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ABSTRACT: 13C NMR spectra are reported for 15 poly(alkene sulfone)s; spin-lattice relaxation times T'; were de-
termined for seven of these. In the alk-1-ene series well-resolved tacticity effects were generally observed in DMSO
as solvent but not in CDCl;. Main-chain CH; and side-chain «-C carbons showed dyad sensitivity; for the propene
polymer an assignment was made to m and r dyads and used to derive information concerning the conformation
about the main-chain bonds. The 2-methylpent-1-ene polymer in CDCl; gave two peaks for both the side-chain
a-CHj and the quaternary C. For the but-2-ene polymer evidence is presented that the hydrocarbon units are
present almost entirely as r. structures, unless the polymer is made from trans-but-2-ene at —78 °C, when m. units
may also be present. The fine structure is markedly sensitive to solvent (DMSO and CDCls) and is interpreted in
terms of m, and rs -CH(CH3)SO2CH(CHj3)- units in the ratio 35:65; a complete assignment of four CH peaks is given
in terms of the r.-centered “tetrads” rgr re, mqrers, mgroms. The cyclopentene polymer in DMSO shows a similar kind
of fine structure for both CH and a-CHj. The cyclohexene polymer in CDClj; gives two CH peaks of equal intensity,
indicating an atactic structure. T’y values of 75 + 10 ms and 43 + 8 ms were observed for backbone CH and CHs re-
spectively in the polysulfones of propene, but-1-ene, hex-1-ene, 2-methylpent-1-ene, cyclopentene, and cyclohexene.
This independence of structure indicates that the dominant magnetic relaxation process of backbone nuclei does not
involve rotation about the main-chain C-C bond. T, was independent of molecular weight in the three cases tested,
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in marked contrast to the dielectric relaxation behavior of the hex-1-ene and 2-methylpent-1-ene polymers.

Those poly(alkene sulfone)s which are soluble in organic
solvents?® have either one or two chiral centers in each repeat
unit and so exhibit tacticity effects which can be studied by
NMR spectroscopy. Hitherto it was necessary to work with
selectively deuterated polymers in order to simplify the in-
terpretation of the 'H NMR spectra.2b3 The advent of routine
13C NMR spectroscopy removes the need for deuteration and
provides an opportunity for a much closer look at tacticity
effects in these polymers. In addition, the pulse-Fourier
transform technique allows measurements of spin-lattice
relaxation times 7T'; from which information about the mo-
bility of the chains can be derived. This is of special interest
in view of the unexpectedly high barriers to rotation about
certain of the main-chain bonds revealed by dielectric mea-
surements.* This aspect is reported in more detail by Stock-
mayer® and by Bovey® in the accompanying papers.

A preliminary account of the poly(but-2-ene sulfone)
spectrum has been given” but a study of model sulfones® now
allows a more reliable and complete analysis of the spectrum.
The main results from the study of 27 monosulfones and 13
disulfones may be expressed, for the purposes of this paper,
as three rules, and will be referred to as such.

(1) A carbon atom situated « to a sulfone group experiences
the following shifts as a result of methyl substitution at po-
sitions a, B, v, 6¢, ¥s, 65 With respect to the carbon atom: 5.5
+0.1,6.3+0.2,-0.6 £04,0.2+0.5,-2.7+0.1,1.0 £ 0.2 ppm,
provided tert-butyl compounds are omitted from consider-
ation. The subscripts ¢ and s denote that the effect occurs
through a chain containing C atoms only or one S atom, re-
spectively.

(2) A carbon atom situated 3 to a sulfone group experiences
the following shifts as a result of methyl substitution at po-
sitions a, 8, v, 8¢, 6s With respect to the carbon atom: 8.3 + 0.2,
874+02,-34+04,1.8+0.6,0.1 £0.2ppm.

(3) Carbon atoms situated 8 to a sulfone group experience
a marked upfield effect compared with the same carbon in the
hydrocarbon formed by replacement of the SO; group with
a CH; group. This effect is sensitive to the conformation about
the C-S bond: 3 carbons in the trans position (gauche to both
oxygens) are shifted upfield by 9.4 + 1.6 ppm compared with
those in the gauche position (gauche with respect to one
oxygen, trans with respect to the other). The conformationally
sensitive effect is not directly expressed by the parameter set
of rule (2), being lost in the averaging process.

Experimental Section

All the polymers used here had been prepared by radical copoly-
merization of mixtures of alkene and sulfur dioxide and most were
available from previous work.? Molecular weights were in the range
104-107.

The NMR spectra were obtained for 5-15% solutions using a Bruker
WH90 (22.63 MHz) spectrometer, with decoupling of protons by
broad band irradiation (24 us pulse = 90° angle). Off resonance ex-
periments were performed where necessary to confirm the assign-
ments.

13C spin-lattice relaxation times were measured on a Varian As-
sociates XL-100 spectrometer at 25.14 MHz using the standard in-
version recovery (m—r—r/2) pulse sequence. Overhauser enhancement
measurements were obtained from the ratios of integral intensities
of spectra recorded first with the protons noise-decoupled and then
with the decoupler offset by 30 KHz in the single-frequency mode.

Results

The chemical shift data are presented in Table I for 15
polymers. The T'; data are given in Table II for 7 polymers.

Poly(propene sulfone) (1). The spectrum of this polymer
(Figure 1) shows two peaks for each of the methyl and meth-
ylene carbons but only one for the methine carbon. The as-
signment of the fine structure to m and r dyads was made by
examining the spectrum of a polymer rich in isotactic (m)
dyads prepared by oxidation of an isotactic-rich sample of
poly(propene sulfide).10

Poly(but-1-ene sulfone) (2). The spectrum is shown in
Figure 2 for DMSO-dg as solvent. The side chain «-CH; is
clearly resolved into two peaks of equal area, while both main
chain CHs and CH show partially resolved triad structure; the
CHj carbon gives a single sharp peak. The line order for the
two a-CHj peaks is likely to be the same as for CHz in 1, al-
though the splitting is smaller. In chloroform as solvent none
of the carbon atoms showed fine structure. Instead there was
a steady broadening of the peaks in the order a, b, d, c.

The positions of the peaks are in general accord with those
expected from rules (1) and (2), thus (expected differences
shown in brackets): 1(a) — 2(b), a = 7.8 (8.3); 1(¢c) — 2(d), B
= 4.9 (6.3); 1(b) —> 2(c), y¢ + és = —0.1 (+0.4) ppm.

Poly(pent-1-ene sulfone) (3). The spectrum of 3 has many
features in common with that of 2, The «-CHj again gives two
peaks separated by 0.4 ppm when the solvent is DMSO and
both the main chain carbons give broad peaks with incipient
splitting. In CDClj3 there is no splitting and the lines broaden
progressively through the series a, b, ¢, e, d. The positions of
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Table I
'*C Shifts in Poly(alkene sulfone)s

Macromolecules

&, ppm, in solvent

6, ppm, in solvent

indicatede indicated?
Compd Repeat Compd Repeat
No. unit Carbon DMSO? CDcl, No. unit Carbon DMSO? CDCl,
c b f e e
1 —-S0,CHCH,- a { 13.02 r 7i -S0,C(CH,)CH,- a 14.36
14.00 m | b 17.74
47.86r c 19.95
CH, {48.51 m d CH, 36.33
a ¢  52.80 } d {36'65
b CH, e 48.87
d ¢ \ 67.78
2 —-S80,CHCH,~ a 10.07 10.5 CH £ {67'91
{20.92 22.25d a b '
b CH 21.41 b
2 4773 49.44d 8  -S0,—CH—CH- 8.65M 9.55
Uy ¢ {48.05 L a 9.73¢ 10.20¢
a CH, 48.22 . CH. CH 12.74h
57.28 58.7 hinla 51.15 50.79
d {s57.71 52.12¢ 51.11
58.28 p 153387 51.508
3 -SO,CHCH, - a  13.51 13.8 : }h :
N b 18.67 19.65 58.3 53.39
¢ CH, . {29.81 31.04 e d
| 30.22 . 9 -SO,—CH—CH- a 10.794
4
b ol d {48.2 50.5 | | b 12.84
2 48.8 17.80
l {56.4'3 57.75d ¢ CH, CH, {18,99
a CH, € 56.65d ‘ a 54d
b CH, £9d
f e
4  —SO,CHCH,- a 13.6 f e
| b 99 45 10c  -80,—CH—CH- a 10.364
| | b 13.70
d CH c 28.15 21.15d
\ 2 d 28.15 d CH, CH, ¥ '
e 50.3 l a d 27.194
c C‘JHZ £ 57.75 c jJHz : 51-594
b (|3H2 b CH,
a CH, g 4
11 -80,—CH--CH— a 10.83‘1
g f \ l l: éggl
5 —80,CHCH,~- a 13.85 d (‘3Hz CH, d {24.2&1
b 22.3 d
d CI;H ¢ 25.8 e CH : ggfgd
2 d 29.0d : N '
| . 31.50 ‘ t 49584
¢ CH, £ 50.4d ¢ CH, g
| g 57.84 !
e CH, b CH,
i h g
b CH, 12 -S0,—CH—CH- a 13.38"
\ o b 18.97
. CH 22.34
’ d CH, CH, e {22.60
h ¢ ' q {26.27
6 -S0,CHCH,- a 14.0 e CH, 27.78d
| b 22.6 | e 29.18
e CH [¢ 26.2d f CH, f {31.78
| ’ d 29.2d | g ' ad
d 49-5
¢ CH, : B e CH, h
| g 50.64 |
d CH, h 57.7d b CH,
l c
f CH, 13/ —S0,—CH—CH- a 12.804
l | 13.13d
b CH, CH b 19.54
b Cle \ 2 \ 2 [ 59—-634d
a CH, a CH, CH,
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Table I (Continued)

8, ppm, in solvent

8, ppm, in solvent

indicateda indicated?
Compd Repeat ‘ Compd Repeat
No. unit Carbon DMSO? CDCl, No. unit Carbon DMSO? CDCl,
c c
14 -S0,-CH — CH- a 25.31 26.16 15 -S0,—CH—CH- a 19.96
| ] 27.26 27.49 ‘ b CH b 5222;52:
27.84 28.24 2 2 .
bl LCH. b 19875 2908 {53.95d
CH, 29.14 29.67 CH,—CH,
a 59.17 " a
c 59.72 59.90
60.14 61.12
60.63¢

2 At 80 ° C except where stated; relative to TMS. Precision +0.04 ppm or better. » In dimethyl-d, sulfoxide the center peak
was used as a secondary standard, 39.67 ppm. ¢ Solvent CCl, with 10% C,D, to provide the lock signal. d Broadened peak
(unresolved fine structure). ¢ Shoulder. fSpectrum in CDCI, at 30 ° C. £ Main peak. # Only observed in polymer made from
trans-but-2-ene at —78 °C or lower. 8.65 ppm peak usually observed as shoulder of 9.73 ppm peak. ! Spectrum in CDCl,

at 40 °C.

Table I1
13C Spin-Lattice Relaxation Times ( T;) and Nuclear
Overhauser Enhancement Factors (n) for Poly(alkene

sulfone)s®
Polymer? Solvent Nucleus® 7T;ms® n¢
1 DMSO-dg a 260
b 45 1.0
c 76 1.2
2 DMSO0-dg a 470 (460)
(CDCly) b 75(65) 1.2(0.8)
c 51 (50) 1.0 (0.5)
- d 92 (78) 0.8 (0.5)
80/20 PhMe/ c d ‘
4 CeDe d' 65, 73 1.0
e 35, 389 1.0
f 74, 694 1.1
4 CDCls C] 80, 85d
d
e 41, 40¢
f 66, 744
7 CDCl3 a 400
b 68
c 133
- d 51
e 45
8 CDCl3 a: 260 14
b 91, 113¢ 0.9
14/ (mol wt CDCl; a 138 (151)
5 X 108) b 75 (80)
c 78 (85) 0.8 (0.8)
14/ (mol wt CDCl; a 132 (127)
2 X 105) b 67 (58)
¢ 80(62) 1.0(1.0)
15 (mol wt CDCl3 a - 43
2.4 X 10%) b 43
[ 67 1.1
15 (mol wt CDCl; a 42 '
4.5 X 104) b 43
(¢ 68 1.2

@ Polymer weight fraction = 0.08 % 0.01 except where noted.
Solvent as indicated. Temperature 30 °C. ® Labeling scheme as
in Table L. ¢ Experimental error £12%. 9 Pairs of values are for
two samples prepared in such a way as to have widely different
molecular weights. ¢ The times refer to the peaks at 51.50 and
53.39 ppm, respectively. f Data in parentheses are for solutions
of polymer weight fraction 0.045.

the peaks are as expected from the substitution rules: 2(a) —
3(b), a« = 8.6; 2(b) — 3(c), 3 = 8.7 (8.7); 2(d) — 3(e), y. = —1.2
(—0.6); 2(c) — 3(d), 8. = 0.3 (0.2) ppm.

Poly(hex-1-ene sulfone) (4). This polymer is insoluble
in DMSO. Its spectrum in CDCl; is as expected from that of
2 and 3. Peaks a and b (Table I) are very sharp, ¢ and d are
coincident and somewhat broader, while e and f are broader
still. The positions of the peaks-are as expected from the
substitution rules: 3(a) — 4(b), « = 8.65; 3(b) — 4(c), 8 = 8.5;
3(c) — 4(d), v = —2.85 (—3.4); 3(e) — 4(f), 6. = 0.0 (0.2) ppm.
All comparisons were made using CDCl; as solvent.

Poly(hept-1-ene sulfone) (5). In CDCI; the breadth of the

. peaks again increases progressively along the side chain, in the

order a, b, e, ¢, d, and the main-chain peaks are broader still
(about 1.5 ppm at half-height). The substitution shifts are:
4(a) — 5(b), a = 8.7; 4(b) — 5(e), 8 = 9.05; 4(c) — 5(¢c), v. =
—2.35; 4(d) — 5(d), 6. = 0.85 (1.8) ppm.

Poly(oct-1-ene sulfone) (6). In CDCl; peaks a, b, and f are
all sharp, d and e coincide and are somewhat broader, as also
is ¢; h and g are much broader still. The resonance lines all
occur at the expected frequencies.

Poly(2-methylpent-1-ene sulfone) (7). This polymer is
insoluble in DMSO; its spectrum in CDCl; is shown in Figure
3. It is remarkable that the main-chain quaternary carbon f
gives two very sharp peaks of separation 0.13 ppm, just as
sharp as for the terminal methyl carbon a. The other main-
chain carbon e and the a-methyl carbon c give single, broader
peaks. The side chain a-CHjy is split into two peaks of sepa-
ration 0.33 ppm.

Poly(but-2-ene sulfone) (8). The spectrum of this polymer
is at its simplest when the polymer is made from either cis- or
trans-but-2-ene at temperatures of —60 °C or higher and the
spectrum taken in DMSO-dg. An example is shown in Figure
4b: CHj3 gives a single line but CH gives four peaks of unequal
intensity. There were only minor variations of this intensity
pattern with polymer preparation temperature (down to —60
°C). Somewhat different behavior is observed in CDCls; see
Figure 4a. The CHj signal is split into two peaks of unequal
intensity and at least six peaks are resolved in the CH region.
The chiral shift reagent, Eu(TFC)3;, did not have any effect
on the resolution of the spectrum in CDCls.

When the polymer was made from cis-but-2-ene at =78 °C
the spectra were similar to those in Figures 4a or 4b, but when
made from trans-but-2-ene the spectrum shown in Figure 4c
was obtained in DMSO. The CH; resonance has an upfield
shoulder (which in one spectrum appeared as a separate peak
at 8.65 ppm) while another CHj; peak appears downfield at
12.74 ppm. In addition a new set of CH peaks appears down-
field from, but less well resolved than, the first set. In contrast
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Figure 1. 13C-{!H} NMR spectrum of poly(propene sulfone) prepared
by radical copolymerization of propene and sulfur dioxide. Solvent
DMSO0-dg/60 °C, 2048 pulses, 11 us width, repetition time 0.7 s,
spectral window 6024 Hz. For assignments see Table I.

the spectrum in chloroform did not show any additional peaks.
In dioxane the spectrum was similar to that in CDCls, and in
mixtures of DMSO and CDClI; the spectrum was intermediate
between that in the pure solvents although in a 1:1 mixture
the spectrum was essentially the same as in DMSO. No sig-
nificant difference could be seen in the appearance of the CHg
peaks in DMSO when the temperature for the NMR spectrum
was raised from 30 to 85 °C.

An attempt was made to study the trans-but-2-ene system
as a function of preparation temperature but the spectrum of
the product was found to be very sensitive to small changes
of preparation temperature around —78 °C and the temper-
ature control was such that the results were not very repro-
ducible. In one preparation we succeeded in obtaining a
spectrum in which the new peaks were actually more intense
than those corresponding to the positions of the peaks in
Figure 4b.

Other Poly(alk-2-ene sulfone)s (9-12). Distinct but
broad resonances are observed for the main-chain carbons in
9 but as the side chain is lengthened these signals merge into
a single broad resonance. The a-CHj signal is broad but shows
a shoulder or incipient splitting. The a-CHs signal d generally
shows fine structure, being quite marked in the case of 12
where splitting was also observed rather surprisingly for ¢ and
f but not for e.

Poly(hex-3-ene sulfone) (13). The methyl resonance was
a clear doublet with two outer shoulders. The «-CHj signal
likewise appeared to have at least four components. The
main-chain carbon gave a broad peak with some sign of fine
structure.

Poly(cyclopentene sulfone) (14) and Poly(cyclohexene
sulfone) (15). The spectra of these two polymers in CDCl; are
shown in Figure 5. The spectrum of 14 in DMSO is also shown
(15 is insoluble in DMSOQ). The a-CHj; (b) carbons in 14 give
an unsymmetrical pattern of four lines in both solvents, the
most intense peak being one of the downfield pair. The CH
carbons in 14 also give an unsymmetrical pattern of four lines
when the solvent is DMSO and two lines of unequal intensity
in CDCls; in each case the greater weight is in the downfield
part of the signal. In 15, only the CH carbons show tacticity
effects and here there are essentially two lines of equal in-
tensity.

Macromolecules
1007
d c
—SOz—(}?H—-CHZ—
b ‘CHQ
a CH3
d c b a
1-41
5771 24
4822 4805 2062
5826 : 4773
5728 [\
- DMSO-d,
Y 20 10
& /ppm

Figure 2. 13C-{TH} NMR spectrum of poly(but-1-ene sulfone). Solvent
DMSO0-de/60 °C, 43600 pulses, 24 us width, repetition time 1.5 s,
spectral window 3012 Hz.

Relaxation Times. !3C spin-lattice relaxation times (T';)
and nuclear Overhauser enhancement factors! (5) are col-
lected in Table II. The relaxation of selected polymers was
studied as a function of solvent (3 and 4), molecular weight
(4, 14, and 15), and concentration (14), as indicated in Table
II.

Discussion

We shall discuss in turn the chemical shift data for polymers
1,7, 8, 14, and 15 and conclude with a discussion of the re-
laxation data.

Poly(propene sulfone). In the spectrum shown in Figure
1 the heights of the two peaks for each of the methyl and
methylene signals are about the same indicating that the
radical copolymerization of propene and sulfur dioxide pro-
duces essentially atactic polymer, confirming the conclusion
previously drawn from *H NMR spectra.2b

Next we may note some striking contrasts with the spec-
trum of poly(propene sulfide).!® Compared with the poly-
sulfide the methy! resonance is upfield by about 7 ppm while
the methylene and methine resonances are downfield by about
10 ppm. The upfield shift for CHjy is presumably a conse-
quence of the major influence of the 8-sulfone group (rule (3)),
whereas the downfield shifts for CHy and CH indicate that
the inductive effect of the a-sulfone group outstrips the effect
of the 8-sulfone group.

The second point of difference from poly(propene sulfide)
is the complete inversion of the tacticity effect. In the poly-
sulfide only the methine resonance is split (by 0.2 ppm)
whereas in the polysulfone only the methine resonance is not
split. Furthermore the line order is reversed (m upfield from
r for CH in the polysulfide). Compared with the polysulfide
the splittings are also a good deal larger: 0.65 and 1.0 ppm for
CHj; and CHyg, respectively.

Before attempting to interpret the line order we may make
a comparison with chemical shifts predicted from those of the
model compound® CH3CH,CH2SO,CH(CH3)CH2SO,CH,-
CHyCH3 by application of rules (1) and (2), substituting
methyl groups at the appropriate points on the terminal
propyl groups. For CH the predicted shift is 51.2 + 1.0 + 0.1
= 52.3 + 0.3 (obsd 52.8); for CHs, 50.6 — 2.7 = 47.9 + 0.1 (obsd
47.9, 48.5); for CHg, 13.54 (obsd 13.0, 14.0) ppm. This agree-
ment suggests that the conformational populations about the
two internal C-S bonds are similar for the model compound
and 1, otherwise substantial differences would be expected
because of rule (3). The evidence from the model compound®
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Figure 3. !3C-{'H} NMR spectrum of poly(2-methylpent-1-ene sul-
fone). Solvent CDCl3/40 °C, 860 pulses, 24 us width, repetition time
8 s, spectral window 6024 Hz.

suggests that trans CHo—SO3 has a weight of less than 0.5, and
that the CH(CH3)-SO; trans weight is about 0.5,

Two factors will determine the line orders: first, the relative
weights of the various possible conformational sequences
within each repeat unit, and second, the difference in the in-
teractions, in particular the gauche interactions, for m and r
dyad structures. Detailed consideration shows that the nature
of these interactions is determined solely by the conforma-
tional states of the two main-chain bonds adjacent to the
chiral center and that these are likely to be restricted to five
possibilities,!2 namely for -CHs~CH(CH3)-S0o-, g7g*, g%,
tt, tg, tg™. In all cases there is no difference in the type of
gauche interactions experienced by CH in m and r dyads. This
does not necessarily account for its insensitivity to dyad
structure, since the conformational populations may depend
on the dyad structure. For CHs the difference in the gauche
interactions for m and r dyads is determined by the confor-
mation about the -CH(CH3)-SOs- bond and may result in
zero effect (for t), r upfield from m (for g*), or m upfield from
r (for g~). For CHj the gauche interactions with sulfur are not
likely to be significant since the sulfur atoms are attached to
two oxygen and two carbon atoms but there will be gauche
interactions with carbon and oxygen and there are three
possible end results for the five sequences listed, rising to five
if the interaction with sulfur is also significant. However, it
would be unrealistic to suppose that the conformational
properties were independent of dyad structure and it seems
preferable to make deductions from the observed line order
on the assumption that it is primarily determined by rule (3).
The insensitivity of the CH shift to dyad structure then
implies that the -CH2-SQOs~ bond conformational populations
are independent of dyad structure. On the other hand the
upfield line position of r-CHj relative to m-CHy, and of r-CHj
relative to m-CHj implies that for the -SO,-CH(CH3)CH.-
bond there is 5-10% more chance of CHg or CHj; being found
in the trans position with respect to the sulfone group (zero
dihedral angle to the OS8O bisector) in the r dyad than in the
m dyad. One should add that as far as the methyl carbon is
concerned it is not possible to say, a priori, which of the two
next nearest chiral centers determines its chemical shift. A
similar problem is encountered and has been solved for CH
in poly(propene sulfide).13
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Figure 4. 13C-{'H} NMR spectrum of poly(but-2-ene sulfone). (a)
Polymer made from trans-but-2-ene at —15 °C, solvent CDCl3/30 °C,
2500 pulses, 24 us width, repetition time 2.0 s, spectral window 3012
Hz. (b) Polymer made from cis-but-2-ene at 0 °C, solvent DMSO-
dg/60 °C, 34 000 pulses, 14 us width, repetition time 1.7 s, spectral
window 2500 Hz. Assignment is to the structures shown in Figure 6;
see text. (¢) Polymer made from trans-but-2-ene at —78 °C, solvent
DMS0-dg/30 °C, 4096 pulses, 7 us width, repetition time 0.7 s, spectral
window 6024 Hz.

Poly(2-methylpent-1-ene sulfone). The shift for the
quaternary carbon (f) is about 2 ppm downfield from the po-
sition to be expected from 1(c) or 3(e) by applying rule (1).
However, the « substitution parameter for substitution
leading to quaternary carbons tends to be higher than the
value for rule (1) so that this difference is not significant. Of
the three carbons which are 8 with respect to the sulfone group
attached to the quaternary carbon, d and e are both upfield
from their expected positions (by 2—4 ppm) while ¢ is about
in the position expected, and only d is sensitive to tacticity.
Had the conformation about the SO;—CMePr bond been the
only factor one would have expected an upfield shift of one 8
carbon to be counterbalanced by a downfield shift of at least
one of the other § carbons, together with another tacticity-
sensitive carbon, as in di-sec-butyl sulfone;8 perhaps the y-
sulfone group also exerts a significant influence. It seems
reasonable to suppose that the presence of the a-methyl group
leads to a greater population of conformers in which either d
or e lies in the median plane of the Z0SO bisector.

Poly(but-2-ene sulfone). The first question to be an-
swered is the origin of the additional peaks in the spectrum
of polymer made from trans-but-2-ene at —78 °C. It is well
known that radical reactions of alkenes may be stereospecific
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Figure 5. 13C-{'H] NMR spectrum of (a) poly(cyclohexene sulfone),
solvent CDCls/60 °C, 4344 pulses, width 20 us, repetition time 5 s,
spectral window 3012 Hz; (b) poly(cyclopentene sulfone), solvent
CDCls/50 °C, 2755 pulses, width 24 us, repetition time 1.5 s, spectral
window 3012 Hz; (¢) poly(cyclopentene sulfone), solvent DMSO-d/60
°C, 11716 pulses, width 20 us, repetition time 6 s, spectral window 3012
Hz.

at very low temperatures, giving preferential trans addition,
while at higher temperatures the intermediate radical can
undergo inversion of configuration and give rise to both cis and
trans addition products.}4 Indeed this effect has been re-
ported? in the copolymerization of sulfur dioxide with cis-

R R R
. S0, S0,
Con H HC
He g HC H HC H
‘ CH, H
Ia Ib Ie
R R
B S0, S0,
He_ | m CH, H
He w BCT T H O HC H
H CH,
T Iib e

Macromolecules

X X X X X X
mmr [ b3 mrr
s cs 8 ST S-l—[—s s c's
Y <
X 2x

X X
s s ls
X X

X X
|
s 4 § =i TsTeTs
5
X X

Figure 6. The six possible “tetrad” structures involving two sulfone
groups and a central but-2-ene unit. X denotes a methyl group. m, r
denote the dyad structure appropriate to each pair of neighboring
chiral centers.

propene-1,2-ds. The present case is different in that it appears
that one product is much preferred (98%) at temperatures
above —78 °C, namely the structure formed by trans addition
to cis-but-2-ene, which is equivalent to cis addition to
trans-but-2-ene. Thus we postulate that the radical initially
formed from trans-but-2-ene has the structure Ia and can

rotate to other conformations Ib and Iec without loss of con-

figuration, but that given time it will invert almost entirely
to the radical II, having possible conformations 11a, IIb, and
IIc. (A similar argument can be developed if the radical is
written with a planar, instead of pyramidal, structure.) We
may suppose that the interactions of the bulky groups lead to
Ia and Ib being preferred to Ic and to IIb and Il¢ being pre-
ferred to Ila. Overlap between the orbital of the free electron
and the vacant 7 orbitals of the sulfone group may be an ad-
ditional factor. This can occur equally for IIb, Ilc, and Ib but
not for Ia and may be responsible for tipping the balance in
favor of radical II. The temperature range required for tran-
sition from preferential trans addition on the one hand to
equilibrium attainment of I = II on the other depends on the
activation energy for inversion of configuration compared with
that for addition of the next molecule of SOs. In the propene
system? this is relatively small (11 kJ mol~!) and the tem-
perature range is fairly wide (=78 to 0 °C). In the but-2-ene
system the temperature range appears to be much shorter,
suggestive of a rather higher activation energy for the inver-
sion process, although still occurring very rapidly at —78 °C.
On this basis the peaks in Figures 4a and 4b are assigned to
the r.-centered structures shown diagrammatically in Figure
8, while the additional peaks in Figure 4c are assigned to the
m,-centered structures; m. and r. units are formed by trans
addition to trans- and cis-but-2-ene, respectively.

Next we consider the general positions of these peaks
compared with those which may be estimated by application
of rules (1) and (2) to poly(propene sulfone), using data ob-
tained with DMSO as solvent. Taking average shifts for each
carbon in'1 we find that for 8 we may expect CHzat 10.1 + 0.6
ppm (obsd 8.7, 9.7, 12.7; av 10.4) and CH at 55.6 + 1.0 ppm
(average of two values estimated from 1(c) and 1(b) sepa-
rately), (obsd 54.8; average of upfield and downfield groups
centered on 57.2 and 52.4 ppm). Thus the average positions
of all the peaks in Figure 4c are as expected, but if we take the
m,- and r.-centered structures separately then the former have
CH and CHj; peaks downfield from the expected positions and
the latter have CH and CHj peaks upfield from the expected
positions. In CDCl; as solvent the peaks seem to be generally
upfield from the positions expected, even ignoring a probable
solvent effect of about 1 ppm (cf. spectra for 2 and 3 in both
DMSO and CDCly).
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Figure 7. Possible modes of addition of cis-but-2-ene to
RSO,CH(CH3)CH(CH3)SO; to form (a) an rg structure and (b) an mg
structure (X = CHj3).
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In order to explain the upfield shift for CH in r. structures
one may examine the possible gauche interactions on both
sides of a given CH. On the one side it may interact with a
methyl carbon and this effect should have been allowed for
by the v parameter, rule (1). On the other side it can interact
with two oxygens as well as another CH. The upfield shift, in
conjunction with rule (3), suggests that in r. units there is an
increased tendency for the C—S bonds to take up a trans con-
formation compared with 1; the reverse situation would have
to hold for m, units. The corollary of this is that CHj in r. units
should tend to occupy more of the gauche positions relative
to the sulfone group and so experience a downfield shift.
However, one must also take account of the gauche interaction
between CHjs groups on adjacent carbon atoms. Dielectric
measurements on polymer which almost certainly contained
only r. units (since no special steps were taken to keep the
preparation temperature at —78 °C) showed no sign of a dis-
persion in dioxane as solvent!? indicating a predominance of
trans main-chain C-C conformations in r, units; elsewhere we
have discussed!? the interpretation of this observation. Here
it suffices to note that this will place all methyl carbons in a
gauche position with respect to the next nearest methyl group
and the dominance of this effect accounts for the observed
upfield shift.

The splitting of the methyl signal in Figure 4a, and part of
the fine structure for the methine carbon, may be accounted
for in the same way as for the splitting of the 3-CHj and 8-CHjy
signals in di-sec-butyl sulfone.® For the rg structures the
preferred conformations about the two adjacent C-S bonds
are expected to be tg* and g—t, with equal probability; for the
m;, structures tt and gtg* are preferred, but with tt having
greater weight. The predicted line order is as for di-sec-butyl
sulfone, namely (downfield to upfield) CH mg, ry; CHg rg, my,
and the magnitude of the splitting for CH3 (0.65 ppm) is very
similar to that for 3-CHjs in di-sec- butyl sulfone (0.57 ppm in
CDCl3). The intensities of the CHj lines indicate about 65%
rg structures and 35% mg. This may be understood as a pref-
erence for the but-2-ene to add to an RSO, radical with the
free electron occupying the trans position rather than the
gauche position, as shown in Figure 7. The proportion of mg
structures is independent of the starting compound and is not
very dependent on temperature.

So far as the CH peaks are concerned the observed intensity
distribution is generally consistent with the predicted m,, 1,
line order, with r; having the greater intensity, but there is
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subsplitting both in DMSO and in CDCls; Figures 4a and 4b.
Before pursuing the interpretation of this subsplitting we
must note with some surprise that the splitting of the methyl
resonance is not observed in DMSO for polymer containing
only r. units, although for di-sec-butyl sulfone the splitting
is essentially the same in DMSO and CDCI;. Close inspection
of an expanded version of Figure 4b did in fact reveal a slight
upfield shoulder. The other differences in the appearance of
the spectra in the two solvents, relatively minor for r.-centered
units, but major for m.-centered units (the 12.74 ppm peak
of Figure 4c is not seen in CDCl; as solvent), are indicative of
some profound difference in conformational populations
about the main-chain bonds in the polymer in the two sol-
vents, Thus it would appear that whereas r.-centered units
have a predominantly trans C-C bond in all solvents, m,-
centered units have a much lower proportion of trans C-C
bonds in CDCl; (so leading to similar methyl-methyl gauche
interactions in both r. and m, structures) than in DMSO
where the downfield shift to 12.74 ppm suggests mainly trans
methyl-methyl interactions. One would predict therefore that
the polymer containing m.-centered units would show a di-
electric dispersion in dioxane. The upfield shoulder which
develops on the side of the 9.73 ppm CHj peak in DMSO as
the m. content increases appears not to originate from CHjy
in m. units but from CHj; in r, units with m. neighbors.

Finally we consider the assignment of the four lines in the
fine structure of the CH signal in Figure 4b to the four types
of carbon atom labeled b; to by in Figure 6. The origin of the
secondary splitting of the carbons adjacent to mg units (b; and
bs) and of the carbons adjacent to rs units (bs and by) is not
clear. The atom concerned in each case is o« with respect to the
sulfone group of the next unit; in di-sec-butyl sulfone such a
carbon shows only very slight sensitivity to mg/r, structure®
(0.015 ppm). However the factor responsible for eliminating
the sensitivity of the CHj; peak to my/r; tacticity (in DMSO
as solvent) may also be the cause of the enhanced sensitivity
of the CH carbons.

We have already concluded that there are about 65% r
structures and 35% m, structures, so that, allowing for the
equal probability of mgr.rs and reremg structures, we can expect
the intensity ratio for by:ba:bs:by to be approximately 12:23:
23:42. On this basis we assign the strongest peak (52.12 ppm)
to by and the weakest (53.37 ppm) to by. The other two peaks
are then assigned to bs (53.69 ppm) and be (51.15 ppm) on the
grounds that they are for carbons 3 with respect to mg and r
units respectively. This gives the line order bgb;bsbs. The
resolution of the CH peaks in the m.-centered units in DMSO
is not good enough to warrant an attempt at assignment. In
CDCI; there is additional splitting of two of the CH peaks (b,
and by if the line order is as in DMSO), which suggests sensi-
tivity to “hexad” structure: rgremeromg and mgr.mgroms in the
case of by; rgremgr rs and mgremgr rs in the case of bo. However,
the intensity pattern is not entirely consistent with such an
interpretation and further work is needed.

Poly(cyclopentene sulfone) and Poly(cyclohexene
sulfone). These two polymers provide an interesting com-
parison with 8 for we have seen that in 8 the r. units adopt a
mainly trans conformation in which the methyl groups are in
a gauche relationship. The corresponding carbons in the cy-
clohexene polymer are necessarily in a gauche relationship
while those in the cyclopentene polymer must be in a similar
relationship in view of the absence of a dipole moment.15 It
is possible that a small variation of the dihedral angle about
the main-chain C-C bond is in some way responsible for the
increasing sensitivity of the side-chain «-C shift to tacticity
as one proceeds through the series cyclohexene, but-2-ene, and
cyclopentene polysulfones (1, 2, 4 lines, respectively, in CDCls;
0, 1, 4 lines, respectively, in DMSO).

The intensity pattern for a-CHj of 14 in DMSO is similar
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to that for CHj of 8 in CDCl; (stronger line downfield) but is
reversed for the CH lines (stronger line downfield in 14, up-
field in 8). It is therefore not possible to make any firm as-
signments to the fine structure in 14. All one can say is that
the proportions of mg and r¢ in 14 are approximately 60:40 or
40:60. In 15 they are near to 50:50.

Relaxation Times. In all cases except poly(but-2-ene
sulfone) (8) T, values of 75 £ 10 ms are observed for main-
chain CH carbons and 43 + 8 ms for main-chain CH, carbons.
The uniformity of relaxation data suggests that the dominant
magnetic relaxation process of main-chain nuclet is a seg-
mental motion which in no case involves rotation about the
C-C bond. If C-C rotation were significant, one would expect
the relaxation times in 14 and 15, where this motion is not
possible, to be very different from the other polymers. In
surprising contradistinction, it has been found? that dielectric
relaxation of poly(hex-1-ene sulfone) is molecular weight
dependent and therefore proceeds via whole molecule rota-
tion. The very different origin of magnetic and dielectric re-
laxation is emphasized by a calculation of the relaxation times
expected if the chain were as rigid as dielectric relaxation in-
dicates. Assuming that the dynamics of poly(cyclohexene
sulfone) (14) are the same as poly(hex-1-ene sulfone),* the
overall tumbling correlation times at 25 °C estimated* for the
samples of molecular weight 2.4 X 105 and 4.5 X 10¢ would
produce 13CH relaxation times of 30 and 2.5 s, respectively.
It would reasonably be expected that a segmental motion
rapid enough to dominate magnetic relaxation would also lead
to dipole reorientation since the major dipole moment com-
ponent is perpendicular to the chain. A resolution of this
anomaly is suggested in the adjoining papers.56

Nuclei in side groups generally have longer relaxation times
due to side-group rotation. Methyl groups at the end of ethyl
or propyl chains are especially free (T; ~ 400 ms, 2 and 7).
Methyls directly attached to the backbone are more restricted
(1,7, and 8), probably due to steric interaction with groups in
the backbone. The relaxation times of both types of CHy in
15 are equal, and comparable to the values measured for
main-chain CHy in other polymers. The cyclohexene ring must
be effectively rigid which accords with the previous conclu-
sion!® that the sulfone groups have a strong preference for a
1,2-diaxial structure. However, the cyclopentene ring in 14
evidently undergoes a ring-puckering motion, since the 8-CH,
relaxation time (a) is significantly longer than that of the
a-CHjy (b).

Measurements of the main-chain carbon relaxation times
for poly(but-1-ene sulfone) in CDCl3 over a limited temper-
ature range (10 to 50°C) showed that T'; decreases with in-
creasing temperature, indicating that the condition w7, > 1
is fulfilled.!! The correlation time for segmental motion in this
temperature range must be 21078 s. If the correlation func-
tions for C-H bond orientation were exponential, the Ov-
erhauser factors n for correlation times of this magnitude
would be <0.2.1!1 The measured values are much greater, so
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the correlation functions must be nonexponential. A realistic
model for polymer motion which gives such a correlation
function is that due to Valeur et al.,'® who combined confor-
mational jumps (correlation time rp) with overall rotational
diffusion (correlation time 7,). This model has been used
successfully to interpret 19F, 13C, and 'H relaxation times!7-1¢
and fluorescence depolarization2® measurements of polymers
in solution. Using the results of calculations presented ear-
lier,'8 it is found that values of 7 = 0.6 are consistent with
values of rp > 1078 s when 7p/7, < 0.1. If the jump model is
correct, the NMR data alone show therefore that segmental
motion is faster than overall tumbling, in agreement with the
qualitative comparison of NMR and dielectric results dis-
cussed above. The fact that the T'; of main-chain CH carbons
is close to double the T'; of CH, carbons indicates that both
groups experience essentially the same dynamics. In view of
the fact that 13C relaxation data alone are incapable of dis-
criminating clearly between different forms of the correlation
function,!4 a complete test of the applicability of the jump
model to poly(alkene sulfones), and hence accurate values of
7p and 7, must await the accumulation of further relaxation
data, in particular proton relaxation times!® or spin-spin re-
laxation times.
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