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A study of the free-radical polymerization of 1-vinylimidazole at 70°C is described; most attention has
been devoted to the (homogeneous) reaction in ethanol, but polymerizations in N N-
dimethylformamide (DMF), water and bulk monomer are also considered. The polymerization in ethanol
is unusual in that the rate becomes effectively zero-order in monomer M at moderately high [M]. Kinetic
results indicate the occurrence of a degradative reaction between propagating radicals and monomer
(see below); the available molecular weight data suggest that bimolecular termination takes place by
radical combination. Polymerization in DMF is generally similar although the kinetic treatment is rather
less satisfactory. At high [M] there are indications of occlusion phenomena in DMF and these latter are
marked in the (heterogeneous) bulk polymerization. In water, significant interactions between solvent
and monomer, evidenced by viscosity-composition behaviour, affect the kinetics of polymerization,
which, however, resemble those with the other solvents. Of considerable interest is the influence of pH
on rates and degrees of polymerization, which change in the same sense and to nearly the same extent.
We believe these findings imply suppression of the degradative reaction by protonation of the
monomer. The degradative reaction between propagating chains and monomer is thought to be
formation of a relatively unreactive radical by addition to position 2 of the monomer, rather than by chain
transfer. Evidence for this is adduced from molecular weight data, which are not consistent with transfer,
the existence of occlusion phenomena and the observations on the pH dependence in aqueous solution.
Molecular weight distributions expected in polymerizations of this type are calculated in the Appendix.
Reinitiation by the adduct radical, which probably occurs only to a limited extent under non-occlusion
conditions, becomes important when occlusion is significant. A kinetic treatment of these phenomenais

presented.

INTRODUCTION

The interest shown in imidazole-containing polymers in
recent years stems from a number of causes. Many
proteins contain imidazole rings in the form of L-
histidine, and these groups are thought to be responsible
for most of the buffering capacity of proteins in the
physiological pH range! and also appear to be the
principal sites for metal binding?. The fact that the
imidazole ring in histidine occurs in the active sites of
several hydrolytic enzymes has stimulated study of the
catalytic properties of poly[4(5)vinylimidazole] and its
copolymers in activated ester hydrolysis®. Several features
of enzyme-catalysed processes were observed with the
synthetic polymers, including high rates arising from
cooperative effects, selectivity, saturation kinetics and
competitive inhibition.

Further, the ability of imidazoles to complex with
metals and bind dyes, the hydrophilicity of the monomers
and polymers, and the latter’s polyelectrolyte behaviour
have stimulated interest in imidazole-containing po-
lymers for potential industrial uses.

Although 1-vinylimidazole (1-VIM) has been known
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for some time, relatively little has been published on its
homopolymerization. Skushnikova et al.* and Konsulov®
reported that in methanol the reaction orders with respect
to monomer and initiator are 1.6 and 0.7 respectively. The
high order in monomer was thought to involve hydrogen-
bond formation between 1-VIM and methanol and the
high initiator exponent was attributed to active centre
deactivation by chain transfer to solvent.

In this paper we describe a detailed study of the
homopolymerization of 1-VIM in ethanol, together with
ancillary observations on the polymerization in N,N-
dimethylformamide (DMF), water and bulk.

EXPERIMENTAL

Techniques

Polymerizations in solution were foilowed dilatometri-
cally and the bulk polymerization was followed gravi-
metrically at (70+£0.01)°C. The contraction factor, (p,
— PP, (p=density), for the homopolymerization of 1-
VIM was found to be 0.207; this was confirmed by
dilatometric and gravimetric determinations of rates of
polymerization. The corresponding value for 2-methyl-1-
vinylimidazole (MVIM) was found to be 0.157.
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Figure 1 Polymerization of 1-VIM in ethanol at 70°C. Dependence
of rate of polymerization w on {1-VIM]. 103 [azobis(isobuty-
ronitrile}]/mol dm—3: D, 9.88; ®, 6.53; O, 2.60. Experimental
points and curves calculated from equation (12)

Reaction mixtures were degassed under high vacuum
by the conventional freeze-thaw technique. Five cycles
were usually sufficient to attain a residual gas pressure
<1077 torr.

For polymerizations of 1-VIM in water azobis(4-
cyanovaleric acid) was used as initiator. At low pH and
room temperatures this is only sparingly soluble, but it
dissolves readily at 70°C. Polymerization at low pH could
not be followed for more than about 20 min since the
column of liquid in the dilatometer capillary tended to
break on account of gas evolution. The rate of decom-
position of the initiator was shown spectrophotometri-
cally to vary somewhat with pH, but the variation { <20%)
could make only minor contributions to observed
changes in w (Figure 5).

Molecular weights were determined viscometrically
with SM aqueous sodium chloride as solvent.

Materials

1-VIM (ex. BASF) was dried over molecular sieves,
purified by successive fractional distillations (b.p. 80°C/7
torr) to give a purity of >99.9% as estimated by g.l.c. The
monomer was partially prepolymerized in the presence of
a trace amount of azobis(isobutyronitrile) and redistilled
before use.

MVIM (ex. BASF) purified similarly to 1-VIM had b.p.
71°C/5 torr.

2,2'-Azobis(isobutyronitrile) (ex. BDH) was recrystal-
lized from methanol (once) and chloroform (twice) before
use.

Ethanol A.R. (ex. James Burrough) was refluxed for 2 h
in the presence of sodium and diethyl phthalate, frac-
tionally distilled and stored under argon.

N,N-Dimethylformamide was dried over molecular
sieves and fractionally distilled immediately before use.

Water was triply distilled.

RESULTS AND DISCUSSION

All rates of polymerization were measured at low con-
version (< 5%) and all conversion versus time curves for
polymerization of 1-VIM in ethanol, DMF or water were
linear, except at high monomer concentrations (> 8.5 mol
dm ™3 approximately), when some polymerizations be-
came increasingly heterogeneous. All our results in so-
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lution pertain to [1-VIM] < 8.5 mol dm ~3, in which case
the polymerizations were homogeneous.

The dependence of rate of polymerization w of 1-VIM
in ethanol as a function of monomer concentration [M]
is shown in Figure I for three initiator concentrations
[I]. The rate increases with increasing monomer concen-
tration at low [M] but eventually reaches a plateau value,
above which it is effectively zero-order in [M]. It will be
noticed from Figure I that the monomer concentration at
which the plateau is effectively attained is higher for
higher [I]. All the data in Figure I refer to homogeneous
polymerizations.

Since the curves in Figure I consist of two well-defined
portions, viz. the initial and plateau regions, we have
studied the dependence of w on [I] at values of [M]
corresponding to these two regions. The dependence of w
on [I], demonstrated by Figures 2 and 3 is summarized by
equations (1):

at low [M], woc[M][1]%?

M
at high [M], woc[M]°[I]!°
Kinetics

The classical relation for free radical vinyl polymeri-
zation is given by equation (2), where k, and k, are the
propagation and termination rate coefficients

d k
e, T @

respectively, and £ is the rate of initiation. Equation (2)
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Figure 2 Polymerization of 1-VIM in ethanol at 70°C. Dependence
of rate of polymerization w on [azobis(isobutyronitrile)11/2,
{1-VIM] = 0.56 mol dm—3
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Figure 3 Polymerization of 1-VIM in ethanol at 70°C. Plot of
log w versus foglazobis(isobutyronitrile)] for [1-VIM] =
4.4 mol dm—3
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Figure 4 Polymerization of 1-VIM in ethanol at 70°C. Plot of
w/[M]12 versus [1)/w (see equation (7))

indicates that w is linearly dependent on [M] and [1]"-%,
since £ can be expressed by

F=24k (1] (3)

where f'is the efficiency of initiation and k, is the initiator
decomposition rate coefficient. Many monomers obey
equations (2) and (3) over a wide range of conditions, but
clearly these relations have limited application in the
polymerization of 1-VIM in ethanol [equation (1)]. At
low [M], the system behaves classically, but at high [M]
there appears to be retardation by monomer (Figure 1).
We propose that this arises from degradative chain
transfer to monomer. The latter would also account for
the observed changes in the initiator concentration
exponent. A simple kinetic scheme (4), incorporating this
behaviour is written below.

l—>2R;, kd (1)
S

Ry +M-R; k; (i1)
R;+M-R; k, (ii1)
Rr+M‘—)X kj',” (iV)
k, (v)

Rr+ R;_)Pr+s
R;+ X-—polymer k. {vi)
X +X-X, Koo (vil)

Degradative chain transfer to monomer is represented
by equation (4 iv). There are two possibilities: abstraction
of a hydrogen atom from the monomer by the growing
radical R; or addition of R; to the monomer (in a manner
other than that in the propagation step) to give the
unreactive radical X-. Arguments are presented later
which indicate that the latter is more probable, but for the
present kinetic treatment distinction is unnecessary. No
reinitiation step is included. X can be removed by
reaction with R; (equation 4 vi) or by dimerization
(equation 4 vil); however, the very low reactivity of X-
suggests that (equation 4 vii) can be effectively ignored®.

Under steady-state conditions,

AR 7k [RI? — k, [RIIXT — k,[RIIM] =0

de
(5a)

Bk rRIOM kTR IX =0

(5b)
where [R-] and [X-] represent the total concentrations of
the two radical species, regardless of size. From these
equations together with equation (6), which is valid for a
large mean chain length,

o=k,[R][M] (6)

we obtain the relation (7)

(,')2

K
kpz [M]z

e ey (7)
kp

which on solution ylelds
Kpmky o s k, I\
- - . g 8
RS [M] {(l k2 [M]? ! (®)

We see from equation (8) that at low and high [M], the
limiting expressions for « are given by equations (9) and
(10), respectively.

(!)=k—f2 [M].F12 9)
k, 5
n= P 1
%) 2kf,,, (10)

These relations are clearly consistent with the experimen-
tal observations summarized by equation (1).
According to equation (7), a plot of /[ M]? versus Fjw
should be linear, with slope (k,?/k,) and intercept on the
Fjw axis 2k ;,/k . In agreement with this a plot of w/[M]?
versus [I]/w is satisfactorily linear as shown in Figure 4,
which contains the data in Figures I, 2 and 3. Rates of
initiation may be estimated from equation (3) if k, and fare
known. We assume the conventional value” k,=3.4 x 10”5
s~1, which we have confirmed by spectrophotometric
determinations in ethanol, and we take f=0.54, a value in
the normal range® chosen for reasons mentioned later.
From Figure 4 we thus obtain

k

=918 moldm *s
p

(1)

>~

/

X =1.65x10""

r
Substitution of these values into equation (7) gives:

2
(&)

I8 i

+33x10 3 m— F=0 (12)

which is the general equation for the homopolymerization
of 1-VIM in ethanol. For given values of ¥ equation (12)
can be used to generate theoretical o versus [M] curves
and this has been done for the initiator concentrations
corresponding to Figure 1. The solid lines in Figure I are
the theoretical curves and it will be appreciated that there
is an excellent correlation between theoretical and obser-
ved data.
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Chemical nature of degradative reaction

As previously mentioned, degradative chain transfer to
monomer may involve either hydrogen atom abstraction
or radical addition to a monomer molecule. It is not
obvious that a stabilized radical can be obtained from 1-
VIM by hydrogen abstraction, but such a species can be
formulated if the growing polymer radical adds to 1-VIM
in the 2-position to give a resonance-stabilized radical on
the 3-nitrogen. We therefore propose that X: has this
structure.

CH,=CH

CH,=CH CH,=CH

R + N Re/ Rr s\ H
H< J?—H )< )H . .
N H N N=
H ~—
N

If this hypothesis is correct, then blocking position 2
with a sufficiently bulky group, e.g. methyl, should hinder
attack by the growing polymer radicals and thus dramati-
cally reduce degradative chain transfer. In such a case a
linear w versus [M] curve in accordance with equation (2)
would be anticipated. We have found that such a re-
lationship holds for the polymerization of 2-methyl-1-
vinylimidazole in ethanol (Figure 5). It is interesting that
rates of polymerization are significantly higher with
MVIM, especially at high [MVIM], consistent with the
absence of retardation.

It seems to us that ‘degradative chain-transfer’ is a
misnomer when applied to an addition reaction between
radical and monomer (or other unsaturated species) such
as that discussed above, since no chain-transfer occurs.
We suggest calling this type of process ‘degradative
addition’.

In some respects degradative addition leads to fewer
kinetic complications than degradative transfer; for exa-
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Figure 5 Polymerization of MVIM in ethanol at 70°C. Dependence

of w on [MVIM]. [Azobis(isobutyronitrile)] = 2.69 x 10—3 mol
dm—3

mple, in the absence of chain transfer, degradative ad-
dition does not affect the simple relations existing between
degree of polymerization and rates of initiation and
polymerization. This matter will be referred to later.

Molecular weights

Scheme (4) includes two termination reactions (v), (vi)
occurring between the two species of polymer radical R;
and X; which, in principle, may occur either by dispropor-
tionation or combination. The number- and weight-
average degrees of polymerization deduced from scheme
(4) for the two cases are given in equation (13), in which the
nature of the termination is denoted by the suffix d or ¢
following P, or P,

U 2%, ko
P Kk R MP -
I 1 ke ko
Poi B b, 7 Y
1 kg, k, w
P, 15k, T3k, [MT (13¢)

Expressions for the molecular weight distributions, used
in deducing weight-averages in equation (13), are pre-
sented in the Appendix.

Polymer molecular weights have been determined
viscometrically on samples prepared at low monomer
conversion with the aid of Mark—-Houwink K and « values
derived for fractions by Tan and Sochor®. For our
polymers, if we assume the distribution given by equation
(A15) (Appendix), K must be increased!® by a factor I'(3
+a)/2' "*=1.195, so that the appropriate relations are

[1]=9.83x 107MZ5* ; []=7.90 x 10~ *M2:5¢
(14)

{see (A18), Appendix). Results calculated from equation
(14) are presented in Table 1. ~

According to equation (13), 1/P, and 1/P,, should be
linear in w/M?; Figure 6 presents such plots derived from
equation (13) with the parameters in equation (11),
together with the experimental data (Table I). There is
reasonable agreement between the ‘combination’ lines
and experiment. As will be apparent, the parameters in
equation (11) depend on the efficiency of initiation and the
value f=0.54 was chosen to secure the best fit with the
molecular weight data. The ‘disporportionation’ lines in
Figure 6 could be made compatible with experiment by

Table T Molecular weights of polymers prepared at 70°C in ethanol under various conditions

[M] (mol dm—3) 103 (1] (mol dm—3) 105 w (mol dm=—3 s—1) 108 E-M—TE (mol=1dm3s=1) P,% Puc
2.2 10.16 7.75 16.0 381 572
5.5 264 2384 0.94 567 850
5.5 267 2.87 0.96 623 934
55 6.79 7.03 232 585 878
5.5 9.87 9.98 3.30 564 846
5.5 9.98 10.06 3.33 637 955

* Calculated from equation (14)
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Figure 6 Polymerization of 1-VIM in ethanol at 70°C. Piot of
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assuming f=0.33. This seems unreasonably low and in
our view termination by combination is much more likely,
although the present results do not establish this con-
clusively. This conclusion, if correct, clearly confirms the
degradative reaction with monomer as an addition
process.

Radical occlusion and re-initiation

Poly(1-vinylimidazole) is insoluble in the monomer and
precipitates when the latter is polymerized at 70°C in
bulk. Under these conditions the rate of polymerization
increases with increasing conversion, as shown in Figure
7. The conversion versus time curve is similar to those
obtained in the polymerization of other monomers under
precipitation conditions (e.g. acrylonitrile in bulk!') and
the steadily increasing rate may be explained in terms of
progressive radical occlusion by precipitated polymer.
Related phenomena are observed in solution in N,N-
dimethylformamide at high monomer concentrations.
For [M]>8.5 mol dm~3, approximately, the solution
becomes turbid during polymerization and the w versus
[M] curve, virtually horizontal for lower [M], begins to
bend upwards.

According to the hypothesis we have proposed, chains
are terminated at high [M] almost exclusively by
degradative interaction with monomer so that it would
appear at first sight that there should be no significant
occlusion phenomena. However, if, as we believe, the
degradative reaction is an addition process forming a
polymer radical X, reaction (4 vi) could be diffusion-
controlled and influenced by occlusion. Although oc-
clusion would result in an increase in [X-], this would not
bring about an increase in reaction rate at high [M] in the
absence of reinitiation by X-. So far, we have considered
this process to be insignificant under non-occlusion
conditions; we now investigate how far this view is
compatible with the occlusion phenomena observed.

The reinitiation reaction is represented by (4 viii)

X +M-R- &, (4 vii)

and its inclusion leads to relation (15) between w, [M] and

S

kk,. o° %’ 2k, k }k w? k,. Jo
rx . DS Pl rx | —F=0
k?,kpm (M]* K pmk, k,* [M]? kpkpm [M]?
(15)

Equation (15} is closely related to an expression derived
for polymerizations with degradative transfer to solvent
which was applied to the polymerization of vinyl ch-
loride®. No information is available about the rate
coefficients k,.k,,, of the two termination processes (4 v), (4
vi), respectively; the reactions are probably both diffusion-
controlled and for present purposes we shall assume that
k,=k,.=+. With this simplification, which is unlikely to
affect the general character of the results, equation (15)
may be written in the following form:

3 2bc w?
3bfi_ 14582 7
[M]4 +{ + p }a [M]2 jzb [M]Z - =0
(16)
in which
ki, ko K,
L=l =gt = D ap2 I
, k! kom Ko k,
so that k,,,,,—;kp and ki'"——*: (17)

Experimental values of a® and ¢ are given in equation (11)
and we shall take #=10"7 mol dm~3s !, a value close
to that holding for the experiments depicted in the lowest
curve in Figure 1. w versus [M] curves have been calcu-
lated from equation (16) with the aid of these parameters
for a series of values of b, i.¢. for a range of values of k ,,,/k ,.
Results are presented in Figure 8. Curves a~e cor-
respond to decreasing b (increasing k). for b=co (k,,
=0, curve a) equation (16) reduces to equation (7) so that
curve (a) is essentially the same as the lowest curve in
Figure 1, while b=0 (curve e) equation (16) reduces to
the classical relation (1). For b=10"7 mol!/? dm~3/2 s!/2
(kpm=9.58 x 1077 k,) (curve b) the calculated rates differ
insignificantly from those obtained experimentally; de-
viations occur to an increasing extent with decreasing b
(increasing k).

The effect of occlusion is to reduce 4; for purposes of

Conversion (%/o)

1 L L 1

O 20 40 60 80
Time {min)

Figure 7 Typical conversion versus time curve for buik polymer-
ization of 1-VIM at 70°C. [Azobis{isobutyronitrile}] =
1.02 x 10—2 mol dm—3
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Figure 8 Influence of reinitiation; dependence of w on [M] cal-
culated from equation (16} for various values of b, with a2 =
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Figure9 Influence of reinitiation under occlusion conditions;
dependence of w on [M] calculated from equation {16) for various
values of b, witha2 =0918 moldm—3s,¢=1.65 x 10—3
#=10—"mol dm=3 s—1, Values of b (mol1/2 dm—3/2 51/2) (see
equation (17): {a), =; (b), 105; (c), 105; (d), 0

illustration we have supposed 4 to be reduced by a factor
100. In these circumstances a?>=0.918 mol dm~3 while ¢
remains unaffected, since neither degradative addition
nor propagation would be influenced by a relative mild
degree of occlusion. Calculated w versus [M] curves are
presented in Figure 9. Comparison with Figure 8 shows
that for b= o (k,, =0, curve a) the plateau of w is not
changed by occlusion while at low [M], when bimolecular
terminations are important, w is increased strongly, as
anticipated. For b=10° mol"? dm™** s'? (k,,=9.58
k,) the calculated curve (Figure 9, curve b) shows w
increasing markedly with increasing [M] over the whole
range examined, without attaining a plateau value. More
pronounced changes of the same kind appear with k,,
=9.58x10°° k, (curve ¢). We may therefore conclude that
a small degree of reinitiation, corresponding to k,,,,~107°
k,, is without significant influence on the rate of
polymerization under non-occlusion conditions, but
becomes important and leads to marked kinetic changes
when radical occlusion prevails.
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It is of interest to estimate the fraction of X- radicals
formed which reinitiate under various conditions. This is
given by

p Kol XTIV
kW[ RIM]

[X-] may be obtained in terms of [R-] by writing the
stationary-state equation for reactions (4 iv, vi, viii) then
expressing [R-] in terms of w according to equation (6).
The result is

(18)

1 1
= T otk IMT) ~ T+ aab/IMT)

(19)

(assuming as hitherto that k,,,=k,=4).

F is shown in Figure 10 as a function of [M] for k ,,/k,
=958 x10"% and 9.58 x10~7, for non-occlusion and
occlusion conditions (a>=91.8 and 0.918 mol dm™3 s,
respectively). In conformity with our previous discussion,
the figure indicates that at the lower value of &, only a
minute fraction of the X- formed reinitiates in the absence
of occlusion, but the fraction becomes very significant at
high [M] when occlusion is present.

Other solvents

Polymerization of 1-vinylimidazole in N,N-
dimethylformamide solution yields w versus [M] curves
which are rather similar to those obtained in ethanol,
although, for given initiator concentration, the rates in
DMTF are higher. Individual curves may be fitted approx-
imately to an expression of the type (7), but the
agreement for a series of different initiator concentrations
is unsatisfactory. We have already mentioned that at high
monomer concentrations the solution becomes turbid on
polymerization; the poor solvent power of DMF for the
polymer may well influence the termination reactions and
enhance the extent of reinitiation. Qualitatively, however,
the approach to a plateau in w is consistent with the
occurrence of degradative chain addition to monomer.

Two features of the polymerization in water solution
are of particular interest. First, the @ versus [M] curve,
obtained with use of the soluble initiator 4,4'-azobis(4-
cyanovaleric acid), has the unusual shape shown in Figure
11, exhibiting a maximum near [M]=8.5 mol dm 3. At

o8

O

L 04

02

@)

[M] (mol dm?)

Figure 10 Fraction of X: radicals which reinitiate, calculated from
equation (19). Non-occlusion: a2 = 91.8 mol dm—3 s: curve (a),
kfm lkp =9.58 x10~7; curve (b}, kpyy /kp =9.58 x 10—6. Occlusion:
a2 =0.918 mol dm—3 s: curve (c), kpm kp = 9.58 x 10~7; curve (d),
kpm/kp =9.58 x10—6
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Figure 11 The 1-VIM-water system. (a), Polymerization at 70°C:
dependence of w on [1-VIM]. 103 [azobis{4-cyanovaleric acid)] =
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Figure 12 Polymerization of 1-VIM in water at 70°C. Dependence

of w on pH. 103 [azobis(4-cyanovaleric acid)] = 7.95 x 10—3 mol
dm—3; [1-VIM] = 2.2 mol dm—3

this point water and monomer are present in approx-
imately equal concentrations. The complex form of the
curve may arise in part from the influence of strong
monomer- water interactions superimposed on degra-
dative chain addition, the situation resembling that en-
countered in the polymerization of N-vinylpyrrolidone in
water reported by Senogles'?. In the present system the
reality of such interactions is illustrated by the ap-
pearance of a maximum in the viscosity of I-
vinylimidazole-water mixtures at [M]=8.5 mol dm™*
(Figure 11). This would influence the termination re-
actions directly, and would contribute to the maximum in
w; propagation may also be affected by reactivity changes
brought about by complexation of monomer with water.
No comparable effects were found with DMF or ethanol
as solvent, viscosity changes in these systems being
relatively small.

In our view, some of the phenomena noted by Senogles
point to the occurrence of degradative chain transfer or
addition in his systems.

Secondly, the rate of polymerization in water depends
markedly on pH, as shown in Figure 12; the rate assumes
constant values at low and high pHs, being higher at the
lower pHs, with a transition region extending over pH
3.5-6, approximately. Degrees of polymerization are
similarly influeniced by pH, as illustrated in Tuble 2; note

Table 2 Polymerization of 1-VIM in water at 70°C [M] =
2.2 mol dm—3, [azobis(cyanovaleric acid] =7.95 x 10—3 mol dm—3.
Dependence of P, . (determined viscometrically) on pH

pH Fn,c
0.8 2518
4.5 1888
7.8 591

that the ratio of the degrees of polymerization at the
extremes of pH examined is close to that of the cor-
responding rates (approximately 4). Since 1-vinylimi-
dazole is protonated at pHs below 4.5 it is most likely that
the effects described arise from protonation of the mo-
nomer and radicals.

We have already referred to some simplifying con-
sequences of degradative addition. These may be ex-
pressed quantitatively by the relations (20), which are
classical in form and hold in the absence of transfer.

P=w/f : P, =2wr, (20)

While intuitively obvious, they follow from equations (7)
and (13 a, b). Thus for given £ P , and P,  are
proportional to w; as shown in the Appendix the pro-
portionality extends to P, , and P, .. These conclusions
are clearly consistent with the experimental findings
presented in Figure 12 and Table 2. Equation (20) should
be valid regardless of the precise origin of the changes in
rates and degrees of polymerization. In the present system
all the rate coefficients may be affected by protonation,
but we consider that the predominant effect is a large
decrease in k. Protonation at position 3 gives rise to a
system strongly stabilized by resonance involving both
nitrogen atoms; since the resonance energy would be lost
on addition of a radical at position 2 the latter process is
strongly suppressed by protonation of the monomer.

In summary, we believe that the experimental data on
the polymerization of 1-VIM in aqueous solution are all
consistent with degradative addition to monomer.

ACKNOWLEDGEMENT

We are pleased to acknowledge useful discussions with Dr
P. Sen Gupta.

REFERENCES

| Cohn, E. J. and Edsall, J. T. in ‘Proteins Amino Acids and

Peptides’, Rheinhold Publishing Corp., New York, 1943

Tanford, C. J. Am. Chem. Soc. 1952, 74, 211

Overberger. C. G., Smith, T. W. and Dixon. K. W. J. Polym. Sci.

(C) 1975, 50, 1

4 Skushnikova, A. I. Domina, E. S. and Skvortsova, G. G.
Vysokomol. Soedin. (Ser. B) 1977, 19(5), 372

5 Konsulov, V. Dokl. Boly. Akad. Nauk. 1978, 31(10), 1305

6 Atkinson. W. H.. Bamford, C. H. and Eastmond, G. C. Trans.
Faraday Soc. 1970, 66, 1446

7 Moroni, A. F. Makromol. Chem. 1967, 105, 43

8 Eastmond, G. C. in *Comprehensive Chemical Kinetics' (Eds. C.
H. Bamford and C. F. H. Tipper) Eisevier, Amsterdam, vol 14a, p
32

9 Tan, J. S. and Sochor, A. R. Proc. A.C.S. Witco Award 1979

10 Bamford, C. H., Barb, W. G., Jenkins, A. D. and Onyon, P. F. in
‘The Kinetics of Vinyl Polymerization by Radical Mechanisms’,
Butterworths, London, 1958, Chapter 7

SN )

POLYMER, 1981, Vol 22, September 1233



Free-radical polymerization of 1-vinylimidazole: C. H. Bamford and E. Schofield

11 Bamford, C. H. and Jenkins, A. D. Proc. Roy. Soc. (London), 1953,
A216, 515

12 Senogles, E. and Thomas, R. J. Polym. Sci., Symp. 49,1975, 203; J.
Polym. Sci. Polym. lett. Edn. 1978, 16, 555

APPENDIX

Molecular weight distributions

From scheme (4) we obtain equations (A1)-(A3) for the
case in which there is no significant occlusion, i.e.
reinitiation is negligible, and concentrations of all re-
actants are effectively constant. Square brackets, repre-
senting concentrations, have been omitted for clarity.

dRe_
de
k,R;_ Mk, R;M =k, R;M —k R;R —k, R;X- =0, r>1.
(A1)
dR,
=4 = F—k,RiM —k;,RiM—kR{R-—k, R;X =0
f (A2)
dX;
g =knRi - M=k RX; =0, r>1 (A3)

In these equations, as before,
. X=YX; (Ad)

Note that X; is the smallest X- possible, since the X-
species are formed by addition of R; to M.
From equations (5a, b) we obtain

I 2k ;RM—kR?*=0 and (ASa)
X = k;('"M (ASb)

trx

Equations (A1, A2, A3, A5b) yield the relations shown in
(A6)

R; k,M _kM
R._, kM+2kf,,,M+kR A (Aba)

r

= v =7
R = M¥2k, MTkR~ A (AS)

from which it follows that

={ar—l’
(A7)
]kfm r—2
X;= Ak, R a " r>2
where o= kM (A8)

k M+2k mM+kR:
If the termination reactions (4v, vi) both occur by

disproportionation, the rate of formation of polymer
molecules containing r units is given by equation (A9)
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P,
d "=kR;R +k, R; X +k, X;R:, r>1 (A9)

E trx trx‘™r

which, with the aid of equations (ASb, A6a, A7) leads to

dp, k
—a) 1 4= , 1 A10
ke Fa )< + k,,) r> (A10)
Similarly,
dpP,
ar —kR R +k,.R;X:
K (A11)
=/<1 —a—i"'a>
kP

Equations (A10), (A11) give the form of the molecular
weight distribution. By conventional methods we may
derive the following relations for the zeroth, first and
second moments.

d oC
d S ki
i Zl1+) (A1)

atZ’ZP'_(T——a) {l+oc+ k. "ol — )}

The number- and weight-average degrees of polymeri-
zation deduced from equation (A12) are shown in equa-

tiOIlS (1\13).
P = 1 Jm
nd = 1_ <l + — a)

p

(A13)

1
p

The corresponding results for the case in which both
terminations (4v, vi) are combination processes may be
deduced in a similar manner from equations (A5-A8) and
are summarized below. For this case

-2

=1k, ZRS ;- 5+k,,xZRx (A14)

Note that for the first and second terms on the right of
equation (A14), r>1 and r> 2, respectively. Using equa-
tion (A7), we deduce from equation (A14), the required
distribution (A15).

dP 2 - M
a'=<¢9 {%k,(r—l)oc’ 2+kfm§_(r—2)a’_3}, (AL3)

r=2

Relations for the first three moments are presented in
equation (A16), and the number- and weight-average
degrees of polymerization in equation (A17).
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1+li"~a) (A16)

(A17)
2t atk,M(5—a)/A

pnu( ) k
(1 —oc)(l + J"'ot)
k/’

When k,,, =0, equations (A10-13) and equations (A15-
17) reduce to their conventional forms. For long chains («
— 1. A—k,M) we see from equations (A13) and (A17) that

2Pn,d: Pn,r = Pw.d J p

=-P,.
1.5 W (Alx)

These distribution relations were used in developing
equations (13) and (14) and in constructing Figure 6.

The two cases in which the termination reactions (4v)
and (4vi) are different in nature have not been in-
vestigated; the appropriate distribution formulae may be
derived by methods similar to those presented above,
starting from equations (A5- A8).
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