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Spin Dynamics Study in Conducting Polymers by Magnetic Resonance™!
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We have applied the spin dynamics technique to conducting polymers, in particular, with the ESR method, and
investigated microscopic transport properties in a quasi-one-dimensional (Q1D) polymer chain. This technique is a
unique method for obtaining microscopic information on intrinsic transport properties, because macroscopic resis-
tivity is mainly limited by electrical properties of interfacial regions between microcrystals. In this article, the
principles and applications of this method will be reviewed in detail. The difference between ESR applied here and
'H NMR will also be discussed, and each characteristic feature will be stressed.
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1. Introduction

A vast number of investigations have been reported
on the conducting polymers from not only fundamental
but also practical aspects because of their novel proper-
ties: e.g., new types of elementary excitations such as
solitons and polarons, high conductivity, high
anisotropy, flexibility, light weight, and large surface
area’® These conducting polymers doped heavily with
acceptors or donors show typical metallic behavior, for
example, Pauli susceptibility and thermoelectric power
proportional to the temperature. Although electrical re-
sistivity is another important property in investigating
the conduction mechanism in the conducting polymers,
it is well known to show semiconducting temperature
dependence, which can be simulated by fluctuation-in-
duced tunneling (Sheng’s model)® or variable range
hopping mechanisms.® This experimental finding has
been interpreted to mean that the metallic regions are
separated into many islands by semiconducting regions
such as lightly doped regions, amorphous regions or in-
terfibril regions. Some efforts were made to avoid this
difficulty by analyzing the resistivity measured by the
conventional four-terminal technique®® and by a some-
what tricky voltage-shorted compaction (VSC) tech-
nique‘” Here we report another microscopic technique
to obtain information on the intrinsic transport proper-
ties: spin dynamics.

In this article, this distinctive technique on the dy-
namics of the spin carrier will be reviewed, especially
by means of the frequency dependence of ESR.®"
Historically, the spin-lattice relaxation time T} in 'H
NMR instead of ESR has been used to study the spin
dynamics in many kinds of organic charge transfer com-
pounds and polymers.?"® In the heavily doped poly-
acetylene systems, however, we recently encountered a
difficulty in studying the spin dynamics by means of 'H
NMR T, because large and non-metallic contribution
rather than that of metallic electrons was observed, es-
pecially in the low-temperature region.??"

Since spin carriers also have charge in many conduct-
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ing polymers, the spin dynamics provides very interest-
ing insights on microscopic electronic conduction in
metallic regions. A conventional four-terminal measure-
ment cannot provide sufficient information as to how
the electrical conductivity behaves on or across the
polymer chains. Therefore, results obtained by the
spin dynamics technique are useful for discussing the
mechanism of anisotropic and high electrical conductiv-
ity in the conducting polymers. Recent results on con-
ductive polyaniline, polythiophene and poly(3-
methylthiophene), and heavily doped polyacetylene
will be discussed.

This review is organized as follows.
1. Introduction
2. Principles of Spin Dynamics

2.1 Relazation mechanism by diffusion motion of

spins
2.2 Autocorrelation function and its spectral den-
sity
2.3 Spectral density in quasi-one-dimension
2.3.1 Spectral density
2.3.2  Effect of delocalized wave function
2.4 Spin-lattice T;' and spin-spin T3’ relazation

rates
2.5 Effect of finite chain length
3. Experimental
4. Neutral Soliton Dynamics in Pristine Trans-
Polyacetylene

4.1 ESR T;!and Ti' (linewidth)
4.2 Effect of trapping
4.2.1 Diffuse/trap model
4.2.2 Anisotropy of ESR T1' and linewidth
4.2.3 Anomalous broadening below 6 MHz in t-
(CH).
4.3 Temperature dependence of diffusion rates
4.4 Relation to pulse ESR experiments
4.4.1 Spin-echo decay time Ty
4.4.2 Spin-lattice relaxation time
4.4.3 Multiple-quantum spin coherence
5. Doped Polymers
5.1 Polyaniline
5.1.1 Polyaniline
5.1.2 Protonation dependence of diffusion rate
5.1.3 Temperature dependence of diffusion rate
5.2 Polythiophene, poly(8-methylthiophene)
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5.2.1 Materials
5.2.2 Frequency dependence of ESR linewidth
5.2.3 Temperature dependence of ESR linewidth
5.2.4 Parameters for electronic states
5.3 Polyacetylene
5.3.1 'H NMR study of heavily doped polyacety-
lene
5.3.2 Temperature dependence of microscopic
conductivity
6. Comparison of ESR with NMR in Spin Dynam-
ics Study
7. Concluding Remarks

2. Principles of Spin Dynamics

2.1 Relazation mechanism by diffusive motion of
spins

Electron spins with diffusive motion provide a charac-
teristic relaxation mechanism for the nuclear and
electron spin systems, especially in materials with low-
dimensional electronic structures. A schematic descrip-
tion of this relaxation mechanism is given as follows.

As shown in Fig. 1(a), a radio-frequency (rf) coil con-
taining a sample is set perpendicular to the external
static magnetic field Ho. When the resonance condition
wo="sHo is satisfied, spins are flipped from parallel to
antiparallel with respect to Ho, absorbing an energy of
hwo from the rf oscillating magnetic field H; cos (wot ).
Here, % is Plank’s constant divided by 27 and v, is the
gyromagnetic ratio. The resulting excess population of
the antiparallel spins relaxes to the thermal equilibrium
value by releasing energy hwy through spin-lattice inter-
actions. The hyperfine interaction between electron
and nuclear spins and the magnetic dipolar interaction
between electron spins act as the spin-lattice interac-
tions when they are modulated by the diffusive motion
of the spins. The wy component of the local fluctuating
magnetic field Hi. at each spin site induces spin-flips.
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Fig. 1. Schematic explanation of the relaxation phenomena in-
duced by the motion of spin. (a) Setting of the rf coil and the static
magnetic field H, for magnetic resonance. (b) The relationship be-
tween two spins diffusing on the one-dimensional chains. (c) The lo-
cal magnetic field modulated randomly by the spin motion, seen by
the spin of interest as a function of the time. {d) The spectral den-
sity of the autocorrelation function of the local fluctuating mag-
netic field shown in (c).

K. MI1ZOGUCHI

Then, the excess population can relax to the thermal
equilibrium state with a rate proportional to the spec-
tral density J(wo) which is the Fourier transform of the
autocorrelation function G(t) for Hie.

The hyperfine interaction is relatively important in
the case of the neutral soliton in pristine trans-(CH), be-
cause of its low spin concentration. In the conducting
states, however, the dipolar interaction plays a
dominant role because of its spin concentration which
is higher by one or two orders of magnitude than in the
case of the neutral soliton.

2.2 Autocorrelation function and its spectral density
An expression for the autocorrelation function G(t)
is given by Abragam® as

6(0)={[ ptr)@(ry 72, OF ()F () drs o, @.1)

where p(r1) is the probability density of finding a spin
at 7, that is, the spin concentration ¢ per unit mole-
cule, @ (7, 72, t) is the probability density for the spin
at r; and t=0 to be found at 7, and time ¢, which is
governed by the dimensionality of spin motion as will
be discussed in §2.3. F(r) is the random function of
the implicit parameter ¢, which is determined by the
functional form of the interaction Hamiltonian 3#,=
X, FWAY for example, in the case of the dipolar inter-
action,

3 2 1
A(0)= —_ ’71’7571{_‘5‘ IZSZ+‘E (I+S-— +I—S+)}’

2
1—3 cos? ¥
po-t73cs 8 (2.2.2)
r
3
A(il)=_; Py,fYSh{IzSt+ItSz})
plen =SB Oc:i 96““” (2.2.b)
3
A(1'2)= ——Z fyl"ys?l.[ys:,
sin? @ e ¥2¥
F(:2)=——-r—3——, (2~2-C)

represented in polar coordinates with respect to Ho,
where r is the length of the vector r connecting two
spins.

Since the chains consist of discrete atoms or mole-
cules in the actual systems, we redefine G (t) as

G(j)(t)=c Z 45(1'1, T2, t)F(j)(T1)F(j)*('l‘2). (23)

The Fourier transform of G(t) then gives the spectral
density J(w) as

JNw)=c X ¢(r1, 13, W) FI(r)FI*(ra),  (2.4)
where ¢(r1, r2,w) is the Fourier transform of the
probability density @ (ri, 2, t) and the sum is over 7
and r; with all the possible sites.
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2.3 Spectral density in quasi-one dimension
2.3.1 Spectral density

If we consider the spins diffusing on a one-dimen-
sional (1D) chain with a diffusion coefficient 2/ (cm?/s)
or a diffusion rate Dy (rad/s)(=9/c}; ¢y is the lattice
constant), the probability density ®:p(r1, 72, t) is given
by a solution of the 1D diffusion equation, 8&/9t=
9/ A® which is valid in a longer time scale than 1/Dy. 1t
is well known that the solution of this equation is given

by

1 (Iry—ral/ey)?
Dip(re, 1oy t)= mexp {—W—} (2.5)

Here, note that Dy should be replaced by 2Dy for the
electron-electron dipolar case in which the spins diffuse
mutually. Since the actual systems are more or less qua-
si-one-dimensional (Q1D), we must take account of a
cutoff of the 1D correlation of motion as the escape
probability from the 1D-chain by adopting @ .(t)=exp
(—2t/7.), where T, is the mean lifetime of the 1D cor-
relation. If we consider the interesting case of Q1D
diffusion, we have D, =1/7,. The probability density
for the Q1D system can then be given by

Pqin(ry, 72, t)=Pip(r1, 72, t) - S L(¢)
exp {~2D.t} . { (|’l‘1—7’2|/0//)2}
=——expy (-
varDyt 4Dt
(2.6)
The expected frequency dependence of the spectral

density J (w) for the quasi-one-dimensional diffusion is
given by the Fourier transform of eq. (2.6):

1 ‘/1+~/1+(w/2Dl)2
vapp, ' 1+(w/2D.)?

dqn(lri—r:l, w)=

X exp (—mu) [cos (nv) *f—t sin (7v) |,
(2.7)

where

|7'1'"7‘2|

2D, /Jl +(w/2D.)?+1
y U=

n= 2 )

cy D

and

U:‘/Jl +(w/2D.)*—1
; .

Although eq. (2.7) is complicated, we have a simplified
formula,

(2.8)

ban(w)~ 1 J1+ Vi+(w/2D,)?

JaDyp, ' 1+(w/2D.)*

for the scalar interaction (¢ §(r;—r;)) and the dipolar
interaction under the condition nu<l1, i.e., wDycl/
Arly, where Are is the effective range of interaction.
Actually, Are falls within several angstrom in which
the dipolar coupling strength reduces to several % of
its maximum value by virtue of the 1/(rir3) depen-
dence, as shown by eqs. (2.1) and (2.2). Therefore,
nu<1 approximately holds at all the frequencies w< Dy
where the diffusion equation is valid.
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Then the spectral density J(w) can be described by
eq. (2.8) and the two simplified expressions are valid in
each frequency regime:

1
dqin(w) = 2D’
for D;<w<kDy, (2.9.a)
~ 1 J—
¢Q1D(w)~m—const-,
for w<kD,. (2.9.b)

Equation (2.9.a) demonstrates the typical 1D behavior
of 1/Ww and eq. (2.9.b) that of 3D behavior, as common-
ly found in the conducting polymers. Since the actual
systems are three-dimensionally anisotropic, 2D behav-
ior described by log w can appear between 1D and 3D
regimes. 23"
2.3.2 Effect of delocalized wave function

In the case of the neutral soliton in pristine trans-
polyacetylene, eq. (2.7) should be used instead of the
abbreviated eq. (2.8), since its wave function is delocal-
ized by the half-width L~7 (c/) that is large enough to
violate the criterion w<Dyc)/Ar % (§2.3.1) at high fre-
quencies due to an increase of Ar.s caused by the
delocalization. In such a case, the correction factor
exp {—2L.«vw/2D)} should be multiplied to eq. (2.8),
where L. is the effective delocalization length equal to
~L in ref. 32. This expression overestimates the correc-
tion at higher frequencies because of insufficient ap-
proximation. Figure 2 shows the corrected behavior of
2Dypqn(w) as a function of ¥2D)/w. Such a correction
produces a downward shift of dqip(w) by 2Lt vw/2 Dy at
low-frequencies, resulting in a finite intercept of the ab-
scissa when extrapolating the slope in the low fre-
quency range. Since this intercept is proportional to
Less, it has been proposed to estimate the neutral soliton
width in t-(CH), by '"H NMR.?%? In the case of the Su-
Schrieffer-Heeger (SSH) soliton®® with the full width of
Lgsy at half-maximum, we estimated the effective
length to be Leg/Lssu~0.4 for the electron-electron
dipolar and ~0.5 for the contact hyperfine interac-
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Fig. 2. The spectral density J (w) with delocalized wave function as
a function of V2D//7w at higher frequency than D, , where Ls=3 esti-
mated for the SSH soliton with L=7 is used.
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tions, which is larger than Les/Lpox~0.33 for the box-
shaped soliton.*” Equation (2.7) is also useful for dis-
cussing the effect of finite chain length, as will be
described in §2.5.

2.4 Spin-lattice (T 1*) and spin-spin (T ;') relazation
rates
Expressions for 1" and T';! are given by

3
T = y41S (S+ 11T wo) +J2wo)

=~442S(S+1)cZi[0.26(wo) +0.84(2wy)]
=3~v3kpTxZi[0.2¢(wo) +0.8¢6(2wo)] (2.10)

and
3
T =3 ~4H2S (S+1)[ JO(0) +10J N wo) +J P(2wo)]

=~4A25(S+1)cXi[0.36(0) +0.5¢(wo) +0.26(2wo)]
=343ksTxZi[0.36(0) +0.5¢(wo) +0.2¢(2wo)]
(2.11)

in the case of the electron-electron dipolar interac-
tion.? The susceptibility x is in units of emu per unit
molecule. At the second equality of eqs. (2.10) and
(2.11), the powder average of J”s was taken, result-
ing in the lattice sum over r; and r. described by
5=3Py(cos 612)/(r3r3).? Determination of Dy requires
precise information on the lattice constants to avoid am-
biguity caused by X;. This point is in contrast to the
case of D, which could be obtained graphically and
thus more definitely. The spin-spin relaxation rate 77"
can be observed as a broadening of the ESR peak-to-
peak linewidth AH,,=2T37/(V3~s), and can be writ-
ten as the sum of the two terms T4 '<0.34(0) and
T{7'c0.5¢(ws)+0.2¢(2ws). The first one, three-tenths
of T7!at w=0, is the electron-electron dipolar broaden-
ing narrowed by the rapid diffusive motion and is in-
dependent of frequency. The second one, seven-tenths
of T5! at w=0, is produced by the rapid spin-lattice
relaxation mechanism, called lifetime broadening, and
depends on the frequency in a somewhat different man-
ner from T1'. In the 3D regime at w<D,, T;'is ex-
pected to become equal to 77!, as was found ex-
perimentally in pristine trans-polyacetylene.’ The
ESR linewidth measurement is suitable for studying
the spin dynamics, because it is easier to measure with
high accuracy than 71"

When we analyze the ESR linewidth, there is one im-
portant point to be aware of; additivity of the ESR
linewidths. If all the sources for the linewidth have
Lorentzian line shape, one can apply the simple al-
gebraic addition rule. In the case of the sum of Lorentzi-
an and Gaussian line shapes, it is required to deconvo-
lute the observed shape to obtain each linewidth. In
many of the actual systems, the motion of the spins is
rapid enough to satisfy the extreme narrowing condi-
tion where Lorentzian shape is expected for the line
shape. In the case of the width due to trapping, as dis-
cussed in §4.2, however, the line shape has been found
to deviate from Lorentzian. Then, in quantitative analy-
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sis one should take account of the additivity of the two
contributions. Such a deviation was found in pristine ¢-
(CH), well below 100K. As an actual problem,
however, the deviation from Lorentzian is not so seri-
ous as to cause deviation of the raw data out of the ex-
perimental error range.

2.5 Effect of finite chain length

In this section we will discuss the effect of finite con-
jugation length [. Spin is expected to diffuse by an
average distance of z(t)=cy¥Dyt for time t. Then, if
the frequency is sufficiently higher than the characteris-
tic frequency w.=Dyc7/l?, the finite conjugation length
! would have no effect on our earlier discussion since
the spins cannot know the presence of chain ends. If
the frequency, however, is lower than w., providing
that D,<w., the earlier discussion that 1/7.=D,
should be modified; w.=Dycj/l? instead of D, deter-
mines 1/7.. To proceed further in the discussion of the
effect of the finite chain length, we start with

exp (=-2D.t)
Panlre o S D

for the probability density ¢qin(w). We can take into ac-
count the effect of I by multiple reflections at the chain
ends as

(2.12)

exp (—2D.t) ® ( n2N2)

o , T2, t)=——F—=11+2 —

Q1D(7‘1 ra, t) ,__471'D//w Eexp Dt
( +m>2N2
n+—

9 N-1 @ N
+—= exp| ——————— ,
NEOZ’% P Dpt
(2.13)

where N=l/cy is the number of conjugated monomer
units and m is the site number of interest, which is num-
bered from the chain end. The second term is a sum for
the even-number reflections at the chain ends and the
third term is that for the odd-number reflections. Since
each m site is not equivalent in the case of odd-number
reflections, they should be averaged out. Figure 3
shows the calculated autocorrelation function G (t) mul-
tiplied by ¥4nDyr . with the parameter K =N/¥Dy7 | as
a function of the time normalized by 7.. When K>>1, a
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Fig. 3. The autocorrelation functions v4nDjr 1G(t) for the finite
chain length. K=N/Dyr | is the chain length normalized by the
mean distance of diffusion for the interchain escape time 7.
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cutoff of G(t) at t=7, is caused by D,=1/7,, but
when K<1, G(t) levels off at t=K2r,=N?/Dy, i.e., a
saturation of the correlation of motion occurs as an
effect of the finite chain length [. In Fig. 4 the corre-
sponding normalized Fourier spectrum d)(w)/(ch ),
which levels off below w~ 5w, is shown for the pure 1D
case of 7, = % where w,=D)/N?acts as a new cutoff fre-
quency instead of D, .%

This effect of the finite chain length gives a lower
bound of the chain length [nin= VDyr1¢)< VDjlweey=1
under the condition that the observed 71! is always
equal to or larger than w. and D,. The estimated [y, is
summarized in Table 1.

Some calculations have been reported using
anisotropic random walk on the cases of finite chain
length and/or a delocalized wave function.3%3®

3. Experimental

The most characteristic feature of this experiment is
the wide frequency range from several MHz to 24 GHz.
To avoid systematic error the same sample should be
used throughout the whole frequency range, because
the relaxation rate of electron spin in the conducting
polymers is usually sensitive to sample handling, espe-
cially residual oxygen contamination.

As shown in egs. (2.10) and (2.11), both T and T';!
are useful in studying the spin dynamics. 71! is a basic
parameter, but is not easy to study in the wide fre-
quency range, mainly because of shorter relaxation
time than dead times of the spectrometers particularly
at lower frequency. Thus, we must use a saturation
technique at less than 500 MHz at room temperature.
On the other hand, T;' or the linewidth is easy to
study and to determine precisely. Therefore, T';! is
usually used for spin dynamics study. A least squares
fit of the Lorentzian line shape is applied to attain a
high relative resolution of milligauss order. Determina-
tion of the relative magnetic field is done by monitoring
the sweep rate of the magnetic field which is detected
by a large coil wound around pole pieces of an electro-
magnet. In actual measurement, sufficient attention
has been paid to the saturation effect of a strong radio-
frequency field and excess broadening by magnetic
field modulation.

A block diagram of the home-built spectrometer is
shown in Fig. 5. This configuration is common to all the

d(@)/ (o N)

0.01 : k- . —
10 100

w/w,

[y

Fig. 4. The Fourier spectrum ¢{w)/(w.N) of the autocorrelation
function G(¢) in the case of a 1D system, that is, 7, =% or D, =0.
Note that ¢(w) levels off below w~w,.
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Table I. The estimated minimum conjugation length {;, in several
conducting polymers.
Polyacetylene Polyaniline Polythiophene
Lo {cp) 1.0x10° 180 580

frequencies, except for the loop-gap resonators in the
GHz range®” and the usual cylindrical cavity at 24
GHz.

4. Neutral Soliton Dynamics in Pristine Trans-
Polyacetylene

4.1 ESR Ti!and T:! (linewidth)

As the first example of spin dynamics study by ESR,
neutral soliton dynamics in pristine ¢rans-polyacety-
lene should be discussed because the relaxation
mechanism has been identified, for the first time in this
system, to be the dipolar interaction between the elec-
tron spins and the hyperfine interaction.®

Figure 6 shows the spin-lattice relaxation rate T';!
versus frequency for both t-(CH), and ¢-(CD), measured
by the saturation technique. The solid curves are
predictions of eq. (2.10), fitted by a least squares
method to the experimental data. Although ¢-(CH), and

»| Power
Attenuator ™! Divider Preamp. Signal
f Analyzer
Signal T Feid
Generator Modulation
! r
RF R
Phase Lock-in
» 1O
Shifter Attenuator pem ] Amplifier

Fig. 5. The block diagram of the home-built ESR spectrometer for
various frequencies. The loop-gap resonator in the GHz range and
the cylindrical cavity at 24 GHz was used instead of the coil at low-
er frequencies.

ESRT,! (s)

1 1
10! 10 10 10*
Frequency (MHz)

Fig. 6. The frequency dependence of the spin-lattice relaxation
rates at room temperature in ¢t-(CH), and ¢-(CD), measured by the
saturation technique. Inset: 77! as & function of spin concentra-
tion ¢ (ppm) for both ¢t-(CH), and ¢-(CD),. Note the well-defined
difference at ¢=0 between ¢-(CH), and ¢-(CD),, which comes from
the hyperfine interaction with the proton or deuteron.
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t-(CD), show similar frequency dependence, there is a
considerable difference in their magnitude. The inset
of Fig. 6, showing the spin concentration dependence
of the relaxation rate for both ¢-(CH), and t-(CD),,
clearly elucidates that this difference is caused by two
different contributions: the electron-electron dipolar in-
teraction and the hyperfine interaction. Firstly, T1!
proportional to the spin concentration ¢ should be the
dipolar interaction between the spins, as predicted by
eq. (2.10), and secondly, T'1" independent of ¢ should
be the hyperfine interaction with protons or deuterons.
Since these two isotopes contribute to 7’7" with differ-
ent weights according to /2L,(I,+1),” the ratio of T1"
for t-(CH) to that for t-(CD), would be proportional to
the ratio of v&Iu(Is+1) to vbIp(Ip+1) which is as large
as 16. This ratio is consistent with the experimental ra-
tio of T1! at the concentration extrapolated to zero.
Therefore, one can conclude that the relaxation
mechanism of ESR 71! is dominated by the electron-
electron dipolar interaction in ¢t-(CD)., but by both the
dipolar and the hyperfine interactions in t-(CH),.

It is apparently possible to interpret the 1/@ depend-
ence of T17! in Fig. 6 as a spin diffusion due to ex-
change coupling in a one-dimensional fixed spin chain
model. However, the spin concentration of less than 1
spin per 2000 carbon atoms in trans-polyacetylene is
too low to explain ESR T',~! by such a model.*® When
one assumes unrealistically that the spins form clusters
to increase the effective spin concentration, the concen-
tration dependence shown in the inset of Fig. 6 cannot
be accounted for because with increasing spin concen-
tration, the exchange and dipolar interactions rather in-
crease, which results in an increase of the diffusion rate
along the chain, and equivalently, a decrease of T ™" as
expected from egs. (2.8) and (2.10), which is contradic-
tory to the observed dependence in Fig. 6.

The overall feature of the spectral density described
by eq. (2.8) could not be obtained experimentally only
by Ti' because of two experimental limitations. The
first is inapplicability of the saturation technique below
100 K, where the line shape of ESR in the pristine poly-
acetylene becomes slightly inhomogeneous, preventing
reliable analysis of the data. The second is the presence
of intrinsic finite dead time in the pulse technique,
which limits measurements to 77! longer than 1/w.
Therefore, we developed the ESR linewidth analysis as
a new method of spin dynamics study.'? Figures 7(a)
and 7(b) show the temperature dependence of the ESR
linewidth in t-(CH), and ¢-(CD), versus 1/¥f. The solid
curves show the sum of eq. (2.11) and the constant
term AH..p, fitted to the experimental data less than
1//f~0.4 MHz "2 or higher than f~6 MHz by the
_ least squares method. Both the constant term AHuu,
and the steep increase below 6 MHz that are not
predicted by eq. (2.11) are related to trapping of the
neutral soliton.

4.2 Effect of trapping
4.2.1 Diﬁuse/tmp model

It is well known that cis-(CH), has a small number of
neutral solitons that are localized (trapped) within a
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ESR linewidth AH,, (Oe)

I 1 1 1 i n 1 i

0 01 02 03 04 05

WWf (MHz?)

ESR linewidth AH | (Oe)

" 1 i 1 i 1 1
0 01 02 03 04 05
WWf (MHz'?)

Fig. 7. The frequency dependence of ESR linewidth for (a) t-(CH),
and (b) t-(CD), with the implicit parameter of temperature. Note
that anomalous line broadening is found at frequencies lower than
6 MHz (1//f =~0.4) only in t-(CH),, as confirmed in Fig. 10.

short trans segment. The ESR spectrum of such a soli-
ton is intrinsically inhomogeneous (static).®” This find-
ing suggests a new idea® in interpreting the ESR
linewidth in £-(CH),: the neutral soliton diffuses rapidly
most of the time (diffusing state), but it is sometimes
trapped for a period longer than 1/Dy at special trap-
ping sites (trapped state), for example, the sites affect-
ed by the potential of oxygen adsorbed on sample sur-
faces? and of the residual catalyst.'®?” For such a
period in the trapped state, the same broadening
mechanism as in the cis-(CH), becomes effective. This
is called the diffuse/trap model? in this review.
According to this model, the width due to trapping
AH,,, is given by cuAHy+ciAHi: Here, c. is the
probability of the soliton being in the trapped state,
which is temperature dependent through the trapping
potential energy Ei.p, and AHy and AH, are the static
hyperfine and dipolar widths, respectively, at absolute
zero. Using AHusp=1.41 Oe'” and 3.7 Oe'? for t-(CD),
and t-(CH);, respectively, as shown in Fig. 8, AH, was
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Fig. 8. The temperature dependence of the width due to trapping
(the constant contribution in Fig. 7) in t-(CH), and t-(CD), and the
correction factor for trapping; the broken curve, @, =car=1—Cy,
and the solid curve, Qd=l+0.83c¢,—1.83cf,.

estimated as 0.87 Oe and 3.16 Oe for ¢-(CD), and t-
(CH),, respectively, and AHy=0.54 Oe.'” Using these
values, we can estimate the number of solitons diffus-
ing as cqt=1—cuw at each temperature and the intrinsic
T;' using the correction factors Gy and Qu for the
hyperfine and dipolar interactions, respectively. Here,
b= Cait and Qa=lcant V2 culcan+ w/_QY Cux Caiff =
1+0.83cy —1.83¢%. 111722 The parameters Q» and Qu
obtained experimentally are shown as a function of tem-
perature for t-(CD), in Fig. 8.

This model make it possible to interpret all the availa-
ble data consistently.
4.2.2 Anisotropy of ESR T ;' and linewidth

ESR T'1!and linewidth in stretch-aligned polyacety-
lene show anisotropic sinusoidal behavior.'¥ The solid
curves in Fig. 9 show the predictions of egs. (2.10) and
(2.11) (the first line in each equation) for diffusing
spins. As for T'1 7!, the phases of patterns both in ¢-
(CH), and t-(CD), are the same and consistent with eq.
(2.10). For the linewidth, the phase of anisotropy pat-
tern for diffusing spins is the reverse of that for the lo-
calized spin, similarly to that in cis-(CH),.'” Figure 9
shows that the pattern for the linewidth in t-(CD), is
that of diffusing spins, but that in ¢t-(CH), is of the local-
ized spins, similarly to in cis-(CH),. This difference can
be interpreted as the difference of v, in magnitude for
the proton and the deuteron. In ¢-(CH),, the anisotropy
pattern was dominated by the width AHy:ap due to trap-
ping, instead of T'5' described by eq. (2.11), through
the large hyperfine coupling with the proton nuclei, but
eq. (2.11) governs the linewidth in t-(CD), by virtue of
the small hyperfine coupling with the deuteron.
4.2.3 Anomalous broadening below 6 MHz in t-(CH),

Anomalous broadening of the linewidth below 6 MHz
was observed only in t-(CH), (Fig. 7(a)), not in ¢-(CD),
(Figs. 7(b) and 10(b)). This can be understood as an in-
crease of the trapping width AH,,, due to a crossover
from unlike spins to like spins with the frequency pass-
ing through the effective hyperfine coupling constant
Qe in units of frequency.
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Fig. 9. ESR T,7! and linewidth versus the angle of magnetic field

to the chain direction in the partially stretch-aligned ¢-(CH), and ¢-
(CD), samples. A reversed pattern phase of linewidth AH,, (1+3
cos® v) against T'7 'c(5—3 cos? %) is expected from egs. (2.10) and
(2.11) as shown by the solid curves.'® In the case of t-(CH),,
however, the pattern phase of the linewidth is dominated by the
width due to trapping, similarly to that for cis-(CH), given in ref.
39.

Effective hyperfine coupling constant a.s is a product
of the spin density and the coupling constant per elec-
tron spin. When the resonance angular frequency w in
ESR is larger than a.s, the secular term AS,1, is effec-
tive for broadening, but the spin flip-flop term BS+ = is
ineffective because of decoupling by the strong exter-
nal magnetic field Hy (refer to eq. (2.2) and ref. 28).
This situation is called ‘‘unlike spins’’ that have dis-
tinctly different resonance frequencies. When w,
however, becomes smaller than a., such a decoupling
becomes ineffective, since each Larmor frequency is
governed not by the external field, but by the effective
hyperfine coupling frequency. The electron and the pro-
ton spins in such a state are called ‘‘like spins’’. There-
fore, the linewidth is broadened additionally by the
spin-flip term BS: /= at frequency lower than a.s.

Since the BS+ /5 term has a similar coefficient to the
AS,I, term,?® the phase of anisotropy patterns with
and without the BS+ /3 term should be the same. Ac-
tually, the anisotropy pattern observed below 6 MHz
has the same phase as that above 6 MHz, as shown in
Fig. 10. In addition, the ratio of additional broadening
due to the BS+ /s term to that due to the A S,], term is
expected to be 0.5.%® This value is also consistent with
the observed ratio AHexc/AHt,,,p=l.9/3.4z0.56 at 10
K. Therefore, we concluded that this mechanism is the
origin of the observed anomalous broadening below 6
MHz in t-(CH),. To render this mechanism effective,
the condition tmpZI/aeff (~1077s) should be satisfied,
where ty.p is the time during which the neutral soliton
stays at the trapping site.

Since about 90% of AH.., is due to hyperfine
coupling with the proton nuclei at 10 K, this crossover
frequency of 6 MHz gives an estimate of p,=>0.1 spins/
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Fig. 10. The angular dependence of ESR linewidth at 10 K (a) with
frequencies 40 MHz (without the excess width) and 3.5 MHz (with
the excess width) in t-(CH), and (b) 18 MHz and 3 MHz in t-(CD),.
Note that the excess linewidth shows the same phase of pattern as
that for cis-(CH),, similarly to the width due to trapping.

carbon for the maximum spin density of the neutral soli-
ton in trans-(CH),,'? providing that the hyperfine
coupling constant is —23 Oe/spin with the proton
nuclei. This figure is consistent with the estimate by
the ENDOR technique that p,=0.1-0.19 spins/carbon
for cis-(CH),,* but is inconsistent with the uniformly
delocalized wave function from 40 to 60 carbon sites.*)
Then, the present analysis for the maximum spin den-
sity and the ENDOR data are consistent with the SSH-
type wave function for the neutral soliton in both
cis- and trans-(CH),, except for the negative spin polari-
zation in odd carbon sites due to the Coulomb correla-
tion. 042

Finally we would like to stress that the linewidth,
being the true basic parameter in ESR, is clearly ana-
lyzed on the basis of the interesting idea of trapping, in-
cluding the frequency dependence of the linewidth.
This experimental finding suggests that in the interpre-
tation of neutral soliton dynamics in trans-polyacety-
lene, the trapping effect plays a very important role,
and that conclusions not taking into account the trap-
ping effect should be viewed with care.

4.3 Temperature dependence of diffusion rates

The experimental data shown in Figs. 6 and 7 yield-
ed the diffusion rates along (D)) and across (D) poly-
mer chains by a least squares fit to eqs. (2.10) and
(2.11), as shown by the solid curves. Dy is inversely
proportional to the initial slope and D, is the transition
frequency from the 1D (linear increase) to the 3D (level-
ing off) regimes in Fig. 7. The temperature depen-
dences of Dy in t-(CH), and t-(CD), are shown in Fig. 11
together with the data analyzed by 'H NMR. % Here,
the solid curve shows Dy without correction of the trap-
ping effect, whereas the other symbols include it. Note
that Dy above 100 K is almost free of the trapping
effect, as shown by the solid curve.

Figure 11 suggests that the dynamics of the neutral
soliton is not a free ballistic motion at low temperature,
but a hopping driven by phonons to overcome some at-
tractive potentials, which follows T'? dependence.'®'?
It is interesting to know that the result by proton
NMR?-?9 is consistent with that by ESR. If we take into
account quantitative large ambiguity induced from the
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Fig. 11. The temperature dependence of the diffusion rate along
the chain, Dy, for t-(CH), and t-(CD), together with that deter-
mined by 'H NMR. %) The solid curve indicating Dy for t-(CD), be-
fore the trapping correction shows a negligibly small contribution
due to trapping above 100 K.

diffuse/trap model (especially in proton NMR, almost
the entire temperature dependence is governed by the
trapping effect), this agreement is satisfactory and sug-
gests that both of the methods detected the same
phenomenon, in spite of the criticism that l/ﬁ depen-
dence observed by proton NMR could come from a
relaxation mechanism other than the neutral soliton
diffusion.®” As for the temperature dependence of Dy,
many theoretical approaches have been made.***

Figure 12 shows the temperature dependence of the
cutoff frequency 1/7 . in t-(CD);. It is interesting to con-
sider the origins of the cutoff frequency, because a topo-
logical kink of the neutral soliton is essentially localized
on the chain. Possible origins are due to (1) an ex-
change interaction between the electron spins*® and (2)
soliton hopping from the neutral soliton to the charged
soliton proposed by Kivelson.*” Then, a possible expla-
nation of Fig. 12 is as follows. In the temperature range
below 100 K, mechanism (1) of the exchange interac-
tion governs 1/7.. At the lowest temperature most of
the neutral solitons are trapped and several solitons ac-
cumulate around residual catalysts and adsorbed
oxygens, which enhances the exchange interaction
among them. With increasing temperature, the neutral
solitons start to diffuse rapidly, which decreases the
efficiency of the exchange interaction among the neu-
tral solitons. In a higher temperature range, neutral
soliton hopping via the charged solitons assisted by the
phonon becomes dominant. Kivelson suggested a
strong temperature dependence for the conductivity
ooc T3 in this mechanism, which is similar to the rapid
increase of 1/7, around room temperature.

It is well known that Naarmann-type polyacetylene
(NT-PA) shows higher electrical conductivity than the
Shirakawa-type one (S-PA). The origins of this differ-
ence are still under study.***” Recently, Wang et al.
reported that the interchain cutoff frequency 1/7. in
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Fig. 12. The temperature dependence of the cutoff frequency 7,
for t-(CH), and ¢-(CD),.

pristine polymer is related to this difference.’’ To
confirm this interpretation, 1/7, was studied in both
types of the polyacetylene and no meaningful differ-
ence between them was found in 1/7 ., but a correlation
between Dy and AH,,,, was found, suggesting a higher
number of trapping centers in NT-PA than in S-PA, as
shown in Table I1.?® This shows that the origin of the
difference between the two in conductivity is not
related to 1/7, in trans-polyacetylene, but rather to
the degree of chain orientation in these poly-
mers.16'2°'49'5°)

We can try to estimate the lower bound I/, for the
average conjugation length in ¢-polyacetylene;
lmn= VDy710)= V5 %X 10-2X 10 "%c)=10%. Here, we
used the parameters at 300 K. The estimated conjuga-
tion number is the minimum value, at least for chains
carrying a neutral soliton.

4.4 Relation to pulse ESR experiments'”

In the studies of spin dynamics, some pulsed ESR ex-

Table II. The diffusion rate along the chain (on-chain), Dy, and
across the chain (off-chain), D, the residual linewidth AH,,,
caused by the trapping of the neutral soliton and the number of
spins (neutral soliton) for each sample for different synthesis and
isomerization conditions.

Tvpe of PA On-chain  Off-chain  Residual Number of
ypan d diffusion  diffusion  linewidth spins ¢
{somerization rate Dy rate D AH,,, (10? ppm)

(10 Hz) (10"Hz) (Oe)
NT-PA
(180°C 55 min) 5.8(1.5)  1.5(0.4) 0.99(0.02) 5.4(0.3)
S-PA-1
(145°C 2.5 1) 9.0(2.5) 1.3(0.4) 0.69(0.02) 4.4(0.2)
S-PA-2
(165°C 2 b) 12.7(5) 1.4(0.5) 0.66(0.03) 4.4(0.2)
S-PA-3 12.6(4) 1.7(0.5)  0.22(0.02) 4.3(0.2)

(180°C 2 min)
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periments have been reported: the electron spin echo
(ESE) phase memory time Ty which is a parameter
similar to T5'°? the free induction decay (FID)
studies,’ the spin-lattice relaxation rate 717, and
the ESE-detected multiple-quantum NMR (ESE-
MQNMR).%® All the experiments were done mainly at
the X-band (~9 GHz). The authors of those papers
reported conclusions incompatible with each other. It
seems probable that the trapping effect was not taken
into account in their analyses with independent
models. Relaxation data T'7 ' and T y' measured only at
a few frequencies are not enough to reveal the neutral
soliton dynamics in t-polyacetylene. The observed
relaxation phenomena can not be attributable only to a
unique mechanism; there are other contributions such
as the width due to trapping and the effect of the delo-
calized wave function. FID is the same as the line shape
in nature. Both the FID and the line shape analysis
should be considered with great care, because very
small amplitude of the signal tails includes important in-
formation which is sensitive to many other perturbing
factors, for example, trapping.

4.4.1 Spin-echo decay time Tu

Figure 13 shows the temperature dependence of the
motionally narrowed ESR linewidth (y7'3) 'c0.3¢(0)
and the phase memory width (yTy)™! in t-(CD),.5%59
Here, ('yTz)_1 can be written as a sum of the two parts,
(vT{(w))"*and (yT$)"!, the nonsecular (lifetime) width
and the secular width, respectively. Here, note that
(yT3)~! does not decrease monotonically with T as is
usually found in motional narrowing of 3D materials,
but is proportional to 1/¥2DyD, as seen in eq. (2.9.b).
Figure 13 will be interpreted as further evidence for
neutral soliton trapping.

The authors of ref. 52 analyzed the phase memory
time with the stationary Gaussian spectral diffusion for-
malism and concluded that the diffusion rate is smaller
by several orders of magnitude than that estimated
from the frequency dependence of 'H NMR 7T'i'. This
conclusion is refuted by the present spin dynamics
study using frequency dependence. Our conclusion is
that the spin-echo decay rate undergoes a crossover
from AHyp+(yT3) " Y(=ESR linewidth at X-band)
above 200 K to (yT'3)~! below 100 K, as can be seen
from Fig. 13. The reason is as follows.

Ty due to trapping is roughly defined as the time for
the accumulated dephasing angle of spin packets in
z *y* rotating coordinates to reach one radian,
v (Hioeew) T =1 due to the effective local field Higocy?®
which can be observed as the width due to trapping,
AHyep=Hyoccrr- Here, Hy is the local magnetic field at
the neutral soliton and ¢y, is the probability for the neu-
tral soliton to be in the trapped state, as defined in
§4.2.1. c,; changes with temperature, as shown in Fig. 8.
Although the width due to trapping YHiap="YHiocCt: is
always much greater than T3 ! in polyacetylene, H,.
may not necessarily contribute to Ty’ because a static
local field exerts no effect on T'y'. Therefore, ¢, K T3
is another criterion for AH., not to be canceled by the
spin-echo focusing pulse, but to contribute to Ty'.%®
Here, tu.p is the average duration of stay at a trapping
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Fig. 13. The temperature dependence of the motional narrowed
secular width (yT'4) ™! which is approximately equal to (vT3)”" at
the X-band (eq. (2.11)) and the phase memory time Ty obtained by
(1) Shiren et al.’? and (2) Isoya.®® The solid curve shows a typical
behavior for ('yTé)*’-I-AHmp‘ At temperatures lower than 100 K,

(yTy) ™! coincides with the secular width (yT'3) ™' ~(yT,) ™" at X-

band. At temperatures higher than 200 K, however, (yTw)7'is
governed not only by the secular width (yT'3) ™", but also by AH, .

site for the neutral soliton. Then, if ¢, is nearly equal
to T5=~107%s around 100 K, one can naturally expect
that (yTw)”! approaches (yT3)™' well below 100 K
where tuep> T4, and AHup+(yT'3) ™" well above 100 K
where t..;<T'5, as observed in Fig. 13. This trapping
time of =107%s around 100 K is also consistent with
the observation of anomalous excess broadening below
6 MHz in t-(CH)., which requires that tu., meets the
condition tusp=>1/acr~10"7s (see §4.2). A definite
difference between the two (yTy) " data sets is found
above 100 K in Fig. 13, implying an extrinsic contribu-
tion due to the trapping effect which largely depends
on the samples.

The above conclusion directs our attention to the
fact that the ESR linewidth is strongly affected by trap-
ping, even if the observed line shape is nearly Lorentzi-
an.

4.4.2 Spin-lattice relaxation time

Figure 14 shows the temperature dependence of the
spin-lattice relaxation rate T ' measured by Robinson
et al. at the X-band.*¥ In the case of T'1', the trapping
exerts no direct effect, but affects T'i' indirectly
through the delocalized wave function of the neutral
soliton combined with the slowing of the diffusion rate
Dy. As discussed in §2.5, this effect strongly suppresses
T1! at higher frequencies, as shown in Fig. 2.

The authors of ref. 54 proposed a model without trap-
ping in which the following apply.

(1) The neutral soliton is delocalized dynamically
over 50 sites in a rectangular area, and in such a rectan-
gular region,

(2) the neutral soliton takes on ballistic motion in-
terrupted by phonon scattering, i.e., D=Vir-like
metallic electrons, and then the diffusion rate
decreases with increasing T.

(3) Furthermore, diffusive motion of such a rectan-
gular region would be activated thermally.
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Fig. 14. The schematic temperature dependence of the spin-lattice
relaxation rate 7';' measured at 9.5 GHz by the pulse tech-
nique.“’w

The last term (3) is proposed to explain motional nar-
rowing of ESR linewidth, compatibly with the restric-
tion (2).

Within the present framework of spin dynamics with
the two effects, the trapping (84.2) and the delocaliza-
tion effects with the SSH soliton (§2.3.2), the behavior
of T1'in Fig. 14 is almost reproducible, except for the
gradual increase above 100 K. In contrast, the above
model fails to explain the ESR linewidth as functions of
the frequency and the temperature shown in Fig. 7, as
follows.

The ballistic motion of the spin in assumption (2) is
inconsistent with the presence of the width AH.,, due
to trapping. In particular, the anomalous broadening
below 6 MHz in t-(CH), could not be explained by the
ballistic motion of Spin without the trapping effect
(84.2.3), since the duration for which the electron spin
stays in a certain site is too short to couple with the pro-
ton spin; it needs more than ~107°s.

Although the assumption (3) without trapping would
be possible to interpret the ESR linewidth at the X-
band, a consistent interpretation for the temperature
and frequency dependences of the ESR linewidth re-
quires the diffuse/trap model, as discussed in the
preceding sections.

4.4.3 Multiple-quantum spin coherence

An interesting but sophisticated discussion has been
reported wherein all of the spins are localized in 99%
3C-enriched polyacetylene, studied by multiple quan-
tum NMR detected by the ESE technique.®® This is,
however, further experimental evidence for the
validity of the diffuse/trap model.

Three pulses, 7/2-7-7/2-7-1/2-72, were applied to
the electron spin, i.e., the neutral soliton, to induce *C
MQNMR transition only in nuclei coupled to the soli-
ton. Thomann et al. found qualitatively the same spec-
tra for trans-(CH), and cis-(CH), at 4 and 298 K,
demonstrating that the observed spins coherently cou-
pled with ~13 carbon nuclei under all the conditions
studied, and as a result, the shape of the neutral soliton
is concluded to be the same in each isomer.

If the neutral soliton were diffusing faster than the
coupling frequency between the electron spin and the
nuclear spin, the multiple quantum coherence would be
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destroyed by decoupling of the electron-nuclear interac-
tion. This means that the neutral soliton in the diffu-
sion state could not be observed by this technique, but
only the soliton in the trapped state could be observed,
that is, the qualitative spectra of this experiment can-
not give any information on the existence of the soliton
in the diffusing state, but absolute intensity does. The
reason why they concluded that ‘‘all’”’ the spins were
trapped instead of the above was that the ESR signal
was composed of only a single species, which requires
that ‘‘the observed”” MQNMR signal should include
““all” of the existing spins. Following the diffuse/trap
model, however, the ESR signal is composed of a single
line and ‘‘all’’ of the spins have an equal chance to con-
tribute to the MQNMR signal in terms of a time shar-
ing of the diffusing and the trapped states. Therefore,
the above experimental result does not indicate whether
“all’’ the solitons were trapped or not as insisted by
them, but, on the contrary, shows the existence of the
soliton in the trapped state even at 298 K, consistent
with the diffuse/trap model of the neutral soliton in
pristine polyacetylene.!*'"? The temperature depen-
dence of the ESR linewidth AH,., due to trapping
shown in Fig. 8 predicts that around 10% of the neutral
solitons are in the trapped state even at 298 K (more
strictly, tuap>1/ae should be satisfied).

Therefore, this technique would be useful in deter-
mining how many solitons are trapped at each tempera-
ture to check the diffuse/trap model quantitatively. Ac-
tually, the reported MQNMR in trans isomer has a
higher signal-to-noise ratio than in cis isomer at 4 K,
which is consistent with more than tenfold higher spin
concentration in the trans isomer than the cis one. At
298 K, however, the trans isomer has a lower signal-to-
noise ratio than the cis one, which suggests that more
than 90% of neutral solitons undergo rapid diffusion or,
in other words, during 90% of the time ratio the neu-
tral solitons diffuse rapidly (strictly speaking, only the
spin trapped for longer than 1/a.x can contribute to the
MQNMR signal). Of course, the experimental condi-
tions should be checked carefully; they did not give any
information on the spin concentration in the samples
and on the accumulation number for each spectrum.

In conclusion, this experiment provides evidence for
the diffuse/trap model, and may be a good quantitative
test for the model if the extremely difficult quantitative
analysis is successful.

5. Doped Polymers

5.1 Polyaniline'>*?

5.1.1 Polyaniline

Polyaniline (PANI) is an interesting system for the
following reasons. It is a stable polymer even in air, it
can be oxidized with several protonic acids while keep-
ing the electron number on the chain constant and it
has relatively high electrical conductivity of up to sever-
al hundred S/cm.®"%®) Very recently, up to several
thousand S/cm was achieved in highly oriented and
high-molecular-weight film.*® Figure 15 shows the
molecular structures for the emeraldine base (EB: un-
protonated insulating form) and the emeraldine salt
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Fig. 15. The chemical structures for (a) polyacetylene, polyaniline
in (b) the insulating emeraldine base (EB) form and (c) the conduct-
ing emeraldine salt (ES) form, and (d) polythiophene and (e) poly
(3-methylthiophene).

(ES: protonated conducting form). An intermediate
level of protonation could be achieved by dipping them
in hydrochloric acid of an appropriate pH. The protona-
tion induces some changes of the physical properties;
the electrical conductivity varies from 10~° (pH >7) to
more than 10 S/cm (pH =0),%” and the magnetic suscep-
tibility increases by more than two orders of magni-
tude, where the Pauli-like temperature-independent
term is found to be proportional to the protonation
level in powder form.®" This implies a percolation tran-
sition with highly protonated conducting islands. Con-
cerning the nature of the conducting state, two models
have been proposed: Fermi glass resulting from heavy
disorder by amino functions,® and polaronic metal.®"
PANT has been reported to have two different crystal
structures for each form: EB-I, IT and ES-I, II. As syn-
thesized powder has the structure ES-I and can be con-
verted to unprotonated EB-I. Stretch-aligned film cast
from N-methylpyrrolidinone (NMP) solution of PANI
has the other structure of EB-II and its protonated
form of ES-II. EB-I is amorphous and other forms have
up to 50% of crystallinity.®” In this section, we will dis-
cuss the spin dynamics of the powder samples, EB-I
and ES-I, and their intermediates protonated by HCI,
studied mainly in collaboration with a group located in
Grenoble, France. 1314626465
5.1.2 Protonation dependence of diffusion rate
As the first step, the frequency dependence of the
proton NMR has been measured. In proton NMR T'i%,
two different spectral densities ¢(w,) and ¢(w.) appear
in a relaxation formula similar to eq. (2.1 1).9 Since w. is
more than 600 times larger than w,, we can observe
only one of them. However, it is hard to distinguish
which one of them is observed. In such a case ESR is a

13)
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Fig. 16. The frequency dependence of ESR linewidth with implicit
parameter of the protonation level y. Solid curves indicate sum of
the behavior expected from eq: (2.11) for Q1D diffusion and a con-
stant as a fitting parameter. The slope of linear increase is propor-
tional to 14Dy, and the frequency where the linewidth levels off cor-
responds to D, .

useful method, because eq. (2.11) includes only ¢(we).

Figure 16 shows the frequency dependence of the
ESR linewidth for the samples with five different proto-
nation levels. Some characteristic features appeared
with increasing protonation level y: (1) the linewidth
markedly decreases, and (2) the cutoff frequency D, in-
creases. The linewidth also includes an excess constant
contribution, as in the case of polyacetylene, but it is
different from the width due to trapping in trans-poly-
acetylene, in the fact that the whole observed width in
PANI comes from the relaxation, i.e., T7'=T,*"
(=the linewidth) at the plateau region,*” in contrast
with T1'=T 7 '—AH,, in polyacetylene. Therefore,
the linewidth in PANI must result from relaxation
mechanisms other than trapping, for example, interac-
tion with absorbed oxygen which is known to broaden
the ESR linewidth considerably.*2%

The protonation dependence for Dy and D. is shown
in Fig. 17, together with that of the dc electrical con-
ductivity o. Here, £;=3.2 X 10* cm ™ is used based on
the structure proposed by Pouget et al.%® This figure
for X is larger than in the former report,'® which is the
reason why the present Dy by ESR is larger than in the
former report and that by NMR. A possible origin of
this discrepancy between ESR and NMR is the under-
estimation of the hyperfine coupling constant for NMR
with the electron spin.

There are some interesting features in this figure: (1)
Dy shows no definite dependence on y, (2) D, shows &
steep change around y=0.2-0.3 and (3) the microscop-
ic conductivity op, behaves quite similarly to the dc
conductivity. From these features, we can conclude
that Fig. 17 shows microscopic evidence of the percola-
tion transition of the well-protonated chains and that
the dc conductivity is limited by the interchain hopping
rate D, 131464

The reason is as follows. The first feature suggests
that all the spins produced by protonation have an ap-
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Fig. 17. The protonation level dependence of the diffusion rates Dy
along and D, across the chains, together with the dc electrical con-
ductivity ¢ and the microscopic conductivity op,. Note the small
dependence of Dy on y and the similarity of op, to o.

proximately constant diffusion rate Dy independent of
the protonation level y. This can be accounted for by as-
suming that such chains with the observed spins are
fully protonated, irrespective of y. The second feature
indicates that the spins in the fully protonated chains
easily hop to the neighboring chains around y=0.2-
0.3, where such protonated chains are probably con-
nected to each other, that is, this is the percolation tran-
sition observed microscopically. Related to this, the
third feature demonstrates that the dc conductivity is
limited by the conduction op, through the interchain
diffusion D, . This conclusion is reconfirmed in the case
of the temperature dependence of D_,'*% as will be dis-
cussed in the next section.

For the second feature, another interpretation that
the steep change of D, resulted from a change of the
lattice constant observed by X-ray analysis® has been
proposed.®” This is an interesting idea, but most of the
change in the lattice constant is accomplished below
y=0.2; there actually is no change between y=0.2 and
0.3. As is seen in Fig. 17, however, a change of o and
D, by two orders of magnitude occurs between y=0.2
and 0.3. Therefore, it is hard to assign the change of
the lattice constant as an origin of this steep change in
D,.

It is found that below y=0.2 D, levels off around 10°
rad/s. This can be understood to be bottlenecked by a
mechanism other than interchain hopping (i.e.
D.<71'), for example, exchange coupling?® or the
finite chain length effect discussed in §2.5. D, itself is
expected to steeply decrease further.

The microscopic conductivity op, at 300 K is esti-
mated as =1 S/cm. Here, the relation op, =eN (Ex)
D.c% for a metal is used, because a metallic tempera-
ture dependence for Dy will be obtained in the next sec-
tion. This value is somewhat lower than the measured
dc conductivity 3.5 S/cm, but is consistent with the
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presence of the parallel diffusion path through Dy. The
dc conduction limited by D, suggests a presence of
heavy local disorder like tangled wires. In such a case,
stretch alignment may strongly enhance the conductivi-
ty, but unfortunately, it will still be limited by D, con-
duction, as was found experimentally.®”
5.1.3 Temperature dependence of diffusion rate
Figures 18(a) and 18(b) show the frequency depen-
dence of the ESR linewidth for the most protonated
PANI powder, with an implicit parameter of tempera-
ture above and below 150 K, respectively.'¥ It is noted
that the initial slope proportional to 1/VDy increases
both above and below 150 K, and the cutoff frequency
D, decreases monotonically with decreasing tempera-
ture. The solid curves exhibit the expected behavior of
eq. (2.11) obtained by least squares fitting. The ob-
tained parameters Dyand D, are shown in Fig. 19 as a
function of the temperature, together with the dc con-
ductivity ¢ for the same sample.
The characteristic features are as follows.
(1) The metallic temperature dependence of Dy is
proportional to T ¢ with d=2-3 above 150 K,
but semiconducting for D, .
(2) The anisotropy ratio Dy/D, is larger than 10°
around 150 K.
(3) There is an abrupt change in Dy around 150 K.
(4) The proportionality of D, to dc conductivity o
holds down to 120 K.
(1) and (2) are clear evidence that PANI-HCl is a Q1D
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Fig. 18. The frequency dependence of ESR linewidth with an im-

plicit parameter of temperature (a) above and (b) below 150 K.

Anomaly of the slope at 150-K can be found by noting that the

slope increases with both increasing and decreasing temperature
from 150 K.
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metal above 150 K. The possibility of a 1D metal has
been discussed theoretically by some authors.%%? The
present conclusion of the Q1D metal is interesting com-
pared to that in which the stretch-aligned PANI-ES-II
film is a 3D metal, deduced from the thermoelectric
power S and the dielectric constant .57 A possible ori-
gin of this difference could be the structural difference
between the ES-I powder studied here and ES-II film.
Very recently, the importance of controlling the local
structural order was demonstrated in realizing 3D
metallic film.™ Presently, the spin dynamics study on
ES-II film is in progress to clarify this difference in
PANI-HCL The order of the power law d=2-3 in Dy is
difficult to determine with higher accuracy, because
the present limit of the frequency up to 24
GHz=2.4x10" Hz is not sufficiently high compared
with D, /2n=1x10' Hz. Hence, at the present stage,
we can only say that d is larger than two, which is a com-
mon value for many organic conductors,” and the VSC
result of the several conducting polymers.?

(2) could yield the lower bound of the conjugation
length of the polymer chain, as discussed in §2.5;
loin= ¥Dy/Dicy= V3 x 10%y=180c; which appears
reasonable considering the average molecular weight of
about 50000 for PANI.™

The high degree of anisotropy Dy/D, =10° in PANI-
HCl does not contradict the observed Lorentzian line
shape in ESR.**" The determining factor of line shape
is not the degree of anisotropy, but the condition
Di(Dy/D. )"t ¥<w?>=9.4 X 108 rad/s, where <{w?) is
the second moment of the dipolar interaction between
the electron spins.**™ In the present case, D, (Dy/D )"
>10" rad/s is large enough to satisfy the above condi-
tion at all temperatures. Therefore, the Lorentzian line
shape is a reasonable observation in PANI-HCI, and is
consistent with the high anisotropy ratio.
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Fig. 19. The temperature dependence of the diffusion rates Dy
along and D, across the chains. Note that Dy shows metallic tem-
perature dependence above 150 K, and that D, is semiconducting
with a temperature dependence similar to that of o.
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The microscopic conductivity along the chain op, can
be estimated as 1.5 X 10° S/cm at 300 K from the rela-
tion apl=e2N (Er)Djc}, which is interesting in compari-
son with the recent estimation of o for PANI-CSA
film.™ The mean free path [ * can also be estimated as
0.5¢y at 300 K and 5¢y at 150 K. These values sug-
gest that PANI-HCl is in the boundary between metals
and electron localization.

(3) suggests a phase change at 150K from
semiconductor to metal. This temperature is close to
the minimum temperature of the thermoelectric power
S for the ES-I powder.?” Since this minimum shifts to
lower temperature with increasing crystallinity, the
phase change is related to the crystallinity of the sam-
ple. Preliminary data of the spin dynamics show that
with decreasing y the temperature of phase change in-
creases,'? which suggests a suppression of the phase
change by the three-dimensional interaction increased
by protonation. The temperature dependence below
150 K is somewhat curious. Although 1/Dyxlog T, Dy
o /T or Dycexp {bT } apparently holds within a large
error range, applicability of these formulae is not clear
when absolute magnitudes are included. 19 These depen-
dences are also found in PANI-H,SO,.” The physical
meaning of the temperature dependence below 150 K
remains to be solved.

5.2 Polythiophene, Poly(3-methylthiophene)>™
5.2.1 Materials

The ESR experiment on polythiophene (PT) and
poly(3-methylthiophene) (PMT) with ClO4 (-C1) and
PF (-PF) as dopants have been performed with the
parameters of temperature and frequency,'®'® and will
be briefly reviewed here. The chemical formulae of
these polymers are shown in Fig. 15. The samples were
prepared by electrochemical polymerization.™

A characteristic feature in these materials is that
both the spin diffusion and the Elliott mechanism™
dominate the ESR linewidth. The former was observed
from frequency dependence and the latter from temper-
ature dependence. Analysis of these data provides the
possibility of deducing many electronic structures relat-
ed to the anisotropic diffusion rates Dy and D,, the
relaxation time 7 of resistivity, the Fermi velocity Vs,

<}
-3 (PT-yClOy),
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300K
PR B S | n 1 | Los 1 1 i
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Fig. 20. The frequency dependence of ESR linewidth for PT-ClO4
at 300 K. The closed circles show the raw data and the open circles
are linewidths corrected by the g-anisotropy broadening which is
proportional to the external magnetic field strength.
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the mean free path I * and the anisotropic electrical con-
ductivities oy and o..
5.2.2 Frequency dependence of ESR linewidth

Figure 20 shows the frequency dependence of the
ESR linewidth that starts to decrease above 1 GHz and
shows steep increase above 8.5 GHz. This curious be-
havior is understandable in terms of an extra broaden-
ing due to anisotropy of g-shift. In the polycrystalline
materials, the anisotropy of g-shift cannot be resolved,
but is distributed to broaden the ESR linewidth. Such a
width due to the g-shift should be proportional to the ex-
ternal magnetic field strength. The solid curve is a
least squares fit to a sum of the three terms contribut-
ing to the observed linewidth: the Elliott, the Q1D diffu-
sive motion and the anisotropy of g-shift. Here, Dy and
D, were obtained as fitting parameters. This fitting
reproduces the data fairly well with the Q1D diffusion,
in spite of the 3D anisotropic structure determined for
the polypyrrole™ and poly(3-alkylthiophene)s®®*" that
have structures similar to PT. If this is the case, one ex-
pects the two-dimensional regime where J(w)xlog w.
The actual system, however, shows approximate Q1D
behavior, indicating that the electronic state of this
polymer is still a good Q1D. A probable reason is that
the crystallinity is low enough to isolate the chains.

Finally, we obtained Dy=1.9x10"rad/s and
D,=5.5x10%rad/s with the lattice parameters,
a=3.65 A, b=12.5 A and c¢=3.9 A, and N(Er)=0.47
states/(eV -ring) for both spin directions estimated
from the Pauli susceptibility x, obtained by the
Schumacher-Slichter method.®? Thus the obtained
diffusion rates and the density of states give an esti-
mate of the microscopic conductivity as op,=1.2 X 10°
S/em and op,=3.7x1072S/cm at 300 K. The ob-
served g4 =150 S/cm is compatible with these values,
since op, =3.7X107? S/cm forms a network with op,
=1.2%x10%S/cm. Here, note that the absolute value of
op, should be regarded with caution, since op, depends
greatly on N(E¢)® and Zf.
5.2.3 Temperature dependence of ESR linewidth

The temperature dependence of the ESR linewidth
for PT-Cl and PMT-Cl are shown in Fig. 21. It is noted
that both of the linewidths increase with increasing
temperature, similarly to metallic resistivity. This be-

4r PMT-CIO,"

<)
T ~40 K

s 3} o J
z

T (K)

Fig. 21. The temperature dependence of ESR linewidth for PT-
Cl10; and PMT-CIO; measured at 50 MHz. Note the qualitative
difference in the temperature dependences for the two materials.
The solid curves show the qualitative predictions of eq. (5.2) with
T.’s shown in the figure.
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havior is consistent with the reported data.®** More
careful inspection reveals a difference in their tempera-
ture dependence as linear for PMT-Cl and approximate-
ly quadratic for PT-CL'5®™ Interestingly, the temper-
ature dependence of the VSC resistance has been found
to show a similar tendency to that of the linewidth. 55
This is particularly pronounced when the ESR
linewidth is governed by the Elliott mechanism™
through scattering via spin-orbit interaction.

If this is the case, one can try to estimate the scatter-
ing lifetime 7, with spin-flips as 7.=2/(v3v.AH,;)
~1.8%107%s from the observed linewidth AH,,=3.7
Oe. Using 7., one obtains the scattering relaxation time
1/=T7:(Ag)*/a for the resistivity, where Ag is the ESR
g-shift and « is the constant that should be estimated
theoretically or experimentally.” In the case of typical
Q1D-system TTF-TCNQ, a relationship a=7,/7/ was
found.® If this is applied to the present case with
a=2.9%10"°% and Ag=3.8x107*, a priori incorrect
value 7y=8.9%X 107" s is obtained, which surprisingly
yields 0 =4 x 10® S/cm with ¢ =ne’rj/mo. Here, n is the
carrier concentration and m, is the free electron mass.
This shows inapplicability of the relationship a=7,/7/
to conducting polymers. Furthermore, no definite cor-
relation between g-shift and AH was found in conduct-
ing polymers, irrespective of a good correlation be-
tween AH and the fourth power. of atomic numbers of
the heaviest atom.'® These findings suggest that the g-
shift in conducting polymers is governed by molecular
symmetry of monomer molecule, instead of size of the
spin-orbit splitting in metallic band. ") Therefore, quan-
titative analysis with the Elliott mechanism in conduct-
ing polymers is a problem to be solved by future investi-
gation.

5.2.4 Parameters for electronic states

If one assumes a 1D metal as a good approximation
for PT, the Fermi velocity can be estimated as
Vr,=2L/(whN (E¢))=8.0 X 10" cm/s with N(E¢)=0.47
states/(eV -ring). Then, the mean free path, [ *=Dcj/
Vr,, of conduction electron is obtained to be =cy. Con-
sequently, 7/~5 X107 s is derived from the relation
| ¥*=Vp,7)=cy. This scattering relaxation time predicts
with 7/=7,(Ag)*/c that a is an order of unity, similarly
to alkali metals.®” This conclusion markedly differs
from in TTF-TCNQ. The parameters obtained for the
electronic states in PT are summarized in Table III

Anisotropy of conductivity is very large, greater
than 10* at 300 K. This large value can be compared
with 103-10° for the PANI-HCI powder. These findings
demonstrate that these polymers are good Q1D metals.

Table III. The parameters for polythiophene obtained at 300 K
from the analysis of ESR broadening by the diffusion and the El-
liott mechanism. D is the diffusion rate, 7 the relaxation time for
scattering, V the Fermi velocity, ! * the mean free path and o the
electrical conductivity.

*

D T Vr o
(rad/s) (s) (em/s)  (cporcy)  (S/cm)
/  1.9x10® 5x107¢ 8.0x107 ~1 1.2x10°
1 55x%x10° 0.037
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However, it must be noted that they are severely disor-
dered materials and it will be very interesting to study
the systems with highly ordered structure. Finally, the
minimum conjugation length is given by [lun=
vDy/D1c)=580¢;.

In conclusion the temperature and frequency depend-
ences of the ESR linewidth are consistently understand-
able in terms of the contribution of the conduction elec-
ton spins, and suggest that the temperature
dependence of the resistivity is quadratic for PT-Cl in
the entire temperature range, but is T-linear for PMT-
Cl, and becomes quadratic below 30 K.'>®
5.3 Polyacetylene®®*

5.3.1 'H NMR study in heavily doped polyacetylene

In this section spin dynamics studied with NMR will
be reviewed.

In 1980, the spin dynamics study of heavily doped
polyacetylene was reported for AsFs-doped (CH), at
room temperature by Nechtschein et al.,? and it was
concluded that the microscopic conductivity along the
chain was higher than 10* S/cm. Unfortunately, this
conclusion is ambiguous in that the observed relaxation
can be understood not only in terms of the metallic elec-
trons but also in terms of the neutral solitons remaining
in the doped sample. At that stage, the estimated
microscopic conductivity was not clarified even at 300
K, to say nothing of temperature dependence, but was
known only to be minimum. To confirm this, various
contributions to the relaxation rate must be discrimi-
nated, especially as a function of temperature. There-
fore, a systematic study on heavily doped polyacety-
lene with several dopant species with NMR T';' was
carried out. %"

In most kinds of conducting polymers, both the Cu-
rie and the Pauli susceptibilities have been observed.®®
The Pauli susceptibility is understood in terms of the
conduction electrons. The Curie one may be concerned
with polarons in short conjugation chains, but is not yet
well defined. Figure 22 shows a good correlation be-
tween NMR T;:' and the number of Curie spins in
FSO;5, ClOz, I5, Br; and K*-doped® polyacetylenes
both (a) at 9 K and 15 MHz, and (b) at 20 K and 50.5
MHz. This well-defined correlation suggests that NMR
T1'! is dominated by the Curie spins in these doped
polyacetylenes at least in such a low temperature
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Fig. 22. NMR T';" as a function of the number of Curie spins meas-
ured by both SQUID susceptometer and Schumacher-Slichter
method in the polyacetylene heavily doped with several different
species. (a) 9K and 15 MHz (b) 20 K and 50.5 MHz
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Fig. 23. The typical temperature dependence of NMR T’y ! meas-
ured at 50 MHz in K*, Br;, I;, ClO;, and FSO;-doped
(CH),.2627%5) The steep increase around 200K in the case of
FSOj; is due to molecular motion, as probably is the gradual increase
in the case of Cl0;. The solid curves are guides for the eyes.

region. In the higher temperature range, this kind of
correlation breaks down because of the appearance of
other relaxation mechanisms such as molecular motion
and metallic relaxation. The typical temperature depen-
dences of NMR Ti! are shown in Fig. 23,2629
which is a fawiliar temperature dependence found in
many other conducting polymers, for example, poly-
thiophene,*? polypyrrole’® and polyaniline.*

Although the origin of the Curie spins has not been
established yet,* it should be noted that the NMR T'1'*
could not be used to study the spin dynamics in these
cases, which is in contrast to the ESR case discussed in
§5.1 and §5.2. One possible origin of the Curie spins is a
neutral soliton confined in a limited area.*® In the sys-
tems with a low number of Curie spins, for example in
I; -doped (CH),, metallic contribution to NMR T'1*, in
addition to that due to the Curie spins, seems to be ob-
served in the higher temperature range. The reasons
why metallic NMR T'1! is difficult to observe are that
(1) the higher the conductivity, the smaller the relaxa-
tion rate and (2) NMR Ti! is easily affected by the
molecular motions of chain and/or dopant molecules,
and by the localized electron spins. Then, if one can
control the conductivity and the Curie spin contribu-
tion, it becomes possible to study the spin dynamics in
conducting polymers. Such an example was found in
the polyacetylene modified by substituting Br for pro-
ton.22"%) Such a modification was demonstrated for
the first time by Kletter et al.*”
5.3.2 Temperature dependence of microscopic conduc-

tivity

Bri-doped polyacetylene shows a typical tempera-
ture dependence of the relaxation rate dominated by
the Curie spin.?*" It was found, however, that in some
Bri-doped cases NMR T’y 1 showed a characteristic be-
havior in 3D metals, T;T=const.®® It has been re-
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Fig. 24. The temperature dependence of NMR T in Brsy-doped
(CH,-,Br,).. It is noted that the temperature dependence is steep-
er than T,T=const.

vealed by a systematic study of this system that the
different behavior of NMR T'1! resulted from a differ-
ence in the Br substitution level.?®?” The higher the
Br-substitution, the steeper the temperature depen-
dence of NMR Ti! than T T=const., as typically
shown in Fig. 24. This superlinear law in T1T "=const.
is an expected temperature variation in low-dimen-
sional metallic systems carrying Pauli susceptibility,
for example,

T.T/VDy=T,T **=const., (5.1)

derived from eq. (2.10) for the case of oo Dyc1/T.
Several possible reasons why the metallic relaxation
was observed successfully in this system may be that
(1) the random potential produced by the Br substitu-
tion induced the scattering of the electronms, (2) the
phonon scattering of the electrons was enhanced by an
increase of the number of phonons of which energy was
lowered by the seventy-times-heavier mass of the Br
atom than the proton, and (3) the relaxation centers of
the diffusing Curie spins were deactivated because of a
confinement due to the random potential.

Figure 25 shows the temperature dependence of the
microscopic resistivity deduced from Fig. 24. The
room-temperature resistivity is on the order of
3%x107%*Q-cm which is much smaller than the ~0.1
Q-cm for the dc conductivity, but is considerably large
compared with the less than 107° -cm obtained in the
iodine-doped Naarmann-type polyacetylene, >4 prob-
ably because of the randomness introduced by the Br
substitution. Although the scattering of the data is fair-
ly large at low temperature, the characteristic power
law behavior was found; pc T at temperatures higher
than 100 K and p approaches T'? below 100 K. This be-
havior can be understood in terms of the phonon and
impurity scattering similar to those in the usual 3D
metallic systems, but disagrees with the theoretical
prediction of pexp {T/T.} for the Q1D metals in the
low-temperature limit T<T,, where T is the character-
istic temperature larger than 1000 K.*® A similar con-
clusion on the temperature dependence of the resistiv-
ity has been found in many systems with the dopants
I, ClO;, FSO5 and FeCly, by the VSC technique.”®
If a 1D metal without the restriction T<T, applied in
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Fig. 25. The temperature dependence of the microscopic resistiv-
ity py in Brs-doped (CH,_,Br,),. The solid curve is the prediction
for 1D metal described by eq. (5.2) with hwy/kg=160 K.

ref. 98 is assumed, the resistivity due to single phonon

scattering is??"
_ thg azD (Ep) 1
P =" 02 Muwo Vi cosh (Awo/2ksT') sinh (Awe/2ksT )’

(5.2)

where Y is the cross-sectional area for a single chain, a
the electron phomon coupling constant and wo the
phonon frequency with ¢=2kr causing carrier scatter-
ing in the 1D electronic systems; the other symbols
have their usual meanings. The sum of eq. (5.2) with
hwo/ks=160 K and a constant residual resistivity can
reproduce the data well, as shown by the solid curve in
Fig. 25. It has also been reported that eq. (5.2) with
Awo/ks=40-120 K could reproduce the temperature de-
pendence of the ESR linewidth dominated by the El-
liott mechanism (the solid curves in Fig. 21) and Rvsc
for poly-thiophene and poly(3-methylthiophene) doped
by ClO; and AsF¢ .18 These results suggest that the
metallic state in the doped polymers is normal metal
state.

Finally, the minimum conductivity expected from
the NMR relaxation data is discussed. T'1' is definitely
dominated by the Curie spin contribution, at least at
low temperatures. However, since the Curie contribu-
tion changes little with temperature and the metallic
one increases with increasing temperature, 71! yields
the minimum conductivity normalized by the Br-sub-
stituted case around 300 K: py<5x107%Q-cm for the
I3 case and py<5X107° Q-cm for the ClOy case. In the
ClO;s case, the obtained value is overestimated com-
pared to in the I5 case, because the ClO; ion provides
additional relaxation due to molecular rotation. These

values agree with the recently observed dc conductivi-
ties. 5,27,48,49)

6. Comparison of ESR with NMR in Spin Dynam-
ics Study

In the preceding sections we reviewed spin dynamics
studied by ESR and NMR. The apparent behaviors of
ESR and NMR are similar in some cases but contradic-
tory in other cases. Neutral soliton dynamics studies in
pristine ¢-polyacetylene have led to the conclusion that
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both of the techniques revealed the same physics and
were complementary methods for the study of spin dy-
namics (§ 4)'7-12,23-25)

In the doped conducting polymers, however, circum-
stances are different. As shown in §5.1 and 5.2, ESR
linewidth seems to reflect the carrier spin dynamics
and could be analyzed to give information on the
microscopic conductivity; in some cases it is metallic
and in other cases it is semiconducting. Especially in
polythiophenes, not only the diffusive motion, but also
the Elliott mechanism helps us to obtain information on
the electronic structures of the conducting polymers.
In the ESR study, a small number of localized spins do
not contribute to the Elliott mechanism but simply act
as spins diffusing with Dy instead of 2Dy for the mutual-
ly diffusing spins. On the other hand, NMR also detects
relaxation mechanisms other than diffusive motion, for
example, relaxation to nearly localized paramagnetic
spins and molecular motions. The nearly localized Cu-
rie-spin concentration down to 20 ppm is sufficiently
high to mask the temperature variation of NMR relaxa-
tion due to the conduction electron spins. It is
considered that this is the reason why proton NMR
relaxation in many conducting polymers show similar
temperature dependence and never indicate metallic be-
havior after analysis in terms of diffusive motion, even
in systems where metallic indications have been ob-
served by other experimental methods such as thermo-
electric power, optical absorption and dc electrical con-
ductivity at temperatures higher than 200 K.

In the example of Br substitution in polyacetylene,
the above-mentioned barrier was overcome and the
temperature dependence of the microscopic resistivity
was elucidated in order to discuss the electronic struc-
ture in this polymer (§5.3). Generally speaking, NMR
has two pick-up windows in different frequency ranges,
we and wy, differing by ~670 times. This is extremely
important for effective survey of a wide frequency
range. Therefore, if the above-mentioned barrier is re-
moved to study the spin dynamics, NMR and ESR are
in fact complementary techniques.

7. Concluding Remarks

It has been ten years, since the first ESR study as a
function of frequency was applied to neutral soliton dy-
namics in polyacetylene. During this period the relaxa-
tion mechanism has been confirmed through the con-
centration dependence and the anisotropic behavior in
stretch aligned film. Furthermore, the temperature de-
pendence of the diffusion rate in polyacetylene has
been studied. Subsequently, the conducting state of
polyaniline was investigated in Grenoble in collabora-
tion with Dr. M. Nechtschein, and the percolation
transition as a function of the protonation level was
revealed. The diffusion rate along the chain in the con-
ducting polymer could be studied by modifying the
spectrometer into a frequency variable up to K-band
(24 GHz). For PANI and PT, the study of diffusion
rates along the chain has recently become possible.

One of the interesting aims in spin dynamics study is
to clarify the microscopic conductivity in doped poly-
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acetylene. Our many efforts to reveal it by the NMR
technique have failed because of the reasons mentioned
in §5.3. Recently, however, successful analysis of the
microscopic conductivity in a system analogous to
doped polyacetylene, [(CH,-sBrs)—(Brs )]z, where
relaxation mechanisms other than diffusive motion
were suppressed because of the introduction of random
potentials by Br-substitution, was achieved. The ob-
tained temperature dependence of the microscopic con-
ductivity is normal; i.e., it shows the residual resistiv-
ity due to random potentials and that due to phonon
scattering following a T-linear law at high tempera-
tures.

From the viewpoint of clarifying the intrinsic trans-
port properties, it is also interesting to note that the
VSC results obtained have shown a temperature depen-
dence of the resistance consistent with the spin dynam-
ics results presented here for several conducting poly-
mers. The recently obtained thermoelectric power data
indicate a metal-semiconductor transition around 10 K
in PT and well below 10 K in PMT metallic sam-
ples.”®) We expect an ability for the spin dynamics to
investigate such phase transitions. There are other
unresolved issues to be studied further concerning
well-characterized, stretch-aligned and well-crystal-
lized conducting polymers.
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