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Copolymerization of Isobutylene with o-Pinene

JOSEPH P, KENNEDY and M. NAKAO*

Institute of Polymer Science
The University of Akron
Akron, Ohio 44325

ABSTRACT

The copolymerization of isobutylene with a-pinene has been
investigated by using EtAlCl:z in ethyl chloride diluent at

ca. -105°C. The copolymerizations proceeded readily and gave
random copolymers of reasonably high molecular weights.
Copolymer homogeneity, composition and structure was inves-
tigated by GPC, solubility behavior, PMR (60 and 300 MHz),
CMR, reactivity ratio determination, and vulcanization
behavior.

INTRODUCTION

Having completed our extended investigations concerning the
copolymerization of isobutylene and S-pinene [ 1-3], we became
interested in exploring the possibility of copolymerization of

*Present address: Arakawa Forest Chemical Industries, Inc.,
Osaka 536, Japan.
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isobutylene with a-pinene. While cross-propagation with B-pinene
was expected and indeed occurred with greatest ease [ 1], this reac-
tion wasthought tobe much less favorable with the a-isomer because
of its internal (endo) unsaturation.

G B - O

C C
f-pinene

«c-;e p > -C_jl

C C
t-pinene

©

The rate of addition of isobutylene to the growing ends formed from
either pinene isomer is probably similar and was anticipated not to
be rate determining.

The copolymerization of isobutylene with a- and S-pinenes has
already been investigated by Finnish authors [ 4], who added BF;
and AlCl; in CH2 Cl; to isobutylene/a- or S-pinene charges in the
-10 to -50° range, and solely on the basis of some GPC data con-
cluded that these copolymerizations do not take place, rather
mixtures of homopolymers are formed.

We have obtained poly(isobutylene-co- -pinene) under conditions
quite similar to those employed by the Finnish workers except
working at low conversions and criticized their conclusions [ 1].

Our present research concerning the copolymerization of isobutylene
with a-pinene leads us again to the conclusion that random copolym-
erization can be achieved under conditions not too dissimilar to those
employed by the Finnish investigators, i.e., at lower conversions and
with more suitable charge composition.

In addition to the work of Sivola and Harva [ 4], a patent claims
the copolymerization of isobutylene with a variety of terpenes, and
in particular with a-pinene [ 5]; however, none of the previous
authors have investigated the mechanism of copolymerization and/or
have characterized the products obtained.

This paper concerns the copolymerization of isobutylene with
a-pinene with the use of EtAICl: in ethyl chloride diluent at low
temperatures (ca. -105°C). According to our results, isobutylene
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and a-pinene can be copolymerized to reasonably high molecular
weight random materials. The homogeneity and the random nature
of the copolymers was examined by gel-permeation chromatography,
solubility behavior, high resolution PMR spectroscopy, crosslinking
experiments, and by the application of the Kelen-Tidds copolymeri-
zation equation.

EXPERIMENTAL
Materials

a-Pinene ( Aldrich Chemical Company, Inc.) was dried over cal-
cium hydride and freshly distilled under reduced pressure before
use. Gas chromatography of the purified material showed 98.5%
purity and the presence of two major and two trace impurities, all
higher boiling than a-pinene. CzH;AICl: (Ethyl Corp.) was also
vacuum-distilled twice in the dry box before use. Isobutylene
(Union Carbide Co.) and ethyl chloride (Union Carbide Co.) were
dried by passing these gases through glass columns packed with
a mixture of porous barium oxide (Barium and Chemicals, Inc.)
and Molecular Sieves (Linde Type 3A, Matheson, Coleman and
BRell).

Polymerization

All polymerization and material transfers were carried out in a
dry box under a nitrogen atmosphere (moisture level 10-30 ppm).
Polymerizations were carried out in three-necked flasks equipped
with mechanical stirrer and thermometer and immersed in a cooling
bath. The charges [ monomer(s) in ethyl chloride] were cooled, and
prechilled C2HsAIClz) in ethyl chloride was added to initiate polym-
erizations. Reactions were fast and exothermic (~10°C). Polymeri-
zations were terminated by the addition of methanol. The crude
products were dissolved in cyclohexane in a separatory funnel, the
coinitiator (C2HsAlC1z) residues were removed by dissolving in an
aqueous HCI solution and cyclohexane layer (250 ml) containing the
polymers was precipitated into 1500 ml methanol. The methanol-
insoluble fraction was filtered, dried, and weighed. The methanol-
soluble low molecular weight fraction was also collected by evaporat-
ing the methanol and weighing.
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Characterization

Intrinsic viscosities were measured by using diisobutylene solvent
at 20°C and a Ubbelohde viscometer. While the relationship between
molecular weight and intrinsic viscosity for each copolymer composi-
tion was not established, an approximate M_ was obtained from Eq. (1)
derived for polyisobutylene [6]. M

In ﬁv = 12,48 + 1,565 In 7] (1)

Number-average molecular weights were determined by osmom-
etry by using a 503 High Speed Osmometer (Mechrolab Inc.), 08588
membrane (ARRO Laboratories, Inc.) suitable for M, in the 10*-10°
range, and toluene solvent at 37.9°C. The 7 /c versus concentra-
tion plots gave straight lines in the concentration range from 0.5 to
10 g/liter. Number-average molecular weights of low molecular
weight samples were determined by vapor pressure osmometry with
a Hitachi Perkin-Elmer Coleman 115 (Hitachi, Ltd.) instrument and
toluene solvent,

Gel-permeation chromatography was carried out at 25°C on an
Ana-Prep chromatograph (Waters Associates) using four matched
columns; 1.5 x 10°-7 x 10° A, 5% 10*-1.5 x 10° A, 1.5 x 10*-
5x 10° A, 5 x 10°-1.5 x 10* X at 70 psi and 1 ml/min flow rate.

The concentration of the samples was 0.25 g/100 ml in THF.

Solubility and phase separation studies were carried out with
blends of homopolymers and with copolymer samples in cyclohexane
solvent in graduated 20 ml cylinders at room temperature. The Mn

of polyisobutylenes used in these experiments was 2.9 X 10* by GPC.
The preparation and characteristics of poly-a-pinenes are described
in Table 1, The solvent was slowly evaporated by letting the un-
covered cylinders stand at room temperature in the hood.

Copolymer composition was determined from PMR spectra obtained
on a Varian T-60 nuclear magnetic resonance spectrometer in CCl,
solutions and with TMS as internal reference. Equation (2) was
derived to calculate the relative amounts of isobutylene and a-pinene
in the copolymer

a% = 100B/(3A + B) (2)

where ¢% is mole percent a-pinene, A is the area associated with
methylene protons of the isobutylene unit at 1.4 ppm, and B is the
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area associated with methylene and methyne protons of the a-pinene
unit at 1.8 ppm. Resolution of chemical shifts in the methyl region
(0.8-1.1 ppm) was obtained by using a high-resolution (300 MHz)
Varian Model HR 300 NMR spectrometer.

B C.NMR spectroscopy was carried out at 32°C by Varian CFT-20
NMR spectrometer using CDCl; solutions and hexamethyldisiloxane
as internal reference.

The crosslinking of copolymer samples was carried out by the use
of S Cl; at room temperature. The samples were dissolved in THF
(5 wt % solutions), and 3 wt % S.Cl: (on solid copolymer) was added.
Since gel did not form after 24 hr, an additional 6 wt % Sz=Cl= was
added. After 5 days of shaking, gel formed. The gel was extracted
by THF, dried, and weighed. The THF-soluble fraction was stored
for 15 additional days. The subsequently formed gel was recovered
by filtration, drying, and weighing. Polyisobutylene and poly-a-pinene
controls showed no sign of gelation under the same conditions.

RESULTS AND DISCUSSION

Preliminary small-scale experimentation guided us to design
suitable synthesis conditions to produce and collect sufficient material
for characterization studies. Polymerizations proceeded smoothly to
sufficiently low (10-20%) conversions required for meaningful copoly-
mer analysis. Table 1 shows synthesis and characterization results.
The latter were obtained from homogeneity (GPC, high resolution
PMR, solubility, and crosslinking studies), composition (PMR) and
molecular weight (membrane and vapor phase osmometry, and
viscometry) determinations. An analysis of this information leads
us to conclude that isobutylene and a-pinene can be copolymerized
to reasonably high molecular weight materials and that o-pinene
units are probably randomly distributed in the copolymer chain.

Gel-Permeation Chromatography

Product homogeneity has been investigated by gel-permeation
chromatography. The GPC traces of the four samples described in
Table 1 are shown in Fig. 1. All the traces were unimodal and
virtually symmetrical, suggesting the presence of reasonably
homogeneous materials. The traces shift toward higher elution
count (lower molecular weights) with increasing a-pinene content,
indicating the molecular weight-depressing effect of increasing
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Expt. 20.

Elution Count

FIG. 1. Gel permeation chromatograms of poly(isobutylene-co-
a-pinenes): (expt. 20) poly-a-pinene; (expt. 21) poly(isobutylene-co-
a-pinene) containing 9.9 mole-% a-pinene; (expt. 22) poly(isobutylene-
co-a-pinene) containing 8.2 mole % a-pinene; (expt. 23) poly(iso-
butylene-co-a-pinene) containing 3.2 mole % a-pinene.

o-pinene concentrations in the charge. The elution count range (30-
40) indicates low molecular weight products. In the absence of
appropriate calibration, molecular weight information cannot be
obtained by this technique.

Solubility and Phase-Compatibility Studies

Blends or mixtures of polymers or heterogeneous polymers, when
dissolved in a common good solvent, phase-separate into well defined
layers at a characteristic concentration which depends on the nature
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of the polymers and on their molecular weight. We investigated the
homogeneity of our products by bringing them into dilute solution
using a relatively good solvent for both polyisobutylene and poly-a-
pinene, cyclohexane, and slowly concentrating them by evaporation.
Thus we dissolved 2 wt % of a blend of polyisobutylene and poly-a-
pinene (90.1% polyisobutylene plus 9.9% poly-a-pinene to mimic our
poly-a-pinene-richest product (cf. Table 1), and the three other prod-
ucts described in Table 1, and slowly evaporated the solvent at room
temperature. The cylinders with the solutions were constantly
examined for phase separation. While the 90.1/9.9 blend of poly-
iscbutylene/poly-a-pinene exhibited phase separation when the solid
concentration rose to 9.6%, the copolymers remained optically
homogeneous all the way until evaporation to dryness. Solution
homogeneity under these conditions is strong indication for copoly-
mer uniformity.

CMR Spectra of Poly(isobutylene-co-a-Pinene)

The * C-NMR spectrum of polyisobutylene showed three
resonances at 29,2, 36.2 and 57.6 ppm, due to the methyl (1)
methylene (2), and quaternary carbon (3), respectively:

CH,!

{
~2CH, -C*—

|

CH; '

I

The " C-NMR spectrum of poly-a-pinene gave a set of complicated
resonances, out of which those at 25.3, 27.8, 131.0, and 139.3 ppm
were assigned to gem-dimethyl carbons (1), methyl carbon (2), and
to the two carbons (8 and 9) of the unsaturation. Otherwise the
spectrum of the poly-a-pinene as well as the copolymers were

too complex and ill resolved, respectively, for further analysis
(Fig. 2).

PMR Analysis of Poly(isobutylene-co-a-Pinene)

The PMR spectra of a series of poly(isobutylene-co-a-pinenes)
have been recorded and analyzed. Figure 3 shows 60 MHz PMR
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FIG. 2. CMR spectra of poly(isobutylene-co-a-pinenes): (A)
polyisobutylene; (B) poly-a-pinene; (C) poly(isobutylene-co-a-pinene)
containing 9.9 mole % a-pinene; (D) poly(isobutylene-co-a-pinene)
containing 8.2 mole % a-pinene; (E) poly(isobutylene-co-a-pinene)
containing 3.2 mole % a-pinene. In CDCls, at 32°C.
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II

spectra of polyisobutylene, poly-a-pinene and that of a representative
copolymer containing 9.9 mole % a-pinene (Expt. 21, Table 1). A
comparison of these PMR spectra with those obtained with poly(iso-
butylene-co-B8-pinene) [1], reveals a close structural similarity
between these materials. The singlet at 3.4 ppm {in parentheses)

is most likely due to methoxy protons at the end of polymer chains,
obtained upon quenching the polymerizations with methanol.

Similar to the findings made with the poly(isobutylene-co-3-pinene)
system, the NMR spectrum of the poly(isobutylene-co-a-pinene)
showed a distinct resonance (shoulder) at ~1.0 ppm which was absent
in both the spectra of polyisobutylene and poly-a-pinene. Conse-
quently this new resonance was assigned to isobutylene-a-pinene or
a-pinene-isobutylene sequences in poly(isobutylene-co-a-pinene).

To further characterize this resonance and gem-dimethyl resonances
in general, we have investigated the 0.7-1.5 ppm range by high-
resolution (300 MHz) NMR spectroscopy.

Figure 4 shows the methyl resonance range of a poly-a-pinene
and the three copolymer samples. The resonance associated with
the gem-dimethyl group in the copolymer appears as three partially
resolved resonances at 1.15, 1.00, and 0.95 ppm. These results
are similar to those obtained with poly(isobutylene-co- S-pinene)

[1]. On the basis of these findings, we assigned the resonance at

1.15 ppm to fully crowded gem-dimethyls, i.e., isobutylene-isobutylene
sequences (ii), the resonance at 0,95 ppm to uncrowded gem-dimethyls
indicating an a-pinene unit that is followed by another a-pinene unit
(aa), and the new resonance at 1,00 ppm to half-crowded gem-
dimethyls, i.e., 2 gem-dimethyl group flanked by only one other
dimethyl group, associated with ia or ai sequences. This resonance

is viewed as evidence for a probably random copolymer. These
assignments are shown schematically by the formula IIL

The magnetic sensitivity to steric environment of gem-methyl
chemical shifts has already been used to great advantage in the
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FIG. 3. PMR spectra: (A) polyisobutylene; (B) poly(isobutylene-co-
a-pinene); (C) poly-a-pinene.
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FIG. 4. High resolution PMR specira: (A) poly-a-pinene; (B)
poly(isobutylene-co-a-pinene) containing 9.9 mole % a-pinene; (C)
poly(isobutylene-co-a-pinene) containing 8.2 mole % a-pinene; (D)
poly(isobutylene-co-a-pinene) containing 3.2 mole % a-pinene.
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3 CHjy b b CHjy
~CH, —(?i}—ICHZ : CH, — C b‘? — CHy— C —-C —
C

CHj CH, CHg Hj

sequence: ii ia al ia aa

chemical shift,$ 1.15 1.00 1.00 1.00 0.95
I

analysis of copolymers of isobutylene [ 1, 3]. For example, the fully
crowded gem-dimethyls resonate at 1.1 ppm, while the uncrowded
gem-dimethyls in poly- 3-pinene resonate at 0.8 ppm [1]. Interest-
ingly, the gem-dimethyl group in poly-a-pinene resonates at 0.95
ppm. Possibly, increased steric compression of the gem-dimethyl
groups in poly-a-pinene shifts the resonance to higher magnetic
fields, i.e., to 0.95 as compared with poly-j-pinene whose less
crowded gem-dimethyl groups resonate at 0.8 ppm. Unfortunately
the relative proportion of uncrowded, half-crowded, and fully
crowded gem-dimethyl groups in the copolymer could not be deter-
mined because of low resolution.

Determination of Reactivity Ratios

Further circumstantial evidence for the random nature of our
isobutylene-a-pinene copolymers is the fact that the reactivity ratio
product of isobutylene and a-pinene is close to unity, i.e., r, = 11.0

and r, = 0.09, so that rr. = 0.99. The reactivity ratios have been

determined by usmg the three composition data points in Table 1
and the Kelen-Tiidds equation. Unfortunately, only three composi-
tions were available which, in spite of the satisfactory intercept
definition necessary for reactivity ratio calculation by this method
[7] , i8 somewhat less than desirable for a definitive reactivity
ratio analysis.

Vulcanization of Poly(isobutylene-co-a-Pinene)

The presence of unsaturation in the copolymer and the random
distribution of a-pinene units in the chain was also studied by cross-
linking experiments with S;Clz . Thus when copolymer samples were
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dissolved in THF and S2 Cl: was added, 60-70% gel formed after 5
days on the shaker and almost complete gelation occurred after 15
additional days of storage at room temperature. Control samples
with polyisobutylene and poly-a-pinene showed no sign of crosslink-
ing (see Table 1), Network formation indicates unsaturation in the
chain and is regarded as further evidence for the presence of ran-
domly distributed a-pinene units in the copolymer.

CONCLUSIONS

The analysis of the data discussed above leads us to conclude that
isobutylene and a-pinene can be copolymerized and that the products
are probably random chains of reasonable molecular weight. The
polymerizations proceed readily even at very low temperatures.
According to the monomer reactivity ratios, a-pinene is difficult to
incorporate into the chain which is most likely due to the internal
double bond in this monomer. This situation of course is quite
different with 8-pinene, which is a more reactive monomer than
isobutylene. It is also noteworthy that copolymer molecular weight
depression (chain transfer activity) by a-pinene is much higher than
that of the 3 isomer.

The detailed structure of the copolymer is yet unknown. On the
basis of the organic chemistry of o-pinene and its homopolymeriza-
tion behavior [ 8, 9] we have assumed, and our spectroscopic data
seem to indicate, that the main contributing repeat unit is that shown
above. However, it is possible that the copolymer also contains
other a-pinene units which may arise by other isomerization routes.

The two main reasons Sivola and Harva [ 4] obtained mainly a
mixture of homopolymers when they added BF; or AlCls dissolved
in CH:z Cl2 to isobutylene/o-pinene mixtures in the temperature
range from -10 to 50°C is that the monomer composition of the charge
was 1:1 and that the conversion level was too high (40-44%). In view
of the very low reactivity ratio of a-pinene, had the Finnish authors
worked with a high a-pinene concentration in the charge and had they
stopped the reaction at a reasonably low conversion, they probably
would have obtained true copolymers,
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