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The carbon-carbon bond lengths in polyacetylene have been directly measured with use
of nutation NMR spectroscopy. 1.36 and 1.44 A were found for the double and single
bonds, respectively, in tvans-(CH),, and 1.37 & was found for the double bond in the
cis isomer. Over the temperature range 4.2—300 K, the dynamical single-double bond
interchange predicted for chains in tvans -(CH), containing a mobile soliton defect was

not observed.

PACS numbers: 72.15.Nj. 61.16.Hn, 61.65.+d, 76.60.-k

The bonding in linear polyenes has long been a
matter of fundamental interest.! The recent synth-
esis of polyacetylene,? the simplest long-chain
polyene, and the subsequent investigations of its
transport properties® have stimulated a number
of structural studies.* Although the highly dis-
ordered nature of as-grown polyacetylene films
has prevented the direct determination of the bond-
ing parameters in this material by the usual struc-
tural characterization techniques, the existence
and magnitude of the bond alternation in the frans
material have recently been inferred from x-ray
scattering data obtained with use of stretch-
aligned films.® We wish to report here a direct
determination of the bond lengths in both cis- and
trans-(CH),.® These measurements, made on
nonoriented samples, were carried out with use
of nutation NMR spectroscopy, a method specifi-
cally designed to measure interatomic distances
in amorphous solids or in materials which are
difficult to produce in single-crystal form.”

The main results of our study may be sum-
marized as follows: (1) The double-bond length
in cis-(CH), is 1.37 A; (2) spectra for the trans
isomer exhibit fwo bond lengths, 1.36 and 1.44 A
for the double and single bonds, respectively, un-
equivocally establishing bond alternation; (3) over
the temperature range 4.2-300 K, the frans spec-
tra show no direct evidence of the dynamical inter-
change of double and single bonds predicted to
occur as a result of rapid motion of neutral soli-
ton defects in this material (see Pople and Walm-
sley' and Su, Schrieffer, and Heeger®).

In principle, the splitting due to the magnetic
dipole-dipole coupling in a 'C NMR spectrum
contains the information necessary for the deter-
mination of carbon-carbon bond lengths.” This
splitting varies inversely as the third power of
the internuclear distance, and is manifested in
a nonoriented sample as a Pake doublet with out-
er shoulders,®° Nutation NMR spectroscopy can
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be used to eliminate the effects of chemical-shift
anisotropy in the 3C spectrum, which completely
mask the Pake doublet.” A description of the nu-
tation experiment has been published previously,!°
demonstrating that the method is capable of meas-
uring bond lengths to 1% accuracy. Since the
major isotope of carbon (*2C) is nonmagnetic, it
is necessary to enrich with '3C the two sites
whose internuclear distance is to be measured.
To avoid broadening of the Pake doublet by long-
range dipolar splittings, the '3C spin pairs must
be relatively isolated from other magnetic nuclei.
We achieved this situation in polyacetylene by
polymerizing a mixture of 4% doubly-'3C-enriched
acetylene in acetylene which has been doubly de-
pleted in '3C to provide a relatively spin-free host
material. This produces a dilute, homogeneous
distribution of bonded '*C pairs in the resulting
(CH),. Proton decoupling is used to remove di-
polar broadening by the adjacent hydrogen nuclei.

Polyacetylene was prepared by the method of
Ito, Shirakawa, and Ikeda.? The isotopic label-
ing required for these experiments was obtained
by mixing 4% of doubly-'3C-enriched acetylene
(=99 at.% *C—MSD Isotopes) with doubly depleted
acetylene (99.9% '2C) before polymerization at
195 K. The resulting cis films were packed into
sample tubes under dry box conditions and then
sealed under vacuum. cis samples were stored
at 77 K until use to avoid isomerization to the
trans isomer. The trvans material was obtained
by heating in an evacuated sealed tube at 160°C
for 1 h.

The proton-decoupled *3C nutation spectrum of
a cis sample prepared in this manner is shown as
the solid curve in Fig. 1. The sharp peak in the
center arises from isolated !*C nuclei in the sam-
ple. The symmetrically disposed satellites and
shoulders are the features of a Pake doublet aris-
ing from the '*C-3C dipolar coupling of adjacent
13C nuclei in the polyacetylene. With use of a
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FIG. 1. Solid line: proton-decoupled '3C nutation
NMR spectrum at 77 K of doubly labeled cis-(CH), .
Dotted curve: simulation of nutation spectrum of cis-
(CH), using a 1.37-A C-C bond length. The peak in the
middle is due to isolated !3C nuclei.

comprehensive simulation program,'® this pattern
can be fitted with the desired carbon-carbon bond
length as the only adjustable parameter. The best
fit to the observed spectrum corresponds to a dis-
tribution of bond lengths with a mean value of
1.37 A (see below); the simulation is shown as

a dotted curve in Fig. 1. It is important to note
that a nutation spectrum attributable essentially
to one carbon-carbon bond distance is obtained
for the cis isomer. Although a priori this result
could be interpreted in terms of complete bond
equalization in the cis-(CH),, this explanation is
unlikely for the cis isomer both on theoretical
grounds’® and in light of the failure to observe
bond equalization in the more favorable frans
case (see below). Rather the observation of only
one bond distance indicates that in the Ziegler-
Natta polymerization, the carbons of a given
monomer unit end up either singly or doubly bond-
ed to one another, but not both, The observed
bond length of 1.37 A strongly suggests that the
mechanism of the Ziegler-Natta reaction leaves
the original carbon pair doubly bonded in the re-
sulting polymer.'*

The situation becomes more complex on iso-
merization of this sample to {rans-(CH),. The
nutation spectrum of trans-(CH), at 77 K is sig-
nificantly different from that of its cis counter-
part, as shown in Fig, 2. The doublet maxima
peaks are now split and a step is observed in the
wings of the Pake doublet. Both of these new fea-
tures indicate two overlapping Pake doublets, and
provide unequivocal evidence for a system com-
prised of not one but two carbon-carbon bonds of
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FIG. 2. Solid line: proton-decoupled !3C nutation
NMR spectrum at 77 K of doubly labeled trans -(CH),.
Dotted curve: simulation resulting from superposition
of 13C nutation spectra using bond lengths of 1.36 and
1.44 A. Again, the central peak is due to isolated 13C
nuclei.

different lengths.'? The simulation (dotted curve)
shown in Fig. 2 is a composite of two Pake pat-
terns of comparable intensity corresponding to
bond lengths of 1.44 and 1.36 A, which may be
assigned to the single and double bonds, respec-
tively, in frans-(CH),. These bond lengths are
in very close agreement with those predicted by
Grant and Batra using the tight-binding approxi-
mation to calculate the band structure of {rans-
polyacetylene,?

The observation of both bond lengths clearly
confirms the interpretation of previous x-ray
studies in terms of a bond-alternated structure,®
and the bond-alternation parameter calculated
from our results is on the order of 0.03 A, in
agreement with that derived by Fincher et al.
However, it must be noted that if, as has been
suggested on the basis of Raman studies,** there
is a distribution of conjugation lengths in this
material, then one might also expect a distribu-
tion of bond lengths to be observed. Indeed, we
find the features of the polyacetylene spectra to
be broadened considerably when compared to pre-
vious nutation studies of acetic acid'® and to the
narrow linewidths obtained in polyacetylene by
magic-angle spinning techniques.'® Thus, the
bond lengths derived in the current experiments
do correspond to the average values in a narrow
distribution of bond lengths.

The generation of approximately equal popula-
tions of singly and doubly bonded labeled carbon
pairs in trans-(CH), starting with only doubly
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bonded pairs in the cis material is intriguing.
Moreover, spectra of the /rans isomer are sub-
stantially the same over the temperature range
from 4.2 to 300 K. Motion of neutral solitons
along a polymer chain would lead to the inter-
change of single and double bonds, but the obser-
vation of two discrete Pake doublets requires
that if the single and double bonds are dynamical-
ly equilibrating, their rate of interconversion
over this entire temperature range must be slow
compared to the difference in splitting of the two
Pake doublets. Otherwise the nutation spectrum
would have shown a single Pake doublet charac-
teristic of the average bond length, Since the
smallest observable difference in splitting is on
the order of 150 Hz, any dynamic interchange
would have to be occurring at a rate less than 1.5
X 10% sec ™. Given knowledge of the average con-
jugation length in frans-(CH),, the lack of co-
alescence in the nutation spectrum could be used
to place an upper limit on the diffusion rate of
soliton defects in this material. Unfortunately,
reliable estimates of the conjugation length are
not yet available. Moreover, this analysis would
be complicated by the likelihood that many or
most of the conjugated segments in the {rans iso-
mer do not contain a mobile spin.'®
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