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ABSTRACT

A new procedure for determining transfer constants, depending on
knowledge of the numbers of initiator fragments in the average
molecules of appropriate polymers, has been applied to crotono-
nitrile (I-cyano-l-propene) and allyl cyanide (3-cyano-1-propene)
with methyl methacrylate and styrene at 60°C. Allyl cyanide is the
more reactive of the two additives, but is less effective than allyl-
benzene (3-phenyl-1-propene); neither of the cyano-derivatives
causes appreciable retardation.

INTRODUCTION

An account has been given [1] of a procedure for finding a transfer constant
by consideration of the number (n) of initiator fragments in the average molecule of
a polymer prepared under controlled conditions in the presence of a transfer agent.
The method can be extended [2] to transfer agents which cause retardation of the
polymerization i.e. to cases of degradative transfer. The substances already exam-
ined include 3-phenyl-1-propene (allylbenzene) (AB) and the E-isomer of
1-phenyl-1-propene (-methylstyrene) (BMS) [3] which might give rise to the radi-
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cals CH2:CH-CH-Ph and -CH2:CH:CH-Ph, respectively. These radicals can be
regarded as equivalent because of delocalization; it causes them to be stabilized and
inefficient in re-initiation so that the parent substances are expected to be degradative
transfer agents.

It was confirmed that AB, at quite low concentrations, causes quite pro-
nounced retardation of the polymerizations at 60°C of methyl methacrylate (MMA)
and styrene (STY) initiated by azobisisobutyronitrile(AIBN). End-group analyses
showed that the values of n for polymers prepared in the presence of AB are
appreciably less than those for polymers made under similar conditions, but without
the additive being present. It was deduced that, when allowance is made for retard-
ation,the transfer constants for AB/MMA and AB/STY are both in the region of 5 x
10-3. There was no reason to doubt that AB acts as a conventional transfer agent by
giving up a hydrogen atom to yield a comparatively unreactive radical. BMS was
found to be an effective retarder but end-group analysis revealed that the presence of
BMS during the polymerization of MMA caused n for the resulting polymer to be
significantly greater than for a case in which the additive was absent. Evidently, AB
and BMS act in very different ways. The results were consistent with the view that
BMS occasionally adds to a growing radical, that the product is deactivated by
reaction with another radical and that this process of termination occurs, in part at
least, by combination according to Scheme 1.

Pn- + BMS — Pn°BMS-

(M

P -BMS- + P - — P .BMS-P
n m n m

There is a formal resemblance to the action of p.benzoquinone as a retarder
for the polymerization of MMA [4]; in that case, the incorporation of the expected
quantity of the quinone in the polymer was confirmed by the results of experiments
involving 14C-benzoquinone. The inclusion of BMS in the polymer was not estab-
lished directly, the quantity being insufficient for reliable detection by NMR tech-
niques and the use of '4C-labeled material being impracticable; support for the
suggested scheme, however, was provided by consideration of the values of
M./ My, for the polymers [5]. It is possible that BMS functions in two ways, viz.
partly according to Scheme 1 and also to some extent as a conventional transfer
agent.

It is unlikely that the special behavior of BMS could have been established
except by the study of the end -groups derived from the initiator. It was decided to
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check whether or not Scheme 1 might be applicable to other derivatives of propene.
The substances examined were crotononitrile (1-cyano-l-propene) (CRN) and allyl
cyanide (3-cyano-1-propene) (ALC); they would be expected to give rise to the
equivalent radicals *CH,*CH:CH:CN and CH,:CH-CH-CN.

Bartlett et al . [6] studied transfer to monomer for allyl acetate. Zubov et al.
[7] examined various allylic compounds CH,:CH-CH,X; they related the polymer -
izability in radical systems and the importance of degradative transfer to the nature
of the substituent X and its effect upon the strength of the C-H bonds in the group
-CH,X . More recently, there has been considerable interest in the behavior of rather
more complex allylic compounds during radical polymerizations [8] but there has
been comparatively little study of fundamental aspects of the reactions in
polymerizing systems of simpler compounds such as ALC.

There is a scarcity of published information [9] on copolymerizations of
compounds such as ALC and CRN with MMA and STY, but it is clear that
normally the incorporation of the allylic compound is only slight. If, however, it
occurred to an appreciable extent, the solution properties of the products might differ
significantly from those of the homopolymers of MMA and STY so that false
results might be obtained by Size Exclusion Chromatography (SEC) involving the
use of standard homopolymers as calibrants; this effect would mean that deter-
minations of n might be seriously impaired. Further, calculations of kinetic chain
lengths (v) would be affected if the compositions of the actual polymers were
appreciably different from those corresponding to homopolymers of the principal
monomers. Systematic studies of copolymerizations involving ALC and CRN have
not been undertaken but some experiments have been performed to obtain infor -
mation on the extents to which the additives become combined in polySTY.

EXPERIMENTAL

The monomers and initiator were purified by standard procedures; the azo-
nitrile was labelled in its nitrile groups with carbon-14. The two unsaturated addi-
tives were redistilled. IH-NMR revealed that the sample of CRN contained the E-
and Z-isomers in the ratio 1:3.1 and that the proportions were hardly changed by
repeated distillation (see Appendix).

Polymerizations were performed at 60°C under anaerobic conditions in
dilatometers using benzene as diluent; in each case, the total volume of the reacting
system was close to 4 ml. It was assumed that conversion factors were unaffected
by the presence of the additives. There were no inhibition periods for the polymer-
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izations and plots of contraction vs. time were linear; consumption of monomer did
not exceed 7%.

Polymers were recovered by precipitation in methanol, purified by three
reprecipitations and finally dried in vacuum at room temperature to constant weight.
Activities of polymers and initiator were measured by scintillation counting of
solutions. Molecular weights of polymers were found by SEC using standard poly-
mers as calibrants [3] and supposing that any incorporation of the additive in the
polymers caused negligible effects. With the same assumption, values of v in the
polymerizations were given by 82a;Ma, where a; and aj, are the activities in Bq g-!
of initiator and polymer respectively, and M is the formula weight of the principal
monomeric unit (MMA or STY). The rate of initiation (R;) was found as Ry/v,
where R, is the rate of polymerization, and n as —D_En/v [10].

TH-NMR spectra were recorded for solutions in CDC13 using a JEOL
GSX-400 spectrometer.

RESULTS AND DISCUSSION

The amounts of ALC and CRN incorporated in polymers were judged
from examination of TH-NMR spectra of appropriate samples of polySTY. The
spectral areas corresponding to aromatic and aliphatic hydrogens (A, and A,j,
respectively) were compared for polymers prepared from systems similar to those
used in the main experiments. The composition of a polymer prepared using STY
with either ALC or CRN can be represented as (CgH g);(C4HsN), since its
molecular weight is sufficient for initiator fragments to make only negligible contri-
butions. For the 'H-NMR spectra

Ay 3+5a

so that, knowing r, a can be calculated. Results in Table 1 show that incorporations
of the additives are only slight; ﬁf;n for both polymers is of the order of 120 so that
molecules contain on average approximately four units derived from the additive. It
is unlikely that incorporation at this level has significant influence on determination
of M, by SEC or of v by end-group analysis. Similar conclusions are most prob-
ably applicable to the samples of polyMMA.
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TABLE 1. TH-NMR Spectra of Samples of Polystyrene

[additive]/[STY] Aar/Aal [additive]/[STY]
during polymerization for polymer (r) in polymer (a)

ALC; 0-72 1-59 0-029

CRN; 0-42 1-57 0-037

Table 2 refers to polymerizations involving 4C-AIBN and ALC or CRN
and also to the resulting polymers. The additives at concentrations up to about 4 mol
dm-3 hardly affected R ,; in contrast, AB at about 0.25 mol dm-3 caused R, for
MMA to fall by a factor approaching two [3]. The derived values of Ri/[AIBN] are
close to those expected for polymerizations at 60°C, indicating that ALC and CRN
do not appreciably affect the rate of incorporation of initiator fragments; their effects
on n for the resulting polymers are therefore not attributable to interference with the
process of initiation. The values of Rj/[AIBN] for polymerizations of MMA are a
little below those for STY; the difference can be explained in terms of losses of
some of the smaller molecules of polyMMA during precipitation in methanol [5].

The values of n expected for polyMMA and polySTY, prepared at 60°C in
the absence of transfer processes, are 1.05 and 1.60, respectively in quite good
agreement with the results for polymerizations numbers 5 and 10; it appears that f
(the fraction of terminations occurring by combination) is 0.10 for MMA and 0.75
for STY [3]. The expression has been used to calculate transfer constants. As
explained previously [3], allowance properly should be made for transfers to
benzene and monomer but neglect of these processes leads only to small over-
estimates of the transfer constants. Modifications to allow for degradative transfer,
necessary for the phenyl derivatives of propene, are not required for ALC and CRN.

f [ monomer] x 2 - 2n + nf
k ~  [transfer agent] Zn

The derived transfer constants are very sensitive to quite small changes in n.
To illustrate that point, the last column of Table 2 shows in each case two values of
k¢kp, the first based upon (n -0.04) and the other upon (n + 0.04). Experience has
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~ shown that it is unrealistic to expect uncertainties of less than + 0.04 in experi-

mentally determined values of n for systems of the types under consideration,; @r
polymers numbers 4 and 9, the variations in n would correspond to changes in My
of only % 2800 and * 600, respectively.

The selected values of kek are :
for CRN with MMA and STY, 1.4 x 10-4 and 3.5 x 104 respectively
for ALC with MMA and STY, 5.6 x 10-4 and 2.7 x 104 respectively.

It appears that ALC is more reactive than CRN as a transfer agent in the
polymerizations of the monomers and that both are considerably less reactive than
AB.

It is necessary to note that the two isomers of CRN might differ appreciably
in reactivity. The ratio of E-isomer to Z-isomer was 1:3.1 and so, for the extreme
case of the former being entirely responsible for the reactivity, the quoted transfer
constants:f-or CRN should be increased by a factor of 4.1; on the other hand, if the
E- isomer is completely unreactive, the values of k gk, applicable to the Z-isomer
should be increased by a factor of 1.3. Walling [11] discussed the differences
between the E- and Z-isomers of certain unsaturated compounds in radical -addition
processes; it has also been shown [12] that the E-isomers of stilbene and some
related compounds are much more effective than the Z-isomers in capturing the
benzoyloxy radical. It is reasonable to suppose that any difference between the
reactivities as transfer agents of the E- and Z -isomers of a particular compound is
rather less than in radical -additions since the double bond is not directly involved in
the hydrogen- abstraction.

The study now reported gives no indication that either ALC or CRN
behaves unexpectedly when used as an additive during the radical polymerization of
STY or MMA at 60°C. It appears that they undergo limited copolymerization and
that they function as transfer agents of moderate reactivity by the process of hydro-
gen-abstraction; the resulting radicals reinitiate quite efficiently so that ALC and
CRN do not act as degradative transfer agents.

When considering AB as a transfer agent, attention was paid also to
2-phenylpropene (0t-methylstyrene) (AMS). A suitable direct study of AMS could
not be made because it engages quite readily in copolymerizations although the
ceiling temperatures for its homopolymerizations are low. It was pointed out [3] that
there is no evidence either that transfer to monomer is particularly important for
AMS or that the process, when it occurs, is degradative; in these respects, AMS
differs from AB. It might be interesting also to compare transfer to 2-cyanopropene
(methacrylonitrile) (MAN) with transfers to the other cyano-derivatives of propene
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Figure 1. 400 MHz 'H-NMR Spectrum of Crononitrile.

i.e. ALC and CRN. The ready polymerization of MAN means that, as in the case of
AMS, it is necessary to consider the value of kyy/ky, for transfer to monomer in it
own polymerization. It appears that the process for MAN occurs comparatively
readily; k,/k,, has been given [13] as 5.8 x 10.4 at 60°C (i.e. generally similar to the
transfer constants now found for ALC and CRN during polymerizations of MMA
and STY), whereas values of ky/k, for many other monomers are less than 104
[14].

APPENDIX

The 'TH-NMR spectrum for the sample of crotononitrile contains two
multiplet signals at 6.59 and 6.74 ppm (see Figure 1); for both components of the
sample, they arise from an olefinic proton. The signals have intensities in the ratio
3.1:1. The larger response must arise from the isomer in which the geometry of
substitution is cis; a spin-spin couplingof ca. 11 Hz is present as a doublet. The
smaller multiplet contains a doublet with coupling of ca.16 Hz; this larger olefinic
coupling is typical for the trans isomer.
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