of a series using 
supervisory setpoint control of initiator feed rate to control reactor conversion 
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538 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Closed-loop response to process disturbances and step changes 
in setpoint i s simulated with the model of Kiparissides extended 
to predict the behavior of downstream reactors. Additionally, a 
self-optimizing control loop i s simulated for conversion control 
of downstream reactors when the f i r s t reactor of the t r a i n i s 
operating under closed-loop control with dead-time compensation. 

Model Development 

Kiparissides, et a l . (8) developed mathematical models of 
two levels of sophistication for the v i n y l acetate system: a 
comprehensive model that solved for the age d i s t r i b u t i o n function 
of polymer p a r t i c l e s and a simplified model which solved a series 
of d i f f e r e n t i a l equations assuming discrete periods of p a r t i c l e 
nucleation. In practice, the simplified model adequately 
describes the physical process i n that p a r t i c l e generation 
generally occurs i n discrete intervals of time and these genera­
tion periods are short i n duration when compared with operation 
time of the system. The simplified model i s expanded here for 
a series of m reactors. The t o t a l property balances for number 
of p a r t i c l e s , polymer volume, conversion, and area of p a r t i c l e s , 
are written as : 

k 
£(Nj(n-l,t)) - N ±(n,t) 

d N ^ > t } - ^ = + f (n,t) (2) 
dt Θ η 

k 
£(V P j(n-l,t)) - V P i ( n , t ) 

dVpj(n,t) = j ^ l 
dt Θ η 

+ φ(η,^ ±(η,0Ν ±(η,0 (3) 

k 
£(Xj(n-l,t)) - X ±(n,t) 

dXj(n,t) = j ^ l 
dt Θη 

+ ^ 5 1 φ( η ^ ) ς ί ( η , ί ) Ν ί ( η ^ ) (4) 

Ap.(n,t) = ( 3 6 ^ l / 3 ( V p . ( n , t ) ) 2 / 3 N i ( n , t ) (5) 

where Ap^(n,t), V P i ( n , t ) , X i ( n , t ) , and N-j_(n,t) are the t o t a l 
p a r t i c l e area, t o t a l volume, t o t a l conversion and t o t a l number 
of p a r t i c l e s i n reactor η of the i f c ^ p a r t i c l e generation. Also, 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 539 

k 
Y 

^ = | ( N j ( n - l , k ) ) i s the t o t a l number of p a r t i c l e s coming i n t o 

r e a c t o r η from the d i s c h a r g e o f r e a c t o r n-1, summing the number 
of p a r t i c l e s i n a l l k g e n e r a t i o n s t h a t o c c u r r e d i n r e a c t o r n-1. 
I f more than one p a r t i c l e g e n e r a t i o n o c c u r s i n a r e a c t o r , then 
the t o t a l p r o p e r t i e s at the e x i t of the r e a c t o r w i l l be the sum 
of the p r o p e r t i e s of the i n d i v i d u a l g e n e r a t i o n s : 

k k 
X( n , t ) = £(Xi(n,t),A p(n,t) = ^Ap ( n , t ) , V p ( n , t ) 

i - 1 i = l 

k k 
= £v p ( n , t ) , N ( n , t ) = l N ± ( n , t ) (6) 

i = l i = l 

The o t h e r v a r i a b l e s i n e q u a t i o n s (2)-(6) a r e d e f i n e d i n the 
nomenclature. The s e r i e s o f d i f f e r e n t i a l e q u a t i o n s above a r e 
s o l v e d s i m u l t a n e o u s l y w i t h m a t e r i a l b a l a n c e s on the i n i t i a t o r 
and e m u l s i f i e r c o n c e n t r a t i o n s i n the r e a c t o r s : 

1 ί ^ ί - |^((In-l)w " dn)w " kddn)w (7) 

T h i s p a r t i c u l a r model a l l o w s f o r p a r t i c l e n u c l e a t i o n t o 
occur by e i t h e r m i c e l l a r o r homogeneous n u c l e a t i o n mechanisms. 
The d e t a i l s o f the mat h e m a t i c a l development are a v a i l a b l e i n 
the paper by K i p a r i s s i d e s (9). S o l u t i o n of the s e t of 
d i f f e r e n t i a l e q u a t i o n s (2)-(8) r e q u i r e s t h e a d d i t i o n a l i t e r a t i o n 
over t h e number o f r e a c t o r s i n the t r a i n . 

The c o n t r o l l e r i n F i g u r e 2 was chosen a r b i t r a r i l y t o be a 
p r o p o r t i o n a l + i n t e g r a l + d e r i v a t i v e t y p e , the d i s c r e t e form 
( f o r i m p l e m e n t a t i o n on the d i g i t a l computer) of which i s : 

i % - m n_ 1 = Δπ^ = K c ( ( e n - e n _ 1 ) + τ ι 

+ g ( e n - 2 e n _ 1 + e n _ 2 ) ) (9) 

where = c o n t r o l l e r output a t sample p e r i o d η 
K c = c o n t r o l l e r g a i n 
e n = e r r o r s i g n a l ( s e t p o i n t - f e e d b a c k v a l u e ) a t sample 

p e r i o d η 
T s = sampling p e r i o d 
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540 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

T j = r e s e t time 
T-p = d e r i v a t i v e time 

The feedback v a l u e used i n the c a l c u l a t i o n of e r r o r i s the 
measured c o n v e r s i o n f o r the s t a n d a r d feedback l o o p , w h i l e i t i s 
the p r e d i c t e d v a l u e o f f u t u r e c o n v e r s i o n f o r the a n a l y t i c a l 
p r e d i c t o r a l g o r i t h m , the p r e d i c t e d v a l u e b e i n g o b t a i n e d from the 
model of K i p a r i s s i d e s . 

S i m u l a t i o n R e s u l t s 

K i p a r i s s i d e s c o n s i d e r e d the c o n t i n u o u s p o l y m e r i z a t i o n of 
v i n y l a c e t a t e i n a s i n g l e CSTR at e m u l s i f i e r c o n c e n t r a t i o n s 
which r e s u l t e d i n e i t h e r s t e a d y - s t a t e o p e r a t i o n (0.06 moles 
s u r f a c t a n t / l i t e r of water) o r s u s t a i n e d o s c i l l a t i o n s i n number of 
p a r t i c l e s and c o n v e r s i o n (0.01 mol/1). The open-loop performance 
of a two e q u a l - s i z e d r e a c t o r t r a i n i n terms of c o n v e r s i o n ( F i g u r e 
4 ) , number polymer p a r t i c l e s ( F i g u r e 5) and f r e e soap a r e a 
( F i g u r e 6) f o r an i n i t i a t o r feed c o n c e n t r a t i o n of 0.005 mol/1 
f o r r e g i o n s of s u s t a i n e d o s c i l l a t i o n s and s t e a d y - s t a t e o p e r a t i o n 
i n d i c a t e s t h a t the second r e a c t o r i s q u i t e s i m i l a r i n performance 
t o the f i r s t . I t s h o u l d be observed, however, t h a t i n b o t h 
r e g i o n s o f s u r f a c t a n t c o n c e n t r a t i o n , p a r t i c l e f o r m a t i o n o c c u r s 
i n b o t h r e a c t o r s . K i p a r i s s i d e s chose t o m a n i p u l a t e e m u l s i f i e r 
feed r a t e and i n i t i a t o r f e e d r a t e t o c o n t r o l r e a c t o r performance. 
I n many commercial p o l y m e r i z a t i o n s the e m u l s i f i e r c o n c e n t r a t i o n 
i n the r e a c t i o n system i s f i x e d by t e c h n i c a l o r economic reasons 
and i s , t h e r e f o r e , not an a v a i l a b l e m a n i p u l a b l e v a r i a b l e . We, 
t h e r e f o r e , have c o n s i d e r e d c o n v e r s i o n c o n t r o l u t i l i z i n g a s i n g l e 
v a r i a b l e , e i t h e r i n i t i a t o r f l o w r a t e o r r e a c t o r temperature, 
at b o t h h i g h and low, f i x e d l e v e l s of s u r f a c t a n t . 

C o n v e r s i o n C o n t r o l of the F i r s t R e a c t o r . I n i t i a l l y , v a l u e s 
f o r the t u n i n g c o n s t a n t s , K c, τ ι , and Tj) f o r the c o n t r o l l e r 
were s e l e c t e d by a crude t r i a l and e r r o r method and are g i v e n i n 
Table I . L a t e r , "optimum" v a l u e s were determined from the IAE 
t u n i n g r e l a t i o n s f o r l o a d d i s t u r b a n c e s which w i l l be d i s c u s s e d 
below. A s e t of c o n s t a n t s are shown i n Table I f o r c o n v e r s i o n 
c o n t r o l b o t h by m a n i p u l a t i o n of i n i t i a t o r f l o w r a t e and by 
m a n i p u l a t i o n o f r e a c t o r temperature. F o r t h e a r b i t r a r i l y s e l e c t ­
ed t u n i n g c o n s t a n t s , the s i m u l a t e d system response d u r i n g 
s t a r t - u p , w h i l e under c l o s e d - l o o p c o n t r o l , i s shown i n F i g u r e s 7 
through 10. In these s i m u l a t i o n s , the i n i t i a t o r f l o w r a t e was 
h e l d c o n s t a n t f o r t h r e e r e s i d e n c e times o f the r e a c t o r at which 
p o i n t the c o n t r o l a c t i o n was i n i t i a t e d . F i g u r e 7 i l l u s t r a t e s 
the c o n v e r s i o n p r o f i l e i n the f i r s t r e a c t o r at the low e m u l s i f i e r 
l e v e l (0.01 mol/1) w i t h t h e c o n t r o l system m a n i p u l a t i n g i n i t i a t o r 
f eed r a t e . The c a l c u l a t e d c o n t r o l a c t i o n f o r b o t h s t a n d a r d f e e d ­
back and a n a l y t i c a l p r e d i c t o r a l g o r i t h m s i s shown i n F i g u r e 8. 
D e s p i t e p r e d i c t i o n of the f u t u r e o c c u r r e n c e of a p a r t i c l e genera­
t i o n , these c o n t r o l a l g o r i t h m s were not capable of p r e v e n t i n g o r 
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LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 

DIMENSIONLESS TIME 

DIMENSIONLESS TIME 

Figure 4. Simulated open-loop conversion of vinyl acetate system at initiator 
concentration of 0.005 mol/L H20 and 50°C: (a) S = 0.06 mol/L; (b) S = 

0.01 mol/L 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
03

3



542 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

DIMENSIONLESS TIME 

Figure 5. Number of particles under open-loop conditions at initiator concentra­
tion of 0.005 mol/L H20 and 50°C: (a) S = 0.06 mol/L; (b) S = 0.01 mol/L 
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LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 543 

DIMENSIONLESS TIME 

Figure 6. Free soap area in the first reactor with no control action at initiator 
concentration of 0.005 mol/L and 50 C: (a) S = 0.06 mol/L; (b) S = 0.01 mol/L 
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544 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

0.5 H 

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 

DIMENSIONLESS TIME 

Figures 7. Simulated start-up of vinyl acetate polymerization at low emulsifier 
level (0.01 mol/L Η,Ο) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of initiator flow rate at 50°C: conversion 

in Rl—STD feedback ( ) vs. DTC ( ) 

DIMENSIONLESS TIME 

Figures 8. Simulated start-up of vinyl acetate polymerization at low emulsifier 
level (0.01 mol/L H.O) under closed-loop control with arbitrarily selected controller 
tuning constants and manipulation of initiator flow rate at 50°C: Rl—no. of par­

ticles—STD feedback ( ; vs. DTC ( ) 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 545 

Figure 9. Simulated start-up of vinyl acetate polymerization at low emulsifier 
level (0.01 mol/L Η,Ο) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of initiator flow rate at 50°C: free soap 

area—STD feedback ( ) vs. DTC ( ; 

DIMENSIONLESS TIME 

Figure 10. Simulated start-up of vinyl acetate polymerization at low emulsifier 
level (0.01 mol/L Η,Ο) under closed-loop control with arbitrarily selected controller 
tuning constants and manipulation of initiator flow rate at 50°C: catalyst feed 

concentration—STD feedback ( ) vs. DTC ( ) 
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546 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

even s e v e r e l y dampening p a r t i c l e n u c l e a t i o n at the low e m u l s i f i e r 
c o n c e n t r a t i o n as shown i n F i g u r e 9. The same type of response 
was s i m u l a t e d when temperature was t h e m a n i p u l a t e d v a r i a b l e 
( F i g u r e s 11-13). The wide e x c u r i s o n s i n temperature t h a t were 
s i m u l a t e d , of c o u r s e , would not be p o s s i b l e i n p r a c t i c e , but were 
a l l o w e d i n the s i m u l a t i o n t o see i f the s p o r a d i c n u c l e a t i o n c o u l d 
be p r e c l u d e d . The advantages of dead-time compensation under 
these c o n d i t i o n s are f a s t e r r e t u r n t o s e t p o i n t a f t e r n u c l e a t i o n s 
and t i g h t e r r e g u l a t o r y c o n t r o l between n u c l e a t i o n s . I t i s 
apparent from t h e s e s i m u l a t i o n s , however, t h a t r e a c t o r c o n t r o l 
i n the r e g i o n s of low e m u l s i f i e r c o n c e n t r a t i o n i s v e r y poor, even 
w i t h dead-time compensation. These r e s u l t s c l e a r l y demonstrate 
the d i f f i c u l t y of r e a c t o r c o n t r o l i n the presence of s p o r a d i c 
p a r t i c l e n u c l e a t i o n s . P r e v e n t i o n of f o r m a t i o n of new p a r t i c l e s 
appears t o be i m p o s s i b l e by means of a c o n t r o l s t r a t e g y i f o n l y 
one v a r i a b l e i s m a n i p u l a t e d . The f r e e soap a r e a i n the f i r s t 
r e a c t o r i s shown as a f u n c t i o n of time i n F i g u r e 10 f o r c l o s e d -
l o o p c o n t r o l u t i l i z a i n g i n i t i a t o r feed r a t e . The s u c c e s s f u l 
c o n t r o l s t r a t e g y would p r o v i d e a c o n s t a n t f r e e soap a r e a and, 
hence, c o n s t a n t p a r t i c l e g e n e r a t i o n r a t e i n the r e a c t o r . Because 
t h i s r e a c t o r i s b e i n g run under a " s o a p - s t a r v e d " c o n d i t i o n , the 
f r e e soap a r e a i s n o r m a l l y n e g a t i v e . I t might be p o s s i b l e t o 
s t a r t - u p the r e a c t o r under c o n d i t i o n s t h a t r e s u l t e d i n a c o n s t a n t 
p a r t i c l e g e n e r a t i o n r a t e and then s l o w l y decrease the f e e d soap 
c o n c e n t r a t i o n t o the d e s i r e d l e v e l w i t h o u t i n i t i a t i n g the l i m i t 
c y c l e performance. However, t h i s would not be an a c c e p t a b l e 
o p e r a t i n g c o n d i t i o n because the i n t r o d u c t i o n of any d i s t u r b a n c e 
i n t o the p r o c e s s would be l i k e l y t o send the system i n t o t h e 
l i m i t c y c l e c o n d i t i o n . F o r t h i s o p e r a t i n g r e g i o n , t h e r e f o r e , 
e l i m i n a t i o n of the u n s t e a d y - s t a t e c o n d i t i o n by means of c o n t r o l 
s t r a t e g y appears u n l i k e l y and s o l u t i o n o f the problem r e q u i r e s 
a d e s i g n m o d i f i c a t i o n t h a t would r e s u l t i n a c o n s t a n t p a r t i c l e 
g e n e r a t i o n r a t e i n the system. P o e h l e i n and Daugherty (3) 
suggested one p o s s i b l e means of a c h i e v i n g t h i s g o a l ; by f e e d i n g 
a "seeded" l a t e x i n t o the c o n t i n u o u s r e a c t o r system where the 
seed i s formed e i t h e r i n a b a t c h r e a c t o r or i n a t u b u l a r 
r e a c t o r p l a c e d i n f r o n t of the CSTR t r a i n . The c o n c e n t r a t i o n of 
seed i n the f e e d l a t e x must be h i g h enough t o p r e c l u d e f u r t h e r 
p a r t i c l e n u c l e a t i o n i n the c o n t i n u o u s r e a c t o r s . T h i s type of 
d e s i g n m o d i f i c a t i o n appears t o be n e c e s s a r y t o a c h i e v e s t a b l e 
o p e r a t i o n o f a t r a i n c o n t i n u o u s e m u l s i o n p o l y m e r i z a t i o n r e a c t o r s 
when i t i s n e c e s s a r y t o run at low e m u l s i f i e r c o n c e n t r a t i o n s . 

At h i g h e m u l s i f i e r c o n c e n t r a t i o n , the u t i l i t y of the 
a n a l y t i c a l p r e d i c t o r i s much more apparent. Under these o p e r a t i n g 
c o n d i t i o n s , the f i r s t two r e a c t o r s r e a c h a s t e a d y - s t a t e l e v e l of 
polymer p a r t i c l e g e n e r a t i o n r a t e and monomer c o n v e r s i o n as was 
shown i n F i g u r e s 4-6. A g a i n u s i n g t h e a r b i t r a t i l y s e l e c t e d 
t u n g i n g c o n s t a n t s , the s i m u l a t e d system response d u r i n g s t a r t - u p 
i s shown i n F i g u r s 14 through 17. F i g u r e 14 i l l u s t r a t e s the 
c o n v e r s i o n p r o f i l e f o r b o t h the s t a n d a r d feedback and DTC 
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LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 547 

DIMENSIONLESS TIME 

Figure 11. Simulated start-up of vinyl acetate polymerization at low emulsifier 
level (0.01 mol/L Η,Ο) under closed-loop control with arbitrarily selected controller 
tuning constants and manipulation of reactor temperature at initiator concentration 

of 0.005 mol/L: conversion in Rl—STD feedback ( ) vs. DTC ( ) 

R1-N0. OF PARTICLES-STD FEEDBACK VS DTC 
I ι ι ι ι I ι ι ι 

DIMENSIONLESS TIME 

Figure 12. Simulated start-up of vinyl acetate polymerization at low emulsifier 
level (0.01 mol/L HzO) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of reactor temperature at initiator 
concentration of 0.005 mol/L: Rl—No. of particles—STD feedback ( ) vs. 

DTC ( ) 

American Chemical 
Society Library 

1151 16th St 1.1. 
Washington, i . C. 2I03S 
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DIMENSIONLESS TIME 

Figure 13. Simulated start-up of vinyl acetate polymerization at low emulsifier 
level (0.01 mol/L H20) under closed-loop control with arbitrarily selected controller 
tuning constants and manipulation of reactor temperature at initiator concentration 

of 0.005 mol/L: reactor temperature—STD feedback ( ) vs. DTC ( ; 

DIMENSIONLESS TIME 

Figure 14. Simulated start-up of vinyl acetate polymerization at high emulsifier 
level (0.06 mol/L H20) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of initiator flow rate at 50°C: conversion 

in Rj—STD feedback ( ) vs. DTC ( ) 
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33. L E F F E W A N D D E S H P A N D E Emulsion Polymerization Reactors 549 

a l g o r i t h m s m a n i p u l a t i n g i n i t i a t o r f l o w r a t e . F i g u r e 15 i n d i c a t e s 
the degree of c o n v e r s i o n c o n t r o l a c h i e v e d i n the downstream 
r e a c t o r s when the f r o n t r e a c t o r i s under c o n t r o l . At the h i g h e r 
l e v e l o f e m u l s i f i e r , f r e e soap area i s a v a i l a b l e at s t e a d y - s t a t e 
r e s u l t i n g i n a con s t a n t p a r t i c l e s g e n e r a t i o n r a t e ( F i g u r e 16). 
The i n h e r e n t advantages of dead-time compensation under t h i s 
o p e r a t i n g c o n d i t i o n are f a s t e r approach t o s e t p o i n t and t i g h t e r 
r e g u l a t o r y c o n t r o l . As seen i n F i g u r e 17 the DTC a l g o r i t h m 
r e q u i r e s s m a l l e r and l e s s f r e q u e n t changes i n the m a n i p u l a t e d 
v a r i a b l e . The system response, u t i l i z i n g temperature as manipu­
l a t e d v a r i a b l e , i s s i m i l a r ( F i g u r e s 18 - 19). The " l e a d i n g " 
tendency of the DTC a l g o r i t h m i s apparent i n F i g u r e 19 where the 
temperature t r a c e i s p r e s e n t e d . 

More t y p i c a l l y , i n s t e a d of s e t p o i n t changes, the r e g u l a t o r y 
problem of re s p o n d i n g t o a system d i s t u r b a n c e i s encountered i n 
commercial r e a c t o r s . For t h i s r e a s o n , the optimum t u n i n g con­
s t a n t s f o r the PID c o n t r o l l e r were developed from the IAE 
r a l a t i o n s f o r l o a d d i s t u r b a n c e s . F i r s t , however, i t i s n e c e s s a r y 
t o o b t a i n a p r o c e s s model o f the system. B r a n t l e y (10) has 
developed a pr o c e s s i d e n t i f i c a t i o n t e c h n i q u e which f i t s p r o c e s s 
d a t a t o the second o r d e r p l u s dead-time form: 

For the c o n t i n u o u s p o l y m e r i z a t i o n o f v i n y l a c e t a t e a t 0.06 
mol/1 e m u l s i f i e r c o n c e n t r a t i o n , the model prameters as 
determined by i n t r o d u c i n g s t e p changes i n t o the m e c h a n i s t i c model 
are shown i n Table I I . Given the form of e q u a t i o n ( 1 0 ) , t he 
"optimum" c o n t r o l l e r t u n i n g c o n s t a n t s f o r a PID c o n t r o l l e r were 
determined by the method of G a l l i e r and Otto (11) , which 
m i n i m i z e s the i n t e g r a l of the a b s o l u t e e r r o r (IAE) t h a t r e s u l t s 
f o l l o w i n g a p r o c e s s d i s t u r b a n c e . The e f f e c t i v e time d e l a y , Τ', 
used i n c a l c u l a t i n g the optimum t u n i n g c o n s t a n t s as shown by 
Meyer, et a l (7) i s 0 d+T s f o r the s t a n d a r d feedback loop and T s 

f o r the a n a l y t i c a l p r e d i c t o r l o o p . The degree o f c o n t r o l 
a c h i e v e d by these a l g o r i t h m s i s measured by th e common i n t e g r a l 
c r i t e r i a : 

1. I n t e g r a l of the square e r r o r ( I S E ) : 

K p e - 0 d s 

(10) G p ( s ) = 
( T I S+1)(T2S+1) 

OO ο 

ISE = fQ ( e ( t ) ) 2 d t 

2. I n t e g r a l of the a b s o l u t e e r r o r ( I A E ) : 

ISE = / ( e ( t ) ) d t 

3. I n t e g r a l of time m u l t i p l i e d by the a b s o l u t e v a l u e o f 
the e r r o r (ITAE): 
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5 5 0 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

TABLE I : CONTROLLER PARAMETERS FOR SIMULATION STUDY 

Manipu­
l a t e d C o n t r o l 
V a r i a b l e Scheme 

l b / h r o r °C 
f r a c t i o n 
c o n v e r s i o n 

IAE IAE IAE 
By O p t i - By O p t i - By O p t i -

T r i a l mum T r i a l mum T r i a l mum 

τ j , min 
IAE 

Trç, min 

I n i t i a ­
t o r Flow 

R e a c t o r 
Tempera­
t u r e 

S t d . 
Feedback 
A n a l y t i c a l 
P r e d i c t o r 

S t d . 
Feedback 

8.0 1.68 

8.0 37.21 

A n a l y t i c a l 
P r e d i c t o r 40.0 2750. 

1.0 16.83 2.0 4.29 

1.0 3.79 2.0 0.11 

40.0 173.8 1.0 15.73 2.0 3.42 

1.0 2.37 2.0 0.12 

TABLE I I : PROCESS MODEL PARAMETERS 

Model Form: Gp(s) Kpe 

M a n i p u l a t e d 
V a r i a b l e 

I n i t i a t o r 
Flow 

Temperature 

0^, min 

30.0 

30.0 

( T 1 S+1)( T 2 S+1) 

K p 

l b / h r o r °C 
f r a c t i o n 

c o n v e r s i o n 

0.2793 

0.002529 

, min τ 2, min 

3.6826 

2.2540 

0.0200 

0.0200 
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33. L E F F E W A N D DESHPANDE Emulsion Polymerization Reactors 551 

DIMENSIONLESS TIME 

Figure 15. Simulated start-up of vinyl acetate polymerization at high emulsifier 
level (0.06 mol/L H>0) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of initiator flow rate at 50°C: Rl—no. of 

particles—STD feedback ( ) vs. DTC ( ) 

I / 
! I 

i » / J 

L-L 1 I I I I I I I I I J 

DIMENSIONLESS TIME 

Figure 16. Simulated start-up of vinyl acetate polymerization at high emulsifier 
level (0.06 mol/L H>0) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of initiator flow rate at 50°C: free soap 

area—STD feedback ( ) vs. DTC ( ) 
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552 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

l ι t ι ι 1 • ι ι ι I ι ι • ι I ι ι ι ι 1 • ι ι • I ι I I I I ι ι • ι I ι I I I 1 I I • • 

A r 
; / 

\ A A ^ 1 

~ - - I 
:- \ ' W 
- ι - é \ 

r τ' ι τ ι ι τ r ι · ι ι ι ι ι ι ι ι ι · ι ι 

: V U :· 

i • , i i , 7 

- j - r r r r r r r - ^ , ι ι ι ι . r . τ r τ-τ­
r τ' ι τ ι ι τ r ι · ι ι ι ι ι ι ι ι ι · ι ι 

0.0 2 .5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22 .5 

DIMENSIONLESS TIME 

Figure 17. Simulated start-up of vinyl acetate polymerization at high emulsifier 
level (0.06 mol/L Η,Ο) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of initiator flow rate at 50°C: catalyst 

feed concentration—STD feedback ( ) vs. DTC ( ) 

22.5 

DIMENSIONLESS TIME 

Figure 18. Simulated start-up of vinyl acetate polymerization at high emulsifier 
level (0.06 mol/L Η,Ο) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of reactor temperature at initiator con­
centration of 0.005 mol/L: conversion in Rl—STD feedback ( ) vs. 

DTC ( ; 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 553 

DIMENSIONLESS TIME 

Figure 19. Simulated start-up of vinyl acetate polymerization at high emulsifier 
level (0.06 mol/L HO) under closed-loop control with arbitrarily selected con­
troller tuning constants and manipulation of reactor temperature at initiator concen­
tration of 0.005 mol/L: (a) Rl reactor temperature—STD feedback ( ) vs. 

DTC ( ); (b) conversion in Rl—STD feedback ( ) vs. DTC ( ) 
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554 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

ITAE = /Q t ( e ( t ) ) d t 

where e ( t ) i s t h e d i f f e r e n c e between the s e t p o i n t v a l u e and 
the a c t u a l v a l u e of c o n v e r s i o n . 
These " c o n t r o l l a b i l i t y " c r i t e r i a a r e used t o judge the 

performance of the v a r i o u s c o n t r o l systems d e s c r i b e d above i n 
Table I I I . As seen i n Table I I I , dead-time compensation markedly 
improves system performance at the h i g h e m u l s i f i e r c o n c e n t r a t i o n . 
A system l o a d d i s t u r b a n c e was s i m u l a t e d by i n t r o d u c i n g a s t e p 
change i n the p r o p a g a t i o n r a t e c o n s t a n t , kp, of -5% a f t e r the 
system was at s t e a d y - s t a t e under c l o s e d - l o o p c o n t r o l . T h i s type 
of d i s t u r b a n c e i n which the system r e a c t i o n r a t e changes sud d e n l y , 
i n most cases due t o the i n t r o d u c t i o n of an unknown d i s t u r b a n c e , 
i s common i n commercial p r o c e s s e s . The improved performance of 
the a n a l y t i c a l p r e d i c t o r w i t h "optimum" c o n t r o l l e r t u n i n g i s 
shown i n F i g u r e 20 f o r r e g u l a t o r y c o n t r o l . N o t i c e t h a t these 
c o n t r o l l e r s e t t i n g s r e s u l t i n " r i n g i n g " of the c o n t r o l v a l v e 
i n the a n a l y t i c a l p r e d i c t o r a l g o r i t h m t h a t does not occur w i t h 
the a r b i t r a r i l y s e l e c t e d t u n i n g c o n s t a n t s . 

These s i m u l a t e d r e s u l t s f o r the h i g h e m u l s i f i e r c o n c e n t r a t i o n 
o p e r a t i n g c o n d i t i o n demonstrate the u t i l i t y o f dead-time compen­
s a t i o n t o the c o n t r o l of c o n v e r s i o n from the f i r s t r e a c t o r i n a 
t r a i n . W ith i m p l e m e n t a t i o n of t h i s degree of c o n t r o l on t h e 
f i r s t r e a c t o r , c o n t r o l schemes f o r downstream r e a c t o r s can be 
s i m p l i f i e d as d i s c u s s e d i n the next s e c t i o n . 

C o n v e r s i o n C o n t r o l o f Downstream R e a c t o r s . With the f i r s t 
r e a c t o r of the t r a i n under c l o s e d - l o o p c o n v e r s i o n c o n t r o l , 
response of downstream r e a c t o r s t o changes i n i n i t i a t o r f l o w can 
be approximated v e r y c l o s e l y by the second o r d e r p l u s dead-time 
model of e q u a t i o n ( 1 0 ) , p r o v i d e d t h a t p a r t i c l e n u c l e a t i o n i n the 
downstream r e a c t o r o c c u r s at a c o n s t a n t r a t e o r i s t o t a l l y 
p r e c l u d e d because of low f r e e soap c o n c e n t r a t i o n i n the f e e d t o 
the r e a c t o r . A danger of o p e r a t i n g these r e a c t o r t r a i n s at 
h i g h e m u l s i f i e r c o n c e n t r a t i o n t o p r o v i d e s t a b i l i t y i s t h a t , 
a l t h o u g h the f r o n t r e a c t o r s do r e a c h a s t e a d y - s t a t e l e v e l of 
p a r t i c l e n u c l e a t i o n r a t e , t h e r e may e x i s t the c o n d i t i o n i n a 
downstream r e a c t o r t h a t l e a d s t o s p o r a d i c n u c l e a t i o n s and, 
hence, o s c i l l a t i o n s i n c o n v e r s i o n . The r e q u i r e d c o n d i t i o n f o r 
s t a b i l i t y , t h e n , would be t h a t the f e e d t o t h e l a s t r e a c t o r 
would a l l o w f o r c o n t i n u o u s p a r t i c l e n u c l e a t i o n , i . e . , t h a t 
p o s i t i v e f r e e soap a r e a be p r e s e n t i n the f i n i s h e d e m u l s i o n . F o r 
many systems t h i s requirement f o r c e s a l e v e l of e m u l s i f i e r i n 
the feed t h a t r e s u l t s i n p r o h i b i t i v e l y h i g h e m u l s i o n v i s c o s i t i e s . 
The s o l u t i o n t o t h i s problem a g a i n r e q u i r e s a r e a c t o r d e s i g n 
m o d i f i c a t i o n which p r o v i d e s s e p a r a t i o n of t h e regimes of p a r t i c l e 
n u c l e a t i o n and p a r t i c l e growth. The f o l l o w i n g development f o r 
c o n t r o l o f downstream r e a c t o r s i s a p p l i c a b l e , however, t o t h o s e 
r e a c t o r s i n which a c o n s t a n t o r n e g l i g i b l e r a t e of p a r t i c l e 
n u c l e a t i o n o c c u r s . 
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X 10 
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CATALYST FEED CONC-STD FEEDBACK VS DTC 
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DIMENSIONLESS TIME 

Figure 20. Simulated conversion response of continuous polymerization system 
to a load disturbance under closed-loop control with IAE optimum controller 
tuning constants and manipulation of initiator flow rate at 0.06 mol/L HsO sur­
factant and 50°C: catalyst feed concentration—STD feedback ( ) vs. 

DTC (—; 

po in t T s ΤΓ-

Figure 21. Block diagram of digital control loop for downstream reactors 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 557 

For the v i n y l a c e t a t e system a t 0.06 mol/1 o f e m u l s i f i e r i n 
the f e e d , the p r o c e s s i d e n t i f i c a t i o n t e c h n i q u e o f B r a n t l e y (10) 
was used t o f i n d the c o n v e r s i o n response o f the t h i r d e q u a l - s i z e d 
r e a c t o r i n the t r a i n t o changes i n feed r a t e of i n i t i a t o r t o 
t h a t r e a c t o r : 

Xo(s) O.O525 e- 3 0" 0 S 

Gp(s) = r 5— = - ( I D 
F m 3(s) (19.864s+l)(0.020s+l) 

B r a n t l e y ' s method uses a m u l t i v a r i a b l e s e a r c h t e c h n i q u e t o 
determine the model parameters of a second o r d e r p l u s dead-time 
model t h a t m i n i m i z e s the square o f the e r r o r between the a c t u a l 
output and the m o d e l - p r e d i c t e d output f o r a g i v e n s e t o f i n p u t 
v a l u e s . 

The e m p i r i c a l model o f e q u a t i o n (11) p r e d i c t e d the response 
of the m e c h a n i s t i c model t o a step change i n i n i t i a t o r f l o w v e r y 
c l o s e l y ( t h e average a b s o l u t e d e v i a t i o n between the e m p i r i c a l 
model and m e c h a n i s t i c model was 0.8% of the r e s p o n s e ) . Three 
a l g o r i t h m s have been c o n s i d e r e d f o r c o n t r o l o f the downstream 
r e a c t o r modeled by e q u a t i o n (11). 

1. Optimum PID C o n t r o l l e r : T h i s t e c h n i q u e f o l l o w s the work 
of G a l l i e r and Otto (11) and i s d e s c r i b e d i n the 
p r e v i o u s s e c t i o n . 

2. Z-Transform-Designed A l g o r i t h m : T h i s t e c h n i q u e i n v o l v e s 
s p e c i f y i n g the d e s i r e d response t o a l o a d o r s e t p o i n t 
change and u s i n g t h a t response t o d e s i g n the c o n t r o l l e r . 
The d i g i t a l p r o c e s s c o n t r o l loop f o r downstream r e a c t o r 
c o n t r o l i s shown i n F i g u r e 21. The c o n t r o l l e r t r a n s f e r 
f u n c t i o n , D ( z ) , can be o b t a i n e d from t h i s loop a s : 

- 1 . C ( z ) / R ( z ) n . 
D ( Z ) " HG(zT F~C (z)/R (z ) ( 1 2 ) 

where HG(z) i s the Z- t r a n s f o r m of the z e r o - o r d e r h o l d s 
times the p r o c e s s t r a n s f e r f u n c t i o n , o r 

-sT 
HG(z) = ( — · G ( s ) ) (13) 

s 
T y p i c a l l y , one s p e c i f i e s the d e s i r e d response, C ( z ) / R ( z ) , 
which y i e l d s from e q u a t i o n (12) the r e q u i r e d d e s i g n of 
the c o n t r o l l e r , D(z). In p r a c t i c e , however, t h i s d e s i g n 
t e c h n i q u e r e s u l t s i n a c o n t r o l l e r which r e q u i r e s exces­
s i v e v a l v e movement, an u n d e s i r a b l e s i t u a t i o n . Conse­
q u e n t l y , Kalman (12) developed a Z-t r a n s f o r m a l g o r i t h m 
which s p e c i f i e s the d e s i r e d o u t p u t , C ( z ) , and the 
d e s i r e d v a l v e t r a v e l , M(z) f o r a s e t p o i n t change. The 
d e s i r e d response and v a l v e t r a v e l f o r a u n i t s t e p change 
i n s e t p o i n t i s shown i n F i g u r e 22. The system response, 
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558 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

t h e n , f o l l o w s the e x p r e s s i o n : 

C(z) = z'^qz^+zVV*") (14) 
where Ν i s the i n t e g e r number of sampl i n g p e r i o d s i n the 
pr o c e s s dead-time. 
L i k e w i s e , the v a l v e t r a v e l can be d e s c r i b e d a s : 

M ( z ) = M 0 + M T ^ Z " 1 + M fz"" 2 + M f z " 3 + ... (15) 

The t r a n s f e r f u n c t i o n s r e l a t i n g response and v a l v e _ 
t r a v e l t o a u n i t change i n s e t p o i n t (R(z) = 1/(1-z ) ) 
are t h e n : 

C(z) -1 χ -N,_ - 1 , - 2 , - 3 , β ν 
R ^ = (1-z ) z (C^z +z +z +···) 

η " N - i / n η \ " Ν - 2 „ - N - i , Ώ - N - 2 = C^z ( l - C ^ ) z = Ρχζ + P2Z 

P ( z ) (16) 

and, 

R(z) (1-z )(Mo+M 1 Z +Mfz +Mfz +· 

MQ + ( M 1 - M 0 ) z 1 + ( M F - M x ) z 2 

-ι = q Q + ς χζ 1 + q 2 z Z = Q(z) (17) 

I t can be seen from F i g u r e 21 t h a t the r a t i o of C (z) t o 
M(z) i s the p r o c e s s p u l s e t r a n s f e r f u n c t i o n s , HG(z): 

H G ( Z ) ~ M(z) " Q(z) ( 1 8 ) 

I t f o l l o w s from the c o n t r o l l e r d e s i g n e q u a t i o n (12) 
t h a t : 

D M = ^ (19) 

T h e r e f o r e , t h e Kalman designed a l g o r i t h m i s s p e c i f i e d by 
o b t a i n i n g the m o d i f i e d Z - t r a n s f o r m o f the p r o c e s s p u l s e 
t r a n s f e r f u n c t i o n ot get P ( z ) and Q(z) and then 
s u b s t i t u t i n g t h ese v a l u e s i n t o e q u a t i o n ( 1 9 ) . 
S e l f - T u n i n g A l g o r i t h m : T h i s a l g o r i t h m i n c o r p o r a t e s the 
method d e s c r i b e d j u s t above w i t h the added f e a t u r e of 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 559 

o n - l i n e t u n i n g of the c o n t r o l l e r . Here, p r o c e s s d a t a are 
compared each sampling p e r i o d w i t h t h e model p r e d i c t i o n 
o b t a i n e d from e q u a t i o n ( 1 1 ) . When s i g n i f i c a n t e r r o r 
d e v e l o p s , t y p i c a l l y as a r e s u l t of the i n t r o d u c t i o n of a 
p r o c e s s d i s t u r b a n c e , the p r o c e s s i d e n t i f i c a t i o n t e c h n i q u e 
of B r a n t l e y (10) i s used t o c a l c u l a t e new parameters of 
the p r o c e s s model. These new parameters r e s u l t i n a new 
c o n t r o l l e r a l g o r i t h m as o b t a i n e d by the Kalman method 
d e s c r i b e d above. T h i s c o n t r o l loop i s shown s c h e m a t i ­
c a l l y i n F i g u r e 23. 

The performance of the a l g o r i t h m s d e s c r i b e d above i n c o n t r o l ­
l i n g downstream r e a c t o r c o n v e r s i o n i s i l l u s t r a t e d f o r a s t e p 
change i n s e t p o i n t of the t h i r d r e a c t o r i n the v i n y l a c e t a t e 
p o l y m e r i z a t i o n model i n F i g u r e 24 and f o r the i n t r o d u c t i o n of a 
d i s t u r b a n c e (10% decrease i n kp) i n F i g u r e 25. The c o n t r o l 
c r i t e r i a r e s u l t s f o r these a l g o r i t h m s a r e g i v e n i n Table IV. 
M a n i p u l a t i o n of i n i t i a t o r f l o w r a t e t o t h e t h i r d r e a c t o r i s shown 
f o r each c o n t r o l l e r f o r a s t e p d i s t u r b a n c e i n F i g u r e 26. The 
s e l f - t u n i n g a l g o r i t h m shows no improvement i n c o n t r o l over the 
Z - t r a n s f o r m t e c h n i q u e over the p e r i o d o f o p e r a t i o n i l l u s t r a t e d i n 
F i g u r e 25. However, the p r o c e s s model had been updated t o 
account f o r the r e d u c t i o n i n kp by the p r o c e s s i d e n t i f i c a t i o n 
t e c h n i q u e t o the form: 

r («\ - 0 . 0 0 7 4 5 e " 3 0 S
 ( t > ^ 

b P i s ; " (0.024s+l)(0.02s+l) 1 ' } 

Consequently, the s e l f - t u n i n g a l g o r i t h m would respond t o the 
i n t r o d u c t i o n of a s e t p o i n t change or another d i s t u r b a n c e f a s t e r 
than the o r i g i n a l model, i l l u s t r a t i n g the v a l u e o f the s e l f - t u n i n g 
a l g o r i t h m . 

The f r e e soap a r e a of the t h i r d r e a c t o r of t h e v i n y l a c e t a t e 
p o l y m e r i z a t i o n i s shown i n F i g u r e 27. N o t i c e t h a t f o r the r e a c t o r 
c o n d i t i o n s chosen f o r t h i s s i m u l a t i o n t h a t p a r t i c l e f o r m a t i o n 
o c c u r s c o n t i n u o u s l y and approaches a s t e a d y - s t a t e l e v e l i n the 
t h i r d r e a c t o r . For the case of v i n y l a c e t a t e , the homogeneous 
n u c l e a t i o n r a t e i s s u f f i c i e n t at low f r e e soap c o n c e n t r a t i o n t o 
p r o v i d e a c o n s t a n t r a t e of p a r t i c l e g e n e r a t i o n i n the absence of 
m i c e l l e s and, hence, the f r e e - s o a p a r e a i s a c t u a l l y d e p l e t e d i n 
the t h i r d r e a c t o r but reaches a s t e a d y - s t a t e l e v e l so t h a t 
m i c e l l a r n u c l e a t i o n never o c c u r s . As d i s c u s s e d above, t h i s 
c o n d i t i o n does not always e x i s t and the p o t e n t i a l f o r i n i t i a t i o n 
of s u s t a i n e d o s c i l l a t i o n s e x i s t s f o r downstream r e a c t o r s 
where t h e f r e e soap a r e a i s n e g a t i v e and the homogeneous 
n u c l e a t i o n r a t e i s not s i g n i f i c a n t compared w i t h t h e m i c e l l a r 
n u c l e a t i o n r a t e . T h i s s i t u a t i o n must be c o n s i d e r e d i n r e a c t o r 
d e s i g n and i n s e l e c t i o n of o p e r a t i n g c o n d i t i o n s . 
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560 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

DESIRED SYSTEM RESPONSE 

Figure 22. Desired system response C(z) and valve travel M(z) for a unit step 
change in setpoint according to Kalman's approach 

A l g o r i t h m 
Adapter 

Set-
p o i n t 

Parameters 

A l g o r i t h m 
Parameters 

C o n t r o l 
A l g o r i t h m 

Secondary I L 
C o n t r o l l e r j ] 

Model 
I d e n t i f i c a t i * 

M s ) 

ι ξ 

Figure 23. Block diagram of self-tuning control loop for downstream reactors 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 561 

DOWNSTREAM REACTOR CONTROL-CONVERSION 
0.5825 - f - ^ l x x . , L ^ ^ L ^ ^ 

DIMENSIONLESS TIME 

Figure 24. Simulated response of third reactor of a continuous vinyl acetate 
polymerization to a step change in setpoint at high emulsifier feed concentration 
(0.06 mol/L ΗΌ) and manipulation of initiator flow rate to the third reactor at 

50°C (( j optimum PID); ( ) Ζ transform) 

DOWNSTREAM REACTOR CONTROL-CONVERSION 
0.5, W L W I I ^ X X W ^ L O ^ L I • • • 

0.56 -J 

0.55 L 

0.54 L 

0.53 1 

0 52 - -

0.51 -

0.50 4-τϊ-τ-Γ-Γ-r- r~-f~ τ j ι r~ τ τ j τ t r τ- -j τ ι ι ι j ι ι r ι | τ~~τ ι ι | ι ι ι ι 
'5.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 

DIMENSIONLESS TIME 

Figure 25. Simulated response of third reactor of a continuous vinyl acetate 
polymerization to a step disturbance at high emulsifier feed concentration (0.06 
mol/L Η,Ο) and manipulation of initiator flow rate to the third reactor at 50°C 

(( ) optimum PID); ( ) Ζ transform; (XXX) self-tuning algorithm) 
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562 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

DOWNSTRCAU REACTOR CONTROL-INITIATOR FLOW MANIPULA 

DIMENSIONLESS TIME 

Figure 26. Simulated initiator flow rate manipulation for closed-loop control of 
the third reactor in response to a step disturbance at high emulsifier feed concen­
tration (0.06 mol/L H>0) and 50°C (( ; optimum FID; ( ) Ζ transform; 

(XXX) self-tuningalgorithm) 

DIMENSIONLESS TIME 

Figure 27. Free soap area of emulsion in third reactor of a continuous vinyl 
acetate polymerization under closed-loop control at high emulsifier feed concen­
tration (0.010 mol/L H20) and 50°C (( ; optimum PID; ( ) Ζ transform) 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 563 

TABLE IV: CONTROL SYSTEM PERFORMANCE - DOWNSTREAM REACTOR 

C o n t r o l l e r 

A l g o r i t h m ISE IAE ITAE 

Step Change i n S e t p o i n t 

1. Optimum PID 0.0611 2.234 94.17 

2. Z-Transform 0.0612 2.219 94.43 

Step Change i n D i s t u r b a n c e (10% decrease i n kp) 

1. Optimum PID 0.0140 1.339 89.29 

2. Z-Transform 0.0147 1.370 104.0 

3. S e l f - t u n i n g 0.0147 1.370 104.0 

Proc e s s Model: g g l - ( 1 9 . 8 6 4 s S ) (0.020s+l)  P
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564 E M U L S I O N P O L Y M E R S A N D E M U L S I O N P O L Y M E R I Z A T I O N 

C o n c l u s i o n s 

The u t i l i t y o f the a n a l y t i c a l p r e d i c t o r method of dead-time 
compensation t o c o n t r o l o f c o n v e r s i o n i n a t r a i n o f co n t i n u o u s 
emulsion p o l y m e r i z e r s has been demonstrated by s i m u l a t i o n of the 
v i n y l a c e t a t e system. The s i m u l a t e d r e s u l t s c l e a r l y show the 
extreme d i f f i c u l t y o f c o n t r o l l i n g the c o n v e r s i o n i n systems 
which a re operated at " s o a p - s t a r v e d " c o n d i t i o n s . The a n a l y t i c a l 
p r e d i c t o r was shown, however, t o p r o v i d e s i g n i f i c a n t l y improved 
c o n t r o l o f c o n v e r s i o n , i n presence of e i t h e r s e t p o i n t o r l o a d 
changes, as compared t o s t a n d a r d feedback systems i n o p e r a t i n g 
r e g i o n s t h a t promote co n t i n u o u s p a r t i c l e f o r m a t i o n . These 
s i m u l a t i o n s suggest the a n a l y t i c a l p r e d i c t o r t e c h n i q u e t o be the 
p r e f e r r e d method of c o n t r o l when i t i s d e s i r e d t h a t o n l y one 
v a r i a b l e ( p r e f e r a b l y i n i t i a t o r feed r a t e ) be ma n i p u l a t e d . 

Three a l g o r i t h m s were a l s o suggested f o r c o n t r o l o f conver­
s i o n from downstream r e a c t o r s when the f i r s t r e a c t o r of the t r a i n 
i s o p e r a t i n g a t s t e a d y - s t a t e under c l o s e d - l o o p c o n t r o l : a 
c o n v e n t i o n a l PID c o n t r o l l e r w i t h optimum IAE t u n i n g c o n s t a n t s , 
a Z - t r a n s f o r m designed a l g o r i t h m based on an approximate l i n e a r 
p r o c e s s model, and a s e l f - r e g u l a t i n g system which updates the 
c o n t r o l l e r a l g o r i t h m based on changes i n the p r o c e s s model 
ac h i e v e d by o n - l i n e p r o c e s s i d e n t i f i c a t i o n . A l l t h r e e of these 
c o n t r o l l e r s were shown t o p r o v i d e e x c e l l e n t c o n t r o l o f downstream 
r e a c t o r s i n which c o n t i n u o u s polymer p a r t i c l e g e n e r a t i o n o c c u r r e d , 
f o r b o t h s e t p o i n t and l o a d changes. 

Nomenclature 

A p = t o t a l s u r f a c e a r e a o f polymer p a r t i c l e s 
C(z) = system output o r response i n z-domain 
dm = monomer d e n s i t y 
dp = polymer d e n s i t y 
D(z) = c o n t r o l l e r t r a n s f e r f u n c t i o n 
e = system e r r o r s i g n a l 
f ( n , t ) = net r a t e o f p a r t i c l e n u c l e a t i o n i n r e a c t o r η at time t 
Gp system open-loop t r a n s f e r f u n c t i o n 
( D w = i n i t i a t o r c o n c e n t r a t i o n 
HG(z) = p r o c e s s p u l s e t r a n s f e r f u n c t i o n 
Μχ = t o t a l monomer c o n c e n t r a t i o n i n the emulsion 
MW m o l e c u l a r weight of monomer 
M(z) ,m = v a l u e o f ma n i p u l a t e d v a r i a b l e 
m 3 = i n i t i a t o r f l o w r a t e t o t h i r d r e a c t o r i n s e r i e s 
Ν = t o t a l number of p a r t i c l e s 
q^(n,t)= average number of r a d i c a l s per p a r t i c l e i n r e a c t o r η 

at time t 
R(z) = s e t p o i n t v a l u e 
S = e m u l s i f i e r c o n c e n t r a t i o n 

Τ 
= sampling p e r i o d 
= sampling p e r i o d 
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33. LEFFEW AND DESHPANDE Emulsion Polymerization Reactors 565 

total volume of polymer particles 
total monomer conversion 

monomer conversion from third reactor in series 

Subscripts 
i = having to do with the i t n generation of particles within 

a given reactor 
η = reactor number or sample number 

Greek Symbols 

monomer volume fraction in a particle 
mean residence time of a reactor 
process dead-time 
time constant 
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34 
Experimental Study of the Seeded Polymerization 
of Vinyl Acetate in a Tube 

C. K. LEE1 and T. H. FORSYTH1 

The University of Akron, Akron, OH 44325 

While vinyl acetate is normally polymerized in batch or 
continuous stirred tank reactors, continuous reactors offer 
the possibility of better heat transfer and more uniform qual­
ity. Tubular reactors have been used to produce polystyrene 
by a mass process (1, 2), and to produce emulsion polymers 
from styrene and styrene-butadiene (3-6). The use of mixed 
emulsifiers to produce mono-disperse latexes has been applied 
to polyvinyl toluene (5). Dunn and Taylor have proposed that 
nucleation in seeded vinyl acetate emulsion is prevented by 
entrapment of oligomeric radicals by the seed particles (6). 
Because of the solubility of vinyl acetate in water, Smith­
-Ewart kinetics (case 2) does not seem to apply, but the kinetic 
models developed by Ugelstad (7) and Friis (8) seem to be more 
appropriate. 

The objective of this study was to investigate the feasibility 
of using a tubular reactor for the seeded emulsion polymeriza­
tion of vinyl acetate, and to study the effect of process variables 
on conversion rate and latex properties. 

EXPERIMENTAL 

Figure 1 shows a schematic view of the tubular reactor. 
Seamless tubing, of 1/4-inch OD, type 316 stainless steel, was 
used for the preheater and the reactor. The reactor itself was 
187 feet long, wound into a helix of 1 ft. diameter. The reac­
tor and preheater were immersed in separate drums, which 
were filled with water, and maintained at constant temperature. 

Two feed tanks were used, one to hold the vinyl acetate 
emulsion and the other to hold the initiator solution. Constant 

1Current address: BFGoodrich R&D Center, Brecksville, 
Ohio 44141 

0097-6156/81 /0165-0567$05.00/0 
© 1981 American Chemical Society 
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568 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

feed flow rates were poss ib le by us ing gear pumps , with the 
capacity of the emuls ion pump twice as great as the in i t iator 
solution pump. The preheater was used to obtain a react ion 
temperature of 5 0 ° C , p r i o r to combining the two s treams to 
start the react ion . F l o w rates v a r i e d between 0.5 and 1.2 c c / 
s e c , and these were l a m i n a r condit ions . 

Upon s tar t -up , and between runs , the reac tor was fu l l of 
water . The i n i t i a l run r e q u i r e d operat ion for a t ime equivalent 
to 2. 1 res idence t imes to d isp lace the water , with 1.5 res idence 
t imes between each run . T h e dif ference is because the p r e ­
heater was not f i l l ed with water between runs . Samples were 
regu lar ly and p e r i o d i c a l l y col lected after 1.5 o r 2. 1 res idence 
t imes for further charac ter i za t ion . M o l e c u l a r weights and d i s -
trioutions were m e a s u r e d by G P C . 

Initial Batch Reac tor Studies . A n agitated 2000 m l th ick-
wal led glass r e a c t o r was blanketed with nitrogen and operated 
at 5 0 ° C . V i n y l acetate containing about 15 p p m hydroquinone 
was used without pur i f i ca t ion . The ionic e m u l s i f i e r was Sipex 
E S T - 3 0 , adver t i sed as a sodium t r i d e c y l ether sulfate, and the 
nonionic surfactant was Siponic L - 2 5 , a l a u r y l a l coho l ethoxy-
late. Table I shows the rec ipes and proper t i e s of the three 
seed latexes produced in the batch r e a c t o r . E s s e n t i a l l y c o m ­
plete convers ions were obtained in 30 to 45 minutes , but with a 
temperature r i s e of a lmost 5 0 ° C . 

T A B L E I 

Recipe used to P r o d u c e Seed 
( P r e p a r e d in a 1500 m l Batch) 

_i_ U_ III 
Water 100 100 100 
V i n y l Acetate 52 52 52 
Sipex E S T - 3 0 0 .57 0.93 1.89 
Siponic L - 2 5 0. 19 0.31 0. 63 
Sodium Carbonate 0.08 0.08 0. 08 
P o t a s s i u m P e r sulfa te 0.25 0. 19 0. 19 

A n i o n i c : non- ion ic 3:1 
Shelf L i f e > 6 month - -
M w . " 5 8. 64 8. 75 7.58 
M W / M N 3.6 3. 1 3 .5 
P a r t i c l e S ize , A 1690 1270 (smalles i 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ch
03

4



34. LEE AND FORSYTH Seeded Polymerization of Vinyl Acetate 569 

Tubular Reactor Studies. The first run in the tubular 
reactor was with the same recipe as for Seed I in Table I, but 
the conversion was very low, and there were two distinct 
phases. The residence time in the tube was equal to the batch 
reaction time. Apparently the more nearly constant tempera­
ture of the tubular reactor prevented rapid polymerization. In 
the next run, initiator and emulsifier levels were doubled, but 
stil l conversion was low, although phase separation was not so 
severe. With seed latex and still more emulsifier, Run I 
shown in Table II, monomer conversions of about 60% were 
obtained at 50 minutes average residence time in the reactor. 
No phase separation was evident, but later tests indicated that 
some phase separation was occurring. 

T A B L E II 

Recipes for Tubular Reactor Studies 

Run 

Initiator (%) 

Seed 
Polymer (%) 

I 
T04 T06 T08 

0.5 1.0 1.5 

0.4 0.4 0.4 

Seed Latex Type 
II 

T09 T10 T i l 

2.2 2.2 2.2 

1.0 1.0 1.0 

0.4 1.3 2.6 

III 

T12 T13 T14 

2.2 4.4 6.9 

1.0 1.0 1.0 

0.4 0.4 0.4 

Total 
Emulsifier (%) 2.2 2.2 2.2 

Percentages based on total water; 0. 08 gm Na 2 CO 3 /100 gm 
water in each 

Water: Vinyl Acetate 2:1 and ionic emulsifier: nonionic emul­
sifier 3:1 

The monomer conversion in the tubular reactor was regu­
larly measured during the run, but it did not always reach a 
steady state value, even after reaction times equivalent to four 
residence times. At low conversions, steady state was nor­
mally obtained. At exit conversions between approximately 30 
and 60%, conversion increased to a maximum at two residence 
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570 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Figure 2. Effect of initiator concentration on conversion rate in the tubular 
reactor ((I): (O) 0.49%; ( Ο ) 0.98%; (A) 1.47%) 
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34. LEE AND FORSYTH Seeded Polymerization of Vinyl Acetate 571 

times, then oscillated with a constant frequency and amplitude. 
This o s c i l l a t i o n is due to competing functions of the surfactant. 
A s conversion increases, the particle size increases, and more 
surfactant is required to cover the surface. A s the surfactant 
is adsorbed on the surface, there are fewer total p a r t i c l e s , and 
the reaction rate decreases. A t long residence times, steady 
states were observed in s e v e r a l runs, with oscillations in other 
runs. The use of latex seeds and agitation in the emulsion tank 
reduced the osc i l l a t i o n s . 

A t low conversions of vinyl acetate, much of the ionic and 
nonionic e m u l s i f i e r w i l l be within the pools of vinyl acetate. 
As these pools disappear at higher conversions, the e m u l s i f i e r 
becomes available to stabilize the polymer p a r t i c l e s . 

Conversion Rate. F i g u r e s 2-5 show the conversion-time 
curves as a function of initiator concentration, seed concen­
tration, mixed e m u l s i f i e r concentration and size of seed latex. 
The values of conversion, as plotted in F i g u r e s 2 to 5, were 
selected at times equivalent to two residence times, since this 
was either a steady state value or a consistent maximum value. 
Where duplicate samples were collected at two residence times, 
the range of actual values is shown in the plot. It can be seen 
in F i g u r e s 2 and 3 that increased initiator and e m u l s i f i e r levels 
increased the rate of reaction. While Figure 2 is consistent 
with theories of vinyl acetate polymerization, the increased 
amounts of nonionic e m u l s i f i e r s in F i g u r e 3 might be expected 
to retard polymerization, as explained by Netschey (9K Since 
the negatively charged oli g o m e r i c r a d i c a l is unable to penetrate 
the m i c e l l e border because of the viscous nonionic surfactant 
and the anionic surfactant, the rate of polymerization is r e­
tarded. F o r the data presented in F i g u r e 3, however, there is 
additional anionic surfactant (used to colloidally stabilize the 
emulsion) which is also available to create new m i c e l l e s and 
increase the reaction rate. 

F i g u r e 4 shows that higher concentrations of seed latex 
decrease the reaction rate, at constant mixed e m u l s i f i e r con­
centrations, while F i g u r e 5 shows that the smallest latex par­
ticle gave the lowest reaction rate. This effect is explained by 
the decreased availability of e m u l s i f i e r to create m i c e l l e s , 
since the s m a l l seed latex p a r t i c l e or high seed latex concen­
trations adsorb more of the surfactant, thus removing it f r o m 
the water phase. 

Napper and Parts (10) have shown that the reaction rate is 
accelerated when the polymer separates f r o m the water phase 
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572 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

100 ι 1 1 1 1 Γ 

0 10 20 30 40 50 60 
RESIDENCE TIME (min.) 

Figure 3. Effect of mixed emulsifier concentration on conversion in tubular 
reactor ((E): (O) 2.2% ;(0) 4.4%; (A) 6.9%) 

100 ι 1 ι 1 1 ι 

ο ι 1 1 1 1 1 * 

0 10 20 30 iO 50 60 
RESIDENCE TIME (min.) 

Figure 4. Effect of seed concentration on conversion in tubular reactor ((S): (O) 
0.38%; (O) 1.29%; (A) 2.61%) 
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34. LEE AND FORSYTH Seeded Polymerization of Vinyl Acetate 573 

Figure 5. Effect of different seed latexes on conversion in the tubular reactor 
((seed): (O) Latex I; (0) Latex II; (A) Latex III) 
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574 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

to f o r m a polymer p a r t i c l e . This indicates that the princ i p l e 
locus of polymerization is the monomer-swollen polymer par­
ti c l e . F o r a l l of the data in Figures 2-5, there are polymer 
par t i c l e s (seed) available, so there is no slow retarded poly­
m e r i z a t i o n rate, during which the polymer particles are being 
produced. 

P a r t i c l e Size. E l e c t r o n microscopy showed a wide, b i ­
modal range of particle s i z e s . Many particles were about 
1000 A in diameter and were produced by secondary nucleation. 
There were pa r t i c l e s of 10, 000 to 30, 000 A, produced by growth 
of the seed latex p a r t i c l e s . F urther studies are planned to 
eliminate the secondary nucleation and produce a narrower 
range of p a r t i c l e s . 

M o l e c u l a r Weight. Molec u l a r weight values were obtained 
with a G P C unit. This unit was standardized for polystyrene, 
so the polyvinyl acetate values are not quantitative. The weight 
average molecular weights were between 500, 000 and 900, 000. 
No trends of molecular weight average or distribution could be 
deduced. 

Latex Shelf L i f e . The shelf life of seed I was greater than 
6 months, but none of the latexes produced in the tubular r e ­
actor had a shelf l i f e of more than a week. Initially, a thin 
liquid l a y e r formed at the top. A f t e r s e v e r a l weeks, a solid 
l a y e r formed in the bottom of the container. Despite the high 
levels of emul s i f i e r used, the large polyvinyl acetate pa r t i c l e s 
separated quickly. No studies were made to increase the shelf 
l i f e . 

CONCLUSIONS 

This study of the continuous, tubular, seeded emulsion 
polymerization of vinyl acetate has led to the following conclu­
sions: 

1. Complete monomer conversion is possible with high 
concentrations of initiator and mixed em u l s i f i e r . 

2. The use of seed improves the latex stability, but phase 
separations s t i l l occur at low monomer conversions. 
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AB block copolymers of polystyrene 
and polydimethyl siloxane 189 

stabilization in nonaqueous radical 
dispersion polymerization 
with 189-196 

AB block copolymer stabilizers 189 
Acid 

location of model atexes 273/ 
-rich polymer chains 269 
-rich shell, hydrated 265 

Acrylamide(s) 145 
copolymerization of styrene with .... 147/ 

emulsifier-free emulsion 145-155 
derivatives, copolymerization of 

styrene with 151 
as a function of time, conversion of 152/ 
partition coefficients of 151 

Acrylate ester copolymer latexes, 
core-shell structure for acrylic 
acid- 279 

Acrylate second-stage monomer, two-
stage latexes using styrene- 492/ 

Acrylic 
acid 281,406 

copolymer latex, ethyl acrylate-
methyl methacrylate- 79 

copolymers, styrene-butadine- . 78 
latex(es) photon correlation 

spectroscopy 271,272/ 
latex, vinyl 

surface, absorption behavior of 
anionic surfactants at 230/, 231 

and surfactant absorption, 
polarity of 233,234/ 

thickening of 229/ 
second-stage polymerization, 

styrene- 491, 494/ 
semicontinuous solution polymeri­

zation, multicomponent ... 348, 354/ 
Acrylonitrile copolymerization, 

styrene- 416, 417/-419/, 421/ 
Acrylonitrile homopolymerization 435 
Additives 

conversion-time curves for the 
seeded emulsion polymeriza­
tion of styrene in the absence 
and presence of low molecu­
lar weight 360, 362/ 

Additives (continued) 
effects of 

nonreactive, on the kinetics of 
emulsion polymerization 357-367 

water-insoluble on the rate of 
polymerization 366 

on the rate of seeded emulsion 
polymerization of styrene .. 359/ 

to stable latexes, adding 54 
Adiabatic batch reactor 318 
Adiabatic calorimeter reactor 320 
Adsorption 

behavior of anionic surfactants at 
vinyl acrylic latex surface .230/, 231 

electrostatic retardation, reversi­
bility of 14 

of ions on polystyrene latex, rela­
tionship between the electro-
phoretic mobility and 251-261 

isotherms 
and latex thickening, shape of 227, 228/ 
solution 259,261/ 
of sulfated ethoxylate-type 

anionics 227, 228/ 
sodium lauryl sulfate on the electro-

phoretic mobility of polysty­
rene latex, effect of .256/, 257, 258/ 

studies of latexes 226 
surfactant 24 

effect of polymer polarity 236/ 
at a polystyrene-water 

interface 227,235,236/ 
Aging on ion exchanged polystyrene 

latexes, effect of 70/-71/ 
Agglomeration 211,212/ 

effect of dryer conditions of resin .. 211/ 
microphotograph of a porous 

resin 219/ 
in plastisols, microphotograph of .. 220/ 
present in the plastisols, effect of 

atomizer speed on 211-213 
Algorithm 

for closed-loop conversion control 
of continuous emulsion poly­
merization reactors, dead-time 
compensation 533-565 
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self-tuning 558,559 
Z-transform-designated 557 

Alipal 226 

579 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ix
00

1



580 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Alkali-swellable carboxylated latexes, 
preparation and characteriza­
tion of 291-313 

Alkali-swelling and/or dissolving 
behaviors of carboxylated latexes 312/ 

Alkyl triethyl ammonium bromides, 
the mechanical stability of rub­
ber latex, effects of added on 182, 183/ 

Aluminum salts, coagulation of 
polymer latexes with 41 

Ammonium persulfate as initiator 375 
Analytical predictor 

method 534, 535, 536/, 546, 564 
Anionic surfactants 

with a latex interaction 227 
and nonionic 225 
at vinyl acrylic latex surface, 

adsorption behavior 230/, 231 
4,4-Azobis (4-cyanovaleric acid) 158 
Azobisisobutyronitrile as initiator 190 

Β 

Batch 
copolymerization 

average particle size in 427 
factors that affect molecular 

weight 424 
monomer distribution in 427 
styrene-acrylonitrile 418/ 

and corrected batch process 415 
comparison of 429f 
effect of stirring rate on acrylo-

nitrile-styrene copolymeri­
zation with 417i 

polymerization changes in copoly­
mer composition during 298/ 

polymerization emulsion, butyl 
acrylate- 353/ 

-methyl methacrylate 512/ 
emulsion 512/ 
methacrylic acid 296 

reactor 
adiabatic 318 
number of particles produced in 132 
vinyl acetate seed latexes 

produced in 568 
Bimolecular termination 105, 106, 111, 113 

mutual 446 
Block copolymer(s) 

in the dispersion medium, 
solubility of 195 

of polystyrene and polydimethyl 
siloxane, stabilization in non­
aqueous radical dispersion 
polymerization with AB 189 

scattering intensity from poly­
styrene 191/, 194/ 

Brantley's method 557 

Brice Phoenix light scattering appa­
ratus to determine particle size 
of carboxylated latexes 294 

Brittle-ductile behavior of methyl 
methacrylate-ethyl acrylate 
copolymers 383/ 

Brittle-ductile transition 
temperature 379 

Bromoform 406 
Brownian motion 201, 204 
Bubble pressure technique, maximum 508 
Butadiene-styrene 

copolymers 244, 245/, 411 
Butanedione-2,3 (as initiator) 17 

-methacrylic acid 78, 79 
microdomains 408 
pair systems, polystyrene and ...406-413 

3-Butene-2-ol and ethylene glycol 
systems 244 

Butyl acrylate 233,494 
copolymers, vinyl acetate- 80 
latex, T E M micrographs of 

styrene- 498/, 500/, 501/ 
with methyl methacrylate batch-

charged copolymeriza­
tion 348,351,353/ 

1 3 C NMR spectroscopy of carboxylated 
latexes 294, 299, 300/, 390 

Calcium laurate 179 
Calcium and magnesium dodecyl 

sulfates 182 
Calorimeter reactor, adiabatic 320 
Calorimetry for two-stage latexes, 

differential scanning 499/ 
Carbon-hydrogen bond strength 466 
Carbon tetrachloride 406 

carbon tetrabromide, and long 
chain mercaptans on emul­
sion polymerization of styrene, 
effect of 366 

Carboxyl 
-containing monomers 291 
-containing polymer solutions, vis­

cosity maxima of 311 
content and distribution in methyl 

methacrylate-methacrylic acid 
copolymer latex 301, 302/, 303/, 304 

groups in latex 68, 274, 303/, 305/, 313 
location of groups 281 

Carboxylate soaps as rubber latex sta­
bilizer, straight-chain Ci8 177 

potassium 178/ 
Carboxylated latex(es) 

1 3 C NMR spectra of 299, 300/ 
alkali-swelling 291-313 
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Brice Phoenix light scattering appa­
ratus to determine particle 
size of 294 

change in conductance of 301 
light scattering behavior of 307 
modified conductrimetric titration 295 
monomer sequence distribution in .. 299 
optical and viscosity measurements 

of 307 
swelling behavior of 307 

Carboxylic 
acid groups, latexes prepared with 

ionogenic monomers contain­
ing 291 

emulsion polymers 276 
measuring particle 

swelling of 263-277 
latex 273 

as a function of pH, expansion of 287 
by sedimentation method, ex­

pansion curve of 288/ 
swelling properties of particles 384 

Cationic surfactant, coagulation of 
polystyrene and PTFE latexes 
by 48/ 

Cellulose, ethyl hydroxy ethyl 56 
Centrifugation, of polymer latexes 

density gradient 239-249 
Cetyl pyridinium chloride 471 
Cetyl trimethyl ammonium bromide 3 
Chain(s) 

entanglements and glassy-state 
transition 315-325,329 

length of added soap on stability of 
rubber latex, effect of alkyl .... 175/ 

stoppage, first-order .109 
termination of the doubly 

distinguished I l l 
transfer 116, 195, 455, 460, 465, 466 

agents 357 
surfactants as 116 

Chemical stability 
effects of Ci8 soaps on 177 
of natural rubber latex and effects 

of ethylene oxide-fatty alcohol 
condensates on the mechani­
cal 184, 185/, 186/, 187/ 

of polymer latexes, and mechani­
cal 171-188 

of rubber latex and effects of added 
sulfate and sulfonate surfac­
tants on the mechanical 179, 181/ 

Chromatography, gel permeation 
(GPC) 294 

Chromatography, hydrodynamic 319 
Closed-loop conversion control of 

continuous emulsion polymeriza­
tion reactors, dead-time compen­
sation algorithm for 533-565 

Coagulation 6, 7, 161 
concentration, critical 35-39 
particle(s) 19, 20/, 21/ 
of polymer latexes with aluminum 

salts 41 
of polystyrene and polytetrafluoro-

ethylene latexes by cationic 
surfactant 48/ 

retardation by surface active agent.. 18 
of styrene-butadiene latexes 41 
surface 51 

Coagulum 
elimination of 206 
formation (of) 

factors that affect 204 
in a latex 200-202 

in industrial production 201 
mechanism of 202 

polymerization 
effect and formation mechanism 205 
in emulsion formation 199-207 
formed in latex after 201 

on reactor surface 201, 205 
types of 200 

Colloid(s) 
electrophoretic mobility of model .. 75 
ideal 61 
polymer 54 
stability of polymer latexes 54 
surface layers on aqueous 276 
well-characterized monodispersed 

polystyrene latexes as model .61-82 
Colloidal 

particles 
charge on 75 
flocculation of 204 
stabilizing 31 

sol 199 
stable 203 

systems, stability and rheological 
properties of 264 

Colorimetric titration 226 
Computer 

monitoring conversion curves by ... 528 
monitoring of emulsion polymeriza­

tion reactor dynamics, 
on-line 505-513 

process control equations 521 
programs to test models for predict­

ing sequence distribution for 
power-feed copolymers 397 

system to control ratio of mono­
mers, analog 415 

Concentric-sphere theory 280 
Conductometric titration, latexes 

of carboxylated, modified 295 
and characterization of polystyrene 

by ion exchange 63-65 
and cleaning of polystyrene by 

serum replacement 65-71 
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Conductometric titration, latexes (continued) 
of methyl methacrylate-meth-

acrylic acid copolymer 302/ 
Contact angle measurements and 

polarity of latex films 227 
Continuous emulsion polymerization 

in a plug flow reactor, advantage 
of 139 

Continuous emulsion polymerization 
of styrene, mathematical models 
for 122 

Continuous stirred-tank reactors 
(CSTR) 121 

continuous polymerization of vinyl 
acetate in a single 535 

in particle formation, efficiency of 137 
Conversion 

changes in ratio during semicon-
tinuous polymerization 298/ 

control of continuous emulsion 
polymerization reactors, dead-
time compensation algorithm 
for closed-loop 533-565 

curves by a computer, monitoring 528 
emulsifier metering based on rate 

of 515-531 
energy balance equation, 

steady-state 515 
as a function of temperature, 

critical 323/ 
instantaneous and average copoly­

mer composition vs 428/ 
limiting 316, 331, 335 
monomer 

and emulsion density 505 
equation 125 
gravimetric determination of 505 
in tubular reactor 569 

on-line monitoring and free emul­
sifier concentration in emulsion 

polymerization 510/ 
polymer composition vs 148 
profile for methyl methacrylate 334/ 

seed latex seed polymeriza­
tion 336/, 337/, 342/ 

reactor 
control of downstream 554, 559 
control of first 540 

time 
in bulk radiation polymerization 

for vinyl acetate, vinyl tri­
deuteroacetate, and trideu­
terovinyl acetate 458, 459/ 

curves for the seeded emulsion 
polymerization of styrene 
in the absence and presence 
of low molecular weight 
additives 360, 362/ 

fractional function of 355 

Conversion (continued) 
time (continued) 

of neutralization reaction with, 
percent 306/ 

and polymer composition de­
pendence on reaction 146 

rate and emulsifier metering 
vs 527/, 529/ 

variation of the propagation 
constant with 322/ 

of vinyl acetate system, 
open-loop 541/, 542/ 

Copolymer 
brittle-ductile behavior of methyl 

methacrylate-ethyl acrylate- .. 383/ 
butadiene-styrene 244 

-acrylic acid 78 
and incompatible polystyrene .... 411 
-methacrylic acid 78, 79 
microdomains 408 
pair systems, and polystyrene 405-413 

by 1 3 C , monomer sequence distri­
bution in 294 

composition 
during batch polymerization, 

changes in 298/ 
constant 427 

in emulsion polymerization, 
new design for pro­
ducing 415-436 

vs. conversion, instantaneous 
and average 428/ 

relationship between flexibility 
and 382, 383/ 

computer programs to test models 
for predicting sequence distri­
bution for power-feed 397 

differences between conventional 
mixed seed, staged, and 
power-feed 393 

in the dispersion medium, solu­
bility of the block 195 

latex(es) 
of butadiene and styrene acrylo­

nitrile, graft 244, 245/ 
changes in conductance of a 

cleaned 300/ 
core-shell structure for acrylic 

acid-acrylate ester 279 
distribution of carboxyl 

groups 303/, 305/ 
ethyl acrylate-methyl meth-

acrylate-acrylic acid 79 
methyl methacrylate-meth-

acrylic acid 
carboxyl content and distribu­

tion in 301, 302/, 303/, 304 
characteristics of the 297/ 
conductometric titration of .... 302/ 
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INDEX 583 

Copolymer (continued) 
latex(es) (continued) 

methyl methacrylate-meth-
acrylic acid (continued) 

prepared by batch and semi-
continuous polymeriza­
tion, comparison of 296 

swelling behavior of 304-312 
molecular weight determination 

of 294 
particle sizes and surface coverage 

of PMMA dispersion in floc-
culation experiments stabiliz­
ing 193/ 

of polystyrene and polydimethyl 
silozane stabilization in non­
aqueous radical dispersion 
polymerization with AB 
block 189-196 

scattering intensity from polysty­
rene block 191/, 194/ 

of styrene and ethyl acrylate 390 
random 391 

vinyl acetate-butyl acrylate 80 
vinyl acetate-ethylene 244 

Copolymerization 
of BA with MMA, batch-charged 348 
of BA and MMA emulsion 351 
batch 

average particle size in 427 
factors that affect molecular 

weight in 424 
monomer distribution in 427 
styrene-acrylonitrile 418/ 

via radical mechanism 415 
(of) styrene-

with acrylamide derivatives 151 
with acrylamide, emulsifier-free 

emulsion 145-155 
acrylonitrile 

controlling emulsion 416 
in corrected batch process, 

effect of monomer initial 
concentration on 419/ 

with corrected batch process, 
effect of stirring rate on 417/ 

monomer contents in various 
phases of 421/ 

reactivity ratios for 416 
within particles 433 
preferential polymerization at the 

first stage of 148, 348 
semicontinuous 433 

emulsion 291-292 
Core-shell 

latex from a homogenous latex, 
distinguishing 287 

structure for acrylic acid-acrylate 
ester copolymer latexes 279 

279 

179 

Core-shell (continued) 
theory and model 

Counterion effects on mechanical 
stability 

CSTR (see Continuous stirred-tand 
reactors) 

CTAB (see Cetyl trimethyl ammo­
nium bromide) 

D 
D 2 0, gradient system of H 2 0 and 244 
Dankwerts for diffusion with reaction, 

theory of 13 
Dead-time compensation 554 

algorithm for closed-loop conversion 
control of continuous emulsion 
polymerization reactors 533-565 

De-ammoniation of natural rubber 
latex 172 

Densimetry to measure the polymeri­
zation process, use of 351 

Densimetry for monitoring styrene 
polymerizations, suitability of .... 348/ 

Densimetry, polymerization 
kinetics by precision 345-355 
to measure the process, use of 351 
for monitoring styrene suitability of 348/ 

Density 
cell, temperature control in 346 
equipment for automatic, continu­

ous operation, kinds of 347 
gradient centrifugation 

method for characterizing poly­
mer latex particles, applica­
tion of 246 

of polystyrene latex rapid 239-249 
standard method of 239 

gradient systems, requirements for . 244 
meter(s) 346 

gamma-ray 345 
precision digital 345 

and monomer conversion, emulsion 505 
of a process stream, digital densi­

tometer to monitor 505 
profile, determination of 241, 242/, 243/ 

Deuterium isotope effect 455 
Dialysis 62 

and latexes ion exchange 226 
Dibutyl sebacate as the plasticizer 211 
Diffusion 

chain entanglement, influence on .... 329 
-controlled 

kinetics in the emulsion poly­
merization of styrene 
and MMA 327-341 

propagation reaction on the 
polymerization rate, effect of 318 

reactions 329 
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584 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Diffusion (continued) 
of the polymer, restricted 327 
with reaction, theory of Dankwerts 

for 13 
Digital control loop for downstream 

reactors 556/, 563/ 
Digital density meter, precision 345 
Dioctyl phthalate, light scattered by 

single aerosol droplets of 101 
Dioctyl phthalate plastisols, viscosity 

analysis of resin 
in 210, 214/-216/, 217/ 

Disc centrifuge 210 
with photosedimentometer 484, 521 

N,iV-Dimethylacrylamide 145 
Dispersion(s) 

in flocculation experiments, stabiliz­
ing copolymers, particle sizes 
and surface coverage of 
PMMA 193/ 

medium, solubility of the block 
copolymer in the 195 

polymerization 
with AB block copolymers of 

polystyrene and polydi-
methyl siloxane, stabiliza­
tion in nonaqueous 
radical 189-196 

and solution polymerization, con­
version and particle size as 
a function of time for 162/ 

of vinyl acetate, radical 189 
properties 190 
stability 190 
viscosity of a 190, 265 

Dissymmetry method 294 
DLVO theory 11 
Dodecyl hexaoxyethylene glycol 

monoether 48 
Doppler shift of light by the moving 

particle 85 
Downstream reactor(s), control 

conversion 554, 559 
loop for, digital 556/, 563/ 
system performance for 563/ 

Drying, latex 210 
Drying process for emulsion PVC, 

spray 223 
Ductile behavior of methyl meth-

acrylate-ethyl acrylate copoly­
mers, brittle- 383/ 

Electrolyte, particle shrinkage due 
to added 274 

Electrolyte, stability of latexes in 
the presence of added 166 

Electromagnetic scattering theory of 
concentric shell model 279 

Electron micrographs, transmission .... 190 
of two-stage latex particles 408, 409/, 

410/, 411,412/ 
Electron microscopy 134,280 

determination of particle size ... 474, 574 
diameters 72/ 
latex particle structure analyzed 

by transmission 497 
Electrophoresis, microcapillary 75 
Electrophoretic mobility 72 

of model colloids 75 
Electrophoretic mobility and the ab­

sorption of ions on polystyrene 
latex, relationship between ... 251-261 

Electrostatic 
charge 269 
effect 17 
energy 163 
repulsion between charged radicals 

and particles 11 
Emulsifier(s) 483 

acceleratory effect of added 5 
catalysis of thermal initiation of 

styrene emulsion polymeriza­
tion by 471-480 

concentration 435 
dependence of particle number 

on 23/ 
free 511 
on the number of polymer parti­

cles formed, influence of ... 1 
operating reactor trains at high .. 554 
surface tension and free 507 

-free emulsion copolymerization of 
styrene with acrylamide ...145-155 

metering 521,524 
based on rate of conversion .515-531 

nonionic 471,571 
to produce monodisperse latexes, 

mixed 567 
as the source of free radicals, 

peroxides in 472 
Emulsion 

copolymerization 
of BA and MMA 351 

controlling styrene-acrylonitrile 416 
semicontinuous 291-292 
of styrene with acrylamide, 

emulsifier-free 145-155 
polymerization 

coagulum in 199-207 
conversion monitoring of 507 

on-line and free emulsifier 
concentration in 510/ 

effect of nonreactive on the 
kinetics of 357-367 

first reported 1 
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INDEX 585 

Emulsion (continued) 
polymerization (continued) 

Harkins-Smith-Ewart theory of 435 
and homogeneous nucleation, 

history of 3-6 
kinetics 315-325 
of methyl methacrylate 

batch 512/ 
butyl-acrylate 353/ 

continuous 512/ 
in semicontinuous 350/ 

new design for producing 
constant composition co­
polymers in 415-436 

in nonaqueous media, ionic 25 
nucleation period during 2 
optimal reactor type and opera­

tion for continuous 121-143 
particle formation in 121 
in a plug flow reactor, advantage 

of continuous 139 
preparation of a latex by 61 
rate of polymerization in 463 
reactor(s) 

dead-time compensation algo­
rithm for closed-loop 
conversion control of 
continuous 533-565 

dynamics, on-line com­
puter 503-513 

train for 534, 535 
seeded 199 
stage 3,315 
staged 405 
of styrene 321/, 322/, 323/, 

325/, 349/, 357 
continuous 128 

in the first-stage reactor, 
steady-state character­
istics of 128 

mathematical models for . 122 
effect of carbon tetrabromide, 

carbon tetrachloride and 
long chain mercaptans 
on 366 

by emulsifiers, catalysis of 
thermal initiation 471-480 

and methyl methacrylate, dif­
fusion-controlled kinetics 
in 327-341 

seeded 358 
effect of additives on the 

rate of 359/ 
in the absence and presence 

of molecular weight 
additives, conversion-
time curves for 360, 362/ 

semicontinuous 352/ 
of methyl methacrylate 348 

Emulsion (continued) 
polymerization (continued) 

of styrene (continued) 
types of 199,200 
of vinyl acetate 455-468 

and butyl acrylate 226, 230/ 
in a tubular reactor, 

seeded 567-574 
vinyl trideuteroacetate, and tri-

deuterovinyl acetate, 
rates of 461/ 

polymers 
1 3 C NMR spectroscopy, nonuni­

form 389-402 
carboxylic 276 

measuring particle swelling 
of 263-277 

nonuniform 371-387 
particles, light scattering studies 

of the internal structure 
of 279-289 

predicting structure-process-
property relationships in .... 391 

prediction of molecular weight 
distributions of 105-119 

stiffness-temperature, comparison 
of two 377, 378/ 

stress relaxation comparison 
of two 377, 378/ 

swelling behavior of methyl 
methacrylate-methacrylic 
acid 263 

PVC, spray drying process for 223 
reactivity ratios 420 

Energy balance equation, steady-state 
conversion 515 

Ethoxylate type anionics, absorption 
isotherms of sulfated 227, 228/ 

Ethyl acrylate 
coploymers, brittle-ductile behavior 

of methyl methacrylate 383/ 
emulsion polymerization of 22 
methyl methacrylate- 382, 383/ 

-acrylic acid copolymer latex ... 79 
-styrene 395, 398/ 

copolymer of 390 
random 391 

-methacrylic acid latexes 384 
systems, starved-feed 398 

Ethyl hydroxy ethyl cellulose 56 
Ethylbenzene 364 

kinetics of the seeded emulsion 
polymerization of styrene in 
the presence of 364/ 

on monomer concentration in seed 
particles, effect of added 365/ 

Ethylene 
copolymer, vinyl acetate- 244 
glycol system, and 3-butene-2-ol .... 244 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 7

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
5.

ix
00

1



586 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Ethylene (continued) 
oxide condensates have been 

added, chemically-destabilized 
latexes to which 188 

oxide-fatty alcohol condensates 
the mechanical and chemical 
stability of natural rubber 
latex, effects 
of 184, 185/, 186/, 187* 

2-Ethylhexyl acrylate, emulsion 
polymerization of 22 

F 
Fatty-acid soaps, saturated straight-

chain 173, 174/, 180/ 
Fatty alcohol condensates on the me­

chanical and chemical stability of 
natural rubber latex, effects of 
ethylene oxide- 184, 185/, 186/, 187/ 

Film(s) 
latex 

morphology of two-stage 497 
particles that form smooth, 

glossy 385 
polarity of 235 

contact angle measurements .. 227 
Fitch theory 435 
Floe structure 54-56 
Flocculation 43, 204, 424 

of colloidal particles 204 
experiments, stabilizing copolymers, 

particle sizes and surface cov­
erage of PMMA dispersions 
in 193/ 

rate of 204 
studies 159, 166, 191 
temperatures, critical 158, 166 
temperatures for a latex 167/ 

Flory's expression for a three-com­
ponent system 363 

Flory-Huggins 
interaction parameter 9, 361 

Flory-Huggins latex theory of a 
polymer solution 433 

Fuchs stability factor 6, 19 
Functional groups on latex perform­

ance, effect of 77 

G 
Gamma-ray density meters 345 
Gas chromatographic analysis of 

monomer mixture 415 
Gegenbauer polynomial 446 
Gel effect 327, 335 

Trommsdorff 351, 366 
Gershberg model 124 
Glass-transition temperatures 195, 316, 330 

Glassy-state transition, chain en­
tanglements and 315-325 

GPC (Gel permeation chroma­
tography) 294 

Gradient 
centrifugation, rapid density 

of polymer latexes 239-249 
method for characterizing and 

application of 246 
of polystyrene latex 241, 243/ 
standard method of 239 

system of H 2 0 and D 2 0 244 
systems requirements for, density .. 244 

Grafting reaction 195 
Growth 

and kinetics determined by laser 
light scattering, nucleation .... 20/ 

mechanism, onion skin 385 
particle 

by coagulation 20/ 
and latex nucleation 1-27 
surface area 524/, 526/, 527/ 

H 
H 2 0 and D 2 0, gradient system of 244 
Harkins-Smith-Ewart theory of emul­

sion polymerization 435 
Heat transferred from the reactor 

to the jacket 517/, 520/, 523/ 
n-Heptane 195 
Heterocoagulation 49 
Homogeneous 

latex, distinguishing a core-shell 
latex from 287 

nucleation, and history of emulsion 
polymerization 3-6 

nucleation mechanism 148 
sphere, theoretical calculations 

for 282,284/ 
Homopolymerization, acrylonitrile .... 435 
Homopolymerization of styrene 316 
Huggins interaction parameter, Flory- 361 
Hydrocarbon-hydrophobic substrates 47 
Hydrocarbons, polymethyl meth­

acrylate particles in aliphatic .... 189 
Hydrodynamic chromatography 319 
Hydrodynamic radius 287 
Hydrogen, vinyl 465 

acetate 455 
Hydrolysis 74 
Hydrophobic bonding 163 
Hydroquinone as retarder 471 
Hydroxyl 

end groups 63 
surface groups 65 
-form of polystyrene latex, electro­

phoretic mobility 
of 254, 255/, 256/ 
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INDEX 587 

N-Hydroxymethyl acrylamide 145 
polymerization of styrene in the 

presence of 155 

I 
Igepal 226 
Inhibition, micellar catalysis or 473 
Initiation reaction, mechanism by 

which emulsifiers influence 
thermal 479 

Initiator 
ammonium persulfate as 375 
azobisisobutyronitrile as 190 
butanedione-2,3, as 17 
potassium persulfate as 226, 332 

Intensity coefficient, Mie theory 93 
Interaction parameter 233 

Flory-Huggins 9 
portmanteau 157 

Inversion problem 99 
Ion(s) 

exchange(d) 62 
and conductometric titration, 

characterization, of polysty­
rene latexes by 63-65 

and dialysis of latexes 226 
latex 74 

polystyrene latexes, effect of aging 
on 70/, 71/ 

perfluoro-octanoate 45 
on polystyrene latex, relationship 

between the electrophoretic 
mobility and the adsorption 
of 251-261 

radicals 61 
with water, side reaction of 

sulfate 65 
that interact with water 39-41 

Ionic reactions 473 
Isotherms, solution adsorption 259, 261/ 
Isotope effect 463 

deuterium 455 

Κ 
Kalman-designed algorithm 558 
Kelen-Tudos method 416 
Kinetics 

of emulsion polymerization 
effect of nonreactive additives 

on the 357-367 
precision densimetry 345-355 
of the seeded of styrene in the 

presence of ethylbenzene 364/ 
of styrene and methyl meth­

acrylate, diffusion-con­
trolled 327-341 

treatment of 328 

Kinetics (continued) 
of micellization 479 
nucleation 

determined by laser light scatter­
ing, particle and growth .... 20/ 

experiments on 17—18 
light scattering apparatus for 16/ 
of primary particle 16/ 

particle formation 4f, 12/ 
by precision, densimetry polymeri­

zation 345-355 
Smith-Ewart 9, 358, 567 

Krafft point 48 

L 

Laser light scattering, particle nuclea­
tion and growth kinetics deter­
mined by 20/ 

Latex(es) 
acid location analysis of model 273/ 
adsorption studies of 226 
angular scattering for 288/ 
carboxyl content and distribution 

in M A A - M M A 301, 302/, 303/, 304 
of carboxylated 

1 3 C NMR spectra 300/ 
change in conductance 301 
characterization of latex 

particles 294-295 
light scattering behavior 307, 309 
modified conductrimetric titration 295 
monomer sequence distribution 299 
optical measurements 307 
preparation 292 

and characterization of alkali-
swellable 291-313 

viscosity 307 
cleaning 158,251 

dialysis for 67-68 
coagulation 

with aluminium salts, of polymer 41 
critical concentration values for 

polymer 39/ 
of styrene-butadiene 41 

coagulum formulation of 200-202 
conductometric titration data for 

polyacrylic acid 1 64/ 
of copolymer 

of butadiene and styrene acrylo­
nitrile, graft 244, 245/ 

core-shell structure for acrylic 
acid-acrylate ester 279 

ethyl acrylate-methyl meth-
acrylate-acrylic acid 79 

molecular weight determination 
of 294 

rapid density gradient centrifu-
gation 239-249 
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588 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Latex(es) (continued) 
core-shell 281 

from a homogeneous latex, 
distinguishing 287 

critical flocculation temperatures 
for 167/ 

effect of adsorbed sodium lauryl 
sulfate on the electrophoretic 
mobility of 256/, 258/, 257 

films, polarity 235 
and contact angle measurements 227 

Flory-Huggins theory of a polymer 
solution 433 

industrial 77-81,201 
instantaneous rate data for mono-

dispersed 320, 321/ 
ion-exchanged 74 

and dialysis of 226 
made with a linear power feed 381/ 
of M M A - M A A copolymer 

characteristics 297/ 
conductometric titration 302/ 
prepared by batch and semicon-

tinuous, comparison 296 
swelling behavior 304-312 

mixed emulsifiers to produce 
monodisperse 567 

particle(s) 
of carboxyl (groups) 273 

distribution, in copolymer 303/, 305/ 
effects of polymerization ... 313 

as a function of pH, expansion 287 
prepared with ionogenic 

monomers containing, 
acid 291 

by sedimentation method, ex­
pansion curve, latex 288/ 

surfaces 274 
swelling properties 384 

composition distribution of 239 
dust, removal of 282 
free radical polymerization in .... 315 
glossy films, smooth 385 
by light scattering, characteri­

zation of 85-102 
monomer feed composition dur­

ing polymerization, altering 371 
morphology 496 
by multiple stages, preparation 

of heterogeneous 483 
nucleation 

energy of activation for 475 
and growth 1-27 
micellar 473 

size distribution of a seeded PVC 525/ 
stabilization of 31-57, 151 
structure 499 

analyzed by transmission elec­
tron microscopy 497 

Latex(es) (continued) 
particle(s) (continued) 

surface layer of 165/ 
wide-angle light scattering 

analysis of 285, 286/ 
by photon correlation spectroscopy, 

acrylic 271,272/ 
polybutadiene 246 
polyelectrolyte-stabilized 157-168 
polymer, stability of 32 

colloid 54 
factors controlling 56 
mechanical and chemical 171-188 

polymerization 
after, coagulum formed in 201 
conversion profiles for methyl 

methacrylate 
seed 336/, 337/, 342/ 

by emulsion, preparation of 61 
multiple stage 502 
obtained by thermal of styrene, 

particle sizes of 478/ 
particles by changing the mono­

mer feed composition, alter­
ing the properties of 371 

stability during 199,202,332 
polymethyl methacrylate 271, 276 
of polystyrene 251, 276 

attempts to hydrolyze the surface 
sulfate groups 73 

by cationic surfactant, coagula­
tion of polytetrafluoro-
ethylene and 48/ 

characterization 252 
effec of aging on ion-

exchanged 70/-71/ 
electrophoretic mobility 253/, 255/, 

256/, 258/ 
of the hydroxyl-form 254, 255/, 256/ 
particle effect of NaCl on .252, 253/ 

as model colloids, well-charac­
terized monodispersed 61-82 

particle(s) 
cleaning surface of mono­

disperse 81 
diameters of 72/ 
size and surface charge 

density 254/ 
rapid density gradient centrifu-

gation 241,243/ 
seed 319,483,485 
by serum replacement and con­

ductometric titration, 
cleaning 65-71 

sources of carboxyl groups in .... 68 
polyvinyl acetate 80, 246, 247/, 574 

surfactant interactions and poly­
vinyl acetate-butyl 
acrylate 225-237 
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INDEX 589 

Latex(es) (continued) 
preparation 153, 158, 159, 209, 

264, 281 
of monodisperse and clean 153 
from polyacrylic acid 159 

in the presence of added electro­
lyte, stability of 166 

seed 
compositions 485/ 
concentration on reaction rate, 

effect of 571 
into the continuous reactor 

system, feeding 546 
formulation(s) 338/ 

and rate parameters 340/ 
particle growth at high surfac­

tant surface coverage ...483-503 
polymerization 328 

conversion profiles for 
styrene 336/, 337/, 342/ 

in the presence of water-insolu­
ble low molecular weight 
compounds, swelling of .... 361 

titration data for 488/ 
stability failure 202 
stability of rubber, effects of 

added n-alkyl triethyl ammo­
nium bromides on the 
mechanical 182, 183/ 

added straight-chain potassium 
fatty-acid soaps on 174/ 

of added sulfate and sulfonate 
surfactants on the mechani­
cal and chemical 179, 181/ 

alkyl chain length of added soap 
on 175/ 

ethylene oxide-fatty alcohol con­
densates the mechanical and 
chemical ... 184, 185/, 186/, 187/ 

laurates on 180/ 
potassium soaps 

on 174/, 177, 178/, 180/ 
straight-chain potassium d 8 

carboxylate soaps on 178/ 
styrene-ethyl acetate-methacrylic 

acid 384 
surfactants 

added to, effects 45-49 
complexes, solubilized 231 
with interaction of anionic 227 

transmission electron microscopy 
photomicrographs of styrene-
butyl acrylate 498/, 500/, 501/ 

and thickening, shape of adsorption 
isotherms 227,228/ 

of two-state 496 
differential scanning calorime-

try for 499/ 
film morphology 497 

Latex(es) (continued) 
two-state (continued) 

made with a monomer feed 380/ 
particles, morphology 405-413 

polymerization conditions on . 411 
particles, transmission electron 

micrographs 408, 409/, 410/, 
411,412/ 

samples, preparation of 406 
using styrene-acrylate second-

stage 492/ 
made with a uniform monomer 

feed 380/ 
of vinyl acrylic 

surface, adsorption behavior of 
anionic surfactants at ...230/, 231 

surfaces, surface chemistry 235 
and surfactant adsorption, 

polarity 233,234/ 
thickening 229/ 

viscosity 149 
Laurate(s) 

calcium 179 
lithium 179 
morpholinium 179 
on rubber latex stability, effect of .. 180/ 
soaps 179 

Light by the moving particle, Doppler 
shift of 85 

Light scattering 
analysis of latex particles, 

wide-angle 285,286/ 
apparatus to determine particle 

size of carboxylated latexes, 
Brice Phoenix 294 

apparatus for nucleation kinetics .. 16 
applications of wide-angle 101 
behavior of carboxylated latexes 307, 309 
characterization of latex particles 

by 85-102 
concentration dependence of 280 
patterns, effects of refractive index 

and polarization on the wide-
angle 91,93 

photometer 267, 268/ 
by single aerosol droplets of 

dioctyle phthalate 101 
studies of the internal structure of 

emulsion polymer particles 279-289 
Lithium laurate 179 
London-van der Waals forces 203 

M 
Macromolecules, effects of absorbed .51-54 
Magnesium dodecyl sulfates, and 

calcium 182 
Maron's technique, surfactant surface 

area, determination of by 486 
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590 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Maron type plot 490/ 
Mathematical models for the vinyl 

acetate system 538 
Mechanical (and chemical) stability 

counterion effects on 179 
of natural rubber latex, effects of 

ethylene oxide-fatty alcohol 
condensates ...184, 185/, 186/, 187/ 

of rubber latex, effects of added 
«-alkyl triethyl ammonium 
bromides on 182, 183/ 

of rubber latex, effects of added 
sulfate and sulfonate sur­
factants 179,181/ 

Mercaptans on emulsion polymeriza­
tion of styrene, effect of carbon 
tetrabromide, carbon tetrachlo­
ride, and long chain 366 

Metering, emulsifier 521, 524 
vs. time, and rate of conver­

sion 515-531,527/, 529/ 
Methacrylamide 145 
Methacrylic acid 494 

-acrylate latexes, styrene-ethyl ... 384 
batch polymerization of methyl 

methacrylate- 296 
copolymers latex(es) 

carboxyl content and distribu­
tion in methyl meth­
acrylate .301, 302/, 303/, 304 

characteristics of 297/ 
conductometric titration of 

methyl acrylate- 302/ 
copolymers, styrene-butadiene- 78, 79 

emulsion polymers, swelling behav­
ior of methyl methacrylate .... 263 

Methanol 246,248/ 
Methyl methacrylate 160,332,346, 

471,494 
-acrylic acid copolymer latex, 

ethyl acrylate- 79 
conversion profile for 334/ 
and emulsion copolymerization of 

butyl acrylate 351 
emulsion polymerization of 505 

batch of 512/ 
butyl acrylate- 353/ 

continuous 512/ 
and diffusion-controlled kinetics, 

styrene 327-341 
semicontinuous 350/ 
and styrene 348 

-ethyl acrylate 382, 383/ 
copolymers, brittle-ductile 

behavior of 383/ 
latex recipe 349/ 
-methacrylic acid 

batch polymerization of 296, 297/ 

Methyl methacrylate (continued) 
-methacrylic acid (continued) 

copolymer latex(es) 
carboxyl content and distribu­

tion in 301,302/, 303/, 304 
characteristics of 297/ 
conductometric titration ·.. 302/ 
prepared by batch and semi-

continuous, comparison of 296 
swelling behavior of 304-312 

emulsion polymers, swelling 
behavior of 263 

semicontinuous polymerization 
of 297/ 

polymerization of 3 
bulk 315 
copolymer latexes prepared by 

batch and semicontinuous, 
comparison of 296 

and vinyl acetate, suspension of 358 
Micellar catalysis 472 

or inhibition 473 
Micellar nucleation of latex particles .. 473 
Micelle(s) 124 

concentration, critical 1,257,483 
initiation in 61 
particle formation 524 

as locus of 1 
and particles, radical entry into 124 
as sites for nucleation 24 

Micellization, kinetics of 479 
Michaelis-Menten equation 472 
Microcapillary electrophoresis 75 
Microdomains, styrene-butadiene 

copolymer 408 
Micrograph(s) 

of polyvinyl acetate particles, 
electron 194/ 

transmission electron 190 
of two-stage latex 

particles 408, 409/, 410/, 411, 412/ 
Microscopy, electron 134, 280 

determination of particle size by .... 574 
latex particle structure analyzed 

by transmission 497 
to measure particle size 159 

Mie theory coefficient 281 
intensity 93 

M M A - M A A (see Methyl meth-
acrylate-methacrylic acid) 

Mobility 
chain end 331 
electrophoretic 72 

of model colloids 75 
of polystyrene latex 253/, 255/, 

256/, 258/ 
adsorption of ions, and the 

relationship between .251-261 
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INDEX 591 

Mobility (continued) 
electrophoretic (continued) 

of polystyrene latex (continued) 
effect of adsorbed sodium lauryl 

sulfate on 256/, 258/, 257 
effect of NaCl on 252, 253/ 
of the hydroxyl-form 

of 254, 255/, 256/ 
Molecular weight 

additives, conversion-time curves 
for the seeded emulsion polym­
erization of styrene and in the 
absence and presence of 
low 360,362/ 

in batch copolymerization, factors 
that affect 424 

compounds, swelling of the seed 
latex in the presence of 
water-soluble 36 

dependence of surface coverage on 192/ 
determination of 467 
distribution of emulsion polymers, 

prediction of 105-119 
instantaneous average 118 
of polyvinyl acetate, polyvinyl tri-

deuteroacetate, and polytri-
deuterovinyl acetate, intrinsic 
viscosities and 462/ 

and stabilizing 191 
Monodisperse and clean latexes, 

preparation of 153 
Monodisperse polystyrene latexes as 

model colloids, well-character­
ized 61-82 

Monomer(s) 
acting as a plasticizer, unreacted .... 316 
carboxyl-containing 291 
chain transfer to 116 

of growing radical 455 
concentration 

as a function of time 375, 376/ 
instantaneous 389 
in seed particles, effect of added 

ethylbenzene on 365/ 
on steady state particle number 

produced, effect of 141/ 
on a styrene-acrylonitrile co­

polymerization incorrected 
batch process, effect of 
initial 419/ 

containing carboxylic acid groups, 
latexes prepared with iono-
genic 291 

contents in the various phases of 
styrene-acrylonitrile copolym­
erization 421/ 

conversion 
determining 515 

Monomer(s) (continued) 
conversion (continued) 

and emulsion density 505 
fractional 506 
gravimetric determination of .... 505 

distribution in batch copolymeri­
zation 427 

feed 
arrangement, three-tank 372, 376/ 

concentration reversals in 375 
composition of 

equation for the instantaneous 372 
during polymerization, altering 

the properties of latex 
particles by changing .... 371 

stream, multi-tank arrange­
ment for continuously 
changing 385 

divided 133, 137, 138/, 142/ 
plug flow reactor with 143 

latex made with a uniform 380/ 
mixture, gas chromatographic 

analysis of 415 
particle(s) 

mixture inside, composition of .. 417 
solubility on size, effects of 22 
volume fraction in 420 

polymer solution, glass point of .... 331 
-rich shell model 405 
sequence distribution in car­

boxylated latexes 299 
sequence distribution in co­

polymer by 1 3 C 294 
-starved conditions 390 
stream composition, monomer tank 

arrangement for continuously 
changing 374/ 

tank arrangement for continuously 
changing the monomer-feed 
composition 374/ 

Morpholinium cation, adsorption of .. 182 
Morpholinium laurate 179 
Morphology, latex particle 496 
Morphology of two-stage latex, film .. 497 

particles 405-413 
polymerization conditions on .... 411 

Multi-reactor trains 533 
Multi-tank arrangement for continu­

ously changing the composition 
of a monomer feed stream 385 

Multivaluedness 99 

Ν 

NaCl on the electrophoretic mobility 
of polystyrene latex particle, 
effect of 252, 253/ 
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592 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Natural rubber latex, de-ammoniation 
of 172 

Natural rubber latexes of reduced sta­
bility, preparation of 172 

NMR spectroscopy, 1 3 C 390 
nonuniform emulsion polymers 389-402 

Nomura and Harada model 123, 134 
Nonionic emulsifiers 471 
Nonionic surfactants 48 

and anionic 225 
Nonsteady-state equation 516 
Nucleation 161,360,438 

continuous 435 
homogeneous 3 

and history of emulsion, 
polymerization 3-6 

mechanism 148 
kinetics 
experiments on 17-18 
growth determined by laser light 

scattering, particle 20/ 
light scattering apparatus for 16/ 
micelles as sites for 24 
particle 539,554 

latex 
energy of activation for 475 
and growth 1-27 
micellar 473 

locus of 61 
kinetics of primary 16/ 
thermodynamic control of 6 

period during emulsion polymeri­
zation 2 

rate, effect of variables on 13 
secondary 574 
self- 7 
theory 2-3 

Nucleus formation as a function of 
size, free energy 4/ 

Ο 

Octadecane 363 
Oligometric styrene 163 
Oligoradicals 10 
Onion skin growth mechanism 385 
On-line surface tensiometer 509/ 
Open-loop performance of a two 

equal-sized reactor train 540 
Optical measurements of carboxylated 

latexes 307 
Optical microscopy analysis 

resins 218, 220/, 221/ 
Optics, Schlieren 239 
Optimal reactor type and operation 

for continuous emulsion polym­
erization 121-143 

Optimum PID controller 557 

Ρ 
Particle(s) 

in aliphatic hydrocarbons, poly-
methyl methacrylate 189 

in carboxylated latexes, characteri­
zation of latex 294-295 

composition of the monomer mix­
ture inside 417 

copolymerization within 433 
diameter on ethanol, water ratio 

dependence of 160/ 
diameter on styrene concentration, 

dependence of 159/ 
Doppler shitf of light by moving .... 85 
effect of added ethylbenzene on 

monomer concentration in 
seed 365/ 

and electrostatic repulsion between 
charged radicals 11 

equations, distinguished 107-110 
expansion 289 

factors which control 384 
flocculation of colloidal 204 
formation 

efficiency of a CSTR in 137 
in emulsion polymerization 121 
kinetics 4/, 12/ 
mechanism of 22 
micelle 524 

as locus of 1 
rate of radical capture and its 

effect on the rate of 9 
role of coagulation in 19 
Smith-Ewart second idealized 

situation in 123 
formed as a function of time, effect 

of experimental variables on 
the number of primary 11 

as a function of surfactant concen­
tration, half-lives of coagu­
lating 21/ 

growth 61 
by coagulation 20/ 
at high surfactant surface cover­

age, latex seed 483-503 
latex(es) 

application of the rapid density 
gradient centrifugation 
method for characterizing 
polymer 246 

energy of activation for the 
nucleation of 475 

forming smooth, glossy films ... 385 
by light scattering, characteriza­

tion of 85-102 
morphology 496 
by multiple stages, preparation 

of heterogeneous 483 
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INDEX 593 

Particle(s) (continued) 
polystyrene 

cleaning surface of monodis­
perse 81 

effect of NaCl on the electro­
phoretic mobility of 252, 253/ 

size and surface charge 
density of 254/ 

-size determination of 226 
size distribution of a seeded PVC 525/ 
stabilization 31-57, 151 
swelling properties of carboxylic 384 
surface layer of 165/ 
surfaces, carboxyl groups on 274 
two-stage 

morphology of 405-413 
polymerization conditions on 

the morphology of 411 
transmission electron micro­

graphs of 408, 409/, 410/, 
411,412/ 

wide-angle light-scattering 
analysis of 285, 286/ 

light scattering intensity as a mea­
sure of the relative number of 18 

light scattering studies of the inter­
nal structure of emulsion 
polymer 279-289 

monomer volume fraction in 420 
nucleation 539 

and growth kinetics determined 
by laser light scattering 20/ 

and growth, latex 1—27 
kinetics of primary 16/ 
locus of 61 
thermodynamic control of 6 

number 
on emulsifier concentration, 

dependence of 23/ 
produced, effect of monomer 

concentration on steady 
state 141/ 

quantitative prediction of 7-9 
polymer, number of 

formed, influence of emulsifier 
concentration on the 1 

increasing 133 
with mean residence time, 

variation of 130 
polystyrene 201 
polyvinyl acetate 195 

electron micrograph of 194/ 
produced in a batch reactor, 

number of 132 
and radicals entry into micelles 124 
radius 9 
shrinkage due to added electrolyte 274 
size 

batch copolymerization, average 427 

Particle(s) (continued) 
size (continued) 

of carboxylated latexes, Brice 
Phoenix light scattering 
apparatus to determine 294 

distribution 
control of 515-531 
curve 530/ 
and plastisol rheology, effect of 

spray drying parameters 
on polyvinyl chloride 
resin 209 

effect of polyacrylic acid concen­
tration on 162/ 

effects of monomer solubility on 22 
by electron microscopy, deter­

mination of 474 
electron microscopy to measure 159 
as a function of time for disper­

sion polymerization and 
solution polymerization 162/ 

with pH, changes in apparent .... 310/ 
and surface coverage of PMMA 

dispersions in flocculation 
experiments, stabilizing 
copolymers 193/ 

stabilized by surface layers of 
silicone 189 

surface area growth 524/, 526/, 527/ 
surface coverage of PMMA 192/ 
swelling of carboxylic emulsion 

polymers, measuring 263-277 
swelling experiments, viscometric .. 266 
time evolution of distinguished 108 

doubly I l l 
volume of 125 
in the water phase, mechanism of 

radical entry into the micelles 
and 126 

Pentane 364 
on the rate of polymerization, 

effect of 364 
n-pentane, ethylbenzene, w-octa-

decane, and w-tetracosane as 
additives 358 

Perfluoro-octanoate ions 45 
Persulfate initiator 62 

end groups produced by 67 
Precision densimetry, polymerization 

kinetics by 345-355 
pH 

changes in apparent particle size 
with 310/ 

changes in viscosity with 308/, 310/ 
expansion of carboxylic latex as a 

function of 287 
increase in hydrodynamic size with 289 
on polymerization product, effect of 65 
time-dependence of 283 
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594 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Phenyl acetylene as a retarder 465 
Photo-initiation 19 
Photometer, light scattering 267, 268/ 
Photon correlation spectroscopy ... 266, 276 

acrylic latexes by 271, 272/ 
Photosedimentometer 210 

disc centrifuge 484, 521 
PID controller, optimum 557 
Plasticizers 357 

adsorption of 218, 220/, 221/ 
dibutyl sebacate as the 211 
unreacted monomer acting as 316 

Plastisol(s) 
effect of atomizer speed on agglom­

eration present in the 211-213 
effect of outlet temperature 

on 212,213,214/ 
microphotograph of agglomerates 

in 220/ 
mixing procedures 223 
polyvinyl chloride 209 
rheology, and effect of spray drying 

parameters on polyvinyl chlo­
ride resin particle size dis­
tribution and 209 

viscosity of a 209 
analysis of resins in dioctyl phthal­

ate (DOP) 210, 214/-216/, 217/ 
measurements of 210 
and viscosity aging stability 223 

PMMA (see Polymethyl meth­
acrylate latexes) 

Pochhammer symbol 445 
Polarity 

on the adsorption of surfactant, 
effect of polymer 236/ 

of latex films 235 
contact angle measurements 227 

of polymer surface 225, 237 
of vinyl acrylic latex and surfac­

tant adsorption 233, 234/ 
Polarization and refractive index, 

effect of 93 
Polarization on the wide-angle light 

scattering patterns, effects of 
refractive index and 91,93 

Polyacrylic acid 
concentration on particle size, 

effect of 162/ 
latexes, conductometric titration 

data for 164/ 
latexes prepared from 159 
as stabilized moiety 158 

Polybutadiene latex 246 
Polybutyl acrylate and thermal transi­

tions for polystyrene 499 
Polydispersity index 112-113, 126, 

115/, 117/ 
on n, dependence of 114 

Polyelectrnlyte-stabilized latexes 157-168 

Polymerization 
with AB block copolymers of poly­

styrene and polydimethyl si-
loxane, stabilization in non­
aqueous radical dispersion 189-196 

aqueous dispersion 160 
batch 292,293,505 

changes in copolymer composi­
tion during 298/ 

butyl acrylate-methyl meth­
acrylate batch emulsion 353/ 

conditions on the polymer end 
groups produced, effect of 71 

continuous 505 
degree of 460 
effect of 

a diffusion-controlled propaga­
tion reaction on the rate of .. 318 

pentane on the rate of 364 
temperature on rate of 493 
water-insoluble additives on rate 

of 366 
emulsion 

chain transfer reaction in 315 
continuous reactor train for .534, 535 
conversion monitoring of 507 
by emulsifiers, catalysis of ther­

mal initiation of styrene 471-480 
of ethyl acrylate 22 
of 2-ethylhexyl acrylate 22 
first reported 1 
Harkins-Smith-Ewart theory of 435 
and homogeneous nucleation, 

history of 3-6 
kinetic treatment of 315-325 
new design for producing con­

stant composition copoly­
mers in 415-436 

in nonaqueous media, ionic 25 
nucleation period during 2 
on-line monitoring of conversion 

and free emulsifier concen­
tration in /510/ 

optimal reactor type and opera­
tion for continuous 121-143 

particle formation in 121 
in a plug flow reactor, advantage 

of continuous 139 
preparation of a latex by 61 
of polyvinyl chloride 515 
reactor dynamics, on-line com­

puter monitoring of 505-513 
reactors, dead-time compensation 

algorithm for closed-loop 
conversion control of con­
tinuous 533-565 

semi-batch 391 
Stage 3 315 
staged 405 
types of 199 
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INDEX 595 

Polymerization (continued) 
at the first stage of copolymeriza­

tion, preferential 148 
formation of coagulum in emul­

sion 199-207 
kinetics by precision den­

simetry 345-355 
latex(es) particle(s) 

altering the properties, by 
changing the monomer feed 
composition during 371 

conditions on the morphology 
of two-stage 411 

free radical 315 
process, on the distribution of 

carboxyl groups, effect of .. 313 
locus of 62 
methyl methacrylate 3 

emulsion 505 
continuous 512/ 
semicontinuous 350/ 
and styrene 348 

-methacrylic acid 297/ 
batch 296 

and vinyl acetate, suspension 358 
model for 395 
multiple-stage latex 502 
power feed 389 
process, use of densimetry to 

measure 351 
product, effect of pH on 65 
rate and nucleation rate, paral­

lelism between 427 
rate and particle formation rate 425/ 
reactions, compartmentalized free-

radical 437-453 
recipe on surface groups, effect of .. 69/ 
second-stage 484 

all acrylic 494 
styrene-acrylic 491 

seed latex 328 
conversion profiles for methyl 

methacrylate 336/, 337/, 342/ 
conversion profiles for 

styrene 336/, 337/, 342/ 
under different formulation con­

ditions, of two differed 339 
seeded 8, 521 

emulsion 199 
semicontinuous 292, 293 

an acrylic system, solution 348 
comparison of M M A - M A A 

copolymer latexes prepared 
by batch and 296 

multicomponent acrylic, solution 354/ 
styrene 351 

in the absence and presence of 
low molecular weight addi­
tives, conversion-time for 
the seeded emulsion 360, 363/ 

Polymerization (continued) 
styrene (continued) 

-acrylic second-stage 494/ 
effect of additives on the rate of 

seeded 359/ 
emulsion .. .321/, 322/, 323/,325/, 349/ 

continuous 128 
in the first-stage reactor, 

steady state character­
istics of 128 

effect of carbon tetrabromide, 
carbon tetrachloride and 
long chain mercaptans on 366 

methyl methacrylate, diffu­
sion-controlled kinetics 
in the 327-341 

in the presence of ethylben-
zene kinetics of the 
seeded 346/ 

in the presence of iV-(hydroxy-
methyl (acrylamide 155 

semicontinuous 352/ 
exclusive 149 
particle sizes of latexes ob­

tained by thermal 478/ 
in the presence of «-(hydroxy-

methyl) acrylamide 155 
seeded emulsion 358 
suitability of densimetry for 

monitoring 348/ 
surface 411 
temperature dispersion 195 
termination step in bulk 341/ 
three-stage 146 
unseeded 8 
vinyl acetate 

bulk 457 
termination step for 463 

conversion vs. time 
for 570/, 571,572/, 573/ 

of deuterated 456 
emulsion 455-468 

and butyl acrylate 226, 230/ 
in a tubular reactor seeded 567-574 
vinyl trideuteroacetate, and tri-

deuterovinyl acetate, rates 
of 461/ 

radical dispersion 189 
simulated start-up of 544/, 545/, 

547/, 548/, 551/, 552/, 553/ 
in a single CSTR 535 
theory for 5 
third reactor of a continuous 561/, 562/ 

Polymer(s) 
1 3 C NMR spectroscopy, nonuni­

form 389-402 
chains, acid-rich 269 
composition 390 

vs. conversion 148 
cumulative 390 
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596 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Polymer(s) (continued) 
composition (continued) 

effect of nonuniform 382, 383/ 
on reaction time, and depend­

ence of the conversion 146 
on solubilization, and effects of 

surfactant structure 225 
dispersions 190 
dynamic mechanical testing of 377 
emulsion 

carboxylic 276 
nonuniform 371-387 
prediction of molecular weight 

distribution of 105-119 
stiffness-temperature compari­

son of two 377, 378/ 
swelling behavior methyl meth-

acrylate-methacrylic acid .. 263 
types of 200 

end groups produced, effect of 
polymerization condition on 71 

flexibility of 379 
latexes 32 

with aluminium salts, coagulation 
of 41 

colloids 54 
stability of 54 
critical coagulation concentra­

tion values for 39/ 
factors controlling the stability of 56 
mechanical and chemical sta­

bility of 171-188 
particles, application of the rapid 

density gradient centrifuga-
tion method for the char­
acterizing 246 

rapid density gradient centrifu-
gation of 239-249 

mass fraction of, at a given time .... 346 
particle(s) 
formed, influence of emulsifier con­

centration on the number of .. 1 
increasing the number of 133 
light scattering studies of the 

internal structure of emul­
sion 279-289 

with mean residence time, varia­
tion of the number of 13 

in a particle, volume of 8 
polarity on the adsorption of sur­

factant, effect of 236/ 
predicting structure-process-prop­

erty relationships in 391 
restricted diffusion of 327 
segments, jump frequency of 330 
solubilization of insoluble 227, 229/ 
solution 

Flory-Huggins latex theory of . 433 
free volume of 330 

Polymer(s) (continued) 
solution (continued) 

glass point of the monomer 331 
viscosity maxima of carboxyl-

containing 311 
stress relaxation test of 377, 398/ 
structure-property relationships in 389 
surface, polarity of 225, 237 
tensile test of 377, 378/ 
-water interface, surfactant adsorp­

tion at 235,236/ 
Polymethyl methacrylate 

dispersions in flocculation experi­
ments, stabilizing copolymers, 
particle sizes and surface cov­
erage of 193/ 

latexes 271,276 
particles in aliphatic hydrocarbons 189 
particles surface coverage of 192/ 

Polymethacrylic acid 80 
Polystyrene 47 

block copolymers, scattering 
intensity from 191/, 194/ 

latexes 251, 276 
with age, stability of 73 
in aqueous sodium chloride 265 
attempts to hydrolyze the surface 

sulfate groups of 73 
characterization of 

by ion exchange and conducto­
metric titration 63-65 

monodisperse 63, 66/ 
surface 69/ 

effect of aging on ion 
exchanged 70/-71 / 

electrophoretic mobility 
of 253/, 255/, 256/, 258/ 

effect of adsorbed sodium 
lauryl surface on 
the 256/, 257, 258/ 

hydroxyl-form of .254, 255/, 256/ 
and relationship between the 

adsorption of ions 251-261 
as model colloids, well-character­

ized monodispersed 61-82 
particle(s) 

cleaning surface of monodis­
perse 81 

diameters of 72/ 
size and surface density of .... 254/ 

rapid density gradient centrifu-
gation of 241,243/ 

by serum replacement and con­
ductometric titration, 
cleaning of 65-71 

sources of carboxyl groups in 68 
zeta potential of 253/, 256/, 260/ 

particles 201 
colloidally stable 161 
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INDEX 597 

Polystyrene (continued) 
and polydimethyl siloxane, AB 

block copolymers of 189 
and polydimethyl siloxane, stabili­

zation in nonaqueous radical 
dispersion polymerization 
with AB block copolymers 
of 189-196 

seed latexes 319,483,485 
seed particles by toluene, rate of 

swelling 360/ 
spheres, dispersion of 497 
and styrene-butadiene copolymer 

pair systems 405-413 
surface area occupied per gram of 

surfactant 488 
-water interface, surfactant adsorp­

tion at 227 
Polydimethyl siloxane, and stabiliza­

tion in nonaqueous radical dis­
persion polymerization with AB 
block coploymers of poly­
styrene 186-196 

Polytetrafluoroethylene latexes 38 
by cationic surfactant, and coagu­

lation of polystyrene 48/ 
Polytrideuterovinyl acetate, and in­

trinsic viscosities and molecular 
weights of polyvinyl acetate, 
polyvinyl trideuteroacetate 462/ 

Polyvinyl acetate 21 
-butyl acrylate latexes surfactant 

interactions in polyvinyl ace­
tate and 225-237 

latex 80 
molecular weight of 574 
particles 195 
and polyvinyl acetate-butyl acrylate 

latexes, surfactant interactions 
in 225-237 

polyvinyl trideuteroacetate and 
polytrideuterovinyl acetate, 
intrinsic viscosities and mo­
lecular weights of 462/ 

Polyvinyl chloride 
emulsion polymerization of 515 
latex, particle size distribution of 

a seeded 525/ 
plastisols 209 
resin particle size distribution and 

plastisol rheology, effect of 
spray drying parameters 
on 209 

spray drying process for emulsion 223 
Polyvinyl trideuteroacetate, and poly­

trideuterovinyl acetate, intrinsic 
viscosities and molecular weights 
of polyvinyl acetate 462/ 

Portmanteau interaction parameter . 157 

Potassium 
Cis carboxylate soap on stability of 

rubber latex , effect of straight-
chain 178/ 

chloride 172 
fatty-acid soaps on stability of rub­

ber latex, effect of added 
straight-chain 174/ 

octadecanoate 473 
oleate 177 
persulfate 358,456 

persulfate as initiator 226, 332 
soaps on rubber latex stability, 

effect of 175/, 177, 178/, 180/ 
stéarate 177 

Power feed 373 
concentration as a function of time 373/ 
copolymers, computer programs to 

test models for predicting 
sequence distribution for 397 

copolymers, differences between 
conventional mixed feed, 
staged 393 

latex made with a linear 381/ 
polymerization 389 
profiles 373,374/ 
system, linear 395 

PPS (see Potassium persulfate) 
Precision densimetry, polymerization 

kinetics by 345-355 
Predictor method, analytical 534, 564 
Pre-reactor principle 130 
Pressure technique, maximum bubble 508 
Priest, W. J 3 
Propagating radicals per reaction 

locus, average number of 437, 441 
Propagation constant, variation of 320, 322/ 

with conversion 322/ 
with free volume fraction 323/ 
with temperature 322/ 

Propagation reaction on the polymeri­
zation rate, effect of a diffusion-
controlled 318 

PTFE (see Polytetrafluoroethylene) 
PVAc (see Polyvinyl acetate) 
PVC (see Polyvinyl chloride) 

R 
Radical(s) 

capture 
and its effect on the rate of par­

ticle formation, rate of 9 
efficiency 15/ 
rate constant for 14 

dispersion polymerization with AB 
block copolymers of polysty­
rene and polydimethyl siloxane 
stabilization in nonaqueous 189-196 
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598 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Radical(s) (continued) 
entry into the micelles and particles 

in the water phase, mecha­
nism of 126 

in the external phase, rate of for­
mation of new 443 

free- 106 
generation of 7 
polymeriaztion in a latex particle 315 
polymerization reactions, com­

partmentalized 437-453 
produced from ADIB 161 

ion- 61 
loss by first-order mechanism ... 442, 443 
mechanism, copolymerization via . 415 
to monomer, chain transfer of 

growing 455 
and particles, electrostatic repul­

sion between charged 11 
per reaction locus, average num­

ber of propagating 427, 441 
production in the water phase 123 
solubility in water 149 
stability, vinyl 467 

Rapid density gradient centrifugation 
method for characterizing poly­
mer latex particles, application of 246 

Rayleigh 
minimum 96 
ratio 281 
scattering intensity 17 

Reactivity ratio 304 
for conventional copolymers run 

number 395/ 
emulsion 420 
solution 420 
triad fractions as a function 398/ 

Reactor(s) 
adiabatic calorimeter 320 
continuous stirred tank (CSTR) .... 121 
of a continuous vinyl acetate polym­

erization, third 561/, 562/ 
conversion control of first 540 
for downstream 

control system performance 563/ 
conversion, controlling 559 
digital control loop 556/, 563/ 

in emulsion polymerization 
chain transfer 315 
dead-time compensation algo­

rithm for closed-loop con­
version control of continu­
ous 533-565 

dynamics, on-line computer 
monitoring of 505-513 

type and operation for continu­
ous, optimal 121-143 

as the first-stage reactor, 
stirred-tank 137 

Reactor(s) (continued) 
to the jacket, heat transferred 

from 517/, 520/, 523/ 
locus, alteration of the main 153 
number of particles produced in 

a batch 132 
plug flow 133 

advantage of continuous emul­
sion polymerization in a .... 139 

with a divided monomer 143 
as the first-stage 137 

responding to a system disturbance 
in commercial 549 

of a series, control scheme for 
the first 535, 537 

steady state characteristics of con­
tinuous emulsion polymeriza­
tion of styrene in the first-
stage 128 

surfaces, coagulum on 201, 205 
system, feeding a seeded latex into 

the continuous 546 
theory of Dankwerts for diffusion 

with 13 
train 

for emulsion polymerization, 
continuous 534, 535 

at high emulsifier concentration, 
operating 554 

multi- 533 
open-loop performance of a two 

equal-sized 540 
tubular 121,133,567,570 

monomer conversion in 569 
seeded emulsion polymerization 

of vinyl acetate in a 567-574 
vinyl acetate seed latexes produced 

in batch 569 
Refractive index and polarization on 

the wide-angle light scattering 
patterns, effects of 91, 93 

Refractive index, volume-weighted .... 279 
Relaxation test of polymers, stress .... 377 
Repulsion between charged radicals 

and particles, electrostatic 11 
Resin(s) 

agglomerate, microphotograph of 
a porous 219/ 

agglomeration, effect of dryer 
conditions on 211/ 

in dioctyl phthalate plastisols, vis­
cosity analysis of 210, 

214/-216/, 217/ 
that forms maximum volume 

fraction of 210, 218, 222/, 223 
microscopic analysis of the 

unground 218,219/ 
optical microscopy analysis of the 

dried 218, 220/, 221/ 
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INDEX 599 

Resin(s) (continued) 
particle size distribution and plasti-

sol rheology, effect of spray 
drying parameter on poly­
vinyl chloride 209 

Retardation, reversibility of adsorp­
tion electrostatic 14 

Retarder, phenyl acetylene as 465 
Rheology, effect of spray drying 

parameters on polyvinyl chloride 
resin particle size distribution 
and plastisol 209 

Rheological properties of colloidal 
systems, and stability 264 

Rheovibron viscoelastometer 377 
Rubber latex 

effect(s) of 
alkyl chain length of added soap 

on stability of rubber latex 
at 175/ 

added n-alkyl triethyl ammonium 
bromides on the mechanical 
stability of 182, 183/ 

added sulfate and sulfonate sur­
factants on the mechanical 
and chemical stability 
of 179, 181/ 

straight-chain potassium C 1 8 

carboxylate soaps on sta­
bility of 178/ 

natural 171 
de-ammoniation of 172 
effect of added straight-chain 

potassium fatty-acid soaps 
on stability of 174/ 

effects of ethylene oxide-fatty 
alcohol condensates on the 
mechanical and chemical 
stability of 184, 185/, 186/ 

of reduced stability, preparation 
of 172 

stability, effect of laurates on 180/ 
stability effect of potassium soaps 

on 174/, 177, 178/, 180/ 
stabilizer, straight-chain, Cm car­

boxylate soaps as 177 
Rubber-water interface 176 

adsorption of added soap anions at 177 

S 
Scanning extinction measurements ... 244 
Scattering 

angular 85 
intensity 266 

Rayleigh 17 
from polystyrene block 

copolymers 191/, 194/ 
range, linear 283 

Scattering (continued) 
studies of the internal structure of 

emulsion polymer particles, 
light 279-289 

theory of concentric shell model, 
electromagnetic 279 

Schlieren optics 239 
Schulze-Hardy rule 31 
SDS (see Sodium dodecyl sulfate) 
Sedimentation 

diameters 72/ 
and light scattering, comparison of 287 
method 263,264,384 

expansion curve of carboxylic 
latex by 288/ 

ratio 269,270/ 
Stokes expression for centrifugal .... 264 

Seed 
characterization 485 
latex(es) 

compositions 485/ 
concentration on reaction rate, 

effect of 571 
formulation 338/ 

and rate parameters 340/ 
polymerization 328 

conversion profiles for methyl 
methacrylate 336/, 337/, 342/ 

conversion profiles for sty­
rene 336/, 337/ 

polystyrene 319 
in the presence of water-insoluble 

low molecular weight com­
pounds, swelling of 361 

produced in batch reactor vinyl 
acetate 568 

produced in tubular reactor 
vinyl acetate 569/ 

particle(s) 
effect of added ethylbenzene on 

monomer concentration in . 365/ 
growth at high surfactant sur­

face coverage, latex 483-503 
by toluene, rate of swelling of 

polystyrene 360/ 
titration data for latex 488/ 

Seeded emulsion polymerization of 
styrene 358 

in the absence and presence of low 
molecular weight additives, 
conversion time curves 
for 360,362/ 

effect of additives on the rate of .... 359/ 
in the presence of ethylbenzene, 

kinetics of 364/ 
Seeded polymerizations 8, 521 
Semicontinuous copolymerization 433 

emulsion 291-292 
Semicontinuous polymerization 292, 293 
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600 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Semicontinuous polymerization (continued) 
changes in conversion ratio during 298/ 
emulsion methyl methacrylate in .. 350/ 

methyl methacrylate-meth-
acrylic acid 297/ 

and comparison of copolymer 
latexes prepared by batch 296 

solution, of an acrylic system 348 
solution, multicomponent acrylic 354/ 
styrene 352/ 

Serum replacement 62 
technique 294 

Shear rate, dependence of 
viscosity on 306/, 308/ 

Shearing stress 56 
Silicone, particles stabilized by 

surface layer of 189 
Siponate DS-10 486 
Size 

of carboxylated latexes, Brice 
Phoenix light scattering appa­
ratus to determine particle .... 294 

distribution curve, particle 530/ 
distribution of latex particles 239 
effects of monomer solubility on 

particle 22 
free energy of nucleus formation as 

a function of 4/ 
and surface coverage of PMMA 

dispersions in flocculation ex­
periments stabilizing copoly­
mers particle 193/ 

Smith-Ewart 
differential difference equations, 

time-dependent 107,438-441,497 
kinetics 9, 567 

Case 2 358 
second idealized situation in par­

ticle formation 123 
theory 3 

Soap(s) 
anions at the rubber-water inter­

face, adsorption of added 177 
on chemical stability, effects of C i 8 177 
laurate 179 
on rubber latex stability, effect of 

potassium 174/, 177, 178/, 180/ 
as rubber latex stabilizer, straight-

chain, Cis carboxylate 177 
saturated straight-chain fatty-

acid 173, 174/, 180/ 
on stability of rubber latex, effect of 

added straight-chain potassium 
fatty-acid 174/ 

alkyl chain length of added 175/ 
potassium Cis carboxylate 178/ 

acts as stabilizer, mechanism by 
which added 176 

Sodium 
bisulfite 319 
chloride, polystyrene latex in 

aqueous 265 
dodecyl benzene sulfonate 474 
dodecyl sulfate 18,471 

as a stabilizer, efficacy 21 
2-dodecylbenzene sulfonate 471 
dodecylidphenyl oxide sulfonate .... 406 
lauryl sulfate 78, 226, 227, 229/, 

332,417, 456 
on the electrophoretic mobility 

of polystyrene latex, effect 
of adsorbed 256/, 257, 258/ 

Wilhelmy plate measurements of 
surface tension for 511/-513/ 

oleate, styrene emulsified with 471 
persulfate 406 
tetrapropylene benzene sulfonate . 471 

Sol, colloidal 199 
stable 203 

Solubilization, effects of surfactant 
structure and polymer compo­
sition on 225 

Solubilization of insoluble 
polymer 227,228/ 

Solution 
adsorption isotherms 259, 261/ 
polymerization 

of an acrylic system, semi-
continuous 348 

conversion and particle size as a 
function of time for disper­
sion polymerization 162/ 

multicomponent acrylic semi-
continuous 354/ 

reactivity ratios 420 
Spectroscopy 

acrylic latexes by photon 
correlation 271,272/ 

1 3 C NMR 390 
non-uniform emulsion poly­

mers 389-402 
photon correlation 266, 276 

Sphere(s) 
in homogeneous 279 
theory, concentric- 280 
with a variable coating, concentric 279 

Stability (of) 
counterion effects on mechanical.... 179 
dispersion 190 
effects of Cis soaps on chemical ... 177 
factor, Fuchs 6, 19 
latex 

during and after polymerization, 
factors that affect the 202 

failure 202 
polymer factors controlling 56 
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INDEX 601 

Stability (of) (continued) 
latex (continued) 

polymer mechanical and chemi­
cal 171-188 

during polymerization 199 
polystyrene, with age 73 

plastisol viscosity and viscosity aging 223 
preparation of natural rubber 

latexes of reduced 172 
and rheological properties of 

colloidal systems 264 
rubber latex(es), effects of 

added sulfate and sulfonate sur­
factants on the mechanical 

and chemical 179, 181/ 
of alkyl chain length of added 

soap on 175/ 
ethylene oxide-fatty alcohol con­

densates on the mechanical 
and chemical 184, 185/, 

186/, 187/ 
laurates on 180/ 
potassium soaps on 174/, 177, 

178/, 180/ 
steric 157 

Stabilization 
latex particle 31-57 

particles 151 
in nonaqueous radical dispersion 

polymerization with AB block 
copolymers of polystyrene 189-196 

steric 203,204 
Stabilizer(s) 

AB block copolymer 189 
efficacy of sodium dodecyl sulfate as 21 
mechanism by which added soap 

acts as 176 
straight-chain C 1 S carboxylate soaps 

as rubber latex 177 
Steady-state conversion energy 

balance equation 515 
Steady-state particle number pro­

duced, effect of monomer 
concentration on 141/ 

Steric 
stability 157,203 
stabilization 204 
stabilizers 203 

Stockmayer's differential equation .... 441 
Stockmayer-OToole distribution 447 
Stokes-Einstein equation 267 
Stokes expression for centrifugal 

sedimentation 264 
Styrene 108,118,158,332,358,473 

with acrylamide, copolymerization of 147/ 
derivatives, copolymerization of 151 

with acrylamide emulsifier-free emul­
sion copolymerization of 145-155 

Styrene (continued) 
acrylate second-stage monomer, 

two-stage latexes using 492/ 
-acrylonitrile 

copolymerization with the cor­
rected batch process, effect 
of stirring rate on acrylo­
nitrile- 417/ 

emulsion copolymerization, 
controlling 416 

and graft copolymer latex of 
butadiene 244,245/ 

-butyl acrylate latex, T E M photo­
micrographs of 498/, 500/, 501/ 

concentration, dependence of par­
ticle diameter on 159/ 

copolymer, butadiene- 244 
copolymerization 

in batch 418/ 
in corrected batch process, 

effect of monomer initial 
concentration on a 419/ 

monomer contents in the vari­
ous phases of 421/ 

reactivity ratios for 416 
emulsified with sodium oleate 471 
ethyl acrylate 395 

copolymer 390 
random 391 

-methacrylic acid latexes 384 
systems, starved-feed 398 

homopolymerization 316, 317/ 
oligomeric 163 
polymerization of 351 

-acrylic second-stage 491,494/ 
emulsion 321/, 322/, 323/, 

325/, 349/, 359 
continuous 128 

in the first-stage reactor, 
steady state character­
istics of 128 

mathematical models for 122 
effect of additives on the rate of 359/ 
effect of carbon tetrabromide, 

carbon tetrachloride and 
long chain mercaptans on 366 

by emulsifiers, catalysis of 
thermal initiation of 471-480 

and methyl methacrylate, dif­
fusion-controlled kinetics 
in the 327-341 

seeded 358 
in the absence and presence 

of molecular weight 
additives, conversion-
time curves for the 360, 362 

in the presence of ethyl-
benzene, kinetics of 364/ 
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6 0 2 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Styrene (continued) 
polymerization of (continued) 

emulsion (continued) 
semicontinuous 352/ 

of methyl methacrylate 348 
exclusive 149 
particle sizes of latexes obtained 

by thermal 478/ 
in the presence of N-(hydroxy-

methyl)acrylamide 155 
seed latex, conversion profiles 

for 336/, 337/ 
suitability of densimetry for 

monitoring 348/ 
styrene-butadiene 

-acrylic acid copolymers 78 
copolymer 

incompatible polystyrene 411 
microdomains 408 
pair systems and poly­

styrene 405-413 
latexes, coagulation of 41 
-methacrylic acid copolymers 78, 79 

Substrate, interaction of surfactant 
and 473 

Substrates, hydrocarbon-hydrophobic 47 
Sulfate 

ion radicals with water, side 
reaction of 65 

and sulfonate surfactants on the 
mechanical and chemical sta­
bility of rubber latex effects of 
added 179,181/ 

surface groups 62, 65 
Sulfonate surfactants on the mechani­

cal and chemical stability of rub­
ber latex, and effects of added 
sulfate 179, 181/ 

Surface(s) 
active agent, retardation of coagula­

tion by the presence of 18 
adsorption behavior of anionic sur­

factants at vinyl acrylic 
latex 230/, 231 

area growth, particle 524/, 526/, 527/ 
carboxyl groups on latex particle .... 274 
and charge density of polystyrene 

latexes, particles size 254/ 
charge, reduction in 17 
chemistry of vinyl acrylic latex 235 
coagulum reactor 201, 205 
constant geometric 276 
coverage on molecular weight, 

dependence of 192/ 
coverage of PMMA particles 192/ 

dispersions in flocculation experi­
ments, stabilizing copoly­
mers, particles sizes and 193/ 

Surface(s) (continued) 
groups 

effect of polymerization recipe 
on 69/ 

hydroxyl 65 
strong-acid 74 
sulfate 65 

layer(s) 
on aqueous colloids 276 
of silicone, particles stabilized 

by 189 
thickness on molecular weight, 

dependence of 192/ 
of monodisperse polystyrene latex 

particles, cleaning 81 
polarity of the polymer 225 
polymerization 411 
potential mechanism for the genera­

tion of 261 
sulfate groups, electrophoretic mo­

bility of latexes with high 
concentration of 257 

sulfate groups of polystyrene la­
texes, attempts to hydrolyze .. 73 

tensiometer, calibration curve for .. 510/ 
tensiometer, on-line 509/ 
tension 

determination, new method of .... 508 
and free emulsifier concentration 507 
for sodium lauryl sulfate, Wil-

hlmy plate measurements 
of 511/-513/ 

titrations 488 
Surfactant(s) 

adsorption 24 
polarity of vinyl acrylic 

latex 233, 234/ 
effect of polymer polarity on the 236/ 
at a polymer-water interface 235, 236/ 
at a polystyrene-water interface 227 

anionic 
with a latex, interaction of 227 
and nonionic 48, 225 
at vinyl acrylic latex surface, 

adsorption behavior of 230/, 231 
as chain transfer agents 116 
with a cis double bond 472 
coagulation of polystyrene and 

polytetrafluoroethylene latexes 
by cationic 48/ 

concentration, half-lives of coagu­
lating particles as a function of 21/ 

as a function of surfactant frac­
tion, surface area per gram of 490/ 

interactions in polyvinyl acetate and 
polyvinyl acetate-butyl acrylate 
latexes 225-237 

-latex complexes, solubilized 231 
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INDEX 603 

Surfactant(s) (continued) 
added to latex, effects of 45-49 
on the mechanical and chemical sta­

bility of rubber latex, effects of 
added sulfate and 
sulfonate 179, 181/ 

structure and polymer composi­
tion on solubilization, effects 
of 225 

and substrate, interaction of 473 
surface area, determination of by 

Maron's technique 486 
types of 45 

Swelling 
behavior of 

carboxylated latexes 307 
MMA-MAA copolymer 

latexes 304-312 
MMA-MAA emulsion polymers 263 

of carboxylic emulsion polymers, 
measuring particle 263-277 

and or dissolving behaviors of car­
boxylated latexes, alkali- 312/ 

experiments, viscometric particle 266 
of polystyrene seed particles by 

toluene, rate of 360/ 
properties of carboxyic latex 

particles 384 
of the seed latex in the presence of 

water-insoluble low molecular 
weight compounds 361 

TEM (see Transmission electron 
microscopy) 

Temperature(s) 
actual and predicted jacket water 

outlet 519/, 520 
brittle-ductile transition 379 
comparison of two emulsion poly­

mers, stiffness 377, 378/ 
control in density cell 346 
critical conversion as a function of 323/ 
critical flocculation (CFT) 166 
dispersion polymerization 195 
glass transition 330 
jacket water inlet and outlet 516/—517/ 
for a latex, critical flocculation 167/ 
minimum film 485, 502/ 
modulus as a function of 377, 378/ 
on plastisols, effect of 

outlet 212,213,214/ 
on rate of polymerization, effect of 493 
storage modulus and loss modulus 

as a function of 379, 380/, 381/ 
variation of the propagation 

constant with 322/ 

Tensile test of polymers 377, 378/ 
Tensiometer, calibration curve for 

surface 510/ 
Tensiometer, on-line surface 509/ 
Termination 

bimolecular 106, 111, 113 
by combination and enery 105 

constant with free volume, variation 
of 325/ 

of doubly distinguished chains I l l 
rate constant, variation in 329 
step for bulk polymerization of 

vinyl acetate 463 
Thermal polymerization of styrene, 

particle sizes of latexes obtained 
by 478/ 

Thermal transitions for polystyrene 
and polybutyl acrylate 499 

Thermodynamic control of particle 
nucleation 6 

Thickening, shape of adsorption iso­
therms and latex 227, 228/ 

Thickness on molecular weight, de­
pendence of surface layer 192/ 

Thixotropy 56 
Three-tank monomer feed arrange­

ment 373/, 376/ 
Time 

conversion of acrylamides as a 
function of 152/ 

dependence of the conversion and 
polymer composition on reac­
tion 146 

-dependent Smith-Ewart differential 
difference equations, deriva­
tion of 440/ 

for a dispersion polymerization and 
solution polymerization, con­
version and particle size as a 
function of 162/ 

effect of experimental variables on 
the number of primary parti­
cles formed as a function of .... 11 

evolution of distinguished 
particles 108 

evolution of doubly distinguished 
particles I l l 

percent conversion of neutraliza­
tion reaction with 306/ 

for vinyl acetate polymerization 
conversion vs. 570/, 571, 572/, 573/ 

Titration 
colorimetric 226 
conductometric 252, 257 

of carboxylated latexes, modified 295 
and characterization of polysty­

rene latexes by ion ex­
change 63-65 
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604 EMULSION POLYMERS AND EMULSION POLYMERIZATION 

Titration (continued) 
conductometric (continued) 

and cleaning of polystyrene la­
texes by serum replacement 65-71 

data for poly acrylic acid latexes 164/ 
potentiometric 159 
of seed polymer 487/ 
surface tension 488 

Toluene, rate of swelling of polysty­
rene seed particles 360/ 

Toluene as solvent 360 
Transmission electron microscopy, 

latex particle structure analyzed 
by 497 

Triad fractions, development of 398 
Triad fractions as a function of reac­

tivity ratio 398/ 
Trideuterovinyl acetate 457 

conversion vs. time in bulk radia­
tion polymerization for vinyl 
acetate, vinyl trideuteroace-
tate and 458, 459/ 

rates of emulsion polymerization of 
vinyl acetate, and vinyl tri-
deuteroacetate 461/ 

Triton X-100 486 
Triton X-114 496/ 
Trommsdorff gel effect 351, 366 
Tubular reactor 121 

monomer conversion in 569 
seeded emulsion polymerization of 

vinyl acetate in 567-574 
vinyl acetate seed latexes produced 

in 569/ 
Tunneling effect 17 
Turbidimetric method 286 
Turbidity 85 

techniques 332 

U 
Ultracentrifugation diameter 72/ 
Unseeded polymerizations 8 

V 
V A (see Vinyl acetate) 
Van der Waals London, forces 203 
Vanderhoff, ion exchange method of 226 
Verwey-Overbeek theory 202 
Vinyl 

acetate 226 
-butyl acrylate copolymers 80 
polymerization of 456 

bulk 457 
termination step for 463 

conversion vs. time 570/, 571, 
572/, 573/ 

Vinyl (continued) 
acetate (continued) 

polymerization of (continued) 
emulsion 455-468 

and butyl acrylate 226, 230/ 
in a tubular reactor, 

seeded 567,574 
vinyl trideuteroacetate, and 

trideuterovinyl ace­
tate, rates of 461/ 

of methyl methacrylate and 
suspension 358 

radical dispersion of 189 
simulated start-up of 544/, 545/, 

547/, 548/, 551/, 552/, 553/ 
in a single CSTR, continuous 535 
theory for 5 
third reactor of a con­

tinuous 561/, 562/ 
seed latexes produced in batch 

reactor 568 
system, mathematical models for 538 
system, open-loop conversion 

of 541/, 542/ 
vinyl trideuteroacetate, and tri­

deuterovinyl acetate, con­
version vs. time in bulk 
radiation polymerization 
for 458,459/ 

acrylic latex 
surface, adsorption behavior of 

anionic surfactants at ... 230/, 231 
surfaces, surface chemistry of .... 235 
and surfactant adsorption, 

polarity 233,234/ 
thickening of 229/ 

hydrogens of vinyl acetate 455 
radical stability 467 
trideuteroacetate 456 

Viscometric particle swelling 
experiments 266 

Viscosities and molecular weights of 
polyvinyl acetate, polyvinyl tri­
deuteroacetate, and poly trideu­
terovinyl acetate, intrinsic 462/ 

Viscosity 
aging data 213, 217/ 
of carboxylated latexes 307 
dispersion 190, 265 
maxima of carboxyl-containing 

polymer solutions 311 
measurements 210 
with pH, changes in 308/, 310/ 
of a plastisol 209 

analysis of resins in dioctyl 
phthalate .210,214/-216/, 217/ 

viscosity aging stability 223 
on shear rate, dependence of 306/, 308/ 
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INDEX 605 

Volume fraction 
concentration as a function of 362/, 363 
in the particles, monomer 420 
of resin that forms, maxi­

mum 210, 218, 22 /̂,223 
Volume-weighted refractive index .... 279 

W 
Water 

inlet and outlet temperature, 
jacket 516/-517/ 

-insoluble additives on rate of 
polymerization, effect of 366 

-insoluble low molecular weight 
compounds, swelling of the 
seed latex in the presence of 361 

interface 
surfactant adsorption at a 

polymer- 235, 236/ 
surfactant adsorption at a poly­

styrene- 227,228/ 

Water (continued) 
interface (continued) 

rubber- 176 
adsorption of added soap anions 177 

ions that interact with 39-41 
outlet temperatures, actual and 

predicted jacket 519/, 520/ 
phase, radical production in 123 
ratio, dependence of particle diame­

ter on ethanol 160/ 
Wide-angle light-scattering analysis 

of latex particles 285, 286/ 
Wilhelmy plate measurements of sur­

face tension for sodium lauryl 
sulfate 511/, 513/ 

Wilhelmy plate procedure 507 

Ζ 

Z-transform-designed algorithm .557, 559 
Zeta potential 257 

of polystyrene latex 253/, 256/, 260/ 
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