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Theories that allow us to quantitatively predict the rate constants changes of the main free radical 
polymerization reactions as function of the diffusional mobility of the polymerization medium are 
reviewed. 
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INTRODUCTION 

The growing interest in the theory of free radical polymerization at high degrees 
of conversion is due to the following reasons. First, a number of industrial poly- 
merization processes are carried out at high degrees of conversions. 1-2 Secondly, 
considerable success in understanding the behaviour of concentrated polymer so- 
lutions and melts has been achieved."s Finally, new molecular-weight-distribution 
measurements,h-"' and methods of investigation of the kinetics have become avail- 
able. "- 

The rate V and average degree of polymerization P,, of a macromolecule at low 
degrees of conversions are given by the following equations: 

0.S 

V = K J M ]  (2) 

where [MI ,  and [S] are the concentrations of the monomer and chain transfer 
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98 V. P. BUDTOV AND G. N. PODOSENOVA 

S-agent, K,, and K,  represent the chain transfer constants respectively. C, = 
KJK,; C, = KJK,, V ,  is the radical initiation rate; K,, K,  are the chain propa- 
gation and macroradical termination rate constants respectively. V ,  = f x Kd x 
[I], where f is the initiator efficiency, [I] is the initiator concentration, Kd is the 
initiator decomposition rate. 

Thus, we have to examine the dependences of K,, K,, C,, C,, Kd ,  f on poly- 
merization process conditions. 

Free radical polymerization of methylmethacrylate (MMA) is influenced by in- 
creasing the concentration both in polymerization rate and polymer molecular 
weight (MW) being increased. This effect contradicts the classical free radical 
polymerization scheme and is referred to as the gel effect (autoacceleration). This 
phenomena is associated with a decrease of radical mobility at high polymer con- 
centrations in the polymerization system. ’ The bimolecular termination rate con- 
stant K ,  depends both on the degree of conversion and on the molecular weights 
of the radical and “dead” polymer chains. Thus it makes the traditional approach 
of estimating the radical process, based on the method of molecular-weight dis- 
tribution moments [MWD] incorrect.“ 

Change in mobility of the polymerization system affects also the rate constants 
of other chemical reactions, however, these effects are different from that for K,. 

Using the theory of diff~sion~.’.~ for the components of the polymerization system 
(long-chain radicals, “dead” polymer chain, monomer, initiator, chain transfer) 
led to quantitative relations for the constants of radical polymerization. 

This approach is inadequate to account for radical polymerization and, at the 
same degree of conversion and media viscosities, gel effects are manifested in some 
systems (MMA) and are absent in the others (styrene); “evident” and “latent” gel 
 effect^.^ 

have considered the idea of microinhomogeneity gen- 
erated during the polymerization process influencing the rate constant of chemical 
reaction. 

The quantitative prediction of the behaviour over a wide conversion range re- 
quires knowledge of not only the kinetic model, but also the physical properties 
of polymerization media. The latter govern the extent of molecular motion and 
the availability of the reactive sites. Consequently, this influence is propagated on 
molecular-weight-distribution (MWD) and on the quality ot the formed product. 

Some recent 

1. BRIEF REVIEW OF PUBLICATIONS 

Most theoretical studies of free radical polymerization attempt to produce empirical 
correlations between the rate constants, molecular weight distribution parameters 
and degree of conversions. Considerable success has been achieved in prediction 
of the complicated character of the molecular weight (M) versus conversion ( x )  
dependence, influence of the monomer type, initiator concentration and polymer- 
ization temperature. However, some experimental facts remain unexplained: the 
absence of acceleration in styrene polymerization. 

Experimental research has focussed on the determination of the polymerization 
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RATE OF FREE RADICAL POLYMERIZATION 99 

parameters which govern the change of rate constants withx. These are the viscosity 
of the media (q), molecular weights of the “dead” polymer (M,) and radical (Mr) ,  
degree of conversion, polymerization temperature, initiator concentration, free 
volume ( Vf).12-17 Attempts have been made to describe by means of empirical 
equations these processes. However, the numerous coefficients hold only over fixed 
ranges of conditions. 

have attempted to account for dependence of the rate 
constants versus conversion and radical length. In recent years,6 the general solution 
of the system of differential equations of mass balance for polymerization system 
has appeared and thus take into account the dependence of the rate constant on 
the degree of conversion and radical molecular weight. Usually two assumptions 
are made to account for the K, versus x and M dependence. Firstly, the identity 
of the molecular mechanisms of motion for macromolecules and radicals and sec- 
ondly the correctness of the Smoluchowski equation for the analysis of radical 
reactions in macromolecules. According to de G e n n e ~ , ~ ~  the latter assumption is 
equivalent to t ,  >> R 2 -  D - ’ ;  where R is the mean square radius of gyration and 
D is the diffusion coefficient of the macromolecule and r, is the radical lifetime. 
This inequality holds for radical polymerization, because the radical lifetime is in 
the range 1-10 s, also as R2, D - ’  is of the order of 10-2-10-5 s. 

Thus the relation for the biradical termination rate constant vs radical length 
and media properties is 

Theoretical 

where Dij  is the self-diffusion coefficient and Rj j  the average mean square radius 
of i and j macroradicals and z is a numerical coefficient. 

The lack of an exact theory of the dependence of the macromolecular self- 
diffusion coefficient on concentration has limited the use of this approach.’8-20 
Functional representations D vs c and M depend on the c and M ranges.8 In dilute 
solution, according to Einstein-Stokes diffusion theory DjlD,  t - in semidilute 
solution the Rouse-model gives DjlD,  - ~ L ’ c - O . ~  (i < i,) and reptation model leads 
to DJD,  - i-2c-7’4 (i > i,). The i, parameters depend on the scale of entanglements 
and characterizes the range of the transition to reptile diffusion mechanisms. More- 
over i, depends also on c and M. As a result, the relations obtained contain empirical 
parameters, which depend on the c and M values, as well as on experimental 
conditions and the chosen type of functional representation D = f(c, M) used. 
Naturally, this uncertainty reduces the practical significance of this approach. 

Another defect on this approach arises from the fact, that investigators, discussing 
the K, dependence on x and M, do not differentiate between the molecular weights 
M of the radical itself and the medium (“dead” macromolecules, matrix), in which 
this radical moves. But M,,, of the medium is conditioned by the prehistory of the 
polymerization process whereas M ,  is conditioned by instantaneous values of the 
reagents concentrations. The results of quantitative calculations carried out without 
taking into account such discrepancy in M-values, cannot be really precise. 

t D ,  is monomer diffusion coefficient, i is the number of monomer units in the chain. 
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100 V. P. BUDTOV AND G .  N .  PODOSENOVA 

A theory of the diffusional mobility of macromolecules in concentrated solutions 
was suggested r e ~ e n t l y . ~ . ’ . ~ . ~  I t  was shown, that assuming that the D depends on 
c,  M,,,, M, parameters is as following 0 conditions 

1 + e -  l . 2 7 q i q  

1.843“’ ’ N(I.5 (3) 

where N is the number of segments in the diffusing chain (macroradical), [q] 
intrinsic viscosity, which is governed by M,, of the “dead” chains, surrounding the 
macroradical. This relation holds in the range of moderate concentrations (c < 
0.3). However, detailed analysis, as well as the comparison with experimental 
results confirmed its validity on a more large-scale range. 

The diffusion coefficient D,  of the monomer is equal to ( c p  = polymer volumetric 
concentration) 

where A = 2-4, a = 0.6-1; A , ,  A , ,  A,, = empirical constants, T,,, and T,,, are 
the glass transition temperatures of monomer and polymer respectively. 

A recent review2 touches upon the problem of solution of the system of differ- 
ential equations. It is also emphasized in (see Reference 2). the necessity of taking 
into account K, vs radical length dependence. makes the computer method of direct 
numerical or analytical integration of the equations the only one. The accuracy of 
these results is limited to a certain extent by the correctness of the applied method 
used for K,(M,)  calculations. 

In spite of the considerable number of experimental and theoretical studies, 
neither of them gives a theoretical approach to quantitative description of free 
radical polymerization at relatively high conversions. Moreover, the relations and 
models suggested, contain numerous parameters, and some of them cannot be 
found experimentally. The task of describing the chemical kinetics with a termi- 
nation rate constant, depending on the radical length, still has no adequate solution. 
The influence of the macroradical length and that of the “dead” macromolecule 
on the termination rate constant of the radical, has also not yet been carried out. 

2. EXPERIMENTAL METHODS AND RESULTS 

2.1 Method of “Derivatives” of MWD Moments 

The method of “derivatives” of MWD moments of polymerization products, has 
been used.24.25 This approach provides the opportunity to study the radical poly- 
merization without any assumptions with regards the dependences of K ,  on con- 
version and radical length. This method is the only one for study of K, - M, 
relationships. 

The moment Q, of molecular-weight-distribution is determined as follows: 

Q, = xIP,; Q ,  = x ;  Q2 = xP,.; etc. ( 5 )  
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RATE OF FREE RADICAL POLYMERlZATION 101 

where P,. is the weight averaged degree of polymerization. The MWD moments 
Q, are connected to the rate constants of chemical reactions. If the Q; versus x and 
M relationship is known, one might determine the relation of the corresponding 
constants versus these parameters. If the dependence of rate constants on x and 
M is known the dependence Q; on these values may be calculated. 

Using this approach to analyses of the polymerization process we obtain the 
following set of equations for the moments of radical distribution (Y,,) and "dead" 
polymer chains (Q,,): 

- V;, - Kf;jR;Ri d; dj I dYU 
dt 
- -  

dY,,  
dt - = K p [ M ] [ ( Y  + l),, - Y,,] - XUn - 1 K,,R,R,i" d; d, 

- -  dQ'f - XU, + I Kf,RjRii" d ,  d, 
dt 

where A characterizes all the processes associated with transfer: K,,,[M] + K , [ S ] ;  
( Y  + I),, = Y,, + nY, , - ,  + 0 . .  + 1 etc. KIjj  is the termination rate constant for 
radicals with length i and j .  If K ,  is not affected by i and j, the  set of equations (6) 
can be solved and Y,, and GI, may be obtained. If the functional relation K,(i. j )  is 
shown, the system of equations is solvable. 

Further modification of molecular-weight-distribution moments method in ac- 
count of arbitrary relation K , ( M )  has been proposed.6 A new value (K,),, = the 
moment of the biradical termination rate constant for the chemical reactions was 
introduced: 

K,;,RjR,in d, d j  

I Rji 4 . 1  R, d, 

I 
( K t ) n  = 

and leads to a simple relation for Q,, if it is assumed that the radicals quasistationary 
conditions still holds (dY, , lDf = 0). The corresponding moment is associated with 
the biradical termination rate constant. It is possible to apply the techniques de- 
veloped for the analysis of polymerization kinetics. 

Let us define2': 

Then system (6) is as follows: 
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102 V. P. BUDTOV AND G .  N .  PODOSENOVA 

dQ, - 1 - 1 
6M,,(1 - x)' d~ ( C  + A,,6,)(C + A,,62) 

(9) 

It should be emphasized. that the equations obtained (9) differ from the tradi- 
tional ones only by 6, f I .  Thus, once this parameter is determined, one might 
use the set (9) to solve any problem of polymerization kinetics, even without 
knowing the precise relations K,,,(ij). Using equations (9) possible errors in the 
solution of the direct and inverse problems may be predicted. 

I t  should be also pointed, that  equation for Q,, does not contain 6,. As a result, 
the Q,, value (and consequently M,,) does not depend on taking or not taking into 
account the correlation K,(ij) versus i, j .  At the same time, Q2,  Q,, etc. will be 
considerably more sensitive to the K,(i. j )  versus i, j relation. The same is true for 
MI,. M,. 

Experimental analysis leads to the universal relation for 6, and 6,: 

6 ,  = 6, = 1 - x (10) 

Theoretical calculations".' ' .".'h show that 6, must decrease from 1 to 0.16, with 
increasing degrees of conversion. Moreover, calculationsh-2h pointed to equality 6 ,  
= 6:. which fits the experimental results. 

Experimental analysis. concerning the molecular-weight-distribution (M,,, M,,., 
M,)  versus x relation, allows determination of different average moments of K,. 
In  this case. the zero moment ( (Kl) , , )  has a simple physical interpretation and 
coincides with the standard K, value, which is traditionally defined from kinetics 
by the equation: 

2.2 Experimental Data 

Gel-permeation chromatography (GPC) is the best method for molecular-weight- 
distribution ~ t u d i e s . ' ~ . ~ ~  

Polymerization conditions were c h ~ s e n . ~ . ~  Assuming the dependence of the dif- 
fusion process on concentration and chain length is governed by two parameters: 
( 1 )  - c [q] and (2) - the deviation of T of experiment from the glass-transition 
temperature T,: AT = T - TJx) .  AT value varied with the change of polymeri- 
zation temperature T (45"-220"C) and T,, ( - 70"- l0OOC). To fit  these conditions, 
homologous of alkylmethacrylates were chosen, because the polymerization prod- 
ucts of ihe latter are characterized by permanently decreasing values of T, when 
their side-chain length increases. c[q] value defines the forces, which distort the 
velocity field of macromolecular Brownian motion. In the low c(q] range, the 
segmental hydrodynamic interaction of the macromolecule plays the role of this 
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RATE OF FREE RADICAL POLYMERIZATION 103 

force. As c[q] increase intramolecular segmental hydrodynamic interaction weakens 
due to so-called "screening" effects when the segments of surrounding chains 
"screen" the segmentsof the single chosen chain. According to Debye the condition 
c[q] = 1 gives the critical value for distinguishing the ranges of polymer coils 
overlap and homogeneous solutions: average monomer concentration in polymer 
coils is equal to average monomer concentration in solution. To produce x[q] 
variation the investigations was carried out in different conditions. Processes in the 
presence of initiator, differing by G-values and termination rate and monomers 
with various K,, and C,,, values in wide conversion range, were studied. 

Tables I- I11 summarize the parameters for samples studied and conditions for 
their polymerization. All these gave the possibility of varying Tand x[q] parameters 
over a wide range. 

2.3 Experimental Results on the K,/K;(x,  M )  Dependence 

Experimental results are shown in Figures 1-5. 

a series of experiments. 
The results in the figures are plotted so that only one parameter varies during 

iarpla  
No 
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26 
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20 
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TABLE I 

merization condition o f  investigated polymers 

Concent rat i o n  
m o l / l  

lo-. 
lo-. 
lo-. 

1.5+10-* 
1.5+10-* 
1.5+10- 
0.5+10-* 
1.5+10-. 
5*10-' 
5+10- 
2+1o- 1 

2+10-@ 
1.7+10-8 
5.7+10- * 
0.7+10- 
1.5+10-• 
Z.6+10-' 
6.4+10- a 
10- 1 

4+10-. 
10- ' 

3.7+10-• 
1.2+10- 

Kp+lOm 
116 

0.5 
0.5 
0.5 
0.25 
0.5 
33. 5 
5 
5 
5 
0. 15 
0.1 
0.17 
5 
S 
0.5 
0. s 
6.4 
6.4 
0.5 
0.5 
0.13 
1.8 
1.8 

1.8+10-• 

1.2+10- ' 
1.4+10-* 
i.3+10-' 
4.6+10- a 

?w+lO- = 

6 
6 
8.2 
12 
6 
3 
6 
3 
2.3 
8 
4 
I. 9 
1.1 
0.5 
4.3 
3 
2.5 
1.4 
1.5 
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2.2 
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104 V. P. BUDTOV AND G .  N. PODOSENOVA 

In i t iat or 

PB 
TBPB 
PL 

DFIC 

TABLE II 

Initiator parameters 

Half-Ternination Concentrat ion 
time range, h initiator range, mol/l 

0.10-100 2+10-. - 2*10-. 
10-100 1*10-* - 1*10-• 
20 1*10-• 
1-15 5+10-. - -5*10-. 

TABLE Ill  

Monomer and polymer main parameters 

Main Parameters 

Styrene 
Styrene+ 

RMCI- 1 
FIMFI-4 
FIMCI-6 
FIMR- 12 

acry 1 on i t r i 1 e 

- 
KZ* 
104 

2 .5  

e. 3 
7.1 
4.6 

4 - 

0.62 

0.67 
0.72 
0. a1 

0.75 - 

M 
monomer 

107 

100 
140 
200 
250 

Polyner 

Mw+lO- 

0.1 100 
500 0.3 20 
460 1.7 -25 

-70 

1 - 1c 

1 - 1c 
1 - 3c 
1 - 3c 
1.5- SC 
2 - 5c 

The degree and rate of polymerization depend on the parameters mentioned 
above. Decrease of the K,IK, value with conversion takes place over the whole 
temperature range studied. The biradical termination rate constant K,  decreases 
with x over the whole conversion range. The extent of its decrease depends on the 
initiator concentration, polymerization temperature and the length of alkyl groups. 
According to autoacceleration theory all the processes at high values of x increase 
and become more complicated due to diffusion control of the radical termination 
reaction. 

Let us now consider the effect of temperature and macromolecular weight on 
the dependence K ,  on x. A nonlinear dependence K,  versus x is usually observed 
and the influence of process conditions depends on extent of conversion. Thus, 
polymerization temperature does not affect the ratio of the propagation and ter- 
mination rate constants in low degrees of conversion range, but they differ by 
hundred and even more times at high degrees of conversion. The same conclusion 
may be drawn if the length of alkyl radical is varied. At the same time the initiator 
concentration affects the ratio K,IK; only at moderate conversion, whereas at low 
and high conversions K,IKg is practically independent of it. Numerous attempts 
have been made to describe the functional relation of K,IKi  vs conversion failed 
because of its multiformity. 

If we compare the processes, that lead to polymer formation with similar M, 
then the dependence of K,IKg value on the degrees of conversions is linear in 
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RATE OF FREE RADICAL POLYMERIZATION I05 

FIGURE I The relative change of Pw(I). W(I1). (K,) /KS plotted versus conversion (a, b. c) and AT 
(d) for polymerization of MMA (1-4), and styrene (5-7) in the presence of dinitrylasoisobutyric acid 
(1-4) and thermal initiation (5-7). Labels correspond to different temperature of polymerization (in 
grades C): 50 ( 1 ) .  70 (2). 80 (3). 90 (4). 100 (5). 120 (6), 150 (7). 

Ig(K,IK;) (Figures 1 and 3). If we compare processes with similar AT, all experi- 
mental data fit the generalized curve in K,IKi  = f(c[q]) coordinates (Figure 2). 
Taking into account the character of the D(c)  relation one obtains for krlKZ,: 

This equation has general applicability. It holds over a wide range, including for 
Tw: -70°C (POMA) + 100°C (PMMA, PS), [q]: 0 + 10 dl/g and x:  0 + 0.7. 
The coordinates chosen give information not only on monomer conversion ( x ) ,  but 
also on M of the product ([q]) and on the state of polymerization system (T,) .  

2.4 The Influence of Radical Molecular Weight on Rate Constant of Termination 

The functional representation K , ( M )  is opened to  discussion. The results of the- 
oretical studies are contradictory. This is not surprising, since the experimental 
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106 V. P. BUDTOV AND G. N. PODOSENOVA 

y. -2 
5 -8 

I I # I I X 

, x  
0 03 l Q  

FIGURE 2 The relative change of f,. (K , ) IK i  plotted versus conversion and x[q] for polymerization 
of MMA-I (1-3), styrene (4-7) at 45°C (4, 5); 70°C (1-3) and 90°C (6, 7). Figures correspond to 
different concentration in ((movliter)100) of dinitrylasoisobutyric acid 0.5 (1). 1.5 (2). 5 (3.4). 20 (5 ) .  
threebutylperbensoate 10 (6). 4 (7). 

relations observed can be affected not only by the radical length, but also by the 
molecular weight of the polymer, surrounding the moving radical. Discussion of 
the termination rate constant on  molecular weight and conversion is carried out 
without taking into account the difference between the molecular weight of the 
radical and that of the media in which the radical moves. 

The kinetics of polymerization in styrene and methylmethacrylate with indepen- 
dently vaned M,,, and M, values were studied.29*” This process can be carried out 
by polymerization of monomer in a solution of its own polymer.29 In this case 
variation of c and M detects the influence of polymer concentration and its M,,,, 
while the change of initiator concentration detects the influence of radical length 
(M,), since M, is the reciprocal of the initiation polymerization rate. 

Not only was the power law of K,(M,,  x )  established, but also the exponent was 
obtained (Figure 5) .  

If the changes in the moments dQ,/dx, dQ2/dx, dQ3/dx are known Equation (9) 
may be used to solve the reverse problem-i.e., 6, and 6, determination at any 
degree of conversions. Estimated values for MMA polymerization process at 60°C 
in the presence of DAA (0.0056; 0.056; 0.015) mA are shown in Figure 4. Values 
of 6, and 6, fall from 0.8 to 0.1 + 0.2 with increasing x from 0.1 to 0.8. Numerical 
values of 6, and ti,, as well as the character of their decay with x are similar. 
Moreover, b , ,  6, are practically unaffected by M ,  at constant x .  Thus, the change 
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RATE OF FREE RADICAL POLYMERIZATION 107 

FIGURE 3 The relative change of P ,  (a), W (b), ( 4 1 %  (c) plotted versus X and AT. Figures 
correspond to different length of the alkyl radical (1, 2, 8) .  

FIGURE 4 The 6, is plotted versus conversion for polymerization of MMA at 70°C in the presence 
of dinitrylasoisobutyric acid. Labels correspond to different concentration of initiator in moVl 100: 0.5 
(1). 1.5 (2), 5 (3). Curves represent estimations according to Equation (13). 
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I08 V. P. BUDTOV AND G. N. PODOSENOVA 

0 X - 
FIGURE 5 The degree of the dependence of (k,) on the radical molecular weight plotted versus 
conversion for polymerization of styrene ( I )  and MMA (2, 3) in the presence of PMMA with M los: 
2.9 ( I ,  2) and 2 (3). Curves represent theoretical model estimations according to Equation (15). Labels 
on the curves correspond to different intrinsic viscosity in dllg. 

in 6, and 6* does not exceed 30%, while M increases three times. The main reason 
for 6,. 6, changes is due to an increase in polymer concentration. To a first ap- 
proximation, 6, ,  ti2 versus x is linear 

where a is an empirical parameter equal to 1 for disproportionation and to 1/2 for 
recombination. 

Experimental the decrease of 6 with x fits the theoretical results.'7,26 

3. INFLUENCE OF THE DIFFUSION MOBILITY ON THE RATE 
CONSTANTS OF CHEMICAL REACTIONS 

3.1 Biradicai Termination Rate Constant K, Dependence on Concentration and 
Molecular Weight 

According to the Smoluchowski equation, K,(O) is defined only by the segment 
size A, and D, at the &conditions in low polymer concentration range: 

K,(o) = zA;D, (13) 

but is independent of the radical molecular weight and the surrounding medium 
molecular weight, z is a numerical parameter, A, the chain segment. When two 
macromolecules approach each other it is necessary to take into account the se- 
quence of translational movement of macromolecules and reorganization of reacting 
segments. Then K, may be obtained from: 

1 +- I - 1 
K, ZDR Z'DIA,  

and in the low conversion range K, is given by 

ZZ' 
K ,  = A,$, (2 + Z ' )  
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RATE OF FREE RADICAL POLYMERIZATION 109 

With increase of polymer concentration c changes in R,  D,, Dl are observed. 
To  simplify the problem, we discuss 0-conditions and we assume D, is equal to 
macromolecular self-diffusion coefficient D. In the moderate concentration range, 
where Equation (3) is valid, K,  is given as follows3': 

In K ,  = In Kf(o) + ~ '1 + a 2 q  T - T, 

(at x[q] > I ) ,  a ' ,  a, = numerical coefficients. 
In the moderate x-range, Equation (14), the main factor belongs to the third 

term x[q]. When Tg + T(AT > o) the second terms is the controlling one. Thus 
the K ,  dependence on M is specific. In the low x range K ,  is independent of M, 
Equation (13), in the moderate x range K,  is affected by M ,  in the high x range 
molecular weight dependence may exist (TRp < T) or not (Tgp > T). For some 
systems (small x[q] and AT values) ''latent'' gel effects are manifested. 

Analysis of the experimental data available in the literature show the validity of 
Equation (14). 

Equation (14) may be used for estimation of the polymerization kinetics and 
molecular-weight distributions in different industrial processes. It should be men- 
tioned, that the numerical coefficients in Equation (14) differ from that in the 
diffusion theories of macromolecular mobility discussed here. It is probably due 
to imperfection in the Smoluchowski formula as well as to simplification of the gel 
effect mechanisms. Nevertheless, this approach can predict several peculiar effects 
in radical polymerization at high degrees of conversion. 

3.2 K, Dependence on Radical Molecular Weight 

Substitution of Equation (3) into the Smoluchowski expression, allows separation 
of the influence of radical molecular weight M, from that of the surrounding 
macromolecules: 

The first term in the brackets is governed by molecular weight of surrounding 
macromolecules (M,,,), the second one-by macroradical length N ( M , ) .  Equation 
(15) predicts, that for some concentration intermolecular hydrodynamic interac- 
tions do not affect the termination rate constant. The value of K, is controlled only 
by the radical length and relaxation state of the polymerization system. 

The dependence K , ( N )  on N is considered in the form of a power law N: K, - 
I I - ~ .  Then d will change with x from 0 to 0.5 and even more, while the temp of 
the functional changing d(x)  will be governed by the molecular weight of the 
surrounding  macromolecule^.^^ Analysis showed,w that during PMMA and ST 
polymerization d changes from 0 to 0.45, while the polymer concentration increases 
from 0 to 0.4 Figure 5. 
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110 V. P. BUDTOV AND G. N. PODOSENOVA 

3.3 Distribution Functlon on Macromolecules Chain Lengths 

Representation of K, (Equations 14 and 15) allows solutions of Equation (6).2h For 
the distribution function of the chain lengths (weight averaged function) one ob- 
tains: 

where d,.2v = 1 + K - ' * e - ' 2 7 m ;  d2v = 1.083/4K; K = e-'27* + 1 . 9 2 / 6  
where v is the instantaneous averaged length of the kinetic chain: v = V/Vj, .  In 
the low concentration range k - 1, expression (16) asymptotically approaches the 
well-known Flory's distribution function (P , /P ,  = 2). In the moderate concentra- 
tion range, the K,(M,)  dependence on M, leads to significant broadness of instan- 
taneous MWD (P,,,/P, = 5). Meanwhile, the distribution function is unimodal in 
contrast to the results, presented in References 20 and 22. Bimodality of instan- 
taneous MWD, obtained in References 20 and 22 is the consequence of assumed 
relations for the diffusion coefficients. 

The distribution function Equation (16) has its maximum in the region of n,,, - 
v (low concentration range) and n,,, - 1.8 v (high concentration range). 

3.4 Dependence of C,,,, C, on Polymer Concentration 

K,, K ,  and K, are determined not only by the components ability to react but also 
their mobility. Then it is reasonable to expect a weak dependence of the ratio C,,, 
= K,,,/Kp and C, = K, /K ,  on polymer concentration. 

A direct method for estimation of any reaction contribution in polymerization 
process has been proposed, in particular transfer to the monomer and to the S- 
agentJ2 Determination of C,,, and C, at every stage of conversion showed, that 

where a = 0.5; Cm(o), C,(O) represent C,,, and C, values at x = 0. Thus, C,,, and 
C, produce very weak dependence on conversion and are completely independent 
of molecular weight. 

3.5 Dependence of K,,, and V,,, on Concentration 

The general interpretation of the propagation and initiation rate constant depen- 
dences on conversion is based on  the conception of the "cell effect."33 Besides the 
direct cell effect the indirect one must also be taken into account. The latter consists 
of hindrance of the chemical reaction in the cell proper, i.e. the formation of 
intermediate complex of reacting components in the cell. Formation time of this 
complex is governed by the time of rebuilding the cell, i.e. by the mobility of 
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RATE OF FREE RADICAL POLYMERIZATION 111 

medium elements. In this case the rate constant of the chemical reaction is ex- 
pressed by 

where K(o) = K at 7 + 0, 7 is the relaxation time of molecular motion, v is the 
cell volume, v, is the frequency factor (ui - 1013 s). 

Using these concepts the following expression has been derived for the propa- 
gation rate constant Kf34:  

where KJo) = K, at Q = 0, D*(Q),  D,(o)  is the self-diffusion coefficients of the 
monomer at Q and Q = 0. 

here 1 has the dimensions of the elementary unit, characterizing molecular re- 
building of the complex, p is a numerical coefficient (p - 1). 

The dependence of K, on concentrations is defined mainly by the factor C , ,  i.e. 
by the value of KJo) and D,. Estimation gives C,  = For simple 
cell effect model C ,  = 0. 

In Figure 6, the calculated function K,  lK,(o) versus Q at various C, are presented. 
It can be seen that the K,  curves decay with increase in Q, especially in the range 
Q > 0.5. At Q = 0.8 K p  falls only three-four times (C, = 0) and fifty times (C, 

s 

FIGURE 6 The propagation rate constant as a function of conversion in the process of radical poly- 
merization: MMA at 22°C ( 1 ,  2), at 0°C (3) and vinylacetate at 20°C (4). Points represent experimental 

(6. 7); d = 0.8 (6); 1.1 (7). 
Curves correspond to estimation according to Equation (19) at A = 3, C = 0 (5) and 
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I12 V. P. BUDTOV AND G. N.  PODOSENOVA 

FIGURE 7 The efficiency of initiation plotted versus conversion. Curves correspond to calculation 
according to Equation (20) at A = 3: q = 0.8; Q = 0.1 ( 1 ,  4): 0.01 (2. 3); q = 5 10 (2); 5 10 (1); 1 
10 (3); 1 10- (4). Points represent experimental data.” 

FIGURE 8 The conversion plotted versus time (a) of bulk-polymerization of MMA at 20°C in the 
presence of dicycloperoxicarbonate 0.003 molfliter. The molecular-weight functions M,, ( I ) ,  M, (2) 
plotted versus conversion (h). Points correspond to the process in the instrument of periodical action 
(I) .  in the ampule (11). Solid line represents result of calculation according to Equation (16) in account 
of conversional dependences K,,. and/  Equation (19. 20). Dashed line-according to Equation (16) in 
account of inhibition Equation (22). 

= lo-*). Moreover, at high values of K,(o) (-lo3), the dependence of K ,  on 
concentration is more pronounced. Experimental data for MMA and VA are also 
plotted in this Good correlation between theoretical and experimental 
curves is clearly observed. 

The initiation rate isgoverned by initiator efficiencyfand decomposition constant 
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RATE OF FREE RADICAL POLYMERIZATION 113 

Kc,. It is important to notice, that the initiation process is often influenced by the 
by-side chemical reactions.3x When side reactions are absent, the Kd dependence 
on cp will be described by Equation (19) at Cl lo-’. In this case the dependence 
of K,, on Q is practically not observed. Experimental data confirms a weak decrease 
of K,, with polymer c~ncen t r a t ion .~~  

Using these concepts the equation for the initiator efficiency f was derived? 

where q and Q are governed by the process parameters and radical concentration 
N, in the cell ( N ,  - 3 mol/liter), (Figure 7) 

3.6 Practical Application of These Methods 

The computer programs based on the above approach has been used to estimate 
the K, dependence on x ,  M, T,, M,. A good correlation between experiment and 
theory, has been shown for MMA polymerization processes with strong autoac- 
celeration. Similar calculations have been performed for polyvinylchloride and 
polyvinylacetate. 

4. PECULIARITIES OF CHEMICAL REACTIONS WITH RADICAL 
POLYMERIZATION AT HIGH CONVERSIONS 

4.1 Kinetic Schemes for Free Radical Polymerization in Industrial Conditions 

Applications of the theoretical approach for free radical polymerization at high 
degrees of conversions has worked relatively well in laboratory and common in- 
dustrial conditions. However, wider application of the computer program has shown 
significant discrepancies between theoretical and experimental results, in some 
industrial situations. For this reason, a more precise definition of the kinetic scheme 
has been carried out. 

In Figure 8, the results of MMA bulk-polymerization in an industrial reactor are 
plotted. Calculated values of M,,, M,. are also shown and exceed the experimental 
values over a wide conversion range. At the same time comparison between the- 
oretical and experimental results in the laboratory showed good correlation. It 
illustrates the problems of carrying out  the process in industrial conditions. 

Investigation of MMA polymerization kineticsq’ pointed out the influence of 
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I14 V. P. BUDTOV AND G .  N. PODOSENOVA 

3- 

FIGURE 9 The conversion plotted versus time (a) of bulk-polymerization of styrene. The molecular- 
weight functions M,, (1). M, (2) plotted versus conversion (b). Points correspond to experimental data.’” 
Labels correspond to different polymerization temperatures in grades C: 100 ( I ) ,  120 (2), 140 (3), 170 
(4). Curves represent theoretical model estimations. Dashed lines 4 ( I )  represent calculations without 
taking in account the reaction of olygomer initiation and transfer. 

admixtures found in monomer. Taking the latter into account, new reactions have 
been derived which more precise define the kinetic scheme“: 

Here K,, Kmz, Ksz are the rate constants of inhibition, chain transfer for inhibitor 
and stabilizator; K,,  is the rate constant for the reaction of inhibitor (Z)  with 
stabilizator molecule (Sz),  K,, being the rate constant of the reaction of inhibitor 
formation. [ Z ] ,  [S,], [O,] are inhibitor, stabilizator and oxygen concentrations. 
These reactions depend on the polymerization temperature. Good correspondence 
of the calculated results with experimental data has been observed (Figure 9). 

Bulk thermoinitiated styrene polymerization on an industrial scale has been 
modified in a similar way. The calculated and experimental data are plotted on 
Figure 10. It can be seen, that in the moderate and high conversion ranges the 
calculated values exceed experimental values. At the same time good accordance 
is observed for lower conversions (x < 30%) as well as for laboratory samples. In 
experiments, set to definition of the ~ c h e m e , 4 ~ . ~ ~  the presence of unsaturated bi- 
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RATE OF FREE RADICAL POLYMERIZATION 115 

FIGURE 10 The influence of temperature on the rate of formation of olygomer fractions. Labels 
correspond to different polymerization temperatures (in grades C): 100 (1). 120 (Z), 180 (3). Points 
represent the experimental data."' Dashed lines represent estimations according to Equation (23). 

and trimers (diphenylbutene and threephenylhexene) have been observed. The 
rate constants of the by-product formation in the polymerization process have been 
estimated.44 MWD of polystyrene have been inve~ t iga t ed .~~  The decrease in M 
suggests chain transfer on the by-products. The rate constant for the latter is 2.4 
10 exp( - 7068/R T}.45 

The additional reaction may be expressed as follows: 

-- d[oL1 - -Kso,[OL]Yo + K0,[M]* 
dt 

where Ksor is the rate constant for chain transfer to oligomer, KO, is the rate constant 
of oligomer inhibition, and [OL] is its concentration. KO, is equal to 6.8 10 exp( - 32900/ 
RT) and KSor < KO, at the same T, since the accumulation of these products in 
polymerization system is observed. The higher the polymerization temperature and 
degrees of conversion, the larger will be the [OL] values and this speciality explains 
discrepancies in the theoretical and experimental data (Figure 10). 

4.2 The Formation of Microinhomogeneities in Polymerlrathg Medium 

In gel effect theories the homogeneity of the polymerization medium is assumed. 
Usually, space-homogeneous solution of the system of kinetic equations for the 
functions V and R, is searched. V and R, functions determine the conversion and 
concentrations of radicals with polymerization degree i = 1 ,2 ,  . . . at t time after 
the start of polymerization. However, in the gel effect region microinhomogeneities 
have been observed,lO." which can have considerable effects on the biradical ter- 
mination rate constants. A radical, trapped in the fluctuation, can live for a long 
time. It is equivalent to the existence in the reaction of additional monomolecular 
terminations, Consider the solution of the system of equations for microinhomo- 
geneous medium.& From a mathematical point of view the instability (microin- 
homogeneity formation) is connected with bifurcation in the solution of kinetic 
equations system, governing the polymerization process. Searching for the bifur- 
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cation moment, small perturbation of homogeneous solutions have been consid- 
ered. This depends on the space coordinates of the polymerization medium. The 
diffusional transfer of radicals with different chain length S, is controlled by their 
self-diffusion coefficients D,,.. Diffusional transfer, which is controlled by the co- 
operative diffusion coefficient Dk,  also has to be taken into account. Let us sub- 
stitute the perturbed solution in the ordinary system of equations and linearize the 
systems for small perturbations for r,v, Y,,, x .  Allowing for the diffusion terms and 
termination constants dependence vs conversion, the linearized system of equations 
can be expressed as follows: 

r , )  - 

In Equation (24) the terms responsible for possible instability are those, involving 

Arbitrary perturbation of a homogeneous distribution of radical concentrations 
aK,,lax,. Since aK,,/ax, < 0 these terms turn out to be positive. 

may be divided in two terms: 

The first term characterizes the fluctuations of concentration of radicals without 
changing the shape of their length distribution. The second one, on the contrary, 
characterizes the shape fluctuations of this distribution without changing the radical 
concentrations (C pi = 0). Let the initial perturbation, at moment t be such, that 
all pi = 0. During the relaxation process of this perturbation Equations (24), radical 
molecular weight distribution will change so, that at t > to p, # 0. However, as 
was mentioned already, radical redistribution in increasing conversion fluctuation 
proceeds in such a way, that it leads to an additional decrease in the termination 
rate. Therefore, if we search only for conditions of instability, terms with p, may 
be neglected at t > to. 

Substituting (25) at pi = 0 in system (24) and adding all equations except the 
latter one, we obtain a closed set of two differential equations for x(a, t )  and y(a ,  
I ) .  After Fourier-transformation on space coordinates x(a,  t) > x * ( q ,  t )  and y(a ,  
r)  > y t ( q ,  t ) ,  ( q  = wave-vector), the system may be represented as follows: 
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RATE OF FREE RADICAL POLYMERIZATION 117 

Coefficients Aap(l < ap < 2) of the system (26) are positive functions alterating 
in a limited range of time. They are determined by space-homogeneous solutions 
of kinetic equations system 

here K ,  and D are average termination constant and self-diffusion coefficient of 
the radicals, respectively: 

Equation (26) is the consequence of Equation (24) at the initial moment to, 
when the perturbation occurs and all p (a, to) are equal to 0. 

Let us suppose, that all coefficients of the system (26) are time independent. In 
this case this system will be characterized by positive Liapunov factor and will be 
unstable, if the following inequality holds4’: 

More detailed analysis shows, the dependence of coefficients A,, on time does 
not lead to significant change in the result (29). 

Condition (29) has its simplest representation in the absence of diffusion pro- 
cesses (D = Dk = 0) .  Formally, this condition coincides with that of instability in 
the polymerization system with infinite sizes, assuming q = 0. Then from (29) it 
follows: 

Thus, the termination “constants” Kl j  produce a strong dependence on conversion, 
so that reversible fluctuations are formed. If all Kij  produce symbate dependence 
on conversion, i.e. A = - a  In Killax does not depend on i and j ,S then condition 
(30) is simplified as follows: 

a In K, 2 
A = -- >- 

ax I - x  

$This condition holds at moderate concentration range (c[q] < 20, where c is polymer concentration, 
[q] is intrinsic viscosity). 
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Few direct experimental results for the dependence of th; dveraged termination 
constants on conversion show, that as x changes from 0-5% to  35-45% at bulk 
polymerization, K, value may be reduced: for PMMA-approximately at two or- 
ders of magnitudes, for PS-approximately at one ordcr and for PVA-approx- 
imately in three times. 

When Equation (31) is valid, it is possible to estimate the minimal size of the 
inhomogeneities forming the minimal value of A corresponds to maximal q ( A  - 
q-I ) .  when the inequality (31) turns to the equality.48 Let us take into account, 
that Dk > D, K, >> K,  and polymerizatim rat : V = dx/dt. Then, from the 
instability condition one can estimate A: 

11.5 *-@) 

Typical values for PMMA and PS: A = 1 a 10, D, = (10 a 10) ms, V = ( low3 
+ lO-*)s-I depending on temperature. 

Therefore, typical values are A - 10a 100 m, that fit the experimental esti- 
mations.* When the polymerization rate decreases, the size of inhomogeneities 
formed increases according to (32). 

The more complete conditions for instability can be determined by taking into 
account the possible chain transfer reactions and the rate dependence of all the 
elementary reactions. 

Thus, for the first time, the criteria for the formation of space inhomogeneities 
in homophase free radical polymerization, have been formulated and can serve as 
a basis for improvement of the gel effect theory. 

4.3 Kinetics of Chain Transfer on Macromolecule and Long Chain Branched 
Macromolecules Formation 

One of peculiarities of free radical polymerization at high conversions is the in- 
creased probability of kinetic chain transfer to  the macromolecule. This leads to 
the formation of long chain branched macromolecules.s 

The chain transfer reaction to polymer may be expressed as: 

here Rrb is the radical with length “r,” carrying “b” branches, PS, is the “dead” 
polymer chain, consisting of s-monomers and rn branches, K,p = rate constant 
of kinetic chain transfer to  the polymer. Using the standard approach one can 
generate equations for the moments49: 
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RATE OF FREE RADICAL POLYMERIZATION 119 

dQ,, (1 - X)Y, -  = C,/Y,,Yo + Cr[Y + YIn + CmYnM0(1 - x )  
dx 

+ C,,,H,,M,,(1 - 1) + C/>[XH,I - A,,+ I yul (34) 

here H,, = &=() C,=o brllRr.h; A,, = & , = I ,  C,=O &Pr.b; Cp = KlpKp;  c , ,  = Kdn/ 
Kr,; C,,, = K J K , ;  Cr = C,/ + C,, where “n” means the moment of the termination 
rate constant. The last two equations determine the moments changes for “living” 
and “dead” long chain branched macromolecules. Number-averaged and weight- 
averaged number of branches are evaluated as: 

Equations for several first moments are expressed as follows: 

CIY, = y,, ( 1  + -); C,>ZQ, C,Y, = Y,, ( 1  +? + E); 1 - x  

where Ci = C,,, + Clip 
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The solution of Equation (34) can be carried out on the computer. If the rate 
constants of chemical reactions are known, the solution of (34) gives quantitative 
values of MWD for the products in the low conversion range. 

It should be pointed, that the transition from a system of differential equations 
for material balance to the system for the moments H,,  is not elementary from the 
mathematical point, as it seems to be at the first glance. 

In low conversion range, the analytical solutions may be obtained. For the radical 
termination by disproportionation: 

x + ... - 1 = c,,, - - C,,Y,, In(1 - x )  - ( l +  1 C,YoPn.o 
p,, M ,  X Pn,, M" 

and the number-averaged molecular weight does not depend on the chain transfer 
reaction to polymer and f,: 

P ,  = 2P,,,(1 + O.5b,fn~,x) (37) 

where P,' = CmCdYo/Mo; 6 ,  = 2Cm + CdY,IMo + C,; Yo = VLSKplK$S at x 
# 0, P ,  depends on the rate constant for transfer to polymer. The numbers of 
branching, are defined by: 

= c, x Pn 
In(1 - x )  

B ,  = C,P,x 

and the averaged branch length is In = P,/1 + B,. 
For recombination termination we have: 

_ -  1 - 2- (1 + ;); P ,  = 3 P,.o (1 + 1) f'n.ob, 
P n  Pno 

(39) 

where P i :  = CrYoM;'; b2 = 2C, + 1 - 21P,., 
Applications of this approach to calculation of the molecular characteristics of 

branched p o l y ~ t y r e n e , ~ , ~ ~  polyethylene,52 and polyvinylacetateS3 have been con- 
sidered. 

Analysis of the above relations shows, that the conversion influences the for- 
mation of long chain branched molecules in a very complicated manner. From 
Equation 37 as x increases the value of the second factor may raise (change of the 
kinetic scheme) or  fall (decrease of the biradical termination rate constant). The 
problem of the influence of conversion and diffusion mobility on such processes 
needs further study. 
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