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The rate constants of free radical polymerization are influenced by the diffusional mobility of the com- 
ponents of the polymerization system. A comprehensive study was undertaken to determine whether the 
existing theories of diffusion mobility can be used to quantitatively predict the rate constant changes of 
the main chemical reactions of free radical polymehtion. 

KEY WORDS Rate constants. free radical polymerization, dif€usional mobility theory. 

INTRO DU CTlON 

A number of papers dealing with the quantitative theory of free radical polymeri- 
zation at high conversion had recently appeared. The growing interest of scientists 
is due to the following reasons. First, through a great number of industrial poly- 
merization processes are carried out at high conversions of the monomer,”* the prob- 
lem of technological optimization of the process still remains unsolved. Next, con- 
siderable success in understanding the behaviour of the polymer concentrated 
solutions and melts has been achieved. Especially good results in description of 
molecular motion of different components in such complicated system as the solution 
of chain macromolecule have been ~ b t a i n e d . ~ - ~  Finally, the new molecular-weight- 
distribution measurements in polymers have been carried out,6-’’ as well as new 
methods of investigation of the peculiarities of kinetics have been proposed.”-I3 

Let us define the subject of the present work. The polymerization rate V and 
average polymerization degree Pn of the macromolecule at low conversions are given 
by the following equations: 

0.5 

V = KJMI (2) 
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2 V. P. BUDTOV AND B. N. PODONOSOVA 

where [MI, [S] are the concentrations of the monomer and of chain transfer S-agent, 
K,, K, represent the chain transfer constants respectively. C,,, = K,/K,; C, = KJK,, 
V,,, is the radical initiation rate; K,, K, are the chain propagation and macroradical 
termination rate constants respectively. v,, = fxkdx[l], where f is the initiator effi- 
ciency, [ I ]  is the initiator concentration, Kd is the initiator decomposition rate. 

Thus, we have to examine the dependence of K,, K,, C,, C,, Kdr  f on polymeri- 
zation process conditions, i.e. on polymer concentration and its molecular weight. 

It is known, that free radical polymerization of methylmethacrylate (MMA) is 
accompanied by strong increase both in polymerization rate and in polymer molec- 
ular weight (W). This effect contradicts the classical free radical polymerization 
scheme and is referred to as gel effect (autoacceleration). This phenomena is asso- 
ciated with the decrease of radical mobility at high polymer concentrations in poly- 
merization system.’ Thus the bimolecular termination rate constant K, is to depend 
both on conversion and on molecular weights of radical and “dead” polymer chains. 
This makes the traditional approach of estimating the radical process, based on the 
method of molecular-weight distribution moments [MWD], incorrect.6 

Moreover, the change of mobility of polymerization system components affects 
also the rate constants of other chemical reactions. However, these effects should be 
described by equations, different from that for K, .  

Working out the main theory of diffusion mobility4*’.* of the polymerization system 
components (long-chain radical, “dead” polymer chain, monomer, initiator, chain 
transfer) led to quantitative relations for the constants of radical polymerization 
chemical reactions. 

However, it is insufficient for the full account of radical polymerization. Indeed, 
at the same conversions and media viscosities, gel effect is manifested in some 
systems (MMA) and is absent in the others (styrene) (“evident” and “latent” gel 
e f f e ~ t ) . ~  It depends upon the concrete correlation between chemical reactions rate 
constants. 

In some recent papersto.” the idea of microinhomogeneity formation during the 
polymerization process, and its probable influence on the rate constant of chemical 
reactions has been suggested. 

Therefore for the quantitative prediction of the process behaviour in wide conver- 
sion range one must know not only the kinetic model, but also the physical properties 
of polymerization media must be known. The latter govern the intensity of molecular 
motion and the rate outlay of reagents. Consequently, this influence is propagated 
on molecular-weight-distribution 0) and on the quality of the formed product. 

1. Brief Review of Publications 

The problem of free radical polymerization account is the subject of many experi- 
mental and theoretical works. The main efforts in experimental studies have been 
directed to receive the empirical correlations between the rate constants, molecular 
weight distribution parameters and conversions. Considerable success in this field 
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FREE RADICAL POLYMERIZATION RATE 3 

has been achieved: the complicated character of molecular weight (M) versus con- 
version { x }  dependence has been established, the influence of the monomer type, 
initiator concentration and polymerization temperature on the dependence of M on 
x has been determined. 

However, some experimental facts remained unexplained: the absence of accel- 
eration in styrene polymerization for example. The question of shape of MWD curve 
is also unsolved, because some theories propose a bimodal MWD curve. 

In considerable number of experimental researches efforts were made to determine 
the polymerization system parameters, as well as the process parameters, which 
govern the change of rate constants with x. It was found that such parameters are 
viscosity of the reaction media (q), molecular weights of the “dead” polymer (M,) 
and radical (MJ, conversions, polymerization temperature, initiator concentration, 
free volume (V,) (see for example References 12-17). Attempts were made to de- 
scribe them by means of empirical equations. But these empirical equations with 
numerous coefficients hold only in the fixed conditions of the process. 

Therefore it is hard to use them in practice for quantitative predictions of kinetic 
behaviour of the processes, as well as of molecular-weight-distribution formation. 

Theoretical studies’s-22 were mainly directed to work out a model taking in account 
the rate constants versus conversion and radical length dependence. Only in recent 
years the works: dealing with the genzral solution of the system of differential 
equations of material balance for polymerization system have appeared. They already 
take into account the dependence of rate constant on conversion and radical molec- 
ular weight. Usually two assumptions are made to account for the K, versus x and 
M dependence, such as: (1)-identity of the molecular motion mechanisms for mac- 
romolecules and radicals, (2)-correcmess of Smoluchowski equation for the anal- 
ysis of radical reactions in chain macromolecules. According to de G e ~ e s , ’ ~  the 
validity of the latter assumption is equivalent to t,, >> R2D-’; where R = square 
radius of gyration and D = diffusion coefficient of the macromolecule, respectively, 
t,, = radical lifetime. This inequality holds always in radical polymerization, because 
the radical lifetime makes up 1-10 s, R’-D-’ - 10-2-10-5 s.  

Thus the relation of byradical termination rate constant vs radical length and media 
properties is 

where D, is the selfdiffusion coefficient and R, the average square radius of i and j 
macroradicals, z = a numerical coefficient. These assumptions allow to use the well- 
known dependence of selfdiffusion coefficient D on concentration and M to describe 
the Kt(x, M) dependence. 

For the first time, this approach was used in the works.L’-m However, the lack of 
exact theory of dependence of macromolecular selfdiffusion coefficient on concen- 
tration forced the authors to use empirical relations between D and c, M .  Functional 
representations D vs c and M depend upon c and M ranges.’ Thus, in dilute solu- 
tion, according to Einstein-Stockes diflbsion theory Di/D,t  - i-’.’, in semidilute 

to, is monomer diffusion coefficient, i is the number of monomer units in the chain. 
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4 V. P. BUDTOV AND B. N. PODONOSOVA 

solution the Rouse-model gtves D,/Dl - i-I - c-OJ ( i  < i,) and reptation model leads 
to DJD, - i-’ c - ” ~  (i > it), i, parameter gives the scale of entanglements and char- 
acterises the range of transition to reptile diffusion mechanisms. Moreover i, depends 
also on c and M. As a result, the relations obtained contain some empirical param- 
eters, which depend on c and M values, as well as on the experimental conditions 
and on the chosen type of functional representation D = f ( c ,  M) used. Naturally, it 
reduces the practical significance of this approach. 

Another defect on t h s  approach arises from the fact, that investigators, discussing 
K, dependence on x and M. make no difference between molecular weights M of the 
radical itself and the medium (“dead” macromolecules, matrice), in which this rad- 
ical moves. But M,,, of the medium is conditioned by prehistory of the polymerization 
process whereas M, is conditioned by instantaneous values of reagents concentra- 
tions. That is why the results of quantitative calculations carried out without taking 
into account such discrepancy in M-values, can not be really precise. 

A theory of diffusion mobility of macromolecules in concentrated solutions was 
suggested re~ently.~”’~’’ It was shown, that D depends on c, M,,,, M, parameters as 
following (9-conditions): 

1 D = F [  1 + .-127V;T;/1 

1 .843N05 

where N = 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 c 0.3). 
However, detailed analysis, as well as the comparison with experimental results 
confirmed its validity in much more large-scale range. 

The diffusion coefficient D,  of monomer is equal to (9 = polymer volumetric 
concentration) 

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

The recent revue’ touches up the problem of solutions of differential equations 
systems. It is also emphasized in Reference 2, that the necessity of taking into ac- 
count K, vs radical length dependence, makes the computer method of direct nu- 
merical or analytical integration of the systems 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. 

Thus, in spite of the great number of experimental and theoretical works, neither 
of them gives a theoretical approach to quantitative description of free radical poly- 
merization at relatively high conversions. Moreover, the relations and models sug- 
gested, contain numerous parameters, and some of them can not be found experi- 
mentally. The direct task of chemical kinetics with termination rate constant, 
depending on the radical length, still has no adequate method of solution. Besides, 
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FREE RADICAL POLYMERIZATION RATE 5 

separate influence of the macroradical length and of “dead” macromolecules on the 
termination rate constant of the radical, has not yet been carried out. 

2. Experimental Methods and Main Results 

2.1 Method of “derivatives” of MWD moments. The method of “derivatives” 
of MWD moments of polymerization products, described in References 24 and 25 
was used. The latter gives the opportunity to study in peculiarities the radical poly- 
merization without any assumptions on K, versus conversion and radical length de- 
pendence. Moreover, this method is the only one of experimental study of K, - M ,  
relation. 

The moment Qi of molecular-weight-distribution is given as follows: 

where P, = weight averaged degree of polymerization. The MWD moments Qi are 
connected with rate constants of chemical reactions. If the Qi versus x and M relation 
is known, one might determine the relation of the corresponding constants versus 
these parameters (the inverse task of chemical kinetics). On the contrary, if the 
dependence of rate constants on x and M is known the dependence Qi on these values 
may be calculated (the direct task of chemical kinetics). 

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

- = V, - KtijRiRj di dj dYo dt I 
- = K,[M][(Y + I),, - Y,] - AY,, - 
dt 

KtijRiRjiw di dj I dYn 

- = AY, -I- KtijRiRjim di dj I dQn 
dt 

where A characterises all the processes of transfer: K,,,[M] + K,[SI; ( Y  + l), = Y, + 
nYn-, + -.. + 1 etc., Kru = termination rate constant for radicals with length i and 
j. If K, is not affected by i andj, the set of Equations (6) can be solved and Y, and 
G, may be obtained. If the concrete functional relation Kr(i, j )  is given, the system 
of equations is also solvable, but the result fully depends on the type of this function 

Further modification of molecular-weight-distribution moments method in account 
of arbitrary relation K,(M) were proposed in Reference 6. A new value (Kr),,-the 
moment of biradical termination rate constant of chemical reactions- was 
introduced: 

Ktij(ij1. 
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6 V. P. BUDTOV AND B. N. PODONOSOVA 

K,,,R,R,T di dj 

( K f ) n =  I R,i d, I R, d, 
(7) 

It led to a simple enough relations for Q,, if an assumption of radicals quasistationary 
conditions still holds on (dY,,/df = 0). Moreover, the corresponding moment is as- 
sociated with that of biradical termination rate constant. It is possible to apply already 
worked out techniques of polymerization kinetics analysis. 

Let us define$: 

Then system (6) is as follows: 

1 - x d Q o  1 522- 1 - - C + A,; 
M o  2 M o ( 1  - X) dx C + Ao8,’ 

1 

(c + A,8,)(c + A,8,) 
-- - 1 dQ3 

6M,(l - x)’ dr 

It should be emphasized, that the equations obtained (9) differ from the traditional 
ones only by ai # 1 values. Thus, once determining value, one might use the set (9) 
for solving any problems of polymerization kinetics, even without knowing the pre- 
cise relations Ktij(ij). Besides using Equations (9) possible errors in solution of the 
direct and inverse problems may be predicted. 

As a result, the 
Q, value (and consequently M.) does not depend on taking or not taking into account 
the correlation Kl(ij)  versus i ,  j .  At the same time, Q,, Q3, etc. will be considerably 
higher in taking into account the Kl(i, j )  versus i ,  j relation. The same is right also 
for M,,  M:. 

Experimental data analysis, made by the author, led to the universal relation for 
6, and 6,: 

It should be also pointed, that equation for Qo does not contain 

Theoretical estimations carried out on several models, represented in References 
6 and 26 and 21 and 22 showed, that 6, must decrease from 1 to 0.16, when con- 
version increases. Moreover, calculations, carried out in References 6 and 26, pointed 
to equality 6, = 6,. that fits experimental results. 

Experimental data analysis, concerning molecular-weight-distribution (hin, M,. M,) 

$The designations proposed differ from that, used late?’ but the final results are equal. 
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FREE RADICAL POLYMERIZATION RATE 7 

versus x relation, allows to determine different average moments K,. In this case, the 
zero moment ( (KJO) has simple physical interpretation and coincides with the stan- 
dard K,  value, which is traditionally defined from the kinetics of the process by 
equation: 

2.2 Experimental methods and samples studied. The method of gel-permeation 
chromatography (GPC) for molecular-weight-distribution studies was used as a basic 
one. Experimental techniques, as well as methods of interpretation are fully described 
in References 27 and 28. All this provided high “reproducibility” of experimental 
results. The set of relations used gave the possibility: (1)-to choose GPC-experi- 
mental conditions, (2)-to control the correctness of molecular-weight-distribution 
experimental data in the macromolecular weight range lo2 + lo’. 

Polymerization conditions were chosen according to modem point of view on the 
dependence of macromolecular thermal motion in solutions on c~ncentration.~” Thus, 
the dependence of diffusion 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 - T,(x). AT value varied with the change of 
polymerization temperature T (45-220°C) and TgP (-70” + 100°C). To fit these 
conditions, the homologous raw of alkylmethacrylates was chosen, because the poly- 
merization products of the latter are characterized by permanently decreasing values 
TW when their side-chain length increases. c-[q] value defines the forces, which 
distort the velocity field of macromolecular brownian motion. In low c[q] range the 
segmental hydrodynamic interaction of the macromolecule plays the role of this 
force. With c[q] increase intramolecular segmental hydrodynamic interaction weak- 
ens due to so-called “screening” effect, when the segments of surrounding chains 
“screen” the segments of 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 
investigation was carried out in different conditions. Processes in the presence of 
initiator, differing by C-values and termination rate and monomers with various Kp 
and C, values in wide conversion range, were studied. 

Tables 1-111 summarize the parameters of samples studied and conditions of their 
polymerization. All this gave the possibility to vary T and 41.13 parameters in wide 
ranges. 

2.3 Experimental results on K,/K;(x, M) dependence. Experimental results are 
shown in Figures 1-3 for the following parameters: degree of polymerization, rate 
of the process, propagation and termination rate constants ratio. 

The results in the figures are plotted in such a way, that only one parameter varies 
during experimental series. It allows to separate the influence of different parameters, 
such as, polymerization temperature, initiator concentration, length of alkyl group, 
- 

$Here and forward the product x[q] means m-’[q]. 
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8 V. P. BUDTOV AND B. N. PODONOSOVA 

TABLE I 

Polymerization condition of investigated polymers 

N, Monomer T, Concentration, K.,. I d  
sample type “C Initiator moVliter I d  11s P, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

AMA- 1 
AMA-2 
AMA-8 
MMA 
MMA 
MMA 
MMA 
M M A  
MMA 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 

60 
60 
60 
50 
70 
90 
70 
70 
70 
45 
45 
60 
70 
70 
70 
70 
90 
90 
90 
90 
80 

100 
100 
100 
120 
150 
180 
200 

PL 
PL 
PL 
DAA 
DAA 
DAA 
DAA 
DAA 
PB 
DAA 
DAA 
PB 
DAA 
DAA 
PB 
PB 
PB 
PB 
TBPB 
TBPB 
TBPB 
TBPB 
TBPB 
Thermoini tiation 
Thermoinitiation 
Thermoinitiation 
Thermoini tiation 
Thermoinitiation 

1 .o 
1 .o 
1 .o 
1.5 
1.5 
1.5 
0.5 
1.5 
5.0 
5.0 
2.0 
2.0 
1.7 
5.7 
0.7 
1.5 
2.6 
6.4 
1 .o 
4.0 
1 .o 
3.7 
1.2 

0.5 
0.5 
0.5 
0.25 
0.5 

33.5 
5 
5 
5 
0.15 
0.1 
0.17 
5 
5 
0.5 
0.5 
6.4 
6.4 
0.5 
0.5 
0.13 
1.8 
1.8 

1.8. 
1.2. 
1.4. lo-. 
1.3 . lo-’ 
4.6- 10-~ 

6 
6 
8.2 

12.0 
6 
3 
6 
3 
2.3 
8 
4 
1.9 
1.1 
0.5 
4.5 
3 
2.5 
1.4 
1.5 
2.2 
2.2 
2.25 
2.85 
6 
3.7 
3 
2 
1.8 

PL-lauric peroxide, DAA-dinitrylasobutyric acid, PB-benzoylperoxide, TBPB --three butil- 
perbensoate. 

TABLE I1 

Initiator parameters 

Half-termination Concentration 
Initiator time range, h initiator range, m o ~ l  I d  

PB 0.10- 100 2-0.3 
TBPB 10- 100 10- 1 
PL 20 I 
DAA 1-15 0.5-5 

K, of the monomer on the polymerization degree and process rate as well as on the 
K,K; value. 

It may be seen, that the degree of polymerization and the rate of the process may 
be constant or may increase or decrease with increase of conversion; so the concrete 
behaviour of the system fully depends on the values of parameters mentioned above. 
Meanwhile, the decrease of KJK, value with conversion takes place in the whole 
temperature range studied. Biradical termination rate constant K, decreases with x in 
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FREE RADICAL POLYMERIZATION RATE 9 

TABLE Ill 
Monomer and polymer main parameters 

Main parameters 

L Polymer 

Monomer K,.lO' a, Mo Kp K,-106 C, T, "C M; lo-' 

Styrene 2.5 0.62 107 175 4.3 1 100 1-10 
Styrene + 2.3 0.67 - - - - - 1-10 

AMA- 1 7.1 0.72 100 460 17 0.1 100 1-30 
AMA4 4.6 0.81 140 500 6 0.3 -20 1-30 
AMA-8 200 460 1.7 -25 1.5-50 
AMA-12 4 0.75 250 460 0.75 -70 2-50 

acrylonitrile 

the whole conversion range and polymerization conditions. The degree of its decrease 
depends on initiator concentration, on polymerization temperature and on the length 
of alkyl groups. Thus, according to the autoacceleration theory all the processes at 
high x increase become more complicated due to diffusion control of radical termi- 
nation reaction. 

Now, let us consider the effect of temperature and macromolecular weight on the 
dependence K, on x. Nonlinear dependence K, versus x is well observed and the 
influence of process conditions depends on conversion range. Thus, polymerization 
temperature does not affect the ratio of propagation and termination rate constants 
in low conversion range, but they differ hundred and even more times at high con- 
version. The same conclusion may be drawn if the length of alkyl radical is varied. 
At the same time initiator concentration affects the constants ratio KJK; only at 
moderate conversion, whereas at low and high conversions K,/Ki is practically in- 
dependent of it. Thus, now it becomes clear, that numerous attempts made by in- 
vestigators to describe the functional relation KJK; vs conversion failed because of 
its multiformity. 

In this work an effort is made to generalize the experimental results by revealing 
and forming the relation of termination and propagation rate constants vs conversion 
system. If we compare the processes, that lead to polymer formation with similar M, 
then the dependence of KJK; value on conversion has linear generalization in 
lg(K,/Ki) - AT coordinates (see Figures 1, 3). If we compare the processes with 
similar AT, all experimental data fit the generalized curve in K$K; =f(c[q]) coor- 
dinates Figure 2. Taking into account the character of D(c) relation (see Equation 
(3) and Section 1) one obtains for K,/Ki: 

This equation has a more general meaning than the common empirical one. It holds 
in a wide range of parameters variations, including for TgP: - 70°C (POMA) f 
100°C (PMMA, PS), [q]: 0 + 10 dug and x: 0 + 0.7. The coordinates chosen give 
information not only on monomer conversion (x),  but also on M of the obtained 
product ([q]) and on the state of polymerization system (TJ. 
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10 V. P. BUDTOV AND B. N. PODONOSOVA 

FIGURE 1 The relative change of P d O .  W(fI ) ,  (K,)IKi plotted versus conversion (a, b. c) and AT (d) 
for polymerization of Mh4A (1-4). and styrene (5-8) in the presence of dinibylasoisobutytic acid (1- 
4) and thermal initiation (5-8). Labels correspond to different temperature of polymerization (in grades 
C): 50 (I ) ,  70 (2). 80 (3). 90 (4). 100 (3, 120 (6), 150 (7). 

2.4 The injuence of radical molecular weight on rate constant of termina- 
tion. Now we consider the radical length influence on termination rate constant. As 
it has been already stated above, the functional representation KLM) is opened to 
discussion up till now. The results of theoretical studies are contradictory. At the 
same time due to small number and wide discrepancy of experimental results, the 
conclusion about relation K X M )  and its concrete type can not be drawn out. It is not 
surprising, because experimental relations observed can be affected not only by rad- 
ical length, but also by molecular weight of the polymer, surrounding the moving 
radical. As a rule, the discussion of termination rate constant on molecular weight 
and conversion relation is carried out without taking into account the difference 
between the molecular weight of the radical and that of the media, where this radical 
moves. At the same time M,,, is defined by the prehistory of polymerization process 
and not by instantaneous values of reagents concentration. 

The kinetics of polymerization in styrene and methylmethacrylate with indepen- 
dently vaned M,,, and M, values was studied.29*30 This process can be carried out 
practically if the polymerization of monomer is made in solution of its own poly- 
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FREE RADICAL POLYMERIZATION RATE 1 1  

FIGURE 2 The relative change of P,, (K,)/Ki 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 ((mollliter) 100) of dinitrylasoisobutyric acid 0.5 (l), 1.5 (2), 5 (3, 4), 20 (5). 
threebutylperbensoate 10 (6). 4 (7). 

 me^.^^ In this case variation c and M of its own polymer 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 reciprocal to initiation polymerization 
rate. 

Thus, not only the power law of K,(Mr, x )  relation was established, but also the 
exponent in this relation was obtained in this paper. 

If the dynamics of changing of the moments dQddx, dQJ& dQJdx is known, the 
set (9) may be used for solving the reverse problem-i.e. 6, and 6, determination 
at any conversions. Estimate results of the latter for MMA polymerization process 
at 60°C in the presence of DAA (0.0056; 0.056; 0.015) mA are shown in Figure 4. 
As one can see, 6, and 6, fall from 0.8 to 0.1 + 0.2 with increasing x from 0.1 to 
0.8. Numerical values 6, and 6,, as well as the character of their decay with x are 
similar. Moreover, 6,, 6, are practically unaffected by M at constant x. Thus, 6, and 
6, change does not exceed 30%, while M increases three times. The main reason of 
6,, 6, changes is due to polymer concentration increase. In the first approximation, 
a,, 6, versus x relation follows linear representation: 
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12 V. P. BUDTOV AND B. N. PODONOSOVA 

FIGURE 3 The relative change of P, (a), (K,)/KZ (b) and (c) ploaed versus X and T. Figures correspond 
to different length of the alkyl radical. 

4 

\ 
05 p i  0 0 - 3  -2 aq \ 

0 

FIGURE 4 The 6, is ploaed 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 
(I), 1.5 (2). 5 (3). Curves represent estimations according to Equation (13). 

Here a is an empirical parameter equal to 1 with disproportionation and to 112 with 
recombination. 

Experimental decrease of 6 with x fits the theoretical r e s ~ l t s . ' ~ ' * ~  

3. Model Account of Diffusion Mobility Influence on the Rate Constants of 
Chemical Reactions 

Biradical termination rate constant K, dependence on concentration and mo- 
lecular weight. According to Smoluchowski equation, K,(O) is defined only by seg- 
ment size A, and D, (0-conditions) in low polymer concentration range: 

3.1 
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FREE RADICAL POLYMERIZATION RATE 13 

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

1 +- 1 1  
K, - ZDR Z’D‘A, 
--- 

and in low conversion range K, is given by 

A;D1 
m 

- ( Z  + Z’)  
K -  

With increase of polymer concentration c (conversion x) ,  the changes in R, D,, D, 
are observed. To simplify the problem, we discuss &conditions and we assume D, 
is equal to macromolecular self-diffision coefficient D. Moderate concentration 
range, where Equation (3) is valid, will be discussed. Then K, is given as follows3’: 

In K, = In K,(O) + - + a , W  
T - TB 

(at x[q] > 1). a’, a, = numerical coefficients. 
In the moderate x-range, as is seen from Equation (14) the main role belongs to 

the third term x[q]. When TB + T (AT + 0) the second term is the basic one. Thus, 
K, dependence on M is specifical. In the low x range K, is independent of M (see 
Equation 13), in the moderate x range K, is affected by M, in the high x range 
molecular weight dependence may exist (T, < T )  or not (T, > T). For some systems 
(small x[q] and AT values) “latent” gel effect is manifested. 

Analysis of experimental data available in the literature as well as obtained by the 
authors showed the validity of Equation (14). 34 systems, differing by monomers, 
initiators, polymerization temperatures and polymer glass-transition temperatures 
have been analysed. 

Equation (14) may be used as a general one for estimations of polymerization 
kinetics and molecular-weight distributions in different industrial processes. It should 
be mentioned, that numerical coefficients in Equation (14) differ from that in dif- 
fusion theories of macromolecular mobility discussed here. It is probably due to 
Smoluchowski formula imperfection (see Equation 14a), as well as to simplification 
of gel effect mechanisms. Nevertheless, this approach can predict several peculiar 
effects in radical polymerization at high conversions. 

3.2 K, dependence on radical molecular weight. Substitution of Equation (3) to 
Smoluchowski expression, permits one to separate the influence of radical molecular 
weight M, from that of the surrounding macromolecules: 
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14 V. P. BUDTOV AND B. N. PODONOSOVA 

The first term in brackets is governed by molecular weight of surrounding macro- 
molecules (M,), the second one-by macroradical length N(M,). Equation (15 )  pre- 
dicts, that from some concentration intermolecular hydrodynamic interaction does 
not affect termination rate constant. Value K, is controlled only by radical length and 
relaxation state of polymerization system. 

The dependence KXN) on N is considered in the form of power law N:  K, - N-d .  
Then d will change with x from 0 to 0.5 and even more, while the temp of functional 
changing d(x) will be governed by the molecular weight of surrounding macromol- 
ecules. The necessary experiments have been carried out in Reference 29. Analysis 
of the latterM showed, that during PMMA and ST polymerization d changes from 0 
to 0.45, while polymer concentration increases from 0 to 0.4. 

3.3 Distribution function on macromolecules lengths. K, representation (Equa- 
tions 14, 15) permits to solve Equation (6).26 Then for the dtstribution function on 
lengths (weight averaged function) one obtains: 

where 

v is instantaneous averaged length of kinetic chain: u = VIV,. In low concentration 
range k - 1, and expression (16) asymptotically approaches the well-known Flory’s 
distribution function (P,,,lP. = 2) .  In moderate concentration range, the account of 
K,(M,) dependence on M ,  leads to significant broadness of instantaneous MWD 
(P,lPn = 5 ) .  Meanwhile, the distribution function is unimodal in contrast to the 
results, presented in References 20 and 22. Bimodality of instantaneous MWD, ob- 
tained in References 20 and 22, is the consequence of assumed relations for diffusion 
coefficients. 

Distribution function (see Equation 16) has its maximum in the region of n, - u 
low concentration range) and n, - 1 . 8 ~  (high concentration range). 

3.4 Dependence of C,, C, on polymer concentration. K,, K, and Kp are deter- 
mined not only by the components reactionary ability, but also by the mobility of 
reacting low-molecular-weight components. Then it is reasonable to expect weak 
dependence of their ratio C,  = K,/Kp and C, = KJK,  on polymer concentration. 

In Reference 32 the direct method for estimation of any reaction contribution in 
polymerization process has been proposed, in particular reaction of transfer to the 
monomer and to S-agent. Determination of C,  and C, at every conversion showed, 
that 
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FREE RADICAL POLYMERIZATION RATE 15 

C,/C,(O) = C,/C,(O) = 1 - M (17) 

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

3.5 Dependence of Kp and V, on concentration. The general interpretation of 
propagation and initiation rate constant dependences on conversion is based on the 
conception of “cell effect.” In Reference 33 it was emphasized, that besides direct 
cell effect the indirect one must be taken into account. The latter consists of chemical 
reaction hindrance in the cell proper, i.e. the formation of intermediate complex of 
reacting components in the cell is assumed. Formation time of this complex is gov- 
erned by the time of rebuilding of the cell i.e. by the mobility of medium elements. 
In this case the rate constant of chemical reaction is expressed by 

where K(0)  = K at 7 + 0, 7 = relaxation time of molecular motion, tl = cell volume, 
V,  = frequency factor (v, - 1 0 ’ ~  s). 

Using these conceptions the following expression has been drawn” for the prop- 
agation rate constant Kp: 

where Kp(0) = Kp at cp - 0, D,(cp), D,(O) = self-diffusion coefficients of the monomer 
at cp and cp = 0 (C, = (V,Kp(0)/v)pZ’/6D,(O)). Here I being the dimension of elemen- 
tary unit, characterizing molecular rebuilding of the complex, p = numerical coef- 
ficient (p - 1). 

Thus, dependence Kp on concentrations defined mainly by the factor CI, i.e. by 
the value Kp(0) and D,.  Estimation gives C, = lo-’ + For simple cell effect 
model C ,  = 0. 

In Figure 5 ,  calculated functions Kp/Kp(0) versus cp at various C, are presented. It 
can be seen, that Kp curves decay with increase cp, especially in the range cp > 0.5. 
At cp = 0.8 Kp falls only three-four times (C, = 0) and fifty times (C, = lo-’). 
Moreover, at high values Kp(0) (lo), dependence of Kp on concentration is more 
pronounced. Experimental data35-37 for MMA and VA are also plotted in this figure. 
Good correlation between theoretical and experimental curves is clearly observed. 

The initiation rate is governed by initiator efficiency f and decomposition constant 
Kd- It is important to notice, that initiation process is often influenced by the by-side 
chemical reactions.38 When the by-side chemical reactions are absent, Kd dependence 
on cp will be described by Equation (19) at C,  low5. In this case dependence Kd on 
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16 V. P. BUDTOV AND B. N. PODONOSOVA 

FIGURE 5 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 

Curves correspond to estimation according to Equation (19) at A = 3. C = 0 (5) and lo-’ (6. 
7); u = 0.8 (6); 1.1 (7). 
data. 18.19 

FIGURE 6 The efficiency of initiation plotted versus conversion. Curves correspond to calculation 
according to Equation (20) at A = 3; u = 0.8; Q = 0.1 (1, 4); 0.01 (2, 3); q = 5 10 (2); 5 10 (1); 1 10 
(3); 1 10 (4). 

cp practically is not observed. Experimental data confirm weak decrease of Kd with 
polymer con~entration.’~ 

Using these conceptions the equation relation of initiator efficiency f was derived 
in Reference 34: 

where q and Q are governed by mentioned process parameters and radical concen- 
tration N, in the cell (N,  - 3 moMiter) (Figure 6) .  
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FREE RADICAL POLYMERIZATION RATE 17 

2 

f 

FIGURE 7 The conversion plotted versus time (a) of bulk-polymerization of IvlMA at 20°C in the 
presence of dicycloperoxicarbonate 0.003 moyliter. The molecular-weight functions M. (1). M, (2) plot- 
ted versus conversion (b). Points correspond to the process in the instrument of periodical action (I). in 
the ampoule (II). 

3.6 Practical application of these methods. Using of derived methods for so- 
lution of reverse problem of radical polymerization it is possible to describe the 
influence of changing state on the following evolution of radical polymerization 
process. Termination rate constant dependence on radical length is experimentally 
observed. The system of Equations (5) is obtained to describe quantitatively this 
influence. 

The whole complex of results has practical application. Presented approach gives 
a possibility to use obtained equations for solving the direct task. In this case the 
process kinetics and molecular weight distribution moments of different orders can 
be calculated by known values of component concentration. 

The computer program has been worked out for producing these estimations by 
the system of equations and with account of K, dependence on x,  M, Tb, M,. Ade- 
quacy of computed and experimental results has been proved for MMA polymeri- 
zation processes with strong autoacceleration. Analogous adequacy has been proved 
using literary experimental data for polyvinylchloride and polyvinylacetate in solu- 
tion. Good adequacy of the estimation, as well as the absence of “fit” parameters 
in the algorithm, make possible to apply it for solution of specific kinetic problems 
in gel effect range not only in laboratory conditions (in ampoules), but also in the 
industrial reactors. 
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18 V. P. BUDTOV AND B. N. PODONOSOVA 

4. Peculiarities of Chemical Reactions with Radical Polymerization 
at High Conversions 

4.1 Peculiarities of kinetic schemes for free radical polymerization in industrial 
conditions. Theoretical approach of free radical polymerization at high conversions 
has been relatively well proved in laboratory conditions and common industrial re- 
actors. However, precise and wide application of the computer program has showed 
the significant discrepancy between theoretical and experimental results, obtained in 
some industrial conditions. By this reason a more precise definition of kinetic scheme 
has been carried out. 

On Figure 7 the results of MMA bulk-polymerization process in the industrial 
reactor are plotted. Calculated values M,,, M, are also presented here and, as it can 
be seen, they exceed experimental ones in the wide conversion range. At the same 
time the comparison between the theoretical and experimental results in the labora- 
tory ones showed good correlation. It indicates the peculiarities of the running pro- 
cess in these industrial conditions. 

The independent investigation of MMA polymerization kineticsm pointed out the 
influence of admixtures found in monomer. Taking the latter into account, the new 
reactions have been worked out" for more precise definition of the kinetic scheme: 

Here K:, K,, Ksi are the rate constants of intubition and chain transfer on inhibitor 
and stabilizator; K , ,  is rate constant of interaction reaction of inhibitor (2) with 
stabilizator molecule (S,), K,, being rate constant of the reaction of inhibitor forma- 
tion. [Z], [SJ, [O,] are inhibitor, stabilizator and oxygen concentrations. The signif- 
icance of the reactions, mentioned above, essentially depends on polymerization 
temperature. Good adequacy of calculated results with experimental data have been 
observed (Figure 7). More precise kinetic scheme, presented above, have been used 
to ground the new method of technological process optimization: as a result the time 
process was reduced and homogeneity of the block increases. 

The scheme of bulk thermoinitiated styrene polymerization on the industrial plant 
has been modified by the similar way. The calculated and experimental data are 
plotted on Figures 8 and 9. It can be seen, that at moderate and high conversion 
range (reactor cascade of periodical action) calculated values exceed experimental 
one. At the same time good accordance is observed for lower conversions (x  c 30%) 
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FREE RADICAL POLYMERIZATION RATE 19 

O 2 4 6 8 m  yac 

FIGURE 8 The conversion plotted versus time (a) of bulk-polymerization of styrene. The molecular- 
weight functions M. I, M, I1 plotted versus conversion (b). Points correspond to experimental data." 
Labels correspond to different polymerization temperatures in grades "C: 100 (l), 120 (2). 140 (3). 170 
(4). Curves represent theoretical model estimations. Dashed lines 4' represent calculations without taking 
in account the reaction of olygomer initiation and transfer. 

FIGURE 9 The influence of temperature on the rate of formation of olygomer fractions. Labels cor- 
respond to different polymerization temperatures (in grades "C): 100 (I), 120 (2), 180 (3). Points rep- 
resent the experimental data." Dashed lines represent estimations according to Equation (23). 

as well as for laboratory samples. In special experiments, set up for precise definition 
of the schemeY3 the presence of nonsaturated bi- and threemers (diphenylbutene 
and threephenylhexene) has been observed. Rate constants of by-product formation 
in the polymerization process have been estimated in Reference 44. MWD of poly- 
styrene have been investigated in Reference 45 by special introduction of these 
products (i.e.. dymere fraction). The observed decrease in M permitted to suppose 
the presence of the reaction of chain transfer on this by-products. Rate constant of 
the latter is 2.4 lO-exp{ -7068/RT)!' 

The additional reaction may be expressed as following: 
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20 V. P. BUDTOV AND B. N. PODONOSOVA 

= -K,,,[OL]. Yo + K,,[MI2 
dt 

where KSol is the rate constant of chain transfer on the olygomer, KO, is the rate 
constant of olygomer inhibition, [OLI-its concentration. KO, is equal to 6.8- 10 
exp(-32900/RT). So far as Kso, c KO, at some T, the accumulation of these products 
in polymerization system is observed. The higher are polymerization temperature 
and conversion, the larger will be [OL] value. It is just the reason, why the role of 
the chain transfer reaction is increased. This speciality explains the discrepancy of 
the theoretical and experimental data, presented in Figures 8 and 9. 

4.2 The formation of microinhomogeneities in polymerizating medium. In gel 
effect theories the homogeneity of polymerization medium is assumed. Usually, 
space-homogeneous solution of kinetic equations system for the functions V and Ri 
is searched. V and Ri functions determine the conversion and concentrations of rad- 
icals with polymerization degree i = 1, 2, . . . at t time moment after polymerization 
start. However, in gel effect region microinhomogeneities have been observed,"." 
which can considerably affect on the biradical termination rate constants. The radical, 
trapped in the fluctuation, can live for a long time. It is equivalent to the existence 
of reaction of additional monomolecular termination. In this case, let us consider the 
solution of the system of equations in the microinhomogeneous medium.& From 
mathematical point of view the instability (microinhomogeneity formation) is con- 
nected with bifurcation in the solution of kinetic equations system, governing the 
polymerization process. For searching the bifurcation moment, according to well- 
known algorithm, the small perturbation of homogeneous solution have been con- 
sidered. It depends on space coordinates of polymerization medium points. Moreover, 
the diffusional transfer of radicals with different chain length S, which is controlled 
by their self-diffusion coefficients D, have been taken into account. Diffusional trans- 
fer of conversion, which is controlled by cooperative diffusion coefficient Dk, also 
had to be taken into account. Let us substitute the perturbed solution in the ordinary 
system of equations and linearize the differenced system on small order perturbations 
for r,, Yo, x.  With account of diffusion terms and termination constants dependence 
vs conversion, the linearized system of equations can be expressed as following: 

m 

In the system (24) the terms responsible for possible instability are those, involving 
aKijlaxo. Since aKijlaxo c 0 these terms turn out to be positive. Arbitrary perturbation 
of homogeneous distribution of radical concentrations may be divided in two terms: 
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FREE RADICAL POLYMERIZATION RATE 21 

The first term characterizes the fluctuations of summarized 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 summarized radical concentrations (C pj = 0). Let initial perturbation, given at 
moment t, is such, that all pi = 0. During relaxation process of this perturbation 
(Equations (24)), radical molecular weight distribution will change so, that at t > to 
pj # 0. However, as it was already mentioned, radical redistribution in increasing 
conversion fluctuation proceeds in such a way, that it leads to additional decrease in 
termination rate. Therefore, if we search only sufficient conditions of instability, 
terms with p, may be neglected at r > ro.lI 

Substituting (25) at pi = 0 in the system (24) and adding all equations except the 
latter one, we receive the closed set of two differential equations for x(a, r )  and y(a, 
t )  functions. After Fourier-transformation on space coordinates x(n, t)  + x* - (q, t) 
and y(u, r )  + y*(q, t), (q = wave-vector), the system may be represented as 
following: 

= -Ally* + AIG* 
dt 

Coefficients A,( 1 - d, p < 2) of the system (26) are positive functions alternating 
in limited ranges 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: 

KI = (KJO 

D = Y i l  DiRoi 
i 

The system (26) is the consequence of the system (24) only in the initial moment 
to, when the perturbation is carried in and all p(u, to) are equal 0. However, at the 

VTbis statement may be grounded in more details. 
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22 V. P. BUDTOV AND B. N. PODONOSOVA 

same time the condition of instability of the system (26) is time, the sufficient con- 
dition of instability of the investigated system (24). 

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 
instable, if the following inequality holds4’: 

More detailed analysis shows, that dependence of coefficients A, on time does not 
lead to significant change in the result drawn out (29). So, the inequality (29) de- 
termines the searched sufficient condition of polymerization medium instability rel- 
atively local fluctuations of the conversion and radical concentration. 

Condition (29) has the simplest representation in the absence of diffusion processes 
( D  = Dk = 0). Formally, this condition coincides with that one of instability in 
polymerization system with infinite sizes, so far as in this case one can assume q = 
0. Then from (29) it follows: 

Thus, termination “constants” Kij had to produce rather strong dependence on con- 
version, so as the unreversable fluctuation can be formed. If all Kii produce symbate 
dependence on conversion, i.e. X = -a In KJax does not depend on i andj,l) then 
condition (30) is simplified to the next one: 

a In K, 2 A=-->- 
ax I - x  

Few direct experimental results for the dependence of averaged termination con- 
stants on conversion show, that as x changes from 0-5% to 35-45% at bulk poly- 
merization, K, value may reduce: for PMMA-approximately at two orders, for 
PS-approximately at one order and for PVA-approximately in three times. 

When sufficient condition of instability (31) is valid, it is possible to estimate the 
minimal size of the forming inhomogeneities. Minimal value A corresponds to max- 
imal q(A - q-I), when inequality (31) turns to eq~ality.~’ Let us take into account, 
that Dk > D, K, >> Kp and polymerization rate V = M d t .  Then, from the general 
condition of instability one can receive the following estimation for A: 

A -  ($r 
Typical values for PMMA and PS: A = 1 + 10, Dk (lo-’ + 10) p,’/s, V = 

+ lo-*) s-’ (conditioned by temperature). Therefore, typical values are A - 10 + 
1 0 0  

I F s  condition holds at moderate concentration range (c[q] < 20, where c is polymer concentration, 
[q] is intrinsic viscosity). 
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FREE RADICAL POLYMERIZATION RATE 23 

p, that fit experimental esiimations.’ When the polymerization rate decreases, the 
size of forming inhomogeneities increases according to (32). 

So, the more complete conditions of instability can be determined in the limits of 
the formalism worked out taking into account the possible reactions of chain transfer 
in the system and rate dependence of all elementary reactions on conversion. 

Thus, for the first time, criteria, determining the formation of space inhomoge- 
neities at homophase free radical polymerization, have been formulated. The latter 
one can serve as a basis for the improvement of general gel effect theory at free 
radical polymerization. 

4.3 Reaction of kinetic chain transfer on the macromolecule and long chain 
branched macromolecules formation. One of peculiarities of free radical polymer- 
ization at high conversions is the increase of probability of kinetic chain transfer to 
the macromolecule. This leads to the formation of long chain branched macromole- 
cules.’ 

Reaction of chain transfer to polymer may be expressed as following: 

Here R* is radical with length “r,” carrying “b” branches, P ,  is “dead” polymer 
chain, consisting of s monomers and m branches, Kv = rate constant of kinetic chain 
transfer to the polymer. Using the standard approach one can receive equations for 
the moments49: 

(1 - x)Yo = C,YnYo + Cr[Y + YJn dr 

ax 
dr Yo(1 - x) -1 = CJI”YO + C,[H + Y ] # & f o  
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24 V. P. BUDTOV AND B. N. PODONOSOVA 

KJK,; C, = c d  + C,. “n” means the moment of the termination rate constant. The 
rest designation-see in Equations (1) and (2). 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: 

YO 
dQo call + Cd - = c m +  
dx 1 - x  

2Y, + 2c,y:  
= 1 + -  

dx yo (1 - x)Yo 

A, = -C,[ln( 1 - x) + x ]  

where Ci = C,  + C,. 
The solution of the system (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 of the products in the low conversion range. 

It should be pointed, that transition from the system of differential equations of 
material balances to the system for the moments H,, A,, is not so elementary from 
the mathematical point, as it seems to be at the first glance. This circumstance lead 
the author,50 discussing the polymerization of vinylacetate to the false formula (Equa- 
tion A-2, p. 451), and, consequently, made impossible the application of theoretical 
relations obtained there. 

In low conversion range, the analytical solutions may be received. For the radical 
termination in the reaction of disproportionation we receive: 
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and number-averaged molecular weight does not depend on the reaction of chain 
transfer to polymer. And for P,: 

where Pd = C, + CdYo/Mo; b, = 2C, + CdYo/Mo + Cp; Yo = ~ ~ K p / K ~ .  

branching, we receive 
At x f 0 P, depends.on rate constant transfer to polymer. For the number of 

= CpXP,, 
ln(1 - x )  

B, = C P P j  

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

-=-(1+;) ;  1 1  Pw=-P, , ,o( l  3 +1) P n d 2 X  
P n  Pn.0 2 (39) 

where Pi: = C,Y,M;’; b, = 2Cp + 1 - UP,,. 
Some applications of these approaches and peculiarities of molecular character- 

istics of branched molecules of polystyrene, polyethylene?’ p~lyvinylacetate’~ are 
illustrated. 

The analysis of the relations obtained shows, that conversion influence in the case 
of long chain branched molecules formation is very complicated. Thus, from Equa- 
tion (37) one can see, that with x increase, the value of the second factor may raise 
(the changes of kinetic scheme) or fall (the decrease of biradical termination rate 
constant). Thus, the problem of the influence of conversion and diffusion mobility 
in such processes needs further study. 

CONCLUSION 

The results stated above, indicate that, excluding the material of long chain branched 
macromolecules formation, the existing theories of diffusion mobility of the com- 
ponents in polymerization medium permit to predict quantitatively the change of rate 
constants of the main chemical reactions of radical polymerization. Moreover, the 
form of these relations for every rate constants is special. The establishment of 
biradical tennination constant dependence on the radical molecular weight lead to 
the necessity of new conceptions. However, it does not lead to considerable com- 
plication of the solution scheme, as it was firstly predicted. On the basis of the 
relations obtained, the computer program of kinetics and MWD of the polymer have 
been worked out. This scheme may be used not only for estimations of the product 
characteristics, but also as the method of industrial processes analysis. 
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