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Free radical terpolymerization of 1-hexyne (HY), 1-hexene (HE) (or 1-butene) and sulphur dioxide was 
studied with respect to the microstructure of the terpolymers by means of nuclear magnetic resonance and 
infrared and ultraviolet spectroscopies. The configuration of the double bond in the main chain was not 
affected by the presence of the ES (HE-SO2) unit, but was always trans linkage. A linear correlation 
between v,s~s=o) and YS (HY-SO2) content in the terpolymers was observed. The mechanism of terpolymer 
formation is discussed. 
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INTRODUCTION 

Although many terpolymers of sulphur dioxide and two 
kinds of olefins have been made 1, only two papers have 
dealt with the microstructure of terpolymers. Chambers 
et al. 2 determined the meso/racemic relationship of two 
chiral centres linked by a sulphonyl group (ms/rs) and 
that of two chiral centres within a 2-butene structure 
(rnc/r c) for the terpolymer of sulphur dioxide, 1-butene 
and 2-butene by 13C nuclear magnetic resonance (n.m.r.). 
Ito et al. 3 distinguished four sequences consisting of two 
kinds of olefin linked by a sulphonyl group in the 
terpolymers with ~3C labelled olefin monomer. 

A study on terpolymerization of sulphur dioxide, 
alkyne and olefin was first done by Ivin et al. 4 for a 
sulphur dioxide, 1-hexyne and cyclohexene system at 
-20°C. They determined relative monomer reactivity 
from the terpolymer compositions. In previous work we 
prepared terpolymers of sulphur dioxide, 1-alkynes and 
1-butene with the object of a new type of positive tone 
electron beam resist 5. These studies revealed that the 
reactivity of 1-alkyne monomers to sulphur radicals is 
lower than that of 1-01efin monomers at -20°C 4'5. 
However, the relative monomer reactivity at tempera- 
tures > Tc (ceiling temperature) and the microstructure 
of these terpolymers containing 1-alkyne units have not 
been determined. 

In this paper, the 'diad' sequence distribution of the 
terpolymers (PHYHES) of sulphur dioxide (S), 1-hexyne 
(HY) and 1-hexene (HE) or 1-butene (BE), YSYS, YSES, 
ESYS, ESES, and the configuration of C = C  double 
bonds are studied. On the basis of these data, the 
mechanism of terpolymer formation is discussed. 

EXPERIMENTAL 

Terpolymerization 
Free radical terpolymerization of sulphur dioxide, 
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1-hexyne (HY) and 1-hexene (HE) or 1-butene (BE) was 
carried out with 2,2'-azobis-isobutyronitrile (AIBN) at 
30, 40 and 50°C in o-dichlorobenzene as diluent. The 
total monomer concentration was kept constant at 6.0 M, 
and liquid sulphur dioxide was always 70 mol%. Hence 
the molar ratio of Y and E in the feed was 30 mol% (Y 
and E stand for alkyne and olefin, respectively). 

In each terpolymerization system, 0.2 M of bromo- 
trichloromethane was added to control the molecular 
weight of the terpolymers smaller than 3 x 104. Liquid 
sulphur dioxide, HY, HE, BE, AIBN and solvents were 
purified according to standard methods s-7. 

Characterization 
The molecular weight of the terpolymers was measured 

by gel permeation chromatography on a Toyo Soda 
HLC-802 UR chromatograph (eluent: THF). 

The 1H n.m.r, spectra of terpolymers were measured 
using three kinds of instrument in CDCI3 (2% (mg/ml)) 
with TMS as standard at room temperature: a JEOL- 
FX90Q for determination of the compositions of 
PHYHES terpolymers (A-O in Table 1); a Bruker 
CPX-300 for determination of the compositions (P-S in 
Table 1) and assignment of the signals (Figure 2) of 
PHYBES terpolymers; and a JEOL-GX500 F T  n.m.r. 
spectrometer for assignment of the signals (Figure I) of 
PHYHES-50 terpolymers. 22.50 MHz 13C{1H} n.m.r. 
spectra for determination of the configurations of 
PHYHES-50 and PHYBES-50 terpolymers (Figures 6 
and 7) were measured with a JEOL-FX90Q F T  n.m.r. 
spectrometer in CDCI 3 (10-20% (mg/ml)) with TMS at 
55°C. 

Infrared (i.r.) spectra were measured with a KBr disc 
(1 wt%) using a JIR-100 FTi.r .  spectrometer, and 
electronic absorption spectra were measured with a Cary 
14UV spectrometer in dioxane in a 2 mm quartz cell with 
a 1.6 mm spacer. 
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Table 1 Radical terpolymerization of 1-hexyne (HY), 1-hexene (HE) and SO2 

In feed Molecular weight 
In terpolymer 

HY HE SO 2 10 -3 ~ ,  10 -3 h4'. Mw/M . HY + HE 
Terpolymer no. (mol%) (mol%) 

PHYHES-50A" 25 5 70 43.6 24.3 1.8 51 
B 20 10 70 18.7 11.6 1.6 51 
C 15 15 70 10.7 7.7 1.4 50 
D 10 20 70 8.8 6.3 1.4 50 
E 5 25 70 2.9 2.2 1.3 50 

PHYHES-40F ~ 25 5 70 56.0 29.0 1.9 49 
G 20 10 70 32.1 12.5 2.6 50 
H 15 15 70 24.4 10.7 2.3 50 
I 10 20 70 12.5 7.4 1.7 49 
J 5 25 70 6.4 5.1 1.3 49 

PHYHES-30K" 25 5 70 59.8 29.0 2.1 50 
L 20 10 70 46.2 17.9 2.6 49 
M 15 15 70 43.0 18.1 2.4 47 
N 10 20 70 38.8 21.0 1.9 50 
O 5 25 70 39.6 20.5 1.9 50 

PHYBES-50P b 20 10 70 24.0 11.1 2.2 50 
Q 15 15 70 14.6 6.8 2.1 49 
R 10 20 70 6.0 3.8 1.6 49 
S 5 25 70 4.2 2.8 1.5 48 

aFor example, PHYHES-50A stands for HY-HE-SO 2 terpolymer obtained at 50°C 
bHY-BE(1-butene)-SO2 terpolymer obtained at 50°C 

Table 2 Assignment of ' H  n.m.r,  spectra of PHYS, PHES and PBES 
copolymers ~ 

'H n.m.r, chemical shifts (ppm) 

Assignment PHYS PHES PBES 

-CH 3 0.96 0.96 1.17 
-CH 2- (•) 1.45 1.55 - -  
-CH2-  (/3) 1.70 1.85 
- C H  2 -  (~) 2.86 2.10 2.10 

CH2-CHR- 3.04-4.02 3.04-4.02 
- C H = C R -  7.19 

"PHYS, PHES and PBES stand for HY-SO2, HE-SO 2 and BE-SO 2 
copolymers, respectively 

R E S U L T S  A N D  D I S C U S S I O N  

Terpolymer composition 

T h e  m o l e  f rac t ions  o f  H Y  + H E  (or  H Y  + BE)  a n d / o r  
S O  2 in P H Y H E S  (or  P H Y B E S )  t e r p o l y m e r s  p r e p a r e d  
u n d e r  the  c o n d i t i o n s  s h o w n  in Table 1 were  d e t e r m i n e d  
by  e l e m e n t a l  ana lys i s  o f  c a r b o n .  T e r p o l y m e r s  cons i s t ing  
of  H Y + H E  (or H Y + B E ) : S O / = I : I  were  f o r m e d ,  
i r r e spec t ive  o f  t e r p o l y m e r i z a t i o n  c o n d i t i o n s :  

- ( H Y - S O z - ) v - ( H E - S O 2 )  q-  

The mole fraction of HY in HY + HE (or HY + BE) (p:q) 
was determined by 'H n.m.r, with reference to the 
assignment of PHYS, PHES and PBES copolymers 
(Table 2). Ratios of HY to HE in PHYHES terpolymers 
were determined from the integrated intensity ratio of 
Iy  ( =  I___CH2_(Hy)/2) to  /E( = I--CH2CHR--(HE)/3) (6---CH2--(HY)= 
2.86 ppm (signal d in Figure I) and 6~Cn2CHR--(HE)= 
3.04--4.02 ppm (signals e' + f' in Figure 1)) and those of 
HY to BE in PHYBES terpolymers were determined from 
the integrated intensity ratio of Iy (= I~:H3(HY)) to IE 
( =  I-crt3(BE)) (6~:H3(HY) = 0.96 ppm (signal a in Figure 2) 
and 6~CH3(aE)=l.17ppm (signal a' in Figure 2)). 
The composition curves for PHYHES-50 series and 
PHYBES-50 series are depicted in Figure 3. 

A linear correlation between alkyne-SO2 (YS) units 

e f e '  f '  

-CH=C-S02 -CH2 -CH-SOz - 

L I 
CHz d CHz d '  
I I 
CHz C CH2 c '  

I I 
CHz b CHz b' 
I I 
CHa a CHs a '  

+ 
t~ 

+ 

4- 

d c 

h%sYo, 

10  8 6 4 2 0 

p p m  

Figure I 500MHz 1H n.m.r, spectra of (above) PHYHES-50D 
(Iv:IE = 0.55:0.45) and (below) PHYHES-50B (Iv:IE = 0.85:0.15) 

in the  t e r p o l y m e r s  a n d  the  a s y m m e t r i c  s t r e t ch ing  v ib ra -  
t ion  f r e q u e n c y  of  S = 0  is o b s e r v e d  (Figure 4); w i th  
i nc rea s ing  YS uni ts  ( - C H = C ( C 4 H 9 ) - S O 2 - )  in the  
t e r p o l y m e r s ,  the  va,(s=o) shifts to  a h ighe r  w a v e n u m b e r  
r eg ion :  

YS (mol  % ) = 3.64(v,s(s= o) - 1308) 
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Figure 2 300MHz tH n.m.r, spectra of (above) PHYBES-50R 
(lv:lE = 0.42:0.58) and (below) PHYBES-50P (IV:IE = 0.73:0.27 
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Figure 3 Relationship between feed and terpolymer composition: 
O, PHYHES-50; zx, PHYHES-40; i ,  PHYHES-30; O, 
PHYBES-50. Y, 1-hexyne; E, 1-hexene or 1-butene. YS, 

-CH=C(CH2CH2CH2CH~)-SO 2- 

The lowest stretching frequency of 1308cm -1 was 
observed with PHES and PBES copolymers of sulphur 
dioxide and olefin (HE or BE), and the highest stretching 
frequency of 1335cm -1 was observed with PHYS 
copolymer of sulphur dioxide and HY. The shift of 
va,ts-=o) with the change of neighbouring substituents for 
many sulphone compounds has been studied exten- 
sivelyS-~°; a linear relationship between S--O stretching 
frequencies with many sulphone compounds and bond 

order (n) of the S--O bond has been reported (V(s=o)= 
642n+ 95) l°. The v,,(s=o~ of 1335 cm -1 observed with 
PHYS corresponds to a bond order of 1.78 on the basis 
of the linear equation 1°. This may be attributable to the 
inductive effect of the SO2 group through the neighbour- 
ing olefinic double bond 9. Contrary to this, for the olefin 
copolymers (PHES and PBES) in which the double bond 
is absent the bond order is estimated to be 1.75. Thus, 
in the terpolymers, it follows that the S---O bond orders 
in YSYS and ESES sequences are 1.78 and 1.75, 
respectively, and the bond orders for YSES and ESYS 
sequences in the terpolymers lie between them. 

Sequence distribution 
1-Alkyne (Y), 1-olefin (E) and sulphur dioxide (S) do 

not homopropagate under our terpolymerization condi- 
tions, and radical polymerizations of Y with S and E 
with S always give alternating copolymers, indicating 
that YYS, YES and EES sequences in the copolymers 
due to the penultimate unit effect are negligibly small. 
This means that YY, EE, and SS sequences do not exist 
in the terpolymer chain. Consequently, the 'diad' se- 
quence distribution of the terpolymers, i.e. YSYS, YSES, 
ESYS and ESES, was determined from the XH n.m.r. 
spectra as shown in Figures I and 2. The 1H n.m.r, signal 
at 7.19 ppm corresponds to that appearing with PHYS 
copolymer, and on increasing the HE (or BE) unit the 
intensity of the signal at 7.40 ppm increased. Therefore, 
the former signal is assigned to the YSYS 'diad' sequence 
and the latter to ESYS 'diad' sequence: 

-CH=CR-SO2-CH- - -CR-SO 2- 

(YSYS) 

- C H 2 - C H R - S O 2 - C H = C R - S O 2 -  

(ESYS) 

Denoting the unconditional probability of occurrence of 
the 'diad' sequences by p(YSYS), p(YSES), p(ESYS) and 
p(ESES), the following relation is applied: 

p(YSYS) + p(YSES) + p(ESYS) + p(ESES) = 1 (1) 

1340 

i 
E 0 

1330 

ii 
if) 

, ~  1320 

1310 

o ~0 

/o. 
I00 

YS (mol) % in Polymers 

Figure 4 Relationship between S = O  asymmetric stretching vibration 
frequencies and composition of terpolymers. O, PHYHES-50; O, 
PHYBES-50. YS, -CH:C(CH2CH2CH2CH3)-SO2- 
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Table 3 Sequence distribution and run number of PHYHES and PHYBES terpolymers 

Terpolymer p (YSYS) ½[p (YSES) + p (ESYS)]" p (ESES) Run number 

PHYHES-50A 0.862 0.069 0.000 14 
B 0.709 0.143 0.005 27 
C 0.533 0.184 0.099 39 
D 0.351 0.197 0.255 40 
E 0.118 0.192 0.498 38 

PHYHES-40F 0.511 0.154 0.181 31 
G 0.269 0.189 0.353 38 
H 0.186 0.160 0.494 32 
I 0.110 0.127 0.636 25 
j 0.028 0.084 0.804 17 

PHYHES-30K 0.452 0.212 0.124 42 
L 0.176 0.209 0.406 42 
M 0.066 0.151 0.632 30 
N 0.020 0.082 0.816 16 
O 0.000 0.029 0.942 6 

PHYBES-50P 0.505 0.191 0.113 38 
Q 0.321 0.196 0.287 39 
R 0.208 0.180 0.432 36 
S 0.040 0.103 0.754 20 

"p (ESYS) = P (YSES) 

I00 

8C 

60 
E 
3 

z 

= 40 
cr  

2O 

i 

0 0.5 1.0 

YS in Terpolymers 

Figure 5 Relationship between run number and composition of 
terpolymers. ©, PHYHES-50; zx, PHYHES-40; A, PHYHES-30; O, 
PHYBES-50. YS, -CH=C(CH2CH2CH2CH3)-SO2- 

From a basic theory of statistical analysis of the monomer 
sequence distribution ~ 1 

p(YSES) = p(ESYS) 
(2) 

p(ESES) --- 1 - p(YSYS) - 2p(YSES) 

Therefore, the unconditional probabilities of occurrence 
of the four possible 'diad' sequences can be derived as 
listed in Table 3 from the assignments of ~H n.m.r. 
signals ~2. 

The run number R was calculated from the following 
equation: 

R = 100[p(YSES) + p(ESYS)] (3) 

The R values of PHYHES and PHYBES terpolymers 
are listed in Table 3, and are plotted against the contents 
of YS in the terpolymers in Figure 5. The calculated R 
values deviate from a line drawn for a copolymer with 
random diad sequence distribution. Thus the terpolymers 
have a slight block tendency. 

Note in Figure 5 that the 'diad' sequence distribution 
is not changed by terpolymerization temperature when 
the terpolymer compositions are similar. 

Configuration 
It has been determined, by 13C n.m.r, chemical shift 

of the side chain carbons x3, that the C = C  double bond 
in the SO2-HY-SO 2 unit in PHYS copolymer is a 
linkage of E (trans) configuration. The 13C n.m.r, spectra 
are shown in Figure 6 for PHYHES and Figure 7 for 
PHYBES terpolymers. The signals due to the side chain 
carbons of Y units in both the terpolymers are very 
similar to those in PHYS copolymer and do not change 
with sequence distribution. That is, each signal attribut- 
able to four side chain carbon atoms does not split. The 
chemical shift of allylic - C H  2- (signal d in Figures 6 and 
7) is obviously different between E and Z forms for a 
number of C = C  bond-containing compounds and 
polymers 13-16. For example, it has been reported that 
for dialkyl substituted ethylenes 6~:n~-(E) -- 6-Cn~-(Z) (the 
difference in ~3C n.m.r, chemical shift of allylic methyl- 
enes in the E and Z forms) is about 5 ppm x4, and that 
for 1-alkyne homopolymers, 6_cn2_(z)--f_cn,_(E ), is 
about 2 ppm x5 *. Therefore, the signals of side chain 
carbons are safely assigned to E configuration, i.e. the 
C = C  configuration is not changed by introducing the 
ES unit into the polymer chain. 

Mechanism of terpolymer formation 
Participation of a monomer charge transfer complex 

formed between 1-alkyne or 1-01efin and sulphur dioxide 
in the propagation step of the terpolymerization does not 
need to be considered, on the basis of the results obtained 
with the sulphur dioxide-styrene radical copolymeriza- 
tion 6-7. 

It has been revealed from the terpolymer compositions 
that the reactivity of 1-alkyne radical to sulphur dioxide 
is lower than that of 1-01efin radical at -20°C 4'5, at 

* The difference in the 13C n.m.r, chemical shift between E and Z forms 
has been explained by the "~-effect 16. In ~t, fl-disubstituted olefins 
(X-CH=CH-(ct)CH2-(CH2)x-CH3), the allylic carbon atom 
(ct-CH2-) is shielded by X when X is located on the same side with 
respect to ct-CH2- (Z form). On the other hand, in the E form ct-CH2- 
is not shielded by X, leading to fi~cn2_(z)<fi_cu2_(Er Similarly, 
in 1-alkyne homopolymers (~CH=C(-(~t)CH2-(CH2)x-CH3)~), 
ct-CH2- is shielded by the polymer main chain (E form), but not in 
the Z form, leading to 6 e~2_(m < 6-cH~-(z) 

POLYMER, 1989, Vol 30, Apri l  759 



Polymerization of monomer with SO2: P. Peng et al. 
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Figure 6 22,50 MHz 13C {1H} n.m.r, spectra of(above) PHYHES-50D 
and (below) PHYHES-50B 
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F i g u r e  7 22.50 MHz laC {tH} n.m.r, spectra of (above) PHYBES-50R 
and (below) PHYBES-50P 

which temperature the depropagation does not occur. 
The lower reactivity of 1-alkyne suggests that the carbon 
centred vinyl radical (sp 2 it-radical) T M  is more stabil- 
ized than alkane radical. 

At temperatures (30-50°C) studied in this paper, 
depropagation must be taken into consideration for 
the terpolymer formation processes. In particular, 
the growing radical endings involving 1-01efins 
( ,~CH2-CHR-~O 2 and ,-~SO2-CH2-(~HR ) may de- 
propagate under the terpolymerization conditions (T¢ = 
47°C for HE-sulphur dioxide and 51°C for BE-sulphur 
dioxide copolymerization at [HE] = [BE] = 1.8 and 
[SO2]=4 .2M;  T¢ estimated using thermodynamic 
data 19). As for a 1-alkyne-sulphur dioxide copolymeriza- 
tion system, we have determined the T~ for a 1-octyne 
(OY)-sulphur dioxide radical copolymerization 2°, and 
estimated T¢ = 156°C at [OY] = 1.8 and [SO2] = 4.2 M. 
A higher T¢ for the OY-sulphur dioxide system than the 
T¢ for 1-olefin-sulphur dioxide systems again suggests 
that ~SO2-CH~I~R radicals are more stabilized than 
,~ SO2-CHE-~HR. Furthermore, when we pay attention 
to the sulphonyl radical endings the ,-~CH~CR-~O2 
may be more stabilized than ~ CHE-CHR-~O 2 radicals, 
since in the former an electron may spread over a 
penultimate double bond owing to conjugation: 

-CH~.~C-~,-,-CH"'-C."'S (4) 
/ / %  / / %  

O O O O 

The bathochromic shift of ultraviolet absorption of 
PHYS, PHYHES and PHYBES relative to the olefins 
and even divinyl sulphone is indicative of such electron 
delocalization 21-23. 

Although T~ for HY-sulphur dioxide copolymeriza- 
tion was not determined, the length of the alkyl group 
of HY is similar to that of OY, and the yield of the 
copolymerizations of HY and OY with sulphur dioxide 
was very similar under the same copolymerization 
conditions 2°. Thus it is most likely that T¢ of HY-sulphur 
dioxide copolymerization is close to that of OY-sulphur 
dioxide copolymerization. 

On the basis of the comparison of T c of OY, HE and 
BE, the change in the terpolymer composition with 
terpolymerization temperature shown in Figure 3 could 
be explained as follows. When the terpolymerization 
temperature is close to the T~ of the HE-sulphur dioxide 
pair, the mole fraction of YS units in the terpolymers 
becomes higher than that of ES units due to the difference 
in the ease of depropagation. On the other hand, the 
mole fraction of ES units is higher than that of YS units 
in the terpolymers at 30°C, which is well below the T= 
of the HE-sulphur dioxide pair. 
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