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NON-IDEAL KINETICS IN VINYL POLYMERIZATION
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DICHLOROETHANE SOLUTION
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Abstract—The kinetics of vinyl chloride polymerization initiated by benzoyl peroxide doubly labelled
with !*C and *H were studied in 1,2-dichloroethane solution at 60°. The importance of primary radical
termination in the polymerization is examined by kinetic analysis and by analysis of polymers for

combined initiator fragments.

INTRODUCTION

The ideal relationship for free-radical polymerization
is
2k k2\*
R, =( ’ ) [M] [17+. M
1

Deviations are often discussed in terms of (i) diffusion
effects; (i1) formation of electron donor-acceptor com-
plexes; (iii) chain transfer to solvent; and (iv) primary
radical termination. Orders in initiator >0.5 and in
monomer >1.0 have been predicted and experi-
mentally found [1-3] for polymerizations in which
there is primary radical termination. In this com-
munication, the extent of primary radical termination
in vinyl chloride polymerization in dichloroethane
solution is discussed in terms of the kinetic analysis of
Bamford et al. [4] and Deb and Gaba [5].

EXPERIMENTAL
Materials

Vinyl chloride monomer (VCM) and 1,2-dichloroethane
(DCE) were purified as described previously [6]. Doubly
labelled benzoyl peroxidet (tritium in the benzene ring and
14C in the carboxyl carbon) was purified by precipitation
with methanol from acetone solution and dried in a
vacuum desiccator.

Polymerization

Polymerization rates in dichloroethane solution were
measured at 60° in dilatometers at 0.56, 2.7 and 3.5M
monomer using various concentrations of the initiator.
Polymerization was allowed to proceed to about 109 con-
version; the polymer was recovered by precipitation with
excess methanol and purified from traces of uncombined
initiator fragments by repeated precipitation from sol-
utions in deperoxidised tetrahydrofuran.

* Present address: Department of Chemistry, University
of Benin, Benin City, Nigeria.

+ This compound was made by Dr W. Brendlein from a
mixture of [*H]benzoic acid and ['*C]benzoic acid.
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Assay of polymer samples for combined initiator fragments

Polymer samples were assayed for !*C and tritium by
liquid scintillation counting. Count rates were obtained
for: (a) polymer solution (2-3%, w/v in cyclohexanone); (b)
polymer solution with large activity excess of [*H]Jtoluene
standard; (c) polymer solution with large activity excess
[**C]hexadecane standard; and (d) a blank. The math-
ematical relationship [7] correlating count rate with the
relative abundances of *H- and '#C-initiator fragments in
the polymer was used to determine the variation of the
ratio CgH;COOQ'/(CsHsCOO" + C¢Hs) with monomer
and initiator concentrations.

RESULTS AND DISCUSSION

The variation of rate of polymerization with in-
itiator concentration is shown in Fig. 1. It will be seen
that, although straight lines can be drawn through the
experimental points, the plots for 0.56 and 2.7M
monomer do not pass through the origin, suggesting
that the order with respect to initiator may not be
strictly 0.5; kinetic orders of 0.34, 0.42 and 0.51 were
obtained for 0.56, 2.7 and 3.5 M monomer respect-
ively. These results indicate that primary radical
termination may be important in this system.

Primary radical termination (PRT)
The principal reactions of primary radicals are:

R’ + M —fis M; initiation
and

R + P ke primary radical
polymer termination

where R’ represents a primary radical and P’ a poly-
mer radical; k; and k,, are the rate constants for in-
itiation and primary radical termination respectively.
The importance of primary radical termination
should depend on both monomer and initiator con-
centrations, tending to be most significant at low
monomer concentrations and high initiator con-
centrations. The situation is more complicated for
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Fig. 1. Dependence of the rate of polymerization, R,, on
initiator concentration at 0.56 (O) 2.7 (A) and 3.5M (0Q)
monomer at 60°.

polymerization initiated by benzoyl peroxide where the
secondary dissociation of the primary radical com-
petes with the “normal” initiation process

CsH;CO0O" 4, CcH; + CO,.

The phenyl radical so formed may initiate polymer-
ization

CeH: + M" o M,

or engage in termination

Ce¢H; + P2, polymer

at rates significantly different from those of the
primary radical.

One of the earliest mathematical treatment for
primary radical termination was developed by
Bamford et al. [4]. By considering the relative prob-
abilities of occurrence of three radical combination
reactions, viz. (i) recombination of primary radicals;
(i1) primary radical termination; and (iii) combination
of growing polymer radicals, and by assuming that the
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Fig. 2. Primary radical termination: plots of /R, vs 1/[I1]*
for the polymerization of 0.56 (0), 2.7 (A) and 3.5M (O)
monomer at 60°.

rate constant for primary radical termination is a
geometric mean of the combination reactions (i) and
(iii) above, the authors obtained.
1k ki 1
R, KEIIMI*  k,(k)* [MI[1]*

)

where T = k/(ck,.)* and o is the geometric mean
constant. Figure 2 shows the data from this study
presented as plots of 1/R, vs 1[I]*. The plots show
that primary radical termination becomes an impor-
tant kinetic feature at low monomer concentrations.
The value of the primary radical termination term
ki/k,Z) calculated from the straight line plots are
shown in Table 1.

The decrease in the k?/(k,,Z) term from 9.00 x 10?
mol 17! at 0.56 M monomer to 2.45 x 103mol 17! at
3.5M monomer might be thought to indicate a
dependence of the primary radical termination term
on monomer concentration.

The errors involved in the extrapolation of the
straight line passing through the experimental points
for polymerization 3.5 M monomer and the relatively
small intercept of the straight line on the vertical axis
lead to the suggestion that k}/(k,X) is virtually con-
stant at 8.0 x 103 mol1~!. However, this treatment
does not take into account the secondary dissociation
of the primary radicals.

Table 1. Primary radical termination in vinyl chloride polymerization in
dichloroethane solution

[M] ki [k k)’ ki f(k,Z)
(mol 1™ 1) Slope Intercept (mol* 17+ sec) (mol1™ 1)
0.56 590 x 10° 2.87 x 10* 1.85 x 10* 9.00 x 103
2.70 9.36 x 10? 1.02 x 10° 2.53 x 103 744 x 103
3.50 8.37 x 10? 201 x 102 293 x 103 245 x 103
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Table 2. Dependence of R;/R,, on [I]
and [M] at 60°

M] 10° [1]

(mol17Y) (mol17?) Ri/R
0.56 1.61 0.11
0.56 13.66 0.05
2.70 2.15 0.35
2.70 15.98 0.15
3.50 2.64 0.42
3.50 8.50 0.23

More recently, Deb and Gaba [5] developed a kin-
etic analysis for primary radical termination in sys-
tems where the decomposition of the primary radicals
competes with initiation process. The authors based
their analysis on the reaction scheme.

I —£, 2R " production of primary radicals;

2fky[1]
R+ M —% M, initiation by R"; k,[R 1 [M]
M; + M — P* propagation; k,[M'][M]

R* —% R decomposition of primary
radical; k3[R "]

R" + M —% M, initiation by R"’; k][R "][M]

R' + P’ L, dead polymer; primary radical
termination k,,[RJ[P’]

R” + P" —*= dead polymer; termination by
Rk, [R"][P’]

P, + P; —% dead polymer; mutual termination of
growing chains k,[P]2

By considering the stationary states for [R'], [R"]
and [P'] and by assuming that (i) mutual termination
of benzoyloxy and phenyl radicals, (ii) primary radical
transfer, and (iii) termination of macroradicals by
phenyl radicals are negligible, the authors obtained
the relationship.

R} 2f kak}

o8 e = 18 7,

kpr!/(kikp) . i
L+ ki/(ki[M]) [M]*

The data from this study are presented in Fig. 3 as
plots of log RZA[I][M]*) vs R,/[M]% From the
slopes of the plots, values for

[k pre/lkikp))/ 11+ ka/(ki[MT);

of 9.89 x 10* and 1.59 x 10° moll~!sec were ob-
tained for polymerization of 0.56 and 2.7 M monomer
respectively. By putting 3.90 for ky/k; [7], an average
value for kp./kk, of 4.62 x 10°moll 'sec is ob-
tained. It is interesting that the value of k,./kik,
obtained here is about the same order of magnitude
as, but somewhat larger than, the values reported for
the styrene-benzene-AZBN system [5].

The implications of the value of k., /k;k, obtained
from this study can be assessed by comparing the rate
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Fig. 3. Primary radical termination: semilogarithmic plots
of RZ/[1J[M]* vs R,/[M]? for the polymerization of 0.56
(O) and 2.7 M (A) monomer at 60°.

of initiation, R;, with the rate of primary radical
termination, R,,,.

Rate of initiation _ R;
Rate of PRT R,
_ K[RTM] ~ k[M]

= : = ~. 4
ko [RI[PT  kpn[P7]

The rate of polymerization

R, = [P]k,[M] (5)
so that
R,  kik, [M]?

= . . 6
R k R (©)

prt prt 14

By substituting the value of k,./kk, and the poly-
merization data from this study into Eqn 6, the ratio
Ri/R,,, shown in Table 2 is obtained.

The results show the expected dependence of PRT
on both monomer and initiator concentrations.
However, the low values of Ri/R,, seem unlikely as
these would suggest that at 0.56 M monomer and
0.0137 M initiator, the rate of initiation is only 5-10%,
of the rate of primary radical termination. It appears
that, although PRT affects the polymerization kinetics
of VCM in DCE, the kinetic analysis of Deb and
Gaba leads to an unreliable prediction of its impor-
tance.

One of the most important assumptions made by
Deb and Gaba is that termination of macroradicals
by phenyl radicals is negligible. The authors justified
this assumption by considering that [C,Hs'] «
[CeHsOO] and kp, ~ k,, without justifying these
assumptions. If [C¢Hs'] « [CeHsCOO™, it would
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Table 3. Variation of the degree of incorporation of phenyl and benzoyloxy radicals with
initiator concentration in the polymerization of 0.56 M monomer at 60°

103 [I] C6H5COO.
(mol 17Y) 105(CsHsCOO" + C¢Hs) 103(C¢H5CO0") (CsH,COO" + C4Hy)
1.61 1.711 0.64 0.37
264 219 0.71 0.32
4.62 3.08 1.08 0.35
7.51 2.51 0.89 0.36
8.42 2.87 0.92 0.32
9.70 3719 1.32 0.35

Table 4. Variation of the degree of incorporation of phenyl and benzoyloxy radicals with initiator
concentration for polymerization of 2.7 M monomer at 60°

103[I] CsH;COO’
(mol 1Y) 105(CsHsCOO" + C¢Hjs) 105(C4H5sCOO0") (CsH;COO" + CgHa)
6.36 7.38 368 0.50
7.60 775 352 0.45
7.80 9.66 483 0.50
10.44 9.29 4.60 0.50
11.56 12.96 6.13 0.47
15.98 1171 563 0.48

Table 5. Variation of the degree of incorporation of phenyl and benzoyloxy radicals with initiator
concentration in the polymerization of 3.5 M monomer at 60°

10° 1] (CsH,COO’
(mol 17%) 105(CsHsCOO" + C4H3) 10%(CsHCO0") (CsHsCOO™ + CgHj)
364 3.87 201 052
5.41 5.68 3.16 0.56
722 6.87 3.77 0.55
8.50 7.21 398 0.55

be expected that the ratio [C¢HsCOO'J/([Ce¢Hs] +
[CsHsCOO™]) (in the absence of induced decompo-
sition and transfer reactions) in the polymer should be
close to unity. The degrees of incorporation of phenyl
and benzoyloxy radicals for various initiator and
monomer concentrations are shown in Tables 3-5.

The results show that the proportion of phenyl
radicals in the polymer increases from about 509, at
3.5M to nearly 70%, at 0.56 M monomer. It is un-
likely that, at such fairly high levels of phenyl radicals
in the polymer, [CsH5"] « [C¢HsCOO']. Since k,, is
assumed to be very similar to k. it would be
expected that the termination of macroradicals by
phenyl groups would be significant making kinetic
analysis for PRT by the Deb and Gaba mechanism
more complicated than shown in Eqn 3. Attempts
have been made to estimate R;/R,,, by the analysis of
polymer samples for initiator fragments [9] using the
method described by Bevington [10]; they will be
reported separately.
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