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EPR of Naarmann-Theophilou polyacetylene: Critical role of interchain interactions
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Electron-paramagnetic-resonance (EPR) experiments have been carried out on pristine Naarmann-
Theophilou polyacetylene N-(CH), . It is found that there is a significantly increased interchain spin

exchange in trans-(N-(CH)„) compared with that of trans Shir-akawa (CH) . We propose that the
intrachain soliton diffusion range in trans (N (C-H) -) is greatly enhanced. Studies of spin-lattice re-

laxation and oriented polymers support this conclusion. We discuss possible origins for the higher con-
ductivity of l2-doped N-(CH)„ in light of the enhancement of the soliton diffusion range.

Polyacetylene has been extensively studied since the re-
port by Shirakawa et al. in 1977 that polyacetylene
[denoted here as S-(CH)„] goes through an insulator-
metal transition upon doping with I2 and other dopants. '

For the heavily doped "metallic" (CH)„, the conductivity
(a) reaches 10 —10 S/cm at room temperature. In 1987
a different route to synthesize (CH) was reported by
Naarmann and Theophilou [denoted as lV-(CH)„]. This
lV-(CH)„, when doped with I2, has cr (295 K) approach-
ing 10' S/cm, a value close to that of copper. Since
then N-(CH), has become a focus of extensive studies
aimed at revealing its difference from S-(CH)„. The
earlier ' C NMR studies indicated a reduction of sp de-
fect concentration in N-(CH) . This was suggested as the
origin of the high a. However, further experiments
showed that this diA'erence is questionable. Optical ab-
sorption, photoinduced absorption, and magnetic suscepti-
bility experiments revealed almost identical electronic
structures for the two polymers. Thermoelectric power,
magnetoresistance, ' and spin concentration of I2-
doped N-(CH), and S-(CH), are also similar. Some
difference in crystalline coherence g have been reported
though the crystalline percentage is similar. ' The intra-
chain (~~ of N-(CH)„ is found to —160-180 A, slightly
greater than that of S-(CH) (—100-130 A). However,
the transverse (& of N-(CH)„ is shorter (—50~3 A)
compared with g& —75+15 A in S-(CH) . The diA'-

erence between N-(CH), and S-(CH), thus still remains
a puzzle.

In this Rapid Communication, we report experimental
results which reveal a significant diff'erence between un-
doped N-(CH) „and S-(CH) . We have performed
electron-paramagnetic-resonance (EPR) experiments on
pristine N-(CH) and compare the results with those of
S-(CH), . We find EPR line shapes of these two polymers
are significantly diA'erent. There is more than an order of
magnitude increase in the interchain spin-exchange in-
teraction in the N-(CH) as compared to that in S-
(CH) . In addition, the spin-lattice relaxation time of N-
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FIG. 1. Temperature dependence of EPR peak-to-peak

linewidth AH„„of N-(CH), in the cis form ('7) and trans form
(o).

(CH), is reduced to a larger extent in going from cis to
trans samples by thermal isomerization. We propose that
these diAerences reAect an increase in intrachain soliton
diffusion range in trans-(N-(CH) ) which increases the
interchain spin exchange and the spin-orbit coupling. The
conclusion is further supported by the comparison of
unoriented trans (CH)„, ori-ented trans-(CH), and cis
(CH)„. This increased soliton diffusion range suggests
that the origin of the increased cr of I2-doped N-(CH)„
may lie in a subtle diA'erence in interchain as well as intra-
chain order.

The experimental results are summarized as follows.
The EPR peak-to-peak linewidth AHpp of unoriented
trans- and cis-(N-(CH)„) are plotted versus temperatures
(T) in Fig. 1. The hHvv(T) of trans-(N-(CH) ) is al-
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most identical to that of trans (S-(C-H)„) while cis-(N-
(CH) ) has smaller hH~~ ' ' Analyses of EPR line shapes
of trans-(N-(CH)„) and trans-(S-(CH)„) (Ref. 11) at
295 K are shown in Fig. 2, where the single integral I(H)
of EPR derivative signal normalized to its maximum
[I(Hp)] is plotted versus the square of the difference in
magnetic field H from Hp normalized by half-width at
half power of the spectrum hH~t2. The linewidths and
line shapes are reproducible for different batches. The
noise is negligibly small in the range of 10-15 times the
linewidth. Also shown in Fig. 2 are the theoretical line
shapes expected for quasi-one-dimensional (1D) spin
diffusion with different interchain couplings J'. The
trans (N (C-H) „-) has a line shape very close to a
Lorentzian or 3D shape while the trans-(S-(CH) ) line
shape'' is in between Lorentzian and that of ideal 1D spin
diffusion. Figure 3 shows the line shapes of cis, 500%
oriented trans, as well as unoriented trans (N (C-H) -)
We can see that the room-temperature line shape of the
cis sample is very close to the ideal 1D shape and that of
unoriented trans is close to the ideal 3D shape; the line
shape of oriented trans is in between. It is noted that the
experimental line shapes for all the samples differ sub-
stantially from Gaussian shape (i.e., immobile, nonin-
teracting spins). Figure 4 shows saturation characteristics
of EPR (single integral) signals. Spin-lattice relaxa-
tion time T ~ is calculated ' according to T ~

=4.56
X IO AH~t2/gH~, where AH~tq is defined above, g is the
Lande g factor, and H ~

is the applied microwave frequen-
cy magnetic field for maximum signal amplitude. The H~
is related to microwave power P as H~ =0.628P where
coefficient 0.628 is found by measuring the resonance fre-
quency shift induced by a metallic sphere. ' We find
T~ —3.5 X 10 (sec) for cis-(N-(CH)„) and T~ —2.3
x 10 (sec) for trans-(N-(CH)„). For comparison, we
note that S-(CH)„has' T~ —5.4X10 (sec) (cis) and
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FIG. 3. Comparison of room-temperature EPR line shapes of

N (CH), w-ith theoretical line shapes of 1D and 3D spin
diffusion (solid lines). The line shape of unoriented cis (a),
500% stretched trans (E, Hllc; o, H J c), and unoriented trans
(O) samples are presented.
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—2.7 x 10 (sec) (trans) Thoug. h in the cis (N-
(CH)„) T~ is much larger than that of cis-(S-(CH)„), T~
of trans-(N-(CH)„) is dramatically reduced to become
comparable with that of trans-(S-(CH)„). Thus the iso-
merization process reduces T~ of N-(CH) more
significantly.

The similar EPR linewidths of N-(CH), and S-(CH)„
indicate similar spin or neutral soliton diffusion rate for
trans samples since a EPR linewidth of trans-(CH) is
narrowed by spin diffusion. '" The earlier studies sug-
gest' that there exist both mobile solitons (moving with
approximately the speed of sound) and localized solitons.
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FIG. 2. Comparison of room-temperature EPR line shapes of
trans (N (CH ), ) (A) and -tra-ns (S (CH ), ) (k)-wi-th the
theoretical line shapes of quasi-one-dimensional spin diffusion

~ith different interchain exchange J'; see text.
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I/I 0
F(t jto) =„, [(tjto) —x]x

xexp( —4x )I (2x )dx,

where (Ato ) is the second moment of an unnarrowed line,
J' is spin interchain coupling, Io is the modified zero-order
Bessel function, and to is the interchain transfer rate for
spin polarization '

i. ' —(J'/J) '"J'/h (2)

where J is spin intrachain coupling. The line shape repre-
sented by Eq. (I) is in between the 1D and Lorentzian line
shape. Fitting the line shape of trans-(N-(CH)„) and
trans (S (CH) -) t-o Eq. (1) (see Fig. 2) we obtain
J'/h —1.5(hco ) ' for S-(CH)„and J'/h —20(hto ) 't

for N-(CH)„. The difference in interchain coupling J' is
likely due to the difference in interchain spin exchange;
the interchain charge-transfer rate must be the same since
o is the same for both polymers. ' Since the spin con-
centration is similar, the origin for the increased J' in N-
(CH)„must be caused by increased soliton diff'usion

range so that two solitons on neighboring chains can ap-
proach closer to one another and hence exponentially in-
crease their spin exchange interaction.

The comparison of T ~ of N-(CH)„and S-(CH)„ is con-
sistent with the EPR line-shape analyses. Spin-orbit cou-
pling is suggested to be a major spin-lattice relaxation
mechanism in (CH), which is increased in the vicinity
of an impurity. ' lf a spin can move in a larger range
there will be a higher chance for the spin to approach near
impurities thereby reducing T~. In the cis-rich (CH)„
spins are confined to short trans segments inside the cis

Since we observe a single homogeneously broadened EPR
line in all cases, the exchange rate between mobile and
fixed spins must be greater than the resonance frequency.
Hence the observed soliton diffusion rate includes effects
of both mobile and fixed spins. Note that the cis-(N-
(CH)„) shows smaller hH~~ than cis-(S-(CH)„). '' This
is probably due to higher trans concentration in the sam-
ple [-15% in N-(CH) (Ref. 2) vs -5% in S-(CH)
(Ref. I )].

The EPR line-shape analyses indicate an increased in-
trachain soliton diffusion range in trans-(N-(CH)„). For
a 3D spin motion, the transverse magnetization varies as
@(t)—exp( —tIt), resulting in a Lorentzian shape. For a
strictly 1D spin motion, @(t)—exp[ —(Pt) t ], resulting
in the 1D shape in Figs. 2 and 3. For a quasi-1D spin
motion, we have'

e(t) =exp[ —y(t)],

ttt(t) =, , F(tjto),(Aco')
J' h

structure while in the trans-(CH) spins can move a
larger distance, hence T] is decreased. The more
significant decrease of T

~
in trans-(N-(CH), ) suggests a

greater soliton diffusion range compared to that of trans-
(S-(CH).).

EPR line-shape analyses of oriented N-(CH) further
support this conclusion. A soliton is the "kink" between
regions of differing phases of bond alternation (A phase
and 8 phase). ' These two phases are degenerate for an
isolated chain. However if we consider interchain cou-
pling, this degeneracy is lifted since there is a small energy
difference (—10 K/C) for in-phase and out-of-phase cou-
pling between two neighboring chains. ' Thus solitons are
confined so that the energetically favored interchain phase
correlation is maximized. Since interchain disorder tends
to destroy the phase correlation between the neighboring
chains, it suppresses the soliton confinement. However, as
the polymer chains are oriented, the interchain order is

improved which would result in the increase of soliton
confinement and hence the decrease of interchain ex-
change J'. This is what is observed if we compare EPR
line shapes of oriented and unoriented samples (Fig. 3).
Furthermore, since the soliton is confined to the short
trans segments in the cis-rich samples, the line shape is
even closer to the 1D line shape (Fig. 3). Therefore the
dimensionality of EPR line shape is directly related to the
intrachain soliton diffusion range.

The increased soliton diffusion range in trans-(N-
(CH)„) suggests a possible origin for its high a when
doped with I2. It is well known that a charge is localized
in a strictly 1D system with any weak disorder due to the
interference of a forward wave with a backscattering
wave. ' However, the charge is significantly delocalized if
it is in a 3D (though highly anisotropic) system. The in-
creased soliton diffusion range in trans-(N-(CH)„) sug-
gests weaker interchain order in the undoped polymer (in
agreement with the shorter (~). This may allow easier
reorganization of polymer chains upon exposure to I2 to
the ideal crystal structure for the I2-doped phase, resulting
in increased 3D order and 3D charge delocalization in I2-
doped N-(CH)„as compared to S-(CH) . Thus higher o.

may result.
In conclusion, we observed increased soliton interchain

exchange and isomerization effects on T~ in N-(CH) .
These effects are attributed in to the increased soliton
diffusion range in N-(CH)„. The results might be useful
for the understanding origin of the high cr in some poly-
mers. '
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