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followed by rapid successive additions of monomer molecules to the active 

centre (propagation) until the polymer becomes stabilized (termination). 

Eyring et al (8) developed a general theory for vinyl pol~~erization 

as follows: 

On the basis of a free radical mechanism the following rate rela­

tions hold: 

Initiation: M kl 
--.;> M* 

Propagation: M* + ].~ k2> Mi: 
2 

k2 
) 

M:t 
3 .ka-)> 

Termination: ~* Mi: k 
.f. -3--? Mn+r r 

M* represents an active centre. 

_k2-/ 

Assuming that propagation consists of the rapid addition of monomer mole-

cules to polymer radicals the velocity of propagation is: 

Vprop = k2 (R] M - - - - - - - - - - - - - - (1) 

where [R] is the concentration of active centres and M is the concentration 

of monomer. 

If propagation is much faster than initiation the overall rate is 

given by: 

-en~ -dt 
= k2 [R] M (1 + Vinit) ------------

· Vprop 
(2) 

where the second term is small. This must bet rue if long polymers are to 

be fonned. 

If it is assumed that the rate constants for reactions of the active 

radicals (k2 an.d k3) are large compared with the rate constant of their 

formation k1 , a steady state will soon be reached such that the rate or 

initiation is equal to the rate of termination, when 

Vinit 

V prop 

_ Vterm 
- Vprop 

= .i - - - - - - - - - - - - - - - - - (3) 
~ 

:t 
Mn 



3 

where a is the kinetic chain length of the reaction or in other words the 

average number of monomer units bound in a polymer molecule. 

The tenmination must involve only reaction between two free radicals 

since only in this case will free radicals disappear. Thus: 

Combining this with the steady state assumption: 

l 
[RJ = (VinitJk3)2 - ---------

and substituting this value for[m in (2) we have 

- - - (4) 

- - - - - - - - - (5) 

-dA = k2 
dt 

(V ini t) ~ (M + .!.) 
.k3 ~ - - - - - - - - - - - - - - - (6) 

where (f = V prop 
Vinit 

= kc)M - - - - - - - - - - - - - - - ( 7) 

Abere et al (9) have developed the equations for rates of polymerization 

and o for all possible initiation processes. 

Expressions are now available for the overall rate of polymerization 

and the average degree of polymerization which can be compared directly 

with experimental data. However, these are not sufficient to detenmine 

unambiguously the individual rate constants of the different elementary 

steps, having only two equations and at least three unknowns. Other ex-

pressions are required which combine these same unknowns with directly 

measurable quantities. One of these is the distribution function of the 

polymer formed after different lengths of time under various experimental 

conditions. Attempts have been made in this direction by Ginell and 

s~ (10) and Eyring et al (8). 

Ginell and S~a succeeded in integrating the differential equations 

for the consumption of inactivated monomer, the formation and consumption 

of activated monomer, the formation and consumption of active chain mole-

cules of arbitrary degree of polymerization n and the accumulation of the 
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stable molecules of general type mn• Sets of formulae which describe the 

course of the reaction have been developed. They find that the final num­

ber distribution of the polymer is: 

(~)2 ( k2 )n-1 
2 k2tk3 

- - - - - - ( 8) 

m1° being the amount of monomer originally present and, accordingly, the 

final weight distribution function is 

w = m o (k~)2 ( k2 )n-1 
n 1 .n k2 k2;£3 - - - - - - - - - - - (9) 

This expression contains the rate constants of propagation and termination 

and combines them with the experimentally accessible quantity, the weight 

fraction wn• 

No systematic investigation has yet been published which combines 

equations (6), (7) and (9). However, Abere et al (9) have combined the 

results of Alfrey (11) and Bartovics (12) for the weight fraction distri-

bution curves for polystyrene, prepared with benzoyl peroxide at 60°, 1200 

and 18ooc, with the kinetic data of other authors (13,14). They found the 

rate constants k1 (first order initiation), k2 and k3 to be characterized 

by the following frequency factors and activation energies: 

kl A = 
1011 E = 24.0 kcal. per mol. 

k2 A ~ 105 E - 5.0 kcal. per mol. - -
k3 A = 104 E - 5.0 kcal. per mol. -

Activation: 

A number of methods of initiating chains are known to exist. It 

seems fairly definite that purely thermal activation of the double bond 

can produce active molecules of styrene (15,16). Photochemical activa-

tion has been studied by a number of workers (17) and in general takes 
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place with a rate proportional to /intensity, indicating that the photo­

activated monomer can either return to the inactive state or grow into a 

chain. A variety of substances have been found capable of catalyzing po­

lymerization reactions. In certain cases (free radicals, alkali metals, 

peroxides, ozonides) the catalyst acts by producing a free radical; in 

other instances (BF3, AlCl3, SnC14) association of the catalyst with mono­

mer takes place. 

The uncatalyzed polymerization of styrene was found to have an acti-

vation energy of about 23,000-25,000 cal. per mole and a collision factor 

between lo4 and 106. A second order overall rate was observed both in 

solution and in bulk polymerizations showing that the initiation process 

is second order with respect to monomer. 

The radical catalyzed polymerization of vinyl and acry1 derivatives 

has been studied by Abere et al (13), Alyea (18), Bollamd (19), Norrish 

(20), Price (21), Raff (22) and Schulz (23). Proof for a free radical 

activation was found in three ways: 

(1) Independent evidence showed that a number of substances capable 

of initiating polymerization reactions decompose in solution to for.m free 

radicals (16,23,24,25,26). If it is assumed that such free radicals lead 

to a propagation reaction, the resulting polymer would contain fragments 

from the catalyst as end groups. Price et al (26,27,28) have shown that 

samples of polystyrene and polymethyl methacrylat~, polymerized in the 

presence of a number of different organic peroxides, do in fact contain 

at least one catalyst fragment per molecule. 

(2) In one case the concentration of activating radicals was measured 

directly by the colour of the solution and it was found that the initial 



rate of monomer consumption was proportional to this concentration. 

(3) Kinetic data also point to a free radical activation. Assuming 

that the rate or initiation is first order with respect to the catalyst 

equation (6) becomes 

1 1 

-~ • k2 (tic)2 (M .. ~) ,;. k2 (~~C)2 M 

6 

since ~ is very small. The rates of benzoyl peroxide catalyzed poly­

merization of vinyl 1-~-phenylbutyrate and d-s-butyl ~ chloroacrylate 

(29,30) in dilute solution were first order with respect to the monomer 

as well as half order with respect to the catalyst. Investigations of 

peroxide catalyzed polymerizations of styrene (15b), methyl methacrylate 

(8) and vinyl acetate (31) all clearly indicated a rate dependent upon 

the square root of the catalyst concentration. This offers sUbstantia-

tion for the free radical mechanism. However, the investiga~ors found 

a three-halves-o·rder dependence of rate on monomer concentration for 

peroxide catalyzed polymerizations of styrene and vinyl acetate using high 

concentrations of monamer. Equation (6) shows that an initiation which is 

first order inmonomer is required to explain this. Several reports on 

the kinetics of the decomposition of benzoyl peroxide have shown that the 

reaction is actually a first order process. However, Price (28) and 

Bartlett (32) found that the rate of benzoyl peroxide decomposition in-

creased several fold in the presence of styrene. A possible explanation 

may be that in the thermal decomposition only that portion of the decompo-

sition which leads to an alkyl radical and carbon dioxide is measured 

since the acyloxy radicals may recombine to form the peroxide. In the 

presence of monomer which will react with the acyloxy as well as the alkyl 

radicals, reversion to peroxide will be inhibited and the overall rate of 
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disappearance of peroxide will increase. 

Eyring (8) has suggested that in free radical reactions the activa­

tion of the ethylene bond consists in lifting the two "unsaturation" 

electrons into a state of identical spin so that they occupy repulsive 

orbits (i.e. a singlet-triplet transition occurs). If this point of view 

is adopted, catalysts of the radical type accelerate the initiation re-

action by increasing the frequency factor rather than decreasing the acti-

vation energy. The uncoupling of the spins of the unsaturation electrons 

becomes much more probable in the presence of atoms, radicals or molecules 

containing an odd electron. Uncatalyzed polymerization has been observed 

to have an activation energy of 23.0 kcal. and a collision factor of 1 05 

I 

while the catalyzed polymerization has E • 23.0 kcal. and A equal to 10".~ 

Williams (33), Thomas et al (3!~) and Wasser.man (35) have studied the 

polymerization catalyzed by polarization of the double bond. The polymeri-

zation of isobutylene with BF3 and or styrene with SnC14 gave initial rates 

of monomer consumption which were directly proportional to the concentr~-

tion of the catalyst as was expected. Eyring pointed out that in these 

reactions the heteropolar elevated state of the double bond is probably 

responsible for the activation (singlet-singlet transition). 

This type or catalysis accelerates the reaction by decreasing the 

activation energy necessary to bring the molecule into the first activated 

singlet state (approx. 40 kcal.) down to values between 20 and 25 kcal. 

per mole. The collision factor (loll) is not noticeably changed by the 

catalyst. 

Propagation: 

(1) The simulest propagation reaction is the normal chain gro,~h, which 
~ 
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seems to take place rapidly. Observations of Schulz (15a,d) and others 

indicate that the average lifettme of a growing polystyrene chain of about 

1000 monomers is between lo-3 and lo-2 seconds if the radical mechanism is 

involved. On the other hand, Melville (17) has observed that methyl metha­

crylate can grow over a very long period of time without being effectively 

terminated. The same has been found true for chloroprene by Medvedev (36) 

and for butadiene by Gunning and Steacie (37). 

(2) Chain Transfer was postulated to explain some experimental results 

which are inconsistent with the formal theory. 

If it is assumed that the degree of polymerization is equal to If, 

the kinetic chain length of the reaction, then for the catalyzed poly.meriza-

tion of styrene the degree of polymerization should be proportional to the 

square root of the monomer concentration (equation (7) where Vinit = k1cM). 

The data of Schul·z and Huseman (15a) are not in agreement with this (8). 

For the uncatalyzed polymerization of styrene, the degree of polymerization 

should be independent of the concentration of monomer, a fact which is in 

complete disagreement with the data of various investigators (15b,l6) since 

it depends not only on the monomer concentration but also on the particular 

solvent used. This indicates the occurrence of some reaction which deacti-

vates the growing polymer without terminating the reaction chain. 

Such reactions were proposed by Flory (38) and termed ''chain transfer" 

reactions. The growing polymer molecule stabilizes itself by transferring 

its activity to some other molecule, monomer, solvent or polymer. These 

reactions may be for.mulated thus: 

Mx* +M ~ Mx 

~ 11x* + S ~ Mx 

g:i: .f. M: _ks7 M* 

+ M* 

+ s* 
.f. s 
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The true degree of polymerization of th~ polymer for.med during any small 

mnount of reaction is then given by: 

where R • 

Pn = ~--V....~Pi;;,;:r;...;:o::..P:..-__ 
Vterm + Vtrans. 

(kli~A:)~ for the cataly·zed polymerization. 
k32 -

Substituting this value in (10) and inverting: 

l • kt'S 
"Fn (k2+kt)M + 

- - - - - (10) 

(11) 

The only important transfer process was found to be reaction with the sol-

vent (i.e. kt is zero) for styrene polymerization (8). 
1 

M2 • kt'~ 
1r k2M2 

In the absence of catalyst (12) becomes: 

1 _ kt'S ~ (k1k3 )~ _ 
~- k2M T k2- - - - -

- - - - - ( 12) 

------------- (13) 

These equations hold only for the polymer formed when the monomer concentra-

tion is constant, i.e. at the beginning of the reaction. They have been 

show.n to hold for the polymerization of styrene in various solvents (8) and 

it should be noted that the true kinetic chain length was found to be es-

sentially independent of the solvent used. It is therefore probable that 

the solvent has no specific chemical action in chain initiation or in 

chain propagation except as it may alter the thermodynamic activities of 

the initial and activated states. 

(3) Branching is another propagation process which was introduced into 

the discussion of styrene polymerization by Raff (22), Schulz (15d) and 

staudinger (39) to explain characteristic discrepancies between degrees 

of polymerization obtained from osmotic pressure and viscosity measure­

ments. This argument has lost strength in view of more recent data (40). 
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In fact there is great doubt of the existence of branching in pure poly­

styrene. However, Medvedev et al (36,41) have shown that branching does 

occur in isoprene. Assuming that a steadf state exists and that the ve­

locity of initiation is a function only of the catalyst and monamer con­

centration, it follows that the rate of polymerization sho~ld be either a 

constant or a decreasinb function of the time showing an initial maximum 

value. 11edvedev et al (36) hAve observed that chloroprene polymerization 

catalyzed by tetralin hydroperoxide proceeds at a rate w·hich increases 

with time. Considering that initiation of active centres may take place 

by decomposition of catalyst into free radicals, by purely thermal activa­

tion, and by opening of the double bonds in the reaction chains 8lready 

produced, that is by branching, they derived the following equation for the 

amount of polymerized chloroprene: 

- - - - - - - ( 14) 

where k is the ther.mal uncatalyzed rate constant, k1 that for the cata­

lyzed linear polymeriza~ion and k2 that for the lateral branching reaction. 

c is the concentration of hydroperoxide. This equation was found to repre­

sent the experimental conditions very well. 

In a later pap er l\~edvedev et al (41) showed that the polymer fonned 

during the polymerization of chloroprene contains free radicals even after 

it res been removed from the reacting medium, while measurements prove 

that the number of such radicals may greatly exceed the number potentially 

nresent from the catalyst decomposition. 

Tennination: 

Radical chain termination evidently occurs if two growing chains col-

lide or if one chain collides with the dissociation product of the catalyst. 
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Abkin (42), Bolland (19), Medvedev (41) and Melville (17) have studied 

the ter.mination of growing chains of ethylene and butadiene derivatives 

by various substances and found in some cases that the chain ends are 

extremely sensitive to cessation while in others they are surprisingly 

resistant. 

Melville (17) reported the for.mation of an insoluble polymer by the 

action of ultra-violet light on methyl methacrylate. This polymer con­

tinued to grow on the walls of the vessel for several days after the source 

of radiation was removed. Its rate of growth was practically unaffected by 

storage in vacuo for 43 hours or after treatment with oxygen. In addition 

to the polymer growth at the walls a more rapid gas phase polymerization 

was initiated by hydrogen atoms producing soluble polymer. Melville con­

cluded from this that the gas phase and the wall polymerization took place 

by different mechanisms. He postulated a free radical chain polymeriza­

tion for the gas reaction and a polymerization proceeding by addition of 

monomer to the double bond at the end of the chain for the wall reaction. 

To deactivate these chains the unsaturated ends of two of them would have 

to react with each other. Such a reaction would involve the migration of 

a methyl group to an adjacent carbon; since this migration is very impro­

bable the chains have a long life. 

In all these studies the polymer which continued to grow had been 

precipitated on the walls of ~ glass tube as an insoluble mass or was 

formed in a very viscous system. Hence another possible explanation of 

this effect is that the probability of collisions between chains growing 

in the polymer is considerably hindered because of structural considera-

tions. 
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Copolymerization 

Norrish and Brookman (42) were the first to propose a reasonable 

~mechanism for copolymerization reactions; that is, reactions in which 

both types of monomer enter each growing chain. They assumed that two 

types of growing free radical chains exist in solution, depending upon 

which monomer exists at the end of the chain possessing the odd electron. 

It is then possible to set up four equations representing the propagation 

reactions. 

M* ;. M~ M* Rate • k:Pn MiJJI 

M*+ S ~ s* • k:P M*s 12 

s* .f. :M~ M* : kP21 s*M 

s* "'" s ~s* • k:P22 s*s 

:M and S represent the two monomer,: .. molecules, M* and s* the active centres. 

Assuming that the polymerization is zero order with respect to monomer, 

then the rate of propagation is given by: 

~ : kPll M*M + kP12 1~S + kp21 s*M + k:P22 s*s - - - - (15) 

The rate of increase in the number of active centres M* is 

er:_* • kP21 s*M: - kP12 M*s 

If a steady state exists such that ~ = 0 

~P21 s*M = kP12 M*s 

and also, since :M* + s* • constant = n, substituting for M* and s* in (15) 

and letting M • 100 - S gives: 

[ 100 

s2 k k 
- 2kP12 ~ kPll) l dp - n kP11 + 2S(kp -k ) + TOO( Pll P22 

(ff 12 Pll KE2l 

1 + s (~P1.2 - 1) !UO" P21 

~ = n [ a + bS .f. cs2 ] _ _ _ _ _ _ _ _ _ - - --- - - - - (16) or dt I + dS 
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This equation is only applicable to the initial stages of the reaction 

since it was assumed that the polymerization is zero order with respect 

to monomer. 

In calculating the values of a, b, c and d from their experimental 

datt::. Norrlsh and Broolanan assumed that the same concentration of peroxide 

in the different mixtures of monomers would give the same concentration 

of active centres. Mayo and Lewis (43) were able to show that this as-

sumption was false and hence the empirical equation which Norrish and 

Brookman found for the styrene - methyl methacrylate system is of little 

value. There is nothing fundamentally wrong with their theoretical equa-

tion. However, it is necessary to be certain that each system has the 

same steady state concentration of active centres n. 

Studies based upon the propagation reactions suggested by these 

authors have been made by a number of investigators (43-52). The equation 

relating the composition of the copolymer to initial concentratio~s of 

monomers and to the time was derived independently by :Mayo and Lewis (43) 

and Alfrey and Goldfinger (44), as follows: 

where rr = ~11 
kP12 

dM 
dS 

= [M] er [M] .f..~ 
[ S] [M] .f. p [S] 

and .1' = kP22 • 
kP21 

- - - - - - - - - - - - - (17) 

Wall (45) has published two pap~rs on the same topic and, although 

his treatment is from a different viewpoint, his results are identical. 

Equation (17) has been applied to many monomer pairs. Logan (46) 

found values of fr= 0.23 !0.07 and ,u = 1.48 !o.o8 for the bulk phas• 

copolymerization of styrene and bute.diene, where :M above refers to sty-

rene and S to butadiene. This indicates that butadiene will react faster 



than styrene with either type or chain although it has been shown that 

reaction with M* is faster than with s*. 

14 

Alfrey and Goldfinger (44), as well as Branson and Simhs. (47), have 

developed equations applicable to two components for the overall rate of 

polymerization and the number average of the degree of polymerization. 

Branson and Simha (48) later extended their derivations to systems of any 

number of components. Recently Melville et al (49) published a general 

theory of copolymerization in which the rate expressions were derived for 

percentage polymerization against t~e and for initial rate against mono-

mer concentration. Their initial rate expressions are of the general form: 

- d[M .f S] = 
dt 

1 +a M 
(1 + c M 

+ b M 
2 

(18) 

where x = ~ or 1, ~ and R8 represent the rates of initiation of M and S 

respectively and a, b, c, d are constants which involve the values of ~ 

and~. 

Molecular Weights of High Polymers 

The methods used at present for the molecular weight determination 

are: 

(1) End group determination 

(2) Osmotic pressure 

(3} Light scattering by solutions 

(4) Sedimentation analysis by the ultracentrifuge 

(5} Viscosity of dilute solutions. 

End group determination methods can only be applied to linear mole­

cules having reactive end groups. The calculation of the molecular weight 

of an emulsion. polymerization polymer from the consumption of modifier is 

essentially an end group method (52). Osmotic pressure determinations 



have been widely applied to solutions of various polymers·. A membrane 

must be used which is truly semi-permeable to the polymer-solvent sys­

tem. Methods involving light scattering by solutions of polymers are 

based on Rayleigh's Law and have been used by Debye (53). All these 

methods determine the number of molecules present in a given weight of 
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polymer. Hence, for a polymer containing molecules of different weights 

the actual result is only a "nmnber average molecul~lr weight". This is 

expressed as follows: 

------------------ (19} 

where Mn is the number average molecular weight and ny is the number of 

molecules of the yth species, having a molecular weight of My. 

The ultracentrifuge has been used to make sedimentation analyses of 

solutions of macromolecules by Svedberg (54) and others. In such an 

analysis, a distribution of the polymer is obtained according to the 

weight fractions of molecules of different molecular weights. Hence, a 

molecular weight distribution function is obtained. To obtain an average 

molecular weight, the function must be sumned and divided by the total 

weight of polymer. Thus, a weight average molecular weight results: 

!fw= LMywy 
'f.wy 

where wy is the weight of the yth species, having a molecular weight of 

My• Now since wy = nyMy 

then • ----------- (20) 

The most widely used method for molecular weight determination has 

been the dilute solution viscosity of polymers. Staudinger (55) first 
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postulated hiwwell-knovm relation, on purely empirical brounds, in 1932. 

'{_sp = Kcl.~ 

or¥-= Kl1 

wher4~ is the specific viscosity arrl is expressed as 

:>(sp = 2[_ -1 
/(0 

where ~is the viscosity of the solution; ~is the viscosity of the sol-

vent; c is the concentration of the solution in gra:Ms per lOO ml.; M is 

the molecular weight and K is a characteristic constant. 

Staudinger's relation then made it possible to determine the mole-

cular weight of a high polymer by viscametric methods, provided the cha-

racteristic constant had been evaluated by calibration against some absolute 

method, such as osmotic pressure. In using Staudinger's equation a weight 

average molecular \Veight would be obtained, thus: 

Hence, for the whole polymer 

and 

}!sp 
c 

= 

J[sp =LJ'Zspy = KL_cy111y 

= K]~ (21) 

To avoid any non-ideality in the polymer solution, the specific vis-

cosity is usually extrapolated to zero concentration, by plotting the 

function ~csp against c, thus obtaining the "intrinsic" viscosity, desig-

nated as ['l]• 
Kuhn (56) and later Huggins (58) derived a relation between viscosity 

and molecular weights on purely theoretical grounds, by a consideration of 

the effect on the flo'v of solution caused by long molecules lying across 

the velocity gradients. Their results may be expressed a.s follovrs: 



For rigid rod-like molecules 

J{sp = K3cM
2 = K3n:M3 

For rigid randomly kinked molecules 

For non-rigid randomly kinked molecules 

J(sp = K1 cMa = Kpill1l+a 

where l>a <O. 
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It can be seen that Staudinger's equation applies only to rigid ran-

damly kinked molecules. In actual practice it has been found that the 

more general equation 

['(]• nf - - - - - - - - - - - - - - - - - - - - - - (22) 

holds for a large number of different polymers. The values of K and a are 

characteristic of a given solvent-solute pair, with a lying between zero 

and unity. 

With molecularly heterogeneous polymers, equation (22) yields an 

average which is not necessarily a weight average but is called a "vis-

cosity average". Thus the viscosity average molecular weight Mv may be 

derived as follows: 

For the whole polymer 

~sp = Jfspy • K~yMya 

Then 

Substituting 

then 

[ 1]= 
_a 

K Mv 

- - - - - - - - - - - - - - (23) 
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The values of K and a are determined from measurements of osmotic presst~e 

and viscosity on narrow fractions of relatively homogeneous polymer. 

The divergence between the number average and the viscosity average 

molecular weights is a measure of the molecular heterogeneity of the poly-

mer. This may be calculated if the sums in equations (19), (20) and (23) 

can be evaluated. A derivation for the distribution of molecular size is 

required for this and a procedure similar to that used by Schulz (59) is 

followed. The argument proceeds as follows: 

Consider the growing molecules at a small increment of conversion. 

Let ''p" represent the probability that a growing molecule adds an addi-

tional monomer unit. Then the probability of termination, which is equal 

to the ratio of the rates ofter.mination and propagation, is 1-p. Since 

the formation of a terminated primarymolecule of y structural units re-

quires y-1 propagation steps and one termination step, the number fraction 

ny of yth species in the polymer formed is 

ny = pY-1 (1-p) 

while the weight fraction (wy) is 

Wy : yny = ypy-1(1-p)2 
2:.,lyny 
Y= 

The number average molecular weight is then 

oC 1 
Mn =~ yny • 1-p - - - - - - - - - - - - - - - - (24) 

and the weight average value is 

~ 

= (1-p)21- y2 (p)y-1 

• 1 + p 
1 - p -------------- (25) 



The heterogeneity index is 

1 + p ! 2 

since P must be close to unity if a high polymer is to result. 

New 

Mv --
and 

Mv --
--
• --

[-¥t/a 
ff a]l/a 

1 Wy y 

[ l GC Jl/a (l-p)2 o pY-lya.f.ldy 

( r ( 2.f.a)) 1/a 
- - - - - - - - - - - - - - -(26) 1-p 

Hence the viscosity heterogeneity index is 

Erv = ( r ( 2-f.a) ) 1 /a - - - - - - - - - - - - - - - - ( 27) 
V-n 
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For GR-S dissolved in benzene or toluene Harris (53) found a = 0.67 and 

hence 

This derivation holds only where branching does not occur; hence, will 

apply only for the initial stages of the reactions to be studied. 



PART I 

POLY1[ERIZATION OF SYSTN\~S CONTAINING BUTADIENE AND 

STYRENE IN THE RATIO OF 75:25 
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By the copolymerization of two monomers it has been found possible 

to create polymers, which apparently have the intermolecular relations, 

in respect of configuration and attractive forces, required for a rubber-

like substance. Such a pair are butadiene and styrene which are copoly-

merized to yield a polymer known as GR-S. This polymer has been found to 

possess many desirable mechanical and chemical properties. However, two 

possible disadvantages, among others, may be mentioned: 

(1) The GR-S polymers have a broad molecular weight distribution in 

contrast to a narrow distribution in natural rUbber. 

(2) Since the diene polymer still contains a double bond for each 

monomeric unit, these bonds act as a source of activity for cross linking 

reactions between the chain molecules, leading to the formation of mole-

cular nets during the course of the pol~aerization. 

such characteristics as solubility, plasticity, tensile strength, modulus 

and elongation at break are all apparently enhanced in polymers consisting 

essentially of straight chain macromolecules of reasonably high molecular 

weight. 

It was thought that by incorporating the principle of fractionation 

by a precipitant into a polymerization reaction the homogeneity and the 

molecular weight of the polymer could be controlled within reasonable 

limits. 
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The solUbility of polymers is known to decrease with increasing 

chain length and precipitation occurs at a given chain length. If the 

polymerization were to proceed in a suitable solvent or mixture of sol­

vents, it might be expected that only those chains greater than a certain 

length should precipitate while all others remain in solution and continue 

to grow. This might lead to a material of greater homogeneity than is 

attainable in emulsion polymerization. In 1936 a process of this type 

was patented (59), in which vinyl chloride was polymerized with vinyl 

acetate in hexane as solvent and with benzoyl peroxide as catalyst. 

Such an investigation could. be made either in an emulsion system or 

in solution. The latter was chosen for this study, since it was consider­

ed to be the simpler system. However, before proceeding with any attempt 

to homogenize the polymer by fractionation simultaneously with polymeriza­

tion it was obviously necessary to obtain information on the copolymeriza­

tion of butadiene and styrene in homogeneous systems. 

Two investigations have been made on the copolymerization of buta­

diene and styrene in the bulk phase. 

Marvel et al (6o) studied the bulk copolymerization of styrene­

butadiene in the ratio of 75:25 (by weight), using sodium sand as catalyst. 

The copolymers found were soluble in benzene and had intrinsic viscosities 

similar to those of GR-S. The composition of the copolymer was constant 

throughout the reaction and the molecular weight distribution was very 

similar to that of natural rubber. The introduction of a diluent in-

creased the time for polymerization manyfold, and the molecular weight 

was so reduced that the product became soft and tacky. 
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Koningsberger and Solomon (61) have recently published a series of 

papers on the preparation and properties of rubberlike substances in bulk 

and emulsion phase systems. By determining the solubility and swelling 

of the bulk copolymers of butadiene and styrene in different solvents 

they showed that a true copolymer was formed. A side reaction which pro-

ceeded at an appreciable rate when the polymerization proceeded in the 

bulk phase at 100°C was found. The products isolated indicated that this 

side reaction was a dimerization of butadiene and butadiene with styrene 

to form cyclic products. 

Several authors have investigated the polymerization of various 

monomers in the presence of non-solvent. Norrish and Smith (62) showed 

that the rate of polymerization of methyl methacrylate and the chain 

length of the polymer were increased when the reaction occurred in the 

presence of a non-solvent for polymer. They ascribed their effects to 

interference with the chain termination reaction when precipitation of 

the polymer occurred;i.e. to a reduction in the value of kt in: 

Rate of destruction of active chains = kt 

This concept of a diffusion controlled termination reaction cannot be 

considered as a principle applicable to polymerization in general, since 

very different results and conclusions have been recorded by other workers 

in this field. 

1Vhite and Haward (63), working with methyl vinyl ketone, found that 

the rates of polymerization were less in liquids which did not dissolve 

the polymer. The intrinsic viscosity of the polymer, although greater 

than for good solvent, was less than when pure monomer was polymerized 

by itself with the same concentration of catalyst. However, when using 
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methyl isopropenyl ketone, Haward (64) found an increase in both rate and 

intrinsic viscosity in the range 40 to 80 percent of diluent. 

Abere et al (65) found that methanol had little effect on rate and 

molecular weight for the polymerization of styrene at 6o°C. 

This section deals principally with polymerization in systems con­

taining butadiene and styrene in the ratio 75:25 (by weight). Since no 

results were available when this investigation was started to indicate 

whether or not true copolymerization did occur in solution, the rates of 

polymerization have been determined for systems containing styrene, buta­

diene and different mole fractions of the two as a prel~inary to the 

study of possible fractionation simultaneously with polymerization. 
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EXPERIMENTAL PROCEDURE 

1. Polymerization 

Styrene from Dow Chemical Co., Sarnia, containing t-butyl catechol 

as inhibitor, was purified by vacuum distillation through a small column 

packed with glass beads, a slow stream of air being used to agitate the 

contents of the distilling flask. The purified material was stored in a 

refrigerator at 0°C for periods not exceeding 48 hours. 

Butadiene, a commercial grade supplied by Polymer Corporation, 

Sarnia, was purified by bubbling the gas through an absorber containing 

a 2N solution of sodium hydroxide (to remove any traces of the inhibitor, 

n-butyl catechol), dried by passing through tvro tubes of activated alu­

mina and condensed into the storage vessel with a dry ice acetone bath. 

The benzoyl peroxide used was the Eastman Kodak product which was 

approximately 98.7 percent pure. 

The diazo-a~ino-benzene was the Eastman Kodak reagent grade material. 

The solvents used were C.P. grade except for the benzene which was 

thiophene free. 

For the polymerization of styrene pyrex reaction tubes were used, 

which had a volume of approximately 12 ml. when sealed off. For copoly­

merization studies, the reaction tubes were made of thick walled com­

bustion tubing (23 mm O.D., 17 mm I.D.) and the volumes varied so that 

there was approximately 2 ml. dead space in all the vessels when sealed 

off. Since most polymerization reactions are very sensitive to traces 

of impurities, considerable care was taken in cleaning the reaction tubes. 



They were first filled with hot chromic acid, then rinsed several times 

with tap water, followed by distilled water, and finally dried in a vacuum 

oven at 6o°C. 

The benzoyl peroxide was weighed into a flask and dissolved in a 

measured voltnne of styrene. 1Vhen this was not possible, as in the buta­

diene polymerizations, a known volume of a solution of benzoyl peroxide 

in benzene was added to the reaction vessel and the benzene evaporated 

under reduced pressure. 

In the experiments it was necessary to vary the butadiene concentra­

tion while keeping the benzoyl peroxide concentration constant. Since 

density data on the styrene-butadiene system were not available, it was 

assumed that the specific volumes of the two components were additive. 

For the polymerization of styrene the solution containing the cor­

rect concentration of solvent, monomer and catalyst was measured volu­

metrically into the reaction tubes which were then cooled, flushed with 

nitrogen, sealed and stored at -10°C. 

For the copolymerizations the solution consisting of solvent. styrene 

monomer and catalyst was measured into the capsules volurn.etrically. Con­

densed butadiene was then weighed into the tubes in slight excess and al­

lowed to evaporate until the correct weight of material remained. This 

served also to flush out the air. The tubes were tightly stoppered, 

chilled in a dry ice acetone mixture and then sealed. 

In general, five identical samples were prepared for each experi­

ment. The tubes were placed in thermostats controlled to within !.1°C 

and left for definite intervals of time. vihen removed from the bath 

therreaction was stopped by chilling in an ice-salt-water bath. Tubes 
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which contained butadiene were placed in a dry ice-acetone mixture before 

opening. 

The contents when chilled were poured into a tared beaker containing 

an excess of methanol and a little hydroquinone. Vfuen the polymer had 

coagulated and the supernatant liquid was clear, the liquid was decanted 

and the remaining polymer washed three times with methanol and then dried 

to constant weight (3-5 hours) in a vacuum oven at 40°C. 

2. Characterization of Polymer 

(a) Determination of styrene content 

For polymers containing low percentages of bound styrene (around 25 

percent) the refractive index method was used for determining the styrene 

content. This was calculated from the equation: 

% Styrene = 22.94 t 0.118(N:65 - 1.5339} X 104 - 2340(N~5 - 1.5339)2 

A correction of -0.6o was made since no mercaptan was present in the solu-

tions. 

For polymers of high styrene content the degree of unsaturation was 

determined by the halogen addition method of Gallet1y and Maher (66). A 

known weight (approximately 0.10 grams) of finely divided polymer was 

placed in a 500-ml. iodine flask with 50 grams of reagent-grade~ -dichlor­

benzene and the flask placed on a hot plate at 175-185°C to decompose the 

polymer. When the polymer was completely decomposed (20-180 minutes) the 

flask was allowed to cool and 50 ml. of chloroform added to liquefy the 

material before crystalliz~tion becomes complete. To the cooled solution 

25 ml. of Oo2 N iodine monochloride in carbon tetrachloride was added. A 

thin film of 15 percent potassium iodide was placed on the stopper before 

closing and the flask was left for 1 hour in the dark at room temperature 
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to complete the reaction, after which 25 ml. of 15 percent potassium 

iodide was added, followed by 50 ml. or' distilled water. The excess 

iodine monochloride was immediately titrated with standard 0.1 N sodium 

thiosulfate with starch as the indicator. Occasionally it was necessary 

to add 25 ml. of ethanol toward the end of the titration to break the 

emulsion. A blank was similarly carried through all the steps of a 

determination. The iodine n1.m1b er was calculated as follows: 

The 

I .N. = ml. of Thios. ~B-T) X NX 1.269 
w 

vvhere B = titration for the blank 

T = titration for s·ample 

1~ = normality 

w = sample v1eight in grams 

percent bound styrene is then calculated from 

% Styrene = (I.N. of polybutadiene-I.~~ of sample) X 100 
I.N. of polybutadiene 

where the iodine number of polybutadiene = 458. 

(b) Determination of molecular "V~reight 

Ubbelohde viscometers were used for the deterrnination of intrinsic 

viscosities. The outflow times for the two viscosimeters used in this 

part of the work were 197.6 and 226.1 seconds for pure benzene, so ·that 

the kinetic ener~y correction was very small. This correction was de-

termined by calibrating the viscometer by means of three different 

l~quids, viz. benzene, vmter and ca.rbon tetrachloride, and applying the 

standard viscosity equation which has the form 

1f = ·At - B 
~ 



where 1f is the kinematic a.b solute viscosity 

A is the instrument constant 

B is the kinetic energy constant 

t is the outflow time 
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Hence, by using any two liquids whose kinematic viscosity is accurately 

knovvn, the two constants may be evaluated. Unfortunately these data 

were lost in a laboratory fire and cannot be presented here. The pro­

cedure used was developed by Cragg (67) and allowed a one point deter­

mination of the intrinsic viscosity at concentrations such that tr~l.2(1.4 

by use of the equation 

[7(]= 8(tr~-1) 

where[J(]is the intrinsic viscosity 

tr is the relative time of outflow 

C is the concentration 

This equation ·w·as found to give a horizontal straight line for['(] plotted 

against C for several polymer samples taken at random from the samples on 

hand at the time. These data were also lost in the fire; however, in 

Part III data to illustrate the [~]vs. C plot will be presented for the 

viscometers used in that portion of the work. 

The intrinsic viscosities were converted to molecular weight by using 

the equation derived by Hulse et al (68) 

log M = 4.95 + 1.52 log[~ 
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EXPERIMENTAL RESULTS 

The first question to be answered in this work was whether true 

copolymerization did occur for the experimental conditions used. Ex­

periments were, therefore, made using different mole fractions of buta­

diene and styrene in the presence of carbon tetrach~oride as solvent, 

with benzoyl peroxide as catalyst. The total concentration of monomers 

in the solution was 3.85 moles per litre, the catalyst concentration 

0.041.5 moles per litre, and the temperature 75°C. The results are given 

in Table I. In Tables II and III data are given for the polymerization 

of butadiene and styrene alone in concentrations corresponding to those 

used in the copolymerizations. 

If the two substances ·were reacting independently it would seem 

reasonable to expect that the styrene polymerization, which is the 

faster, would dominate the reaction to yield a curve which would be 

linear at least for that portion of the curve where the styrene concen­

trations are the larger. However, as may readily be seen from fig. 1, 

small amounts of butadiene greatly reduce the rate of polymerization. 

This may be explained if butadiene copolymerizes with styrene since the 

rate of copolymerization should be remarkedly reduced by the less easily 

polymerizable substance which, having entered the chain, would retard its 

growth. 

The polymers varied from a hard, clear, brittle form at high styrene 

content to a polymer which was quite viscous at high butadiene content. 



TABLE I 

FO!UlATION OF STYRENE-BUTADIENE COPOLYMER 
IN CA_"R.BON TETRACHLORIDE 

Total monomer concentration = 3.85 moles/litre 
Benzoyl peroxide concentration = 0.0413 moles/litre 
Temperature = 75°C 
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Styrene Concentration Conversion % Styrene in Polymer 
:Mole % :Moles/litre wt. % 6 hr. 12 hr. after 12 hrs. 

1.0 3.85 100 58.5 74.0 

0.9 3-47 94.6 34.5 57.2 94.1 

0.8 3.08 88.4 26.8 45.1 83.2 

0.7 2.70 81.5 21.5 36.2 76.9 

0.6 2.31 74.1 17.2 32.6 65.9 

o.s 1.93 65.8 13.6 27.1 

0.4 1.54 56.2 12.4 25.0 50.5 

0.3 1.16 45.1 12.2 23.5 

0.2 0.770 32.7 11.7 22.9 29.1 

0.1 0.385 17.6 11.5 21.0 

o.o 0.000 0 11.2 20.7 



TABLE II 

FORMATION OF POLYSTYRENE IN CARBON TETRACHLORIDE 

Benzoyl peroxide concentration = 0.0413 moles/litre 
Temperature = 75°C 

Styrene Concentration Conversion % 
(moles/litre) 6 hr. 12 hr. 

3.85 59.6 74.0 

3.08 47.7 65.9 

2.31 40.8 6o.7 

1.54 33.0 50.1 

0.770 20.2 25.9 

TABLE III 

FORMATION OB, POLYBUTADIENE IN CARBON TETRACHLORIDE 

Benzoyl peroxide concentration = 0.0415 moles/litre 
Temperature = 75°C 

Butadiene Concentration Converstion % 
(moles/litre) 6 hr. 12 hr. 

3-85 10.8 21.9 

3.08 10.6 19.2 

2.31 10.1 18.5 

1.54 9.8 16.2 

0.77 6.93 13.3 
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Analysis for styrene content (Table I) showed that more butadiene was 

present in the polymer than in the initial mixture, i.e. that butadiene 

reacted faster than styrene. This can only be explained if copolymeriza­

tion occurred. 

Having shown that true copol~~erization did occur in homo~eneous 

solution polymerization, butadiene and styrene in the ratio of 75:25 (by 

weight) were then polymerized in systems containing different concentra­

tions of carbon tetrachloride. The polymers formed in these experiments 

were all of lovr molecular weight. This was believed to be the result of 

using carbon tetrachloride as the solvent since there is direct evidence 

that it may function as a chain transfer agent (69). 

These exper~ents were then repeated using benzene as the diluent. 

The results of the polymerization for a 3.85 molar solution of monomer 

in benzene are given in Table IV. Again, the polymers were of low mole­

cular weight even after 90 hours polymerization when the reaction was ap­

proximately 50 percent completed. The low molecular weights might have 

resulted from dilution by solvent, either by chain transfer or a straight 

concentration effect. 

If the effect is one caused purely by dilution, then it is to be ex-

pected that the molecular weight of material formed at high monomer con­

centrations should be high but decrease progressively with dilution. A 

survey of the literature showed that no information was available on this 

aspect of copolymerization. 

Since it was desirable to obtain a product with molecular weight in 

the range generally associated with synthetic rubbers at an adequate rate, 

it seemed advisable to determine the effect of catalyst concentration and 



Time 
hr. 

5.0 

10.6 

18.0 

24.0 

48.0 

66.5 

90.0 

TABLE IV 

FORMATION OF POLY!~1ER IN BENZE11E AT 75°C FOR A 
BUTADIE1ffi-STYREtffi RATIO OF 75-25 

~~- ...... 

Concentration of monomers : 3.85 moles/litre 
Benzoyl peroxide concentration = 0.0413 moles/litre 

Conversion Styrene in Polymer 
% % 

9.20 20.1 

12.5 

25.8 20.1 

32.2 

45.0 20.3 

49.9 

53·5 20.5 
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Jv1ol.1Vt. 
(xlo-3) 

4.57 

6.92 

11.9 



temperature, as well as solvent, on the copolymerization of 75 percent 

butadiene and 25 percent styrene. 

Benzoyl peroxide as catalyst: 

1. Effect of catalyst concentration -
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The catalyst concentration was varied from 0.055 gm. to 0.500 ~­

per 12 @n• of monomers. The results for a temperature of 75°C are given 

in Table V. 

Unlike the polymeriza~ion of styrene alone the average molecular 

weight of the polymers formed increased with reaction tline; hence the 

molecular weights were compared at the same percentage conversions to 

detern1ine the effect of the catalyst concentration. The comparison must 

be made at conversions of twenty percent or less. Above this point the 

catalyst is no longer the controlling factor and cross-linking or branch­

ing comes to the fore, especially for low catalyst concentrations. 

In fig. 2 the molecular weights are plotted against percent conversion 

for various catalyst concentrations. In fig. 3 the molecular weights are 

plotted against the inverse of the square root of the catalyst concentra­

tion for 20 percent conversion. The points all fall on a straight line 

except for a catalyst concentration of 0.055 @n• per 12 gm. of monomers. 

These experiments were repeated at +00°C to test the validity of the 

above relation. The results are given in Table VI and plotted in fig. 4. 

The molecular weights are plotted against the inverse of the square root 

of the catalyst concentration for 20 percent conversion in fig. 3. Here 

again the points for high catalyst concentrations fall on a straight line 

while those for 0.055 and 0.022 gm. are hi6her than expected, probably as 

a result of branching. 



TABLE V 

THE EFFECT OF CATALYST CONi~ENTRATION ON ]ffQL"h~CULAR V\fEIGHT AND RATE 

Time 
(hr} 

5.1 
10.5 
18.0 
24.0 
60.1 

108.0 
1)4.7 

Conv. 
(%) 

3.60 
6.90 

11.05 
13.4 
22.8 
29.1 
33-3 

Rate ( ~~;hr) • 705 

5.0 8.04 
5·4 

10.3 13.2 
11.1 

-.. 1 ~. 7 22. 7 
16.5 
20.9 28.1 
22.7 ----
30.7 37-3 
LJ-+.8 46.1 

0.055 

0.250 

Rate (%/hr) 1.60 

11ol. -~Yt. 
(xlo-4) 

1.21 
1.58 

-
1.85 
3.24 
6.31 

~- .. --
0.679 

0.811 

0.944 

1.24 
1.73 

wt. of butadiene = 9.0 ~1' •• 

wt. of styrene = 3.0 gm •• 

Temperature = 75°C 
Catalyst Concentration in gm. per 12 gm. of monomers 

Conv. nr 1 '1vt Conv • Mo1.1Vt. • lO • ,. • 

(%) (Xl0-4) (%) (Xl0-4) 

0.080 0.115 -
4.72 ---- 6.49 0.617 
8. 91.+ 1.15 11.15 0.832 

13.5 1.29 16.9 0.981 
17.1 1.44 20.9 1.40 
28 .J-t- 2.59 36.1 2.40 
36:6 6.61 45.7 7·50 
42.8 9.08 54·3 12.1 

.926 1.05 

0.400 o.soo 
---

10.8 0.530 11.6 o.450 

21.1+ 0.641 23.6 0.492 

29.6 0.720 33.6 0.645 

37·9 0.900 42.9 0.825 

---- ---- ---- ----
1.95 2.10 

Conv. J'.:~ o 1 • Vft • 
(%) (xlo-4) 

0.150 

6.64 0.631 
12.7 0.851 
19.8 1.09 
23.8 1.16 
40.8 2.37 
53.6 9.23 
60.9 10.1 

1.30 

\.>.1 
~ 



TABLE VI 

THE EFFECT OF CATALYST CONCENTRATION ON RATE AND 1~.TOLECULAR WEIGHT 

Time 
(hr) 

0.75 
1.50 
2.00 
4.91 
9.00 

14.1 
26.0 
Rate 

Time 
(hr) 

0.33 
0.50 
0.75 
1.00 
2.00 
4.50 
6.00 

16.0 
23.8 
Rate 

0.25 
0.50 
0.75 
1.00 
3.00 
6.00 

15.9 
24.0 

wt. of butadiene = 9.0 gm. 
wt. of styrene = 3.0 gm. 
Temperature = 100oc 

Catalyst Concentration in ~· per 12 gm. of monomers 

Conv. ]T 1 '1 rt Time Conv. Iv~ol. ~Vt. ' .. 0 • ,:, • 

(%) (xlo-4) (hr) ( ~fo) (xlo-4) 
.022 .055 
3.00 o.so 3.24 
5.00 1.00 6.21 
6.11 1.11 1.50 8.28 
9.25 1.60 2.00 9.13 0.596 

10.8 3.52 6.90 14.0 1.83 
12.2 4-91 -17.1 17.0 3·43 
15.7 8.07 25.2 20.2 6.17 

(%/hr) 3·75 6.21 

Conv. Mol. VIt. Conv. ... 1 't Conv. Mol.11it. l1 .. i0 • _: • 

( ;~) (xlo-4) (%) (xlo-1.~) (%} (xlo-4) 

.080 0.115 0.160 

2.75 
5.88 6.91 

6.06 9.98 
7.65 9.52 

11.6 0.775 14.1 0.690 16.9 0.625 
15.7 1.37 19.0 1.19 22.2 1.04 
17.1 2.12 20.5 1.68 23.9 1.57 
20.6 24.7 3.90 29.0 3·05 
21.2 4·95 27.1 5·30 31.0 

(%/hr) 8.25 10.2 13.1 
0.200 0.300 0.400 

4.10 4.58 5.91 
6.90 10.6 10.1+ 

11.0 14.5 16.5 
12.7 0.430 16.2 0.345 18.3 0.330 
22.1 o. 760 28.9 0.609 33·7 0.830 
26.6 1.23 32.3 1.10 38.4 0.920 
31.2 2.82 37·3 2.59 45.4 2.26 
33·9 4.25 38.6 2.84 46.3 3.18 

Rate (%/hr) 14.0 18.5 22.0 
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Initial rates of polyn1erization, obtained from the results in Tables 

V, VI and VII, and plotted in figs. 5, 6 and 7, for the experiments at 

50°, 75° and 100°C, gave the linear relation shown in fig. 8 when plotted 

against the square root of the catalyst concentration. 

2. Effect of temperature -

In Tabl~ VIII the data for experiments at 1L0°C and catalyst con­

centrations of 0.022 and 0.055 gm. per 12 gn. of monomers are given. It 

is to be noted that the curves level off at approximately 40 percent con­

version (fig. 9). This is believed to be the result of a Diels-Alder 

side reaction to yield cyclic dimers of butadiene and styrene, similar to 

that found by Koningsberger and Solomon (61) for the bulk copolymerization 

at 100°C. 

A comparison of the results of Tables V, VI, VII and VIII, as in fig. 

10, indicates that there is no definite relation between temperature and 

molecular weight below 25 percent conversion, while above this value an 

increase in temperature corresponds to an increase in molecular weight 

of the product. This may be readily accounted for by an increase in the 

extent of branching with increased temperature, above 25 percent conversion. 

When the logarithm of the initial rate is plotted against the inverse 

of the absolute temperature a broken curve is obtained. The points for 

50o, 750 and lQOOC fall on a straight line giving an activation energy of 

approximately 24 kcal. for a catalyst concentration of 0.055 gm. (fig. 11). 

However, the point for 143°C is much lower than would be expected for the 

catalyzed polymerization. This may be the result of thermal activation 

playing a more bnportant role than catalytic. Experiments made at 143°C 

in systems which were free of oxygen indicate that the reaction is mainly 



TABLE VII 

THE EFFECT OF CATALYST CONCENTRATION ON RATE AND 
MOLECUL.l\....lt ·wr~IGHT 

Wt. of butadiene = 9.0 gm. 
Wt. of styrene = 3.0 gm. 
Temperature = 50°C 

Catalyst Concentration in gm. per 12 @n• of monomers 

Time 
(hr) 

5.25 
12.0 
36.0 
91.0 

216.6 
431.0 

Rate (%/hr) 

46.0 
61.7 
95·7 

Rate (%/hr) 

46.0 
61.7 
95-7 
~ate (%/hr) 

46.0 
61.7 
95·7 

Rate (%/hr) 

Conv. 
(%) 

~ .. ~ol.w·t. 
(xlo-4} 

0.022 gm. 

o.~. 
0.47 
1.31 
3.09 4.37 
6.55 6.09 

12.5 9.05 

.0~6 

0.080 gm. 

2.40 
3.47 
5·53 
.061 

0.150 gm. 

3.30 
4.77 
7 ·53 
.083 

0.300 g,m. 

4.70 
6.96 

10.8 

.118 

---

Conv. 
(%) 

Mol. -~Yt. 
(Xl0-4) 

0.055 gm. 

0.63 1.50 
1.93 1.64 
4. 51 2.42 
9.50 

18.9 6.00 

.051 

0.115 g,m. 

2.89 
3o96 
6.30 -----

.069 ·-----·-~--

0.200 gm. 

3.80 
5.60 
8.81 

--.096 

0.400 gm. 

5.60 
7.78 

12.55 

.134 



Time 
(hr) 

2.05 
6.00 
9-75 

16.0 
22.0 
45.1 
69.3 

TA..BLE VIII 

EFFECT OF CATALYST CONCENTRATION ON RATE AND 
r·,fOLECULAR \ .. 'lF:I GHT AT 143°C 

Vvt. of buta.diene = 9.0 gm. 
vvt. of styrene = 3.0 gm. 

Catalyst concentration in gm./12 gn. monomers 

0.022 0.055 
--·-

Conversion ~Aol. dt Conversion ].~ol •. t'l.lt 
c:t. 
10 (XlO-L+) .=1_ 

fD (xlo-4) 

10.4 9.06 13-5 10.2 
20.9 gel 23.4 gel 
Z( ·1 gel 28.9 gel 
32.3 gel 34-4 gel 
35·5 gel 40.5 gel 
1.~3. 0 gel 42.7 gel 
41.4 gel 43.3 gel 
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thermal (Table IX, fig. 9). This is to be expected at such a high tem­

perature where the half-life of benzoyl peroxide is undoubtedly very 

short. The dimerization reaction also becomes very important at this 

temperature (61). 

Gel appears in the polymer at 143°C after approximately 15 percent 

conversion. Since gel formation results from cross linking of high 

molecular weight polymers the average molecular weights of the soluble 

portions of polymer will be too low and have little meaning. 

To obtain material of as large molecular weight as possible without 

gel formation, the addition of hexadecyl mercaptan to the reaction was 

studied. Some results are given in Table X and those for 0.01 gm. of 

mercaptan are plotted in fig. 9. These show that the addition of hexa­

decyl mercaptan has very little effect on the rate but decreases the 

molecular weight considerably. 

3. Dilution with benzene -

For the study of the effect of dilution with a given solvent the 

catalyst concentration must be kept constant. There are two possible 

methods of doing this -

(1) Keeping the catalyst concentration constant on the basis of 

monomer present or 

(2) Keeping the catalyst concentration constant on the basis of 

total solution (i.e. moles per litre). 

Method (1) seemed to be the better for determining whether the ef-

fect of the solvent is that of a diluent only. Hence the first experi­

ments were made with catalyst concentrations of 0.055 gm. and 0.115 ~· 

per 12 @n• of monomers. The results are given in Tables XI and XII. 



TABlE JX 

THERI\~AL POLTI.::ERIZATION OF BUTADIENE AND 
STYRElffi AT 143°C 

(Tubes prepared under nitrogen) 

Time Conversion 
(hr) % 

2.2 9-05 
L~. 9 15.2 

12.0 25.6 
19.5 30.5 
24.8 33.8 
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TABLE X 

EFFECT OF HEXADECYL T~~ERC.A.PTArJ ON RATE AND 
~JOLECULAR l·lft~IGHT AT 143°C 

Cat. cone. = 0.055 gm. per 12.0 ~· mononers 

Mercaptan Time Conversion :Mol. "~It. 
( r1U) (hr) c~'\ (xlo-4) ,:;) 

0.050 2.00 10.7 1.67 
5-25 18.3 2.54 
9.50 27-9 2.72 

16.3 32.9 3.17 
23.0 36.6 3-52 
47.0 39.6 3.99 
71.7 41.9 5.27 

0.010 1.91 12.6 4.06 
4.00 18.0 5-07 
9.90 29.0 

12.7 30-5 8.65 
18.1 35.0 14.3 
23.7 37-7 19.6 
36.0 41.8 eel 

0.005 5 .J-tl 22.0 gel 
10.8 31.3 gel 
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TABLE XI 

DILUTION YfiTH BENZENE AT 100°C 

Peroxide Concentration • 0.055 @n· per 
12 @n• of monomers 

Mole Percent of Solvent 

Time Conversion l\1ol. wt. Time Conversion ~!Io 1 • -~ {t • 
(hr) ( 5~~) (x1o-4) (hr) (%) (x1o-4) 

, 
10.0 25.0 

1.0 6.11 0.740 1.0 5-98 0.720 
2.0 9.50 0.955 2.0 8.33 0.970 
3.0 11.5 1.23 3.0 11.1 1.30 
7·5 15.0 7·5 14.6 1.95 

17.0 17.4 4-45 17.0 17.8 4.15 
24.0 20.8 24.0 18.9 4-73 
42.0 24.7 10.4 42.0 23.7 9.30 

Rate (%/hr):i 2.00 1.95 

35.0 43.5 

1.5 8.16 0.810 1.5 7 ~53 0.78 
3.0 11.3 1.17 3.0 11.0 1.10 
5·0 13.2 1.62 s.o 12.8 1.55 
7·5 14.L~ 3.61 18.5 17.3 4.31 

19.9 18.1 4.66 38.8 22.5 6.60 
46.3 23.7 6.30 63.2 26.2 10.4 
91.3 30.0 14.0 85.2 28.1 12.8 

Rate (%/hr)it 1.92 1.86 

69.0 80.0 

4.1 9-85 1.10 7-~ 9.62 1.28 -./ 

7·5 11.9 2.78 14.0 12.0 
19.0 16.7 3.10 19.0 13.4 2.6o 
42-3 21.2 5·50 47.8 18.0 2.82 
66.5 23.6 7~37 63.5 22.1 6.06 
89.4 25.2 8.46 138.5 23.9 8.60 

138.5 27.9 9.00 186.5 26.7 9.70 

Rate ( %/hr )* 1.58 1.28 

* Rate calculated from percent polymerized at 7.5 hours. 
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TABLE XII 

DILUTION 1NITH BENZENE AT 100°C 

Peroxide C.oncentration = 0.115 gm,/12 gm. of monomers 

:Mole Percent of Benzene 

Time Conversion ].~ol. Wt. Conversion Mol.vvt. Conversion Mol. vvt. 
(hr) (~~) (xlo-4) (%) (xlo-4) (%) (xlo-4) 

o.o 20.0 35.0 

9.6 21.4 1.17 20.5 1.76 
17.6 24.1 3.68 24.2 3.00 23.5 2.8L~ 
34.8 30.9 8.30 29.6 5·95 28.1 5.08 
82.1 42.1 26.2' 39.0 13.4 35.4 10.2 

130.0 49.9 gel 44.2 30.0 39.4 16.6 
177.7 54·9 gel 47.2 gel 42.5 19.4 

Rate (%,/hr)* 1:37 1.37 1.33 

43.5 52.3 69.0 

9.6 19.8 1.73 18.6 1.62 16.7 1.34 
17.6 22.5 2.75 21.9 2.50 19.1 2.49 
34.8 26.6 5.20 26.1 4.47 23.1 3-55 
82.1 33·3 8.52 31.1 7.6o 28.1 5.21 

130.0 34-9 11.7 35.2 9.50 30.7 7.70 
177·7 37·9 15.4 36.9 11.9 33.3 9.00 

Rate ( %/hr )* 1.28 1.24 1.08 

x Rate calculated from percent converted at 17.6 hours. 



The rates given in the Tables are not initial rates; hence the apparent 

discrepancy. The rate of polymer formation decreased as the solvent con­

centration increased, but the change in molecular weight with change in 

solvent concentration is within experimental error (fig. 12). This would 

indicate that the chain transfer reaction in benzene as solvent is not of 

great importance. However, there may be two contesting influences here: 

chain transfer tending to decrease the molecular weight and decrease in 

catalyst concentration relative to total solution tending to increase mole­

cular weight. 

Although the molecular weight was maintained in these experiments the 

rate was considerably decreased for any appreciable degree of dilution. 

Therefore, studies were also made on the effect of dilution with benzene 

when the catalyst concentration was held constant on the basis of total 

solution. 

Results for a catalyst concentration of 0.0267 moles per litre are 

given in Table XIII and fig. 13. Here the rates show a tendency to in­

crease as dilution increases. The molecular weight is approximately pro­

portional to the monomer concentration; the true dependence is probably 

Ma where a lies between 0.5 and 1 and is closerto 1 than 0.5. The rate 

is maintained under these conditions but the molecular weight rapidly de­

creases with increasing dilution. 

The results in the previous sections show that as rate increases 

the general tendency is for the molecular weight to decrease. To obtain 

a product with molecular weight in the range generally associated with 

synthetic rubbers, consistent with an adequate rate of producing such 

product, it appeared necessary to obtain a new catalyst or possibly a 
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TABLE XIII 

DILUTION ·wiTH BENZENE AT 100oc 

Peroxide Concentration = 0.0267 moles per litre 

l\fole Percent of Benzene 

Time Conversion Mol.Wt• Time Conversion (1~~;~t) (hr) (%) (XlO- } (hr) (%) 

0.0 20.0 
6.0 20.5 1.68 6.1 21.8 2.00 

17.6 24.1 3.68 16.4 25.6 2.75 
3~--8 30.9 8.30 30.0 30.3 4.80 
82.1 42.1 26.2 96.9 37·9 9.50 

130.0 49.9 gel 113.2 44.7 18.5 
161.3 54·9 gel 163.0 47.4 gel 

Rate (%/hr)lt 3·45 3.58 

35·0 43.5 

6.1 22.9 1.48 6.1 24.0 0.91 
16.4 26.6 2.40 16.4 27.8 1.92 
30.0 30.5 3.82 30.0 30.2 2.95 
CIJ.9 34.9 7.01 66.9 35.6 5.48 

113.2 40.1 11.2 113.2 39.8 8.20 
163.0 43.4 163.0 43.0 9·35 
Rate (%~r)~ 3.76 3·94 
mmr = . ==..-.= '2 '""'---~ ...... - .... -=-.. ---= 

52.3 69.0 

6.1 24.5 0.62 6.1 25.6 0.46 
16.4 28.5 1.62 16.4 29.1 
30.0 32.4 2.65 30.0 32.8 1.53 
66.9 37.8 4.41 66.9 38.2 3.30 

113.2 39·7 6.25 113.2 39.0 3.80 
163.0 1+3 .o 7.67 163.0 39.0 3·85 
Rate (%/hr)lf 4.02 4.20 

* Rate calculated from percent polymerized after 6.1 hours. 
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different solvent for the reaction. Of the two possible approaches, it 

was expedient to study first the effect of different solvents. 

4. Effect of various solvents -

In Table XIV are recorded the results for experiments made at 100°C 

with a catalyst concentration of 0.0267 moles per litre in the solvents 

methyl ethyl ketone, methyl amyl ketone, chlorobenzene, carbon tetrachloride, 

dioxane and benzene. The same volume of each solvent was used. Nitre­

methane was also used, but after a few hours the solution separated into 

three layers so the reaction was discontinued. In the other solvents the 

reaction mixture remained homogeneous throughout the period studied. 

From fig. 14 it is obvious that the polymerization proceeded at the 

fastest rate in dioxane. A comparison of figs. 14 and 15 shows that in 

general an increase in rate resulted in a decrease in molecular weight. 

However, with carbon tetrachloride, the reaction proceeded at a rate com­

parable to that with benzene but the molecular weights of the products 

were very low in comparison with the other solvents, probably owing to the 

fact that carbon tetrachloride is an efficient chain transfer agent. 

The same general trend in rate is found when the rates of polymeriza­

tion in the various solvents are compared with the rates of peroxide de­

composition determined by Bartlett (70) and Cass (71) in these solvents. 

It appears from the results that a change of solvent offers no real 

solution to the problem of high rate and high molecular weight, since an 

increase in rate of pol~aerization results from an increase in the rate 

of peroxide decomposition, the greater initial concentration of free 

radicals thus formed resulting in a product of lower molecular weight. 

For this reason a change of catalyst was then tried. 



TABLE XIV 

EFFECT OF VARIOUS SOLVENTS ON THE REACTION RATE AND 
MOLECUUL~ 1VEIGHT 

-----------~...:....::_::.__ ________ ----

Solvent 

Methyl-ethyl 
ketone 

~1ethyl-amyl 
ketone 

Chl or ob enzene 

Carbon 
Tetrachloride 

Dioxane 

Benzene 

Cat. Cone. = 0.0267 moles/litre 
Vol. of Solvent = 8.7 m1. 
v~. of Styrene = 2.0 gm. 
Wt. of Butadiene = 6.0 @n• 
Temperature = 100°C 

Time Conversion 
(hr) (%) 
~----

12.5 23.0 
38.8 28.5 
68.0 30.1 

109.0 32.0 
159.0 33el 

12.5 28o4 
38.8 38.1 
68.0 41.1 

109.0 43.0 
159.0 48.5 

12.5 30.4 
38.8 35·3 
68.0 41.3 

109.0 41.J_.6 
159.0 46.4 
204.0 49.3 

12.5 28.0 
38.8 33-3 
68.0 37.8 

109.0 40.3 
159·0 43.0 

12.5 28.3 
38.8 41·7 
68.0 46.5 

159·0 51.7 

6.1 24·0 
16.4 27.8 
30.0 30.2 
66.9 35·6 

113.2 . 39·8 
163.0 43.0 

Mol. ·weight 
(Xl0-4) 

1.32 
3-25 
4.32 
5-35 
6.20 

1.98 
4.05 
6.00 
7-58 

10.2 

1.92 
4.80 
6.77 
9.50 
8.30 

15.6 

0.670 
0.772 
0.930 
1.10 

0.91 
1.92 
2.95 
5-48 
8.20 
9·35 
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Several catalysts of the ionic type (such as AlCl3) were tried but 

were found to be quite insoluble in styrene and butadiene mixtures. Al­

though it was realized that another catalyst of the free radical type 

would probably not show any marked improvement with regard to rate and 

molecular weight, it was decided to try diazo-amino benzene. Since the 

decomposition takes place more slowly than that of benzoyl peroxide (72), 

the rate of reaction is maintained over longer periods of time. The 

quantitative relations of rate and molecular weight with catalyst concen­

tration, temperature and solvent concentration were, therefo~e, checked 

with this catalyst since it was felt that at least more reproducible re­

sults, both for yields and physical properties, might be obtained. 

Diazo-amino benzene as catalyst: 

1. Effect of catalyst concentration -

The catalyst (D.A.B.) concentration was varied from 0.0652 gm. to 

0.3255 gm. per 12 gm. of monomers (equivalent to 0.08 to 0.40 gm. of ben­

zoyl peroxide on a molar basis). The results for a temperature of 100°C 

are given in Table xv. The percent conversion-time results are plotted 

in fig. 16 while the viscametric molecular weights are plotted against 

percent conversion in fig. 17. 

In fig. 16(b) the initial rates of polymerization are plotted against 

the square root of the catalyst concentration. All the points are found 

to lie on a straight line. 

Since the molecular weight of the polymers increased with reaction 

time, comparison of the molecular weights of the products formed with 

different catalyst concentrations is made at the same percentage conversion. 

The results for 20.9 percent conversion are plotted against the inverse of 



TABLE XV 

EFFECT OF D.A.B. CONCENTRATION ON RATE AND 110LECULAR VJEIGHT 

Vit. of styrene = 3.0 ~· 
"~Vt. of buta.diene = 9.0 gm. 
Temperature = 10ooc 

Catalyst Concentration in gm. per 12 ~· of monomers 

Time Conv. l\~Ol. :yt. Conv. :Mol. vvt. 
(hr) ( .:·~) (x1o-4) (%) (Xl0-4) 

Conv. M"o1. /'It. 
(~(~) (x1o-4) 

0.0652 0.0938 

6.75 3.62 5·15 3-83 4.58 

17.1 9.02 6.80 10.63 5.88 

23.8 12.7 7.40 13.9 6.~_0 

40.5 20.0 9.00 24.4 8.35 

63.0 30.9 14.9 30.1 11.2 

112.0 36.6 16.5 

Rate (%/hr) 0.532 0.590 
0.1221 0.2038 0.3255 

5·75 3·55 4.26 4-34 3·41 4.90 2.98 

17.6 11.2 5-50 13.2 4.52 14.6 3.22 

23.4 15.1 5-78 17.0 4.95 20.2 3·95 

48.3 27.4 7.88 34.1 6.63 39.8 5·77 

68.8 38.8 12.5 46.8 11.5 53·3 12.0 

68.8 46.3 10.5 54.4 12.0 

Rate (%/hr) 0.646 0.723 0.862 
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the square root of the catalyst concentration in fig. 17(b). A linear 

relation is found. 

2. Effect of temperature -

In Table XVI the data for experiments at 60° and 75°c with catalyst 

concentrations of 0.0652 and 0.0938 gm. per 12 @n• of monomers are given. 

The molecular weight data for 0.0652 gm. of catalyst at the two tempera­

tures have been plotted in fig. 18. An increase in temperature corres­

ponds to a decrease in molecular weight. A plot of the logarithm of the 

molecular weight against the inverse of the absolute temperature gives a 

straight line (fig. 18(b)). This is the usual relation found for poly-

merizations with free radical catalysts since, with the same initial con­

centration of catalyst, an increase in temperature means an increase in 

the number of free radicals formed per unit time; hence a decrease in the 

molecular weight of the polymer formed. 

The initial rates of polymerization for a catalyst concentration of 

0.0652 gm. at 60°, 75° and 100°C are respectively 0.0180, 0.0570 and 

0.532%/hr. From these results an activation energy of approximately 21 

kcal. was calculated. 

3. Dilution with benzene -

Experiments were made at a temperature of 100°C with a D.A.B. con-

centration of 0.0267 moles per litre at various dilutions with benzene. 

As may readily be seen from the results in Table XVII the rate of 

polymerization is independent of monomer concentration but the molecular 

weight of the product decreases with increasing dilution. In fig. 19 

the molecular weights are plotted against percent conversion for the 

various concentrations of solvent. A linear relation is found to exist 



Temp. 
oc 

60 

Rate ( ;{j.~r) 

75 

Rate (%/hr) 

TABLE XVI 

POLTI1ERIZATION WITH D.A.B. AS CATALYST 

Wt. of styrene = 3.0 gm. 
Ht. of butadiene = 9.0 gm. 

Catalyst Concentration in gm. per 12 gm. of monomers 

Time Conversion :fuiol. vvt. Conversion 
(hr) ( ~:~) 

I " 
(Xl0-4) (%) 

M:ol. vrt. 
(xlo-4) 

0.0652 0.0938 

63.1 1.00 7-35 1.07 8.30 

136.2 2.54 10.0 3-23 9.70 

230.6 4.10 12.4 4.80 10.8 

329.6 6.22 13.4 6.36 13.3 

454.0 8.62 gel 8.27 gel 

717.0 9.58 gel 9·75 gel 

.0180 .0230 

0.0652 0.0938 

40.8 2.28 7-72 2.03 7-98 

112.4 6.66 11.5 6.97 11.3 

190.5 10.8 14.9 11.1 13.4 

260.9 12.6 19.8 13.4 17.8 

310.7 17.3 20.5 17.1 19.6 

380.7 17.3 25.6 19.1 22.8 

.0570 .0620 
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TABLE XVII ---·-

EFFECT OF MONOJi.Ui~R CONCENTRATION ON RATE AND 

MOLECULAR Vv'EIGHT ·--
Temperature = 100°C 

Cone. of D.A.B. a 0.0267 moles/litre 

l~lole % Time Percent 1·~ol. dt. k1(hr-1) 
M anomer (hrs) Conversion (xlo-4) X 103 

lOO 6.75 3.83 4 •. ;5~ 6.06 
17.1 10.36 5.88 6.48 
23.8 13.9 6.40 6.32 
41.75 24.4 8.35 6.66 
63.0 30.1 11.2 

112.0 36.4 16.5 

80 6.0 3.66 4-05 6.52 
17.3 10.30 5.17 6.16 
23.3 13.95 5.61 6.30 
41.6 22.15 6.62 6.04 
69.6 33.25 8.70 
89.0 41.35 10.8 

65 6.0 3-37 3·45 5.74 
17.3 10.25 5.18 6.34 

23.3 12.75 5.40 5.88 

41.6 22.25 5.70 6.10 

69.6 33·0 6.80 
89.0 40.6 7.88 

55 6.0 3.17 3.49 
17.3 10.35 4.42 6.34 

23.3 13.9 4.21 6.42 

4J_.6 21.8 5·39 5.92 

69.6 32.5 5.60 
89.0 39.8 6.42 

40 5-7 3.00 2.92 

18.1 10.2 3-45 5.91 

23.8 14.4 3·33 6.50 

46.0 23.7 3.58 5·85 

65.5 31.9 3.69 

89.1+ 39·7 5·65 

25 5·7 3·35 1.82 6.04 

18.1 9.70 2.08 6.50 
23.8 14.3 

24.4 2.41 6.07 
46.0 2.40 
65·5 31.9 
89.4 40.0 2.35 
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between molecular weight and monomer concentration (fig. 19(b)). 

A comparison of the results for the polymerizations with benzoyl 

peroxide and D.A.B. as catalysts will be made later. 
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It seems an inescapable conclusion from the above experimental 

results that attaining a reasonably fast rate of polymerization and a 

high molecular weight polymer is impossible in homogeneous solution sys­

tems which are catalyzed by free radicals, since an increase in catalyst 

concentration or temperature decreases the molecular weight while in­

creasing the rate of polymerization. Increasing the solvent concentra­

tion has little effect on the rate but decreases the molecular weight. 

Hence the original problem of fractionating during polymerization would 

seem to have academic interest only. The following work was done, how­

ever, to determine whether the presence of a non-solvent in the system 

was effective to any extent in narrowing the molecular weight distribu­

tion. The data presented are for benzoyl peroxide catalyzed polymeriza-

tions. A few experiments were made with D.A:.B. as the catalyst and simi­

lar results obtained. 

Dilution with Isobutyl Alcohol - a non-solvent: 

dork in this laboratory by Downes (73) has shown that in ethyl alcohol 

there is an induction period in the decomposition of benzoyl peroxide at 

75oc followed by a period in which most of the peroxide decomposes, fol­

lowed in turn by a very slow decomposition of the remaining peroxide. 

The other solvents studied, benzene, pyridine, carbon tetrachloride and 

isobutyl alcohol, give first-order decompositions. For this reason iso­

butyl alcohol, a precipitant for the copolymer, was chosen instead of 
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ethanol or methanol for these experiments. 

For purposes of comparison it was decided that volume percent rather 

than mole percent of solvent should be compared. For example a 20 mole 

percent solution of benzene, such as 2.5 gm. of styrene, 7~5 gm. of buta­

diene and 3.9 @U• (3.63 ml.) of benzene should be compared with a solution 

containing the s~ne amounts of butadiene and styrene with 3.63 ml. of iso­

butyl alcohol. In Table XVIII are recorded data for the polymerization 

of these two monomers at 75°C in the presence of benzene as solvent, which 

may be compared with the data in Table XIX, illustrating the effect of the 

non-solvent, isobutyl alcohol. It is clear that the polymer did not be-

have in the simple manner expected. Although precipitation, as a eo-

acervate, was evident in experiments A-3, 4 and 5 (Table XIX), the average 

molecular weights are higher than for polymer formed in the comparable 

benzene solutions. This cannot be explained by differences in rates of 

conversion since these are within experimental error. 

A series of experiments at 50°, 60°, 75° and 100°C, in which 5 tubes 

(40 mole percent of monomers} with solvents varying in composition from 

lOO% benzene to lOO% isobutyl alcohol were heated for a given period of 

time, showed the same results. The percent conversions were the srume 

within 5 percent but the molecular weights of the polymers varied from 

low in benzene to high in isobutyl alcohol. At 100°C the coacervate was 

an insoluble gel. Typical results for 60°C are given in Table XX. 

The only explanation seemed to be that further polymerization was 

taking place in the coacervate. The molecular weights in Tablex XIX 

and xx are the average molecular weights of all the polymer formed, i.e. 

both coacervate and soluble polymer. To determine whether the molecular 
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lviole ~-
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20 

35 

45 

60 

75 

75 

TABLE XVIII 

EFFECT OF BENZENE ON RATE AND ~lOLECULAR YIJEIGHT 

Catalyst cone. = 0.0267 moles/litre 
Temperature a 75oc 

Time 
(hrs) 

% Conversion Molecular 1'\feight 
(x 10~4) 

3 gm of styrene and 9.0 
19.3 

2.5 gm of 

L~3·3 
67.3 
91.2 

115.3 
170.2 

styrene, 
19.3 
43~3 
67.3 
91.2 

115.3 
170.2 
211.8 

2.0 gm of styrene, 
19.3 
43.3 
67 ·3 
91.2 

115.3 

7·5 

6.0 

gm of buta.diene 
18.3 
26.9 
37.0 
41.2 
47.4 
51.9 

~ 

1.16 
2.89 
3.20 
5·76 
9.00 

gm butadiene, 3.63 m1 of benzene 
17.4 0.875 
32.3 1.65 
37-9 3.02 

47.7 4.83 
L~9.0 6.92 
49.3 9.80 

gm butadiene, 5·75 ml of benzene 
20.7 0.965 
31.8 1.37 
38.4 1.75 
41.5 2.49 
45·5 2.910 

2.0 gm of styrene, 6. 0 g,m buta.diene, 8. 70 m1 benzene 
18.7 21.9 0.810 

42-7 34.4 1.28 
66.7 39-7 1.70 
90·7 43-9 1.78 

145.6 49.6 2.58 
187.2 50.8 4.25 

1.5 gm of styrene, 4.5 gp1 butadiene, 12.7 ml benzene 
18.7 23.4 0.632 

42·7 35·0 0.692 

66.7 41.5 1.02 

90.7 45.6 1.23 

145.6 48.5 1.58 

187.2 50.8 1.77 

1.0 gm of styrene, 3.0 gm butadiene, 17.1 m1 benzene 

18.7 25.0 0.420 

42-7 35·1 0.565 

66.7 42.9 0.583 

90·7 48.2 

1~1·6 
49.2 0.870 

1 .2 50.8 0.990 
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TABLE XIX 

EFFECT OF ISOBUTYL ALCOHOL ON RATE AND ~COLECTTLAR ~/EIGHT 

Catalyst Cone. = 0.02675 moles/litre 
Temperature = 75oc 

Series No. Time % Conversion l'lolecu1ar 11\feight 
(hrs) (x 1o-4) 
--

A-1 2.5 gm of styrene ~ 7.5 gm butadiene ~ 3.63 ml of isobutyl alcohol 
18.6 20.3 1.025 
42.5 30.6 1.53 
64.2 36.7 2.26 
88o2 40.3 2.97 

135.2 43·a 4.25 
183.2 48. 5·73 

A-2 2.0 gn of styrene _.. 6.0 gm butadiene ~ 5· 75 ml of isobutyl alcohol 
18.6 22.1 0.94 
42h •:J 33.6 1.41 
64.2 39.6 
88.2 41.1 2.55 

135.2 46.9 3-39 
183.2 50.9 4.50 

A-3 2.0 gm of styrene .f. 6.0 gm butadiene 4 8.70 m1 of isobutyl alcohol 
18.6 22.4 0.880 

42.5 34.7 1.275 
64.2 1.74 
88.2 45.1 2.45 

135.2 47.1 3.34 
183.2 48.2 3·35 

A-4 1.5 gm of styrene + 4.5 gm bute.diene .f. 12.7 ml of isobutyl alcohol 
18.6 24.5 0.700 

42.5 38.7 1.07 

64.2 44-9 1.55 

88.2 49.7 2.20 

135.2 2.89 

183.2 51.8 3.34 

A-5 1.0 gm of styrene + 3.0 gm butadiene ... 17.1 r.ll of isobutyl alcohol 

18.6 21.3 0.453 

42·5 40.5 0-748 

64.2 44.1 0.935 

88.2 51.6 1.06 

135.2 52.6 1.30 

183.2 51.4 1.27 



TABLE XX 

EFFECT OF NON-SOLVENT ON ~!TOLECUIJ~l_R HEIGHT 

Volume % 
of isobutyl 
alcohol 

Catalyst 
0 

25 
50 
75 

100 

Catalyst 
0 

25 
50 
75 

100 

Temperature = 6QOc 
Vvt. of styrene = 1. 5 gm 
Wt. of butadiene = 4.5 gm 
Vol. of solvent = 12.7 ml 

Conversion % 

cone. = 0.2000 gm.s per 
39·9 
38.6 
38.5 
40.0 
4J_.2 

cone. = 0.4000 grns per 
54·9 
53-3 
52.8 
54-3 
58.3 

~ Soluble polymer 
tl Coacervate 

12 gms of monomers 

12 gms of monomers 

l~o1. tvt. 
(X 10-4) 

1.27 
1.125 
1.21 
2.82 
1.63 i: 
4.45 tt 

0.810 
0.635 
0.875 
1.00 
2.22 
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weight of the polymer in the coacervate increased with increasing reaction 

t~e, a small tube was sealed on the end of the main tube. The coacervate 

was collected in this tube as it formed to permit its separation from the 

supernatant liquid. 

The results in Table XXI show that the molecular weight of the co­

acervate does increase as reaction proceeds. 

This increase in molecular weight is similar to that found by other 

investigators (62,64). Norrish and Smith ascribed their effects to an 

interference with the chain reaction when precipitation of the polymer 

occurred. This concept assumes that precipitation of the polymer does 

not cause deactivation. The fact that very different results have. been 

recorded by different workers investigating this effect indicates that 

this assumption is not valid in all cases. H~rever,the monomers, methyl 

methacrylate and isoprenyl ketone, which show pronounced increases in 

molecular weight of the polymer, belong to 1,[elville 's class of monomers 

which form polymers having a long life (17). It is interesting to note 

here that Medvedev (36) has also detected free radicals with a long life 

in a copolymer of butadiene and vinyl cyanide. 

This increase in molecular weight relative to that formed in benzene 

could also be the result of an interaction between monomer and polymer or 

polymer and polymer in the presence of the catalyst in the coacervate to 

give rise to branching and cross linking. 

The results show that, at the temperatures used in this study, re­

action in the coacervate may seriously complicate any attempt to use a 

non-solvent to narrow the rnolecular weight distribution of a poJymer 

during its formation. A method for continuously removing the pol~~er 



TABLE XXI 

]:TOLBCUL.A_B. 'JVEIGHT OF COACERVATE 

Temperature 
rrt. of styrene 
Yft. of butadiene 
Vol. of isobutyl alcohol 
Catalyst cone. 

Time (hrs) 

23.6 
46.8 
71.4 
94.1 

117.6 
169.5 

= 74.5°C 
= 1.5 gm 
= 4.5 gm 
= 12.7 ml 
= 0.02675 moles/litre 

Mol. 1Vt. (X 1o-4) 

1.06 
1.42 
2.07 
2.02 
4.18 
4.64 

79 
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from the reaction as it is formed might give satisfactory results since 

this would allow "freezing-out" any reaction in the coacervate. However, 

it would not seem easy to obtain a satisfactory, yet reasonably simple, 

way of removing the coacervate without disturbing the reaction system. 

A catalyst which would cause the polymerization in solution to pro­

ceed rapidly at room temperature may also prove effective; for example, a 

catalyst of the ionic type. The value of this suggestion is doUbtful since 

the polymers which have a long life are believed to be formed by an ionic 

(or polarized bond) mechanism. 

At this point two main paths for this investigation to follow were 

open: the original problem could be retained and addition of solvent-non­

solvent to the emulsion phase system investigated or the kinetics of the 

copolymerization in homogeneous solution could be further studied. It was 

felt that the time available could be used to greatest advantage if the 

second path were followed, particularly in view of the fact that the addi­

tion of non-solvent to the emulsion system was also being considered for 

investigation by Polymer Corporation. An investigation of the kinetics of 

copolymerization in homogeneous solution should prove useful for comparison 

with emulsion phase data. 
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DISCUSSION 

A consideration of the apparent mechanism for the copolymerization 

of butadiene and styrene in the ratio 75:25 is of interest in relation to 

any extension of the studies into other types of systems. 

A linear relation was found between the initial rate of copolymer iza-

tion and the square root of the catalyst concentration for both catalysts 

(figs. 8 and 16(b)), a relation which holds for a free radical mechanism 

in which the radicals are forn1ed by a first-order decomposition of cata-

lyst and are removed by a second-order ten~ination of the radical chains. 

If it is assumed that this is the true mechanism, an analysis identical 

v.ri th that proposed by Price (30} for d-s-butyl-0(-chlorocrylate will apply. 

The free radicals are fom1ed by the first-order decomposition of the 

catalyst, 

(1) 

built into chains by the normal propagation process, 

-dli = k (R)M 
dt p 

(2) 

and destroyed by collision of two activated molecules 

(3) 

The value of [RJ, the concentration of free radicals, is determined by the 

initiation and tenn.ination steps on the assumption that a steady state 
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concentration of free radicals is rapidly reached and remains constant as 

long as there is enough monorner left to maintain it. By equ:t ting equations 

(1) and (3) the value of (R] is determined. 

(R) : ;klC (4) 
kt 

The rate of polymerization is then obtained by substituting (4) in (2) 

-dM 
dt (5) 

The rate of the entire reaction is obviously obtained by multiplying the 

rate of activation, ~~. by the average number of monomers bound per chain; 

i.e. by the average degree of polymerization 'I!· 

( 6) 

Hence the number average degree of polymerization is given by 

(7) 

1 
As pointed out above the linear relation between d1~/dt and Cz holds for 

both catalysts. It is realized that the average molecular weights calcu-

lated fram viscosity measurements give only a rough approximation to the 

weight average molecular weight (which is twice the number average molecular 

weight). However, the fact that the molecular weights determined here for 

both catalysts are inversely related to the square root of the catalyst con-

centration may be taken as qualitative support for the relation in equation 

(7) • 

From equation (5) the disappearance of monomer is predicted to be first 

order for a given catalyst concentration. It is evident from Table XVII 

that satisfactory first-order constants are obtained for different monomer 

concentrations when D.A.B. is the catalyst- 1i\Jhen benzoyl peroxide is used 
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an increase in the rate of polymerization ·1 t J.·s ·d t occurs on d1 u ion, as ev1 en 

from data in Tables XIII and XVIII. 

A direct proportionality exists between monomer concentration and mole-

cular weight for D.A.B. (fig. 19(b)) while this is not true for benzoyl per-

oxide. 

It is well known that the rate of benzoyl peroxide decomposition varies 

greatly in different solvents (70,71,73). This might be the explanation of 

the apparent divergence in the above results for the tvvo catalysts and might 

also explain the difference in reaction kinetics for different mono:mers when 

polymerized in peroxide solutions. 

Since the rate of free radical production from a catalyst such as benzoyl 

peroxide is dependent upon the solvent used, it is apparent that the kinetics 

of copolymerization of butadiene and styrene in a solvent might be highly 

dependent upon variations in composition of the reaction medium; i.e. upon 

relative proportions of the ~lo monomers and solvent. This possibility made 

it appear necessary to study the rate of decomposition of benzoyl peroxide 

dissolved in butadiene, in styrene and in mixtures of the tvvo at different 

dilutions with solvent. From such information it should be possible to es-

tablish conditions for constant rate of initiation of polymerization under 

different conditions to permit a sound comparison of rate data obtained. 

Therefore, an investigation into the decomposition of benzoyl peroxide 

under conditions of different catalyst concentrations in solutions of dif-

ferent compositions and at different temperatures was undertaken as a pre-

liminary to the study of the polymerization of styrene, butadiene ani the 

copolymeriza.tion of mixtures of the two. These results with those for the 

polymerizations are discussed in the next section. 



PART II 

COPOLTI!IERI ZATI ON IN i-10MOGEf.1EOUS SOL UTI CN 
AT CONSTANT FREE RADICAL CONCEI~RATION 
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The only published kinetic investigation of copolymerization was made 

using the same initial concentration of catalyst, benzoyl peroxide ( 42). 

As pointed 0ut in the discussion of the first section, the rate of free 

radical production from benzoyl peroxide is dependent upon the solvent 

used and, therefore, the kinetics of copolymerization, under conditions of 

const~nt initial catalyst concentration, may be expected to be dependent 

upon variations in the composition of the reaction medium. For a sound 

comparison of rate data obtained across the entire concentration range of 

monomers the rate of initiation of polymerization should be constant. To 

attain this end, rates of polymerization in the present investigation were 

compared at catalyst concentrations such that the initial rates of decompo-

sition of the catalyst, benzoyl peroxide, were the same; i.e. the initial 

concentrations of free radicals were the same. The rate of initiation would 

be constant under these conditions only if all the free radicals from the 

catalyst, or at least the same fraction of radicals, were available for 

initiating polymerization. The presence of side reactions involving the 

catalyst radicals might introduce complications. 

Introduction: 

The fact that benzoyl peroxide generally reacts with organic solvents 

under the influence of moderate heating was first reported by Gelissen and 

Her.mans in 1924 (74). To describe the reacticns these authors presented a 



scheme which involved the removal of a hydrogen atom from the solvent mole­

cule. At the same time a careful analysis of the products of the reaction 

in boiling benzene was made and diphenyl, triphenyl, quaterphenyl, benzoic 

acid, phenyl benzoate and a mixture of other esters of benzoic acid were 

identified. 

During the next few years it was amply demonstrated by various investi­

gators that the solvent participated in the reaction. This was done by 

examining the products when benzoyl peroxide was decomposed by heating with 

toluene (75), chlorobenzene, nitrobenzene, ethyl benzoate (76, 77) and pyri­

dine, and further by a consideration of the products of decomposition of 

sUbstituted benzoyl peroxides (78). 

In their discussion of the benzoyl peroxide decomposition Gelissen and 

Hermans (79,80) had noted the correspondence between this compound and the 

diazonium compounds, and they suggested that an addition product was formed 

between peroxide and solvent, which then decomposed with liberation of car­

bon dioxide. This mechanism was discussed at length by Hey and Waters (81) 

who concluded that the evidence indicated the thermal decomposition of ben-

zoyl peroxide both alone and in various solvents to involve an initial break 

up of the molecule into free radicals. These authors proposed as the initial 

step 

(3) 

and showed that further plausible reactions among these radicals and solvent 

molecules could account for all the products which had been observed. These 

views have been generally accepted by subsequent investigators. 

A kinetic study of the decomposition of benzoyl peroxide in benzene at 
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80°C was made by Brown ( 82) who found that the rate of decomposition de­

pended on the concentration. A reaction order of 1.33 was deduced. Brown 

suggested that parallel monomolecular and bimolecular reactions occurred , 

viz. the monomolecular thern1al decomposition of benzoate radicals into phenyl 

radicals and carbon dioxide, and the bimolecular oxidation of benzene by 

benzoate radicals forming benzoate ions. 

The dependence of the rate of decomposition of benzoyl peroxide on 

concentration was confirmed by Bartlett and Altschul (83). 

Kamenska.,ja and :Medvedev (31) appear to have made the first measurement 

of the activation energy of benzoyl peroxide decomposition, finding a value 

of 296oO cals. per mole for the reaction in benzene. A slightly higher 

value of 31000 cals. per mole was fcund by ~.~cClure, Robertson and Cuthbert­

son (84). 

An extensive study of the decomposition of benzoyl peroxide in various 

solvents at 79.8°C was made by Nozaki and Bartlett (70). These authors re­

cognized that the reaction which appeared to be first order in individual 

experiments, but in which the rate depended on the initial concentration, 

probably involved a complex.,~ mechanism. They suggested that the decomposition 

of peroxide might be induced by the presence of free radicals normally present 

in a solution of decomposing benzoyl peroxide. No actual reaction between 

such radicals appears to be assumed, the chain reaction being written: 

In support of this mechanism it was shovm that the decompostion was accelerated 

by the presence of such free radicals as triphenyl methyl and slowed down by 

such inhibitors as oxygen, hydroquinone ru1d picric acid. The rates of decom-

position in a large number of solvents were obtained, and it was shown 
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mathematically that the data were explicable on the basis of a spontaneous 

first-order decomposition with simultaneous three-halves order chain decorn-

position, or spontaneous first-order decomposition with simultaneous second-

order chain decomposition. 

The behaviour of benzoyl peroxide in a variety of solvents at 50°C has 

been studied by Cass (71). He found that the reaction orders varied from 

first to third according to the solvent used and that when the solvent was 

an ether only small amounts of carbon dioxide were evolved. Cass accepted 

the chain mechanism suggested by l'Jozaki and Bartlett but modified it to ac-

count for the reduced amount of carbon dioxide found with some solvents. 

Similar results have also been published by Barnett and Vaughan (85). 

The rate of benzoyl peroxide decomposition and the yiel i of carbon 

dioxide therefram have been studied by Downes (73) at temperatures of 79.8°C 

and 75°C. The rate of decomposition was found to vary from solvent to sol-

vent and as the rate of decomposition increased the yield of carbon dioxide 

decreased. A simple explanation of the behaviour was suggested on the as-

sumption that the rate of decomposition of benzoyl peroxide in a given sol-

vent is controlled by the rate of removal from the system of the benzoate 
~ 

radicals, which exist in equilibrium with the peroxide. 

In benzene the benzoate radicals are assumed to be removed from the sys-

tem mainly through thermal decomposition according to the equations 

(l) 

(2) 

while in solvents which give rapid rates of peroxide decomposition it is as-

sumed that the benzoate radicals are removed both by thermal decomposition 
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and by chemical reaction with the solvent molecules resulting in a shift 

to the right in equation (1). 

The assumption of an equilibrium between benzoate ra.di cals and benzoyl 

peroxide has also been used by Matheson (86) to derive an equation for the 

rate of polymerization of vinyl derivatives such as styrene and methyl 

· methacrylate. As pointed out in the general introduction, the rate of 

polymerization of styrene was found to be directly proportional to the 

square root of the catalyst concentration and to the three-halves power of 

the monomer concentration (15b). This indicated that an initiation reaction 

must occur which is first order in both monomer and catalyst. Other authors 

(15,87), however, have found that, in general, -i~L1.e dependence of the rate of 

polymerization on the monomer concentration is much more complicated than 

predicted by the elementary theory, which considers the following three ele-

mentarJ steps: 

Activation 

Propagation 

Tennination 

dJ.~:t 
dt 

-dM 
dt 

= 

= 

k·mG l. (1) 

(2) 

(3) 

where C is the catalyst concentration, ~.1 the monomer concentration and (~] 

the concentration of active centres. 

Using the steady state assumption these yield the following expression 

for the rate of polymerization: 

-elM - = dt 

from which 

(dM/dt) 2 

kfki 
p 1~ 

kt 
= k·k 2c l. p 

(4) 
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This indicates that a g;raph of M3/(ill~/dt) 2 against 11 should be a horizontal 

straight line but such is not found. To explain this Josefowitz (87) postu-

lated that an active centre is not formed as an immediate consequence of the 

collision between monomer and catalyst but that they first form a molecular 

compound (Om) which is held together by comparatively weak secondary valencies 

which can undergo one of two possible transformations: 

(a) It can decompose into unactivated monomer and catalyst 

(Cm) ) C -f. m 

(b) It can undergo some internal rearrangement and be transformed 

into an active centre 

Hence the rate of active centre formation is 

dJ4lk 
-- = k· (Cm) dt l. 

( 5) 

The concentration of (Cm) is computed by the use of the law of mass action, 

and the fact that (Cm) is always small in comparison with m. 

This yields 

- Kmq 
(Cm) - 1 + Km ( 6) 

where K is the equilibrium constant which controls the concentration of (Cm). 

Introducing (6) in (5) and using this in place of (1) we find that 
1 

K m3P C2 

}l .. Km 
(7) 

This will give m3jR2 as a linear function of m which was found to fit experi­

mental results. The values of K obtained sho·vred the complex to be more stable 

at higher temperatures which is unlikely. 

!.ratheson derived equation (7) by applying the considerations used by 

Franck and Rabinowitch (88) to photolysis in solution. The essential idea 
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is that two fragments from a dissociated molecule find themselves held in 

a cage of solvent molecules and, therefore, the radical pair collide many 

t~es with each other and the surrounding molecules before they can diffuse 

apart. 

It is expected that, if two radicals or a radical plus a molecule are 

in contact with each other in solution and may react with a very low acti-

vation energy, then in general reaction will occur before the components 

~an separate. The rate of activation is derived by consideration of the 

three equations: 

(c6H5coo) 2 

2C6H5COO· 

C6H5COO • + 1~ 

kl 
) 

k2 
~ 

k2;.. 

2C6H5COO· 

(c6H
5
coo) 2 

Vti: 

::t : kl C - k2 [ C6H5coo·] = k3 [c6H5COO·] M 

[c6H5coo·J = k1c 
k2 + k3TVI 

~ k3k1C 
dt = k2 + k31~ • M 

Substituting (8) for (1) yields 

(8) 

-: = fii M C~ (k1k3/k2 M ~ ( 9) 
(1 .f. ~ M 

where k3/1<:2 is analogous to Kin (7). It is reasonable that k3/k2 should 

increase ~th temperature. This explanation of styrene polymerization 

kinetics fits in very well with the Downes mechanism for benzoyl peroxide 

decomposition. It would, therefore, appear that, if the overall rate of 

benzcyl peroxide decomposition (klC - k2 [C6fl5COO·]) were held constant as the 

monomer concentration was va.riecl, a very simple kinetic p:kture would result. 
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In 1945 Cohen ( 89) determined the effect of temperature on the rate 

of decomposition of peroxide in 3.85 molar solution of styrene in benzene. 

When using the same initial concentration of free radicals at the three 

temperatures he found an increase in temperature resulted in an increase 

in the rate of polymerization and the molecular weight of the polymer 

formed. Activation energies for the propagation and chain transfer re­

actions were calculated using equation (4). 

The peroxide-catalyzed polymerization of butadiene in bulk phase has 

received little attention. The only known study was done by Graham (90) 

incidental to studies on butadiene popcorn gro~~h. The usual dependence 

of rate on the square root of the catalyst concentration was found. The 

effect of adding a diluent to the system was not studied. 

The development of the formal kinetics of copolymerization has re-

ceived considerable attention in the past few years. However, the experi­

mental data for hoiT1ogeneous solution systems lags far behind, the only pub­

lished work directly concerning the rate of copolymerization being that of 

Norrish and Brookman (42) for styrene and methyl methacrylate. 

Because of the lack of experimental data on the bulk copolymerization 

of butadiene and styrene and because of the value of such data for compari­

son with that of emulsion phase polymerization this work was undertaken. 

The investigation embraced a study of the polymerization of butadiene, 

styrene and copolymerization of the two in the liquid state with a view to 

determining the effect of catalyst concentration, solvent concentration and 

temperature on the initial rate of polymerization and on the molecular 

weight of the product. All comparisons were made at the same initial con-

centration of free radicals. The data for the rate of decomposition of 



benzoyl peroxide in the different reaction media and under various condi­

tions from which the required peroxide concentrations were calculated are 

also presented and discussed in this section. 



EXPERlllrENTAL AND RESULTS 

1. Decomposition of Benzoyl Peroxide 

(a) Experimental Procedure: 
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In the present work the disappearance of benzoyl peroxide was fol­

lowed in each of the monomers and in mixtures of them as the catalyst 

concentration, solvent concentration and temperature were varied. 

Benzoyl peroxide was estimated by the iodametric method of Gelissen 

and Her.mans (91). Potassium iodide was added to the solution of benzoyl 

peroxide in acetone with about 5 ml. of vmter. After waiting a few 

seconds for the reaction to complete itself, 0.05N thiosulfate solution 

was run in until the iodine colour was nearly discharged, when about 50 ml. 

of water and a little starch solution were added and the titration con­

pleted. The reaction between benzoyl peroxide and potassium iodide may be 

represented thus: 

( C6H5COO) 2 + 2KI ~ 2KCOOC6H5 .f. I2 

To determine the rate of benzoyl peroxide decomposition in the various 

solutions, a solution of the peroxide of desired concentration was made at 

room temperature and the reaction tUbes filled as described in part I. The 

tubes were placed in a thermostat at the des:ired temperature and withdrawn 

at definite intervals. The reaction was "frozen out" by placing the tubes 

in a dry ice-acetone bath. 

V{ith solutions containing polymer, the polymer solution was. dropped 

slowly into an excess of alcohol which was being rapidly stirred. In this 

way almost complete separation of peroxide from polymer was obtained. If 
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the solution contained 5 percent or more of polymer two precipitations were 

made to ensure complete removal of peroxide from the polymer. After stand­

ing for a few hours the supernatant liquid became clear and was decanted into 

an Erlenmeyer flask. The polymer was washed 3 times~with ethanol and the 

washings added to the peroxide solution. 

The sample solution was evaporated almost to dryness at room tem.pera-

ture either in a vacuum oven or by a stream of air. Benzene solutions of 

the catalyst were also evaporated almost to dryness. This procedure gives 

very sharp end points and is preferable in this respect to the procedure 

outlined by Siggia (92), although it is more time consuming. Acetone (5 ml.) 

was added to the residue and the analysis completed as described. 

(b) Experimental Results: 

(i) The rate of benzoyl peroxide decomposition in benzene at various con­
centrations· and temperatures -

It has been shown that the rate of decomposition of benzoyl peroxide 

in benzene depends upon the initial concentration (73). The work which had 

been done on the copolymerization prior to this study had been at the same 

weight percent of catalyst for different monomer concentrations. This re­

sults in a variation in catalyst concentration of 0.0301 to 0.0245 moles per 

litre. The decomposition in benzene vvas studied over this range. The data 

are given in Table XXII. The concentrations of benzoyl peroxide at the 

t~es shown are given in terms of the amounts of thiosulfate solution re­

quired to complete the titration of a sample of constant size (10 ml.). 

For ca.lculation of the activation energy- experiments were nade at 60° 

and at 87~5oc with a catalyst concentration of 0.0476 moles per litre. These 



95 

results are also siven in Table XXII. All the data are plotted in fig. 

20. Straight lines are found in each case, from which it is evident 

that the individual experiments were first order. 

A plot of the logarithm of the rate of decomposition against the 

inverse of the absolute temperature gave a straight line (fig. 29). From 

this curve an activation energy of 30.300 kcal. per mole was calculated. 

This is in good agreement with the values of 31.0 and 29.6 kcal. per mole 

frund by other workers (31,84). 

(ii) The decomposition of benzoyl peroxide in systems containing styrene · 

The concentration of benzoyl peroxide in pure styrene was varied from 

0.05 @!IS. to 0.115 gms. per 12 gms. of styrene at 75°C and from 0.115 grns. 

to 0.250 gms. at 6o°C. The data presented in Table r(III (and plotted in 

fig. 21) are for a sample of constant weight (12 gms. of styrene or 13.2 

ml.). There is no appreciable change in the rate of decomposition at a 

given temperature over the range of concentrations studied. 

In Table XXIII the data for the decomposition at 87.5°C of .115 gms. 

of peroxide in 12 gms. of monomer are also presented. An Arrhenius plot 

of the rates of decomposition at the different temperatures using the data 

for 0.115 gms. of benzoyl peroxide in 12 ans. of styrene yielded a straight 

line from which an activation energy of 26.5 kcal. per mole was calculated. 

The rate of benzoyl peroxide decomposition in styrene is much faster 

than that in benzene (0.0966 hr-1 cmapared with 0.0621 hr-l for 0.0361 m/1 

of peroxide in benzene). It is to be expected, therefore, that the intro­

duction of benzene into the reaction mixture will tend to decrease the rate 

of peroxide decomposition and hence the number of free radicals initially 

present in the solution. To determine the magnitude of this effect experi-



TABLE XXII 

DECOMPOSITION OF BENZOYL PERO}QDE IN B~EZEl'JE 

Temp. Cat.Conc. Time ~~~1s. of Log10T Rate 
oc (m/1) (hr) Thios. (hr-1) 

--~- --
75 0.0476 o.oo 19.50 1.2900 

0.83 18.47 1.2665 0.0650 
2. 75 16.35 1.213 5 0.0699 
3.50 15.65 1.1945 0.0628 
4.50 1L~.60 1.1644 0.0640 

Ave.- 0.0640 

0.0361 o.oo 14.75 1.1688 
0-75 14-15 1.1507 0.0555 
1.-50 13:30 1.1239 0.0688 
2.17 12.90 1.1106 0.0618 
2.83 12.40 1.09.54 0.0612 
4.00 11.52 1.0614 0.0618 

Ave.= 0.0618 

0.0317 0.00 12.95 1.1123 
0.83 12.60 1.1003 
2.00 11.45 1.0588 0.0615 
2.75 10.97 1.0402 0.0602 
3-50 10.45 1.0191 0.0612 
4.50 9.85 0.9934 o.o6o8 

Ave.: 0.0609 

0.0245 o.oo 10.02 1.0009 
1-50 9.22 0.9639 0.0567 
2.17 8.88 0.9484 0.0557 
2.83 8.L~6 0.9274 0.0598 
4.00 ?.98 0.9020 0.0568 

Ave.= 0.0567 

0.0238 o.oo 9.75 0.9890 
0.83 9.32 0.9694 0.0545 
2.00 8.69 0.9390 0.0575 
J• 50 7.91 0.8981 0.0596 
4.50 7.54 0.8774 0.0570 

Ave.= 0.0569 

60 0.0476 o.oo 19.50 1.2900 
1.00 19-32 1.2860 0.0092 
2.08 19.00 1.2788 0.0124 
3.00 18.80 1.2742 0.0121 
4.00 18.70 1.2718 0.0105 
5.20 18.37 1.2641 0.0115 

Ave.= 0.0112 

87.5 0.0476 0 mins. 19.50 1.2900 
21 17.35 1.2393 0.333 
40 15.70 l:i3~9 0.~26 
65 1).80 o. l.;; 

93 11.70 1.0682 0.329 
113 10.12 1.0052 fl.:ve. = 0.347 

cr=. ')'50 
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TABLE XXIII 

DECO!l~POSITION OF BENZOYL PERO~'CIDE IN STYREI\J~ 

Peroxide Concentration in gm. per 12 gm. of monomer 

Temp. Time Thios. log10T Thios. log10T Thios. log10T 
oc (hr) (m1) (m1) (ml) 

0.050 gm. 0.080 g,m. 0.115 gm. 

75 o.o 8.90 0.9494 13.60 1.1335 19.50 1.2900 
1.0 8.00 0.9031 12.35 1.0917 17-~ 1.2430 
2.1 7 .L~5 0.8722 10.85 1.0354 15.90 1.2014 
3-3 6.45 0.8096 9.87 0.9943 14.32 1.1560 
4-9 5-45 0.7364 8.95 0-9496 11.95 1.0774 

Rate (hr-1) o .ogro 0.0966 0.0971 

0.115 @TI• 0.150 gm. 0.250 gJn. 

o.oo 14. 75* 1.1688 25.50 1.4065 42.50 1.6284 
0.95 11+.~2 1.1590 
1.!}5 11~ .• 15 1.1501 
1.87 14.30 1.1553 
2.00 25.07 1.3891 40-70 1.6095 
2.40 14.15 1.1501 
3.20 13.75 1.1360 
4.10 23.80 1.3766 39.00 1 ~5911 
6.10 22.55 1.3531 37-55 1. 5742 
7.70 21.80 1.3385 36.25 1~5593 

Rate (hr-I) 0.0212 0.0202 0.0207 

(m ins) 0.115 gm. 

87.5° o. 14.75* 1.1688 
20. 12.82 1.1079 
21. 12.65 1.1021 
30. 11.97 1.0781 
40. 10.95 1.0394 
40. 11.12 1.0461 
50. 10.10 1.0043 
60. 9-27 0.9671 
65. 9-15 0.9614 

Rate (hr-1) 0.433 

* 10 cc. sample used. 
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ments were made at 75°C v · th b 4 , ary~ng e enzene concentration from 0 to 78. 

mole percent while holding the catalyst concentration at 0.0361 m/1 (equi-

valent-to 0.115 gms. per 12 e;rns. of styrene). The data are tabulated in 

Table XXIV. The rate of decomposition decreases with increasing benzene 

concentration. 

From these data the catalyst concentration required to give the same 

initial concentration of free radicals at different solvent concentrations 

and temperatures may be calculated. These values will be presented later. 

(iii) The decomposition of benzoyl peroxide in systems containing sty­
rene and butadiene in the ratio 75:25 -

Data for the effect of concentration of peroxide on its rate of de­

composition at 75°C and 60°c, in a solvent comprised of 75 percent by 

v1eight of styrene and 25 percent of butadiene, are given in .Table XXV 

and plotted in fig. 2~. The variation in rate at a given temperature is 

within experimental error in the range of concentrations studied. An 

average value of 0.0726 hr-1 at 75°C and 0.0138 hr-1 at 60°C may be taken. 

Combining the results for the decomposition of 0.115 gms. of peroxide · 

in 12 gms. of the monomer mixture at 8?.5°C (Table XXV) with those at 75°C 

and 6QOc for the sa..rne peroxide concentration, an activation energy of 27.7 

kcal. per mole was calculated. 

VJhen the monomer mixture was diluted with benzene ·while the peroxide 

concentration was held constant at 0.0323 moles per litre (equivalent to 

0.115 gms. per 12 mms. of monomers) the rate of decomposition was found to 

decrease with increasing benzene concentr~tion. The results for a tempera-

ture of 75°C are presented in Table X..'~,.ri. 



Time Thios. 
(hr) (mls) 

TABLE XXIV 

EFFECT OF BENZENE ON THE DECOM"POSITIOU 
OF 

BENZOYL PEROXIDE IN STYRENE AT 75°C 

B.P. cone. = 0.0361 mo1/l 

Monomer concentration in mole % 

log10T Rate Thios. 1og10T Rate Thios. 
(hr-1) (m1s) (hr-1) (mls} 

70.0% 43 .6~b 
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log10T Rate 
(hr-1) --

20.6% --·--
o.oo 14.75* 1.1688 14. 75il. 1.1688 14.75 ... 1.1688 
0.68 13.95 1.1455 .0790 13.95 1.1455 
1.00 13 .. 70 1.1362 .0750 13.93 1.1439 .0574 
1.1.~3 12.95 1.1117 .0918 13.30 1.1238 .0724 
2.00 12.30 1.0899 .0906 12.97 1.1131 .0642 
2.10 12.50 1.0969 .0829 12.38 1.0927 .0834 12.58 1.0992 .0763 
3.00 .0816 11.90 1.0755 .0715 
3.10 11.25 1.0512 .0875 11.28 1.0523 .0888 
3.85 10.73 1.0306 .092:> 10.88 1.0362 .0794 11.15 1.0473 .0725 
4.00 10-70 1.0294 .0802 11.00 1.<414 .0730 

Ave.•.0870 Ave.=.0805 Ave.•.0725 

iE. 10 cc. sample used. 
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TABLE m 

PEROXIDE DECOl·TPOSITION IN 75 STYRENE-25 BUTADIENE 

Peroxide cone. in gm/12 gm of monomers 
------------·---···---
T~e Thios. 1og10T Time Thios. 1og10T Time Thios. 1og10r 
(hr) (m1s) (hr) (m1s) (hr) (m1s) 
--~---------------------------------- --------------750C 0.08 @n• 0.115 gm. 0.150 gm. 

·-------------~----
0.00 13.60 1.1335 o.oo 19.50 1.2900 0.00 25.50 
1.00 12.77 1.106o 1.00 18.10 1.2577 1.00 23.87 

1.4065 
1.3778 
1.3394 
1.3079 
1.2533 

2.00 11.97 1.0781 2.00 16.77 1.2245 2.10 21.85 
3-30 10.72 1.0302 3.17 15.65 1.1945 3·33 20.32 
5.00 9·57 0.9803 4.33 13-70 1.1367 4-90 17~92 

5·33 13.10 1.1156 
Rate (hr-1) 0.0705 

60°c o .150 gm. 

o.oo 25.50 1.4065 
1.87 25.07 1.3991 
3·33 24-35 1.3865 
4.60 24.12 1.3824 
5·87 23.80 1-3766 

Rate (hr-1) 0.0134 

0.115 g;n. 

0.0756 0.0726 

0.2~ gm.. o.Lpo gm. 

o.oo 42.50 1.6284 0.00 60.20 1.7796 
1.87 41.45 1.6175 1.41 59.30 1.7731 
3·33 40-57 1.6082 2.67 58.10 1.7642 
4.60 40.20 1.6042 3·55 58.50 1.7672 
5·87 38.85 1.5888 5.67 55-70 1.7459 

~----r-----------
0.0138 0.0138 

------------------··---·------------
0 mins.19.50 1.2900 

10.0 18.45 1.2660 
20.0 17.10 1.2330 
30.3 16.32 1.2127 
41-7 15.60 1.1931 
54-2 14.37 1.1575 

Rate (hr-1 ) 0.338 
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rime Thios. 
(hr) (m1s) 

~ -~ ,_) 

o.oo 19.50 
0.78 18.42 
1.47 17.80 
2.30 16.72 
3.20 15.55 
4.00 15.10 

TABLE XXVI 

EFFECT OF SOLVENT ON TBE DECQ} .. r.posiTION 
OF 

PEROXIDE IN 75 STYRENE-25 BUTADIENE at 75°C 

Peroxide cone. = 0.03225 moles per litre 

Monomer concentration in mole percent 

log10T Rate Thios. log10T Rate Thios. 
(hr-1) (m1s) (hr-1) (m1s) 

72.2 46.1 

1.2900 19.50 1.2900 19.50 
1.2653 .0700 18.65 1.2707 ~570 18.60 
1.2504 .0620 17.87 1.2521 -593 17.87 
1.2233 .0667 . 16.90 1. 2278 .622 17.05 
1.1917 .0706 16.10 1.2068 ·597 16.10 
1.1789 .064.0 15.30 1.1846 .605 15.6o 

Ave.=.0650 Ave.=.598 
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1og10r Ra.te 
(hr-1) 

22.2 

1.2900 
1.2695 .6o5 
1.2521 ·593 
1.2317 ~583 
1.2068 -597 
1.1931 ·557 

Ave.=.583 
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(iv) The decomposition of benzoyl peroxide systems containing styrene 
and butadiene in the ratio 50:50 -

The results here are similar to those in the above sections (Table 

XXVII, fig. 23). No appreciable change in rate occurs as the peroxide 

concentration is varied. The data at 60°C for 0.115 gms. of peroxide are 

not as accurate as those for 0.150 and 0.250 gm.s. and for this reason were 

not considered in the average. An average value of 0.0568 hr-1 was taken 

for 75°C and 0.0118 at 60°C. 

The activation energy was calculated from the rates at 60°C and 87~5°C. 

A value of 23.7 kcal. per mole was found. 

IJThen various proportions of benzene were added to the monomer mixture, 

the peroxide concentration being held constant at 0.0292 moles per litre, 

very little change in rate was found (Table XXVIII). This was expected 

since the rates of decomposition of the peroxide in benzene and in the 

monomer mixture were almost the same at this peroxide concentration (0.0590 

hr-1 for benzene and 0.0568 hr-1 for the monomer mixture). 

(v) The decomposition of benzoyl peroxide in systems containing styrene 
and butadiene in the ratio 25:75 -

The data in Table XXIX (plotted in fig. 24) show that the peroxide 

concentration still has no effect on the rate of decomposition over the 

range studied. 

The activation energy calculated from the rate data at the three tem-

peratures is 30.3 kcal. 

Dilution with benzene was found to have no effect on the rate of de­

composition of the peroxide at a concentration of 0.0266 moles per litre 

in this system (Table ~{X, fig. 24). However, a short inhibition period 

seemed to occur since the values did not extrapolate to the true value at 

zero time. 
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TABLE XXVII 

PEROXIDE DECONIPOSITION IN 50 STYRENE-50 BUTADIEl\lE 

Peroxide concentration in gm./12 9!l of monomers 

Time Thios. log10T Thios. log10T Thios. 1og10T 
(hr) (mls) (m1s) (mls) 

75°C 0.080 gm. 0.115 gm. 0.150 gpt. 

o.oo 13.60 1.1335 19.50 1.2900 25.50 1.4068 
1.00 12.80 1.1089 23.90 1.3784 
1.6o 12 .L}2 1.091+1 17 ·75 1.2492 
2.00 12.10 1.0828 22.80 1.3580 
2.40 11.90 1.0754 17.00 1.2304 
2. 75 11.62 1.0652 21.80 1.3385 
3.00 11.60 1.06W-t. 16.55 1.2175 
3-50 20.95 1.3212 
4.00 15.70 1.1954 

Rate (hr-1) 0.0564 0.0574 0.0564 

6QOC 0.115 g,m. 0.150 g,m. o. 250 gm. 

o.oo 19.50 1.2900 25.50 l.Lp68 42.50 1.6284 
2.00 18.87 1.2780 24.75 1.3936 41.45 1. 6175 
4.00 18.35 1.2636 24.60 1.3909 40.65 1.6o91 
5·50 17.95 1.2540 23.92 1.3787 4o.m 1.6042 
6. 75 18.05 1.2565 23.48 1.3707 39-40 1.5955 

Rate (hr-1) 0.0138 0.0122 0.0115 

87.5°C 0.115 gm. 

0 mins. 19.50 1.2900 
10 18.12 1.2580 
2) 17.75 1.2493 
30.3 16.35 1.2135 
41.7 15.85 1.200 

Rate (hr-1) 0.324 
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Time 
(hr) 

0.00 
1.17 
2.25 
3-17 
4.17 
5.17 

TABLE XXVIII 

EFFECT 0/ SOLVENT Ol\! THE DECOlvlPOS IT ION 
OF 

BENZOYL PEROXIDE IN 50 STYHENE-50 BUT.:illiENE AT 75°C 

Peroxide cone. = 0.0292 m/1 

Monomer concentration in mole percent 

Thios. 1og10T Thios. 1og10T Thios. l~g10T 
(mls) (mls) (m1s) 

73·5% 47 -9~~ 23-5% 

19.50 1.2900 19.50 1.2900 19-50 1.2900 
18.10 1.2577 18.30 1.2625 18.25 1.2613 
17.20 1.2355 17.20 1.2355 17.25 1.2355 
16.35 1.2135 16.12 1.2071.~ 16.22 1.2100 

15.32 1.1855 15.32 1.1855 
14.25 1.1548 14.38 1.1575 14.58 1.1635 

Rate (hr-1) 0.0592 0.0592 0.0592 

108 



TABLE XXIX 

PEROXIDE DECOMPOSITION IN 25 STYREl~-75 BUTADIENE 

Peroxide concentration in gm./12 gm of monomers 

Time 
(hr) 

Thios. log10T Thios. 1og10T Thios. 1og10T 
(mls) (mls) (m1s) 

----------------------~~------------~ -------------
0.080 gm. 0.115 gm. 0.1~ @!!· 

o.oo 
1.00 
2.00 
2.20 
2.75 
3.00 
3.50 
4.00 

13.60 1.335 19.~ 1.2900 25.50 1.4068 
12.70 1.1038 18.55. 1.2683 24.15 1.3829 

11.72 1.0689 

11 .15 1 • 0473 

Rate (hr-1) 0.0562 

=tdPc 0.150 ~· 

o.oo 25.50 1.4068 
2.00 24.85 1.3953 
4.00 
5· 50 2L~. 30 
6.75 24.00 

1.3856 
1.3800 

0. mins.19.5 1.2900 
10.0 18.45 1.2660 
20.0 17.70 1.2479 
30~3 16.55 1.2188 
41.7 1~.27 1.1838 
54.2 15.10 1.1789 

Rate (hr-1) 0.306 

17.37 1.2373 22.82 1.3583 
17.20 1.2355 
16.75 1.2240 21.80 1.3385 
16.45 1.2162 
16.25 1.2108 20.40 1.3096 
15.40 1.1875 

42.50 
41.65 
40.95 
40.)0 
39.95 

0.05t4 

0.250 gm. 

1.6284 
1.6196 
1. 6123 
1. 6051 
1.6015 

0.00935 

0.0557 
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Time 
(hr) 

o.oo 
1.00 
2.20 
3.00 
4.00 
5.09 

TABLE XXX 

EFFECT OF SOLVENT ON TT-~E DECQt .. ~POS ITION 
OF 

BENZOYL PEROXIDE IN 25 STYRENE-75 BUTADIEl\TE AT 75°C 

Peroxide cone. = 0.0266 m/1 

tionomer concentration in mole percent 

Thios. log10T Thios. log10T Thios. log10T 
(mls) (m1s) (mls) 

74.6 49.4 24-5 

19.50 1.2900 19.50 1.2900 19.~ 1.2900 
18.45 1.2660 19.10 1.2810 19.00 1.2782 
17.25 1.2368 17.&J 1.2455 17.47 1. 21..,.23 
16.50 1.2175 16.67 1.2219 16.95 1.2292 
15.60 1.1931 15.97 1. 2033 
14-72 1.1679 14.85 1.1717 15.00 1.1761 

Rate (hr-1) 0.0564 0.05t4 0.0564 
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(vi) The decomposition of peroxide in systems containingbutadiene-

The rates of decomposition were measured at peroxide concentrations of 

0.08, 0.115 and 0.150 gms. per 12 gms. of butadiene at 75°C (Table L'CZI, fig. 

25). There appears to be a small increase in rate as the concentration in-

creases, but it is less than fot~ percent for an approximate two-fold increase 

in catalyst concentration. 

An activation energy of 31.2 kcal. was found using the rate data of 
r 

Table XXXI. A value of .0076 hr-1 was taken as the rate of decomposition 
I 

of a 0.115 gm. solution at 60°C. If the observed increase in rate with in-

creased catalyst concentration is real and not to be attributed to experi-

mental error, this value will be slightly high. 

Dilution with benzene is amain found to have no effect on the decompo-

sition rate as may be seen from the data in Table XXXII and fig. 25 for a 

peroxide concentration of 0.0245 m/1 (equivalent to 0.115 ~s. of peroxide 

per 12 gms. of monomer). A short inhibition period occurs when benzene is 

added, the length of this period increasing with increasing solvent con-

centration. 

As noted earlier, all these studies on the decomposition of benzoyl 

peroxide were undertaken so that peroxide concentrations could be calcu-

lated which would give a constant rate of initiation of polymerization 

under different conditions, on the ass~1ption that the rates of initiation 

of polymerization would be constant when the initial rates of peroxide 

decomposition were held constant. A summary of the data obtained for the 

decomposition of benzoyl peroxide under the various conditions is given 

in Tables XXXIII - XXXV. 

In Table XXXIII are presented the catalyst concentrations required 



TABLE XXXI 

PEROXIDE DECOMPOSITION IN BTTTADIENE 

Concentration of peroxide in gms/12 gms of monomer 

Time 
(hrs) 

Thios. 
(mls) 

0.00 13.6o 1.335 
0.78 13.07 1.1163 
1.06 12.87 1.1096 
2.00 12.20 1.0864 
3.00 11.70 1.0691 
3·33 11.27 1.0519 
4.00 11.10 1.0453 

6QOC 

o.oo 
1.38 
3.00 
3·50 
5.86 
6.10 
7-35 

0.0 mins. 
20. 
30.3 
41.7 
54.2 

25.50 
25.m 
24.95 
24.70 
24.35 
24.45 
24.15 

0.1~ gm. 

1.4065 
1.4014 
1.3970 
1~3927 
1.3865 
1.3883 
1.3827 

0.115 @!1• 

19.50 1.2900 
17.72 1.2485 
17.05 1.2317 
16.12 1.2074 
15.30 1.1847 

Rate (hr-1) 0.269 

Time 
(hrs) 

o.oo 
0.95 
2.03 
2.51 
4.15 
5.10 

Thios. log10T 
(mls) 

0.115 gpl. 

19-50 1.2900 
18.45 1.2660 
17.45 1.2418 
16.95 1.2292 
15-50 1.1903 
14.65 1.1658 

0.0552 

0.250 gm. 

o.oo 42-5 1.6284 
2.37 41.65 1.6196 
3-50 W-.25 1.6154 
5.10 40.90 1.6117 
6.10 40.30 1.6053 

0.0080 

Time Thios. 
(hrs) (mls) 

0.1~ gm. 

o.oo 25.50 
1. 25 23.75 
2.03 22.90 
3.05 21.50 
4.08 20.42 

0.0557 
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log10T 

1.1_p 65 
1.3756 
1.3598 
1.3324 
1~3103 
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Time 
(hr) 

0.00 
1.15 
2.03 
3-17 
4.15 
5.10 

TABLE XXXII 

EFFECT OF SOLVENT ON THE DEC01lPOSITION 
OF 

BENZOYL PEROXIDE IN BUTADIENE AT 75oc 

Peroxide cone. = 0.0245 m/1 

~.~onomer concnetration in mole percent 

Thios. 1og10T Thios. 1og10T Thios. log10T 
(m1 s) (nls) (mls) 

75·4 50.4 25.4 

19.50 1.2900 19.50 1.2900 19.50 1.2900 
18.20 1.2600 18.42 1.2653 18.70 1.2718 
17-55 1.241+3 17.78 1.2499 17.72 1.2497 
16.55 1.2183 16.70 1.22Z{ 16.70 1. 22'Z( 
15.40 1.1875 15.50 1.1917 15.85 1. 2000 
14.6o 1.1644 14.65 1.1658 15.05 1.1775 

Rate (hr-1) 0.0552 0.0552 0.0552 
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TABLE XXXIII 

CATALYST CONCE1~RATIONS FOR OOPOLYMERIZATION AT 75oC 

Weight Percent of k Peroxide Cone. kc 
Styrene Butadiene (hr-1) gm/12 @Il m/1 0 hr. 1 hr. a.ve. 

lOO 0 0.0977 0.0600 0.01880 1.838 1.665 1.754 
75 25 0.0726 0.0903 0.0253 1.838 1.705 1-77 
50 50 0.0568 0.1285 0.0323 1.838 1.730 1.78 
25 75 0.0562 0.1410 0.0327 1.838 1 .. 735 1.785 

0 lOO Q.0552 0.1550 0.0?33 1.838 1.750 1.79 

TABLE XXXIV 

CATALYST CONCENTRATIONS FOR EFFEGT OF TE~,1PERATTJRE 

Weight Percent of 
·· J 60°c 

Temperatur-e 
87.5°C Styrene Butadiene 75°C 

k(hr-1 ) C(m/1) k(hr-1) C(m/1) k(hr-1) C(m/1) 

lOO 0 0.0207 0.1170 0.0977 0.0248 0.433 0.0056 
75 25 0.0138 0.1180 0.0726 0.0224. 0.338 0.0048 
50 50 0.0118 0.1000 0.0577 0.0203 0.324 0.0036 
25 75 0.0093 0.112 0.0562 0.0185 0.306 0.0034 
0 lOO 0.0080 0.114 0.0539 0.0170 0.269 0.0034 

TABLE XXXV 

CATALYST CONCENTRATIONS FOR SOLVENT EFFECT 
-

Styrene 75 Styrene-25 Butadiene 

Mole % k Peroxide l'Iole % k Peroxide 
:Monomer (hr-1) Cone. Iv~onomer (hr -l) Cone. 

(r1/1) (m/1) 

100 0.0977 0.0~60 100 0.0726 0.0322 
70.0 0.0870 o.o 04 72.2 0.0650 0.0359 

43.6 0.0815 0.0431 46.1 0.0622 0.0375 
20.6 0.0715 0.0491 22.2 0.0587 0.0397 
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to give the same rate of chain initiation for the bulk polymerizations of 

styrene, butadiene and copolymerization of mixtures of these two at 75°C, 

while from Table XXXIV values are obtained which give the same rate of 

chain initiation for a given system, styrene, butadiene or a mixture of 

the two, at Co°C, 75°C and 87 ~5° C. The concentrations of peroxide which 

result in the· same initial concentration of free radicals when the systems 

containing styrene and 75 styrene-25 butadiene are diluted with benzene are 

given in Table XXXV, dilution with benzene having little effect on the other 

systems. These values were calculated assuming that the rates of decomposi-

tion of the peroxide were independent of the peroxide concentration. This, 

of course, will be true for pure monomer and concentrated monomer solutions, 

but Cohen (89) found a slight variation in the rate of decomposition of the 

peroxide with concentration for a 3.85 molar solution of styrene in benzene. 

The variation was less than four percent for a two-fold increase in peroxide 

concentration. The increase in concentration is much less than two-fold here, 

so it may be ass,.L-rned that the error in the calculation of the required per-

oxide concentrations will be well within experimental error. 

The results presented above will be discussed later, since some of the 

rate expressions to be derived are required for interpretation of the kinetics 

of polymerization in the analogous systems. 

2. Polymerization in Systems containing Butadiene, Styrene and Mixtures of 

the Two ---·------
(a) Experimental Procedure: 

(i) Polymerization -

The procedure used in this section was exactly the same as that de-

scribed in Section 1. 
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(ii) Determination of molecular weight -

Ubbelohde viscometers were used for the determination of intrinsic 

viscosities. The outflow times for the two viscometers used in this part 

of the work were 107.1 and 115.4 secs. for pure benzene at 25oc, so that 

a kinetic energy correction was required. This correction was determined 

by calibrating the viscometer with three different liquids, viz. benzene, 

water and toluene, and applying the standard viscosity equation which has 

the fonn 

V= At B 
t 

Hence, by using any two liquids whose kinematic viscosity is accurately 

known, the two constants may be evaluated. The data and values of the con-

stants are given below: 

Viscometer Liquid 

11\fater 
Toluene 
Benzene 

11ater 
Toluene 
Benzene 

Viscometer Constants 

Flow Abs. 
Time Visc. 
(sec} (cp) 
--·-

137-7 0.894 
99.8 0.553 

107.1 o.6o8 

148.2 0.894 
107.1 0.553 
115.4 0.608 

Density 
(gm;' cc) 

0.997 
0.862 
0.874 

0.997 
0.862 
0.874 

A B 

0. 00659 1. 614 
.00659 1.535 

.00611 

.006o9 
1.399 
1.000 
• 

A graph of actual flow time against true relative time (calculated on the 

assumption that the change in density of the polymer solutions over the 

concentrations studied is negligible) was used to determine the correct 

value of "[r· 

Cragg's method for the one point determination of intrinsic viscosities 

at a concentration of 0.2 to 0.6 grams of polymer per lOO ml. of solvent 



was used. The equation 

where [Tt) is the intrinsic viscosity, 

tr is the relative time of flow, 

C is the concentration , 
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was found to give a horizontal straight line for[~Jplotted against C for 

several polymer samples, all compositions of monomers (except pure buta­

diene) represented, taken at random from the polymer samples. This may 

' readily be seen from fig. 27. The samples A, B, C and D refer to lOO%, 

75%, 50% and 25% of styrene. 

The molecular weight of polystyrene was calculated using the equation 

found by Alfrey, Bartovi~s and Mark (93) 

lo gl~ = 1.43 log ftt] ~ 5· 54 

while that for GR-S type polymer (751o butadiene, 25% styrene} was calculated 

from the equation derived by Hulse et al (68) 

1 0 gM: = 1 • 52 1 0 g [l\] "' 4. 95 

(b) Experimental Results: 

In the present work the rates of polymerization and the molecular weightE 

of the products were determined for the same initial concentration of free 

radicals in each of the monomers and in mixtures of them as the solvent con-

centration and temperature were varied. The effect of catalyst concentra-

tion was also determined in each of the systems. 

(i) Polymerization in systems containing styrene -

The effect of catalyst concentration on the rate of the polymerization 

was determined at a temperature of 75°C. The catalyst was varied from 0.050 

@mS· per 12 gms. of monamer to 0.400 ~s. The data are tabulated in Table 
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X:XXVI. Since the time curves were all linear, they have not been plotted 

here. The plot of rate against the square root of the catalyst concentra­

tion is linear (fig. 34). The molecular weight data were lost in the labo­

ratory fire and the experiments were not repeated because it was felt that 

the relation between molecular weight and catalyst concentration (M.!.-'1. 

1/ /cat) had been soundly established by other investigators (87). 

All the data in the literature on the effect of a diluent on the rate 

of polymerization and molecular weight were obtained using the same initial 

concentration of catalyst on the basis of moles per litre. As shown above, 

the addition of a diluent greatly decreases the rate at which the peroxide 

decomposes, resulting in a greater initial concentration of free radicals in 

pure styrene than in the diluted systems. To determine the true effect of 

an inert diluent on the reaction kinetics the experiments were made with the 

srune initial concentration of free radicals. The values of C in moles per 

litre were taken from Table XLXV. The values of C for 56.5 and 31.7 mole 

percent ~rere found by interpolation. The data for a temperature of 75°C are 

given in Table XXXVII and plotted in fig. 38. In fig. 36 the rate of poly-

merization is plotted against the square root of the monamer concentration 

and a linear relation is found. In fig. 37 the average molecular V'Teights 

of the polymers are plotted against the three-halves power of the monomer 

concentration and a direct proportionality exists. 

The effect of temperature on the rate of polymerization has previously 

always been measured using a constant concentration of benzoyl peroxide. It 

is obvious that under these conditions the concentration of free radicals 

will be greater at the higher temperature and the true effect of te1nperature 

on the polymers fanned is not found. The peroxide concentrations necessary 
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TABLE XXXVI 

EFFECT OF CATALYST CONCENTRATION ON THE POLYIVIERIZATION 
OF STYRE1~ AT 75°C 

Peroxide concentration in @n· per 12 gm. of monomer 

Time Percent Time Percent Time Percent 
(hr) Conversion (hr) Conversion (hr) Conversion 

0.05 grns. 0.08 gns. 0.115 gms. 

1.00 7-17 1.00 9-45 0.41 5-31 
1.75 12.8 1. 75 16.6 0.75 9.41 
2.50 18.1 2.50 23.3 1.03 13.2 
3.25 23.5 3-25 29.8 1.~ 18.6 

4.00 35-9 

Rate (%/hr) 7.2 9-3 12.4 
-------- ·-- """~-

0.250 gns. 0.400 gms. 
----- -------- ~--·.....__ _____ 

0.75 14.5 0.75 15.5 
1.50 28.9 1.50 33·5 
2.25 39.1 2.25 49.8 
3.00 53·9 3.00 70.6 
3·75 66.3 

Rate (%/hr) 18.5 22.5 



Time 
(m in) 

25 
45 
62 
90 

120 

TABLE XXXVII 

EFFECT OF SOLVENT .CONCENTRATION ON TEE POLYMERIZATION 
OF STYRENE AT 75°C 

~,1onomer concentration in mole percent 

Percent 1\~ol. Vvt. Percent 11ol. vlft. Percent 
Conversion (xlo-4) Conversion (xlo-4) Conversion 

124 

Mol.1Yt. 
(xlo-4) 

lOO% 70.0% 56.5% 

5-31 8.80 5.82 5.02 
9.41 8.00 9-27 5·25 9.15 4.40 

13.2 12.6 5.80 12.3 4.30 
18.6 16.8 4-95 17.7 4.10 

23.4 23.2 
Ave.=8.40 Ave.=5.35 Ave.=4.~ 

Rate (%,/hr) 12.4 11.7 11.7 

43.6% 31.7% m.6% 

25 4-71 2.98 4-44 2.45 4.34 1.50 
45 8.50 8.35 7.83 
62 11.75 11.0 10.8 
90 16.2 3.40 16.0 2.27 15.6 1.47 

120 22.2 21.5 20.3 
Ave. =3.20 Ave.•2.35 Ave,.1'!'50 

Rate (%/hr) 11.«15 10.65 10.20 
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to yield the same initial concentration of free .radicals at the three tem­

peratures 6o, 75 and 87.5°C were taken from Table XXXIV. The concentration 

at 75°C - 0.0248 m/1 is equivalent to 0.08 gm. per 12 ~- of monomers. Re­

sults for the effect of temperature on the rate of polymerization of styrene 

in the bulk phase at constant free radical concentration are given in Table 

~TIII and plotted in fig. 28. It is oovious that an increase in tempera-

ture not only increases the rate but also increases the molecular weight of 

the polymer. The molecular weight of the polymer at 87.5°c is found to in-

crease with time because the half-life of the catalyst is very short at this 

temperature so that a steady state concentration of free radicals exists only 

for a short t~e. An activation energy of 8.3 kcal. was calculated from the 

slope of the Arhennius line in fig. 38. 

(ii) Polymerization in systems containing styrene and butadiene in the 
ratio 75:25 -

The rates of polymerization at 75°C were determined for catalyst con-

centrations of 0.08, 0.115, 0.115, 0.150, 0.250 and 0.400 mms. per 12 @US• 

of monomers. The results are tabulated in Table XXXIX. The time curves 

were linear and are not reproduced here. A linear relation is again found 

between the initial rate of polymerization and the square root of the cata-

lyst concentration (fig. 34). As no equation is known to exist which relates 

the intrinsic viscosity to molecular weibht for this particular system (and 

also that of 50-50 Sty.-But.) the relations for molecular weight were deter­

mined by plotting [~]l/a against the independent variable. The value taken 

for 1/a is 1.48 lvhich is the average of the values for pure styrene - 1.43 

and GR-S - 1.52. Since many polymers have values of 1/a within this range, 

it was felt the error would be well within the expertmental error. A plot 

of (~11/a against the inverse of the square root of the catalyst concentra-



Temp. 
oc 

60 

75 

87.5 

TABLR XXXVIII 

EFFECT OF TEl:PE~\TlillE ON THE RATE OF STY~FE 
POLYltiERIZATION 

Time Percent Rate 
(hr) Conversion (%/hr) 

2.10 11.0 5.40 
3.00 16.2 
4.67 25.5 
5.90 31.1 
6.90 35.L~ 

I··~o 1. Vft. 
(xlo-Lt-) 

6.75 
6.75 
6.00 
6.00 
6.30 

Ave.= 6.35 

1.00 9.45 9.30 
1 .. 75 16.6 10.0 
2.50 23.3 
3.25 29.8 
4.00 35-9 

0.65 8.84 13.6 11.1 
1.25 16.3 
1.93 23.1 12.0 
2.47 28.3 12.8 
3.17 34.0 17.4 
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Time 
(hr) 

1.00 
2.00 
2.75 
3.50 
5.00 

TABLE XXXIX 

EFFECT OF CATALYST CONCENTRATION ON THE PCLYT:~HIZATION 
OF 75 STYREJ\1E-25 B1JTADIE1JE AT 75°C 

Catalyst concentration in @11· per 12 gm. of monomers 

Percent 'Ll.48 Percent 1.L1_8 Percent 1.48 
Conversion Conversion Jt, Conversion 't 

0.080 gms. 0.115 gms. 0.150 gm.s • 

1.94 0.182 2.51 2.78 .107 
4.19 0.164 5.07 .150 5·45 .120 
6. ol.~ 0.164 6.93 .1llo 7.83 .120 
7.52 0.174 9.36 .157 

10.2 13.7 .192 11~. 53 .135 
Ave. =0 .16L~ Ave. =.1~-5 Ave.=.l20 

Rate (%/hr) 2.15 2.53 2.78 

0.250 gms. 0.400 gms. 
- --·------·~, --. 

1.00 3.80 0.081 5.10 0.072 
2.00 7.68 0.090 10.2 0.073 
3.00 11.58 0.089 15.1 
4.50 15.98 0.096 22.6 0.096 
6.00 22.14 0.125 30.4 
7.50 38.2 0.107 

A v e • =0 • 0 90 -·· Ave.=0.072 

Ra. te ( ;~/hr) 3.80 5.09 
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tion yields a straight line (fig. 35). 

The effect on the kinetics of the reaction of a diluent was deter­

mined using catalyst concentrations such that kC was held constant (Table 

XXXV). These results are given in Table XL. The initial rate of polymer­

ization was found to be independent of the mononer concentration while the 

molecular weight of the polymer is approximately proportional to the monomer 

concentration (fig. 37). 

Peroxide concentrations necessary to yield the same initial concentra-

tion of free radicals at the temperatures 6o, 75 and 87.5°C were obtained 

from Table XXXV. The data for rates of polymerization at these temperatures, 

given in Table XLI and plotted in fig. 29, were obtained using these cata-

lyst concentrations. An increase in temperature results in an increase in 

rate and molecular weight. From the Arhennius line in fig. 38 an activation 

en~rgy of 8.7 kcal. was calculated. 

(iii) Polymerization in systems containing styrene and butadiene in the 
ratio 50:50 -

Again the initial rate of polymerization was found to be proportional 

to the square root of the catalyst concentration (fig. 34). The data are 

presented in Table XLII. Since the molecular weight is proportional to 

[Jt.] 1/a (1/a is taken as 1.48} the relation between molecular weight and 

catalyst concentration was found by plotting (ll.) l/a as the dependent variable. 

The usual relation was found, viz. [~Jl/a was inversely proportional to the 

square root of the catalyst concentration (fig. 35). 

The addition of a diluent to the ::P-50 styrene butadiene system was 

found to have very little effect on the rate of benzoyl peroxide decomposi-

tion, so for determining the role of diluent in the kinetics, a catalyst 

co~centration of 0.0292 m/1 was used. 
These results are given in Table 



TABLE XL 

EFFECT OF SOLVENT CONCENTRATION Oi:·T THE POLYMERIZATION 
OF 75 STYRENE-25 BUTADIENE AT 75°C 

Monomer concentration in mole percent 

Time Percent 1.48 Percent 1.48 
(hr) Conversion 'L Conversion 'l 

100~~ 72 .2~;~ 

1.23 3-23 0.120 3.30 0.090 
1.89 5·24 0.137 5-19 0.098 
3.05 8.04 0.150 8.16 0.107 
4.83 12.2 0.160 12.5 0.112 
5·95 15.8 0.185 15.5 ·0 .120 

Rate (%/hr) 2.58 2.58 

46.1% 22.2% 

1.23 3-38 0.066 3·33 
1.89 5.23 0.065 4.82 0.031 
3.05 8.16 0.070 7.81 0.0315 
4.83 12.5 0.069 12.1 0.031 

5·95 15.1 14.7 0.031 

Rate (%/hr) 2.58 2.52 
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TABLE XLI 

EFFECT OF Tm.~PERATURE ON THE POLTI1E~IZATION 
OF 75 STYRENE-25 BUTADIENE 

Temp. 
oc 

60 

75 

87.5 

Time 
(hr) 

2.10 
3.00 
4.67 
5.90 
6.90 

1.23 
1.89 
3-05 
4.83 
5·95 

0.65 
0.75 
1.62 
2.03 
2.52 

Percent 
Conversion 

2.6o 
3.66 
5.74 
7.04 
8.31 

2.57 
4.23 
6.48 

10.75 
13.2 

2.09 
2.52 
5.12 
6.54 
7-50 

Rate 
(%/hr) 

1.20 

2.17 

3-25 

'l 
1.48 

.113 

.105 

.106 

.117 

.155 

.156 

.174 

.192 

.202 

.220 

.245 

.223 

.225 
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Time 
(hr) 

1.00 
2.00 
2.75 
3·50 
5.00 

Rate 

1.00 
2.00 
3.00 
4.50 
6.00 
7-50 

TABLE XLII 

EFFECT OF CATALYST CONCEI\"'TRATION ON THE POLYf.ffiRIZATION 
OF 50-50 STYRENE-BUTADIENE 

Catalyst concentration in gm. per 12 gn. of monomers 

Percent 1.48 Percent 1.48 Percent 
Conversion 'L Conversion 'l Conversion 

0.080 gn. 0.115 gm. 0.150 
1.17 .107 1.47 .102 1.59 
2.44 .120 3-04 .110 3-35 
3.30 .120 4.00 .118 4.62 
4.20 .135 5-13 5-50 
5.90 .150 7.29 .129 

(%/hr) 1.15 1.46 1.65 
-

0.250 gm. 0 .~_00 @!1· 

2.27 .081 2.86 
4.03 .090 5.45 .073 
6.50 .089 8.09 .073 
9-27 .096 12.1 

12.4 .124 16.2 .096 
15.7 .128 19.7 .108 

Rate (%/hr) 2.10 2.70 
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XLIII and plotted in fig. 30. A short inhibition period occurs in the 

systems containing 35.7 and 23.5% of monomer. The initial rate of poly­

merization was found to increase as the monomer concentration decreased 

and was directly proportional to the square root of the monomer concentra­

tion, fig. 36. The molecular weight of the polymer is proportional to the 

three-halves power of the monomer concentration (fig. 37). 

In Table XLIV data are given for the rates of polymerization at three 

temperatures 60, 75 and 87~5°C, the catalyst concentrations being taken from 

Table XXXIV, i.e. kC was held constant. Again, an increase in temperature 

results in an increase in initial rate and molecular weight. An activation 

energy of 8.7 was calculated fram the slope of the Arhennius line in fig. 38. 

(iv) Polymerization in systems containing styrene and butadiene in the 
ratio 25:75 -

The relations between catalyst concentration, rate and molecular weight 

were determined in Section 1. There was the usual dependence of rate on the 
1 

square root of the catalyst concentration and of molecular weight on l/C2. 

The experiments with the solvent, benzene, were made using a catalyst 

concentration of 0.0266 m/1 since the solvent was previously found to have 

no effect on the rate of catalyst decomposition. The data are given in Table 

XLV and plotted in fig. 31. The rate was found to increase as monomer con-

centration decreased and was approximately proportional to the monomer con-

centration (fig. 36). The molecular weight is also approximately proportional 

to the monamer concentration (fig. 37). 

An increase in temperature results in the usual increase in rate and 

molecular weight when the initial concentration of free radicals is held 

constant. The data are tabulated in Table XLVI and plotted in fig. 31. An 

activation energy of 7•5 kcal. was found (fig. 38). 



TABLE XLIII 

EFFECT OF SOLVENT CONCENTRATION ON THE POLYMERIZATION 
OF 50 .. STYRENE-50 BUTADIENE AT 75°C 

1Jonomer concentration in mole percent 

Time Percent 1\1.48 Percent 1.48 Percent 
(hr) Conversion Conversion l\ Conversion 

lOO% 73.5% 60. 7~~ 

1.00 1.57 0.081 1.69 0.054 1.73 
2.03 2.88 0.083 3.21 0.087 3-33 
3.00 4.44 0.105 4.74 0.087 4.96 
4.08 5·90 0.113 6.40 0.080 6.78 
5·25 7.56 0.109 8.15 0.090 8.40 

Rate (%/hr) 1.46 1.57 1.65 

47.9% 35-7fl! 23.5'fii 

1.00 1.79 0.031 1.77 0.028 1.71 
2.03 3·51 0.048 2.82 0.039 3.30 
3.00 5·15 0.053 5·36 0.039 5·20 
4.08 6.96 0.052 7.23 0.043 7.38 
5·25 8.85 0.063 9-65 0.043 9.31 

Rate (%/hr) 1. 72 1.85 1.90 

* Inhibition period. 
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TABLE XLIV 

EFli'ECT OF TD.~PERATURE CN THE POLYlVf.ERIZATION 
OF 50-50 STYRENE-BUTADIENE 

Time Percent Rate 
(hr) Conversion (%/hr) -·-
2.10 1.40 0.66 
4.67 3-14 
5·90 3·90 
6.90 4.56 

1.00 1.18 1.15 
2.03 2.38 
3.00 3~50 

4.09 4.75 
5-25 6.03 

0.65 1.18 1.82 

0.75 1.43 
1.25 2.36 
1.62 2.91 
2.03 3.68 
2.52 4.60 
3.00 5.85 
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1.48 
)\ 

0.079 
0.074 
0.082 
0.082 

0.113 
0.127 
0.118 
0.127 
0.125 

0.148 

0.198 
0.185 
·0.210 
0.193 



Time 
(hr) 

1.50 
3.20 
4.20 
5·13 
6.6/J 

TABLE XLV 

EFFECT OF SOLVENT OH THE POLTII'1ERIZATION 
OF 25 STYRENE-75 BUTADIEl\TE AT 75°C 

!.Tonomer concentration in rnole percent 

Percent Mol.VVt. Percent l\1ol. vvt. 
(xlo-4) Conversion Conversion (xlo-4) 

-·--
lOO% 74.6% 

1.56 -750 1.70 ·530 
3.16 .789 3.18 .480 
4.14 -790 4-53 .560 
4.57 5.89 .670 
6.52 .880 7 ·53 .700 

Rate ·(%~r) 0.99 1.15 

49.4% 24.5% 

1.50 2.04 .428 2.04 
3.20 4-37 ~500 4.65 .255 
4.20 5-70 -490 6.41 .290 
5-13 6.85 .480 7.38 
6.6o 8.84 ·530 

Rate (%~r) 1.35 1.50 
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TABLE XLVI 

EFFECT OF TEMPERATURE ON THE POLTI,1ERIZATION 
OF 25-75 STYREJ~-BUTADIE1~ 

Time 
(hr) --
2.10 
3.00 
4.67 
5.90 
6.90 

1.50 
3.2D 
4.20 
5-13 
6.60 

Percent 
Conversion 

1.08 
1.58 
2.Lt-5 
3.16 
3·73 

1.34 
2.58 
3-37 
4-34 
5·49 

Rate 
(%/hr) 

0.52 

0.85 

87~5 0.65 0.77 1.22 
0.90 o. 75 

1.25 1.50 
1.62 1.96 
1.93 2.34 
2.03 2.46 
2.47 2.93 
2.52 2.99 
3.00 3.52 

l[ol.YJt. 
(xlo-4) 

0.420 
o.W+5 

0.590 
0.480 

0.742 
0.860 
0.810 
0.925 
0.900 

1.38 

1.33 

1.55 
1.65 
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(v) Polymerization in systems containing butadiene -

The data in Table XLVII, which are plotted in fig. 31, show that the 

usual dependence of rate on catalyst concentration was found. No viscosity 

data were obtained on the polymer samples, since the polymer was all of very 

low molecular weight, being quite liquid, and it v1as felt that th,e viscosi"bJ 

data would not be sufficiently accurate to allow comparison of the polymers 

under the different experimental conditions, especially at the law conver­

sions adopted for this work. 

The change of rate with solvent concentration was detennined using 

0.0245 m/1 of catalyst. Again the rate is found to increase as the monomer 

concentration decreases and is directly proportional to the monomer concen­

tration (Table XLVIII, figs. 33 and 36). 

The rate data for 60, 75 and 87-5°C are given in Table XLIX and plotted 

in figs. 32 and 33. The catalyst concentrations were taken from Table XXXIV. 

An activation energy of 7.2 kcal. was calculated from the Arhennius line in 

fig. ?8. 



TABLE XLVII 

EFFECT OF CATALYST CONCENTRATION ON TRE POLTI!ERIZATION 
OF Bl~ADIE~ffi AT 75°C 

Catalyst concentration in gm. per 12 mn· of monomer 

Time Percent Percent Percent Percent 
(hr) Conversion Conversion Conversion Conversion 

0.08 gm. 0.115 gm. 0.1~ gm. 0.250 gm. 

2.0 1~54 2.28 
2.7 1.75 1~95 2.55 
3·7 2.30 2.97 3.40 4.22 
7.7 s.oo 5-98 6.99 8.60 

12.6 7.29 8.74 9.92 12.4 
22.6 12.00 14.4 16.5 19.1 

Rate (%/hr) 0.65 0.75 0.90 1.15 
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Percent 
Conversion 

o .L,oo gm. 

3-05 

5.51 
11.7 
12.6 
22.6 

1.50 



Time 
(hr) 

2.10 
3.00 
4-67 
5·90 

Time 

TABlE XLVIII 

EFFECT OF SOLVENT ON THE POL1~RIZATION 
OF BUTADIENE AT 75oc 

l~~onomer concentration in mole percent 

Percent Percent Percent 
(hr) Conversion Conversion Conversion 

lOO 75-4 62.8 
1.60 1.52 1.61 
3.25 2.42 3.03 3-46 
4-27 3.26 4.07 4-56 
5-31 4.02 5-04 5.62 
6.30 4.70 6.00 

Ra. te ( ;~7hr J 0.76 0.9b 1.08 

50.4 37-9 25.4 
1.6o 1.74 1.89 2.02 
3.25 4.03 4.16 4-54 
4.27 5-03 5-~ 5-92 
5.31 6.13 7-35 
6.30 7.43 8.26 8.87 

Rate (%;hr) 1.19 1.35 1.45 

TABLE XLIX 

EFFECT OF TEMPERATURE ON THE POL~~ERIZATION 
OF BUTADIENE 

Temperature °C 

600 75° 87-5° 

Percent Time Percent Time 

Conversion (hr) Conversion (hr) 

0.78 2.7 1.75 0.65 
1.32 3-7 2.30 1.25 

2.03 7-7 5.00 1.93 

2.26 12.6 7-29 2.47 
22.6 12.00 3.18 

Percent 
Conversion 

0.64 
1.23 
1.77 
2.15 
2.72 

Rate (%/hr) 0.42 0.65 0.95 
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DISCUSSION OF RESULTS 

Since some of the expressions derived from a kinetic analysis of the 

decomposition of the catalyst, benzoyl peroxide, are required to discuss 

the polymerization reactions the catalyst decomposition will be considered 

first. 

The rate of benzoyl peroxide decomposition was found to decrease as 

the styrene content of the reaction medium was decreased by dilution with 

butadiene or benzene. Each individual experiment was found to confona to 

first-order behaviour but in butadiene and benzene the rate was not truly 

first order, since it depended to some extent on the peroxide concentration. 

This behaviour has been observed by many authors and has been explained by 

Downes (73) on the basis of the following assumptions: 

1. The dissociation of benzoyl peroxide into benzoate radicals is a 

reversible process. 

2. ~ne removal of benzoate radicals from the reaction medium, rather 

than rupture of the peroxide bond, is the rate controlling step. 

If the solvent does not react with benzoate radicals (e.g. benzene) 

the rate of peroxide d.ecomposi tion, assmned to be determined by the rate 

of thermal decomposition of benzoate radicals, is minimal. If, on the 

other hand, the sol"'fent is subject to attack by benzoate radica.ls, an in­

creased rate of benzoyl peroxide decornposi tion is observed, the amount of 

th susceptibilit:_r of the solvent to attack. 
the increase depending on e 

Before deriving the rate equations, an expression must be found 
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relating the concentration of benzoyl peroxide to the concentration of 

benzoate radicals, since the benzoate radical is assumed to be the true 

:reactant. This expression may be obtained by using the "primary recom­

bination theory" of Franck and Rab inowi tsch ( 88). 

This theory is based on the assumption that two fragments from a dis-

socia.ted r:..olecule are held in a cage of solvent molecules so that the radi-

ce.l pair collide many times v;ith each other before they diffuse apart. If, 

then, a reaction between such radicals and solvent is possible, either such 

reaction takes place or the radical pair recombines. Since only those ra.di-

c&ls fron the same molecule recombine, the recombination is considered to be 

first order. 

Applying these ideas to the benzoyl peroxide decomposition it is clear 

that tvrc beEzoate radicals arising from the peroxide decomposition may be 

regarded as a modified form of the peroxide. Therefore, the relation be­

tween the concentration of benzoate radicals and benzoyl peroxide may be 

1Nritten: 

or 

[ ;~~ / .. ~c:- COC) ·] 

( c·6s:~co2l2 

lc6!5coo·1 

= K 

= K C 

where C is the peroxide concentration at any time. 

(I) 

(II) 

h · d to be subJ"ect to no attack by For benzene, a solvent whic 1S assume 

benzoate radicals, the equations to 

(C6H5C02)2 
kl 
~ 

~ 

k2 

c6H
5

COO· k2~ 

k4 
.f. C6H5· c6H5coo· ~ 

be considered 

2C6H5coo· 

C6H5• .f. C02 

M 

are: 

(1) 

(2) 

(3) 
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C6H5· .f. C6H6 
1:.(~ 
~ :M + H• (4) 

C6H5• .f. C6H6 
_,.._ 

() 

lv1 "" C()-I5 • ____,. 
( 5) 

C6H5COO• ;. H· k7 1-1 ( 6) • 

C6II5• -+ H• ks 
M (7) 

where 1.1 represents a neutral molecule. 

The reactions 

C6H5• .f. C6H5· ~ C6H5 - C6H5 (8) 

21I· H2 (9) 

have not been included as of major significance. This is not entirely an 

c..r-'Jitrary choice since ",",riele.nd, Popper and Seefried (94) found no appre­

cie.Jle B.t"nount of biphenyl in their studies and Cuthbertson et al (84) found 

no trace cf hydrogen. 

The fol:!.owint:: kinetic equation may be obtained assuming solvent con­

centration constant and treating the recombination of benzoate radicals as 

:'"'i::st order: 

-~[(C6H5C02)2] = k1C - k2B 
dt 

= (III) 

where B is the concentraticn of benzoate radicals, Ph of phenyl radicals 

and H of hydrogen radicals. Since the concentration of B is directly pro­

portional to C, the concentration of benzoyl peroxide, (equation II) it is 

readily seen that the rate of decomposition in benzene is the swn o~ a 

first-order reaction and two second-order reactions. Only at high dilution 

will the last tvro terms of (III) approach zero and a true first-order rate 

be found. 

Benzene and bute.diene appear to behave in a similar manner v.r~en used 

as solvents for benzoyl peroxide decomposition; i.e., the rate of peroxide 
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decomposition is approximately the f 
4 

/ 
~ same or a 0.02 5 moles litre solution 

and the activation enerbies for the decomposition, 30.3 and 31.0 kcal. re-

spectively, are within experimental error. However, the variation with 

concentration in the rate of decomposition of the peroxide is very slight; 

in fact, t:-:.e ',·e,riation may merel:y· be experimental error, a change of less 

than four percent being' found for a two-fold increase in peroxide concentra­

tion. 

Dilvte solutions of styrene in benzene 1vere found by Cohen (89) to give 

first-order rate constants for the decomposition which varied with concen-

tration. T~is was not found for dilute solutions of styrene in butadiene. 

The addition of benzene to styrene decreased the rate of peroxide de-

composi~ion in a uniform manner, from a large rate in styrene to a small 

rate in ~enzene. 1~en only fifty percent by weight of butadiene was added, 

instead of benzene, the rate of decomposition dropped to approximately that 

in pure butadiene. Ttis 8ehaviour is to be expected since benzene merely 

acted as an inert diluent while butadiene not only diluted the styrene but 

s.lso took part in the chemical reaction. 

The fact that the decomposition is approximately first order in buta-

t d · apparentl v does not rapidly remove benzoate radi-diene, althou&~ bu a 1ene v 

d b considerin6 equations 1,2,3 as well as cals, ~~y be explaine Y 

The reactions 

... C6H5(C4H6)x• ;::.. ~ .. 1 ) C6H5COO· ) 

C&l15. .. C6H5(C4H6)x· ... M ) 
) 

C6fl5• ~ I vi ) 
CJ!5· + 

1. .b le in con1parison 'vi th the others. 
are considere'i as neg 1g1 

(10) 

(11) 



Kinetic analysis yields the equation 

~{(c6H5C02)2}= k1C - k2B dt 

= 
Assuming a. steady state + conoenvration of free radicals 

dt 
or 

=·k3B - k4BPh k9PhBu 

k4BPh = k3B - k9PhBu 

= 0 
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(IV) 

(V) 
w.here Bu is the concentration of butadiene. Considering the concentration 
of butadiene to be constant over the course f t o he decomposition, the re-
action between phenyl radicals and butadiene will actually be pseudo­
unimolecular, the na gni tude of k9 Ph Bu then depending only on the phenyl 
radical concentration. 

Since 

(VI) 

the rate of dec01Ilposition of peroxide in bute.diene should be first order, 
any devi~tion from a first-order relation occurring as a result of neglect-

ing reaction 11. 

Butadiene and benzene belong to the group of solvents -vv-hich is not 
subject to attack by benzoate radicals while styrene appears to belong to 
the group which is attacked, thus yieldinb a faster rate of peroxide decom-
position. In styrene the decomposition is truly first order, no change in 
rate being observed when the concentration of peroxide is changed. The 
kinetic analysis is essentially similar to that for butadiene. Equations 

1, 2 and 3 hold as well as 

C6fi5COOS· ( 12) 

(13} + s 

where S represents styrene. 



Hence, 

d~ l(CGfi5C00)2}= k3B + ~BPh + k1oBS (VII) 

Again assuming a steady state concentration of free radicals 

dPh -· dt 

(VIII) 

Since the concentration of styrene rema1·ns approximately constant the 

terms klOBS and k11PhS will be first order and b t · the su s 1tuting for k4BPh 

rate of decomposition of peroxide is given by 

d -dt ( L1C) 

which is a first-order rate equation, in agreement with experimental data. 

From the above, it is evident that the mechanism assumed by Downes for 

the decomposition of peroxide (i.e. tr~t the removal of benzoate radicals, 

assumed to be in equilibrium with peroxide, is the rate controlling step) may 

be subjected to kinetic analysis to yield equations which are in agreement 

with the experimental results. 

The fact that the "activation energy" of the decomposition varied from 

a low value of 26.5 kcal. in styrene to a high of 31 kcal. in butadiene 

would also indicate that the proposed mechanism is correct since it is to 

be expected that the activation energy would be lower in a medium which 

rapidly removes benzoate radicals. 

Another interesting point which should be mentioned is that butadiene 

polymerization must apparently be activated by phenyl rather than benzoate 

free radicals if the proposed mechanisnl is correct since buta.diene closely 

resembles benzene in which, it is assumed, attack is made on the solvent 

only by phenyl radicals and not by benzoate radicals. ~.'ledvedev (41) has 
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shown by saponifying polyisoprene, formed in a benzoyl peroxide catalyzed 

polymerization, that no benzoate groups are attached to the polymer, while 

when polystyrene was treated similarly the results showed benzoate groups 

were present. Since isoprene closely resembles butadiene, it would indicate 

that the polymerization is activated by phenyl radicals and hence that the 

proposed mechanism for peroxide decomposition is correct. 

The investigaticn of peroxide decomposition was undertaken solely to 

provide data from which peroxide concentrations could be calculated which 

would yield constant rates of initiation of polymerization under any de-

sired conditions. It was assumed when this investigation was started that 

a constant rate of initiation would be obtained if the initial rate of per-

oxide decomposition (kC = k1C - k2B) were held constant, the initial con-

centration of free radicals formed being the same. From the kinetic analysis 

given above for butadiene and styrene it became apparent that side reactions 

involving free radicals such as that given by equation (3) might introduce 

complications. Only a complete analysis of products could give any esti-

mate of the relative importance of such a reaction in the different systems. 

Lacking such information it was assumed for the investigation that, for 

and buta.diene, the benzoate and/or phenyl radicals monomers such as styrene 

were rapidly consumed in initiating polymerization so that reactions such 

neglected and the rate of initiation of polymerization might 
as (3) might be 

be written equal to the rate of decomposition of peroxide, 
d]l(t 

d [(c6H5co2) 2 ] = kC = K[RJH '"d~ 
<I-f 

i.e. 

(X) 

tota
l concentration of catalyst free radicals, benzoate and/or 

where (R]is the 

the monamer concentration. 
phenyl, and :M is 



The polymerizations which t are o be discussed below are to be compared 

on the basis of kC constant. 

In every polymerization syst 1· em a 1near relation between ~ate of poly-

mer formation and the square root of the peroxide concentration was found. 

This indicates that the polymerizations all proceeded by a free radical 

mechanism in which the radicals were generated by a first-order decomposi­

tion of benzoyl peroxide and were destroyed by a second-order termination 

of the radical chains. 

No general dependence of rate on monomer concentration was found under 

conditions of constant free radical cone entration. vV'I th styrene, the rate 

was found to decrease as the monomer concentration decreased (proportional 

1 
to ~!2); the rate remained constant for 75-25 styrene-butadiene, increased 

]_ 

for 50-50 styrene-butadiene (proportional to M2), increased for 25-75 

styrene-butadiene (approximately proportional to E) and increased in a man-

ner directly proportional to M for butadiene. This unifor.m change in rate 

would indicate that a discussion of the kinetics of the two limiting cases, 

the pure styrene and pure butadiene systems, should be undertaken first, 

the kinetics of the copolymerizations being related to these. 

1. Styrene Polymerization 

Work t he rates of polymerization for various monomer 
In the present 

de+ennined when the initial rate of decomposition of 
concentrations were v 

t t It was assumed that the rate of acti­
peroxide, i.e. k~was held cons an • 

th b Constant l .• e. equation X holds 
vation would en e , 

dl.~ir 
= ar kC = constant (X) 

1 
catalyst concentration and k the measured rate 

where C is the initia 

constant for the peroxide deca:nposition. 
The usual kinetic analysis 
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yields the following expressions for the 
initial rate of polymerization 

and average degree of pol~lerizati on: 

dP k (kC .1_ 
d't = p kt)2 1I (XI) 

and 

(XII) 

If the assumption of constant rate of activation is correct, no change in 

rate should occur as the mo t · nomer concen ration changes, the polymerization 

being truly first order in monomer. A tuall th c y is was not found experi-

mentally, the rate decreasing by approximately twenty percent over the con­

centration range studied and being proportional to the square root of the 

monomer concentration. It is apparent then that the assumption made here 

is not valid; i.e. when the initial rate of decomposition of the catalyst 

is held constant the rate of initiation is not constant. 

As noted above this assumption is correct only if no side reactions, 

such as tlat represented in equation (3), do occur. It is probable that 

such reactions are of minor importance in pure styrene but become more 

prominent as dilution increases so that only a fraction of the free radi-

cals fanned from the peroxide decomposition are available to initiate poly-

merization. Thus, the rate of initiation of polymerization .is not exactly 

equal to the rate of decomposition of peroxide given by equation (X) but is 

only proportional to it, kC actually being equal to the rate of initiation. 

KRM, plus a ter.m involving free radical reactions. 

The fact that the rate of polymerization is proportional to the square 

root t tl·on 1· 5 probably purely fortuitous. The degree 
of the monamer concen ra 

of polymerization (which is directly proportional to the viscometric mole-

also fo
und to be approximately proportional to the three­

cular weight) is 
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halves power of the monomer conc·entration as would be expected from the 

·dependence af rate on the square root of the monomer concentration. How-

ever, considering that the change in rate for a five-fold change inmonamer 

concentration was only twenty percent, it is highly probable that under 

conditions of constant initial free radical concentration the polymeriza­

tion of styrene would be found to be first order, the rate constant in~epe~d­

ent of nonomer concentration and the degree of polymerization proportional 

to monomer concentration. 

When the temperature was varied while kC, the initial rate of per-

oxide decompositio~was held constant, the molecular weight of the poly-

styrene formed increased with tanperature. At present clain transfer is 

considered to play a major role in determining the rolecular weight of the 

' polymer fonmed in catalyzed polymerizations. If this is so, then it is 

to be expected that under conditions of constant initial free radical con-

centration the molecular weight of the product should decrease with in-

creasing temperature since chain transfer has a higher activation energy 

than chain propagation (4) and the degree of polymerization, considering 

chain transfer, is given by equation (10) developed in the general intro-

ducti on, i.e. 

Pn = 
~ lR] M 

kt lR] 2 .f. kef [R} 1.1 + ksTS (R) 

where kef is the rate constant transfer to monomer 

ksT is the rate constant transfer to solvent 

(R) is the free raiical concentration 

The fact that the molecular weight increases with temperature when (R) 

t t b th 1
. n pure styrene and in solutions of styrene in benzene 

is held cons an o . 

(89) that h ..;"" transfer plays only a minor role, if any, in indicates c a~.L 
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determining the molecular weight of polymer in the catalyzed polymeriza-

tions. The apparently erroneous idea of chain transfer governing the 

value of Pn (~., 8) has probably arisen from neglect of the fact that the 

rate of decomposition of peroxide varies as solvent is added to the poly­

merization systems and hence {R] varies under conditions of constant ini-

tial peroxide concentration. In a fevf sol vents such as carbon tetrachloride 

the polymer active centres, apparently, actually attack the solvent and add 

a CCl3• group while releasing a Cl free .radical which is available to initiate 

a chain (69) and chain transfer does become important. However, it is pro-

bably true that the apparent effect of most solvents on the molecular weight 

of polymers formed in catalyzed polymerizations is actually the result of a 

change in free radical concentration. 

Chain transfer should be of major importance in determining the rr:_ole-

cular weight of the product from a purely thennal polymerization wrere, in 

the absence of peroxides, there is a low concentration of free radicals so 

that the mutual termination tenn ktfR1 2 will be small and of the same order 

of magnitude as the chain transfer tenns·. The relative rates at the three 

temperatures used in this study (Table XXXVII) are 1, 1.72, 2.52 while the 

relative values of the molecular weights are 1, 1.58 and 1.89. If there 

were no chain transfer reaction and if equal numbers of chains were started 

at the three temperatures, the molecular weight would have to rise in the 

srume proportion as the rate to account for the observed increase in rate. 

If chain transfer is assumed to be of little significance in the systems 

investigated, it would appear that free radicals initiate chains with 

greater efficiency at the higher temperatures. 

Before discussing the polymerization of butadiene the activation energy 
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should be mentioned. It has b d th een assume at the rate of chain initia-

tion is constant under the present experimental conditions, so that the 

rate of polymerization is given by the equation 

dP _ k 1:. 
dt - ~k J. (Vinit. ) 2 M 

t2 

Hence the activation energy (8.) kcal.) calculated for the polymerization 

is actually the difference between Ep, the activation energy of propaga­

tion, and ~Et, Et being the activation energy of tenn.ination. 

If the above assumption is incorrect and the catalyst is used with 

more efficiency at the higher temperature, the actual value of Ep - ~Et 

will be somewhat lower than that reported here. However, the value cal-

culated is consistent with data available fram thermal polymerizations. 

The apparent activation energy is 22-24 kcal. (38), ~Ea, the energy of 

initiation, is 14 kcal. (95) and, therefore, E - ~Ea = Ep - ~Et = 8-10 

kcal. per mole. 

2. Butadiene Polymerization 

If a steady state concentration of free radicals is assumed to be 

rapidly reached in the bulk polymerization of butadiene, which appears to 

proceed by a free radical mechanism in which the free radicals are gene­

rated by a first-order decomposition of peroxide and terminated by a re­

action second order in free radicals, equation (XI) should hold, i.e. 

Substituting C 

1 
dP = ~1 (kC) 2 M 
dt kt-iJ 

= c e -kt and integrating 
0 

-log(l-P) = k 20 ~ 
dt k~k k! 

(l-e~) 

where pis the fraction of monomer converted tc polymer. 

(XI) 



This equation was applied to the data in Ta))le XLVIII and a value of 

0.0795 ·calculated for ~l • I r· kt
2 

n J.g. 39 the actual and theoretical curves 

are plotted for catalyst concentrations of 0.667, 0.960 and 1.25 weight 

percent. In general the values of P determined ·experimentally are higher 

than the calculated values. 

From equation (XI) it is apparent that the rate of polymerization in 

butadiene should be first order; i.e. the rate should be indenendent of the 
J.: 

monomer concentration, but it does in fact increase as the monamer concentra-

tion decreases. 

It appears, therefore, that the rate of initiation of chains may be 

greater than expected and increase with dilution despite the constant rate 

of peroxide decomposition. 

Some other reaction may be responsible for free radical formation. Such 

a. reaction might involve the opening of a double bond.in a growing polymer 

chain similar to the reaction proposed by ]J1edvedev (41) for chloroprene, 

and by Devins and V'Vinkler ( 96) for butadiene-styrene "popcorn" g;rowth. The 

ener~; released by monomer addition to the growing chain distributes itself 

along the chain, as vibrational and rotational energy, and occasionally 

sufficient energy concentrates in a double bond to open it. If collision 

with a monomer molecule occurs at this point before the activated bond can 

return to its nonnal state a new growing chain (actually two) will be started. 

Such a reaction would result in a greater concentration of free radicals at 

any time. 

The mechanism must, however, also account for the increase in the ini-

tial rate of polymerization as the solvent concentration is increased. It 

is to be expected tht the rate of branching should decrease under such con-
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ditions since, as the solvent concentration increases, the probability that 

a monomer molecule would collide with the ''activated" double bond in the 

growing polymer decreases. It is possible that this branching reaction may 

became important later in the reaction, the radicals necessary for a given 

am012nt of polymer fonnation being formed in the initial stages by the per­

oxide decomposition, while later the radicals might be produced princip~lly 

by the branching reaction so that polymerization would continue after all 

the catalyst was decomposed. Such a reaction would eventually lead to the 

insoluble gel usually found for polybutadiene. 

A second initiation reaction, such as branchinb, does not appear to 

explain the experimental results. It may be possible, therefore, that the 

concentration of free radicals is actually greater than expected from the 

rate of decomposition of peroxide and increases with dilution despite the 

fact that the rate of peroxide decomposition is held constant. 

Three explanations of the increase in free radical concentration with 

dilution appear pqssible. 

1. There are a greater number of catalyst free radicals available to 

initiate polymerization in dilute butadiene solutions than in con-

centrated solutions. 

2. Phenyl radicals may attack benzene to give appreciable quantities 

of hydrogen radicals which might react faster with butadiene than 

do phenyl. 

3. The butadiene free radicals may have a long life so that the actual 

concentration at any time is greater than that calculated by assum­

ing a steady state. It appears probable that, if only partial de-

t . t• r to occur corresponding to relatively long-lived 
ac 1va 10n we e , 

· 1 •t ld decrease as the monomer concentration decreased 
rad1ca s, 1 wou . 



166 

so that the actual concentration of active polymer at any time wruld 

be greatest in the rrLost dilute butadiene solution. 

If a greater number of catalyst free radicals are available to initi­

ate polymerization in dilute butadiene solutions than in pure butadiene, 

when the initial rate of decomposition of peroxide is held constant, it 

would have to mean that phenyl radicals attack benzene more readily than 

they attack butadiene so that a smaller number of free radicals are lost 

in side reac~ions such as the combination of a phenyl and benzoate free 

radical in benzene than in pure butadiene. If this is correct, then the 

variation of rate of peroxide deccmposition with concentration in pure buta-

diene should be greater than that in benzene, the second-order terms involv-

ing free radicals being more important for butadiene than for benzene. Actu-

ally just the reverse was found experimentally. Hence, if the concentration 

of catalyst free radicals available. for polymerization does change on dilu-

tion, it probably decreases rather than increase.s~~ .• 

If phenyl radicals did attack benzene to any appreciable extent to form 

biphenyl and a hydrogen free radical, the rate of polymerization might in­

crease on dilut~on, the number of hydrogen free radicals, which might react 

faster with butadiene than phenyl radicals, increasing as the concentration 

of benzene increases. However, as noted earlier, only small amounts of bi-

phenyl have been isolated in the products from ~he decomposition of peroxide 

in benzene (93) so the number of hydrogen free radicals must be low and could 

hardly be the cause of the two-fold increase in rate of polymerization with 

dilution. 

If, on the other hand, the original assumption that a steady mate con-



167 

centration of free radicals is rapidly attained, is incorrect, i.e. the 

growing polJner has a long half-life, the number of active centres pre-

sent in the system would continue to ~ncrease for some time after the 

start of the reaction. This v;ou.ld more than counterbalance the decrease 

in monomer concentrati0n so that the overall rate, which is the product 

of these two factors, would increase. If partial deactivation occurs, it 

woul& have the effect of decreasing he fraction polymerized before maximum 

velocity is attained. However, as .. _·the ·solvent concentration is increased, 

it would seem probable that the relative extent of deactivation by mutual 

termination would decrease corresponding to an increased rate of polymeriza-

tion with dilution. 

The free radicals would be produced by the first-order decomposition 

of the catalyst, i.e. 

~= 
dt 

kC. 

Propagation would proceed by the reaction of an active centre with the 

monomer, i.e. 

Free radicals would be deactivated by mutual -ermination, i.e. 

-dR 
dt 

2 
= kt [R) 

Since a steady state concentration of free radicals is no longer as­

suoed valid, the concentration of free radicals at any time, t, must be 

from the e rn~ation for the rate .of change of free radicals with 
calculEtted '1.~ 

time, viz. 

~ • kC - kt [R] 2 (XIII) 
dt 

where C 
= Coe-kt and {R) is the concentration of free radicals at tbne, t. 
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The term kt (R] 
2 

decreases as the monomer concentration decreases so that 

the rate of build up of free radicals is greatest in the most dilute mono­

mer solution .. 

Integration of equation (XIII) is not possible. However, some idea of 

haw the concentration of free radicals changes with time ma.y be obtained by 

plotting ~~;M against time. This actually is a plot of kp(R]against time. 

From fig. 40 the concentration of free radicals is seen to increase in a 

manner linear with time over the range studied. The intercepts and the 

slopes are found to increase as the solvent concentration increases. The 
r 

curve for the bulk polymerization shows that the concentration of free 

radicals- passes through a maximum. This occurs 1vhen the rate of format ion 

of free radicals becomes equal to the rate of tennination. Beyond this 

point more free radicals will be terminated per unit time than are formed 

so that the concentration of free radicals decreases and the rate of poly-

merization decreases. 

An S-shaped curve would be expected for the polymerizations if no de-

activation occurred. The polJ~erization curves here are approximately 

linear over the time range studied, although the first points on the curves 

for the more dilute solutions of butadiene (fig. 32) are low. VVhether this 

is merely the result of experimental error or an inhibition period rather 

than build up of free radicals is difficult to say. The course of the 

polymerization in dilute buta.diene solutions, where deactivation is as­

sumed to be a minimum, should be studied over a longer time range to deter-

mine whether S-sha.ped curves are found. 

The assumption of a long-lived butadiene radical could be subjected to 

experimental test by studying the effect of catalyst concentration on the 

rate of polymerization of butadiene as the solutions are increasingly di-
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luted. In pure buta.diene, 1tvhere deactivation is assUJned to be at a maxi­

mum, the rate of pol;ymerization should be approximately proportional to 

the square root of the catalyst c t t· ( oncen ra lon equation XI) as actually 

found. In dilute butadiene solutions, where the rate of deactivation 

should be much reduced, the rate should be Tiore nearly proportional to the 

catalyst concentration than to the square root of the catalyst concentra­

tion. Thus, if no deactivation occurs, equation (XIII), for the rate of 

change of free radical concentration with time, becomes 

dR = kC • kCoe-kt 
dt 

t 
(R] = J 

0 

-kt 
kC e 

0 
= 

Substituting this value cf (2:} in the equation for the rate of propagation 

(XIV) 

Hence, when no deactivation occurs, the rate of polymerization should be 

proportional to the catalyst concentration. 

If the butadiene free radicals do have a long life then it is to be 

expected that the active polymer centres would continue to grow vdthout 

interruption so that the molecular weight of the polymer at any time would 

be proportional to the fraction of material polymerized. If, on the other 

hand, deactivation is important so that a steady state concentration of 

free radicals is rapidly set up, the polJ'mer chains should gro"~N to a con-

sta.nt a.vera6e length. Styrene obviously belongs to the latter cJ_ass ¥rhile 

pure buta.diene and mixtures of butadiene and styrene should belong to the 

former group. No viscosity data are available for pure butadiene polymer-

ization in the present investigation since over the short time interval the 
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polymerization was studied polymer of very low molecular weight was ob­

tained. However, for the mixture 75 percent by weight of butadiene and 

25 percent by weight of styrene, the molecular weight of the polymer was 

found to increase with reaction tnne; in fact this tendency for the mole-

cular weight to increase with reaction time was found for all systems con-

taining butadiene in appreciable quantities. This would indicate that 

butadiene free radicals are actually resistant to termination and have a 

long life. The shape of curves obtained by plotting the molecular weight 

against percent conversion (figs. 2,4), showing a slow increase in mole-

cular weight during the initial stages of the reaction vrlth a much more 

rapid increase in the later stages, may readily be explained on the as-

sumption that a steady state concentration of free radicals is not present 

in butadiene polymerizations. It is evident that, if a steady state condi-

tion is not rapidly attained, the concentrations of free radicals must in-

crease during the initial stages of the reaction so that the rate of in-

crease in the concentration of active centres and time are c on1peting and the 

average degree of polymerization does not increase rapidly. After the ·maxi-

mum concentration of free radicals is reached this will not be true and the 

increase in the average degree of pol~erization should be almost propor-

tional to the amount of monomer polymerizing. The presence of side re-
' 

actions such as crosslinking may also become important in the later stages, 

making the average degree of polymerization increase much faster than would 

be expected from the amount of monomer polymerizing. 

If the assumption of a long life for the butadiene free radicals is 

correct then it is to be expected that polymerization of butadiene monomer 

should continue even after all catalyst ms been deccmposed. From the 
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results for the rate of peroxide decomposition in butadiene the peroxide 

is found to have a half-life of approximately 12 hours. In the present 

investigation only the first few hours of the polymerization have been 

studied. However, the work done by Graham (90) shows that even after 10 

days some growth is observed in polymerizations of pure butadiene at 75°c. 

This growth obviously cannot be the result of catalysis and may perhaps be 

attributed to long-lived buta.diene radicals. Graham also found that his 

experimental results for the growth of polybutadiene popcorn in butadiene 

could only be explained on the basis of a long-lived butadiene free radi-

cal. 

It is also interesting to note that 1~:edvedev (36) has actually found 

free radicals in a polymer of butadiene a.nd vinyl cyanide. 

There is one piece of experimental data which might at first seem to 

invalidate the assumption of a long-lived free radical; i.e. the rate of 

polymerization of butadiene in carbon tetrachloride actually decreased 

with increasing solvent concentration (Table III). However, it is well 

known that carbon tetrachloride is an excellent chain transfer agent; the 

active polymer could then attack the solvent, adding on a CCl3• group and 

freeing a Cl free radical which could then react with the catalyst free 

radicals and so prevent an increase in build up of free radical concentra-

tion. 

1Tost of the experimental results w·ould seem to indicate, therefore, 

that the assumption of a steady state concentration of free radicals in 

polymerization systems involving butadiene is not valid, butadiene free 

radicals actually having a relatively long lifetime. 
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3. Copolymerization 

In this study the monomers ehosen were such that for one styrene, 

the half-life of the active polymer is short so that the steady state 

method maybe employed to calculate the concentration of active polymer 

while for the other, butadiene, it would appear that the polJ~er half-life 

is long so that the concentration of active polymers increases with time. 

It is obvious then that an empirical rate expression r€lating initial 

rates of polymerization in these two systems and in mixtures of the two 

monomers similar to that developed by Norrish and Brookman (42) would have 

little value. Even when the peroxide decomposes at the same initial rate 

in the different systems the initial concentration of active centres cannot 
·~ 

be assumed to be constant because of the differences in the activation ener-

gies of the termination reaction, the concentration of active polymer centres 

being determined not only by the rate of peroxide decomposition (assumed 

equal to the rate of initiation) but also by the rate of mutual termination. 

If it can be assumed that each free radical formed by the decomposition ini-

tiates a chain then the concentration of free radicals varies inversely with 

the velocity of termination; the faster termination the lower the concentra-

tion of free radicals. Hence the concentration of free radicals in buta-

diene at any tnne may be·expected to be greater than that in styrene for the 

same initial rate of peroxide decomposition. 

An exact study of the rate expression for copolymerization clearly re-

quires a different technique. The photochemical method developed by ~.1el­

ville (97) should te satisfactory. The rate of initiation can be controlled 

by the number of quanta entering the system a.nd the tennination can be in-

ferred from the dependence on the light intensity. ~Ielville et al (49) have 
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constants of all the individual steps of the copolymerization. 
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Although the data obtained in the present study will not 6ive a quanti­

tative expression for the dependence of rate on monomer concentration a 

qualitative picture may be obtained. 

In fig. 41 the initial rates of polymerization for the same initial 

rate of decomposition of peroxide are plotted against the concentration 

of butadiene in mole percent. If the assumption is correct that the same 

initial rate of decomposition of peroxide results in the same initial con­

centration of active centres then the curve should fall more rapidly than 

it does in fig. 41, the initial concentration of free radicals in butadiene 

being greater than that in styrene as explained above. 

There appear to be three poss ili le explanations to account for the rate 

of polymerization falling off so rapidly as the concentration of butadiene 

increases: 

(1) Although the same initial concentration of catalyst fre~ radicals 

is present in the various systems the rate of initiation is much 

greater in styrene than in butadiene so that the actual concentra-

tion of growing polymer at any time is much greater in styrene than 

in butadiene. 

(2) The rate of chain propagation in styrme is much greater than that 

in butadiene. 

(3) The rate of termination in pure butadiene is much faster than that 

in pure styrene so that very little monomer is consumed before the 

chains are deactivated. 
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The third explanation is not consistent with the idea of a long half­

life for the growing butadiene polymer which appeared to be consistent with 

the data for the butadiene polymerization. 

If the first postulate were correct, viz. that the rate of initiation 

of styrene is faster than that for butadiene, the rate of polymerization 

should be determined by the more readily activated monomer, the tvro mono-

mers entering indiscriminately into the growing polymer. However, the rate 

is drastically decreased when butadiene is added. It might also be pointed 

out that all reactions involving a free radical and olefin that have been 

investigated have activation energies of approximately 5 kcal. (98). It 

would, therefore, seem probable that very little difference in activation 

energy for the reaction of free radicals with styrene and butadiene exists. 

It would appear, therefore, that the rate of chain propagation in 

styrene must be much greater than that in butadiene. It has been shown in 

GR-S polymerizations that butadiene will react faster than styrene with 

either a butadiene or styrene active centre. This, however, is not contra-

dictory since vvhen styrene is present in the growing chain the electronic 

picture must be different from that in pure butadiene a.nd must influence 

the relative rates at which the two monomers enter the chain. The idea of 
I 

a long-lived butadiene free radical is also consistent with a high activa-

tion energy for growth of the active polymer, the free radicals being quite 

stab le. 

The "activation energies" determined for the different systerrJ.s are 

8.), 8.6, 8.8, 7.5 and 7.2 kcal. for 100 percent styrene to lOO percent 

butadiene. These might appear at first to be inconsistent with the idea 

of a higher activation energy for grmvth in butadiene than in styrene, 

since they actually measure the difference in activation energy between the 
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propagation and termination reactions under the experimental conditions. 

However, the energy for tennination in butadiene must also be .c-·reater than 
0 

that in styrene so that the overall change actually results in a lower 

activation energy for butadiene. 

One other interesting point in these polymerizations should be em-

phasized. The molecular weights of the polymers formed at the three dif-

ferent ten1peratures increase with an increase in temperature in all cases 

when the initial rates of peroxide decomposition are equal. In practice, 

it should then be more efficient to polymerize polym.erizations at the upper 

l~it of the temperature range of the catalyst. The initial catalyst con-

centration should be low and increment additions of catalyst made. 

It would appear then that the original problem of trying to form a 

polymer with a molecular weight comparable to that formed in emulsion poly-

meri:zation and a narrov1 molecular weight distribution might be solved by 

using a flow system in which the catalyst concentration is maintained at a 

low but constant value, the temperature maintained as high as possible and 

the polymer, which is precipitated from the monomer-solvent-non-solvent sys-

tem, is removed continuously and shortstoppedwith hydroquinone to prevent 

further growth. To find a suitable non-solvent at temperatures around 900C 

may introduce serious difficulty since it was found that non-solvent pro-

perty changes rapidly with temperature. 
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Sill.'lU\RY AND CONTRIBUTIONS TO KNOVvi.EDGE 

PART I 

The kinetics of the copolymerization of 75 weight percent of buta­

diene and 25 percent of styrene in hon1ogeneous solution have been studied 

in the hope that conditions could be established under which polymeriza­

tion would proceed to yield a polymer sample with a molecular weight and 

homogeneity which could be controlled within reasonable limits. This was 

to be accomplished by incorporating the principle of fractionation by 

precipitation into the polymerization reaction. 

The solution polymerization has been shown to yield a true copolymer. 

However, the polymers obtained in the initial polymerizations, with benzoyl 

peroxide as the catalyst, were of 1~1 molecular weight. This was believed 

to be the result of a dilution effect; hence a study of the bulk polymeriza­

tion of 75-25 weight percent ~utadiene-styrene has been made. The effect of 

temperature, catalyst concentration and solvent on the rate of polymeriza-

tion has been investigated. 

The reaction has been found to have an activation energy of 24.1 kcal. 

for the range 5Q°C to 100°C but above 100°C a reaction of higher activation 

energy preponderated. No quantitative relation has been found between 

molecular weight and temperature, but above 25 percent conversion an in­

crease in temperature increased the molecular weight, prObably as the re-

sult of cross-linking. 

The initial rate of polymerization has been found to be proportional 



to the square root of the catalyst concentration While the viscosity 

average molecular weight varied inversely as the square root of the 
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catalyst concentration. These relations hold as a general rule for re­

actions activated by free radicals. 

The copolymer ization has also been studied in vari ru s sol vents. 

Benzene has been used to study the effect of solvent concentration on 

initial rate and raolecular weight. -~_.·fuen the ea talyst concentrat inn vras 

held constant on the basis of moles per litre the initial rate showed a 

tendency to increase with increasing dilution while the molecular weight 

was approximately proportional to the monomer concentration. vfuen the 

catalyst concentration was held constant on the basis of weight percent 

of monomer the rate of polymerization decreased with dilution but the 

mo 1 ecular weight remained the s rune. 

VVhen different solvents were cornpared at the same volume percent the 

rates were ~ound to agree qualitatively with results reported in the lit­

erature for the rates of decomposition of benzoyl peroxide. In general 

the molecular weights of the polymers were found to decrease as the rate 

of polymerization increased. Carbon tetrachloride was the exception to the 

rule, the molecular vveights of the polymers being much lower than that for 

other solvents in which the rates were comparable. This would indicate 

that carbon tetrachloride acted as an efficient chain transfer agent. 

The quantitative relations found for the polymerizations with benzoyl 

peroxide catalyst were checked with dia~o-a~ino benzene catalyst. The lat­

ter decomposes more slo1vly than benzoyl peroxide so the.t the rate of the 

reaction is maintained over longer periods of time and it was felt that 

more reproducible results both for yields and physical properties of the 
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polymers might be obtained. 

The usual dependence of rate and molecular weight on catalyst con­

centration has been found; i.e. rate was proportional to the square root 

of the D.A.3. concentration vvhile the molecular we· ght · 1 l was lnverse y pro-

portional to the square root of the catalyst concentration. 

Dilution with benzene when the D.A.B. concentration was held constant 

on the basis of moles per litre resulted in no change in rate while the 

molecular weight decreased proportional to the monomer concentration. 

The molecular weight has been found to vary inversely with the tem­

perature and an activation energy of 20.8 kcal. has been found for the 

reaction. 

Although all the results indicated that attaining a polymer of mole-

~ular weight of the ~ange generally associated with synthetic rUbbers con-

sistent with an appreciable rate of polymerization was impossible under the 

experimental conditions, a study has been made of the addition of a pre-

cipitant merely to detennine whether addition of precipitant vv-ould be ef-

fective to any extent. 

Isobutyl alcohol has been used as the precipitant. The pol~~er pre-

cinitated as a coacervate was of very low molecular v1eight although greater 
J.: 

than the molecular·weight of the polymer formed in analogous benzene solu-

tions. The polymer in the coacervate has been shown to polymerize. This 

could occur only if the growing polymer molecules were not deaPtivated when 

J_·r 1·nteraction between inactive polymer molecules occurred precipitated or 

in the presence of catalyst; i.e. cross-linking occurred. 

It was evident that the system used was unsuitable for investib~ting 

the effect of non-solvent. 
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The copolymerization with D.A.B. as catalyst has been shown to pro­

ceed by a mechanism similar to that postulated for the polymerization of 

other dienes and vinyl canpounds. The main steps in the reaction are f:irst-

order decomposition of the catalyst to yield free radicals, successive ad­

dition of monamer to the radicals and termination of radical chains by bi­

molecular reaction. ~/fathema.tical analysis of this mechanism predicted 

that the rate of polymerization should be first order inmonamerand hence 

independent of nonomer concentration, and that the degree of polymeriza-

tion of the polymer should be directly proportional to the monomer con-

centration as found for the copolymerization with D.A.B. as catalyst. ~men 

benzoyl peroxide was used the rate of polymerization was found to increase 

as the monomer concentration decreased. This difference in behaviour be-

tween the tvvo catalysts vras believed to be the result of a variation in the 

rate of decomposition of benzoyl peroxide on the addition of inert solvent, 

benzene, and led to the study in part II. 

PART II 

The influence of peroxide concentration, benzene concentration and 

temperature on the rate of decomposition of benzoyl peroxide has been stu­

died in systems containing buta.diene, styrene and mixtures of the two. 
·-

Also the polymerization of butadiene, styrene and copolyrnerization of the 

two have been studied under various conditions at constant initial rate of 

benzoyl peroxide decomposition, which was assumed to be equivalent to con­

stant rate of initiation of polymerization. 

The rate of decomposition of benzoyl peroxide has been found to de-

crease as the styrene content of the reaction medium decreased by dilution 
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with either butadiene or benzene. Each individual experiment has been 

found to conform to first-order behaviour but in butadiene arrl benzene 

the rate has been found to depend to some extent on the concentration of 

• d mi h ''a t • t · tt peroxJ. e • e c J. va 1on energy for the d econ1po sit ion of benzoyl per-

oxide varied from 26.5 kcal. in styrene to 31 kcal. in butadiene. 

The mechanism assumed by Do~nes for the decomposition of benzoyl 

peroxide (via. that the removal of benzoate radicals, assumed to be in 

equilibrium with peroxide, is the rate controlling step) has been sub-

.ie cted to kinetic analysis and yielded equations which were in agreement 

with the expertmental results. 

In every polymerization systen1 a linear relation between rate of 

polymer formation and the square root of the peroxide concentration has 

been found vrhile the m.olecular weight varied inversely a.s the square root 

of the peroxide concentration. This indicated that the polymerizations 

all proceeded by a free radical mechanism in which the radicals ·were gene-

rated by a first-order decomposition of benzoyl peroxide and were destroyed 

by a second-order terr11ination of the radical chains. 

Ho general dependence of rate on monomer concentration has been found 

under conditions of constant free radical concentration. With styrene the 

rate has been found to decrease as the monomer concentration decreased 

(proportional to the square root of the monomer concentration), increased 

for 25-75 styrene-butadiene (approximately proportiona~ to m anomer con-

centration) and increased in a manner directly proportional to the monomer 

concentration for butadiene. 

In every polymerizatiqn an increase in temperature corresponded not 



only to an increase in rate but also an increase in molecular weight. 

Activation energies have been calculated for each system: styrene _ 
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8.3 kcal., 75-25 sty~ne-butadiene - 8.6 kcal., 50-50 styrene-butadiene 

-8.8 kcal., 25-75 styrene-butadiene- 7.5 kcal., and butadiene- 7.2 

kcal. 

Using the assumption of a constant rate of initiation of polymer­

ization -vvhen the initial rate of benzoyl peroxide decon1posi tion iiVas held 

constant, a nechanism for styrene polymerization similar to that proposed 

in Part I for the copolymerization has been discussed. Such a mechanism 

predicts that the rate of polymerization of styrene should be first order 

in monomer and hence independent of the monomer concentration. Such has 

not been found exp6rlinentally. However, since the variation in rate was 

only twenty percent over the entire concentration range the deviation from 

the theoretical equation has been credited to an er~r in the original as-

sumption that all free radicals produced from the catalyst were available 

to initiate polymerization. 

Chain transfer has been shown to play only a minor role, if any, in 

determining the molecular weight of the polystyrene for.med in peroxide 

catalyzed polymerizations either in pure styrene or styrene diluted vd th 

solvents such as benzene. The effects ascribed in previous work to chain 

transfer appear actually to be caused by the variation in the rate of 

benzoyl peroxide decornposition. 

The equation derived for the rate of polymerization of styrene has 

been applied to the data for the rate of polymerization of butadiene in 

bulk phase at various catalyst concentrations. The theoretical curves 

have been found to be lower than the experimental in each case. This 
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fact coupled with the fact that the rate of polymerization of butadiene 

has been found to increase when the monamer concentration decreased for 

constant initial rate of decomposition of benzoyl peroxide indicated that 

the rate of initiation of chains must be greater han expected and increase 

with dilution. 

Several possible mech~nisms have been proposed. The assumption that 

butadiene free radicals have a relatively long life so that the steady 

state asstnnption is not valid was shown to conform best to all the experi­

mental evidence. 

Only a qualitative discussion of copolJ~erization has been possible 

because of the differences in behaviour of the two monamers. The shape 

of the copolymerization curve has been shown to depend mainly on the rate 

of chain propagation rather tha.n rate of chain initiation or termination. 

A possible procedure for attacking the original problem has been sug­

gested. 
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