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Principles of Emulsion Polymerization1 

Frederick T. Wall 
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YNTHETIC POLYMEIZS, especially those that 
exhibit rubbcrlilrc characteristics and those that 
can be drawn into fibers, have attracted increas- 
ing interest in recent years. Both the tech- 

nology and the basic lcnowledge of polymcr processes 
have advanced. This article will be concerned with thc 
fundamental principles of a particular kind of poly- 
merization-nanicly, vinyl polyrncrization in emulsion. 
Evcn with this limitation, the subject is so vast that 
only a cursory treatment is possible hcre. Accord-
ingly, tht, discussion will be further restricted to  those 
aspects of the subject relating to the author's own 
work or the work of his associates. 

A conipl(.te understanding of cniulsion polymeriza- 
tion would require a knowledge of a grcat niany 
branches of chemistry. Obviously, onc niust rerognizc 
the organic chcniistry involved to describe how the 
niolcculcs s tar t  growing, how the rcaction is sustained, 
and how thc rnolccular growth finally stops. The 
kinetics of polymerization processes arc also impor- 
tant, both frorn the point of view of attaining prac- 
tical spceds and because of their influence on the struc- 
ture of the product. Finally, in emulsion systcms, the 
phase relationships are  of paramount significance by 
reason of their marked influence on thc kinetics and 
thc corresponding control of the possible rcactions. 
We shall now endeavor to discuss each of thcsc topics 
in turn, with particular cniphasis on the kinetics and 
phase rclationships. 

Vinyl type polymerizations, whcthcr they occur in 
single or multiple phase systcnis, are charactcrizrd by 
a free radical type of chain growth. To initiate the 
rcaction it  is necessary to generate frec radicals, either 
by ordinary chemical dccornposition of appropriate 
catalysts or by photochemical processes. Certain or- 
ganic peroxides are comlnonly crnployed as  catalysts, 
since thcy can yicld frcc radicals by thermal decom- 
position ( 6 )  or hy reduction activation (4, 12). Dc-
noting thc initiating radicals by R . and the monorncrs 
by M, wc can write thc polymerization rcaction as 

I t .  + M - + R M .  
E M .  + M - + E M , .  
EMil,.+ 11-+ EM,, ,. 
etc. 

1 Based on a paper presented a t  the 2:%d National Colloi~l 
Syrnposinrrr, licld in Minneapolis, Bfinnesota, June 6-8, 1949. 

Thc chain growth process will not continue ii~definitely, 
however, because certain other rcactions can also occur 
which result in chain termination. I n  practice, the 
chain lengths arc  often controlled by the introduction 
of chain transfer agents or niodificrs (1, 7, 10) which 
opcratc according to the reaction 

IZM, . -1-YZ + IZn!t,Y + z . 
followcd by 

Z .+ M +ZM . etc. 

Carbon tcxtrachloride and certain rncrcaptans can be 
effectively used as  modifiers fo r  some polynierization 
reactions. Organic pcroxidcs, in  addition to serving 
as  catalysts, can also act as  modifiers, especially in  thc 
rcdox system to be discussed later (13). 

The modification rcaction is characterized by the 
fact that the growing chain abstracts an atoni or group 
frorn a nonradical molecule, thereby transferring the 
frce radical charactcristic clscwhere (1).  The new 
free radical can then undergo growth by addition of 
further monomer units and the cycle repcatcd. I t  
niust not be supposed that thc niodification reactiorl 
occurs a t  any critical dcgrce of polynierization; in-
stead it is a very random typc of reaction, governed 
largely by probability. This rcsults in marlred hctcro- 
geneity of molccular weights in the final product. 

I f  no modifier is addcd to a polynicrization system, 
the molccular weights will tcnd to bc high, but some 
sort of chain tcrniination must always occur. I f  ncc- 
cssary, a growing frec radical will removc a n  atom 
(hydrogcn, fo r  example) froni a polymer nioleculc 
already formed (9, 11). This renders the polymer 
moleculc a frcc radical again, enabling it to  grow oncc 
more. Frorn probability considerations i t  is clear that 
the atom removcd froin the polynier molecule is un- 
likely to be a t  the end of the molccule; accordingly, 
the secondary growth process will rcsult in the forrna- 
tion of a branch attached to the original rnolccule. A t  
high convcrsions the dcgrce of branching can bc con- 
siderahle, and the polynier nioleculcs will tend to look 
rnorc like trees than like ordinary chains. 

At  this stage it is well to discuss another phenome- 
non frequently encountered in polymerization, namely, 
cross-linlring. F o r  reasons to be discussrd prrsently, 
cross-linking should be considered different from 
branching, evcn though supcrficially thcy appear to 
have similar characteristics. Cross-linbing occurs dur- 
ing polyrncrization, whcn a growing polyrncric frce 
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radical chain adds on a l)olymPr rnolccule instead of 
a monomer, the addition involving sonic residual un- 
saturation in the polynier (9, 11). Butadicne poly- 
mers can obviously undergo cross-linking, since only 
onc doublc bond is lost for each nlonomer unit in the 
primary chain growth process. Since the polynier 
itself has a great deal of unsaturation, it is not a t  all 
improbable that a t  high conversions tlic free radicals 
mill react with polymer instcad of with monomer. Al-
though branching tends to build up treclilrc strue-
tures, cross-linking gots further than this, for it ulti- 
niately givcs rise to networlrs. When cross-linking 
occurs there is either a dccrease in the numb,>r of 
rnoleeules or a building up of network structures. 
When the network is big enongh, the resulting polymnr 
systcrn becornes an insoluble gcl, which can, howcvt~r, 
be swollen by appropriate liquids, especially those 
that would be solvcnts for the non-cross-linked inate- 
rial. Direct evidence for cross-linlring bas bcen ob- 
tained by studies of niolceular weights as functioiis of 
conversion ( 1 2 ) .  Such investigations havc shown that 
in some of the advanced stages of the reaction therc is 
an actual dccrease in the number of polymcr rnolccult~.; 
with increasing conversion. 

An ordinary vinyl type polylncrization taking place 
in (Jilute solution might be expected to be first ordcr 
with respect to monomcr concentration. The specific 
rcaction rate coristants will, of course, depend upon 
the catalyst used and upon the nature of the proctssps 
involved in generating and removing free radicals. 
For emulsions, on the other hand, the liinetics are con- 
siderably more complicated. I t  is found empirically 
that for a great many emulsion polymerizations the 
rcaction appears to be zerotli order up to as high as 
60 percent conversion, after which the rate falls off 
1.apidly. The copolymerization of butadieiic and siy- 
rene to nialrc GR-S synthetic rubber follows such a 
pattern (22). I t  must not be inferred, how~ver., that 
all emulsion polymerizations arc zeroth order, for some 
systems do exhibit iilarked dcparturcs. The zeroth 
order behavior which is frc.rjucntly observed suggests 
that the concentration of monomer in the rcaction 
locus rcrnains substantially constant. 

Vinyl type polyiricr growth reactions frequtmtly in- 
volve several reaction possibilities, with the result that 
the polyiricr does not havc a uniform structure. Diene 
polyrncrs in particular exhibit such structural varia- 
tions, since a monomer unit might appear in the poly- 
mer in cis or trans foriris, if the addition was 1-4, or 
it might appear to have added in 1-2 or 3-4 fashions, 
the latter two being distinguishable only if the dicne is 

uiisymmetrical. Bcsides thc aforementioned branch- 
ing and cross-linking, still othcr "side reactions" are 
possiblc. At high tempcraturcs there is a kndency 
for randomness in accordance with the general effcct 
of increasetl tcmpr:rature on relative reaction prob-
abilities. At low temperatnr~s, on thb othcr hand, 
certain spcoific reactions may be favored, with the 
result that the polyiner structure will be rnore nearly 
uniform. If this uiiiforiiiity should manifest itself in 
moro desirable polyincr properties, and this is often 
the case, then a low teinperaturo polyrncrization would 
appcar to be in ortler. The so-called '(c:old rubber," 
which is preparcd at low temperatures by a redox sys- 
tem, is in fact superior to ordinary CR-S. 

Unfortunately, the catalyst systems developed for 
higher temperature reactiorrs (say, 40'-70' C) gcncr- 
ally do not function a t  reduced titmpei-aturcs (around 
O 0  C).  This is readily undcrstootl if peroxides are 
used as catalysts and thermal dccoinposition is relicd 
upon to produce free radicals for initiating thc poly- 
nierization (6). Accordingly, it  would be highly de- 
sirable to employ sonic niethod to activate peroxide 
systerns a t  low tclnperaturcs. If enorlgh free radicals 
can be generated a t  low temperatures, t h?n  the reac- 
tion can bc lnadc to proooed with a practical ovcr-all 
spced without losing high quality in thc product. 

If [R.] I-epresents the total frec radical concentra- 
tion, and [&I]that for the monomer, then the over-all 
polynierization reaction rat? will likely be given by 

where 1; is the spcclfic reaction rate constant for chain 
growth. I t  is clear that the cffcctivc velocity is pro- 
portional to k [R .], so that even xi' 1; is reduced by 
lowering the tnn~perature, /R.] might be sufficiently 
increased to compensate. 

The necessary increase in [R .] can be brought about 
by ~*eduction activation involving ferrous iron. In  
analogy to the conclusions of IIaber alld Wviss (2) 
on hydrogen pclroxidc, we can write (13) that 

(RCOO), + Fe++-+ RCOO- iFc++++ RCOO (1) 
RCOO + Fe++-+ RCOO + Fe+++ (2)  
RCOO +&I -+ RCOO&I ( 3 )  
RCOO11I,,_, t X -+ RCOOMn. (4)  
RcOOhf,, + (RCOO), 4 

RCOOM,R + RCOO + CO, (5) 

Reaction (1)  is the desired rcduction activation re- 
action. Ferrous iron rapidly reacts with peroxide to 
form acid ions, frec radicals, and ferric iron. Rcac-
tion ( 2 ) ,  which is not desired, involves the rcduction 
of the free radical to a stable acid ion. In  thc pres- 
ence of monomer, however, reactions (3)  ctc. can occur 
to forru polymer. Reaction (5) is a niodification re- 
action in which the peroxide acts as the modifier. 
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The reaction between ferrous iron and peroxides is have been rriiidc by Harkins and co-workers (3 ,  8). 
very rapid, so that in practice certain additional con- These investigators have come to the following con- 
trolling agents must be present. The bcnzoylpcroxidc clusions. Two types of loci are involved: (I) soap 
rcdox system contains in addition to iron and peroxide micclles in which the polymerization starts, and (2) 
some soap and pyrophosphate. The pyrophosphate the polyiller particlcs themselves. 
appears to control the iron conccntration by complex The soap micellcs contain a core of oil and in that 
formation and the soap renders the iron capable of core the rcaction starts. The polymer nlolecules thus 
entering the reaction locus. Finally some reducing started then grow into the aqueous phase (the soap 
sugar is generally added to a rcdox system, so as to  becoining adsorbed to the polymer). By diffusion 
reduce (possibly by indirect means) the ferric iron through the aqueous phase, monomer enters and dis-
back to the ferrous state. solves in the polymer particles, thus providing more 

Considerable evidence (13) leads one to believe that  material f o r  polymerization. Accordingly, most of 
the iron undergoes a cycle as follows: the polymerization takes place in  the polymer-mo- 

sugar 

F c + ~  t-- Fcf " 


(as  pyrophosphate (as pyrophosphnle 

complex) complex) 


Aaucous solution 

v I 	 I v 

ltcactioii locus 

~ e +2 __j Fe+ + free radicals 
(as stcarate) Peroxide (as  stcarn te) 

I f  pyrophosphate is absent, the rcaction between the nomcr particlcs, and the nionoiller droplcts in the 
iron and peroxide is too fas t ;  if soap is absent, the emulsion serve only as reservoirs fo r  reactants. 
iron is not brought into contact with the peroxide, According to Harkins ( 3 )  the aqueous phase can 
with the rcsult that no rcaction occurs. The peroxide serve as a secondary locus f o r  initiation, but the par- 
is only slightly soluble in  watcr, but can he present in  ticles so formed ultimately enter the second stage de- 
the oil phase (monomcr) or in  the soap miccllcs dis- scribed above. As tile rcaction proceeds, the monomer 
tributed throughout the w a t ~ r . ~  droplcts get smaller and smaller until a t  about 60 pcr-

cent conversion (for GR-S) all the monomcr is dis- 

Locus OF REACTION solved in polymer particlcs. After that the effective 
conccntration of iriorloiricr in the rcaction envirorlnicnt 

The most significant coi~tributions to our knowledge falls of[ rapidly, with the rcsult that the kinetics soon 
of the locus of rcaction in cniulsion polymerizations depart from zeroth order. 

2The author is indebted to Prof. I. M. I<olthoff of the Uni- I t  is significant that after 60 percent conversion the 
versity ol  Slinnesota for pointing out that the reduction rtc- grolving free radicals encounter relatively more poly- 
tivation step occurs somew~lierc in the water layer, which is  
liere presun~ed to be the oil core ol the soap micelle. This mCr and less with that 
i~~terprctationis a modification of that given in ( I S ) .  branching and cross-linking then occur (11, 12). 
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