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A number of purified terminal aliphatic acetylenic hydrocarbons has been copolymerized with liquid
sulphur dioxide in the presence of t-butyl hydroperoxide at low temperature. Benzoyl peroxide, hydrogen
peroxide and m-chloroperbenzoic acid were ineffective. Neither sulphur dioxide nor t-butyl hydroperoxide
alone was capable of polymerizing pure alkynes. Aged (impure) alkynes were copolymerized with sulphur
dioxide in the absence of t-butyl hydroperoxide. All resulting alkyne-SO, copolymers were alternating with
1009, trans configuration regardless of the nature of the alkyne, the solvent, or temperature. Several studies
were performed to characterize the polysulphones, such as infra-red spectroscopy, 'H and !'3C nuclear
magnetic resonance spectroscopy, melting point, viscosity, elemental analysis, solubility, film formation
and flammability. A mechanism is proposed in which sulphur dioxide homolytically decomposes the organic
hydroperoxide into free radicals which initiate the polymerization. The alkyne-SO, charge transfer complex
is formed in solution, and the initiation and propagation steps probably involve this complex in equilbrium
with its monomers.

(Keywords: stereoselective alternating copolymerization; structural characterization; reaction mechanism; aliphatic

acetylenes; sulphur dioxide)

INTRODUCTION

Liquid sulphur dioxide is known'~® to react with
terminal and internal aliphatic olefins in the presence of
various radical initiators to form polysulphones. The
resulting polymeric material is an alternating copolymer
regardless of the copolymerization feed ratio. Conversely,
styrene®"!'° and some vinyl halide!™!? (e.g. vinyl
chloride) monomers produce polysulphones with various
sulphur dioxide compositions depending upon reaction
temperature and feed ratio. In general, vinyl monomers
with electron-withdrawing groups?® resist copolymeri-
zation with sulphur dioxide, but reports have shown
13-15 that with certain radical initiators and/or at low
reaction temperature this type of copolymerization is
possible, though the incorporation of SO, into the
copolymer is relatively low. About half a century ago, it
was reported’® that acetylenes can react with SO, in the
presence of alcohol and paraldehyde, containing
peroxides, to produce a sulphur dioxide—acetylene
addition product, though structural characterization of
these polymeric materials was generally poor.

A few years ago, we reported'® that t-butyl
hydroperoxide was a highly efficient radical initiator at
low temperature for the copolymerization of acrylic acid
with sulphur dioxide. The objective of the present study is
to use this low-temperature radical initiator system and a
variety of other radical initiators to copolymerize a
number of acetylenic hydrocarbons with SO,. In
addition, we carry out studies on the characterization of
the resulting copolymers and the reaction mechanism.

EXPERIMENTAL

Starting materials

The following acetylenes were purchased from Farchan
Chemical Compahy: 1-pentyne, 1-hexyne, 3-hexyne, 1-
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heptyne, 1-nonyne, 1-decyne, 1-undecyne, 1-dodecyne, 1-
tridecyne and 1-tetradecyne. Anhydrous sulphur dioxide
was obtained from Union Carbide and used as received.
Tertiary butyl hydroperoxide, benzoyl peroxide,
hydrogen peroxide and m-chloroperbenzoic acid were
obtained from Fluka.

Physical methods

The 'H n.m.r. spectra were recorded on a Varian XL-
200 spectrometer operating at a frequency of 200 MHz in
the Fourier transform mode. Polymer samples were
examined as 5 9 solutions in CDCl; with TMS as internal
standard, at the ambient probe temperature (20°C). In
addition, spectra were recorded for some samples in
acetone-de solvent with TMS as internal standard. The
13C n.m.r. spectra were recorded on a Varian XL-200
spectrometer with a carbon frequency of 50.3 MHz.
Polymer samples were observed in CDCl, solution (0.1 g
in 2.5ml CDCl;) at ambient probe temperature with
TMS as internal standard. A single-frequency off-
resonance decoupling experiment was carried out on
sample AP10 (see Table I) to differentiate the proton-
bearing carbon in the olefinic region. Thei.r. spectra were
recorded on a Perkin—Elmer model 337 grating infra-red
spectrophotometer using K Br pellets. Elemental analysis
was done using a Carlo Erba Strumentazione model 1106
using a Pora Pak QS column 2m in length for C, H
analysis and 0.8 m in length for S analysis. The reduced
viscosity measurements were made in an Ubbelohde type
viscometer at 25°C with 0.4 wt% solution, usually in
cyclohexanone. When the copolymer sample was not
soluble in cyclohexanone, other suitable solvents were
employed (Tables 1 and 2). All polysulphones were
examined for solubility in the following solvents: acetone,
cyclohexanone, dioxane, dimethylsulphoxide and
dichloromethane. Each sample was tested with every
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solvent at room temperature with stirring for 18 h using
an automatic shaker, and for 1 h in an 80°C water bath
with occasional agitation.

Purification of alkynes

A solution consisting of 0.5 1 previously boiled distilled
water, 25g ferrous ammonium sulphate and 2ml
concentrated sulphuric acid was placed into a one litre
flask. A 15ml alkyne sample was washed repeatedly
(8 x20ml) with the above aqueous solution. After
washing with 20 ml distilled water, the organic layer was
dried over anhydrous magnesium sulphate, filtered and
distilled at 0°C under high vacuum to give peroxide-free
alkyne. The two alkynes tridecyne and tetradecyne were
purified but were not distilled due to their high boiling
point.

Copolymerization technique

All copolymerizations were carried out in essentially
the same manner, the specific conditions being given in
Tables 1 and 2. A typical run was conducted as follows: A
100 ml, one-neck round-bottomed flask was equipped
with a rubber septum and was placed into a liquid
nitrogen/methanol bath at the desired temperature.
Approximately 15 ml of anhydrous sulphur dioxide was
condensed into the cold flask, which contained 1.0 ml of
purified alkyne. After mixing and allowing the two
monomers to cool to the required temperature, 0.1 ml of
t-butyl hydroperoxide was injected using a syringe. The
mixture was allowed to react with occasional swirling and
within a few minutes a white precipitate was observed for
all acetylenic monomers except 1-pentyne, 1-hexyne and
3-hexyne. After 1.5 h 25 ml of cold methanol was added
and the system was warmed to room temperature in the
fume hood to remove the excess SO,. The remaining
reaction mixture was filtered and washed with water
followed by methanol. The resulting white solid was
vacuum dried to a constant weight at room temperature.

Also, when 15 ml of liquid SO, was mixed with 1.0ml
of impure alkyne (used as received) at low temperature
(Table 2), the copolymerization was spontaneous, without
the presence of t-butyl hydroperoxide, producing a white
precipitate. The work-up of these reactions was the same
as those where purified alkynes were used.

Finally, 15 ml liquid SO, and 1.0 ml of pure or impure
3-hexyne was allowed to react at 25°C and at —35°C with
or without the presence of t-butyl hydroperoxide. In all
cases, after 1.5 h, each reaction was quenched with 25 ml
methanol and upon vsual work-up no copolymer was
obtained.

Reaction controls

Three reactions were performed under the following
conditions: (a) 15 ml SO,, 1.0ml purified 1-heptyne; (b)
15ml SO,, 1.0ml 1-heptyne, 0.1ml t-butyl hy-
droperoxide; (¢) 15ml SO,, 1.0ml 1-heptyne used as
received (unpurified). All three reactions were allowed to
stand at —37°C for 1.5 h. After work-up the first reaction
gave no polymeric product, whereas the second and third
reactions formed alkyne-SQ, copolymers in high yields.

RESULTS AND DISCUSSION

Copolymerization

The first experiment was the reaction of 1-heptyne with
excess liquid SO, in the presence of t-butyl hydroperoxide
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at —37°C. Surprisingly, when the alkyne was injected
into the vessel containing liquid SO, a white precipitate
was formed in seconds. There was not enough time to add
the t-butyl hydroperoxide before the reaction was over. It
was not clear whether the alkyne was very reactive and
copolymerized with SO, without any radical initiator or
whether some impurities caused the copolymerization.
To clarify this uncertainty, the alkynes were purified by
washing repeatedly with acidified ferrous ammonium
sulphate solution. When the reaction was carried out
using freshly distilled purified 1-heptyne, copolymeri-
zation did not occur in the presence of SO, without the
addition of t-butyl hydroperoxide. Furthermore 1-
heptyne could not be induced to homopolymerize when
mixed with t-butyl hydroperoxide at —37°C without any
SO, in the reaction mixture.

A similar phenomenon has been observed in olefins.
More than half a century ago, Seyer and King'’, in an
attempt to obtain the freezing point of several olefin-SO,
systems, observed that a white precipitate was always
formed when SO, was mixed with olefins containing high
concentrations of molecular oxygen. For the
cyclohexene-SO, system, the white solid product was
assigned the empirical formula (C¢H,(SO,),. Other
workers later reported that norbornene'®!°, cyclopen-
tene? and 1-methylcyclopropene?! were copolymerized
spontaneously with liquid SO, without the addition of a
radical initiator. Recently, however, studies have
revealed??:23 that these reactions occur because of the
presence of small amounts of organic hydroperoxides
when olefins or solvents had prolonged exposure to air.

All the polysulphones in the present study were
synthesized by the addition of impure and pure alkynes to
liquid SO, with or without t-butyl hydroperoxide at
various temperatures. The data obtained from these
experiments are shown in Tables I and 2.

As seen from the tables, the elemental analyses of C, H
and S agree very well with those calculated for alkyne—
SO, copolymer in 1:1 molar ratio regardless of the nature
of the organic comonomer and the experimental
polymerization conditions employed in this study.

The percentage copolymer yield decreased as the
polymerization temperature decreased. For example, the
reaction of purified 1-heptyne with SO, in the presence of
equal amounts of t-butyl hydroperoxide run at three
different temperatures (— 17, — 37 and — 57°C) produced
copolymers with yields of 749, 60% and 0.5%,
respectively. This may be attributed to the slow
polymerization rate with a decrease in temperature, since
all reactions were run for the same length of time. In
general, for the purified alkynes, the percentage yield
increased with increasing length of the alkyne monomer
at constant reaction temperature. The two alkynes 1-
tridecyne and 1-tetradecyne run at —37°C gave no
copolymer with SQ,; instead the organic comonomers
were solidified and precipitated. The pure or impure
internal alkyne, 3-hexyne, did not copolymerize with SO,
in the presence or absence of t-butyl hydroperoxide. The
copolymer yields derived from the polymerizations of
impure alkynes and SO, without the addition of t-butyl
hydroperoxide do not show any meaningful trend. This
observation is not surprising since the amount of the in
situ organic peroxide present in the aged alkynes would
not be expected to be of the same concentration in all
polymerizations.
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The effect of solvent on the copolymerization was also
investigated. The following pure solvents were employed
to copolymerize 1 ml of pure heptyne with 5ml of SO, in
10ml solvent using 0.1 ml t-butyl hydroperoxide at
—37°C for 2h. (a) Acetone produced 549 copolymer
yield but the product was precipitated as it was formed.
(b) Methylene chloride solvent gave 21 % copolymer yield
(4% yield at — 17°C) and remained in solution during the
reaction time. (c) Dimethyl ether caused a slight turbidity
about 2 min after the injection of t-butyl hydroperoxide
into the reaction mixture (copolymer yield 33%). Other
solvents such as acetonitrile, methanol and dimethyl
formamide gave practically no copolymer under the same
conditions. The elemental analyses of the copolymers
obtained in these reactions were similar to those samples
presented in Table 1.

The m-chloroperbenzoic acid radical initiator gave
dark brown solutions when 75 mg was added to a cold
solution consisting of 15ml SO, and 1ml purified 1-
heptyne at —37°C for 2 h. Upon work-up no copolymer
was found. Benzoyl peroxide and hydrogen peroxide were
also ineffective in copolymerizing 1-heptyne with liquid
SO, under the same reaction conditions, though the
reaction solutions were not coloured.

Properties and structure of polymers

In general, the introduction of polar groups into the
polymers tend to decrease solubility because strong
polymer—polymer bonds develop. The solubility for all
alkyne/SO, copolymers varied. There is no clearcut
correlation between solubility of the copolymers with the
number of methylene groups in the aliphatic pendant
group, though samples with longer R groups were
generally more soluble. Branching, crystallinity and
molecular weight of these thermoplastics will have some
control over solubility as well. Solubility increased for
some samples when they were mixed with a solvent and
stirred in a water bath at 80°C for about 1 h. The samples
appear to turn yellow but do not dissolve when shaken
with 109, NaOH solution. When they were mixed with
concentrated sulphuric acid for several hours, they gave a
dark solution. They also decolourize Br,/CCl, solution.

Determinations of reduced viscosity were made at 25°C
with 0.4 wt %/ solutions, usually in cyclohexanone or in a
solvent in which the particular sample was soluble at
room temperature (Tables ! and 2). There is no
correlation between the type of alkyne and the reduced
viscosity values of the respective copolymer.

The incorporation of an inflexible group such as
phenyl, carbonyl or sulphur dioxide into a linear polymer
chain backbone controls the rotation of the chemical
bonds along the chain, which increases stiffness and
crystallinity and hence the melting point and thermal
stability of the copolymer. Thus alkyne homopolymers?*
are viscous materials at room temperature, whereas the
alkyne-SO, alternating copolymers have melting points
on average of 130°C. Also, the copolymer appear to be
softer and more flexible as the size of the R group
increases. For example, 1-pentyne-SO, copolymer had
about 50°C higher melting point relative to those
prepared from 1-decyne or 1-undecyne. Of course,
crystallinity and molecular weight control the melting
points of these samples as well. All the samples were films
when pressed under 20000 psi at room temperature but
the films are brittle. As far as their flammability is

concerned, they are not self-extinguished when the
external flame is removed in an open atmosphere.

Examination of the ir. spectra of alkyne-SO,
copolymers show several structurally significant bands. A
medium band at 1630cm ™! is for the carbon-carbon
double bond stretching. The two strong bands at
1340cm ' and 1140 cm ! arise from the asymmetric and
symmetric SO, stretching respectively. The weak
absorption at 3020cm ™! is caused by the olefinic C-H
stretch. The acetylenic C-H (3300cm™!) and C=C
(2120 cm ™ 1) stretching vibrations which appear in the i.r.
spectra of 1-alkynes are absent in all polysulphone
copolymer spectra.

The 'H n.m.r. spectra of the copolymers show a single
signal with a linewidth of 8 Hz in the olefinic region. This
strongly suggests a highly stereoregular structure for the
polymer, either in all-trans or an all-cis structure. The
allylic CH, protons also show a singlet having a linewidth
of 18 Hz, indicating a stereoregular structure. The '3C
n.m.r. spectra of the copolymers (Figure 1) show only two
fairly sharp peaks in the olefinic region, corresponding to
the two olefinic carbons in the copolymer. The single-
frequency off-resonance decoupled '3C n.m.r. spectrum
showed the splitting of the high-field olefinic signal into a
doublet, indicating that this signal is due to the carbon
bearing the proton. The fact that each carbon in the
copolymer shows a single sharp signal further confirms
the stereoregularity of the polymers. No substituent
parameters for SO, in the alkene system have been
reported and it is not possible to get an idea of the carbon
chemical shifts in the trans and cis systems for
comparison.

The calculated chemical shifts for the olefinic proton,
using the polyisoprene data?> and alkene substituent
parameters2® for SO, and alkyl groups, are 6.75 and
6.58 ppm for trans and cis respectively. This favours a
trans structure for the copolymers under study, showing a
chemical shift of 7.3 ppm. However, the difference in the
calculated shifts is not large enough to rule out a cis
structure on the proton n.m.r. data alone. The data for the
other samples (prepared at different temperatures and
solvents) show identical chemical shifts (Table 3),
indicating identical structures for the copolymers
prepared under different experimental conditions.

Reaction mechanism

The copolymerization of terminal acetylenic hy-
drocarbons with liquid SO, in the presence of t-butyl
hydroperoxide is very rapid. However, neither SO, nor t-
butyl hydroperoxide alone were able to induce
polymerization of pure alkynes. This probably suggests
that SO, reacts with the organic peroxide, producing free
radicals which initiate the polymerization. In fact, this
redox reaction as a source of free radicals has been
demonstrated previously?” and studies show?8~3° that t-
butyl hydroperoxide undergoes induced homolytic
decomposition in the presence of SO, and competes
effectively with the side reaction that forms di-t-butyl
peroxide and sulphuric acid.

' Bu' — 080, + HOSO,
But0—OH + SOZ\
ka Bu'—0~0—Bu' + H,SO,
Ky >>ky
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b
a
Cc
f g9
C=CH-S0 4}
{_ | 2 1n d
e (|:H2
d ((':H2)7
c (|3H2
b (I',‘H2
a
CH,
f g
' e
\. '
ntbanampnree’ W v —rareaPatte W‘J
1 1 L Vk 1 N 1
160 140 120 40 28 12
5 (ppm)
Figure 1 Proton-decoupled !3C n.m.r. spectrum of 1-tridecyne-SO, copolymer
Table 3 The n.m.r. chemical shifts® of the copolymers {RC=CH-SO,3J,
'H chemical shifts 13C chemical shifts
Allylic | Allylic | |
Sample Solvent CH, CH, HC= CH, HC= —C=
AP1 Acetone-dg 1.00 2.90 7.55 b b b
AP2 CDCl,4 0.96 2.86 7.28 b b b
P4 CDCl, 092 2.88 7.26 R , ,
Acetone-dg 0.94 2.88 7.54
AP6 CDCl, 0.90 2.85 7.24 31.8 1350 157.8
AP7 CDCl, 0.90 2.87 7.24 31.8 135.2 1579
{Acetone-d6 0.90 2.88 7.55
APS8 CDCL, 0.90 2.86 7.23 31.8 135.0 159.0
AP9 CDCl, 0.90 2.86 7.23 31.8 133.7 158.0
AP10 CDCl, 0.90 2.86 7.23 319 135.0 159.4
API12 CDCl, 0.90 2.86 7.23 319 1354 159.7

%In ppm relative to internal TMS
»Owing to low solubliity, *3C n.m.r. was not obtained
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These radicals (denoted by I°) can initiate the
copolymerization of the alkyne-SO, system. The
question then arises as to how the system propagates to
form a stereoselective alternating copolymer. There is a
general belief3! that radical-initiated alternating
copolymerization will probably occur if a strong electron
acceptor monomer is mixed with a powerful electron
donor. For example, the comonomer pair maleic
anhydride-styrene32 734 form a donor—acceptor charge
transfer which leads to alternating copolymerization. The
powerful electron acceptor SO, is also known® to form
alternating copolymers with aliphatic olefins. It should be
pointed out, however, that the exact nature and degree of
participation of the charge transfer complex in the
copolymerization is not clear.

In the present work, the elemental analyses and the
n.m.r. data show that the alkyne-SO, copolymers are
alternating regardless of the experimental polymerization
conditions. Furthermore, an experiment was carried out
where an equimolar mixture of 1-heptyne and SO, was
introduced into an n.m.r. sample tube at —35°C and the
spectrum recorded. As shown in Figure 2, the acetylenic

. I e Iy

proton is shifted downfield compared to the
corresponding proton resonance in neat 1-heptyne and
all the other resonance positions are unchanged. This
suggests that there is formation of a charge transfer
complex, though in equilibrium.

R—C==CH + so,—>'n—c%scn
$0,

All the above experimental evidence strongly suggests
that the charge transfer complex is the species that
participates in the alternating copolymerization.

At low temperature, the copolymerizations of olefins
with SO, by a radical mechanism are known*® to be
stereospecific, giving preferential rrans addition.
However, at higher temperatures the intermediate radical
can equilibrate to the stable radical by inversion of
configuration, thus giving rise to both cis and trans
addition products. Since the starting alkyne cannot show
stereoisomerism, its addition to SO, may be
stereoselective but never stereospecific. The polymeri-
zation of terminal alkynes with SO, is found to be

25 2.0

1.0 0.5

8y (ppm)

Figure 2 (a) Proton n.m.r. spectrum of neat heptyne. (b) Proton n.m.r. spectrum of the 1:1 mixture of heptyne and SO,

POLYMER, 1986, Vol 27, December 1997



Copolymerization of acetylenes with sulphur dioxide: C. P. Tsonis et al.

I

H—C=C—R + SO, == H-CFC—R

Ne=c/
c=cC H—-C%C—R
W s
,oz
Q, Q]
I\¢=¢/ H\=¢/S nHC=CR H\c=c/s
TN T \e|

Figure 3 Proposed mechanism for the copolymerization of 1-alkyne
with SO,, in the presence of a radical initiator

stereoselective. Only one kind of double bond is observed
(cis or trans) in the n.m.r. spectra for the copolymers
produced in the range —55 to —17°C. Copolymeri-
zations of terminal alkynes with SO, are slower than
those of alkenes. In our experiments no polymeric
products are formed below —60°C, while olefins are
known?’ to copolymerize with SO, at —78°C. Though
the alkynes have higher electron density, the electrons are
tightly held in the sp hybrid orbitals. The internal alkyne,
3-hexyne, failed to copolymerize with SO,, presumably
due to steric hindrance in the transition state leading to
the tetrasubstituted double bond.

As demonstrated in Figure 3, SO, (a Lewis acid) would
probably form some kind of n complex with alkynes.
Either the n complex or the alkyne (or a mixture of both)
could possibly undergo copolymerization. The formation
of a n complex may indeed make it more receptive
towards incoming free radicals, thus resulting in the
stereoselective trans addition as shown in Figure 3.
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