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EDITORIAL

During the past year the Journal of Polymer Science was divided into
two parts, Part A-lI covering the more organic aspects of macromolecular
chemistry with Dr. C. G. Overberger as editor, and Part A-2 dealing with
the physical chemistry of polymers under the editorship of Dr. Thomas
Fox of Mellon Institute.

A new Advisory Board for Part A-2 has been recently announced and it
is now my pleasure to announce the new Advisory Board for Part A-l.
This new Advisory Board, we think, represents an excellent cross-section
of worldwide active leaders in the polymer field. The editors will rely on
the Advisory Board for suggestions of all types, for advice on policy, as
well as specific help on controversial manuscripts. We will accelerate our
effort to achieve a more rapid publication of manuscripts. It is our pur-
pose to continue to improve Part A-l and Polymer Letters in every way
possible.

The new editorial office for Part A-1, as of February 1, 1967, will be the
Department of Chemistry at the University of Michigan. May | convey
to the new Advisory Board and Interscience-Wiley Publishers, my siucerest
thanks for their excellent cooperation.

C. G. Overberger
Eli Pearce
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Course of llic Terpolymerizalion of Ethylene,
Propylene, and Dicyclopentadiene. 1. Single
Initial Addition of Dicyclopentadiene

ROBERT E. CUNNINGHAM, Research Division,
The Goodyear Tire and Rubber Company, Akron, Ohio 44316

Synopsis

Detailed studies were made of the course of the terpolymerization of ethylene, pro-
pylene, and dicyclopentadiene to form unsaturated elastomers. All the dicyclopenta-
diene was added at the start of a polymerization, but the monoolefins were added con-
tinuously throughout the run. Under these conditions, unsaturation of the initial
polymer is fairly high but decreases steadily as the reaction progresses. From analyses
of the initial samples from each run, the catalyst of VCh (with AIZtZI3cocatalyst),
with heptane as the polymerization solvent, was most efficient for introducing unsatura-
tion into terpolymer. This system also produces gel in the terpolymer in the latter
stages of reaction, however. Catalysts of VCI4 VOCI3 or V(C6+0 23 with AIZtZ13
cocatalyst, in benzene solvent gave terpolymers of quite similar unsaturations. With
all systems, terpolymer yield increases very rapidly in the first few minutes of reaction,
then very slowly for the remainder of the 30-min. reaction time, reflecting the rapid loss
of activity of the vanadium catalysts. Molecular weight growth of the terpolymer
prepared in heptane was extremely rapid, reaching a high value in a few minutes. When
prepared in benzene, the terpolymers showed a steady increase in molecular weight
throughout the reaction but reached only a moderate final value (as expressed by in-
herent viscosity).

The terpolymerization of ethylene, propylene, and dicyclopentadiene by
using Ziegler-Natta catalysts, to form an unsaturated, sulfur-curable
elastomer has been discussed by various authors.1-4 These papers, how-
ever, described only properties of polymers obtained at the end of a given
polymerization time. No details have been published on the course of the
terpolymerization reaction or the properties of terpolymers formed in the
early stages of the reaction. Hence, experiments were undertaken in
these laboratories to follow this particular terpolymerization in detail,
especially with regard to the variations of terpolymer yield, molecular
weight, and unsaturation with polymerization time.

EXPERIMENTAL

Materials

The sources and purifications of all materials used in these studies are
the same as those described in previous papers.34
243
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Since dicyclopentadiene is a solid at room temperature, it was made up
as a 50% solution in heptane for ease of handling. This solution was
sparged with nitrogen and stored in a 4-o0z. bottle capped with a self-
sealing rubber gasket. All transfers from it were made by hypodermic
syringe.

Catalyst Solutions

The AlEtLI3was handled as a 1011/ (in Al) solution in heptane (0.501/
for a formula weight of AIEtCI3. The VCl4 and VOCI3 were used as
0.10 and 0M20M solutions in heptane, respectively, and the acetylacetonate
as 0.101/ solution in benzene. All solutions were stored under nitrogen
in 4-0z. bottles that were capped with self-sealing rubber gaskets, and
were transferred with hypodermic syringes.

Polymerizations

The polymerizations were run by the same techniques that have been
detailed in a previous paper.3 Ethylene and propylene were metered into
the system through calibrated flowmeters at 1200 and 800 cc./min.,
respectively. Mass spectrographic analysis of the feed gas for each run
showed it averaged about 58 rnole-% ethylene.

The dicyclopentadiene (1.5 g. total) was added all at the start of the run,
before catalyst was added. Olefins were fed in continuously throughout
the run. Catalysts were formed in situ and were added all at once, the
AlE tLl3always being introduced first.  The vanadium salts were 0.0005/1/
in each run, and the Al/V molar ratio was 10.

Reactions were run for various lengths of time, then terminated, and
the polymer was isolated and evaluated by techniques described previ-
ously.3 Thus each point on the curves in the figures represents an indi-
vidual run, all of which were made under conditions that were as identical
as possible. 1t was decided to use this technique, rather than to carry out
a single run for each catalyst-solvent combination and remove samples
from it at various times. It becomes difficult to sample these runs as the
viscosity of the solution increases; also, by carrying out individual runs
for each point, more polymer is obtained for the subsequent analytical in-
vestigations.

RESULTS AND DISCUSSION

Four catalyst-solvent combinations (all with AI2Et3CI3 cocatalyst)
were studied: VClawith either benzene or heptane, VOCI3in benzene, and
vanadium trisacetylacetonate in benzene. All four of these combinations
had been previously shown to form unsaturated terpolymers with ethylene,
propylene, and dicyclopentadiene.34 It iswell known that in situ catalysts
of vanadium rapidly lose activity;6-8 hence it was of interest to determine
how this loss of catalyst activity affected the yield of terpolymer with
time.
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Since all the dicyclopentadiene is added at the start of the reaction, but
monoolefins are added continuously throughout the run, terpolymer un-
saturation should vary with time of polymerization. Presumably, the
initial polymer that forms has the most unsaturation, since dicyclopenta-
diene concentration is highest at this point. As the polymerization pro-
ceeds, dicyclopentadiene concentration diminishes but the olefin concen-
tration should remain essentially constant. Thus unsaturation of the ter-
polymer should decrease during polymerization.

In addition, the molecular weight growth of the terpolymer could be
followed in these studies. No data of this type have been available on this
particular terpolymerization system.

Terpolymer Yield

The yield of terpolymer versus polymerization time for the various cat-
alyst-solvent systems is depicted in Figure 1L Because of the exotherm
produced by these reactionsr3910 and the decay in activity of in situ
catalysts,58 no kinetic data can be obtained for these reactions. The
graphs of terpolymer yield versus time are presented only to give a picture
of the way these reactions progress, under the conditions used for these
studies. Yield increases very rapidly in the first few minutes of reaction
as expected, since this is the time at which the catalyst is most active. The
rate of polymerization evidently slows very rapidly after 5 min., however,
and terpolymer vyield increases slowly beyond this time. With VCh
in heptane, and vanadium trisacetylacetonate in benzene, yield increases
at a slow but linear rate from 5 min. to the final 30-min. sample. With
either VCh or VOCI3 in benzene, however, rate of polymerization seems to
slow down continually during the entire 30-min. period and in fact almost
seems to have stopped by this time. Thus the terpolymer yields reflect
the loss of the high initial activity of the catalysts.

Fig. 1 Variation of terpolymer yield with polymerization time and catalyst-solvent
combinations. Y(AcAc)3 = vanadium trisacetylacetonate.
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It may be noted that, with all four catalyst-solvent combinations, half
of the total polymer yield that forms in 30 min. is obtained in the first 3-4
min. of reaction, and about 70-90% of the total yield is obtained in 15 min.
These data, together with the data on polymer properties discussed below,
show that good yields of terpolymers can be obtained in rather short re-
action time.

As shown previously,3the reaction in heptane gave the poorest yield.
It gave a total of 15 g. of polymer, or 60 g. polymer/mmole of vanadium.
For all runs in benzene, about 25 g. of polymer were formed, or 100 g.
polymer/mmole of vanadium.

Terpolymer Unsaturation

As discussed above, the terpolymers have a relatively high initial un-
saturation which decreases steadily during the run (Fig. 2). At low poly-
mer yields, the system of VVCl4in heptane produced the terpolymer with the
highest unsaturation. Evidently in the initial stages of reaction, this
system introduces dicyclopentadiene into the terpolymer very rapidly and
reduces the reserve of dicyclopentadiene in the solution. Thus as poly-
merization continues, polymer that forms in the latter stages of the reaction
contains very little unsaturation and the overall unsaturation of the whole
polymer falls rapidly. If dicyclopentadiene were metered into the solu-
tion at the proper rate, unsaturation could presumably be maintained
constant throughout the terpolymer. Under this condition, the VCh-
heptane combination should be the most efficient of the four catalyst-
solvent combinations reported here for introducing unsaturation into the
terpolymer.

Al three vanadium salts used as catalysts in benzene solvent produced
terpolymers with remarkably similar unsaturations (Fig. 2). This indi-
cates that, all other conditions being equal, neither the initial valence of

»
010
y
uosm
[en]
w
d | S Lo 1 | 1 ! ! L
0 4 8 12 16 20 24 28 32

TERPOLYMER YIELD (GMS)

Fig. 2 Terpolymer unsaturation vs. yield for various catalyst-solvent combinations.
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the vanadium or the anion of the vanadium salt has any appreciable effect
on the introduction of dicyclopentadiene into the terpolymer. Additional
studies are needed, however, to establish the universality of this observa-
tion. With all three of these systems, terpolymer unsaturation declines
steadily as the reaction proceeds, but the decline is not as marked as with
the VCh-heptane combination.

Terpolymer Molecular Weight

The molecular weight growth of the terpolymers is reported here in
terms of their inherent, viscosities (Fig. 3); absolute molecular weights of
the terpolymers have not been measured. Terpolymer made in heptane
had the highest inherent viscosity, as found previously.3 The growth of
inherent viscosity of this terpolymer is extremely rapid, but after the second

Fiii. 3. Inherent viscosity of terpolymer vs. terpolymer yield for various catalyst-
solvent combinations.

sample, inherent viscosity began to decrease. At this point, gel was be-
ginning to form in the terpolymer; the last two samples contained about
40 and 70% gel, respectively. This gel is largely true, crosslinked gel,
rather than blocks of crystalline polymer which is insoluble at room tem-
perature. Evidently in this system, the second double bond of the dicyclo-
pentaclieno is undergoing a slow polymerization also (which would help
to account for the rapid decrease in the unsaturation of the terpolymer as
shown in Fig. 2). Since inherent viscosity is measured only on polymer
soluble in toluene at 30°C., it begins to fall as the gel is formed, presumably
because the higher molecular weight fragments are the most easily insolu-
bilized by crosslinking.

The three terpolymers made in benzene all have much lower inherent
viscosities than the one made in heptane. Their inherent viscosities in-
crease at a steady rate, however, over the range of time reported here. Of
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the three vanadium salts, voc13gave terpolymer with the highest inherent
viscosity, followed by with vci4producing the lowest inherent
viscosity. All samples made with these catalysts in benzene had lowr
amounts of toluene-insoluble polymer (<10%).

The author wishes to thank the Goodyear Tire and Rubber Company for permission to
publish these results. Acknowledgments are due Mrs. V. A. Bittle for determination of
the inherent viscosities and percentages of insoluble polymer, Frank Chan for the un-
saturation analyses, and J. K. Phillips for the mass spectrographic analyses of the ethyl-
ene-propylene mixtures. This is contribution number 351 from the Research Labo-
ratories of The Goodyear Tire & Rubber Co.
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Résumé

Des études détaillées de la terpolymérisation de Féthylene, propylene et dicyclo-
pentadiene ont été effectuées en vue de former les élastomeres insaturés. Toute la
quantité de dicylopentadiene était ajoutée au départ de la polymérisation, mais les
monoolefines étaient additionnées continuellement tout au long de I'opération. Dans
ces conditions, I’insaturation du polymere initial est assez élevée, mais décroit constam-
ment a mesure que la réaction progresse. De l'analyse des échantillons initiaux pour
chaque essai, il s’est avéré que le catalysin' a base de VC14(avec ARELCR comme co-
catalyseur) avec I’heptane comme solvant de polymérisation était le plus efficace pour
introduire I’insaturation dans le terpolymeére. Toutefois, ce systeme produit également
un gel dans les derniéres étapes de la réaction. Des catalyseurs a base de VCI4VOCI3ou
VICslhOib, avec ALELCR comme cocatalyseur, dans le benzene comme solvant don-
naient des terpolymeéres d’insaturation a peu prés similaires. Pour tous ces systéemes
le rendement en terpolymeéres croissait trés rapidement au cours des premiéres minutes
de la réaction, ensuite, trés lentement pour le restant des trente minutes de réaction,
manifestant ainsi une rapide diminution d’activité du catalyseur & base de vanadium.
L’accroissement du poids moléculaire des terpolymeres préparés dans I’heptane était
extrémement rapide, atteignant une valeur élevée des les premieres minutes. Lor-
squ’ils étaient préparés dans le benzéne, les terpolyméres montraient un accorissement
constant du poids moléculaire tout au long de la réaction, mais atteignaient seulement
une valeur finale modérée, (ainsi qu’il résulte des mesures de viscosité inhérente).

Zusammenfassung

Eine detaillierte Untersuchung des Verlaufs der Terpolymerisation von Athylen.
Propylen und Dicyclopentadien unter Bildung ungesattigter Elastomerer wurde durch-
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gefuihrt. Das ganze Dicyclopentadien wurde am Beginn der Polymerisation zugesetzt,
die Monoolefine dagegen kontinuierlich wahrend des Versuches. Unter diesen Beding-
ungen ist die Ungeséttigtheit des Anfangspolymereu ziemlich hoch und nimmt mit
fortschreitender Reaktion standig ab. Die Analyse der Anfangsproben der Versuche
zeigt, dass der Katalysator aus VC14 (mit ALEtsCis als Cokatalysator) mit Heptan als
Losungsmittel fiir die Polymerisation am wirksamsten Unsattigung in das Terpolymere
einfiihrte. Dieses System fuhrt allerdings auch zur Gelbildung im Terpolymeren in den
spateren Pmaktionsphasen. Katalysatoren aus VCL, VOCI3 oder VfCsHICDs mit
ADbEtI3als Cokatalysator in Benzol als Lésungsmittel lieferten Terpolymere mit ganz
dhnlichem ungeséttigten Charakter. Bei allen Systemen nimmt die Ausbeute an Ter-
polymerem in den ersten Minuten sehr rasch zu und dann sehr langsam fiir den Rest
der Reaktionsdauer von dreissig Minuten, was den raschen Aktivitatsverlust des
Vanadinkatalysators erkennen ldasst. Der Molekulargewichtsanstieg des in Heptan
dargestellten Terpolymeren war dussert rasch und in einigen Minuten wurde ein hoher
Wert erreicht. Bei der Darstellung in Benzol zeigte das Terpolymere wahrend der
Reaktion eine standige Molekulargewichtszunahme, erreichte aber, wie die Viskositats-
zahl zeigt, nur einen massig hohen Endwert.

Received May 12, 1968

Revised June 8, 1966
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Course of the Terpolymerization of Ethylene,
Propylene, and Dicyclopentadiene. [Il. Two-Step
Addition of Dicyclopentadiene

ROBERT E. CUNNINGHAM, Research Division,
The Goodyear Tire and Rubber Company, Akron, Ohio JRfilG

Synopsis

Terpolymentations of ethylene, propylene, and dicyclopentadiene were carried out
in which the dicyclopentadiene was added to the reaction system in two equal portions
at the beginning and midpoint of each run, while the monoolefins were added contin-
uously. In the resultant elastomers, unsaturation remains much more constant through-
out the course of the polymerization than for terpolymers obtained when all dicyclo-
pentadiene is added at the start of the reaction. Yield and molecular weight of the
terpolymers produced by either technique are quite comparable, however. With
YOU catalyst (with ALEtjClj cocatalyst) in heptane solvent, the two-step addition of
the diene gave terpolymers with little gel, in contrast to the high gel in terpolymers
formed with the single initial addition of the diene. This system also produced ter-
polymer with the highest final unsaturation and molecular weight. Catalysts of YCIt,
VOCE or V(CiHti)* (with ALUI13C13) in benzene gave terpolymers of moderate un-
saturations and molecular weights.

The preceding paper1 described the results of the terpolymerization of
ethylene, propylene, and dicyclopentadiene to form unsaturated elastomers,
in which all the dicyclopentadiene was added at the start of the reaction.
Since the monoolefins were added continuously throughout the reaction,
unsaturation of the terpolymer decreased steadily as the polymerization
progressed. To provide a constant level of unsaturation throughout the
terpolymer, dicyclopentadiene should be metered into the reaction mixture
continuously, or at least added in several increments during the course of
the polymerization. As the first step toward this goal, polymerizations
were run in which the dicyclopentadiene was added to the system in two
equal portions during the reaction. Terpolymer yield, unsaturation, and
inherent viscosity were then followed throughout the polymerizations,
with the use of four catalyst-solvent combinations.

EXPERIMENTAL

Materials

The sources and purifications of all materials used in these studies are the
same as described in previous papers.23 Catalyst solutions were also the
same as described previously.1



252 Il. E. CUNNINGHAM

Polymerizations

The polymerizations were run by the same techniques that were detailed
previously.12 It was observed in the previous paperithat, for polymeriza-
tions that were run a total of 30 min., about one-half of the polymer is
formed in the first 4 min.  In the series of polymerizations reported here,
one-half of the dicyclopentadiene (0.75 g.) was added at the start of the run,
and the remaining half at the end of 4 min. polymerization time. As in the
previous study, each point in the figures reproduced below represents an
individual run, rather than samples taken from one 30-min. polymeriza-
tion.

RESULTS AND DISCUSSION
Four catalyst-solvent, combinations were used for this study (all with

in benzene. The main property of the terpolymer that was of interest was
unsaturation. By adding the dicyclopentadiene in two equal portions at
the beginning and midpoint of each polymerization, unsaturation should be
more evenly distributed in the terpolymer than was the case when all
dicyclopentadiene was present at the start of the run.

Terpolymer Unsaturation

The unsaturation of the various terpolymers at different stages of the
reaction is given in Figure 1L The point at which the second portion of
dicyclopentadiene was added is evident for all four systems. As in the
previous study, the combination of VCl4 catalyst in heptane solvent pro-
duced terpolymer with the highest unsaturation, for a given yield of ter-
polymer. The rapid increase in unsaturation after the addition of the

)
860.4
<
OVCL4 in benzene
g‘oz . VCL‘—1 IN HEPTANE
xvocl3 in benzene
a |_| | i | *X(ACA(?)S INiBENZENE
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TERPOLYMER YIELD (GMS)

Fig. 1. Terpolymer unsaturation vs. yield for various catalyst-solvent combinations.
V(AcAcB = vanadium trisacetylacetonate.
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second portion of dicyclopentadicnc emphasizes this system’s ability to
incorporate dicyclopentadiene into the terpolymer. The unsaturation of
the final polymer is about equal to that of the final polymer obtained from
the run in which all dicyclopentadiene was added at the start. Unsatura-
tion of the initial sample is not nearly as high, however, as that for the
terpolymer obtained from the former study. Thus unsaturation is more
evenly distributed through the polymer obtained by the two-step addition
of dicyclopentadiene.

The same conclusion can be drawn for the terpolymers prepared in ben-
zene. All three of these systems produced terpolymers with very similar
unsaturations, as was found in the previous study.1 In contrast to the
VC# heptane combination, however, the second addition of dicyclopenta-
diene to these systems produced only a slight rise in unsaturation of the
terpolymer. Rather, unsaturation after this point remained fairly con-
stant for the rest of the run, indicating unsaturation should be even more
evenly distributed through these terpolymers than the one made with
VCU-heptane. Again, the unsaturations of the final terpolymers are com-
parable to those made with all dicyclopentadiene present at the start, but
there is not the great difference between the unsaturations of the initial
and final polymer samples.

Terpolymer Yield

Yields of terpolymer versus polymerization time are given in Figure 2.
These curves have the same general shape as those obtained from runs in
which all dicyclopentadiene was added at the start. There is a rapid in-
crease in yield for the first few minutes of reaction followed by a slow build-
up thereafter. Final yields are nearly the same as were obtained in the
former experiments. The exception is the VCLr bcnzene system, which

Fig. 2. Variation of terpolymer yield with polymerization time and catalyst-solvent
combination.
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gave ;i higher (inal yield in the study reported here than in the former
study.1

Terpolymer Molecular Weight

Again, terpolymer molecular weights were not determined, but are com-
pared only as inherent viscosities. These are given for all the polymers in
Figure 3. These also show the same general results as were obtained for the
runs in which all dicyclopentadiene was added &, the start. The combina-
tion of VCh-heptane gave a very rapid growth of inherent viscosity to a
high value. This then remained practically constant for the remaining
samples, however, in contrast to the former run in which inherent viscosity
fell sharply in the later stages of polymerization.1 This sharp decrease was
attributed to the high gel that formed in the last few samples. With the
two-step addition of dicyclopentadiene, however, gel in the terpolymers re-
mained low throughout the run (< 10%). Thus the slower secondary re-
action which produces gel in this system (attributed to polymerization of
the second double bond in dicyclopentadiene) is suppressed or possibly
eliminated by the incremental addition of the diene.

0 4 8 2 16 20 24 28 32
TERPOLYMER YIELD (GMS)

Fig. ® Inherent viscosity of terpolymer vs. terpolymer yield for various catalyst-solvent
combinations.

The inherent viscosities of the polymers produced in benzene increased
at a slow but steady rate over the range of time reported here. All three
of these terpolymers had comparable inherent viscosities of moderate
value, but much lower than that of the terpolymer prepared in heptane.
The inherent viscosity of the terpolymer made with \VC14 in benzene was
the same as the corresponding terpolymer obtained when all dieyclopenta-
diene was added at the start of the run. The terpolymers made with
VOCIs or V(CeéH702);i in benzene, however, had slightly lower inherent
viscosities than their counterparts from the prior experiments.
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CONCLUSIONS

The terpolymerizations of ethylene, propylene, and dicyolopentadiene
that are reported in this study produce levels of unsaturation throughout
the resultant terpolymers that are more constant than for the cases in which
all dicyolopentadiene was present at the start of the reaction. There is
considerably less difference between the unsaturations of the initial and
final terpolymer samples than was found for those made in the previous
study.1 It can be estimated from the present data that adding the dicyclo-
pentadiene in smaller, more frequent intervals (perhaps only three or four
equal portions) at appropriate times during a polymerization should give
fairly random distribution of the diene throughout the terpolymer. Such
a technigque would eliminate the rather difficult laboratory procedure of
metering the dicyolopentadiene into the reaction mixture at a constantly
changing rate, to correspond with the polymerization rate. An added
benefit from this technique is the virtual elimination of gel from terpolymers
made in heptane. Polymerizations run in this solvent produce terpolymers
with higher unsaturation and much higher molecular weight than those run
in benzene. Terpolymer yield and molecular weight by the stepwise addi-
tion of dicyclopentadiene are practically unchanged from the values ob-
tained when all the diene is charged initially.

The author wishes to thank The Goodyear Tire & Rubber Company for permission
to publish these results. Acknowledgements are due Mrs. V. A. Bittle for determina-
tion of the inherent viscosities and percentages of insoluble polymer, Frank Chan for
the unsaturation analyses, and J. K. Phillips for the mass speedrographie analyses of
the ethylene-propylene mixtures. This is contribution number 352 from the Research
Laboratories of The Goodyear Tire & Rubber Co.
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Résumé

Les terpolymérisations d’éthyléne, propylene et dicyclopentadiene ont été effectuées;
le dicyclopentadiene était additionné au cours de la réaction en deux portions égales
au début et a mi-course de chaque opération, tandis que les monooléfines étaient addi-
tionnées continuellement. Dans les élastomeres en résultant I’insaturation restait
beaucoup plus constante tout au long de la polymérisation que dans les terpolyméres
obtenus et dans lesquels le dicyclopentadiene était ajouté complétement des le début
de la réaction. Le rendement et le poids moléculaire des terpolyméres produits par
chacune des technique étaient trés comparables toutefois. En utilisant un catalyseur
abase de VCl14(avec AREACL comme cocatalyseur) dans I’heptane comme solvant,
I’addition en deux étapes du diéne fournissait des terpolymeres avec peu de gel con-
trairement a la haute tenour en gel formée dans les terpolymeéres formés lorsqu’on
additionnait en une seule fois initialement le diéne. Ce systéme produit également un
terpolymere avec une insaturation finale la plus élevée de méme qu’un poids moléc-
ulaire trés élevé. Les catalyseurs a basede \ CL, VOCL ou V(CHHOL3(avec ALEtaCR)
dans le benzéne comme solvant donnaient des terpolyméres d’insaturation modérée de
méme que de poids moléculaire modéré.
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Zusammenfassung

Die Terpolymerisation von Athyleue, Propylen und Dicyelopentadien wurde so
durchgefiihrt, dass das Dicyclopeniadieu dem Reaktionssystem in zwei gleichen Teilen
am Beginn und in der Mitte jedes Versuchs, die Monoolefine jedoch kontinuierlich
zugesetzt wurden. Bei den gebildeten Elastomeren bleibt die Ungeséttigtheit wahrend
des Verlaufs der Polymerisation viel konstanter als bei den bei Zusatz des gesamten
Dicyclopentadiens am Reaktionsbeginn erhaltenen Terpolymeren. Ausbeute und
Molekulargewicht der nach beiden Verfahren erhaltenen Terpolymeren sind aber duchaus
vergleichbar. Mit VCU-Katalysator (mit AliEtjClj als Cokatalysator) in Heptan als
Losungsmittel, lieferte der Zusatz des Diene in zwei Stufen Terpolymere mit geringem
Gelgehalt im Gegensatz zu dem hohen Gelgehalt der bei einfachem Zusatz des Diens am
Anfang gebildeten Terpolymeren. Dieses System lieferte auch das Terpolymere mit
dem hochsten Endwert der Unséttigung und des Molekulargewichts. Katalysatoren
aus VCh, VOCI3oder ViC.JIVOA (mit AhEtjCIs) in Benzol lieferten Terpolymere mit
massigen Werten der Unsattigung und des Molekulargewichts.

Received May 12, 1936
Revised June 8, 1966
Prod. No. 5201A



JOURNAL OF POLYMER SCIENCE: PART A-l VOL. 5, 257-264 (1967)

NMR Study of Poly(vinyl Formate)

HERMIT C. RAMEY, DAVID C. LINI, and GARY L. STATTON,

Research and Development Department, The Atlantic Richfield Company,

Glenolden, Pennsylvania 19036

Synopsis

The high resolution nuclear magnetic resonance spectrum of po!y(vinyl formate),
yielded, upon examination at 100 Me./sec., and under the conditions of decoupling,
information on the three tactic forms present. The normal and decoupled spectra
indicate that only the CHO resonance is sensitive to the stereochemical configuration.
The three components of the CHO resonance are tentatively assigned to isotactic (j),
heterotactic (ft), and syndiotactic (s) triads with increasing field strength, respectively.
This assignment was made on the basis of poly(vinyl alcohol) and poly(vinyl acetate)
derived from poly(vinyl formate). The results show that the tacticity is slightly de-
pendent upon the temperature of free-radical polymerization.

Introduction

The use of high resolution nuclear magnetic resonance to determine the
stereochemical configuration of polymer chains appears to be well estab-
lished.1*5 Recent reports have been concerned with poly (vinyl alcohol)
(PVA) and derivatives thereof.47 The spectra clearly show that the
tacticity in terms of triads and diads can be obtained from either the normal
and/or decoupled spectra of PVA.

Recently, Fujii et al.8* 11 have reported on the polymerization of vinyl
formate and on some of the physical properties of the resulting polymers,
including tacticity. The tacticity data were obtained from a study of the
x-ray diffraction and infrared spectra. This report is concerned with the
use of high resolution NMR as a tool to determine the tacticity of PVF
and derivatives thereof. The data do not appear to be consistent with the
results obtained from the x-ray diffraction and infrared spectra.8:1t They
are, however, consistent with the more recent NMR results reported by
Fujii et al.22 on the derivatives of PVF.

Experimental

The spectra were obtained with a Varian HA-100 spectrometer and de-
coupling was carried out with a Varian integrator utilizing both field sweep
and frequency sweep techniques. The spectra were calibrated by side
bands produced by audiofrequency modulation of the magnetic field.
A Hewlett-Packard 200J audiofrequency oscillator in conjunction with a
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Hewlett-Packard 5512A counter was used. The solutions contained 3-
10% (w/v) polymer in (CD3ZCO with tetramethylsilane as an internal
reference and in D2 with 3-(trimethylsilyl)-I-propanesulfonic acid sodium
salt as an internal reference. The spectra were run at various temper-
atures as listed in the respective figures and the conditions for the various
polymerizations are described in the following section.

Results and Discussion

Figure HI depicts the 100 Me./sec. NMR spectrum of sample 1 of
PVF in solution in deuterated acetone. The spectrum was run at tiO°C,
and sample | was prepared from vinyl formate in solution in methyl for-
mate at 30°C., with azobisisobutyronitrile (AIBN) as the initiator. The
spectrum consists of three resonances with chemical shifts of r = 2.00,
4.93, and 8.0s which correspond to the CHO, a, and 3protons, respectively.

Fig. 1 NMI! spectra of poly (vinyl formate) in solution in (CD32CO as obtained at 100
Me./sec., and at ti(I°C.: (.1) normal; (B) decoupled; (C) expanded sweep.

A slow sweep of the three resonances is shown in Figure 1(7. The
resonance of the CHO group appears as a distorted triplet which could be
due to the overlap of two or more doublets. However, the separation of
the three components, r = 1.98, 2.00, and 2.02 is much larger than that
expected for the interaction of protons of this type and a more reasonable
explanation would be that the components correspond to the three tactic
forms, either i, h, and s or s, h, and i, with increasing field strength.  This
assumption appears to be confirmed by the decoupling experiment which
shows that the CHO resonance is not appreciably altered by irradiation of
the a-protons as shown in Figure IB.

A slow sweep of the resonance of the a-protons appears as a broad five-
line pattern (J,,0 = GOcps) which indicates that they are not sensitive to
the configuration of the adjacent units, and this appears to be confirmed by
the resonance of the a-protons decoupled from the /3-protons which yielded
only a singlet as shown in Figure IB.
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Fig. 2. Expanded sweep of the CIIO resonance of poly(vinyl formate):

free-radical polymerization at —50°C.

239

(.1) sample
obtained from the free-radical polymerization at 120°C.; (B) sample obtained from the

The resonance of the /3-protons appears at first to be rather complex.
This is, however not the case and the resonance is interpretable in terms of
the overlap of a broad triplet (/a3 = GOcps) for the /3-protons and a sharp
quintuplet which is due to impurities, the partially deuterated species in
the solvent (CD32CO. The resonance of the /3-protons decoupled from
the a-protons appears as a singlet (Fig. IB) which indicates that they are

not sensitive to the stereochemical configuration of the backbone chain.

TABLE |

Tael icily of Poly (vinyl Formal,e)

Sample Source i
| AIBN, vinyl formate, 30°C. 30

1 AIBN and UV, vinyl formate and acet-
aldehyde (50/50), 30°C. 30
" AIBN, and UV, bulk, 0()°C. 31
v AIBN and UV, bulk, ()°C. 20
\% B (CIIZCFL;i)i) bulk, —5(I°C. 23
VI AIBN, bulk, 120°C. 27

Calculated from triads.

Triads

h
40

40
42
42
40
45

Tael icily

30

30
27

31
25

Wads”

| S
50 50
50 50
52 4S
47 54
40 54
51 40
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al 8.3 8.7

Fig. 3. NMR. spectra, upheld portion, of poly (vinyl alcohol): (.4) sample derived from
sample Y of PVF; (B) sample derived from sample VI of PVF.

56 88 60 62 80 82 84 86
r

Fig. 4. NMR spectra of poly (vinyl alcohol), commercial sample, in solution in DD as ob-
tained at 100 Mc./sec., and at 100°C.; (.4)normal; (B) decoupled.

In Figure 2 are shown a slow sweep of the downfield CHO resonances for
two samples. Spectrum A corresponds to sample VI, and spectrum B
corresponds to sample V. The spectra show that the three components
vary in intensity with sample, and the tacticity data are listed in Table I.
The data were obtained from peak height measurements and the accuracy
is estimated to be + 5%.

The assignment of the three components of the CHO resonance of PVF
to i, h, and s, triads with increasing field strength, respectively, was based
on the spectrum of PVA for which the assignments have been reported,5-7
and the spectrum of PVAc for which the assignments have also been re-
ported,412'13 both of which were derived from the PVVF samples.
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PV A

Fig. 5. Expanded sweep of the /3-proton resonance of poly(vinyl alcohol).

Some difficulties were, however, experienced in making the assignments
as based on the spectra of PVVA derived from PVF. In Figure 3, are shown
the upheld portions of the spectra of samples A and B of PVA derived
from samples V and VI of PVF, respectively. Although the calculated
concentration of isotactic diads varies from 46% (sample A) to 51%
(sample B) as based on the PVF results, it is difficult to draw significant
conclusions as based on the /3-proton resonance of the PVA samples alone,
and similar results were obtained for the decoupled a-proton resonances.
Furthermore, the agreement of data obtained from the normal and de-
coupled spectra was rather poor.

This lack of agreement of the above results was surprisng and a more
detailed study of a commercial sample of PVA was conducted. In Figure
4 is shown the 100 Me./sec. NMR spectrum of PVA (Vinol, Air Reduction
Chemical and Carbide Co.) in solution in DD as obtained at 100°C. A
small amount of HX04 was added to shift the OH resonance downheld
and an internal standard 3-(trimethylsilyl)-I-propanesulfonic acid sodium
salt was used. The resonance of the /3-protons consists of two overlapping-
triplets centered at r = S.2S and 8.35, and the a-proton resonance appears
as a broad multiplet centered at r = 5.95. In Figure 4B, are shown the
resonances of the a-protons decoupled from the /3-protons and of the 3
protons decoupled from the a-protons. The intensities of the two singlets
for the decoupled /3-protons are not in agreement with the intensities of
the two triplets of the normal spectrum. In fact, the upheld singlet which
corresponds to syndiotactic diads appears to be slightly larger than the
downheld singlet which corresponds to isotactic diads. The intensities
of the decoupled /3-proton resonances are, however, in fair agreement with
the calculated values as based on the intensities of the decoupled a-proton
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TABLE 11
Tacticity of Poly(vinyl Formate) and Its Derivatives
Tael icily
Triads Diads
No. Sample and source i h S / S
\ PYF, B(CHZH33 bulk —50°C. 23 46 3 46 54
A PYA, derived from sample Y of PYF — — — 4) 51h
A PYAc, derived from sample V of PYF 25 44 31 47 53
VI PYF, AIBN, bulk, 120°C. 27 48 25 51 49"
B PYA, derived from sample VI of PYF — - — 49 51b
B' PYAc, derived from sample VI of PYF 30 44 26 52 48
C PYA, (Vinol, Air Reduction Chemical
and Carbide Co.) 27 40 33 47 53¢
48 52b
48 52¢c
52 48>

a Calculated from triads.

h From area of /3-prolon resonances, planimeter.

¢ From peak heights of /3-proton resonances, decoupled.
1From peak heights of /8-proton resonances, normal.

resonances. A slow sweep of the normal /3-proton resonance is shown in
Figure 5. The spectrum shows that the upheld triplet is slightly more
complex as indicated by the width of the litres and has a slightly larger
area, as measured by planimeter, than the downheld triplet. These results
are similar to those of poly(vinyl chloride) (PVC)u4 and poly(methyl
methacrylate) (PMMA).55 The spectra of the latter polymers seem to
indicate that the /3-protons corresponding to syndiotact-ic diads are more

Fig. 6. NMD spectra, upheld portion, of polyfvinvl acetate) in solution in (CD3)2CO
as obtained at, 100 Me./sec. and 00°C: (.4) sample derived from sample V of PYF;
(A) sample derived from sample VI of PYF.
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sensitive to tetrad configurations than the corresponding protons in iso-
tactic diads. Therefore, the complexity of the upheld triplet is probably
due to the overlap of the various tetrad resonances.

The tacticity data for the commercial sample of PYA as obtained from
the normal and decoupled spectra are listed in Table I1l.  The results seem
to indicate that the triad values as obtained from peak height measurements
of the decoupled spectra are slightly in error. In particular, the syndio-
tactic content appears to be about 5% high and this is probably due to the
smaller spacing between the syndiotactic and deuterotactic resonances, than
that between the heterotactic and isotactic resonances.

In Figure Gare shown the upheld portions of the spectra of samples A
and B of poly(vinyl acetate) (PVAC) in solution in (CD32CO as obtained
at 100 Me./sec. and at 30QC. Samples A and B of PVAc were derived
from samples V and VI of PVF, respectively. The small quintuplet is
due to the partially deuterated species within the solvent and is indicated
by thatched lines. The intensities of the three components of the 0—CH3
resonance are in fair agreement with those reported by Fujii et al.22 for
similar samples and the results as listed in Table Il appear to conhrm the
assignment of the three components of the CHO resonance of PVF to
I, h, and s triads with increasing held strength, respectively.

The results indicate that: (1) the tacticity of the polymer obtained
from the free-radical polymerization of vinyl formate is dependent upon
temperature, which is similar to the results for polyfmethyl methacrylate);
(£) the syndiotactic content, in terms of triads and diads, of the polymer
obtained from the low temperature polymerization of vinyl formate is
slightly higher, than that obtained at higher temperatures, but not nearly
as large as that previously reported on the basis of x-ray and infrared
studies;s-11 and (3) the free-radical polymerization of vinyl formate in the
presence of an aldehyde at 30°C., does not produce a highly syndiotactic
polymer as previously reported.s-11
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Résumé

Les spectres de résonance nucléaire magnétique a haute résolution du formiate de
polyvinyle fournissaient des informations sur les trois formes tactiques différentes pré-
sentes dans le polymere lorsque il était effectué a 100 Mc/sec et dans des conditions de
découplage. Les spectres normaux et découplés indiquaient cpie uniquement la réso-
nance CIIO est sensible a la configuration stéréochimique. Les trois composants de la
résonance CI1O étaient assignés aux triades isotactiques, i, hétérotactiques, h, et syndio-
tactiques, s, avec des forces de champ croissantes respectivement. Cette attribution a
été faite sur la base des alcools polyvinyliques et acétates de polyvinyl dérivés des form-
iate de polyvinyle. Ces résultats montrent que la tacticité est légérement fonction de
la température de la polymérisation radicalaire,

Zusammenfassung

Das bei 100 Mc/sec und unter Entkopplungsbedingungen erhaltene Ilochauflésungs-
kernmagnetische Resonanzspektrum von Polyvinylformiat gab Aufschluss tber die
drei vorhandenen taktischen Formen. Die normalen und entkoppelten Spektren zeigen,
dass nur die CI1O- Resonanz gegen die stereochemische Konfiguration empfindlich ist.
Die drie Komponenten der CIIO- Resonanz werden mit steigender Feldstédrke versuchs-
weise isotaktischen, i, heterotaktischen, h, und syndiotaktischen, s, Triaden zugeordnet..
Diese Zuordnung wurde auf Grundlage des vom Polyviylformiat abgeleiteten Poly-
vinylalkohols und Polyvinylacetat.es durchgefiihrt. Die Ergebnisse zeigen, dass die
Taktizitat schwach von der lleakt.ionstemperat.ur der radikalischen Polymerisation
abhéngt.
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Electron Spin Resonance Study of Irradiated
Monomer and Polymer of

3,3-Bis(chlorometliyl)oxetane

KOzO TSUJI, TAKEOIWAMOTO, and KOICHIRO HAYASHI, Depart-
ment of Polymer Chemistry, Faculty of Engineering, and HIROSHI
YOSHIDA, Research Reactor Institute, Kyoto University, Kyoto, Japan

Synopsis

ESTt spectra were studied for irradiated 3,3-biiifchloromethyl)oxetane (BCMO)
single crystals and poly-BCMO obtained by polymerizing BCMO single crystals in
solid state. In both cases, the spectra consist of the superposition of two-line and three-
line components at —19G°C. On warming the sample, only the former survived.
From the examination of hyperfine coupling tensors, it is concluded that the two-line
spectrum is due to the free radicals

CTToCl
CITIHC—C—OIL
é-OIT
If

for the monomer and —CCCITjCl)*—CTT—()— for the polymer sample, respectively.
The orientation of the free radicals gives information about the mode of ring opening in
the solid-state polymerization of BCMO,

Introduction

3,3-Bis(chloromethyl)oxetane (BCMO) is polymerized with ionizing
radiations by an ionic mechanism. In the course of polymerization, three-
line and two-line electron spin resonance (ESR) spectra are observed from
BCMO. The former spectrum may be attributed to the free radicals |,
I, or I11, but structure 1 is thought to be the most probable in this case.

cuLo CIT, HC CTT» TLC
\ / \ /N \
0 O R 0
I\ I \
CITLC R CITLC CTT, CTT,
| IT T

The two-line spectrum may be attributed to free radicals 1V, V, or VI,
among which the structure V is thought to Ire the most probable from the
viewpoint of polymerization mechanism.1

265
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CHIC CIT cluzx Clio CHIC cn,
T x [/
c (0] c OH c 0
]
ClIIC/ \CHi/ ClIIC/ \ ClI/ CHIC/Y CH-/
IT \Y VI

Polymer obtained from the radiation-induced solid-state polymerization
of BCMO (m.p. 18.6°C.) is crystalline, and the polymer chains are uni-
axially oriented and have a planar zigzag conformation.2?

Several workers have reported on the ESPt spectra of oriented polymers
in relation to the structure of the free radicals as well as of their orienta-
tion.4-11  Kashiwagi discussed molecular orientation in polyethylene from
the anisotropy of spectra of the alkyl-type free radicals.7 One of the
present authors (H. Y.) made definite the previous identifications of free
radicals in irradiated polyoxymethylene by using stretched polymer
samples.’0 Ohnishi et al. concluded from the anisotropy of the spectra
that the polymer chains were uniaxially oriented in an irradiated poly-/3-
propiolactone. 11

In the present investigation, the ESR spectra from irradiated single
crystals of BCMO and those from polymer obtained by polymerizing
BCMO single crystals were observed to study the structure of the free
radicals and their orientations in connection with polymerization mecha-
nism.

Experimental

Commercial BCMO which was washed with water and distilled twice
in the presence of CaH- was used for this investigation. Single crystals of
rectangular thin plates were grown by allowing molten BCMO to stand at
a little below its melting temperature.

The single crystals of BCMO were irradiated with electron beams from
a Van de Graaff accelerator to a dose of 3 X 106rad (1.5 X 106rad/sec.)
at —196°C.

Polymer samples were obtained by irradiating BCMO single crystals
at 0°C. with 7-rays from a r@o source and by extracting the monomer with
methanol from thus in-source polymerized BCMO. The polymer samples

C

Fig. 1 Relation between an abc coordinate system fixed on a sample and direction of the
external magnetic field.
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—196°C.,

Fig. 3. Anisotropy of the two-line spectrum from the irradiated BCMO single crystal:
(O) Ovariable, ©= 0°; (a)6variable, $= 90°; (X) 6 —90°, $variable.

were irradiated in the same way as for monomer BCMO samples. No
change of the sample shape was observed in the course of the polymeriza-
tion.

ESR measurements were carried out with a x-band spectrometer at
—196°C. in the presence of air for monomer samples, and in vacuum for
polymer samples. In order to examine the anisotropy of ESR spectra,
the direction of the applied external magnetic field was defined by angles
6 and fwith respect to the ahc coordinate axes fixed to the samples as
shown in Figure 1

Results

Immediately after irradiation, the ESR spectrum of the monomer sample
consisted of a superposition of two-line and three-line components.  After
warming the sample to —7S°C. for 1 hr., the three-line component disap-
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Fig. 4. ESR spectra of poly-BCMO irradiated with 3 X 106rad at —196°C., kept at
—78°C. for 1 hr., and observed at —19G°C. at 4= 0°.

Fig. 5. Anisotropy of the two-line spectrum from the irradiated poly-BCMO (conversion
= 59%); (a)Ovariable, = 0°; (O) 6variable, §= 90°; (X) 8 = 90°, $variable.

peared and only the two-line component was observed (see Fig. 2). The
two-line spectrum was anisotropic, and the dependence of hyperfine
coupling constant on the angles 6 and <$is illustrated in Figure 3. On the
other hand, the g value showed little anisotropy. After warming the
sampleto 0°C. for 1 hr., the intensity of the spectrum became much weaker,
but the observed anisotropy was the same as that shown in Figure 3.
With this treatment, the polymer yield attained its final value of about
6%.

The ESTt spectra from irradiated polymer samples were made up of the
superposition of two-line and three-line components. After warming the
sample to —7S°C. for 1 hr., only the two-line component survived, as
shown in Figure 4. The anisotropic character of the two-line spectra was
examined for samples with different polymer yield (35%, 59%, 99%),
and a representative curve for the sample with the polymer yield of 59% is
shown in Figure 5.
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Discussion

According to McConnell and Strathdee,12 the principal values of tlie
hyperfine coupling tensor along the X, y, and 2 axes (see Fig. € due to an
a-proton attached to a carbon atom are (in gauss)

Ax = —24.6p (1)
-1, = —30.Sp (2)
Az = —T7.5p 3)

where p is the spin density on the carbon atom, pis in the range of 0.5-
0.S for free radicals with an adjacent oxygen atom.13

X

H—->1Z

Fig. 6. The xi/z coordinate system fixed on the free radical having one a-proton.

The two-line spectrum from monomer single crystal is anisotropic, which
indicates that free radicals have the structure, —CH—= From the result
of Figure 3, the principal values of the hyperfine coupling tensor and the
direction cosines of the principal axes with respect to the abc coordinate
calculated for the two-line spectrum of irradiated BCMO single crystal,*
are as shown in Table I.

TABLE |
Principal value of
hyperfine coupling
tensor, gauss Direction cosine
-16 0.2i -0.75 0.63
-18 0.68 0.58 0.45
-6 0.70 -0.34 -0.63

The p value calculated from the isotropic part of the hyperfine coupling-
tensor is 0.61. Three principal values of the hyperfine coupling tensor are
calculated by using p of 0.61 and values for egs. (1), (2), and (3), of
—15, —»2, and —b5 gauss, respectively. The estimated value of Ax coin-
cides with one of the observed principal values (—16 gauss). These ob-

* The hyperfine coupling tensor was calculated from the experimental data in the

region where the contribution of the inner doublet was neligible and the observed spectra
were simply composed of two-lines due to the outer doublet. 4
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<) (b) (c)
Fig. 7. Change of crystal structure of 3,3-bis(clilorometliyl)oxetaiie during the
polymerization: (a) crystal structure of monomer;% (b) mode of ring opening during the
polymerization;15 (c) molecular structure of polymer.3

served values are well interpreted by the fact that the x axis coincides
with the (0.21, —9.75, 0.63) direction whereas the y and z axes lie on the
plane perpendicular to the x axis somewhat at random. A rather small
value of p (0.61) indicates that the free radicals producing the two-line
spectrum have an oxygen atom adjacent to the carbon atom.

The two-line spectrum of irradiated BCMO may be attributed to free
radical IV or V, which has the adjacent oxygen atom. The structure
of a BCMO single crystal was determined by Nitta et al.i5 (see Fig. 7).
Each molecule lies so that the planes of the four-membered rings of the
molecules and the lines connecting the oxygen atom and the quaternary
carbon atom in the molecules are parallel or antiparallel. Accordingly,
the x, y, and z axes of free radical IV may be oriented uniquely with respect
to the abc coordinate with the assumption that the C—H bond bisects the
angle of original H—C—H; however, this is not in the case. Free radical
V is formed by opening the four-membered ring so that only the x axes of
all free radicals lie uniquely in the abc coordinate and other two axes do
not. This type of free radical agrees rather well with the observed results.
The above-mentioned identification of the free radical coincides with the
proposed mechanism of the radiation-induced solid-state polymerization
of BCMO.1

For the two-line spectrum of irradiated polymer sample with a polymer
yield of 59%, the principal values of coupling tensor and direction cosines
obtained from the experimental results, were as given in Table II. One

TABLE 11

Principal value of
coupling tensor,

gauss Direction cosine
-14 0.21 0.80 0.55
-24 0.52 -0.57 0.64

-14 0.84 0.20 -0.51
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of the three principal values, 24 gauss, was the same for the other
samples with different polymer yields. As the polymer chains are uni-
axially oriented, the principal axis corresponding to the principal value
of 24 gauss is thought to be the same as the direction of the chains (fiber-
axis). Other two principal values were almost the same, which indicated
that the corresponding two principal axes were distributed at random on
one plane. These facts result in a value for » v of —24 gauss, as the C—H
bond is always perpendicular to the fiber axis. From the isotropic part of
the hyperfine coupling tensors, p is calculated to be 0.74. On the other
hand, 0.65 is observed for the principal value along the y axis which is sup-
posed to orient uniquely. This fact suggests that the a « and », values
make a small contribution to the observed value of —24 gauss and that the
orientation of polymer axis is not completely uniaxial. The spin density
of free radicals in the irradiated polymer is larger than that obtained from
monomer sample. One reason why p differs between the free radicals of
monomer and polymer may be steric distortion in the free radicals of the
monomer samples by the four-membered ring. The value of p in-
dicates that the two-line spectrum of irradiated poly-BCMO is due to the
free radical —C(CH2Cl)2—CH—0—.

The x axis for the free radical of monomer, and y axis for that of poly-
BCMO were almost parallel.  This fact indicates that the polymerization
of solid BGMO proceeds in a direction perpendicular to the molecular
plane of the monomer in opening the oxetane ring.  This was also suggested
by Nitta et al. from x-ray analysis®6 (see Fig. 7).

The authors wish to express their thanks to Prof. Seizo Okamura of Kyoto University
for his continuous encouragement throughout this work and to Prof. Isamu Nitta of
Kwansei Gakuin University for his helpful information on x-ray analysis. Thanks are
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Résumé

On a étudié les spectres ESIt de monocristaux d’oxétane 3,3-bis-chlorométhylé ir-
radiés (BCMO) et de poly-BCMO obtenu par polymérisation do BCMO sous forme de
monocristaux a I’état solide. Dans les doux cas, les spectres consistent dans la super-
position des composants de 2 et de 3 lignes & —196°C. En chauffant I’échantillon, uni-
quement le premier composant reste. A partir de I’examen des tenseurs de couplage
hyperfins, on a conclu que le spectre a 2 lignes est du aux radicaux libres (montré dans
le résumé anglais) pour le monomeére et pour le polypore —C(Cl11Z21)2—Cil—0—
respectivement. L’orientation des radicaux libres donne des informations concernant
le mode d’ouverture du cycle dans la polymérisation a I’état solide de BCMO.

Zusammenfassung

ESR-Spektren von bestrahlten 3,3-Bis-(chlormethyl)-oxetan (BCMO )-einkris(allen
und von bestrahltem, durch Polymerisation von BCMO-Einkristallen in fester Phase
erhaltenem Poly-BCMO wurden untersucht. In beiden Fallen bestehen die Spektren
bei —196°C aus einer Uberlagerung von Zweilinien- und Dreilinienkomponenten.
Beim Erwéarmen der Proben bleiben nur erstere erhalten. Aus den erhaltenen Hyper-
feinkopplungstensoren wird geschlossen, dass das Zvveilinienspektmm fiir das Monomere
dem Radikal -CH(OH)—C(CHZ1)2—Cll2und fur das Polymere dem Radikal —C-
(CHZ1)2—CH—O— zuzuschreiben ist. Die Orientierung der freien Radikale liefert
Aufschluss Gber die Art der Ring6ffnung bei der Polymerisation von BCMO in fester
Phase.

Received June 20, 1966
Prod. No. 5209A
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Polymerization of Cyclic Sulfides*

J. K STILLE and J. A EMPEN, Department of Chemistry, University of
lona, lowa City, lowa 5220

Synopsis

The ring-opening polymerizations of cyclic sulfides containing three-, four-, and five-
membered rings were studied. In conjunction with these polymerizations, the relative
basicities of the cyclic sulfides employed were also investigated. Polymerizations were
effected by the use of phosphorus pentafluoride, boron trifluoride ethyl ether, triethyl-
aluminum, and trimethyloxonium tetrafiuoroborate. The resulting polymers were
oxidized to the sulfones and differential thermal analyses were obtained on the sulfide
polymers as well as the sulfone analogs.

INTRODUCTION

Although the polymerization of cyclic oxides has been investigated ex-
tensively and the physical properties of the resulting polymers have been
studied, little is known about the polymerization of the corresponding
cyclic sulfides. Cationic catalysts, i.e., mineral acids,1triethylaluminum,2
chlorocadmium butyl mercaptide,3 and boron trifluoride,1 have been em-
ployed for the polymerization of thiiranes. Thiiranes have also been
found to polymerize by employing an anionic catalyst, sodium ethoxide.4
However, certain thietanes were found to polymerize only by the use of
cationic catalysts.66 In a preliminary report,7 the polymerization of
cyclic sulfides by triethylaluminum and phosphorus pentafluoride was dis-
cussed.

From these reports, it is evident that cyclic sulfides can be polymerized
by cationic catalysts, probably proceeding through a sulfonium ion com-
plex, as shown in egs. (1)-(3), where C denotes a cation and A an anion.

Initiation:
SR + CA -8~k )
+ N N +H-N
C— R + %R — C—S—R—S R @)
A~ A-

*Presented in part at the Polymer Division, 150th Meeting of the American Chemical
Society, Atlantic City, N. J., Sept. 1965, and The Princeton University Conference on
The Chemistry of Sulfides, June 29-July 1, 1966.

273



271 1 k. STILLE A\D J. A EMI’'EN
Propagation :

S—R—S"R + SR SRS R-SR ©)
A- A-

The polymerization, in which complex formation initially takes place, is
thus affected by the base strength of the cyclic sulfide as well as its pro-
pensity for ring opening. According to this mechanism, the apparent
activation energy for the propagation is a combination of the activation
energy for ring opening and the heat of formation of the complex. It was
of interest therefore to achieve some knowledge of the realtive base strength
of a number of cyclic sulfides (I AT) and to investigate their ability to
polymerize by using a number of cationic catalysts.

qgq o0 3

I v \% Vi

EXPERIMENTAL

Monomers

7-Thiabicyclo[4.1.0(heptane(cyclohexene Sulfide) (1).8 Cyclohexene
sulfide was prepared from cyelohexene oxide and purified by refluxing over
calcium hydride and distilling, b.p. 70°C./19 mm. (lit.:8 71.5*73.5°C./21
mm.), from fresh calcium hydride under nitrogen. The purified monomer
was stored in a glass-stoppered bottle over anhydrous sodium sulfate.
Sodium ribbon and molecular sieves were found to polymerize the purified
sulfide.

7-Thiabicyclo [2.2.1 (heptane (VI) and 6-Thiabicyclo[3.1.1]heptane (IV).
An approximately equal molar mixture of 7-thiabicyclo[2.2.1]heptane
and 6-thiabicyclo[3.3.1]heptane was prepared as reported.9 The separa-
tion of the isomers was accomplished by the following methods.

Method A. The separation of the bicyclic sulfides was effected by dis-
solving the isomers in benzene and separating by means of preparative gas
chromatography on a column of 5% diisodecyl phthalate on Gas Chrom P.
The monomers were sublimed prior to use to give 7-t.hiabieyelo[2.2.1]-
heptane, m.p. 127.0°C., and 6-thiabicyclo [3.1.1 (heptane, m.p. 94°C., (lit.9:
127.5-12S.5°C. and 93.5-95.b°C., respectively).

Method B. The sulfide mixture, 15.2 g., was dissolved in 600 ml. of n-
nonane. This solution was distilled through a 40-plate column at 88 mm.
pressure. About 400 ml. of liquid was collected in seven fractions. The
first two fractions contained approximately 90% 7-thiabicyclo[2.2.1]
heptane and 10% 6-thiabicyclo[3.1.1 (heptane. The other fractions con-
tained only the 7-thiabicyclo [22.1 (heptane, while the distillation residue
was enriched with only 6-thiabicyclo [3.1.1 (heptane. The isomers were
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isolated by separation on a silica gel column. Normal pentane (100
ml.) was employed to displace the nonane and 150 ml. of ethanol was added
to elute the sulfide. The bicyclie sulfides could then be isolated by pre-
cipitation in water. The monomers were then dissolved in n-pentane,
dried over molecular sieves, and the solvent was evaporated. The mono-
mers were sublimed and stored in sealed vials in a desiccator.

Thietane (I11). Commercial grade thietane (Eastman Organic Chemi-
cals) was purified by first refluxing over calcium hydride followed by
distillation from fresh calcium hydride under nitrogen. The purified
monomer was stored in a glass-stoppered bottle over molecular sieves.
Storing over sodium ribbon was accompanied by polymerization.

3,3-Dimethylthietane (I1). 3,3-Dimethylthietane was prepared in a
35% vyield by a method previously reported.©0 Final purification was
accomplished by refluxing the sulfide over calcium hydride and distilling
from fresh calcium hydride under nitrogen. The purified monomer,
b.p. 116-118°C./750 mm. (lit.:10 120°C./7(i0 mm.) was also stored in a
glass-stoppered flask over molecular sieves.

Base Strength Studies

The measurements of the infrared proton shifts of the OH stretching
frequency (Ac,oh) of carbon tetrachloride solutions of phenol (ca. 0.171/)
and cyclic sulfide base were taken on a Perkin-Elmer Model 421 infrared
spectrophotometer.  Values for AH were obtained from the equation:1

- Mi = 0.016 AroH + 0.63.

Polymerizations

Triethylaluminum Catalyst.2~14 A 14/ mixture of triethylaluminum:
water catalyst was prepared under nitrogen in a dry box by adding 0.9
g. (0.05 mole) of water dropwise to 5.7 g. (0.05 mole) of freshly distilled
triethylaluminum in 42.3 ml. of dry /;-heptane at 0°C. A fine suspension
in the heptane was obtained. Aliquots of this catalyst suspension (5
mole-% based on monomer) were withdrawn with calibrated hypodermic
syringes and added to the polymerization bottle containing 5 ml. of methyl-
ene chloride.  The bottles were cooled to 0°C. and epichlorohydrin (5 mole-
% based on monomer) was added dropwise with occasional shaking. Mono-
mer (1.0 g.) was then added and the bottles were sealed. Polymerization
was allowed to proceed for 72 hr.

The catalyst was destroyed by the addition of 1 ml. of methanol. Poly-
mers were isolated by dissolution in benzene or chloroform followed by
reprecipitation into methanol. The polymers were lyophylized from ben-
zene.

Phosphorus Pentafluoride.8 610 Phosphorus pentafluoride was ob-
tained by the thermal decomposition of p-chlorobenzenediazonium hexa-
fluorophospliate (commercially available as Phosfluorogen A, Ozark
Mahoning Company), and from a cylinder of phosphorus pentafluoride
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gas (Mathoson Company), a gas buret being used to measure the volume of
catalyst needed (5 mole-% based on monomer). The catalyst was swept
into the polymerization flask containing 1.0 g. of monomer in 5 ml. of
methylene chloride maintained at —20°C. The solutions were held at
—20°C. for 24 hr. and then at 25°C. for 48 hr. The polymers were iso-
lated in the same manner described above.

Boron Trifluoride-Diethyl Ether.56 Reagent-grade boron trifluoride-
diethyl ether (Matheson, Coleman and Bell) was distilled under nitrogen
prior to use. Monomer (L0 g.), epichlorohydrin (5 mole-% based on
monomer), and methylene chloride, 5 ml., were added to serum bottles
which were then flushed with dry nitrogen and capped. The catalyst was
added to the polymerization bottle by means of calibrated hypodermic
syringes. After 72 hr. of maintaining the polymerizations at room tem-
perature, the polymers were isolated in the manner described above.

Trimethyloxonium Tetrafluoroborate. A 96% vyield of trimethyl-
oxonium tetrafluoroborate was prepared as previously reported.7 Re-
crystallization was accomplished by suspending the solid nitrobenzene
and effecting solution by the addition of liquid sulfur dioxide. As the
sulfur dioxide evaporated, the oxonium salt reprecipitated. The precipi-
tate was filtered, washed with anhydrous ethyl ether, and dried under
reduced pressure to give 35 g. (75%) of trimethyloxonium tetrafluorobo-
rate, m.p. 165°C. (dec.); lit.:18 174-T77°C.

The oxonium ion salt (5 mole-% based on monomer) was weighed out in
serum bottles in a nitrogen-filled dry box. The bottles were capped and
the monomers (1.0 g.) were added through the septum by means of cali-
brated hypodermic syringes. The solid monomers were first dissolved in a
minimum amount of nitrometliane and then added to the capped bottles.
The polymerizations were run for 3 days at room temperature. The poly-
mers were isolated by pouring the contents of the polymerization bottle
into 100 ml. of methanol, filtering the precipitated polymer and drying-
under reduced pressure.

Molecular Weight Determination

Number-average molecular weights of some of the polymers were ob-
tained on a Mechrolab 301A vapor pressure osmometer. The intrinsic

TABLE |
Number-Average Molecular Weight-Intrinsic Viscosity Relationshipl
Poly (cyclohexene sulfide) Polythietane
Mn M, dl./g. Mn Mi dl./g.
1970 0.14 1165 0.08
2380 0.19 1875 0.13
5400 0.34 3300 0.17
9700 0.56 5680 0.26

“Intrinsic viscosities were obtained in chloroform at concentrations of 0.2-0.5 g./
100 ml.
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viscosities of the unfractionated polymers were run in chloroform at 25°C.
in a Cannon-Ubbelohde semi-micro dilution viscometer. Results are
shown in Table I.

Differential Thermal Analysis

Differential thermal analyses were obtained on finely grouped polymer
samples by using a DuPont Model 900 differential thermal analyzer.
Silicon carbide was employed as a reference material, and the analyses were
run from —100 to + 300°C. with a heating rate of 20°C./min.

Oxidation to Sulfones

Samples of the sulfide polymers were oxidized to the corresponding sul-
fones by a method previously reported.9 The sulfide polymer was sus-
pended in concentrated formic acid and a 4:1 molar excess of 30% hydro-
gen peroxide was added. The resulting suspension was stirred for S hr.
to insure complete oxidation (Table Il). The initial polymer suspensions
become homogeneous approximately % hr. after the peroxide addition.
The resulting polysulfones precipitated from the reaction solution as formed
and were isolated by filtering the solution, washing the filtrate with water,
and drying under reduced pressure. The infrared spectra of the resulting-
polymers contained strong sulfone absorption at 1110 and 1250 cm.-1.

TABLE 11
Conversion to Sulfones
Calculated Found Sulfone,
Polymer C%Iimw P % H % o%m
Poly(cyclohexene sulfone) 49.29 6.85 50.50 7.09 90 +4.5
-fC HicS02f,,
Poly (1,3-cyclohexene sulfone) 49.29 6.85 50.75 6.86 87 £ 45
-fCeH180,d-,
Poly(3,3-dimethylthietane-I,I- 4475 7.46 4469 7.51 95.5-100
dioxide) -fiCHH XBO2f,,
Poly (thietane-1,1-dioxide) 33.98 5.65 35.13 5.39 89+ 3.4
-(-CaHeSOsA-,

aThe per cent of sulfone linkages was calculated from the carbon percentages alone.

DISCUSSION

Several methods have been employed to determine the base strength of
cyclic sulfides (Table Il1). The position of the wavelength of maximum
absorption in the ultraviolet has been used as a measure of the electron
density of the sulfur atom, with the assumption that the sulfur atom with
the highest electron, density will have the longest wavelength absorption.m
However, the actual transition taking place was not clearly defined. Sim-
ilarly, the chemical shift in the NMR of a- and /3-protons in cyclic sulfides
has ueen used to measure the electron density on the sulfur atom by assum-
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TAI5LE I
Aloti uid
Order of A, for I A, for phenol
base uy Q tt-CHo Complex complex
strength spectra® NY 1111 (UY)c (111 ArOHP
Strongest 4 5 5
a=4

3 a t

5 5 4 4
Weakest @ r. 3 0

“Method of Davis.D

*Method of Searles, Gutowsky, Rutledge, and Tamres. 22

r Method of Tamres and Searles2 and McCullough and Alulvey.3
fl Method of Lippert and Prigge. 245

ing that deshielding at the a-proton must be compensated for by a high
electron density on the sulfur atom.2r2

Complex formation with iodine was measured by ultraviolet and visible
charge-transfer spectra.223 Complex formation with phenol was also
measured in the infrared region by the proton shift, upon complexation.24%

It was observed that the order obtained from simple spectral methods
was in general the opposite of the order observed from measurement of
complex formation equilibria. It seems probable that the latter method is
a more reasonable criteria from which to judge relative basicity.

The order of basicity 5> 6 > 4 > 3, found for cyclic sulfides is different
from that found for cyclic oxides, 4 > 5> 6 > 3. This difference has been
ascribed to the differences in heteroatom size, differences in ring size
(ring strain), and also the differences in polarizability between the oxygen
and sulfur atoms. Our work confirms the general trend found for cyclic
sulfides (Table 1VV). The order found for the bridged bicyclic sulfides was
consistent with the other cyclic sulfides but a direct comparison could not
be made from the chemical shift of the «-protons in NAIR because of the
inherent differences between the shift of methylene and methine protons.
It was also noted that, complex formation was nearly the same for all of the
cyclic sulfides studied. The heat of formation of the complexes is un-
doubtedly small compared to the differences in the heat of polymerization
of the cyclic sulfides. For example, differences in the heats of polymeriza-
tions of oxirane (22.6 kcal./mole), and oxetane (19.3 kcal./mole) are large
compared to the differences in the heats of complex formation, while the
magnitude of the heat of polymerization of tetrahydrofuran (3.5 kcal./mole)
is comparable to the heat of complex formation.

It, would appear that the conversion of cyclic sulfide to polymer is naot,
affected to any degree by the basicity of heteroatom. Other factors seem
to determine whether or not the polymerization will take place; presum-
ably the primary factor is the ring strain. It was observed that tetra-
hvdrothiophene and 7-thiabicyclo[2.2,1 Jheptane would not, polymerize by
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any of the methods employed in this study. On the other hand, the cor-
responding cyclic oxides were converted to high polymers by the same cat-
alytic systems. An insight into the differences in polymerizability can be
gained by a comparison of the strain energies of the cyclic monomers (Table

V). B

TABLE V
Strain Energy

Strain energy, kcal./mole

Ring size Alkane Ether Sulfide Imine
3 27.43 27.21 19.78 26.87
4 26.04 25.51 19.64
5 6.05 5.63 1.97 5.80
0 -0.02 1.16 -0.27 -0.15

The calculated strain energy is a composite of angle strain, lone-pair
interaction, hydrogen-hydrogen crowding, bond length, and atom size
as well as other factors relating to the geometry of the ring system. It
can be seen that the strain energy for cyclic alkanes, cyclic ethers, and cyclic
imines are nearly the same for similar size ring systems. However, the
cyclic sulfides all have considerably lower strain energy which was postu-
lated as arriving in part from the large difference in the bond length of the
C—Sbond as compared with the other heterocycles listed in Table V. The
bond lengths between C—X (where X = C, 0, N, and S) are as follows:
C—C=14A,C—0 =143A,C—N=147A,and C—S = 18L A
The longer C—S bond would tend to allow greater C—S—C bond angle
distortion in the cyclic sulfide molecule, thus relieving the strain imposed
by the small ring system.

It is interesting to note that tetrahydropyran has not been polymerized.
This isomer is known to exist in the stable chair form and has a very low
strain energy (1.16 kcal./mole). The strain energy of tetrahydrothio-
pbene (1.97 kcal./mole) is only slightly greater than that of tetrahydro-
pyran. Although thermodynamic data has not been reported for the bi-
cyclic isomers, it would seem reasonable to assume that 7-thiabicyclo [2.2.1 ]
heptane has considerably less strain energy than does 7-oxabicyclo [2.2.1 [-
heptane.

In the polymerizations with triethylaluminum (Table V1), it uas neces-
sary to cool the solution of catalyst in solvent before the addition of epi-
chlorohydrin and monomer. If this wes not done, the episulfide would
polymerize in an almost explosive manner when added to the catalyst.
The polymers obtained from the polymerization wdrere all white solids.

The rate at which phosphorus pentafluoride was introduced into the
polymerization system was found to be very critical. The amount of
catalyst actually reaching the polymerization vessel was easier to deter-
mine by the gas buret method than by the thermal decomposition of a ben-
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TABLE VI
Polymerization of Cyclic Sulfides*
Conver-
Monomer Catalyst sion, % hi, dl./g. 8 Co Tm °C.
Cyclohex- (1) AlEts-IUO too 0.44 -43 + 130
ene sulfide (2) PF5 96.9 0.38 -45 + 86
Thietane (1) AL1EL-HA) 52.9 0.30 -56 + 53
(2) PF5 66.7 0.37 -51 + 55
3,3-Dimeth- (1) AIEL-IUO 55.1 0.35 -53 + 117
ylthietane (2) PF5 54.7 0.54 -40 + 140
6-Thiabiey- (1) AlEts-ILO 26.2 0.37 -52 + 134
do[3.1. ljheptane (2) PF5 53.5 0.31 -58 + 139

“ Monomer, 1(1g.; catalyst, 5 mole-% based on monomer; epiehlorohydrin, 5 mole-%
based on monomer; Solvent, CILCL (5 ml.); polymerization at 25°C. for 3 days.

zenediazonium hexafluorophosphate, Even inthis case, however, the actual
amount of catalyst actually complexing with the sulfur atom is not known.
It was found that bulk polymerization of the cyclic sulfides using boron
trifluoride proceeded to give higher molecular weight polymers than solu-
tion polymerization (Table VII). The bulk polymerization of cyclohexene

TABLE VII
Polymerization with Boron Trifluoride*
Moiiomer Conversion, % W, dl./g.
Cyclohexene sulfide 9 0.34
96” 0.33
Thietane 67b 0.23
63” 0.64
3,3-Dimethylthietane 80b 0.29
70¢ 0.76
6-Thiabicyclo[3.1.11heptane 57.5b 0.23

“Monomer, 1.0 g.; BFrEUO, 5 mole-% based on monomer.

b Solution in 5 ml. of CILCL with 5mole-% epiehlorohydrin co-catalyst,, Polymeriza-
tions were run for 3 days at 25°C.

¢ Bulk polymerization for 24 hr.

TABLE VIl
Polymerization with Trimethyloxonium Tetrafluoroborate*
Conversion,

Monomer ® M, dl./g. T, °C. 9_ =
Cyclohexene sulfide 47 0.1s -47 + 85
6-Thiabicyclo[3.1.1]

heptane 20 — -53 + 135
Thietane 4 0.09 -59 + 49
3,3-Dimethyl-

thietane 55 0.31 —55 + 102

“Monomer, 1.0 g. (only 0.5 g. of the bicyolic sulfides); (CHa)aOBF4 5 mole-%, bulk
polymerization at 25°C. for 5 days. The solid monomers were dissolved in a minimum
quantity of nitromethane.
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ssulfide was very difficult to control. The ring opening was so rapid as to
he almost explosive in all hulk polymerization runs. A dark polymeric
residue was initially obtained. Dissolution of this residue in benzene or
chloroform followed by repreeipitation into methanol gave a white
polymer. However, the molecular weight, of this polymer was not as high
as that of the polymers obtained from the hulk polymerization of thietane
and 3.3-dimethylthictane. The polymers from the latter two monomers
were tough rubbery solids.

The utilization of trimethyloxonium tetrafluoroborate as a polymeriza-
tion catalyst (Table VIII) was investigated because this salt is reported
to be a good source of methyl carbonium ion [eq. (4)].

(CHYOBF4-* CH3+ + (CH3D + BF4 @

It has been reported that the reaction of diethyl sulfide with triethyloxo-
nium tetrafluoroborate gives a tertiary sulfonium ion salt.7 A similar re-
action of trimethyloxonium tetrafluoroborate [eq. (5)]

(CHLH2DBF4 + (CH:,CH2)S — (CHXI12BBF4 + (CHsCHakO (5)

with the cyclic sulfides would lead to a cyclic sulfonium ion which could
then polymerize in the presence of monomer to give the growing polymer
chain.

RS + (CH320BF4 — B + + (CH3®
Base Acid b4 Conjugate (6)
Conjugate base
acid
o
R S—CH1 + nR S — CH~—f-S—R-hpryS—R—S R ©)
BF,

The one major drawback encountered in the use of this catalyst was its
insolubility in most solvents normally chosen for polymerizations.  Nit.ro-
methanc was used to effect solution of the solid bicyclic monomers but the
polymer precipitated from this solvent as it formed.

The glass transition (second-order transition) temperature of a number
of polymers was obtained. The —40to —60°C. transition for linear polv-
ethers has been attributed to movement of the —C—0—C—msegments of
the polymer chain.@ It seems likely therefore, that the low-temperature
transitions that were observed for sulfur polymers were also due to this
motion.

It was observed from x-ray powder patterns that the sulfide polymers
possessed some degree of crystallinity. A difference in the crystalline
transition temperature Tmwas noted for the polymers obtained from cyclo-
hexene sulfide. An explanation of this observed difference is not readily
available; however, it should be noted that- this monomer could polymerize
by both a cis- and a tram- addition to the cyclohexene ring. An increase
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TABLE IX
Thernnil Properties of Sulfone Polymers

Polymer Tni °Ca T,, =c.

in the order polymer segments would tend to lead to an increase in the
melting point of the resulting polymer. Another factor that could af-
fect the melting transition is the molecular weight of the polymer. This
difference was noted in the polymers obtained from 3,3-dimethylthietane;
the highest molecular weight polymer (7] = 0.54) recorded in Table VI
had a somewhat higher melting transition than the lower molecular weight
analogs.

The sulfone polymers (Table 1X) obtained from oxidation of the cor-
responding sulfide polymers had considerably higher glass transition tem-
peratures and all were found to melt with decomposition above 280°C.

A correlation of intrinsic viscosity with molecular weight was obtained
for two sulfide polymers from the Mark-Houwink equation.®3a Values
for K and a for the sulfide polymers in Table | were determined by
the intercept and slope, respectively, for a plot of the log of intrinsic vis-
cosity against the log of molecular weight. Unfractionated polymers were
employed in this determination; however, nearly straight lineswere obtained
from this plot. The differences in the K and a values of poly(cyclohexene
sulfide) and polythietane (Table X) can be attributed to the differences in
polymer structure; the polymer from thietane is very flexible with little
restriction of motion in the linear backbone; the polymer from cyclo-
hexene sulfide, on the other hand, has considerably less freedom of motion
due to the bulk of the cyclohexane ring.

TABLE X
Intrinsic Viscosity-Molecular Weight Relationship
Temp.,
Polymer Solvent °C. a K
Poly (cyclohexene CUCI;, 25 0.85 2.34 X 10-J

sulfide)
Polythietane ClICL 25 0.75 3.98 X 10"4
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Résumé

La polymérisation par ouverture de cycle de sulfures cycliques contenant des cycles
a 3, 4 et 5 pieces a été étudiée. En rapport avec ces polymérisations, les basicités
relatives de ces sulfures cycliques utilisés ont été également étudiées. Les poly-
mérisations ont été effectuées en utilisant du penta-fluorure de phosphore, le coin-
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plexe trifluoronre bore éther diethylique, I’aluminium triéthyle et le tétrafluoroborate-
triméthyloxonium. Les polymeéres résultant ont été oxidés en sulfones et les analyses
thermiques différentielles ont été obtenues sur les polymeéres sulfureux aussi bien que
sur les analogous sulfoniques.

Zusammenfassung

Die Ringoffnungspolymerisation cyclischer Sulfide mit 3-, 4- und 5-gliedrigen Ringen
wurde untersucht. Im Zusammenhang mit der Polymerisation wurde auch die relative
Basizitat der verwendeten cyclischen Sulfide bestimmt. Die Polymerisation wurde
durch Verwendung von Phosphorpentafluorid, Bortrifluorid-Athylather, Triathyl-
aluminium und Trimethyloxonium-tetrafluoroborat bewirkt. Die erhaltenen Poly-
meren wurden zum Sulfon oxydiert und Differentialthermoanalysen an den Sulfidpoly-
meren und den Sulfonanalogen durchgefiihrt.

Reccived June 29, 1963
Prod. No, 5213A
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Preparation and Polymerization of Some Vinyl
Monomers Containing the 1,3-Dioxolane Group

G. F. D’ALELIO and R. J. GAIOLA,* Department of Chemistry, University
of Notre Dame, Notre Dame, Indiana 46556

Synopsis

The synthesis and structure determinations of (2,2-dimethyl-1,3-dioxolan-4-yl)-
methyl acrylate, 4-(2,2-dime(hyl-I,3-dioxolan-4-yl)niethyl itaconate, and [(2,2-di-
methyl-1,3-dioxolan-4-yl)methyl] methyl fumarate are described. Reactivity ratios in
the copolymerization of these monomers with other comonomers are reported and the
Alfrey-Price Q and e values calculated. The post-polymerization study of the effects
of ultraviolet light and heat on these polymers and copolymers is presented. The 1,3-
dioxolane group when appended to the polymer chain performs as an internal ultraviolet
sensitizer. A mechanism is offered to explain the crosslinking behavior of these polymers
when treated with ultraviolet light..

INTRODUCTION

Vinyl polymers which possess cyclic functional groups containing oxygen
which can undergo post-polymerization reactions have been reported.
Among those reported include the glycidyl acrylic estersi-8 and acrylic
esters containing the 2-oxo-1,3-dioxolane group.45 It was considered to
be of interest to prepare vinyl polymers with appended cyclic ketal struc-
tures. Particularly of interest were the 1,3-dioxolanes. While 1,3-dioxo-
lanes have been useful blocking groups for 1,2-glycolse and for ketones,7
since they are readily hydrolyzed by acidssbut stable to base,6their use as
chemical entities in polymers has not been studied. A choice of esters
prepared from the known isopropylidene glyceral, 4-(hydroxymethyl)-
2,2-dimethyl-l,3-dioxolane,91" was made so as to have related olefinic
esters whose polymerization tendency varied considerably, and whose
copolymerization activities would be expected to differ substantially.
The a,j3-unsaturated esters selected included an acrylic, itaconic, and fu-
maric. This paper describes the synthesis and structure elucidation of these
new monomers as well as investigations of their polymerizaion reactions.
An interesting post-polymerization reaction, crosslinking induced by ultra-
violet light, is also described.

* Present address: The Row Chemical Company, Midland, Michigan.
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EXPERIMENTAL

Monomer Synthesis

(2,2-Dimethyl-l,3-dioxolan-4-yl)methyl Acrylate. Into a three-necked
two-liter flask fitted with stirrer, condenser and drying tube, and addition
funnel was placed 50.4 g. (0.38 mole) of isopropylidene glycerol, 38.2 g.
(0.38 mole) triethylamine, 950 ml. of benzene, and 0.5 g. anthraquinone.
The temperature of the reaction mixture was kept at 0.5°C. by means of a
water-ice bath. To the addition funnel 30.Gg. (0.33 mole) of acrylyl
chloride dissolved in 50 ml. of benzene was added. The acrylyl chloride
solution was added dropwise to the cooled, stirred reaction solution over a
7-8 hr. period. The reaction mixture was allowed to stir at room tem-
perature overnight. The mixture was filtered and 45.5 g. (98%) of tri-
ethylamine hydrochloride was collected. The benzene solution was
washed two times with 100-ml. portions of distilled water. The benzene
solution was dried with anhydrous sodium carbonate, the sodium carbonate
was removed by filtration, and the benzene was removed at aspirator pres-
sure.

A vacuum distillation of the yellow liquid yielded 46.8 g. (75.5%) of a
colorless liquid, b.p. 59°C./0.8 mm., > 14439, d-° 1.06783 ¢'/cc., dm
1.0372 g./cc.

Anal. Caled. for CjHuO«: C, 58.05%; H, 7.58%. Found: C, 57.81%; H,
7.67%.

A gas-liquid chromatogram was obtained by using a Tide detergent
column with a helium flow rate of 36 ml./min. at a temperature of 169°C.
It showed a peak with a retention time of 2 min. and indicated the purity
was greater than 99%.

4-(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl Itaconate. Into a three-
necked 500-ml. round-bottomed flask equipped with stirrer, nitrogen inlet
tube, and condenser, was placed 61.2 g. (0.545 mole) of itaconic anhydride,
72 g. (0.545 mole) of isopropylidene glycerol, and 250 ml. of benzene which
had been dried over sodium. The reagents were allowed to react in a
nitrogen atmosphere at 60°C. for 48 hr. The solution was cooled, and n-
heptanc was added until the solution turned slightly turbid. The flask
was placed in the refrigerator, and after 3 hr. precipitation of the product
occurred. A 66 g. (49.5%) yield of product was obtained. The product
was recrystallized from benzene-hexane, m.p. 69-70°C.

Anal. Caled. for CuH¥6: C, 54.09%; Il, 6.60%. Found: C, 54.05%; H,
6.64%.

[(2,2-Dimethyl-l1,3-dioxolan-4-yl)methyllmethyl Fumarate. Into a
1000 ml. three-necked flask equipped with stirrer, condenser with drying-
tube, and addition funnel, 28.5 g. (0.22 mole) of isopropylidene glycerol,
22 g. (0.22 mole) of triethylamine, and 400 ml. of benzene were placed.
Into the addition funnel 31 g. (0.21 mole) of methyl fumaryl chloride was
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placed. The addition was made dropwise over a period of 2.5 hr. to the
solution cooled to 5°C., and the reaction mixture was stirred at room
temperature overnight. The mixture was filtered, and n-hexane was added
to the filtrate until it became turbid. A small amount of a sticky material
separated after 12 hr. in the refrigerator. The solution was filtered and the
solvents were removed at aspirator pressure. The product was distilled,
b.p. 122°C./0.0S mm.; 20 g. (39%) of a clear liquid were collected. The
product crystallized in the receiving flask. The product was recrystallized
from hexane, m.p. 54-55°C.

Anal. Caled. for CullwO*. C, 54.09%; Il, 6.60%. Found: C, 54.23%; H,
6.78%.

Homopolymerization

Homopolymers of (2,2-dimethyl-1,3-dioxolan-4-yl)methyl acrylate and
4-(2,2-dimethyl-1,3-dioxolan-4-yl)methyl itaconate were prepared by solu-
tion polymerization in toluene with 0.1 wt.-% benzoyl peroxide as initiator
at 50°G.

Reactivity Ratio Determinations

Solution polymerizations in toluene or dimethylformamide were run
under a nitrogen atmosphere in 75 by 20 mm. screw cap vials. Polymeriza-
tion was initiated by benzoyl peroxide, usually at 0.1 wt.-% based on mono-
mer. Temperatures were kept at 50 £ 0.2°C. Conversions were kept
below 13%, generally well below 10%. The polymers were precipitated
by pouring the polymerization solution into water-methanol or hexane at
room temperature. Purification was affected by reprecipitations. The
purified polymers were dried in a vacuum oven at G0°C. to constant
weight, and the composition of the copolymers was determined by carbon,
hydrogen and oxygen and nitrogen analysis where applicable (performed by
Midwest Micro Laboratory, Indianapolis, Indiana).

Reactivity ratios were determined from the differential form of the gen-
eral copolymerization equation by the method of intercepts. 11

The comonomers styrene, 2-vinylpyridine, and acrylonitrile used in the
copolymerizations were purified before use by distillation. Hexyl meth-
acrylate and butyl acrylate were purified2 by washing the monomer free
of inhibitor with base, drying the monomer over an anhydrous salt, and
distilling in vacuo.

Post-Polymerization Reaction: Crosslinking with Ultraviolet Irradiation

Films of poly[(2,2-dimethyl-l,3-dioxolan-4-yl)methyl acrylate] and se-
lected copolymers were erosslinked by irradiation with ultraviolet light
from a 100-w. medium-pressure mercury lamp which emits light from 254
to 365 mu and from a 450-w. high-pressure mercury Hanovia immersion
lamp emitting light at 254, 313, and 365 mfr.
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RESULTS AND DISCUSSION

Monomer Synthesis

Thu monomer (2,2-dimethyl-l,3-dioxolan-4-yl)methyl acrylate (1),
was synthesized by the reaction of isopropylidene

%

cl |>:CH—C—O—OIL—CIH—CHj
0 O

\ /
C
[\
CH3 CH»

1

glycerol and acrylyl chloride in the presence of base.

The isopropylidene glycerol was prepared from the acid-catalyzed reac-
tion of glycerol and 2,2-dimethoxypropane. Lorette and Howard13 have
recommended this method of employing dimethoxypropane as a trans-
ketalization agent for primary and secondary glycols. Hermansi4 and
Smith and Lindbergis showed that the 1,3-dioxolane ring, rather than the
1,3-dioxane ring, was the kinetically controlled product in the reaction of
glycerol and acetone. Irvine and co-workersoproved the structure of iso-
propylidene glycerol by showing that the methyl ether of their product was
identical to the product independently synthesized from allyl iodide. That
the dioxolane ring was formed in this study was shown by comparing the
refractive indexes of the product and its derivatives with its isomeric
dioxane compound and derivatives in Table 1.

TABLE 1
Refractive Indexes of Glycerol Derivatives

Refractive index

Compound Literature Found
Isopropylidene glycerol 1.4326 at 1.4346 at 20°C.
25°C.%

2,2-Dimethyl-5-hydroxy- 1.4427 at

1,3-dioxane 20°C.17
Isopropylidene glycerol 1.4150 at 1.4121 at 20°C.

«-methyl ether 20°C.la
Glycerol «-methyl ether 1.4463 at 1.4458 at 16°C.

17°C.160

1.4450 at

20°C.B

Glycerol (3-methyl ether 1.4505 at

17°C.®

The acrylyl chloride was prepared by the procedure reported by Reh-
berg whereby phosphorus trichloride is reacted with acrylic acid. The
acrylyl chloride boiled at 74-7(3°C. This compound required distillation
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before use, as it polymerized to some extent on refrigeration. (I not freshly
distilled, a cloudy suspension resulted when added to benzene.)

Monomer characterization was accomplished by its infrared spectrum.
The principal characteristics of the spectrum are given in Table II.

TABLE 11
Infrared Spectrum Characteristics of Monomer |
Absorption

band, \i Assignment

5.8 Cc=0

0.15 Cc=C

7.15 C=C

7.5 ClI 13(from isopropylidene)

S.0 C—0 (1,3-dioxolane)
10.2 c=C

10.9 c=C

12.54 Appears to be characteristic

of acrylates

Additional structure elucidation of | was obtained by its saponification
and gas-liquid chromatographic analysis of the recovered alcohol. The
analysis showed that the alcohol was identical with an authentic sample of
isopropylidene glycerol. No rearrangement of the isopropylidene glycerol
had occurred during esterification. The monomer 4-(2,2-dimethyl-1,3
dioxolan-4-yl)methyl itaconate (11),

T
CH 2=CI:—C | I2—C—O—ClL—|Cll—|c h2
COH 0 0
\ /
C
[\
cl3 clu3

was prepared from isopropylidene glycerol and itaconic anhydride.

TABLE 111
Infrared Spectrum Characteristic of Monomer 11
Absorption band, m Assignment
3.4-4.4 (broad band) Ctbll
5.8 c=0
6.0 c=o0
6.15 c=c
7.3 CIT3
8.6 CcC—o0
10.2 c=C
10.9 c-C
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Itaconic anhydride was prepared from an exchange reaction of itaconic
acid and acetic anhydride. This method of preparation has advantages
over the conversion of citric acid to itaconic anhydride,2 as the yields
were better and the reaction scale larger.

Monomer Il was characterized by its infrared spectrum (Table IlI)
and by its p/va.

The pKawas used to differentiate monomer 11 from its isomer 111.2

CIIII2—C02H
cH2c—codn2 cii—cn

Al
ClI3 GIF
111

In Table IV the pKavalue and the dissociation constant of the product,
are compared with the known constants for acrylic and acetic acids.

TABLE IV
pKat'alues and Dissociation Constants
Temp., Dissociation
Compound °C. PA, constant
4-(2,2-Dimethyl-1,3-
dioxolan-4-yl)-
methyl itaconate 23 4.11) 6.46 X 10
Acrylic acid 25 4.24 5.6 X 10“5
Acetic acid 25 4.75 1.75 X 10-6

Clearly, the pKais typical of the «,/3-unsaturated acid, and the structure
of the product corresponded to I1.

The alcohol portion of the ester was recovered from the saponification
of Il and shown to be identical with an authentic sample of isopropylidene
glycerol by gas-liquid chromatography.

The monomer [(2,2-dimethyl-l,3-dioxolan-4-yl)methyl]methyl fumarate
(V)

CHaO— C H

_1
c=¢C

H C—OCHZH—ch 3
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was synthesized from isopropylidene glycerol and methyl fumaryl chloride
in the presence of base.

The methyl fumaryl chloride was prepared from monomethyl maleatc
and thionyl chloride. The isomerization of maleates to fumarates is
catalyzed by sulfur dioxide and hydrogen chloride.3 Fumaryl chloride
has been prepared from maleic acid and phosphorus pentachloride.z

Saponification of 1V yielded fumaric acid, m.p. 281°C., isopropylidene
glycerol, and methanol. These were shown by mixed melting points and
gas-liquid chromatography.

Homopolymerization

The new acrylate and itaconate monomers homopolymerized by free-
radical initiators such as benzoyl peroxide and azobisisobutyronitrile.
In addition (2,2-dimethyl-l,3-dioxolan-4-yl)methyl acrylate (I) was ob-
served to be particularly sensitive to ultraviolet light. Irradiation of the
monomer through Pyrex glass at room temperature with ultraviolet light of
wavelength 310-370 m” for 1 min. resulted in a 50% conversion of monomer
to polymer. It was also found that under the same conditions as de-
scribed above, irradiation for five 3-min. periods of a pure sample of |
produced an infusible, insoluble, rubbery polymer. The ultraviolet spec-
trum of a dilute solution of monomer | in spectral grade tetrahydrofuran
showed no maximum above 210 npi.  This is compatible with the findings
of Ungnade and Ortega,s who showed that other acrylic esters show no
maximum above 210 mji. A spectrum obtained from a concentrated solu-
tion of monomer in tetrahydrofuran (25vol.-% monomer) showed that the
monomer absorbed strongly at 370 npi. This very strong absorption can
account for the rapid polymerization of | when irradiated with ultraviolet
light for a short time, even through Pyrex glass. The rapid polymeriza-
tion of | under the conditions described appears to be unique, as no pre-
cedent could be found in the literature. In contrast, irradiation of methyl
methacrylate and ethyl acrylate through Pyrex glass with a 450-w. high
pressure mercury Hanovia immersion lamp at 55°C. for 2 hr. produced
little or no polymer.

Solution polymerization of monomers | and Il in toluene at 50°C. with
benzoyl peroxide as initiator afforded workable polymers. Inherent vis-
cosities in dimethylformamide for poly](2,2-dimethyl-I,3-dioxolan-4-yl)-
methyl acrylate] of 0.4S and for poly[4-(2,2-dimethyl-I,3-dioxolan-4-yl)-
methyl itaconate] of 0.43 were obtained.

Copolymerization

These reactive vinyl monomers were copolymerized with a number of
comonomers, and the experimental data are shown in Tables V-XVII.
The )iand values obtained for these copolymerizations are shown in
Tables XVIII-XX. In addition, the Alfrey-Price equations® were used
to calculate Q and e values.
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The copolymers of monomer | and monomer Il were all random copoly-
mers. In the case of monomer Il, a large difference is found in the r
values with hexyl methacrylate and butyl acrylate, the hexyl methacrylate
radical preferring to react with its own monomer whereas the butyl acrylate
radical prefers to react with monomer Il.  The zero value of r2for fumarate
monomer (1V) showed that this monomer had no tendency to react with
itself. In its copolymerization with styrene, where n = 0.17 % 0.05, the
copolymer approached an alternating copolymer. Where is very large,
such as in the copolymerization with hexyl methacrylate, a copolymer en-
riched with hexyl methacrylate was formed even at low initial hexyl meth-
acrylate concentrations.

The intrinsic viscosity of selected samples of copolymers was determined
by using an Ubbelohde dilution viscometer. The usualZ two-line plot
of reduced viscosity and inherent viscosity versus concentration was
used. Results are shown in Table XX1.

The intrinsic viscosities indicated that the molecular weights of these
copolymers were high.

TABLE XXI
Intrinsic Viscosity [#] of Copolymer Samples
Copolymer composition Solvent to]

Butyl acrylate (73%), 2,2-dimethyl-I,3-dioxo-

lan-4-yl)methyl acrylate (27%) DMF 1.53
Hexyl methacrylate (68.3%), 4-(2,2-dimethyl-

I,3-dioxolan-4-yl)methyl itaconate (31.7%,) Toluene 0.46
Styrene (47), [(2,2-dimethyl-1,3-dioxolan-4-

yl)methyl] methyl fumarate Toluene 0.65

Post-Polymerization Studies

Post-polymerization reactions to obtain crosslinked polymers from linear
polymers are well known in the literature. Chemical crosslinking agents
are employed when the pendant group contains a related functional group.
For example, polyacrylate esters containing hydroxyl groups in the ester
portion can be crosslinked2 with polyepoxides or with polyisocyanates.
Light and radiation have also been used to crosslink polymers. Poly-a-
olefins have been reported to crosslink by ultraviolet light in the presence
of a sensitizer® and by neutron radiation.

In this study, ultraviolet light alone was used to crosslink polymers con-
taining the 1,3-dioxolane group. A film of poly[(2,2-dimethyl-1,3-di-
oxolan-4-yl)methyl acrylate] was crosslinked when irradiated with ultra-
violet light from the 100-w. mercury lamp emitting light in the 254-365 m/r
region. When a film of the polymer was partially shielded and irradiated,
only the exposed portion was crosslinked. The shielded portion was soluble
in benzene. The uncrosslinked polymer had been tacky, but this property
was lost after irradiation.

Films of copolymers were cast on a flat 2 X 3 in. glass plate, dried, and



L,3-D1()\OLAXL GHOI Ii 03

TABLE XXII
Irradiation of Copolymer Filins

Duration
of Wt. of
YVt. of irradia- crosslinked %. cross-
Copolymer copolymer, g. tion, min. copolymer, g. linked

Butyl acrylate (73%), (2,2-

dimethy 1-1,3-di( >xolan-4-y 1)-

methyl acrylate (27%) (1.0(1% 15 0.0050 52
Hexyl methacrylate (68.3%), 4-

(2,2-dimethyl-1,3-dioxolan-4-

yl)methyl itaconate (31.7%) 0.000(1 20 0.0010 27
Styrene (47%), [(2,2-dimethyl-

1,3-dioxolan-4-yl)methyl]

methyl fumarate (53%) 0.0135 20 0.0002 08
Styrene (47%), [(2,2-dimethyl-

I,3-dioxolan-4-yl)methyl]

methyl fumarate (53%) 0.0108 30 0.0077 71

weighed. The films were irradiated with ultraviolet light from the lamp
described above. The plates were then submerged in boiling toluene for
5 min., then in boiling dimethylformamide for 5 min. The plates were
then dried and weighed. Xonirradiated films prepared in the same manner
were completely dissolved as evidenced by weight measurements of the
glass plates. In Table XX 11 the data from these experiments are shown.

The ultraviolet spectrum of poly[(2,2-dimethyl-1,3-dioxolan-4-yl)
methyl acrylate] showed that the polymer began to absorb light at 320
nifu. This is not expected for saturated esters. Closson and Haug3l
showed that saturated esters have weak ultraviolet absorptions with a
maximum between 200 and 220 nip. To demonstrate that there was no
monomer contamination in the polymer, an infrared spectrum of the
polymer film, was compared to the infrared spectrum of the monomer.
The absence of peaks at 6.1b, 7.15, 10.15, 10.9, and 12.35 juin the polymer
spectrum clearly showed that no monomer was present. The only pos-
sible chromophore which remained in the molecule to account for the ul-
traviolet absorption was the 1,3-dioxolane group. However Zimkin and
Bergmann,® in a study of the ultraviolet absorption behavior of 2-alkyl-
3-phenyl-l,3-oxazolidines, stated that the compounds have spectra com-
pletely analogous to disubstituted anilines and that the oxazolidine ring
did not contribute to the absorption of these molecules.

In the experiments described above no effort was made to cool the films
during irradiation or to ascertain the wavelength of the light needed to
bring about the crosslinking. To separate the effects of heat and ultra-
violet light as well as the effect of near and far ultraviolet light, an infrared
spectral analysis was performed of thermally treated as well as ultraviolet
light treated films. The study was also conducted to obtain some in-
sight into the mechanism of the crosslinking reaction. Films of polymer
were cast on three sodium chloride plates used for infrared analysis.
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The first plate was placed in an oven at 150°C. for 30 min. It had been
previously determined that the polymer crosslinked under these conditions.
An infrared spectrum of the crosslinked polymer showed the appearance of
hydroxy! absorption, carboxylic absorption as well as a diminishing of the
isopropylidene and 1,3-dioxolane absorptions. The second film was ir-
radiated for 30 min. with a 450-w. high-pressure mercury Hanovia immer-
sion lamp emitting light at 254, 313, and 365 m/n The light was cooled
through a water jacket made of quartz. The temperature of the film
was about 55°C. The infrared spectrum showed the appearance of hy-
droxyl absorption. The third film was irradiated for 30 min. under the
same conditions, except that a Pyrex plate was used to filter the ultraviolet
light below 300 npu. Only faint hydroxyl absorption was perceptible in
the infrared spectrum. However after 5 hr. of irradiation, another in-
frared spectrum of this film showed strong hydroxyl absorption, and marked
decreases in isopropylidene and 1,3-dioxolane absorptions. Each of these
treatments crosslinked the polymer. However, different mechanisms
appeared to be operating since carboxylic acid absorptions appeared in the
spectrum of the thermally crosslinked film, and not at all in the spectrum
of the film irradiated with light above 300 mp.

Jacobs and Steele®Bhave reported the crosslinking of poly(ethyl acrylate)
by ultraviolet irradiation. After 30 min. they stated that no crosslinking
occurred with 254 m/j ultraviolet light, and only 50% of the polymer cross-
linked after 1 hr. They3 proposed a mechanism which involves splitting
the ester side chain from the polymer backbone. The infrared spectral
study of treated poly [(2,2-dimethyl-1,3-dioxolan-4-yl)methyl acrylate]
appeared to exclude this choice of mechanism, since the formation of
carboxylic acid and alcohol are not accounted for. Cowley and Melvilled
have found that the chain scission reaction of polyfmethyl methacrylate)
occurred rapidly upon ultraviolet irradiation at 254 m/t at temperatures
of 130°C. or above. This reaction would not be expected to be competitive
with the crosslinking reaction at 55°C. of this irradiation. Oster and co-
workers® have stated that in the presence of ultraviolet sensitizers the
crosslinking of poly(methyl methacrylate) is considerably enhanced.
It is proposed that, polymers containing the 1,3-dioxolane ring have in-
ternal ultraviolet sensitizers, and therefore they crosslinked readily.

A mechanism for the crosslinking reaction under the influence of ultra-
violet light is proposed in eg. (1).

-fCH. CHA-, (Clir CH) ,,— Cross-
linked
c=o0 C=0 polymer
1
och2—ch—ch2 O—CH2—CH—CH,
| | 1
J 4 @
1
Cc C-
I\
CHs Oils
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The main facts, hydroxyl formation, crosslinking, and the reduction of
the absorption in the infrared spectrum of the 1,3-dioxolane group can be
explained by intermediate VI. Hydroxyl formation could have occurred
by hydrogen abstraction by the oxygen radical. Crosslinking can be ex-
plained by the coupling of the carbon radical of VI with another radical.
In addition, the hydrogen abstraction reaction should have produced
another carbon radical which was capable of crosslinking. The reduction
of the absorption in the infrared spectrum of the isopropylidene can also
be explained by the loss of acetone.

The 1,3-dioxolano-containing polymers and copolymers fall into the
classification of self-reactive thermosetting acrylic polymers as proposed
by Piggott.37 These polymers require heat alone or trace amounts of
catalyst to cause the pendant groups to react.

The financial assistance of (he Scott Paper Company, Philadelphia, Pennsylvania in
support of this research is gratefully appreciated.

This paper is abstracted from a portion of the Ph.D. thesis of It. J. Caiola, Scott
Paper Company Research Fellow, University of Notre Dame, 1966.
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Résumé

La synthese et les déterminations de structure de |'acrylate de (2,2-diméthyl-I,3-
dioxolane-4-yl)ymélhyle, d’itaconate de (4-2,2-diméthyl-1,3-dioxolane-4-yl)méthyle et
fumarate de(2,2-diméthyl-l,3-dioxolane-4-yl)méthyle sont décrites. Les rapports de
réactivités au cours de copolymérisation de ces monomeres avec d’'autres comonomeéres
sont rapportés et les valeurs d’Alfrey-Price Q et e ont été calculées. Les post-poly-
mérisations résultant des effects de la lumiére ultraviolette et de la chaleur sur ces
polyméres et copolymeéeres sont présentées. Le groupe dioxolane 1,3-lorsqu’il est
attaché a une chaine polymérique agit comme sensibilisateur mtramoléculaire dans
I'ultraviolet. Un mécanisme est présenté pour expliquerle comportement au pontage
de ces polyméres lorsqu’ils sont traités ala lumiére ultraviolette.

Zusammenfassung

Synthese und Strukturbestimmung von (2,2-Dimethyl-l,3-dioxolan-4-yl)-methyl-
acrylat, 4-(2,2-Dimethyl-I,3-dioxolan-4-yl)-methylitaconat und [(2,2-Dimethyl-1,3-
dioxolan-4-yl)methyl]-methylfumarat werden beschrieben. Reaktivitdtsverhaltnisse
bei der Copolymerisation dieser Monomerer mit anderen Comonomereu werden mit-
geteilt und die Q- und e-Werte nach Alfrey-Price berechnet. Die Nachpolymerisations-
effekte bei der Einwirkung von Ultraviolettlicht und Warme auf diese Polymeren und
Copolymeren werden untersucht. Die an die Polymerkette gebundene 1,3-Dioxolan-
gruppe wirkt als innerer Ultraviolettsensibilisator. Ein Mechanismus zur Erklarung
des Vernetzungsverhaltens dieser Polymeren bei Behandlung mit ultraviolettem Licht
wird angegeben.
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Preparation and Polymerization of Some Vinyl Mono-
mers Containing the 2-Oxo0-1,3-Dioxolane Group

G. F. D’ALELIO aud T. HUEAUUER, Department of Chemistry,
University of Notre Dame, Notre Dame, Indiana f6B56

Synopsis

The syntheses and polymerizations of (2-oxo-l,3-dioxolan-4-yl)melhyl acrylate,
4-(2-(ixo-1,3-dioxolaii-4-y )methy1 itaconate, and (2-oxo-l,3-dioxolan-4-yl)methyl mal-
éate are described. Reactivity ratios in the copolymerization of these monomers with
other comonomers are reported and the Alfrey-Price Q and e values calculated. The
post-polymerization effects of ultraviolet light and heat on these polymers and co-
polymers are presented and compared to those for similar polymers containing the 2,2-
dimethyl-1,3-dixolane groups, which performs as an internal ultraviolet sensitizer.
The 2-oxo derivatives are crosslinked thermally but not by ultravioletlight. The cross-
linking reaction can be catalyzed by acids, bases, and salts.

INTRODUCTION

In a previous paper,lit was demonstrated that vinyl polymers contain-
ing pendant, 2,2-dialkyl-1,3-dioxolane groups (1) crosslinked readily when
exposed to ultraviolet light and that this 1,3-dioxolane group acted as an
internal ultraviolet sensitizer.

It was considered of interest to compare the behavior of these dioxolanes

-CH—CH2 -CH—CH:
11 :
:0 0i 0 0
\ 7/ \ 7/
Cc 2 c
R R 0

which contain alkyl substitution in the 2-position and which are readily
hydrolyzed by acid2 but stable to base3to other 1,3-dioxolanes which do
not have hydrocarbon group substitution in the 2-position. Accordingly,
the 2-oxo-l1,3-dioxolane structure (1l) was selected for the comparison.
These 2-oxo- derivatives are cyclic carbonates which are hydrolyzed readily
by base but less readily by acid, and therefore compliment the 2-alkyl-
dioxolanes, which are cyclic ketals used as blocking groups.4

A choice of esters prepared from the known 4-(hydroxymethyl)-1,3-
dioxolan-2-one (glyceryl carbonate)66was made to parallel the correspond-
ing ketalsland to have related olefinic esters whose polymerization tendency
varied considerably and whose copolymerization activities would be ex-
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pected to differ substantially. The a,/3-unsaturated esters selected in-
cluded acrylic,78 itaconic, and fumaric derivatives. This paper describes
the synthesis of these monomers as well as the investigation of their poly-
merization reactions. The thermal and ultraviolet post-polymerizations
are also studied.

EXPERIMENTAL
Monomer Synthesis

(2-Oxo-1,3-dioxolan-4-yl)methyl Acrylate, (a) Into a three-necked two-
liter flask fitted with stirrer, nitrogen inlet tube, condenser fitted with an
exit drying tube, and two addition funnels was placed 29 g. (0.22 mole)
of glyceryl carbonate, 500 ml. of benzene, 50 ml. of dioxane, 0.5 g. 2,0-
di-ferf-butyl-p-crcsol, and the mixture cooled to —0.5 to 5°C. Then
triethylamine, 24.2 g. (0.24 mole), and 20.0 g. (0.22 mole) of acrylyl chlo-
ride dissolved in 50 ml. of benzene were added dropwise alternately from the
addition funnels to the cooled, vigorously stirred solution over a 6-hr.
period. The reaction mixture was allowed to stir at room temperature for
10 hr. The mixture was filtered and 21.9 g. (98.6%) of triethylamine hy-
drochloride was collected. The benzene dioxane solution was washed
twice with 50 ml. of cold (5°C.) hydrochloric acid solution (5%) and four
times with 100-ml. portions of cold (5°C.) distilled water. The benzene
solution to which had been added 0.1 g. of ferf-butyl alcohol was dried with
anhydrous magnesium sulfate, filtered, allowed to stand over a mixture of
equal parts of sodium bicarbonate and anhydrous sodium sulfate at room
temperature for 3 days and then filtered again. The benzene-dioxaue
solution was cooled to 3-5°C. and stripped of solvent at 0.1 mm. leaving a
clear, almost colorless, oil; no = 1.4471.

Anal. Calcd. for DtHjOe: C, 48.84%; H, 4.65%). Found: C, 49.30%,; If,
4.88%,.

Attempts to distil the product even in the presence of additional in-
hibitor at pressures in the range of 15—10—4 mm. resulted in polymeriza-
tion and decomposition. Boiling points were estimated as 124-126°C./0.9
mm., 100-101°C./0.1 mm. The infrared spectrum of the undistilled
product shows the typical vinyl absorptions as well as the acrylate band at
12.35 /x, the carbonate carbonyl at 5.55 /x, and the ester carbonyl at 5.78 n.

(b) Into a three-necked 500-ml. round-bottomed flask equipped with
stirrer, nitrogen inlet tube, and condenser fitted with an exit tube were
placed 100 ml. of benzene, 11.8 g. (0.1 mole) glyceryl carbonate, 12.6 g.
(0.1 mole) acrylic anhydride and 0.3 g. of hydroquinone and mixed thor-
oughly. Then, 5 ml. tetrahydrofurane containing 0.5 g. triethylamine was
added and the mixture refluxed for 36 hr. under nitrogen and allowed to
cool. The mixture was washed three times with 100-ml. portions of cold
(5°C.) water, then four times with 50-ml. portions of cold 5% sodium bi-
carbonate solution, then twice with 100-ml. portions of cold water. The
benzene solution to which had been added 0.1 g. of ferf-butyl catechol was
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dried with anhydrous magnesium sulfate, filtered, allowed to stand over a
mixture of equal parts of sodium bicarbonate and anhydrous sodium sulfate
for 2 days at room temperature, and filtered again. The benzene solution
was cooled to 5-7°C. and stripped of benzene at 0.1-0.2 mm., leaving a
clear, colorless oil.

Anal. Galcd. forC,H8s: C, 48.84%:; IT, 4.65%. Found: C, 49.32%:IT, 4.84%.

Attempts to distil the crude monomer resulted in polymerization and de-
composition.

4-(2-Oxo-1,3-dioxolan-4-yl)methyl Itaconate. Into a three-necked 500-
ml. round-bottomed flask equipped with stirrer, nitrogen inlet tube, and
condenser fitted with an exit drying tube, was placed 55.(5 g. (0.5 mole) of
itaconic anhydride, 50 g. (0.5 mole) of glyceryl carbonate, and 250 ml. of
benzene which had been dried over sodium. The reagents were allowed to
react in a nitrogen atmosphere at 00°C. for 48 hr. The solution was cooled
and on standing at room temperature or in a refrigerator crystals of the
ester product formed which were separated by filtration. A 111 g. (97%)
yield of product was obtained. The product was recrystallized from water,
m .p.133-134°C.

Anal. Calcd. for CJT.nO,; C, 47.00%; IT, 4.35%. Found: C, 46.85%; H,
4.47%.

The infrared spectrum shows the expected ester, vinyl, and carbonyl bands
as well as the carbonate band at 5.55 n.

(2-Oxo-I1,3-dioxolan-4-yl)nietliyl Maleate. Into a three-necked 500-
ml. round-bottomed flask equipped with stirrer and condenser was placed
49.0 g. (0.5 mole) of maleic anhydride, 59 g. (0.5 mole) of glyceryl carbonate,
and 250 ml. of benzene which had been dried over sodium. The reagents
were allowed to react at 60°C. for 48 hr. The solution was cooled and on
standing at room temperature or in a refrigerator, crystals of the ester
product formed which were separated by filtration. A 103.7 (96%) yield
of product was obtained. The product was recrystallized from water,
m.p.112-113°C.

Anal. Calcd. for C8MD,: C, 44.44%; TT,3.70%. Found: C, 44.96%;H, 3.77%.

The infrared spectrum shows the expected ester, vinyl, and carboxyl bands
as well as the carbonate band at 5.55 fi.

Itaconic Anhydride. 130-g. portion of itaconic acid (1 mole) was added
to a 1000-ml. three-necked flask equipped with a stirrer, thermometer, and
a 1-ft. Vigreux column fitted with an adapter and condenser for distillation.
Then, 408 g. (4 moles) of acetic anhydride was added and the contents
heated with agitation to 60-70°C., at which time asolution resulted. Then,
the pressure was lowered to about 30 mm. and approximately 200 ml. of
acetic acid distilled over. The temperature of the reaction flask was main-
tained at 70-74°C. with an electric heating mantle. The solution was
filtered hot and cooled overnight in the refrigerator. The product crys-
tallized from the mother liguor and was recrystallized from fresh acetic
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anhydride, washed with ether to remove lire acetic anhydride, and recrys-
tallized from chloroform ether. The concentration of mother liquor af-
forded second and third crops of crystals which were purified in the above
manner. An S9.7 g. (80%) yield of product, m.p. 07- 68°C. was obtained.

Anal. Caled.forC.HA: C,53.57%;H, 3.57%. Found: C, 53.53%; H, 3.61%.

Homopolymerization

The homopolymer of (2-oxo-1,3-dioxolan-4-yl)methyl acrylate was pre-
pared by polymerizing a 50% toluene solution of the monomer at 40°C.
to a 30% conversion, 0.1 wt.-% 2,2'-azobisisobutyronitrile being used as
the initiator. The solution was filtered, the polymer precipitated in
methanol, isolated, redissolved in dimethylformamide, and reprecipitated in
methanol, again redissolved and reprecipitated, isolated, washed with more
methanol, and dried in avacuum oven at 30°C.

The homopolymer of 4-(2-oxo-l,3-dioxolan-4-yl)methyl itaconate was
also prepared by polymerizing a 50% toluene solution of the monomer at
40°C. to a 27% conversion, 0.2 wt.-% benzoyl peroxide being used as the
initiator. The procedure used for its isolation and purification was similar
to that used for the acrylate except that hexane instead of methanol was
used as the precipitant.

Reactivity Ratio Determinations

Solution polymerizations in toluene or dimethylformamide were run
under a nitrogen atmosphere in 75 by 20 mm. screw-cap vials. Poly-
merization was initiated by benzoyl peroxide, usually at 0.1 wt.-% based
on monomer. Temperatures were kept at 50 + 0.2°C. Conversions were
kept below 10%, generally well below 5%. The polymers were precipi-
tated by pouring the polymer solution into water-methanol or hexane at
room temperature. Purification was affected by at least three reprecipita-
tions. The purified polymers were dried in a vacuum oven at 50°C., to
constant weight, and the composition of the copolymers was determined
by carbon, hydrogen, and oxygen analyses performed by Midwest Micro
Laboratory, Indianapolis, Indiana.

Reactivity ratios were determined from the differential form of the
general copolymerization equation by the method of intercepts.9

The comonomers styrene, vinyl acetate, methyl methacrylate, and
methyl acrylate used in the copolymerizations were purified immediately
before use by distillation. Hexyl methacrylate was purified1 by washing
the monomer free of inhibitor with base, drying the monomer over anhy-
drous sodium sulfate, and distilling in vacuo.

Post-Polymerization Reactions

Ultraviolet Irradiation. Films of poly-(2-oxo-1,3-dioxolan-4-yl)methyl
acrylate, poly-4(2-oxo-l,3-dioxolan-4-yl)methyl itaconate, and selected
copolymers were irradiated with ultraviolet light from a 100-w. medium
pressure mercury lamp which emits light from 254 to 3f>5 and from a
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450-w. high-pressure mercury Hanovia immersion lamp emitting light at
254, 313, and 3(15 m/*

Thermal Treatment. Films identical to those subjected to radiation
were heated at temperatures varying from 50-250°C.

RESULTS AND DISCUSSION

Monomer Syntheses

The monomer (2-oxo-l,3-dioxolan-4-yl)methyl acrylate (111) was syn-
thesized by a modification of the method investigated by (Viola.l by the
reaction of glyceryl carbonate and acrylyl chloride in the presence of tri-
ethylamine as the base.

0
1
CH5 CTT-C-O-CTTeCH—CTO

5 4

The glyceryl carbonate was prepared from the uncatalyzed reaction of
glycerol and propylene carbonate at 110°C. and 35 mm. pressure with
propylene glycol distilling as the by-product.l2 To assure that the glyceryl
carbonate, which is a clear, water-white, very viscous liquid, was not a
linear polycarbonate ester such as CO(OCHXHOHCH20H)2 and higher
members, its molecular weight was determined by the Beckman melting-
point depression method with water as the solvent. It was found that
glyceryl carbonate is highly associated and that the molecular weight could
be obtained only by extrapolation from the AT values as C —= 0. The
concentrations used were 10, 5, 2, 1, and 0.5 wt.-%. The product had
molecular weight 118 + 2.1 (calculated: 118). The acrylyl chloride was
prepared by the procedure reported by Rehbergl3 whereby benzoyl chlo-

TABLE |
Infrared Spectrum Characteristics of Monomer |11
Absorption
band, j. Assignment.
5.55 C =0 (carbonate)
5.8 c=0
6.15 c=c¢
7.15 c=c¢
8.6 C—O (carbonate)
10.2 c=C
10.9 c=C
12.34 Appears to be characteristic of

the acrylate structure, —C ('
—CO0O0
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ride is reacted with acrylic acid. The acrylyl chloride boiled at 75.5-76°C.
and was stored under nitrogen in a refrigerator until ready for use. In
contrast, when it was prepared from acrylic acid and phosphorus trichlo-
ride,14 the resulting acrylyl chloride was contaminated with phosphorus
compounds and polymerized on standing in the cold.

Monomer characterization was accomplished by its infrared spectrum.
The principal characteristics of the spectrum are given in Table I.

The monomer 4-(2-oxo-l, 3-dioxolan-4-yl)methyl itaconate (TV), was

o

1
CIT—C-CTTo-C-O-CTL-CTT—CTE

| . | |
cry i 0 o0

v

prepared from glyceryl carbonate and itaconic anhydride.

Itaconic anhydride, m.p. 67-68°C., was prepared from an exchange re-
action of itaconic acid and acetic anhydride. This method of preparation
has advantages over the conversion of citric acid to itaconic anhydride,15
as the yields and purity were higher and the reaction scale larger.

Monomer IV was characterized by its infrared spectrum (Table TI) and
by its pK,,.

TABLE 11
Infrared Spectrum Characteristic nf Monomer 1V
Absorption band tx Assignment
3.4-3.8 (broad band) COOH

5.55 C =0 (carbonate)
5.80 c=0

0.00 0=0

0.15 c=c

8.60 Cc—0

10.20 c=c

10.90 c=c

12.34 C=C—coo

The pKawas used to differentiate monomer 1V from its isomer (V).16 In

Table 11l the pKavalue and the dissociation constant of the product are
compared with the known constants for acrylic and acetic acids.
CH2—-COH

|
CIT—C—CO,c Mo—CTT—CIT.
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TABLE |11
pK a Values and Dissociation Constants at 25°C.

Dissociation
Compound PK a constant
4-(2-Oxo-1,3-dioxolan-
4-yl)methyl itaconale 4.20 0.48 X 10”6
Acrylic acid 4.24 5.60 X 10"5
Acetic acid 4.75 1.75 X 10~-5

Clearly, the pKais typical of the a,/3-unsaturated acid and the structure of
the product corresponds to 1V.
The monomer (2-oxo-l,3-dioxolan-4-yl)methyl maleate (VI) was syn-

o 1 IT
11 1
IKI—C—C=CCOOCTT>CI—CTL

Vi

thcsized from glyceryl carbonate and maleic anhydride. Its infrared
spectrum was similar to that of IV with characteristic absorption bands
at 3.4-3.8, 0.55, 5.8, 6.0, 6.15, S.6, 10.2, 10.9, and 12.35 j;.

The reaction of glyceryl carbonate, which is a primary alcohol, with the
acid anhydrides such as maleic, itaconic, and acrylic anhydrides or with
acid chlorides such as acrylyl and methacrylic chlorides was very facile.
In the case of the itaconic and maleic anhydrides, the isolation of the re-
sulting hemi-ester was simple since they crystallized easily from the ben-
zene or toluene solution. The purification of these two solid esters was
expediently accomplished by recrystallization. The purification of the
acrylic ester proved to be difficult. The benzene solvent, in which it was
prepared, was removed readily by distillation at reduced pressures leaving
the oily ester product. All attempts to purify the crude ester by crys-
tallization techniques were unsuccessful since only glasses were obtained
when it was cooled to low temperatures. Also, all attempts to purify the
ester by distillation even at pressures as low as 10-4 mm. were unsuccessful,
since polymerization occurred whenever the ester was heated to tempera-
tures of about 40°C. or higher. This polymerization was experienced
whether the esters were prepared from acrylyl chloride or acrylic anhy-
dride. This type of polymerization was not inhibited or retarded by in-
creasing the amount of inhibitors, nor was it experienced when propyl or
hexyl acrylates were synthesized by identical procedures. This would in-
dicate that most or all of the polymerization was occurring through the
carbonate moiety. This is in contrast to glyceryl carbonate, which can be
heated2to 100-110°C. without decomposition; at 145°C. it decomposesl’
to carbon dioxide and glycidol. However, its decomposition temperature
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was lowered greatly and the rate of decomposition accelerated by the de-
liberate addition of ionic impurities such as sodium carbonate, trimethyl-
amine, trimethylamine hydrochloride, phosphorus, phosphoric and sul-
furic acids, and phosphorus trichloride, especially in the presence of water.

Similarly, it was found that the acetate of glyceryl carbonate, (2-oxo-
I,3-dioxolan-4-yl)methyl acetate, when free of ionic-type impurities, could
be distilled b.p. 122-124°C./0.9 mm. However, the addition of small
quantities, less than 1%, of such impurities, caused decomposition with the
elimination of carbon dioxide. The carbon dioxide was identified by its
conversion to barium carbonate by passing the gas through a clear satu-
rated aqueous solution of barium hydroxide. The acrylic ester was pre-
pared in toluene in about a 10% solution, and no polymerization was ob-
served when the solvent was removed under reduced pressure until a 50-
80% concentration of polymer in solvent was reached and the pot tem-
perature reached 40°C. At higher temperatures the polymerization was
accelerated and carbon dioxide was identified as the gaseous product.
For this reason, the monomer was isolated with a pot temperature fixed at
0-5°C. and a pressure reduced to 0.2 mm. or lower. The monomer thus
isolated did not cloud methanol or heptane when added to them. Ap-
parently, the instability of the monomer is due to small amounts of im-
purities. These can best be removed from the polymers and copolymers by
precipitation of the polymers. As shown herein, later, the reprecipitated
homopolymers do not crosslink readily below 100°C. unless catalyzed and
in this respect are similar to glyceryl carbonate and its acetate. A num-
ber of other syntheses for the acrylate monomer were evaluated. The
transesterification8 of methyl or ethyl acrylate with glyceryl carbonate in
the presence of sodium methoxide gave a number of products, the major
portion of which were substituted propoxy derivatives of the /3-propionic
ester.

The uncatalyzed or catalyzed reactions of glyceryl monoacrylate with
ethyl carbonate, ethylene or propylene carbonate,1217 or phosgene were
either very poor or gave products of unsatisfactory elemental analyses.
The synthesis from acrylyl chloride and glyceryl carbonate with an ali-
phatic tertiary amine as the hydrohalide acceptor was eventually selected
as the most desirable reaction. The use of pyridine or dimethylaniline
produced undistilled esters having very yellow and dark-purple colors, re-
spectively. When hydroquinone was used as a polymerization inhibitor
in the synthesis, yellow-colored esters were obtained, whereas the use of
benzoquinone and naphthoquinone yielded products of brown and dark-
red color, respectively. In contrast, an almost colorless monomer was
obtained when 2,6-di-tert-butyl-p-cresol and ¢erf-butyl catechol were used.
To avoid a high concentration of triethylamine in the reaction system it
was added dropwise followed by the addition, dropwise, of the acrylyl
chloride. The temperature of the initial addition of the acid chloride was
maintained low to avoid the formation of esters containing halogen in the
glyceryl moiety.
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Homopolymerization

Free-radical initiators such as benzoyl peroxide and azobisisobutyro-
nitrile caused the homopolymerization of the acrylate (111) and the itacon-
ate (IV) monomers readily, whereas the maleate monomer (VI) was re-
luctant to do so. Irradiation of the acrylate monomer (I11) through Pyrex
glass at room temperature with ultraviolet light of wavelength 310-370
niyu for periods of 1-15 min. failed to produce polymer. The irradiation of
methyl methacrylate and ethyl acrylate through Pyrex glass with a 450-w.
high-pressure mercury Hanovia immersion lamp at 55°C. for 2 hr. pro-
duced little or no polymer. This is compatible with the findings of Ung-
nade and Ortega,l8Bwho showed that other acrylic esters show no maximum
above 210 m/t. In this respect, this acrylic carbonate monomer (I11),
differs from the acrylic Petal monomer, (2,2-dimethyl-1,3-dioxolan-4-yl)-
methyl acrylatellwhich on irradiation under the same conditions described
above, underwent in 1 min. a 50% conversion of monomer to polymer and
in 15 min. yielded an infusible, insoluble, rubbery polymer. This appears
to be a clear indication that the 1,3-dioxolane moiety does not of itself
contribute ultraviolet sensitivity and that, the nature of the substituent on
the 2-carbon of the dioxolane ring, as shown in I and Il is a contributing
factor. It is of interest to determine whether or not this ultraviolet-in-
duced reactivity is maintained if the 2-methyl groups are replaced by hy-
drogen, higher alkyl, or aryl structures.

Solution polymerization of monomers IlIl and IV in toluene at 50°C.
with azobisisobutyronitrile and benzoyl peroxide, respectively, as initiators
afforded workable polymers. Inherent viscosities in dimethylformamide
for poly[(2-oxo0-1,3-dioxolan-4-yl)methyl acrylate) of 1.04 and for poly[4-
(2-oxo0-1,3-dioxolan-4-yl)methyl itaconate] of 0.62 were obtained.

Copolymerization

These reactive vinyl monomers were copolymerized with a number of
comonomers. The n and r2 values obtained for these copolymerizations

are shown in Tables IV VI. In addition, the Alfrey-Price equations®d
were used to calculate Q and e values.
The copolymers of monomer 11l and monomer IV were all random co-

polymers and in this respect are similarlto the corresponding 2,2-dimethyl-

TABLE V
Reactivity Ratios of 4-(2-Oxo-l,3-dioxolan-
4-yl)methyl Itaconate (Ms) with Comonomers

Comonomer (M) n r2 Q2
Styrene 0.18 + 0.05 0.25 £ 0.10 1.36 1.00
Vinyl acetate 0.02 + 0.01 3.35 £ 0.05 0.91 1.42
Methyl methacrylate 138+ 0.25 0.24 + 0.15 0.82 1.45
Methyl acrylate 0.45 + 0.04 1.44 + 0.40 1.39 1.26

Avg. 1.12 1.28
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TABLE VI
Reactivity Ratios of (2-Oxo-I,3-dioxolan-4-yl)methyl Maleate (M 2 with Comonomers

Comonomer (Mi) n » (o] 3 e2
Styrene 0.74 + 0.03 0.10 £ 0.05 0.37 0.52
Vinyl acetate 0.05 + 0.01 0.09 + 0.02 0.31 2.11
Methyl methacrylate 7.50 £ 0.50 04 0.24» 2.01»
Methyl acrylate 9.10 £ 0.40 0.10 £ 0.02 0.08 1.57

Avg. 0.25 1.78

0 Calculated by assuming r2 = U.OULD

1,3-dioxolane-contabling monomers. The r2 values for both monomers
Il and 1V are much higher than the n value for vinyl acetate, indicating
that their radicals prefer to react with their own monomers than with vinyl
acetate. The low and zero r>values of monomer VI show that this mon-
omer has little or no tendency to react with itself. In copolymerizations of
V1 with methyl methacrylate wheren = 7.5 + 0.5 and r2= 0, a copolymer
rich in methyl methacrylate was formed even at low initial methyl meth-
acrylate concentrations. In copolymerization of VI with vinyl acetate,
both monomers show a high preference for reaction with the comonomer
rather than with itself.

The intrinsic viscosity of selected samples of copolymers was deter-
mined by using an Ubbelohde dilution viscometer. The usual2l two-line
plot of reduced viscosity and inherent viscosity versus concentration was
used. Results are shown in TableVI1I.

The intrinsic viscosities indicated that the molecular weights of these
copolymers were high.

TABLE M|
Intrinsic Viscosity [f] of Copolymer Samples

Copolymer composition Solvent M

Methyl methacrylate (89%), (2-oxo-

I,3-dioxolan-4-yl)methyl

acrylate (11%) Toluene 1.41
Vinyl acetate (73%), 4-(2-

oxo-1,3-dioxolan-4-yl)-

methyl itaconate (27%) Dimelhylformamide 1.2S8
Styrene (68%), (2-oxo-l,

3-dioxolan-4-yl)methyl

maleate (32%) Toluene 0.93

Post-Polymerization Reactions

Ultraviolet Irradiation. Post-polymerization reactions to obtain cross-
linked polymers from linear polymers are well known in the literature.
Chemical crosslinking agents are employed when the pendant group con-
tains a related functional group. For example, polyacrylatc esters con-
taining hydroxyl groups in the ester portion can be crosslinked2 with
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polyepoxides or with polyisocyanates. Light and radiation have also
been used to crosslink polymers. Poly-a-olefins have been reported to
crosslink by ultraviolet light in the presence of a sensitizer23and by neutron
radiation.24 Recently, poly [(2,2-dimethyl-I,3-dioxolan-4-yl)methyl acry-
late] was shown1l to crosslink very readily without added sensitizers when
irradiated with ultraviolet light from a 100-w. mercury lamp emitting light
in the 254-365 nm region. In contrast, when a film of poly[(2-0x0-I,3-
dioxolan-4-yl)methyl acrylate] was irradiated similarly for 1-15 min., the
polymer remained soluble and fusible. After 1 hr. of irradiation only 22%
of the polymer had crosslinked. These results are comparable to those
obtained with other polyacrylates.

Jacobs and Steel®B have reported the crosslinking of poly(ethyl acrylate)
by ultraviolet irradiation. They found that no crosslinking occurred with
254 i ultraviolet light for 30 min., and only 50% of the polymer cross-
linked after 1 hr.

Films of representative copolymers were also cast on a flat 2 X 3-in.
glass plate, dried, and weighed. The films were irradiated with ultra-
violet light from the lamp described above. The plates were then sub-
merged in boiling toluene for 5 min., then in boiling dimethylformamide
for 5 min. The plates were then dried and weighed. Both the nonirradi-
ated and the irradiated films prepared in the same manner were completely
dissolved as evidenced by weight measurements of the glass plates. Again,
this is in contrast to the polymers containing the 2,2-dimethyl-1,3-dioxo-
lane structure, all of which crosslinked when similarly irradiated.11 As in
the case of the corresponding monomers, this is another indication that the
1,3-dioxolane structure does not, of itself, contribute ultraviolet sensitivity
to the polymer but that the nature of the substituent on the 2-carbon of the
dioxolane ring, as shown in | and Il is a contributing factor.

Thermal Treatment. Various samples of the homopolymers and co-
polymers were immersed in neutral mineral oil in a tube in which was
inserted a thermometer; the tube was heated slowly from room temper-
ature at 2°C./min. to the temperature at which C02gas was liberated by
the polymer. The acrylic poly(11l) which had been thrice reprecipitated
showed C02elimination at about 210°C., whereas the same polymer which
had not been purified eliminated C02at about 110°C. The acidic itaconyl
polymer (IV) eliminated C02 at about 135°C. and the acidic 1:1 methyl
methacrylate-maleate copolymer (VI) eliminated C02 at about 155°C.
Films of these same polymers cast on glass plates were heated for 1 hr. at
the same temperature at which C02elimination was observed. Foaming
occurred in all cases and the resulting films were found to be insoluble in
toluene and dimethylformamide, indicating also, that crosslinking had
occurred. These results are in agreement with similar studies made on
nonpolymeric cyclic carbonates, the results of which are shown in Table
VIII.

It is readily observed that those carbonates which contain the free carboxyl
group have a C02elimination temperature lower by 50°C. or more than the
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TABLE M il
Temperature of Liberation of CO2from Certain Organic Cyclic Carbonates

Structure
It— CH--—--- CPU, where It is

v\ Temperature, °C. with
¢ 1wt.-9% of
Temperature,
d °C. (CH5N-HC1 115PO s
H— 208-210 153 170
CHS— 224-220 1G0 185
HOCEL— 200 171 108
ClCcu2— 220-225 170 180
HOOCCILCILCOUCIL— 140 102 110
HOOCCH=CHCOOCIL— 150 100 125
HOOCC—CHZOOCH2- 135-140 103 114
]
ch?2
0-HOOCCTLCOUCIL— 125 105 108
CH3XO0OCH2— 212 132 172

carbonates not containing carboxyl. This indicates that the reaction may
be catalyzed by acids and proceeds through an ester exchange mechanism.
To confirm this observation the prototype experiments were repeated with
the addition of 1 wt.-% of phosphoric acid and triethylamine hydrochloride
respectively. In all cases a noticeable drop in the COo-elimination tem-
perature was observed, as shown in Table VIII. Salts, other than amine
salts, for example, A1C13 and other acids, such as sulfuric acid, can also
catalyzeZ the reaction even in those cyclic compounds which contain a
free carboxylic group as shown in Table IX.

TABLE IX
Temperature of Liberation of CO» Prom
IIOOCCILCILCOOCILCH -CIL by 1%

0 0

c=0
of Various Added Substances

Initial temperature

Substance of C02elimination, °C.
FeSO-t 112
NallsCX 112
CeSCX 118
ZnCL 112
Naz2c03 112
None 140

Accordingly, when 0.2% of triethylamine hydrochloride was added to a
45% solution of the acrylate polymer (Il11) and the mixture heated to
50°C., a cross]inked gel was obtained in 2 hr. Polymer and copolymer films
to which catalysts had been added were found similarly to crosslink at
lower temperatures than the corresponding films which did not contain
these additives.
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The mechanism of the C02elimination in the neutral cyclic, carbonates
and in the reprecipitated acrylic polymer appears to be different than the
carboxyl-containing cyclic carbonates and polymers. When heated to

above 150°C. glyceryl carbonate yieldsZ glycidol, (IlOCH2ZCH —CH2—0),
C02 and low molecular weight polyethers; when the acrylate polymer
(111) was heated, a crosslinkcd polymer was obtained with the elimination
of C02 The infrared spectrum of the crosslinkcd polymer shows a de-
crease in the carbonate band at 5.55 p with the appearance of the epoxy
bands at S.02, 11.11, and 11.92 p and of ether bands at 3.5 and 9.0 g. The
mechanism probably involves the hemolytic cleavage of the carbonate ring
with the elimination of C02followed by ring closure to the epoxide or by
chain extension to polyethers.

In contrast, the infrared spectra of the crosslinkcd polymers obtained by
heating a polymer having carboxyl groups (1V) shows a marked decrease in
the carboxyl band at 3.4-3.S g, a decrease in the carbonate band at 5.55 vy,
and the appearance of hydroxyl bands at 2.77 2.80 p. These changes in
spectra can be explained readily on the basis of an ionic transesterification
reaction involving an opening of the carbonate ring followed by the elim-
ination of C02 Similar changes in band spectra at 2.77-2.80, 3.4-3.8,
and 5.55 p are found when the succinyl monocster of glyceryl carbonate is
heated to 140-150°C.

The financial assistance of tlie Scott Paper Company, Philadelphia, Pennsylvania in
support of this research is greatly appreciated. The advice of 1l. J. Caiola in the syn-
thesis of the acrylate monomer is also acknowledged.
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Résumé

Les synthéses et polymérisations de I’acrylate de (2-oxo-1,3-dioxolane-4-yl) méthyle
et de I|'itaconate de (4-2-oxo-l,3-dioxolane-4-yl)méthyle et du maléate de (2-oxo-l,3-
dioxolane-4-yl)yméthyle ont été décrites. Les rapports de réactivité en cours de co-
polymérisation de ces monomeres avec d’autres comonmeres sont rapportés et les
valeurs d'Alfrey-Price Q et e ont été calculées. Les effets de post-polymérisation par la
lumiére ultraviolette et la chaleur de ces polyméres et copolyméres sont présentés et
comparés aux polymeres similaires contenant des groupes de 2,2-diméthyl-1,3-dioxolane
qui agissent comme un sensibilisateur ultraviolet intramoléculaire. Les dérivés 2-oxo
sont pontés thermiguement mais non pas a la lumiére ultraviolette. La réaction de
pontage peut étre catalysée par les acides, les bases et les sels.

Zusammenfassung

Synthese und Polymerisation von (2-Oxo-l,3-dioxolan-4-yl)methylacrylat, 4-(2.
Oxo-l,3-dioxolan-4-yl)-methylitaconat und (2-Oxo-l,3-dioxolan-4-yl)-methylmaleat
werden beschrieben. Reaktivitatsverhaltnisse bei der Copolymerisation dieser Mono-
meren mit anderen Comonomeren werden angegeben und die Q und e-Werte nach
Alfrey-Priee berechnet. Die Nachpolymerisationseffekte bei Ultraviolettlichtund
Warmeeinwirkung auf die Polymeren und Copolymeren werden angefuhrt und miit
denjenigen bei ahnlichen Polymeren mit der 2,2-Dimethyl-1,3-dioxolan-gruppe, welche
als innerer Ultraviolettsensibilisator wirkt, verglichen. Die 2-Oxoderivate werden zwar
thermisch aber nicht durch Ultraviolettlicht vernetzt. Die Vernetzungsreaktion kann
m it Sauren, Basen und Salzen katalysiert werden.
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Linear Polymers of Allyl Acrylate and Allyl
Methacrylate

G. F. D’ALELIO and T. 11. HOFFEXD,*

University of Notre Dame, Noire Dame, Indiana 46556

Synopsis

Allyl acrylate and allyl methacrylate were polymerized by anionic initiators to soluble
linear polymers containing allyl groups in the pendant side chains. The pendant un-
polymerized allyl groups of the resulting linear poly(allyl acrylates) were shown to be
present by: (1) the disappearance of the acrylyl and methacrylyl double bond absorp-
tions in the infrared spectra in the conversions of monomers to polymers; (2) post-
bromination of the allyl bonds in the linear polymer; (3) the disappearance of the allyl
group absorptions in the infrared spectra of the brominated linear polymers; and (4)
the thermal- and radical-initiated crosslinking of the linear polymers through the allyl
groups. Allyl acrylate and allyl methacrylate show great reluctance to copolymerize
with styrene under anionic initiation, but copolymerize readily with methyl methacrylate
and acrylonitrile. Block copolymers were prepared by reacting allyl methacrylate with
preformed polystyrene and poly(methyl methacrylate) anions. The linear polymers and
copolymers of allyl acrylate may be classified as “self-reactive” polymers which yield
thermosetting polymers. Bromination of the linear polymers offers a convenient method
of producing self-extinguishing polymers.

INTRODUCTION

As prototypes for a class of polymers containing acetylenic groups in the
pendant side chains,1lit was deemed advisable first to prepare related pro-
totype polymers containing vinyl groups. This prototype class of poly-

mers can be represented by the general structure Il, wherein R = H or
CH3:
R 0
11 |
/iclL=C—C—OCILC1RAJIL — -J-ClL—C— K
|
c=0

|
OCILCI1—C1L
1 I

This polymer is a linear polyacrylate containing allyl groups in the pendant
side chains.

It can be seen that the repeating unit in the desired polymer is derivable
theoretically from an acrylic monomer of the general structure I, which
contains two uusaturated and potentially reactive polymerization sites.

* Present address: Xerox Corporation, Rochester, New York.
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In order to use such a monomer to obtain the desired polymer, it is neces-
sary to choose an initiator which will react only with the aerylyl vinyl
groups and not with the allyl group.

Since both vinyl and allyl groups are susceptible usually to attack by
both radical and cationic initiators, one would expect the radical or cationic
polymerization of | to lead to an insoluble, crosslinkod product.2*

Anionic as well as cationic initiators also polymerize some multivinyl
monomers such as ethylene dimethacrylate to insoluble, infusible polymers
because both unsaturated moieties react with the initiator. However,
marked differences are found in the reaction of anionic-type initiators on
different vinyl moieties.3-6 Accordingly, it should be possible to prepare
linear polymers by the anionic polymerization of monomers containing
one vinyl group, for example, CH2=CH — or CH2C (CH3— attached
to an electron-withdrawing group, such as —C (0)0— which renders the
vinyl group responsive to anionic polymerization, and a second vinyl-type
group, such as —CH>- CH=CH2 which is usually nonresponsive to an-
ionic initiation. The linearity of the polymer may then be demonstrated
by reacting the unpolymerized vinyl group under other and different con-
ditions after the linear polymer has been produced. Allyl acrylate (AA)
and allyl methacrylate (A.MA) were chosen as the model monomers for
this study.

The purpose of this study is to prepare linear polymers and copolymers
of AA and AMA by means of appropriate initiators; this paper describes
the polymerization of these two monomers under the influence of various
radical, cationic, and anionic initiators. The chemical and spectroscopic
methods used in determining the structures of the resulting polymers are
given. Also described arc the anionic copolymerizations of AA and AMA
with various vinyl monomers, and the preparation of block copolymers
with polystyrene and poly(methyl methacrylate) anions.

RESULTS AND DISCUSSION

Polymerizations

Allyl acrylate and allyl methacrylate were subjected to radical and
cationic polymerizations using benzoyl peroxide and aluminum chloride,
respectively, as the initiators. In each case, the expected insoluble, cross-
linked polymer was obtained. These results parallel the similar polymeriza-
tions of the multivinyl monomers, ethylene diacrylate (EDA) and ethylene
dimethacrylate (ED AlIA). On the other hand, it was believed that the
anionic polymerization of EDA and EDAIA would lead to insoluble, in-
fusible polymers and that similar polymerizations of AA and AMA would
lead to linear, soluble, polymers with pendant allyl groups. The linear
polymers would be the result of the polymerization substantially through
the acrylic group of the AA and AMA monomers. To demonstrate this
point, EDA, EDMA, AA, and AAIA were subjected to polymerization
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reactions using as initiators, n-butyllithium and sodium naphthalene;
the latter representing the class of radical-anion initiators. With both
initiators, the polymerization of EDA and EDAIA afforded insoluble,
crosslinked polymers. The polymers obtained from AA and AMA with
these same initiators were soluble in a number of organic solvents and
softened to viscous liquids or masses at higher temperatures. That the
allyl group did not react with these initiators was demonstrated by the
failure of allyl acetate and diallyl phthalate to yield polymers under iden-
tical conditions. The formation of linear, soluble polymers from AA and
AMA in contrast to the insoluble, crosslinked polymers obtained from
EDA and EDAIA points to an essential difference between the two classes
of monomers. All of these monomers have two vinyl groups; however,
both AA and AMA have only one vinyl group activated by an electron-
withdrawing structure whereas EDA and EDM A have two such activated
vinyl groups and, therefore, yield crosslinked polymers.

The results of the polymerizations given in Table | indicate that poly-
merization is occurring only through the acrylyl or methacrylyl moiety.
The difference in conversions of AMA and AA to polymers is similar to the
differences found in the anionic polymerizations of alkyl methacrylates and
acrylates.67 Allyl methacrylate and methyl methacrylate67 (ALMA)
can be polymerized substantially quantitatively at —70°C. whereas the
conversions of AA are not quantitative and are sensitive to temperature.
In this respect, AA is similar to isopropyl acrylate.g67

The conversions reported are based on the sum of the amounts of hexane-
insoluble polymer precipitated from the reaction solution by addition to
hexane and of the hexane-soluble lower molecular weight polymers re-
covered from the hexane solution by evaporation. In the polymerizations
conducted at —70°C., the amount of hexane-insoluble polymer was negli-
gible, while at —40 and —20°C. they averaged about 4 and 7%, re-
spectively. Anionic polymerizations of methyl methacrylate with n-butyl-
lithium have been reported to yield appreciable amounts of hexane-soluble
polymers78 which were attributable to side reactions involving the attack
of butyllithium on the carbonyl of the monomer. The molecular weight
distribution of poly(methyl methacrylate) prepared by anionic initiation
has been shown to be broad,78and undoubtedly is also broad in these allyl
acrylic ester polymers, as evidenced by the presence of low molecular weight
polymers.

The intrinsic viscosities given in Table Tare those of the hexane-insoluble
polymers and some relative values of their molecular weights may be esti-
mated from other viscosity-molecular weight relationships: [/l = 5.2
X 10~61/°-® in benzene for poly(methyl methacrylate);7 [7] = 7.15 X
10~AMn5in acetone for poly(butyl acrylate).9

From these equations, it is estimated that for the AA and AAIA poly-
mers, the highest molecular weights prepared were of the order of 100,000
and 150,000, respectively, and the lowest molecular weights were of the
order of 15,000 and 20,000, respectively.
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Kinetic measurements to determine the effect of monomer and initiator
concentrations on rate of polymerization, molecular weight, and micro-
structure of the polymers are in progress.

The uninhibited linear polymers of AA and AAIA are relatively unstable
in air, tending to crosslink through the pendant allyl group. The AAfA
polymers appear to be much more sensitive to crosslinking than the AA
polymers. On standing in air for 74 hr. at room temperature, the intrinsic
viscosity of a sample of AAIA polymer, fo] = 0.574, increased to 4.40 and
became insoluble in seven days. On a similar exposure of a sample of AA
polymer, [r/] = 0.355, itsintrinsic viscosity increased to 0.474 and was found
to be about 80% insoluble after 7 days.

The crosslinking is retarded readily by the presence of inhibitors, and
for this reason, an inhibitor was added to the solutions of the polymer after
preparation and during purification.

A comparison of the infrared spectra of the monomers AA and AMA with
those of the corresponding polymers indicate that the allyl group has not
polymerized. In the case of AA, the spectra disclosed the disappearance
of the acrylyl CH2= CH— bands10‘at 9.5, 11.9, and 12.3 n, while in the
case of AMA the methacrylyl CH2=C (CH 3— bandsl® at 7.6, 9.85, and
12.3 nalso disappeared. In both cases, the band at 6.95 Xxfor the CH2=C —
olefinic structurell decreased correspondingly to the loss of the acrylyl and
methacrylyl functions; the reduction with retention of the band at 6.95 K&
confirms the presence of the allyl, CH2CH CH2— structure. Both the
physical character of the polymers formed and the infrared spectra obtained
are strong evidence that polymerization has occurred through the acrylyl
double bond without affecting the allyl double boiid.

Both anionic and radical polymerizations can proceed simultaneously
when an electron-transfer initiator, such as sodium naphthalene, is used
under certain conditions.12 Radical polymerizations of AA and AMA
produce crosslinked, insoluble polymers. In contrast, all the polymers
and copolymers of AA and AMA prepared with the use of sodium naph-
thalene initiation were completely soluble in a number of organic solvents.
If any radical polymerization of these monomers occurred, it was so slight
that the solubility of the polymers was not unduly influenced.

Copolymerizations

Monomers AA and AMA were copolymerized with styrene, acrylonitrile,
and methyl methacrylate. The compositions of the styrene copolymers
were determined from their elemental analyses for carbon, and the experi-
mental results are shown in Table I1.

The AA-styrene and AMA-styrene copolymerizations yielded the ex-
pected results. The copolymers consisted almost exclusively of the AA or
AMA. These copolymerizations can be compared to the sodium naph-
thalene copolymerizations of styrene and methyl methacrylate.13-16 The
experimental results for the acrylonitrile polymerizations are shown in
Table Ill. The compositions of the acrylonitrile copolymers were deter-
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TABLE 11
Copolymerization of Styrene (M 3 and AA or AMA (Mi)
Styrene Con- Carbon Hydrogen M, in
M,, (M), version, in in copolymer,

M, mole-% mole-% % polymer, % polymer, %a mole-%
AA 24.6 75.4 59 64.56 7.02 -100
AA 49.3 50.7 7.6 64.08 6.96 —100
AA 73.9 26.1 8.1 64.17 7.10 —100
AMA 25.2 74.8 8.3 66.39 7.89 —100
AMA 50.1 49.9 4.2 66.78 8.02 —100
AMA 75.1 24.9 6.8 67.13 8.08 —100

“ Calculated for 100% styrene: C, 92.32%; Il, 7.68%. Calculated for 100%, AA:

C, 64.28%; H, 7.14%. Calc*Mated for 100% AMA: C, 66.69%; IT, 7.930%

TABLE 111
Copolymerization of Acrylonitrile (M2) and AA or AMA (M),)

Acrylonitrile M 2in
M,, (M2, Conver- N 2in co- copolymer,
Mi mole-% mole-% sion, % polymer, %a %a
AA 25.1 74.9 4.60 14.55 72.17
AA 48.0 52.0 6.26 7.78 47.06
AA 74.6 26.4 8.15 3.22 23.42
AMA 23.6 76.4 6.28 24.47 96.61
AMA 50.2 49.8 2.49 19.38 87.01
AMA 75.1 24.9 3.93 10.93 60.32
AMA 90.0 10,0 4.38 3.96 27.20
0 Corrected value.
TABLE IV

Monomer Reactivity Ratios of AA or AMA (r;) with Acrylonitrile (r2

Comonomers n r2
AMA, acrylonitrile 0.515 + 0.10 9.55 + 0.47
AA, acrylonitrile 1.12 + 0.21 0.73 + 0.06

mined from their elemental analyses for nitrogen. The analytical values
found for per cent nitrogen were corrected by a factor of 1.15, which was
based on the nitrogen combustion analyses of three samples of acrylonitrile
homopolymers prepared by anionic polymerization.

In the AMA-acrylonitrile copolymerizations, acrylonitrile is preferen-
tially incorporated into the copolymer. The values obtained are compati-
ble with those obtained in other anionic copolymerizations involving acrylo-
nitrile and methacrylate esters.1718 In the AA-aerylonitrile copolymeriza-
tions, AA shows a slight tendency to be preferentially incorporated in the
copolymers; and thus, it differs from other acrylate copolymerizations.178

The method of Mayo and Lewis13'19was used to determine the reactivity
ratios n and 72for acrylonitrile-AA and acrylonitrile-AMA monomer pairs
and are given in Table IV.
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The experimental data for the copolymerization of methyl methacrylate
(MMA) with AMA is given in Table V. The composition of the MM A -
AMA copolymers could not be determined with reasonable accuracy solely
from the elemental analyses for carbon and hydrogen. The infrared
spectra of these copolymers show the band for olefinic CHZ2CHCH 2—
structure at 6.95 g. Bromination of polymers yielded the dibromo deriva-
tives, and the elemental analyses for bromine in conjunction with the carbon
values were used to calculate the copolymer compositions. In the MMA-
AAIA copolymerizations, MMA is preferentially incorporated into the
copolymer.

TABLE V
Copolymerization of Methyl Methacrylate (M j) with AMA (Mi)
Mi, MMA (M2, <never- M 2in co-
mole-% mole-% sion, % Br., %* polymer, mole-%
50 50 7.1S 40.11 52.91
20 80 5.39 11.95 92.10

aCalculated for 100% CiTLd&.Biv Br = 55.94%.

In a similar manner, the bromine content was used to establish the com-
position of block MMA-AMA (75 25 mole-% feed) copolymer as S1.2-18,8
mole-% MMA-AMA. It is most probable that at least some homopoly-
mer of AMA was formed in this copolymerization, yet the increase in the
intrinsic viscosity from 0.350 to 0.402, brought about by the addition of
AMA to the poly(methyl methacrylate) anion, is indicative of block forma-
tion.

In the case of the block styrene- AMA (80-20 mole-% feed) copolymer
elemental analyses for carbon and bromine were used to determine the com-
position as 83.1 mole-% styrene-16.9 mole-% AMA. Since the polymer
was extracted with acetonitrile in which homopoly(allyl methacrylate) is
soluble, it can be considered as free of this homopolymer.18 The infrared
spectrum of the residual polymer showed an absorption band at 5.8 /r for
the ester and at 6.95 g for the CH;>=CH—CH2— group, confirming the
presence of the block copolymer. The increase in intrinsic viscosity from
0.387 to 0.413 brought about by the addition of AMA to the polystyrene
anion is also indicative of block formation. In the normal anionic copoly-
merization of a mixture of styrene and AMA, the product consisted almost
exclusively of AMA; thus, block polymerization procedure permits, at
least, the formation of a styrene-AMA copolymer. Since the styrene
block prepared with sodium naphthalene initiation is a “living polymer,”®
the AMA undoubtedly is attached to the termini of the chains.

Post-Reactions of Linear Polymers

Several of the linear polymers and copolymers prepared from AA and
AMA were subjected to various post-reactions of the pendant allyl group.
The primary purpose of these post-reactions was to lend support to the
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proposed linear structures by characterizing the products formed by these
reactions. Among the reactions employed were the bromiuation of the
allyl group, as well as the thermal and radical crosslinking of the polymers
through the allyl groups.

The linear polymers were subjected to bromiuation using bromine as the
brominating agent. To avoid reactions other than the addition to avail-
able double bonds, the reactions were performed at 0°C. and in the dark.
To assure a substantial degree of reaction, it was allowed to continue for
at least 48 hr. Short bromiuation times yield polymers which contain resid-
ual CH2=CH —CHo— groups still available for other reactions. The
amount of bromine found in the brominated polymer is in good agreement
with the expected values.

It R
0°c. i
— CH>—C— -CHo—C-
R,
0=0 0=0
0
OH, OIF
CIT CHRr
|
cTF J CTFBr _

V = H, CH3

A comparison of the infrared spectra of the initial polymers and those
of the completely brominated polymer disclosed the disappearance of the
carbon carbon double bond at 6.95 g.

When ignited in the flame of a bunsen burner and withdrawn from the
flame, all of the post-brominated polymers prepared were found to be self-
extinguishing. Thus, post-bromination offers a convenient method for
preparing self-extinguishing polymers and avoids the problems associated
with polymerizing the equivalent monomers, CH2=C (B)—COOCH2
CHBrCHoBr, by ionic or radical initiators.

Further confirmation of the linear structure of these polymers and copoly-
mers and of the reactivity of the free allyl groups was obtained by both the
thermal- and radical-induced crosslinking of the polymers through the allyl
double bonds. The major portion of the radical-induced post-reactions
consisted of casting films of the polymers from solutions containing benzoyl
peroxide and heating the solvent-free films at 100°C. to produce insoluble,
crosslinked films. The thermal-induced post-reactions were conducted
in a similar manner, except that benzoyl peroxide was not included in the
polymer solutions and heating was carried out at temperatures in excess of
100°C. Crosslinked films were also obtained in these reactions. The
infrared spectra of the crosslinked polymers showed a marked decrease in
the band at 0.9.5 n, indicating the disappearance of CH2CH CH 2~ func-
tions.
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The partially brominated A AIA polymer yielded insoluble, infusible cross-
linked polymers which were self-extinguishing when ignited and withdrawn
from the flame source.

The thermal- and radical-induced crosslinking of the acrylonitrile-AA
and the acrylonitrile-AM A copolymers were also facile. Strips of the films
of the acrylonitrile copolymers containing fiO mole-% or more of acrylo-
nitrile could be cold-drawn before crosslinking. The drawn film showed
extinction under crossed Nichol prisms. The drawn films also could be
crosslinked similarly to the undrawn films.

The MMA AMA and the styrene-AA IA block copolymers also cross-
linked readily. Solvent extraction of the crosslinked MMA-AMA film
with refluxing acetone for 3 hr., followed by drying of the extracted film to
constant weight in a vacuum oven, showed that 98.6% of the polymer was
insoluble. The styrene-AMA block copolymer was extracted similarly,
and 96.6% of the polymer was found to be insoluble. The infrared spec-
trum of the soluble portion indicated that it was substantially homopoly-
styrene.

Post-polymerization reactions to obtain crosslinked polymers from the
linear polymers are well known in the literature. Chemical crosslinking
agents are employed when the pendant group contains a related functional
group. For example, polyacrylic esters containing hydroxyl groups in the
ester portion can be crosslinked2l with polyepoxides or polyisocyanates.
The linear polymers and copolymers of allyl acrylate and allyl methacrylate
fall in the classification of “self-reactive” thermosetting acrylic polymers
as proposed by Piggott.2

EXPERIMENTAL

Monomers

Allyl acrylate was synthesized by the method of Fisher,Z distilled under
deoxygenated nitrogen through an 18-in. glass helices-packed column at a
reflux ratio of 5:1, the fraction boiling at 121-123°C. collected (lit.:23
122°C./760 mm.), redistilled off of calcium hydride, collected in glass re-
ceivers which had been flamed, and saturated with helium; b.p. 66.0 -
66.5°C./100 mm. The product was also identified as allyl acrylate from
its infrared spectrum and its refractive index, »* = 1.4308 (lit.:2Z nfl =
1.4295).

Allyl methacrylate, purchased from the Borden Chemical Company, was
purified by the procedure used for allyl acrylate, then saturated with
helium. The fraction distilling at 42.5-44.0°C./17 mm. was used.24

Acrylonitrile, purchased from American Cyanamid Company, was dis-
tilled under deoxygenated nitrogen through an 18-in. glass helices-packed
column at a reflux ratio of 15:1, collected, refluxed under deoxygenated
nitrogen over calcium hydride, redistilled, collected in flame-dried glass
flask, then saturated with helium. The product distilling at 77°C./760
mm. was used.5
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Commercial styrene, supplied by the Foster Grant Company, was re-
fluxed over calcium hydride under deoxygenated nitrogen, distilled and
saturated with helium. The product distilling® at 71°C,/<35 mm., nf}
= 1.5464, was used.

Initiators

w-Butyllithium, as a 15.03% solution in hexane, was obtained from the
Foote Mineral Company. Only relatively fresh bottles were used.

Sodium naphthalene was prepared according to the method of ScottZ
so that each milliliter of the sodium naphthalene solution contained 23.4
X 10-6 mole of sodium naphthalene.

Tetrahydrofuran, reagent grade, was purified according to the method
outlined by Sorenson and Campbell,28 then distilled from lithium alumi-
num hydride and saturated with helium.

Toluene, A. It. grade, was purified according to the method of Vogel,®
then refluxed over calcium hydride, redistilled and saturated with he-
lium.

Elemental analyses for C, H, 0, N, and Br were performed by Midwest
Microlab, Indianapolis, Indiana and by the Schwarzkopf Microanalytical
Laboratory, Woodside, New York.

Polymerizations

Radical and Cationic

These polymerizations were carried out in rubber-capped serum glass
vials with the use of 4 g. of the monomer and 0.02 g. benzoyl peroxide as
the radical initiator and 0.02 g. aluminum chloride as the cationic initiator.
In addition to AA and AMA, ethylene diacrylate and ethylene dimethacry-
late were also polymerized. A typical polymerization was as follows. In a
dry-box with a nitrogen atmosphere, into a thoroughly dried 5 ml. serum vial
was placed the monomer. The monomer was then saturated with dry de-
oxygenated nitrogen, the initiator added, the vial sealed and placed in an
<S0°C. oven. At the end of 34 hr., the contents of all of the vials were
tough, infusible masses, insoluble in acetone, toluene, dimethylformamide,
and dimethyl sulfoxide.

Aninnic

Homopolymerization. A typical anionic polymerization using a modi-
fication of a previously described procedure,7 is given as follows. The
reaction vessel attached to a high vacuum manifold consisted of a four-
necked glass flask fitted with an externally driven magnetic stirrer, a side-
arm to which was attached a 50-ml. round-bottomed flask, a stopcock
crowned with a serum cap, and a helium inlet tube.

The solution of monomer was stored over calcium hydride in the round-
bottomed flask for at least S hr. before use, then degassed twice at 3 X 10-8
mm. Hg and distilled into the reaction vessel, which had been previously
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flamed while a stream of helium was flowing through it. The system was
then pressured with helium to slightly above atmospheric pressure. The
reaction vessel was then cooled to the desired temperature. Catalyst solu-
tion was then injected volumetrically by means of a hypodermic syringe
through the serum cap. The monomer/initiator mole ratio was 300.
The polymerization was terminated by the injection of methanol into the
reaction mixture.

The polymer was isolated by nitration after pouring the polymer solution
slowly into vigorously stirred methanol.  The isolated polymer was washed
with methanol and dried to constant weight in a vacuum oven at 25°C.
The infrared spectra of the monomers and polymers were recorded, and the
intrinsic viscosities of representative samples of linear poly(allyl acrylate)
and poly(allyl methacrylate) determined.

In addition to AA and AYIA ethylene dimethacrylate and ethylene
diacrylate which had been purified and saturated with helium were poly-
merized at 0°C. as 10% solutions in THE, butyllithium and sodium naph-
thalene being used as initiators; in all cases insoluble, infusible polymers
were obtained. Purified allyl acetate and diallyl phthalate also failed to
produce polymers under identical conditions.

Copolymerizations. The general procedure described above for the
anionic polymerization was used to prepare the copolymers. The copoly-
merizations were performed in tetrahydrofuran at —40°C. with «.-butyl-
lithium as the initiator and at a 10% concentration of monomers. Co-
polymerizations were generally carried out to under 10% conversion, the
time required varying from a few minutes to 1 hr., depending on the com-
position of the monomer mixture. Generally, the copolymerizations were
allowed to proceed until a noticeable increase in viscosity occurred before
they were terminated. If the conversion was found to exceed 10%, the
reaction was repeated and terminated at a shorter reaction time. The
polymers were isolated by precipitation in nonsolvent, redissolved and re-
precipitated three times in a suitable solvent-nonsolvent system; the
polymer solutions were filtered through sintered glass tliscs before repre-
cipitation. For the copolymers of acrylonitrile, dimethylformamide was
used as the solvent and methanol as the precipitant. For the remainder of
the copolymers, acetone or benzene was used as the solvent and methanol
as the precipitant. The isolated copolymers were dried to constant weight
in a vacuum oven at 25°C.

Block Copolymerizations. The apparatus described above for the homo-
polymerization was used for preparing the block copolymers. The pro-
cedure described by Baer®of polymerizing, at —70°C. with sodium naph-
thalene as the initiator, first one monomer and then adding the second
monomer, was followed. The monomer systems used were styrene-AMA
and methyl methacrylate-AMA. Termination, isolation, purification,
and drying of the polymer were as described above for the copolymer..

The styrene-AMA block copolymer was prepared by first polymerizing
1(364 g. (0.16 mole) styrene as a 25% solution in tetrahydrofuran for 3 hr.,
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at a sodium naphthalene-styrene mole ratio of 1:300; conversion, 100%;
[7] in toluene = 0.387. Then 5.04 g. (0.04 mole) of AMA was injected
through the serum cap by means of a hypodermic needle, the reaction
allowed to proceed for 1 hr., terminated with methyl alcohol, and the
polymer isolated. Then the polymer was treated with refluxing aceto-
nitrile to extract the homopolymer of AMA and dried; vyield, 20.7 g.
(96%); [77]in toluene = 0.413.

The MMA-AMA block copolymer was prepared similarly by first poly-
merizing 15 g. (0.15 mole) MMA in 10% solution in tetrahydrofuran at a
sodium naphthalene-MMA mole ratio of 1:300; conversion 99.2%;
[7] in acetone = 0.350. This was followed by the addition of 0.3 g. (0.05
mole) AMA,; yield, 20.2 g. (94.5%); [7]in acetone = 0.402.

Viscosity Determinations

The intrinsic viscosities of representative samples of poly(allyl acrylate)
and poly(allyl methacrylate) were determined in acetone solutions in a
Canon 25-102 dilution viscometer. The bath temperature was maintained
at 20.00 £ 0.02°C., and flow times were determined for at least three solu-
tion concentrations.

Post-Reactions

Bromination of Polymers

Bromination of the Linear Polymers of AMA. Into a 125-ml. glass-
stoppered flask was placed 0.5 g. of polymer dissolved in 15 ml. of carbon
tetrachloride. To this was added 0.5 g. Br2as a 20% solution in carbon
tetrachloride. The mixture was stirred well, stoppered, and placed in a
refrigerator at 0°C. for at least 48 hr. A yellow-orange precipitate which
resulted was separated by filtration and washed with carbon tetrachloride,
redissolved, and reprecipitated twice using 1:1 acetone-benzene as a sol-
vent and methanol as precipitant, isolated, and dried in a vacuum oven
at 25°C. to constant weight.

Aral. Cid for the dirao dervetive, GiHHAB G 2039% Il 349% Br
5P Forct 02890% H 360 B SAR6

Bromination of Linear Polymer of AA. The same procedure was used
as in the case of the linear polymer of AMA.

Ciad for the dirono G822 C 6484 H 2904 B
588’/0 Foud C5.80%4 1K 276’/0 Br, 566%

Partial Bromination of Linear AMA Polymer. The procedure described
above was used, except that the reaction time was 4 hr.

Ad. Gl for 758242 nde%d CllQ:CillicddBr2 0, 5283/ 11, 004
Br 2361% Foud 05216% 11,604%4 B, 2331%
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Bromination of Methyl Methacrylate AMA Copolymer (50 :50 mole-%
Anal. Feed). The same procedure used above was also used in this case.

Anal. Gl for 329471 nde% CHIRCHIDB2 C 7@ It, 401 B,
4012 Foud G373 H 468 Br, 437,

Bromination of Methyl Methacrylate-AMA Copolymer (80:20 mole-%
Feed). The same procedure used above was also used in this case.

Anal. Glad for 91288 nde% CHo2CHOB2 G 51424 I, 7.01%
B, 198% Foudt C5091% IT,689% Br, 119%

Bromination of Methyl Methacrylate AMA Block Copolymer (75:25
mole-% Feed). The procedure described above was used.

Anal. CGlad for 81:19 nde% Cllio02CGHW@B2 C 47.78% 11.020% Br,
233% Foudt CG4712% H 614% Br, 2L%9%%

Bromination of Styrene-AMA Block Copolymer (80:20 mole-% Feed).
The procedure described above was used.

Anal. Cdad for 831169 nmde% GiI18ClHlico Br2 C 64004 11, 541% B,
D02 Foudt G453 IL 533 B, 1963%

Crosslinking of Polymers

Thermal Crosslinking. Approximately 1.0 g. of each of the linear poly-
mers of AAIA and AA was dissolved in 10 ml. of benzene. Films were
cast on glass plates, the solvent allowed to evaporate at room temperature
for 24 hr., and the plates then placed in an oven at 120°C. for 4 hr. The
resulting films were found to be insoluble in acetone, carbon tetrachloride,
and dimethylformamide.

Approximately 0.25 g. of the linear polymers of AMA and AA were
heated at 250°C. for 5 min. ou a Fisher-Johns melting point apparatus.
The polymers softened and formed films which were found to be insoluble
in acetone and dimethylformamide.

Radical Crosslinking. Approximately 0.25 g. of each of the linear poly-
mers of AMA, AA, and the partially brominated polymer of AMA (13.3%
Br) were dissolved in 5 ml. of dry benzene, and 0.002 g. of benzoyl peroxide
was added. After being ihoroughly mixed, the solution was poured onto
glass plates, the solvent allowed to evaporate, and the plates placed in a
100°C. oven for 2 hr. The resulting films were found to be insoluble in
acetone, benzene, and dimethylformamide.

Similar solutions containing benzoyl peroxide were prepared in benzene
of the MAIA AMA copolymers and of the block copolymers of M.\IA-
AMA and styrene-AMA. The films cast from them and treated at 100°C.
for 2 hr. were found also to be infusible and insoluble in benzene and di-
methylformamide. Similar solutions containing benzoyl peroxide were
prepared in dimethylformamide of the acrylonitrile-AA (74.9:26.1) and
of acrylonitrile-AMA (87:23) copolymers and films cast and heated at
100°C. These films were insoluble in dimethylformamide.
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INTRODUCTION

Little has been reported on cationic graft eopolymerization. For
example, Pleschlreported the graft copolymerization of styrene with poly-
(vinyl chloride) by use of titanium tetrachloride or aluminum chloride in
nitrobenzene.

Kockelbergh and Smets2have carried out reactions of isobutylene with
chloromethylated or bromomethylated polystyrene using aluminum
bromide in CS2 In these studies, polymers containing halogen, especially
chlorine, in their main chain or side chain were used as backbone polymers.
Grafted polymers were obtained by grafting of monomers onto the car-
bonium ions formed by dehalogenation with a Lewis acid. Haas et aid
used another method of grafting in which the reactions between the growing
polystyryl ions and aromatic substances are used. They obtained graft
copolymers of polystyrene with poly-p-methoxystyrene, using stannic
chloride in nitrobenzene-carbon tetrachloride mixtures.

In this paper, protonation was used as the method for the grafting co-
polymerization. It is known that cyclization occurs by protonation if a
Lewis acid or a protonic acid is added to a solution of natural rubber.
Therefore, it may be expected that if a suitable monomer, polymerizable
by a cationic mechanism, is added to this system, cyclization and grafting
reactions will take place simultaneously.

“ L«
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In this work, reactions between styrene and natural rubber were carried
out with the use of stannic chloride in cyclohexane under various condi-
tions, and mixtures of hard, rubbery, grafted copolymer with homopoly-
styrene were obtained. The effects of the concentrations of styrene,
stannic chloride, and rubber and the temperature on the rate of polymeriza-
tion, the percentage grafting and the grafting efficiency are discussed.
It was confirmed that grafting and cyclization had occurred, by carbon-
hydrogen analysis and the infrared spectrum of the residue obtained after
extraction with boiling acetone.

EXPERIMENTAL

Materials

Natural rubber was dissolved in cyclohexane and reprecipitated with
methanol to remove the impurities. The precipitates were filtered off,
dried in vacuo, and used for the polymerization. Cyclohexane, styrene,
and stannic chloride were purified by conventional methods before use.

Fractionation of the Graft Copolymer

Purified and dried rubber was dissolved completely in cyclohexane in a
test tube, styrene was added, and the test tube was shaken, cooled, and
degassed. The polymerization started when a solution of stannic chloride
in cyclohexane was added. The tube was cooled and sealed. The poly-
merization was carried out at 20°G. for the required length of time. After
the reaction, the products were precipitated with methanol, and the pre-
cipitates were filtered and dried in vacuo.

The styrene conversion was calculated from the increase in weight after
drying, and the grafted styrene from the increase in weight of the insoluble
portion after extraction with boiling acetone.

Infrared Spectra

The infrared absorption spectra of the natural rubber used, the product
of tlte natural rubber and stannic chloride, and the soluble and insoluble
portions of the product of the graft polymerizations were measured.

The spectra were measured on specimens in the form of thin films ob-
tained by casting from chloroform solutions on rock salt plates.

Intrinsic Viscosity

The intrinsic viscosities [7] of chloroform solutions of the rubber used,
the products obtained on treatment with stannic chloride for a certain
length of time, and of the reaction mixtures of rubber with polystyrene
obtained were measured at 30°C. with a modified Ubbelohde viscometer.

The percentage grafting is the ratio of the increase in the weight of the
acetone-insoluble portions to the weight of rubber used, i.e., the ratio of
the grafted polystyrene to the rubber used. The grafting efficiency is the
ratio of the grafted polystyrene to the total polymerized styrene.
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RESULTS AND DISCUSSION
Confirmation of Cyclization and Grafting

Generally, rubber becomes insoluble in organic solvents when cyclization
occurs. The reaction products obtained in these experiments also became
powdery and insoluble in either cyclohexane or other solvents, and only
swelled in them. The fact that the products were soluble only in chloroform
and took a long time to dissolve indicated that the cyclization reaction had
occurred; this was confirmed by the infrared spectra of the products.

The formation of graft copolymer was confirmed as follows. The dried
reaction mixtures were extracted with boiling acetone. The soluble portion
was found to be homopolystyrene. The insoluble portion did not contain
homopolystyrene, because polystyrene obtained under the same conditions
in the absence of rubber, is soluble in boiling acetone. So the residue was
thought to be the grafted copolymer. This was confirmed by its infrared
spectrum and carbon-hydrogen analysis.

Figures la and 11) show the infrared spectra of the natural rubber and
the product obtained by the reaction between natural rubber and stannic
chloride. Figures 1c and 1d show the infrared spectra of the soluble and
insoluble portion, in boiling acetone, of the product in the case in which the
polymerization of styrene was carried out in the cyclohexane solution of
rubber and stannic chloride.

From Figures la and 16 it was observed that the absorption bands at
1315, 1130, and 1095 cm.-1 associated with =CH— in the cis form of the
—C(CH:t)=CH— group decreased in intensity or disappeared. This
suggests the presence of —(H>— adjacent to the —C(CH3=C'H—
group, i.e., it shows the presence of a —C(CH3—CH2— group.4 The small
shift of the peak at 1005 cm.-1 to 1070 indicates that the natural rubber is
partly cyclized. The direction of the shift of the absorption of —( 113
depends on whether —C(CH3=CH—is cyclic or linear.5

Table | shows the results of the elemental analysis of natural rubber,
polystyrene, and grafted copolymer. The analysis results indicate that
styrene is grafted to natural rubber.

The percentage grafting calculated from the increase in the weight of the
boiling acetone-insoluble portion (30%) is in agreement with that calcu-
lated from the elemental analysis (28%), within the analytical error.

TABLE |
Hementd Arelysis of Raymerst
Pymer c % H %
Natural rubboer 88228 %g
(}alei(llﬂyﬂai K224
Poystyrere 53 780

alp] = By, M = 1HBndel, [ =42SX 10 2ndel, 2°C, 1Dnmin
\gg IS
oThis ws%toagafﬂrgpaoertaged@/o
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The effect of reaction time on lhe hands at 1315, 1130, and 1005 cm."1
is shown in Figure 2. The intensities of the hands decreased with reaction
time. Bands associated with styrene at 1003, 1495, 1455, 1028, 705, and
700 cm.-1 are not observed in Figure 15 but can be seen in Figure Id.
They are the bands of polystyrene as shown in Figure Ic.

H ZE’fed,drea:nmnrreml . = Bgll,
¢ e S e TR [ = B0

Consequently it is considered that cyclization of the rubber and the graft
polymerization of styrene onto the rubber took place simultaneously.

Rate of Polymerization

Concentration of Styrene. The polymerization was carried out with
constant concentrations of rubber and stannic chloride and various con-
centrations of styrene. The time-conversion curves are shown in Figure 3.
Tire rate of polymerization increased rapidly with the concentration of sty-
rene. Figures 4a and 46 show the relation between R\jthe apparent rate of
polymerization at the early stage, obtained from the time-conversion curves
and the concentration of styrene. As this slope is 1.80, it is considered
that Rpis proportional to the second power of the concentration of styrene.

Concentration of Stannic Chloride. The polymerization of styrene
was carried out at constant concentrations of styrene and rubber and
various concentrations of stannic chloride.

The time-conversion curves are shown in Figure 5. Rv increased with
the concentration of catalyst. Each rate was obtained at the early stage
as mentioned above and was plotted against the concentration of stannic
chloride as shown in Figure 6. This slope is 0.98, indicating that R,, is
proportional to the'concentration of stannic chloride.

Concentration of Rubber.  The polymerization of styrene was carried out
with various concentrations of rubber and constant concentrations of
styrene and stannic chloride. The results, shown in Figures 7 and 8,
indicate that R, is also proportional to the concentration of rubber.
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According to these results, the rate of polymerization can be represented
as follows:

Rv - [M][C][R]

:H 3@5%({“?} 3) 173)mje’l () {%Z%nde’l (o)M 3%
mole/1, [t = 159 [cﬁ = 4B X 10 Znule

Fig. 4. Relationship between monomer concentration and the rate of polymerization.
[11] = 15¢9g./l.,, [C] = 4.28 X 10-2mole/l., 20°C.
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Fg 5 E‘feddcaa}&cxmenraimmtfeﬁrremasimm é@%[g =
257 ]D~Zrde’l;“ 3 [q:4.28X 10-2ndelL; (*) E =600 X I0"2rde1;
OQ=71X»*ndel [M =1hnddl, [If] = Bg/L, 20°C

Hg Q Relationship bawean caalyst concertration ard the rate of palynerization
¢ P M = 1/6ndel, [R = g, 2C

where [M], [C], and [R] represent concentration of monomer, catalyst,
and rubber, respectively.

Temperature. The polymerization of styrene was carried out at 10, 20,
30, and 50°C. under constant conditions to investigate the effect of tem-
perature on the rate of polymerization. Rp increased with temperature.
The relationship between the rate constant K and the reciprocal of the
absolute temperature \/T is shown as Figure 9. The overall activation
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7 Efeadntberwnana]mmthennemasmanel(%rﬁdl

oa %Eﬁ]ozglldf)% log./].; (0) [Rl =gl M

energy calculated from the Arrhenius equation was about G kcal./mole.
This is a reasonable value for the cationic polymerization of styrene.

Kinetics

The elementary reactions were assumed as shown in egs. (1)

c+A- -I-(---»Al+ D
It : ->E+--£<-"-r-->E+ %)
li++ M _h SA+ €]
A++ A kp >M+ @
pr Hep ®
R+ -—» it + ir+ m
H+ + A R >A+
H++ R---lﬁ-- >R+ ©

where C represents stannic chloride, possibly in the form of SnCl-r2HD,
M is styrene, and R is rubber or cyclized rubber; k(and k/, Kitr, k,, kp,
k, and k," and k, and k,/ are the rate constants for initiation, proton trans-
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log [R] (9/£)

Tig 8 Relationship between rudber conoartraion and the rete of polynrerization:
¢ [l\/ﬁO 15nmdel, [ =4S X 102nmdel, 20C

Fg ma]dmﬁ LM = 175rrde’l [q D S corsart

fer m a rubber molecule, initiation of grafting, propagation, termination,

and reinitiation, respectively.
The mechanisms of termination of 11+ and reinitiation are shown in eos.

(9H11).

CH—H on,—h,
nd  +h—oF |T,éx >O—O'Is .
- on\—c— én—CH- » —(in,—?— o—on,—+ n+ ©)
Cl-Ts
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Qil, CIl; CHr Ol,.
¢ ‘cos e  \caB
M+ ~cHic oK s cplcrdiopr @
¢h3 dh3

Assuming steady states for [M+], [R+], and [H+], we have

rifM+l/di = A[C][M] + fr,[M][R+] + m[H+][M] - k[M+] =0 (12

d[R+}/dt = A/ [C] [R] - fc,[M][R+] + A-/[HH][R] - k[R+] = 0 (13)
rifl+]ll = AJ[R+] - h,JHH[M] - &*(H+][R] = 0 (19

From a summation of ogs. (12)—14),

[M+] = (k/KY[C][M] + (k//k?) [CUR] (1S)
and, as Rp = f-[M+][A[],
R,, = (kpkf/ki) [M]2[C] + (A-A'l) IM;[C1I'] (26)

Hence, rewriting « . « and «px./«, in terms of « v and &2, respectively, for
convenience, yields eq. (17):

R,, = %i[M]ZC] + A2[M][C][R] (17
If both sides are divided by [M]we have
RvI[M] = A,[M]IC] + R2C]IR] (18)

7?,/[M] was plotted against [M], with constant [C] and [R], and a straight
line having a slight intercept was obtained, as shown in Figure 10. Simi-
larly 72,/[M] was plotted against [R], with distant [C] and [M], and a
straight line was obtained, as shown in Figure 11. It also had a slight
intercept.

Therefore the equation derived from the elementary reactions is reason-
able in explanation of the apparent rate equation. Consequently the
apparent rate equation may be written as follows:

Rv = %[M]J2C][R]

Fig 10 Reccretip tevean M ad K/IMJ. R = g4, [ = 48X 102
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Hg 11 Reatioship bevween [If] and/i, /[MJ. = 1/ndéel, =4 EX
o] p (1] ID:/[I'l[N] (®]

Intrinsic Viscosity

The intrinsic viscosities fo] " ore obtained for the natural rubber used and
the products of the natural rubber and stannic chloride after various time
intervals. Measurements were carried out in chloroform, at 30°C. in a
modified Ubbclohde viscometer.

As can be seen in Figure 12, [ decreased with time and became constant
after about 30 min.  This may be due to the cyclization or scission of the rub-
ber molecules. The influences of the concentrations of styrene, stannic
chloride, and rubber on h] were investigated for products of the copoly-
merizations after a reaction time of 15 min. [)7] decreased slightly with
the concentration of styrene or stannic chloride and increased with the con-
centration of rubber.  This results from the low value of h] of polymerized
styrene (the order is of 10"2 in comparison with natural rubber.

g 12 Intinsic visoosiy of nber. [ = 54, [J = 425 X 10 2inde.
20
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Grafting Percentage and Efficiency

Keaction Time. The polymerization was carried out at 20°C. for 15,
30, 60, and 120 min. with constant concentrations of styrene, stannic
chloride, and rubber. The results are shown in Table 1. As can be seen
from Table 11, the grafting percentage increased with reaction time, while
the grafting efficiency decreased with time. This is due to the increase in
the ratio of the yield of homopolystyrene to grafted polystyrene.

TABLE I _
Bifect of Time an Grafting Rarcertage ard Hfidency
Gaft Qdted Gafting

Reedion lorody @ er- Gafting
e, Yield,  syree”  poyner, a%% atap  didey,
mn g/ ol g

nmae'l % %

i3 172 0013 158 0100} 53 363

K4 197 0030 166 0015 106 A0

9] %2 01054 177 01026} 180 240

120 435 0231 195 0043 300 158

“R =g/, M = 1%Bndel, [ = 48 X 10-2mdel, 20C

Concentration of Styrene. The polymerization was carried out with
various concentrations of styrene and with constant concentrations of
stannic chloride and rubber at 20°C. for 120 min.  The grafting percentage
and efficiency are listed in Table I11.

TABLE Il

Monorer Hmoady © - Gafti
am, Yed syes poine, 9@% e aly
nde'l gl nde’l gll. nde'l % %
0875 194 (01072 150 0 0 0
1740 435 016 238 0086 370 08

265 1746 1160 A5 0187 1300 133
350 200 178 305 023% 1633 104

R = Bg/, 1G - 428 X 10-nidep. 2JC, 120mn

The grafting percentage increased with increase in the concentration of
styrene but the grafting efficiency decreased. This is also due to the same
reason mentioned above. The grafting reaction did not occur at 0.875
mole/1. of styrene. The grafting percentage reached 160% at 3.5 mole/1.
It was found that the concentration of styrene had a significant effect on
the grafting percentage as well as on the rate of polymerization.

Concentration of Stannic Chloride. The polymerization was carried out
with various concentrations of stannic chloride at 20°C. for 120 min. The
results are shown in Table IV.
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TABLE IV

Hiedt of Cataysl Conoertration on Grattil ig Reroertage and Hficency
Catalyst Qaft  Qated Gafng
X ved G pye e ofbm doay
miel  gb el gL noel % 9%

257 285 0167 174 0023 160 178
428 B7 QIA 185 0034 233 147
6.00 468 0267 190 0038 %7 125
771 01 Q744 27 004 44.7 8.0

“IRl = Bgl, M = 1Aindegl, 20C, 1Dnin

The grafting percentage increased with increase in the concentration of
stannic chloride, but it was not affected appreciably by the concentration
of catalyst, because the increase was only up to 45% under the experimen-
tal coditions. The grafting efficiency decreased with increasing the concen-
tration of catalyst.

Concentration of Natural Rubber. The polymerization was carried out
with various concentrations of rubber at 20°C. for 120 min. The results
are shown in Table Y.

TABLE V
Hifect o Rudoer Conertration an Grafiing Rercertage and Hfidency
Rudoer Homopaly- s&g\ﬁa g Gt
@O - AUNg
am, Yed dSyey pdyne, atap  didey,
A g/l nmael gl nmoeg'l % %

%9 0833 10.2 0080 1040 56
66.7 050 148 0046 480 8.8

8.8
6/.8 04% 57 00b 285 19
628 022 4 0071 26 196

‘M =1/Bnmdel, [ =42SX 10 2rdel, 20C, 1Dmin

MBHEE o &
o3
o
o
S
o)
(o]
o
2
R
w

The weight of polymerized styrene and the grafting percentages decreased
with increase in the concentration of rubber. This may be explained by
the following hypothesis. The influence of the viscosity of the system on
the weight of polymerized styrene increases remarkably with increase in
the reaction time. Therefore the weight decreased, although the rate
of polymerization in the early stages was proportional to the concentration
of rubber.  The higher the concentration of rubber, the more active centers
are formed in the system and thus the lower the degree of polymerization
of polystyrene.  On the other hand, the lower the concentration of rubber,
the less the number of the active centers, and thus the higher the degree of
polymerization of polystyrene. Therefore, the grafting efficiency in-
creased, although the grafting percentage decreased.
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TABLE M
Hied, of Tenperatiure an Grafing Rarogii(eoe ad Bffidency3

Te lomopoly- @ poly- . Gt
an pe- g
Yield, , ot efficency,
W TR R
10 450 0243 197 0045 3L3 157
D 1095 082 199 0047 7 52
5] 1148 093 188 0037 53 38

»[R = Bg/L, M = 15, [J = 428X 10'andelL, DDnin

Influence of Temperature. The polymerization was carried out at 10>
30, and 50°C. for 120 min. in order to investigate the influence of the reac-
tion temperature on the grafting percentage and the efficiency. The results
are shown in Table VI.

Temperature did not affect the grafting percentage appreciably, but
both grafting percentage and grafting efficiency had a tendency to decrease
with increasing temperature. This may be explained by the fact that the
rise in temperature promoted the formation of homopolystyrene but re-
strained the propagation of grafting polystyrene.

Influence of Solvent. The effect of a polar solvent was investigated, as
the polymerization proceeds by a cationic mechanism. Various amounts
of nitrobenzene as polar solvent were added to cyclohexane (Table VII).

TABLE \'ll

Geft Gdted Gafting
Schert Hoopdy -~ Gefiing
Yiel , efiaenoy,

T W W U W P
0 67.3 0474 180 000 20.0 58

0065 A9 030 175 0[0273 167 6.3
0150 B5 Q727 229 0076 20 94
01875 1070 0733 25 0140 %7 156
0230 1258 08% 7 021 1450 196

‘) = B, M ; 15, [d = 4.28)()’13 2w, 27, i

The yield of polystyrene and the grafting percentage increased with
increase in the amount of nitrobenzene added. The grafting efficiency
also increased. It was therefore concluded that the addition of a polar
solvent had a good effect on both the grafting percentage and the effi-
ciency.

Similarly, graft copolymerizations of styrene onto polychloroprene and
polybutadiene with the use of stannic chloride were carried out in chloro-

form, and it was found that graft copolymers could be prepared (Table
VIII).
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_ "TABLE VIII
Grafting Rarcertage and Hiidency for Pyehiargarene and Palybutedienet
Gcrgft QGdted  Gafting C:‘rg‘ﬁfﬁng
llor mpdyL ﬁﬁ; - -
Yield, oy, @EiaE  dawy,
g/l |rdell g, ndel % %

P%‘/i 1560 173 280 015 8.7 73
at>

pet
1286 1020 21.8 00b 453 6.0
W
dae

- [ = Bg.A, M = 15moel, [J = 428 X I02ndel, 2°C, 2Dnin
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Structural Effects in Heleroalom Systems. [Il. The
Calculated Influence of Sleric Effects on
Polymerization-Depolymerizalion Equilibria in the
Siloxane and Oxymethylene Series. Comparisons
with the Phosphazene System.

H. It ALLCOCK,* Chemical Department,

Central Research Division, American Cyanamid Company,

Stam ford, Connecticut 06904

Synopsis
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INTRODUCTION

In a previous paperlan attempt was made to explain the polymerization
and depolymerization behavior of polyphosphazenes, +P(R2=N+n,
in terms of the steric influence of the side groups, R, on the thermodynamics
of equilibration. The steric influence of each group was estimated in
terms of the maximum rotational van der Waals radii (i.e., the volume
swept out when each bond in the side group undergoes 360° rotation). The
repulsions between the various units in the polymer were then estimated
qualitatively in terms of the area of overlap of these van der Waals bound-
aries. It was concluded that, for polymers of this type, overlapping of
side-group or chain-atom van der Waals radii should generally favor

* Presat adfess Department o Chanistry, The Permsyvania Sate University,
University Pak Persyvenia 1682 .
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depolymerization to cyclic oligomers, and the calculated results were found
to be reasonably consistent with the known experimental behavior of
phosphazenes.

Polysiloxanes, —[Si(R9—0}— and polyoxymethylenes, «—[C(R2—
0]—, fall into the same structural category as polyphosphazenes, and the
present communication describes an attempt to apply the same approach
to these systems also. It was anticipated that the results might allow some
conclusions to be drawn about the relative thermodynamic stabilities to
depolymerization of siloxanes and phosphazenes and of the relationship
between these and oxymethylcncs.

As discussed previously,l the relative enthalpies of [-A(R2—B—],
type polymers can be compared in terms of three steric interactions, the
a-type (1:1) repulsion, the c-type (1:3) repulsion, and the d-type (1:4)
repulsion. The latter two represent the principal interactions for the
[rures-planar (1) and «'s-frans-planar (1) configurations of the chain.

Cc

I

Tor polymer systems in which alternate chain atoms bear no substituents,
the c-type repulsion is generally significantly greater than the d-type. If
the side groups are sufficiently large, the gauche form will give rise to inter-
actions which are intermediate between the ¢- and d-repulsions, and there
will be no significant energy wells between the trans-planar and cis-trans-
planar states. The cis-frans-planar arrangement of the chain should thus
correspond to the lowest energy form if appreciable side group repulsions
exist. The a- and d-type repulsions are, therefore, considered to be more
valid measures of chain stability than is the c-type repulsion. Each of
these repulsions can be estimated by the use of scale graphical representa-
tion of the chain, together with the van der Waals radii and side group rota-
tional radii and profiles discussed previously.1 One significant factor which
distinguishes polyoxymethylene derivatives from polysiloxanes and poly-
phosphazenes is the fact that the depolymerization products of the former
are expected to be predominantly monomeric carbonyl compounds rather
than cyclic oligomers. Monomeric phosphazine, RP=N, and siloxene,
RZi=0, units do not, of course, exist as stable molecules.

EXPERIMENTAL

The atomic and molecular parameters used for the calculations are as
follows:* bond angIeS' R—S—R 109 5°' 0—Si—0,109.5°; Si—O0—Si,

* Bod aelessdan ae"aga\dtesfor
g(%%a [Si(O—BZ—O%ad [S(Oﬁz-o%gg e o or s

ene816
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140°; R—0—R, 0—C—0, and C —0 —€, 109.5°; covalent atomic radii:
Si, 1.02 A.;; O0—(Si), 062 A;; C, 0.77 A;; 0---—-(C), 0.66 A.; van der
Waals radii:I7 Si, 21 A,; C, 1.7 A; 0, 15 A Side-group parameters
are as listed previously.1

The side-group overlap areas were determined graphically. Those side-
group overlaps which occurred within the van der Waals boundary of the
supporting heteroatom were excluded. In this respect, it is important to
note that an appreciable contribution to the rf-fype repulsion in polyoxy-
methylenes in the m-irans-planar configuration arises from the overlap
of 1:4 carbon and oxygen chain atoms. In Table I, this overlap is sepa-
rated from that due to the side group-oxygen interaction. The small
overlap between 1:4 silicon and oxygen radii in siloxanes is separated simi-
larly.

RESULTS AND DISCUSSION

Calculated a-, ¢-, and d-side group overlap areas in polysiloxanes, poly-
oxymethylenes, and polyphosphazeneslare listed in Table I. The side
groups chosen are for derivatives which have been synthesized or which
might conceivably be expected to be synthesized with the use of known
techniques. In general, the descending listing of increasing a- and d-
overlap parameters in Table | should reflect an increasing tendency for the
polymer to depolymerize.

Polysiloxanes

For each side group listed in Table I, except H, F, Cl, Br, I, and NH2
there is less a- or d-ovcrlap in siloxanes than in phosphazenes. This is,
of course, principally due to the unusually wide bond angle at oxygen in
siloxanes, which can be attributed to the high ionic character of the bond.
Siloxanes should thus be somewhat less sensitive to side-group steric effects
than phosphazenes. Furthermore, for all except the smallest side-groups,
comparisons of the ¢- and d-overlap parameters (Table 1) show that the
cis-Irans-planar form of the chain (1) is energetically more stable than the
frans-planar configuration (I). The gauche orientation will be of inter-
mediate stability. Even where no c- or d-overlaps occur (R = II, F, Cl,
Br, I, and NH32, the polar attraction between 1:4 silicon and oxygen atoms

Til
(1) would be expected to exert some stabilizing influence on the cis-trans-
planar form.* There is however, one significant difference between the

*Hory et al. Baondudd that the iraresdaner fom of polydirethyisioane wes the
nost eoorﬁgmnmlnsdwmtn:afede%]esobgapatracnprs Honew,
eledron ad xvay diffraction messuraets of amethylsioane liquid and rudoer6/
provide evidaaefor gauche confonretions.
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siloxane and phosphazene chains in the cis-trans planar orientation.
Whereas in phosphazenes there is no overlap of the van der Waals radii of
the 1:4 phosphorus and nitrogen atoms, in siloxanes there is a small
(0.06 A.2 overlap between 1:4 silicon and oxygen atoms. This will serve
to raise the energy of ris-trans-planar siloxane chains relative to phosphazene
chains if bulky substituents are absent, particularly when this effect, op-
poses the ionic attraction described above.

Since there is no a- or d-side group overlap in the dimethylsiloxane model,
this system probably reflects a situation in which the thermodynamic sta-
bility of the chain is close to a maximum.* The combined effects of 1:4
skeletal steric repulsion, 1:4 skeletal polar attraction and c-type side group
repulsion may cause the chain to assume a gauche orientation.

Polyoxymethylenes

There is a considerable (1.2 A.2 overlap of 1:4 skeletal carbon and oxygen
radii in the cis-trans-planar form of the polyoxymethylene chain. This is
due principally to the relatively narrow angle at oxygen. If, therefore,
the c-overlap is small (R = H or F), a gauche arrangement of the chain
may be a more stable state.f Polar attraction of 1:4 carbon and oxygen
atoms in the cis-trans-planar configuration would be less important for
polyoxymethylenes than for siloxanes, because, although the skeletal atoms
are closer, there is a smaller electronegativity difference in carbon-oxygen
bonds (1.0, 22% ionic character) than in silicon-oxygen bonds (1.7, 51%
ionic character) (based on Pauling electronegativity values).2l'2 The ionic
character of the —P N — bond is not known with certainty but it must

have appreciable —P—N— character and may be more ionic than the sil-
oxane bond.

Jf, however, bulkier side groups are present, (CH3groups or larger), the
extremely large c-type repulsions will force the polyoxymethylene chain
to assume or approach a cfs-trans-planar arrangement in spite of the skeletal
hindrance involved. The enthalpy of the molecule will be raised accord-
ingly. Thus, the side group overlaps in polyoxymethylenes will nearly
always be much greater than in either polysiloxanes or polyphosphazenes.
Polyoxymethylenes should, therefore, have much lower ceiling tempera-
tures than equivalent polyphosphazenes or polysiloxanes with the same side
groups and should be more sensitive to minor increases in side-group dimen-
sions than in other systems.

There is an additional factor which serves to enhance the thermodynamic
instability of polyoxymethylene chains. While the depolymerization

* Leeaml HeberlandPhave indicated thet c’gCl—B-l'Si—O)nhats d'anﬂe><|b|llty
[(CI-BE—O],, Honeve, the asat of dain nalias in CHB-IS—O),, (as
the sre ajhcrsfromtre o NVR line rmogg
et paint for ardths inplies sobgam

smallerihan cbnotlrﬂueme %
f Hory ardl\/laﬂd’)crrdwbdthatdawsmatracuors OamICIUmts
\/\Herrariyresxmtieforingame araganet
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products from polysiloxanes or polyphosphazenes will be cyclic oligomers
with bond angles not appreciably different from those in the polymer, the
depolymerization products from polyoxymethylenes are expected to be
monomeric carbonyl compounds:

K% : R/

Depolymerization of polyoxymethylenes thus involves not only a total
elimination of all ¢- and d-type strains, but also a considerable release of
a-type repulsion. Conversion of a polyoxymethylene to a carbonyl com-
pound involves a change from an sp3tetrahedral carbon atom to an $-p
trigonal (pw) bonded form. The bond angle between the side groups will
thus increase from 109.5° to 120° in the depolymerization process, with a
concurrent release of all or most of the a-type side-group repulsions.  Sub-
stituted polyoxymethylenes should thus be considerably less thermody-
namically stable than equivalent phosphazenes or siloxanes.

COMPARISONS WITH EXPERIMENTAL DATA

Siloxanes

The ability of hexamethylcyclotrisiloxane, [(CH3ZiO]3 or octamethyl-
cyclotetrasiloxane, [(CH3ZXiQ]j, to equilibrate to high molecular weight
linear or macrocyclic polymers in the presence of cationic or anionic cat-
alysts is well known. Similarly, the depolymerization of polydimethyl-
siloxane to cyclic oligomers in the 350-400°C. temperature region has been
recognized for many years.2324 However, most of the reported depoly-
merization experiments are for nonequilibrium conditions, in which con-
tinuous removal of the more volatile oligomers takes place. If a ceiling
temperature exists for polydimethylsiloxanes, it is almost certainly above
400°C. Evidence has been presented that, at least up to 1S0°C. the ratio
of polydimethylsiloxane homologs higher than the trimer is independent of
temperature. 2528 Between 140 and 400°C., the ratio of tetramer in the
equilibrium mixture increases only from about 2 to S%,2 a result which
suggests either that a very high ceiling temperature exists for this system
or that there is no ceiling temperature. This behavior is consistent with
the absence of a- or d-overlaps in polydimethylsiloxanes, since conversion
of cyclic tetramer to high polymer, for example, should be accompanied by
no increase in side-group repulsion. In fact, A//payn. should be zero or
negative. If A//poiym is zero, the polymer concentration should not change
appreciably with temperature.® Only a slight shift to favor the depoly-
merized species might be expected at high temperatures due to the resultant-
increase in translational entropy, but even this may be counteracted in the
dimethylsiloxane system by an increased rotational entropy in the high
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polymer. If A//payn is slightly negative (due to a release of ring strain on
polymerization), then a very high ceiling temperature would be expected.

The thermal behavior of dimethylsiloxane should thus represent a maxi-
mum degree of thermodynamic stability for polysiloxanes and should also
typify the behavior of the (yet unknown) derivatives where R isH, F, Cl,
Br, I, or XII). In spite of the considerable amount of work which has
been reported for dimethylsiloxane systems, there is almost no thermal
equilibration data available for compounds in which R is any group other
than methyl. Andrianov has indicated that the decreasing activity of
cyclosiloxanes to acid-catalyzed polymerization with side-group changes,
in the order Cli3> CH5> Cell;, > CaH.iC1> CaH3]2> 0[Si(CH3D]4>
OSi(CH33> 0Si(CA1953 may be attributed to the influence of the side
group on the thermodynamics of equilibration.2 However, kinetic effects
almost certainly contribute to this order of reactivities. For phenyl
derivatives, [(CeHs"SiO],,, there is some evidence that the cyclic trimer and
tetramer are formed in preference to higher polymers in silanediol cycliza-
tion,3l and equilibration studies with poly(trifluoropropylmethyl)siloxane,
[(CFCHZTH(CH3SIO]K showed that the cyclic species are much more
strongly favored than in the dimethylsiloxane system.2 However, larger
side groups should cause a marked lowering in the thermodynamic stability
of polymers relative to cyclic oligomers in the order of the increasing overlap
parameters listed in Table I.

Polyoxymethylenes

Polyformaldehyde and polyacetone are the only symmetrically substituted
polyoxymethylenes which have been synthesized. Polyformaldehyde,
[HZC—0],,, depolymerizes near 100°C. Dainton and Ivin calculated the
ceiling temperature of polyoxymethylene glycol to be 137°C.3 The ther-
mal behavior of polyformaldehyde probably represents the maximum ther-
modynamic stability that can be expected for a symmetrical polyoxy-
methylene. The rate of depolymerization of a polyoxymethylene may be
retarded by a “blocking” of terminal hydroxy groups or by use of a polymer
with a molecular weight so high that the concentration of catalytic terminal
units is infinitely small, but any side group larger than hydrogen should
lower the thermodynamic stability of the polymer appreciably. A measure
of the sensitivity of this system to steric repulsions is provided by the fact
that polyacetone, [(CH32C—O0]K depolymerizes rapidly to monomer at
room temperature3} and also by the fact that unsymmetrical polyoxy-
methylenes, [HC(R)—O0]n, where R is CHS5 »-CH7, n-CHY or n-CEHR
depolymerize readily at room temperature.3&-37

The fact that no other symmetrical polyoxymethylenes have been pre-
pared is largely explained by the overlap parameters in Table I. Only
polycarbonyl fluoride, [FAC—0],,, would be expected to have a comparable
stability to polyformaldehyde. (Similar arguments appear to apply to
polythiocarbonyl derivatives.3. Polycarbonyl chloride, [ClZ—0]Mand
polydiaminocarboxane, [(NH2ZC—O ]n, should in theory be more stable
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thormoclyinimically llitui polyanctonc, bui all the higher polyketone,s, sub-
stituted polydiamiiioearboxanes, and poly(alkoxy and aryloxy earboxanes),
[(RO)aO () ]., should be less stable than polyacetone.
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Carborane Polymers. IV. Polysiloxanes
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Synopsis
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INTRODUCTION

Previous papers in this seriesl-3 lutve described 1lie preparation and
properties of carborane polyesters, polyiornials, and vinyl polymers. We
now report the preparation and properties, particularly the thermal proper-
ties, of carborane polysiloxanes.

Poly-«i-carboranylene siloxanes in which carborane is attached directly
to silicon have recently been reported.4 We have prepared carborane
siloxane polymers in which carborane is attached to silicon through straight-
chain alkyl groups. These polymers are of two types; one contains m-
carborane in the polymer backbone, the other contains o-carborane as
pendant groups. We did not attempt to synthesize o-carborane backbone
polymers because we anticipated difficulties in obtaining linear polymeric
products. o-Carborane has demonstrated a strong tendency to form cyclic
compounds rather than linear products.6-7 The structures of the two
types of polymers that were prepared are illustrated by I and 1l. These
polymers were investigated with the objective of obtaining thermally stable
materials, therefore some thermal property determinations were made
and are reported here.
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CHa CHa
HO- _Si(CH)CBIHIC(CHAFIO— 4 i O -
1
_CH3 CHh \ CHa J»
|
CHa

HO--SiO SiO

C~-CR
L\O/

BioHio
"

wheren = 0,1,3; /= 3,4; R = H, CH3; —CBioHmC— m-carborane;

Y o J—— C— = o-earborane.

RESULTS

Monomer Synthesis

Some earborane silane and siloxane monomers were prepared utilizing
the platinum or ehloroplatinie aeid-catalyzed addition of hydrosilanes to

TABLE Il
Carborane Alkoxy Silane Monomers
lich + (C,H2n+ ,0)3CH — R(C,Hij, +,0)2

R Product
ClIl, CH,
| |
—Si— caluosiocCsliu
i |
(C1124 (Cl124
|
[om—— CH [opem— CH
o \o /
Biolliti Biollio V111
CHa CHa
I 1.
—Si— CHHSIOCHE
| |
(CH23 (CH2a
| |
(o C—CH3 C -—-C—CHa
\0 / w
Biollio Biollio 1X
CH3 cls3 CHS CHa

—Si(CH2XBIHIC(CI1)Bi—
|
CHa CH3

| |
CHaOSi(CH2A BioH 1C(CH2aSiOCH3

|
CHa

CHa
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alkenyl carboranes.8 The materials prepared in this manner are given in
Table I.

Chlorine substituents on silicon activated the addition of hydrosilanes
to the carboranyl alkenes. The addition of dichlorodimethylsilane to
butenyl carborane occurred instantaneously and was accompanied by an
exotherm. In contrast, alkoxy-substituted silyl hydrides added to car-
boranyl alkenes with reluctance, and the reaction time was characterized
bv long reaction time and low conversion.9

To prepare the carborane alkoxy silane monomers necessary for this
work, we found it advantageous to conduct the addition reaction with the
chloro derivatives and subsequently convert the chloro compounds to
alkoxys by reaction with trialkoxymethane. The materials that were
prepared in this manner are shown in Table II.

A m-carborane cyclosiloxane capable of ring-opening polymerization
was also synthesized. This was obtained from the hydrolysis of 1,7- [bis-
(3-chlorodimethylsilyl)propyl ]-j«-carborane (VI11). The hydrolysis yielded,
in addition to the cyclic compound, 50% of the linear polysiloxane.

CtL ch3
CISI(CH)CBIHIC(CHI3SICI  + Acetone
CH3 CH1
Vil
CH,
/ICH3
"'V/'Sf SIfCH3
ch3 CH, .
linear
<H CH, polymer
CH, CH, (55%)
CB1oH10C
Xl
(45%)

Polymerization

Polymerizations leading to polymers of types | and Il were investigated
with the objective of obtaining high yields of high molecular weight poly-
mer. The several methods of polymerization that were investigated for
each system included: (1) hydrolysis-condensation of chloro- and alkoxy-
silanes, (2) ring-opening polymerization of cyelosiloxanes, (3) condensation
of chloro- and alkoxysilanes with alkyl chloride elimination.

Hydrolysis-Condensation Polymerization. Many silanols are too un-
stable to exist as such, instead they condense with the elimination of water
to form a siloxane. Such silanols, when they are difunctional, condense to
polysiloxanes which are either linear, cyclic or a mixture of both. The
carborane dichloro- and diethoxysilanes were found to exhibit this behavior
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and monomers that lead to polymers of types | and Il polymerized in this
manner.

Monomers |11, 1V, and V from Table I, and VIII and I X from Table Il
were found to undergo hydrolysis-condensation to yield polymers of type
Il along with a mixture of cyclic polysiloxanes. Mixtures of cyclic and
linear products were obtained when homopolymers were prepared by
hydrolysis of the carborane silane compounds and also when copolymers
were prepared by hydrolysis of 1:1 molar ratios of difunctional carbo-
ranesilanes and either dichloro- or diethoxydialkylsilanes.

ch3 CH3 ch3
1
1 olJ HC1
(CH24 (CH24 (CH*)
C~CH C”ArCH
\°/ O /CH
BjoHio BhHO 7 BieHio
CH,
| CH3
clsicl 1
I + CISiCI + HO0 —)
(CH,)4 |
ch3
BidHD
CH3 ch3 ch3 ch3
. f 1
“ano Qin U olu—
I |- + 1 1 + HC
(?HM CHj (CH24  chj
\o /n \o /n
L BioHiu J" _  BioHio

The homopolymer products were brittle, glassy solids that softened at
about 70°C. The average molecular weight of such products never ex-
ceeded 2200. No serious attempt was made to separate the linear and
cyclic products and characterize them individually. However, this was
done for the cohydrolysis products, as described below.

The linear and cyclic components of the product from the 1:1 cohydroly-
sis of methyl-4-(I-o-carboranyl)butyldichlorosilane and dimethyldichloro-
silane were separated and characterized. Before separation the product
is an elastomeric gum of molecular weight 2400. Upon treatment with
benzene this product separated to a benzene-soluble portion of molecular
weight 890 and a benzene-immiscible portion of molecular weight 14,000.
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The latter material is swollen by benzene and dissolved by acetone. Itisa
tough, flexible thermoplastic material that flows when heated above 100°C.
Infrared and elemental analysis indicates it to be essentially a 1:1 copoly-
mer of presumably random structure.

The low molecular weight portion, upon molecular distillation at 200°C./
0.4 fuyielded a crystalline product which we believe to be bis-4-(l-o-car-
boranyl)butylhexamethylcyclotetrasiloxane (XI1).

ch3 ch3

CH3
\ >0 (\

Xl

The infrared spectrum supports this structure, as does the molecular weight
(calculated 665; found 670).

The hydrolysis-condensation of 1,7-[bis(3-chlorodimethylsilyl)propyl]-
carborane was mentioned above. It yields, in addition to the cyclic com-
pound, XI, a linear polymer of type | which is obtained as a tacky gum,
soluble in benzene and acetone, and of 6300 molecular weight.

Ring-Opening Polymerization. Polymers of types | and Il were ob-
tained by ring-opening polymerization of carborane cyclosiloxanes XI and
VI, respectively. These cyclics, upon being heated with acid catalysts,
opened to polymers of relatively high molecular weight. They did not
respond to base catalysis.

HSQ"™HO

Vi
CH3 CH3 GCH3 CH,

HO--S i-O —Si—O—Si—O—Si— O H

CH3 CH3 CH3 (CH);



372 \. MAYES, J. ((KEEN. AND M. S. COHEN

CH3 (K ch3

/ \
CIHO CH,
ch?2 ch?2
\ /
ch?2 CH2
\ b 10HiqC
X1
C1l1: CH3
|
HO +Si -iCH}, (B: HI;C <cn,.-...Si() H
CH.i CHj

Cyclic VI yielded a tacky, elastomeric gum polymer. In early stages id
polymerization the product, a viscous liquid, was soluble in solvents such
as benzene and acetone; however, continued reaction led to gum products
which swelled in these solvents.

Cyclic X1 yielded polymer of molecular weight 8500 when treated with
concentrated phosphoric acid and a similar product when treated with
concentrated sulfuric acid. These products were elastomeric gums and
were completely soluble in aromatic solvents. Product of apparently
higher molecular weight was obtained by use of diluted sulfuric acid cat-
alyst. The effect of diluting the catalyst has been discussed by An-
drianov.0 The higher polymer was a considerably tougher and more
elastomeric gum; however, it was no longer soluble in aromatic solvents,
and the molecular weight is not known.

Condensation Polymerization. Polymers of types | and 11 were ob-
tained from the ferric chloride-catalyzed reaction of dichloro- and diethoxy-
silanes. For example, (4-o-carboranylbutyl) diethoxymethylsilane and
dichlorodimethylsilane reacted to form linear copolymer, cyclic polysil-
oxane and ethyl chloride.

r
ch3 CHi CH]1CH3 <H CH,
1 1 FeCln 1 1 1 1
CZHSO%!OCZHS + Cl%_ICI ------ > L|§I 0 %I 0 -——- 7CH-, -0 Si 0 Si—
(CH24 CH;, CH;i($H34 (CH24CH:;,
n 1
C~CH CiS/CH CACH
BioH n
1010 B1oH10 B1oH10
+ CHXC

The polymers that were prepared this way were of relatively low molecular
weight and were generally obtained as viscous liquids.

Thermal Stability

Both backbone carborane (type 1) and pendant carburane (type I11)
siloxane polymers exhibited high thermal stability in nitrogen atmosphere.
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TEVPERATURE (°C)

Fig. 1 TGA of type | polymer in nitrogen: (- -) weight loss; (------ ) rate of weight loss.
Heating rate: 3°C./min.

Fig. 2. TGA of type Il polymer in nitrogen: (- -) weight loss; (——) rate of weight loss.
Heating rate: 3°C./min.

TGA of type | polymer (Fig. 1) shows weight loss beginning at 370°C.
with maximum rate of weight loss occurring at 475°C. This polymer has
been prepared by ring-opening polymerization and unreacted monomer
had been removed by sublimation. Therefore the first weight loss indi-
cated in the TGA is probably due to degradation and not loss of volatile
components.

TGA, in nitrogen atmosphere, of type Il polymer (Fig. 2), which was not
fractionated to remove low molecular weight components, indicates first
weight loss at 300°C. This initial weight loss is probably due to volatile
components. The major weight loss, which is undoubtedly a result of
degradation, occurs above 400°C. with the maximum rate being at 480°C.

Both polymer types exhibited lower thermal stability in air atmosphere.
Type | polymer began to lose weight in air at 235°C. and the thermogram
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Fig. 3. TGA of type | in polymer in air: (- -) weight loss; (—m) rate of weight loss.
Heating rate: 3°C./min.

Fig. 4. TGA of type Il polymer in air: (--) weight loss; (—e—=) rate of weight loss.
Heating rate: 3°C./min.

(Fig. 3) shows three rate maxima at 280, 375, and 475°C. The type Il
polymer exhibits a small weight loss in air beginning at 250°C. (Fig. 4)
however, the major weight loss begins about 400°C. with the rate maxima
occurring at 450 and 480°C. The TGA’s indicate both polymers to be of
the same order of thermal stability in nitrogen atmosphere. In air at-
mosphere, however, there is a significant difference. Polymer | degrades
extensively below 400°C. Polymer Il is apparently stable to this tem-
perature.

Another measure of thermal stability, that of molecular weight change
upon thermal aging, indicates that, in nitrogen atmosphere, polymer Il
actually degrades at lower temperatures than does polymer I. Polymer
samples of known molecular weights were heated in sealed glass tubes at
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TABLE 111
Thermal Degradation of Carborane Siloxane Polymers in Nitrogen

Molecular weight

Polymer Temperature, Time,
type °C. hr. Original After heating
I 300 24 6300 7800
| 350 24 6300 6000
| 180 40 4500 8300
11 200 40 4500 5500
1 250 40 4500 4800
1 300 24 7700 4600
1 300 40 4500 4000
11 300 168 7700 1580
1 350 24 7700 2600

several temperatures, and molecular weights were determined after heating.
The data, presented in Table Ill, show that the molecular weight of poly-
mer |l samples increased upon being heated at temperatures up to 250°C.
evidencing additional reaction of terminal groups. At 300°C. a definite
decrease in molecular weight indicated degradation had occurred. Some
degradation may have occurred as low as 200°C., since molecular weight
after heating at 200°C. was less than after heating at 180°C. Apparently
processes of polymerization and degradation were in competition and only
at or near 300°C. did degradation become dominant. Similar behavior
was observed for polymer 1, except that degradation, if any, occurred at
or near 350°C. This indicates that the degradation temperature of polymer
| is possibly 50°C. higher than that of polymer II.

The degradation observed in both cases is probably thermal rearrange-
ment of linear polymer to more thermodynamically stable cyclic com-
pounds. These cyclic compounds arc not volatile, so evidence for their
formation is not manifested by weight loss in TGA experiments.

EXPERIMENTAL

Materials

The silanes, dichloromethylsilane, dichlorodimethylsilane, and diethoxy-
dimethylsilane were obtained from Silicones Division, Union Carbide Cor-
poration and used as received.

Chlorodimethylsilane was not commercially available. 1t was prepared
by reduction of dichlorotetramethyldisiloxane (obtained by partial hy-
drolysis of dichlorodimethylsilanell) with lithium aluminum hydride. The
reduction, carried out in ether solution, yielded 53% (based on lithium
aluminum hydride) chlorodimethylsilane which, because it boils at 36°C.,
was distilled with ether and used in ether solution. It has been reported
that partial reduction of organohalogenosilanes is not possible.d The
above-described reduction of dichlorotetramethylsiloxane is a means of
doing this indirectly by first partially hydrolyzing dichlorodimethylsilane
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and then reducing the siloxane bond. That reduction occurs preferentially
at the siloxane bond is shown by the 53% yield of ehlorodimethylsilane.

1.3- Dichloro-l1,1,3-trimethyldisiloxane was prepared by the partial

cohydrolysis in ether solution of dichlorodimethylsilane and dichloro-
methylsilane. Fractional distillation of the resulting mixture yielded 14%
of I,3-dichloro-I,1,3-trimethyldisiloxane, b.p. 120-121°G./756 nun. lit.12
b.p. 120°/747 mm.).

1.7-Diallyl-m-carborane was prepared by the reaction of 1,7-dilithio-m-
carboranel3 and allyl bromide in ether solution. The distilled product,
b.p. 63°C./0.15 mm,, «'§ 1.5335, was obtained in 92% yield.

Anal. Calcd. forC812B10: C,42.82%; H, S.98%; B, 48.18%. Found: C,42.72%;
H,887%; B, 48.17%.

Dichloro(l-methyl-o-carboran-2-yl propyl) methylsilane (l111) was ob-
tained upon addition of dichloromethylsilane to I-allyl-2-methyl-o-
carborane.l4 The reaction, conducted with a 40% molar excess of silane
added carefully to the allyl compound at 90-95°C. in the presence of chloro-
platinic acid catalyst, yielded 92% of distilled product, b.p. 135°C./0.02
mm.,11® 1.5338.

Diethoxy(l-methyl-o-carboran-2-yl propyl)methylsilane (1X) resulted
from the reaction of dichloro(l-methyl-o-carboran-2-yl propyl)methyl-
silane and triethoxymethane. The reaction, conducted with an excess
molar quantity of triethoxymethane, was heated at S0°C. for 3 hr., to
yield 82% of distilled product, b.p. 144°C./0.0S mm., nf) 1.5020.

Dichloro(4-o-carboranylbutyl)methylsilane (IV) was prepared by careful
addition of dichloromethylsilane to [-(3-butenyl)-o-carboraneu in the
presence of chloroplatinic acid at 40-45°C. Reaction occurred exother-
mically to yield 92% of distilled product b.p. 165°C./0.05 mm., m.p. 45-
47°C."

Anal. Calcd. for C,HsBIChSi: C, 26.8%; H, 7.08%; B, 34,5%; Cl, 22.7%.
Found: C,26.5%; H, 7.15%; B, 34.1%; Cl, 22.2%,.

Diethoxy(4-o-carboranylbutyl)methylsilanel4 (VIIl1) was prepared by
treatment of the dichloro derivative with excess triethoxymethane at S0°C.
for 3 hr. The distilled product (b.p. 150°G./0.07 mm., n*“ 1.5007) was
collected in 88% yield.

1.3- Dichloro-3(4-o-carboranylbutyl)-I,1,3-trimethyldisiloxane (V)
sulted from the addition of 1,3-dichloro-l,1,3-trimethyldisiloxane to
I-(3-butenyl)-o-carborane at 85°C. in the presence of chloroplatinic acid
catalyst. The exothermic reaction yielded 85% of distilled product, b.p.
175°0./0.02 mm., «g 1J082.

Anal. Calcd. for CsHsaBsoChOSh: C, 27,89%; H, 7.26%; CI, 18.25%. Found:
C,27.85%; H, 7.32%; CIl, 18.07%.

Heptamethyl(4-o-carboranylbutyl)cyclotetrasiloxane was prepared by
addition of heptamethylcyclotetrasiloxane to I-(3-butenyl)-o-carborane at

re-
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123°C. in the presence of 5% platinum on carbon catalyst. The reaction
yielded 50% of product which distilled from a short path still at 148-156°C./
5.5 X 10-4 mm., nf>1.4780, m.p. 35-45°C.

Anat. Caled. for C,aH* Bagi4: C, 32.4%; H, .538%; B, 225%. Found: C,
29.6%, H, 7.68%, B, 20.59%,.

1.7- Bis(chlorodimethylsilylpropyl)-)i(.-carboi*ane resulted from addition
of excess chlorodimethylsilane to 1,7-diallyl-m-carborane in the presence
of 5% platinum on carbon catalyst and ether solvent. The reactants
were heated at reflux (36-37°C.) overnight and the product collected by
distillation (b.p. 175°C./0.07 mm.) in 85% yield.

Anal. Calcd. for CIH 3Bi(CI;Si2: D, 34.84%; H, 8.29%; B, 26.16%; CIl, 17.83%.;
neutralization equivalent, 206.8. Found: C, 34.18% ; H, 8.85%; B, 25.94%; ClI,
17.17%,; neutralization equivalent 209.8.

I-0xa-2,12-disila-2,2,12.12-tetr:imethyl-6,7,S-(I,7->u-carboraiiylene)-cy-
clododecane (X1) was obtained by hydrolysis of I,7-bis(chlorodimethyl-
silylpropyl)wn-ea:rborane in acetone solution. An acetone solution of the
chlorosilane was added dropwise to excess water in acetone solution at
room temperature and stirred overnight. The solvent and excess water
were removed by evaporation and the product freed from the gummy residue
by sublimation at 200°C./0.025 mm. The crystalline sublimate obtained
in 45% vyield was recrystallized from a 1:1 mixture of chloroform and ace-
tone to yield needle crystals of m.p. 176.5°C.

Anal. Calcd. for CisllsiBuOSiu: C, 40.18%; IT, 9.55%; B, 30.14%; Si, 15.66%.
Found: C, 40.20%; H, 9,89%,; B, 30.00%; Si, 16.57%.

The unsublimed residue which accounted for 55% of the product was a
benzene-soluble polymer of molecular weight 6300.

1.7- Bis(methoxydimethylsilylpropyl)-)«-carborane (X) was obtained
upon treating I,7-bis(chlorodimethylsilylpropyl)-/ii-carborane with tri-
methoxymethane. The product was isolated by distillation at 150°C./0.02
mm. in essentially quantitative yield.

Anal. Calcd. for C*HjoBuSbOp C, 41.54%; H, 9.96%; B, 26.71%; Si, 13.88%,.
Found: C,41.00%; H, 10.73%; B, 26.4%; Si, 11.11%.

Preparation of Backbone m-Carborane Polysiloxane (I)

In addition to preparing this polymer by hydrolysis of I,7-bis(chloro-
dimethylsilylpropyl)-m-carborane (VII) as described above, it was ob-
tained by ring-opening of l-oxa-2,12-disila-2,2,12,12-tetramethyl-0,7,8-
(I,7-m-carboranylene)cyclododecane (XI1). A 2-g. portion of the cyclic
compound (X1) was mixed with 0.04 g. of 85% phosphoric acid and heated
under a nitrogen atmosphere at 190°C. for 24 hr. The product was a clear,
colorless, gum that was fully soluble in solvents such as benzene and chloro-
form. The molecular weight determined by vapor-pressure osmometry
was 8500.
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A 2-g. portion of cyclic compound (X1) was mixed with 0.0G2 g. of 05%
sulfuric acid and heated at 190°C. overnight. The product was a tough
elastomeric solid, light tan in color. It did not dissolve in solvents such as
benzene, chloroform, dimethylformamide, or acetonitrile. Polymer simi-
larly prepared with 96% sulfuric acid catalyst was fully soluble in benzene.

Preparation of Pendant o-Carborane Polysiloxane (1)

Polymerization by cohydrolysis was accomplished by carefully adding
water to an equimolar mixture of dichloro(4-o-carboranylbutyl)methyl-
silane (IV) and dichlorodimethylsilane. For each mole of dichlorosilane
0.5 mole of water was added. After an initial reaction period at ambient
temperature to assure reaction with the water, the mixture was carefully
heated in stages up to 100°C. and maintained at 100°C. for several hours.
Excess water was added at this time to assure complete reaction of the
silylchloride. The product, freed of water by heating in vacuo, had a
molecular weight of 2400.

The reaction product was taken up in benzene to yield a two-phase
solution. The lower phase was polymer swollen with benzene. It was
freed of benzene by evaporation to leave approximately 00% of tough,
elastomeric gum polymer, which was completely soluble in acetone, and of
molecular weight 14,000 as determined by vapor-phase osmometry. The
upper phase was freed of benzene to leave a viscous liquid residue of
molecular weight S90. This accounted for the remaining 40% of the ma-
terial.

Polymerization of
4 -(1-o-carboranylbutyl) heptamethylcyclotetrasiloxane (VI)

A 2-g. portion of VI was treated with 0.04 g. of 90% sulfuric acid and
heated overnight at 90°C. The product was a viscous liquid of molecular
weight 1400. It was completely soluble in solvents such as acetone and
benzene. After standing several months at ambient temperature in a
closed vessel the polymer became a tacky elastomeric gum which partially
dissolved in acetone and partially swelled.

The help of Dr. Eugene O’Brien and Mr. Alan Jackson in some of these preparations
is gratefully acknowledged. This work was supported by the Navy under Contracts
NObs 84774, NObs 88318, and NObs 90065 and by the Army under Contract DA-11-
AMC-852070-(W). The aid of the U. S. Naval Applied Science Laboratory, Brooklyn,
N. Y. in obtaining the data is acknowledged.
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Résumé

On a préparé du carborane lié au silicium par des groupes alkyles linéaires et étudié
sa stabilité thermique par TGA et par sa variation de poids moléculaire en fonction de la
température. Les monomeres de ces polyméres ont été généralement préparés par ad-
dition catalytique au platine d’un hydrure de silicium & un carborane alkényle ou
dialkényle. La polymérisation a été effectuée par hydrolyse et condensation de chloro-
silanes, ouverture de cyclosiloxanes et condensation des alkoxy- et des chlorosilanes.
Deux types de polymeres ont été préparés, I’'un contenant du m-carborane incorporé dans
la chaine, l'autre de I'o-carborane comme groupe alkylborane pendant. Les deux types
ont été obtenus sous forme d’élastomeres; cependant, de fortes proportions de carborane
dans les polymeéres réduisent I’élasticité et finalement aboutissent a des nonélastomeres.
Le TGA du poly(siloxane-carborane inclus dans la chafne) indique une dégradation &
370°C dans l’azote e t, 235°C dans I’air. En chauffant le polymeére a 350°C dans |’azote,
on observe des ruptures de chaine, déterminées par la diminution du poids moléculaire.
Le TGA drt poly-(siloxane carborane pendant) irrdigrte une dégradation ert présence
d’azote ott d’air au-deld de 4009C seulement. Par contre, des ruptures de chafne ont
déja pu étre observées a 300°C ert présence d’azote.

Zusammenfassung

Air Silikon durch geradkettige Alkylgruppen gebundene Carborane wurden dargestellt
und beziglich ihrer thermischen Stabilitdt durch TGA und die Alolekulargewichtsan-
derung beim Erhitzen charakterisiert. Die Alonomeren fir diese Polymeren wurden
i allgemeinen durch platin-katalysierte Addition eines Silylhydrids an ein Alkenyl-
oder Dialkenylearboran dargestellt. Polymerisation wurde durch Hydrolyse-Konden-
sation von Chlorsilanen, Ringdéffnung von Cyclosiloxanen und Kondensation von
Alkoxy- und Chlorsilanen bewirkt. Zwei Polymerstrukturtypen wurden dargestellt,
eine mit m-Carboran in der Hauptkette und die andere mit o-Carboran als anhédngender
Alkylborangruppe. Beide Typen wurden als Elastomere erhalten; hoéherer Car-
borananteil in den Polymeren setzte die Elastizitdt herab und fuhrte schliesslich zu
Nicht-Elastomeren. TGA des llauptketten-Carboran-Siloxanpolymeren zeigte Abbau
bei 370°C unter Stickstoff und bei 235°C unter Luft an. Die Molekulargewichtsab-
nahme liess eine Kettenspaltung beim Erhitzen unter Stickstoff bei 350°C erkennen.
TGA des anhdngenden Carboran-Siloxanpolymeren zeigt Abbau unter Stickstoff und
Luft bei Temperaturen tber 400°C an. Die durch die Molekulargewichtsabnahme
bestimmte Kettenspaltung war jedoch schon beim Erhitzen unter Stickstoff bei 300°C
zuerkennen.
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Synthesis of an Arylene/Alkylene Polyether from
Diphenolic Acid and Rosenmund Reduction to the

Polyether Aldehyde

ROBERT INl. FITCH and CARL DA CHOW,*
Department of Polymers and Coatings, College of Chemistry and Physics,
North Dakota State University, Fargo, North Dakota 58103

Synopsis

The Williamson ether synthesis has been applied to the formation of an arylene/al-
kylene polyether with pendant carboxyl groups from 4,4-bis(p-hydroxyphenjd)pen-
tanoic acid and 1,4-dichlorobutane. The polymer was found to have aviscosity-molecu-
lar weight relationship following the equation, [7] = 1.30 X 10-4/0-9% in dimethyl-
formamide at 25°C. Hydrogenolysis of the derived polyether acid chloride was found
to proceed smoothly at atmospheric pressure in the presence of Pd-BaSO« catalyst
without poisoning of the catalyst by multiple absorption of polymer. The resulting
polyether aldehyde undergoes typical aldehyde reactions. The infrared spectra of the
polymers are also examined.

INTRODUCTION

As a class of compounds, arylene/alkylene polyethers have been little
studied. Even less has been done with such polymers containing pendant
functional groups, and yet there is potentially a considerable amount of
interesting chemistry associated with them. Diphenolic acid, or 4,4-bis-
(p-hydroxyphenyl)pentanoic acid, is an ideal starting material for the syn-
thesis of a polyether containing pendant carboxyl groups. From this pre-
cursor, derivatives can conceivably be made by means of a variety of well-
known reactions.

It was the purpose of this work to undertake the synthesis of a polyethcr
from diphenolic acid (DPA) and 1,4-dichlorobutane via the Williamson
ether synthesis [eq. (1)]. Subsequently the acid chloride was to be formed,
and from this, by the Rosenmund reduction, the polymeric aldehyde was to
be synthesized [eq. (2)]. A further purpose was to characterize the poly-
ether acid with respect to its viscosity-molecular weight relationships.

This synthetic route was of particular interest, since to our knowledge
the hydrogenolysis of a polymeric acid chloride has not been reported here-
tofore. There was some concern that multiple adsorption of the polymer
segments on active sites of the catalyst would result in a poisoning effect.

*Present address: Physical Research Laboratory, Dow Chemical Company, Midland,
Michigan.
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Experience with the catalytic hydrogenation of unsaturated polymers
has shown no retardation in rate due to this effect, however.1

The only previous work which is directly related to our polyether-acid
synthesis is the condensation of diphenolic acid (DPA) with 1,4-dichloro-
2-butene.2

EXPERIMENTAL AND RESULTS

Materials

The diphenolic acid (DPA), pure recrystallized grade, provided by S. C.
Johnson and Son, Inc., was titrated potentiometrically and was shown to
have a purity of 97-98% . 1,4-Dichlorobutane, supplied by du Pont, and
the DPA were used as received without further purification.

Polyether Acid

Typical reaction conditions for the synthesis of the polyether acid [eq.
(1)] are given below. Modifications of this basic recipe are also described.

To an aqueous KOH solution of diphenolic acid was added an equimolar
amount of 1,4-dichlorobutane. The Williamson condensation was allowed
to proceed at reflux under nitrogen for 12 hr. If an excess of dihalide was
used, it was added in 20% molar excess amounts at 12-hr. intervals until
all had been added.

The polyether acid was purified by precipitation with HN 03 from dilute
alkaline solution, filtration, and washing with hot water until the filtrate
was halicle-free. The polymer was dried in vacuo at 00°C. and then placed
in a Soxhlet extraction apparatus to isolate the MEK-soluble fraction.

A summary of some of the various reaction conditions used, along with
the corresponding molecular weight results is given in Table I. From this
it can be seen that the highest molecular weight polymer was obtained
(expt. 26) by using a 4/1 mole ratio of XaOH/DPA at 0.5.1/ DPA in water
under reflux for 3 days, during which time an >80% excess of dihalide was
added to offset side reactions, e.g., dehydrochlorination and hydrolysis.
Air must be excluded, as it evidently has a pronounced adverse effect on
molecular weight.

Number-average molecular weights were determined in the solvents
shown in Table | by means of the Mechrolab 301A vapor-pressure os-
mometer.

TABLE Il
Viscosity-Molecular Weight Relationship for Polyether Acid
] s
0.0643 570
0.0947 929
0.1043 1035
0.1175 1153

0.1472 1400



Viscosity-average molecular weights were determined by means of a
Cannon-Fenske viscometer in dimethylformamide (DINIF) at 25 + 0.01°C.
Calibration was accomplished using fractionated polyether acid solutions

Fig. 1. Log-log plot of intrinsic viscosity vs. molecular weight for polyether acid in ])MF
at 25°C.

in methyl ethyl ketone (AIEK) by vapor-pressure osmometry. The cali-
bration data are given in Table Il and in Figure 1.

Polyether Acid Chloride

A typical procedure for the synthesis of the polyether acid chloride is
given below.

To polyether acid of concentration of 0.04-0.1 mole/l. in THF in a dry
flask, 2-3 moles of freshly distilled thionyl chloride per mole of carboxyl
group was added. The reaction was conducted at reflux under a N2purge
until no more hydrogen chloride was produced. After the reaction, a small
measured quantity of dry toluene was added, and THF was removed at
40-50°C. under reduced pressure. HOI evolved was absorbed in excess
aqueous KOH and back-titrated with standard acid.

This procedure, along with modifications, is summarized in Table IlI.
Oxalyl chloride, a popular reagent for this reaction, was unsatisfactory for
our material and, by inference, for polymers generally, since it produced
crosslinked products with resulting low conversions (Expts. 5 and 6).
Optimum conditions were found to be 67°C. for 21 hr. at a polymer con-
centration of O.IOftf in tetrahydrofuran solvent, and a SOCI2carboxyl
ratio of 2.5.
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TABLE 111
Conversion of Polyether Acid to Acid Chloride
Moles reagent . .
Reaction conditions

o Mole carbonyl i
Expt. lecular e t-- Temp., lime, Congu.

no. weight Solvent SOCI2 (cocl). °C. hr. M Results*
i 1200 DMF 10 195 12 0.10 +
2 1630 THF 2.0 67 22 0.0s +
3 1700 THF 2.8 67 23 0.05 +
4 1700 THF 2.5 67 24 0.34 +
5 1100 THF 2.0 67 5 0.28 b
« 2200 THF 2.5 67 20 0.05 Gel
7 1200 THF 2.5 67 14 0.14
S 1725 THF 22 67 24 0.04 +
9 1750 THF 2.5 67 12 0.10 +
*The polyether acid chlorides prodneed in Expls. 1 = 3j 4 and 9 were converted
directly to aldehyde (see Table IV). The plus sign, indicates essentjally complete

conversion with theoretical moles HC1 evolved.

h Low conversion.

Polyether Aldehyde

To a toluene solution of polyether acid chloride at a concentration of
0,0.1 0.1 molc/l. of toluene, 1 part of Pd-RaS04catalyst, prepared accord-
ing to Mosettig,3for 1-2 parts of polyether acid chloride was added. Hy-
drogen was passed in at atmospheric pressure. The temperature was
kept at 9S°C. The reaction was allowed to continue until the evolution

TABLE IV
Reduction of Acid Chloride

Wt. Catalyst Reaction conditions
Tol- Amount
Expt. g./mole of &/% Temp,, Time, Congu., lens’ of I1C1
no.il Solvent — COCIl polymer °C. hr. M test evolved
i DMF 287 0.8 195 12 0.1 + Theor.
2 PCIL 359 1.0 98 30 0.0S + V*Theor.
3 ocC1i; 359 1.0 98 24 0.1 + Theor.
4 PCIL ISO 0.5 98 4 0.1 + Theor.
9 PCH:j 180 0.5 98 12 0.05 + Theor.

aExperiment numbers refer to Table IIl.

of HC1 ceased. The solution was cooled to room temperature, cleared with
charcoal, all the insoluble materials removed by centrifugation, and finally
the polyether aldehyde was obtained by precipitation with «-hexane. A
summary of the various experimental conditions used is given in Table IV.
From this it can be seen that dimethylformamide (DMF) may also be used
as a solvent.



arylenel/alkylene polyether K7

Infrared Spectroscopy

The Beckman 11UOQ0 spectrograph was used. The spectrum for DPA
was made by KBr disk technique; all others were made by casting from
solution a film of the polymer on NaCl plates.

DISCUSSION
Polyether Acid

The polymer .is a hard, glassy material soluble in aqueous alkali and
insoluble in aqueous acid. It is soluble in DM F, slightly soluble in AIEK,
insoluble in aromatic and aliphatic hydrocarbons. Potentiometric titra-
tion showed the polymer to have 2.84 meq. COOH per gram (theor. 2.92
meq./g.).

A straight-line log-log relationship has been found between molecular
weight of the polyether acid, determined by vapor-pressure osmometry and
the intrinsic viscosity in DAIF. This relationship is shown in Figure 1
and Table Il. Fractionation was obtained by extraction with IMEK.
The derived Mark-Houwink relationship is thus found to be:

h]250-= 130 X 10-bl/0-%

The infrared spectrum of the polyether acid (Fig. 2, No. 51) has several dis-
tinguishing features when compared to that of the DPA precursor (Fig.
2, No. 59). The 0—H stretching band in the region between 3000 and

ant'
Fig. 2. Infrared spectra: (59) diphenolic acid; (51) polyether acid from DPA + 1,4-
dichlorobutane.
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3600 cm.-1 is typical of RCOOH and exhibits the broadening character-
istic of groups in amorphous polymers subject to intermoleeular coupling.4
The absorbance is much less because of consumption of OH in ether forma-
tion. Likewise the 0 = 0 stretching frequency at 1700 cm.-1 is somewhat
broadened relative to that in the DPA spectrum. Absorptions due to the
benzene rings at 1500 and 1000 cm."land to Ar—O0 stretch at 1235 cm."1
are present in both DPA and polymer acid. However, a pronounced band
at 1000 cm.“1due to Art)—CH2in the polymer indicates the formation of
the ether linkage.

Polyether Acid Chloride

Evidence for the replacement of the carboxyl group by acid chloride was
immediately apparent in the physical properties of this polymer. It was
amorphous, soft and rubbery, and soluble in aromatic hydrocarbons, such
as toluene. It reacted vigorously and exothermically with iV-methyl-
aniline to give the corresponding polymeric amide which was water soluble.

cm’

Fig. Infrared spectra: (50) polyether acid chloride; (52) polyether aldehyde.

The infrared spectrum (Pig. 3, No. 50) shows the almost complete disap-
pearance of OH at 3440 cm."1 As aresult the Ar—H absorption at 301.S
cm."1lis now more clearly defined. The carbonyl absorption has shifted
to 173S cm."1, which is at a lower frequency than predicted for aliphatic
acid chlorides5but characteristic for aromatic ones.6 The broadening due
to intermoleeular coupling (hydrogen bonding) in this band of the amor-
phous polymeric acid has disappeared in the acid chloride as expected since
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intermolecular interactions are much weaker in the absence of hydrogen
bonding. Undoubtedly strong environmental factors are responsible for
this anomalously small shift from carboxyl to acid chloride. The rather
strong band at 725 cm.-1 can probably be assigned to C— CI motion.

Polyether Aldehyde

The polyether aldehyde is formed smoothly by the hydrogenolysis of
the acid chloride by simply bubbling hydrogen into the solution at atmos-
pheric pressure in the presence of Pd-BaSCh catalyst. The theoretical
amount of HC1 is evolved in this process.

The free polymer is soft, rubbery, and soluble in toluene and insoluble in
hexane. It exhibits the typical reactions of an aldehyde, including reduc-
tion of aqueous silver-ammonia complex (Tollens’ reagent) and formation
of an adduct with NaHSOj. Completeness of conversion was attested to
by the total absence of acidity in potentiometric titration.

The infrared spectrum of this polymer is very similar to that of the
corresponding acid chloride. This is to be expected when only one hydro-
gen isreplacing a chlorine atom on a repeating unit with mass of .324 amu. It
is distinguished from the acid chloride spectrum, however, by a strong
band at 1170 cm.-1 and tire disappearance of the C— Cl absorption at 725
cm.-1.

The polymeric aldehyde can be oxidized back to the corresponding
acid using ITCE in aqueous base containing some THF. The oxidation
proceeds with difficulty, probably because of the fact that a two-phase
system is involved.

Financial support, in part, of this work by S. C. Johnson & Son, Inc., Racine, Wis-
consin, is gratefully acknowledged.

This paper is taken in part from the M.S. thesis of C. D. Chow, Fargo, North Dakota,
M arch 11165.
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Résumé

On a appliqué la synthése de Williamson pour les éthers a la formation d’un
polymere arylene/alkyléne possédant des groupements carbonyls latéraux. On a
effectué cette synthese en utilisant l’acide 4,4-bis(p-hydroxyphényl) pentanique et le
1,4-dichlorobutane. On a trouvé pour ce polymeére la relation suivante entre la viscosité
et le poids moléculaire: M 15° = 1.30 X 10_%il/°-94 Cette équation a été obtenue dans
le dimethyl formamide. On a trouvé fine I’'hydrogénolyse du polyét.her dérivé de
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chlorure acide se déroulait facilement a la pression atmosphérique en présence d’un
catalyseur Pd-BaSC>sans empoisonnement du catalyseur par les multiples adsorptions
de polymeéres. Les polyéthers aldéhydes qui résultent de cette réaction manifestent les
propriétés typiques des aldéhydes. On a également examiné le spectre infra-rouge de
cespolymeres.

Zusammenfassung

Die Athersynthese nach Williamson wurde auf die Bildung eines Arylene/Alkylen-
polyathers mit anhangenden Carboxylgruppen aus 4,4-Bis-(p-hydro.xyphenyl)-pentan-
saure und 1,4-Dichlorbutan angewendet. Die Viskositdts-Molekulargewichts-bezie-
hung fir das Polymere war M 25° = 1,30 X 10“41f°-% in Dimethylformamid. Die
Hydrogenolyse des abgeleiteten Polyathersdurechlorides verlief bei Atmosphéarendruck
in Gegenwart eines Pd-BaS04Katalysators glatt ohne Vergiftung des Katalysators durch
multiple Polymeradsorption. Der gebildete Polyatheraldehyd zeigt die typischen
Aldehydreaktionen. Schliesslich wird das Infrarotspektrum der Polymeren aufgenom-
men.

Received January 7, 1966
Revised July 21, 1966
Prod. No. 5238A
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NOTES

Nylon 11111: Synthesis and Polymerization of Monomers
Introduction and Discussion

Interest in Crambe abyssinica as an oilseed crop for the United States is based in part
on its potential value as a source of polyamide monomers.1-3 Crambe abyssinica is one of
the richest known sources of erucic (ws-13-docosenoic) acid, which makes up 55-60%
of the acids of the seed oil glycerides. Erucic acid may be separated from crambe oil by
fractional distillation of the free fatty acids obtained by hydrolysis of the glycerides.
Alternatively, the oil may be converted to methyl esters, and the methyl erucate fraction
from distillation hydrolyzed to the free acid. This paper describes the synthesis of nylon
1313 from erucic acid.

Brassylic acid (1,13-tridecanedioic acid) was made in 60-70% yields by oxidative
ozonolysislof commercial erucic acid (Humko, Memphis, Tenn.). The crude product
from the ozonolysis mixture contained about 95% brassylic acid, and the purity was
raised to 99% + by recrystallization. The reaction of brassylic acid with ammonia
under conditions described by Sorenson and Campbell5for the preparation of azelanitrile
gave brassylic acid dinitrile6-8 (1,11-dicyanoundecane) in better than 90% yield.
Catalytic hydrogenation of the dinitrile in the presence of cobalt (Girdler G-67RS
catalyst, Chemetron, Louisville, Ky.) and ammonia gave 1,13-diaminotridecane9(99% +
by gas-liquid chromatography, GLC) in better than 90% yield. Brassylic acid and
1,13-diaminotridecane were combined in a 1:1 molar ratio to produce the nylon 1313
salt.

Melt polymerization of nylon 1313 salt containing a calculatedl amount of the
diacetate of 1,13-diaminotridecane as a chain terminator produced a nylon 1313 of
about 50,000 molecular weight that had an inherent viscosity (0.5% in m-cresol at
25°C.) of 0.95. A detailed account of a study of the physical properties of nylon 1313
will be published later.

Experimental

Brassylic Acid (1,13-Tridecanedioic Acid). A solution of erucic acid of about 85%
purity (475 g., 1.40 mole) in acetic acid (630 ml.) and water (70 ml.) was maintained at
26 + 2°C. by external cooling and vigorous stirring while a stream of oxygen containing
ozone (3.05 wt.-% ) was passed through it at 5.0 I./min. (The ozone was generated in a
Welshach Corporation Model T-816 laboratory ozonator.) When ozone absorption
ceased, the mixture had taken up 100.4% of the theoretical amount of ozone necessary
to react with the unsaturation present. Production of ozone in the oxygen stream was
terminated, and oxygen was passed through the system at 0.2 I./min. while the reaction
mixture was heated externally. When the temperature reached 65°C., an exothermic
reaction began, and the temperature continued to rise spontaneously to 100°C. Cooling
was necessary to maintain this temperature while the exothermic reaction took place
over about 15 min. Oxygen flow rate was increased to 1.5 |1./min., and the system tem-
perature was maintained at 110-115°C. for an additional hour before the reaction
mixture was allowed to stand overnight at room temperature. The crude brassylic
acid which crystallized was filtered off and washed first with water and then with cold
benzene before being dried at 70°C. in vacuo. The yield of crude brassylic acid was
234 g. (68.5% of theory); m.p. 103-107°C.; purity about 96% by GLC. The crude
brassylic acid was recrystallized from absolute ethanol (470 ml.) and then from benzene
(1000 ml.) to give 188 g. (55% of theory); m.p. 112-114°C.; 99.8% pure brassylic

391
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acid by GLC. Fractional distillation of the original filtrate gave pelargonio acid, b.p.
140-143°C./13 mm.; yield 177 g. (80% of theory).

Brassylic Acid Dinitrile (1,11-Dicyanoundecane)* Brassylie acid, 96% purity,
(500 ¢', 2.05 mole) and polyphosphoric acid (25 ¢g.) were melted under a slow stream of
nitrogen in a lhree-neeked flask equipped with a thermometer, a gas inlet, tube, and a sim-
ple distilling head, condenser, and receiver. When the melt temperature reached 135°C.,
the nitrogen was replaced by anhydrous ammonia introduced below the surface of the
molten liquid. The temperature rosespontaneously to about 1NO°C., then was gradually
increased to 200°C. and maintained at this point for 2 hr. while ammonia was passed
through the system. W ater condensed in the receiver without organic material. The
flow of ammonia was continued while the reaction temperature was further increased to
300°C. for an additional 7 hr. The small amount of organic matter that condensed in
the receiver was returned to the reaction flask. The simple distilling head was replaced
by a 15-in. Widmer column, and the reaction product was distilled in vacuo to yield
brassylic acid dinitrile; 384 g. (91.1 % of theory): b.p. 176-1S0°C./I-2 nun.

Analt. Caled, for C,3FIZN2: C, 75.68%; H, 10.75%; N, 13.58%. Found: C, 75.63%;
I, 10.57%; N, 13.38%.

1.13- Diaminotridecane. Brassylic acid dinitrile (52 g., 0.204 mole), p-dioxane (160

ml., spectro grade), and Girdler G-67RK eobalt-on-kieselguhr catalyst (10 g.) were placed
in a 1170-ml. stainless steel bomb that had been chilled with Dry Ice. The system was
flushed with hydrogen, anhydrous ammonia (33 g., 1.94 mole) was added, and the bomb
was sealed. The bomb was filled with hydrogen to 1800 psig before shaking anti heating
were started. The system was heated to 110°C. in 1 hr. and maintained at 110-115°C.
for an additional 3 hr. Hydrogen absorption was smooth and rapid, being essentially
over after 2 hr. The bomb was cooled, and after the gas was released, the contents of
the bomb were removed with the aid of j»-dioxane. The slurry of products was heated
to boiling and filtered to remove the catalyst. Vacuum distillation of the filtrate gave
50 g. (93.5% of theory) of 1,13-diaminotrideeane; b.p. 11S-119°C./0.4 mm. Purity
indicated by GLC was 99.1%.

1.13- Diaminotridecane Diacetic Acid Salt. 1,13-Diaminotridecane (18.19 g., 0.

mole) was dissolved in absolute ethanol (50 ml.). A solution of acetic aciil (0.18 g.,
0.170 mole) in absolute ethanol (20 ml.) was added slowly to the diamine solution.
There was a slight warming of the mixture, but no crystallization occurred upon pro-
longed standing. The ethanol was evaporated to leave a clear, viscous oil which crys-
tallized upon cooling in vacuo over phosphorus pentoxide. The yield of salt was quan-
titative, nr.p. 79-S2°C.

Anal. Caled, for CitHjsNjOt C, 61.04% ; Il, 11.45%; N, 8.37%. Found: C, 60.95%
H, 11.40%; N, 8.10%.

Nylon 1313 Salt. A solution of 1,13-diaminotridecane (131.2 g., 0.012 mole) in ab-
solute ethanol (225 m1.) was added slowly with vigorous stirring to a solution of brassylic
acid (146.5 g., 0.600 mole) in absolute ethanol (1250 ml.). The salt precipitated imme-
diately. Stirring was continued for 0.5 hi-, after completion of the addition, and the
mixture was allowed to stand overnight. The salt was collected on a filter, washed with
two 150-ml. portions of ethanol, and dried in a current of air. The yield was 275 g.
(99% of theory); the pilofasaturated agueous solution of the saltwas 7.73 at 25°C.

Anat. Caled, for CzeHsiNoOy C, 68.08%.; II, 11.87%; N, 6.11%. Found: C,
68.00%; H, 11.95%; N, 6.00%.

Nylon 1313 by Melt Polymerization (Molecular Weight about 50,000). Nylon 1313
salt (500 g., 1.09 mole) and 1,13-diaminotridecane diacetic acid salt (1.540 g.; 0.0046
mole) were placed in a 2-liter round-bottomed flask which had been coated on the inside
with a fluorocarbon resin. The system was alternately evacuated and filled with nitro-
gen three times before it was fitted with a stopper carrying a gas inlet and outlet tube and



N<»TES

a stainless-steel stirrer. A slow stream of nitrogen was passed through the flask as it was
heated in an oil hath at 225 + 2°C. After the melt, was stirred for Bhr., the stirrer was
raised above the melt and heating continued for an additional hour. The flask was
taken out of the bath and allowed to cool under nitrogen before the block of polymer was
removed by breaking the flask. The yield of nylon 1313 was 457 ¢g. (99.3%). Overall
yield of nylon 1313 from erucic acid was 50.9%.

Anat. Calcd. for —NH(CH2),—NIICO(CH5n—CO—: C, 73.88%; If, 11.92%.;
N, 6.63%,. Found: C,73.81% :1II, 12.01% ;N, 6.46%.
TABLE |

Physical Properties of the Polymer

Molecular weight (expected from
stabilizer employed ) 50,000
Molecular weight (light scattering) 47,000
(in IM sodium acetate in 80%
trifluoroacetic acid)11* 14

Thrh (0.5% in w-cresol at 25°C.) 0.95
M 0.83
Polymer melt temperature, °C. 164-167
Tm (polarizing microscope), °C. 170-172
Specific gravity 1.0245
» dd 1.536

Physical properties of the polymer are listed in Table I.

We appreciate the excellent technical assistance of Mr. W. L. Mayfield, who performed
much of the experimental work, and of I)r. W. J. Barrett and the staff of the Analytical
Section, Southern Research Institute, who carried out the analytial determinations.

The present note is areport of work done under contract with the Northern Utilization
Research and Development Division, Agricultural Research Service, U.S. Department
of Agriculture, and authorized by the Research and M arketing Act of 1946.

M ention in this article of trade names or firms does not constitute an endorsement by
the U.S. 1»epartment of Agriculture.
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Conjugated Double Bonds in Deeply Colored Polymers

It has been shown1-3 that cyclopentadiene, furan, and pyrrole can be catalyticallv
converted into benzene-soluble polymers, the electronic spectra of which are char-
acterized by peaks in the range 280-360 m/t, owing to the presence of 3-6 conjugated
double bonds. We have now found that under the slightly different conditions, specified
in Table I (see following page), the three monomers are polymerized to more deeply
colored, infusible (up to 360°C.)amorphous powders (yield >80% ) which are insoluble in
benzene or in the other solvents listed in Table Il of reference 3. During the polymeriza-
tion the reaction mixture, keptunder nitrogen, was 10-J M with respectto the antioxidant
«-tocopherol. Purification of these polymers was carried out by extraction with ethanol
in a Soxhlet apparatus. The analytical composition, the infrared spectra (potassium
bromide disks), and the unsaturation (determined by shaking the suspensions in a carbon
tetrachloride solution of bromine) of the solublel-3 and the insoluble polymers w'ere not
markedly different, except that the cyclopentadiene polymer w'as practically free of halo-
gen and did notconsume alkali on shaking with an alcoholic solution of potassium hydrox-
ide. The othertwo polymers contain triehloro- and trifluoroacetic acid residues, as shown
by the halogen content and the alkali consumption. The reflectance spectra of these
polymers were determined by introducing a finely powdered mixture with magnesium
carbonate into the diffuse reflectance attachment (S.P. 540) of a Unicam spectropho-
tometer. The last two columns of Table | show'the results of these measurements. The
Xmax values in the seventh column W'ere assumed to be identical with the observed maxima
of the reflectivity. It will be seen that there are more conjugated double bonds than in
the previously described1-3 polymers, which were prepared under less forcing conditions.
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NMR Study of a-Methylstyrene-p-Methyl-a-Methylslyrene

Copolymers

lligh-resolution nuclear magnetic resonance spectroscopy is of great importance for
the study of styrene polymers in solution. Studies of the NMR spectra of polystyrene
and poly-a-methylstyrene have been reported by Bovey et, al.1 The spectra of a number
of poly-a-methylstyrene polymers were measured, and relative amounts of the isotactic,
syndiotactic, and heterotactic forms discerned by Brownstein et al.2 A study of the co-
polymerization of styrene and «-methylstyrene was described by lino and Tokura.3

This note describes an NMR study of cationically prepared2copolymers of «-methyl-
styrene (AMS) and p-methyl-a-methylstyrene (PMAMS). Presumably the monomer
sequences are nonalternating3in these products, and practically all of each polymer unit is
in the syndiotactic form.2

Fig. 1. NMR spectra of 10% solutions of «-methylstyrene (AMS)-p-methyl-«-
methylstyrene (PMAMS) in CS2 (0) 78.7% AMS-21.3% PMAMS; (b) 37.5% AMS-
62.5rc PMAMS.

The copolymers were dissolved in CS2 and the spectra were observed on a >arian
TIRO0O instrument at room temperature. The units in the copolymer chain were identi-
fied according to the methods of Bovey and Brownstein. The peak positions of the var-
ious kinds of protons were measured relative to tetramethylsilane and are shown in
Figures la and 16 for the products containing a higher proportion of AMS and of
PMAMS, respectively.

The peaks in the region r = 3.0-3.44 are from protons in an aromatic nucleus. The
peak at r = 8.50 is from chain methylene protons and the peak in the r = 10.0 region is
due to the «-methyl group protons in AMS. We ascribe the peak at r = 7.77 to the
p-methyl of PMAMS and the peak at r = 9.75 to the «-methyl groups in PMAMS. As
suggested by Bovey et al.,1the «-methyl resonance is shifted to fields higher than that of
the methyl groups of small-molecule analogs, because of a diamagnetic shielding effect
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due to the magnetic anisotropy arising from the phenyl groups of the neighboring styrene
units. In the syndiotactic form, this becomes particularly marked when most of the
«-methyls are sandwiched between phenyls. The «-methyls in PAIAMS experience a
lesser diamagnetic shielding effect, evidently because of the presence of the j»-methyl
substituent.

In spectra la and 16, changes are observed in the aromatic peaks at r = 8.23 and 3.44
as compared with the peak at r = 3.00. When PAIAMS is in greater quantity, these
peaks increase in intensity, as does the j»-methyl peak at r = 7.77. Since the «-methyl
peak at r = 9.75 also increases, it too apparently belongs to PAIAMS. This peak could
possibly be due to a heterotactic form of PAIAMS, although the method of preparation
favors the syndiotactic form.2
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BOOK REVIEW

Chemistry and Physics of Polycarbonates. Herman Sehnell. Inter-
science, New York, 1964. xi + 225. $12.75.

Since the remarkable, virtually simultaneous discovery and development of bisphenol
polycarbonates by Sehnell et al. at Bayer and by Fox and Goldberg et al. at General
Electric, beginning about thirteen years ago, there has been a great deal of technical
and commercial interest in this new family of polyesters. This review of the poly-
carbonate field to 1962 by Sehnell is certainly the best work now available on this subject.
Sehnell is one of the founding fathers of polycarbonate technology and is thereby
extremely well qualified to provide an authoritative picture of this area of polymer
chemistry. An earlier book, Polj/carbonates, by Christopher and Fox was published in
1962, but was much less thorough in its coverage. Although referenced by Sehnell in
various sections of his book, it would have been appropriate if note had been taken of
this first book in the introduction or historical section. Additionally, it seems something
of an oversight that no reference is made by Sehnell to the first U.S. papers on poly-
carbonates presented in July 1957 by Fox and Goldberg at the Gordon Polymer Con-
ference.

The main body of this book is devoted to the chemistry and property-structure
relationships for aromatic polycarbonates. Schnell’s coverage of polycarbonate chem-
istry is well done and well referenced, providing a good source of information for those
interested in this field. The chapter on structure and properties of aromatic poly-
carbonates is also thorough, covering in some detail various aspects of the behavior of
this interesting class of polymers. A brief but informative chapter on raw materials
used in polycarbonate synthesis is also provided.

On the negative side, in considering property-structure relationships, one could wish
for more detailed comparisons between aromatic polycarbonates and other structurally
related condensation polymers. Additionally, more detailed consideration of some
facets of the chemical behavior of polycarbonates such as hydrolysis, amiuolysis, and
thermal oxidative stability would have been desirable.

The section on morphology and crystallinity provides a good, brief summary of the
crystallization behavior of polycarbonates, but does not note the crystal melting point for
bisphenol-A polycarbonate (~265°). With reference to the crystallinity of aromatic poly-
carbonates, it is interesting to note that when first discovered, one of the most perplexing
questions was the reason for the remarkable toughness displayed by this transparent,
high temperature, glassy polymer. Sehnell mentions that short-range order has been
demonstrated for “amorphous” polycarbonate. However, the point is not made that
this short-range order is the logical basis for the unusual strength properties. Indeed,
the observation is becoming increasingly general that morphological heterogeneity is a
hallmark of tough, strong thermoplastics. This deserves some mention in a considera-
tion of polycarbonate behavior.

Schnell’s excellent book covers the literature up to 1962.  Since then, much interesting
and important work has been published. One of the most useful supplements is a very
fine book by Morgan at DuPont, Condensation Polymers, published in 1965. This
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later work contains a great deal of up to date information on polycarbonates and related
polyesters and splendidly supplements the Schnell review.
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