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The study of dc and microwavél40 GH32 electrical conductivities using multifrequency electron-spin
resonance in undoped and HCIl-doped polyaniline is reported. The accidental quasi-three-diméaBjpnal
charge hopping between the pinned and mobile small polarons dominates the bulk conductivity of the emer-
aldine base form of polyaniline. The increase in mobility and the number of excitations upon light doping of
the polymer leads to the isoenergetic interpolaron charge hopping between the polaron and bipolaron states. 1D
variable-range hopping of a charge between conducting islands, which correlates with a superslow torsional
dynamics of the polymer chains, dominates bulk conductivity of heavily doped polyaniline at low tempera-
tures. Intrinsic microconductivity is determined by the interaction of the charge with the lattice phonons at high
temperatures. Following Epstein and MacDiarmid we propose that emeraldine salt of polyaniline represents a
1D disordered conducting compound consisting of metal-like islands of well coupled chains with 3D delocal-
ized charge carrier$S0163-182807)00524-9

I. INTRODUCTION contrast with PA, these polymers do not possess a degenerate
ground stat® and, therefore, they are not expected to ac-

The electronic and magnetic properties of disordereccommodate single solitons. However, Bas et all’ have
quasi-one-dimensionglLD) semiconductors have been ex- shown that soliton-antisoliton pairs in the form of polarons
tensively investigated over the past decati@sThe organic  and bipolarons could be stabilized in doped PPP. Moreover,
conducting polymers, the electrical conductivity of which Kivelson proposetf that the isoenergetic charge transfer
can be varied up to the metallic state by doping in the rangenight be important not only for it trans-PA, but also for
of more then ten orders of magnitude, is the most interestingnother conducting polymers possessing solitonlike excita-
class of 1D material$In contrast to usual semiconductors, ations. Indeed, Kuivalaineat al® have shown that the above
charge is transferred by the nonlinear topological excitationsnechanism plays an important role in both dc and micro-
formed in the chains as a result of Peierls instability, wave (25 GH2 conductivities of lightly doped PPP. As in
namely, solitons irtranspolyacetylene(transPA) and po- the case ofransPA, the VRH was shown experimentally
larons or bipolarons in poly-phenyleng (PPP and other (see, e.g., Refs. 19-pP20 be mainly applied also for an
PPP-like polymer semiconductdtsThe specific nature of interpretation of the conducting properties of different medi-
such carriers is the reason for unusual charge transport bally and highly doped PPP-like polymers.
havior of these organic conducting polymers. In contrast withtransPA and PPP-like conducting poly-

Polyacetylene, the simplest conducting polymer, wasners, the chains of polyanilin®ANI) contain nitrogen het-
studied thoroughly-’ To explain the experimental results on eroatoms involved in a conjugatioh.Moreover, benzene
the temperature, pressure, and frequency dependencies raigs of PANI can rotate or flip, modulating strong electron-
electrical conductivity of the lightly dopetfansPA, Kivel-  phonon interaction&® This results in somewhat of a differ-
son proposed a mod®lwhich assumes interchain transport ence in magnetic and charge-transport properties of PANI
as charge hopping between neutral and charged soliton statesmpared with other conducting polymers. An analysis of
at isoenergetic levels. This model was then successfully useskperimental data on the temperature dependencies of dc
by Epsteifi for the interpretation of charge transfer in lightly conductivity, thermoelectric power, and Pauli-like suscepti-
doped transPA samples. As the doping level increases,bility allowed MacDiarmid, Epsteiret al?* to show that the
isoenergetic charge hopping is replaced by tunneling or hopemeraldine base form of PANPANI-EB) is a completely
ping between neighboring highly conducting islahtisthe  amorphous insulator in which 3D granular metal-like clusters
framework of the Sheng® and Mott's variable-range are formed in the course of its transformation into the emer-
hoppind! (VRH) models. The highest room-temperature aldine salt form of the polymeiPANI-ES). A more detailed
(RT) conductivity of 1 S/cm was achieved for iodine study of the complex microwave dielectric constant, EPR
doped and stretch-orientethnsPA .12 However, this value linewidth, and electric field dependence of conductivity of
is by one to two orders of magnitude lower than that pre-PANI-ES Refs. 20, 22, and 25 allowed them to conclude that
dicted by Kivelson and Heeger for a metal-like clusters in theboth chaotic and oriented PANI-ES consist of some parallel
polymer?3 chains strongly coupled into “metallic bundles” between

The electrical and magnetic properties of doped PPP-likavhich 1D VRH charge transfer occurs and in which 3D elec-
polymers are generally similar to thosetainsPA2'*°In  tron delocalization takes place. The intrinsic conductivity of
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FIG. 1. Schematic structure ¢f) the emeraldine base form of o 10 “E -3 1
polyaniline (PANI-EB), and (b) the fully doped emeraldine salt T 10 Tk vood . 8
form of polyaniline in the polaron lattice sta(EAN-ES. 10 L i N Z vvvvv
E - v
-0 [ v .
these clusters was evaluated using Drude model as 10_10 vvvv <><><><5> |
o .=10" Slcm? which was very close to the value expected 10 » 3 oY &
by Kivelson and Heeger for the metal-like clusters in highly 107 F I 1
doped Naarmanirans-PA.*® However, ac conductivity of 10 %k . * T
the sample does not exceed¥00 S/cm at 6.5 GHZ 100 200 300
The macroscopic conductivity of the polymers often may T (K)

reflect a superposition of several charge-transport processe:
Therefore, intrinsic charge transfer along a chain is the most o
difficult to examine by the usual experimental methods as it FI!G. 2. Temperature dependence of the dc conductivity of VI
can be masked by interchain, interglobular, and other prold): V (2), IV.(3), 1l (4), Il (5) HCI-doped, and (6) PANI powders
cesses. Inhomogeneities in structure and doping can aldgdistered by four-(1-3) and two-probe(4-6) techniques. The
contribute to this complexity. As nonlinear excitations pos-S2MPles were pumped for ten hours before the experiment.
sess an unpaired electron with spi¥ 1/2, the magnetic ) ) ] ]
resonance methods, EPR and NMR, allow us to study spifinoW the existence in PANI of polarons with different relax-
carrier motions on the scale of even of a few polymer units@tion and mobility. The charge in undoped PANI is trans-
One of the advantages of the methods is the possibility t§erreéd mainly by small mobile polarons. The conductivity of
determine the coefficient of spin diffusion alonB4y) and  ightly doped PANI is determined by the isoenergetic charge
between Djp) polymer chains and thus the anisotropy hoppmg_bet\_/veen the pqlaron-b_lpolaron pairs. This transport
A=D,p/Dsp Of such a motion, even for a polymer with mephamsm is replac_ed in heavily doped PANI-ES by the 1_D
chaotically oriented chains. variable-range hc_>pp|ng of the charges. between the metal-like
NMR and EPR study of PANI were performed by Mi- clusters and their 3D VRH tran'sfer in the clugters. Some
zoguchiet al2"28 They found from the proton and electron "€Sults on undoped and sulfuric-atidand HCF? doped

relaxation data thaD,p value is 162-101* rad/isec and PANI have been briefly reported previously.

weekly depends on the polymer dopinBsp value of

PANI-ES was shown to depend on the doping and correlate ||, EXPERIMENTAL METHODS AND RESULTS
with corresponding dc and intrinsic conductivities. This fact
was attributed to the existence of the conducting clusters as a
solitary single polymer chains even in heavily doped PANI. PANI-EB [Fig. 1(a)] was synthesized by the chemical
This supposition corresponds to the d&tdut contradicts oxidative polymerization o1 M aqueous solution of poly-
with the concept of metal-like islands diluted in an amor-aniline sulfate in the presence of a 1.2 M ammonium persul-
phous phase of the polymé&t.Therefore, the discrepancy fate at 278 K In order to transform the PANI-EB form
exists in interpretation of different experimental data con-(sample } to PANI-ES with a different doping level equal
cerning electronic processes in PANI. to the number of the dopant molecules per polymer [LFid.

We have shown earliéf® that the increase of the opera- 1(b)] the equal parts of the resulting sample were doped by
tion EPR frequency up to 140 GHD(band allows us to  equalibrating with a HCI solution of appropriapH values
obtain more important information about conducting poly-for two days and subsequently dried for one day in vacuum.
mers. In this paper we present the first detailed results on thiehe doping levelsy =[CI]J/[N]= =0.01,=0.03, 0.22, 0.41,
charge transport and magnetic studies of the PANI-EB andnd 0.50 for the samples II-VI, respectivelywere deter-
HCl-doped PANI-ES that seems to avoid the above menmined using the elemental analysis data.
tioned discrepancy in the study of electronic processes in
PANI. We studied temperature dependencies of dc and in-
trinsic microwave(140 GH2 conductivities, temperature de-
pendencies of the spin relaxation times, and mobilities of the The dc conductivity of the pressed pellet as-prepared
pinned and mobile polarons. Furthermore, we tested the agamples were measured at a 77—-340 K temperature region
plicability of the isoenergetic and VRH approaches for theusing two- and four-points methods for high- and low-
charge transport in PANI. Finally, the correlation of the mac-resistive materials, respectively. The macroconductivities
romolecular dynamics registered by using the saturatiomy of I-VI PANI samples are plotted in Fig. 2 as a function
transfer method and charge transfer process is analyzed. V¢ temperature.

A. Preparation of the samples

B. dc conductivity
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C. Electron paramagnetic resonance

EPR measurements were performed udiwpand (140 t
GHz) EPR5-01(Ref. 34 and X-band (9.8 GH2 PS-100X jop 2 22 2R2R8RREAR 3888 33
EPR spectrometers with a 100 kHz magnetic field modula-
tion for a phase-lock detection. Total spin concentration in
the samples was determined using an evacuated M

n
toluene solution of 2,2,6,6-tetramethylpiperidinyloxy! nitrox- 8
@
&
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ide radical as a standard by double integration of their
X-band EPR spectra. Mi impurity in MgO powder with
Oe=2.001 02 anc=87.4 G magnetic constants was used at g 1 6 0 000000000 0 06, 5 7
the D band as a lateral standard for the determination of the @
g factor and the calibration of a magnetic field sweep scale <
D-band EPR spectra were recorded for both imaginary anc o
real terms of the total paramagnetic susceptibijtyn the
90-330 K temperature range. The error of the determinatior (a)
of peak-to-peak linewidthAB,, and g-factor values was
+2Xx102 G and *2x10 % at the X band, and 10— 200 00
+5X10 2 G and =3x 10 ° at theD-band EPR, respec- 100

tively. The relaxation parameters of the paramagnetic center T (K)

in the PANI samples were measured using the steady-stai

saturation method described in detail earfié?. ' . .

Paramagnetic cente(BC’s) in PANI at theX-band dem- o
onstrate a Lorentzian single symmetrical spectra Alig,,
value of which depends on both the doping level and tem- v vV v
perature[Fig. 3@]. The linewidth of PC in undoped and
lightly doped PANI is practically temperature independentat 7> |,
this wave bandFig. 3(a@)], whereas this value of IV-VI PANI n
samples demonstrates bell-type temperature dependence wi
some critical temperaturé.= 200 K. Such an extremality = ° 0 o o O o
becomes more evident at the growthyofespecially for the ~ i RS o 4
heavily doped PANI-ES. Thd B, value was observed to & - o
increase approximately linearly with temperatureTat T, g} I 5 i
and to decrease at lower temperatures.

In addition to the unresolved averaged hyperfine structure i
the EPR spectrum of PANI indicates also a hyperfine inter- SN 6
action of a small part of the spins with both hydrogen and (b) o
nitrogen nuclei. As an example, the central regions of the
second derivatives of th&¥-band absorption signals of IV 1 —l . .
and VI PANI-ES samples are presented on Fig. 4. In the firs 100 200 300
sample an unpaired electron interacts with four nearly T ( K)
equivalent neighboring hydrogen atoms of the lateral ben-
zoid circles possessing nuclear spinl/2 and with the cen- ~ FIG. 3. The plots of the peak-to-peak linewidth of tkeband
tral nitrogen nucleus with=1 resulting for the appearance (a) andD-band(b) EPR in-phase absorption spectrum of paramag-
of the equidistant well resolved lines with the relative inten-netic centers in (1), Il (2), Il (3), IV (4), V (5), and VI (6) PANI
sities of 1:5:11:14:11:5:1Fig. 4(b)]. In addition to these samples versus temperature.
nuclei, an unpaired electron in sample VI interacts also with
the fifth nonequivalent hydrogen nucleus locatedNaatom.  adiabatically fast passage of the separated and saturated spin
This leads to the appearance of an additional splitting in th¢packets by a modulating magnetic field discussed below.
spectrum[Fig. 4a)]. The measured constants of hyperfine The plots of AB,, versus temperature and doping level
interaction of an unpaired electron with andN atoms and for PANI samples are shown in Fig(l8. As in the case of
calculated spin densities on their nuclei are summarized iX band,AB,, depends on both temperature and conductivity
Table |. of the sample, however, with a higher susceptibility to both

The typicalD-band absorption and dispersion EPR spec{arameters.
tra of PC in PANI-EB and PANI-ES samples are shown in
Fig. 5. At this waveband the PANI EPR spectra became Ill. DISCUSSION
Gaussian with a higher linewidth compared with the
X-band spectra as it occurs in the case of other conducting
polymers’*°In the dispersion spectra of undoped and lightly =~ The computer simulation showed tHatband EPR spec-
doped PANI the bell-like components are registered. Thdra of the undoped and lightly doped polymers presented in
appearance of such a components is attributed to the effect &ig. 5(a) consist of two spectra attributed to ARG and R,
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A. Electron paramagnetic resonance results
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FIG. 5. D-band in-phase absorptidia,d, in-phase dispersion
FIG. 4. The center section of thé-band in-phase second har- (b), and /2-out-of-phase dispersiorc) spectra of I(a—9 and VI
monic absorption spectra of Viaj and V (b) HCl-doped PANI'  (d) PANI samples registered at room temperature in an inert atmo-
powders registered at room temperature. The hyperfine structuresphere. The simulated spectrum of the paramagnetic ceRje(@
constants of the hyperfine interaction of an unpaired electron wittand the spectra registered at 200d<d) are shown by dotted lines.
H (ay) andN (ay) nucleus, and the position of factor of free  The componenta andu of the m/2-out-of-phase dispersion spec-
electron §.=2.002 32 are shown. trum (c) and the componenty andg, of the paramagnetic centers

. . . . R, (d) are shown as well.
likely stabilized in PANI-EB and PANI-ES traces in the

former, respectively. Radica®; demonstrates the strongly ;4 be AE,=3.77 eV andAE,=6.17 eV. The RT relative
anisotropic spectrum with the canonic COMpoNentsyneentration ratio of P®,, n1/(n;+ny) is equal approxi-

gxx=2.005 22g,,=2.004 01, ang),,~2.002 28 ofg tensor,
and hyperfine coupling constait,,=22.7 G. RadicalRR,

are registered aj, =2.004 63 andy; =2.002 23. Assuming
Axx=A,,=12.5 G for PC in the pernigraniline bdSand the
McConnell proportionality constant for the hyperfine inter-

action of the spin with a nitrogen nucle@,=23.7 G(Ref.
36) the spin density onN nucleus p{(0)=(A+Ayy
+A,2/(3Qn) =0.62 can be estimated. Using the above menpercolation process. As the averaged factor, (g);

tioned values of thg-tensor componentg,=2.002 32 for a

free electron and  equal for N to 9.4 meV(Ref. 37 the
energies of the lowest induced electron excitative transition®, s polaron pinned on the polymer chain, wherBass the

have been calculated from the relatibn

_gepﬁ)\N

gxx,yy_ ge_A—Eij

D

TABLE I. The hyperfine interaction constaat (in Gaus$ and
spin densities orH and N nuclear p; (in 107%) of the PANI

samples. Note that the values were calculated using the McCon-
nell relationa=Qp(0) and Q proportionality constant equal to
22.5 and 23.7 GRefs. 36 and 37 foH andN atoms, respectively.

The values calculated for the centtdlatom are marked by th&

mately to 0.3 and decreases with the temperature and doping
level increase. Radic&, in the sample VI demonstrates the
axial-symmetric  spectrum  with g, =2.00338 and
g;=2.003 61[Fig. 5(d)]. It is necessary to note that the re-
placement ofg, >g; inequality by an opposite one at the
PANI doping increase fromg =0 up toy= 0.2 evidences for

the restructuring of the polymer lattice associated with the

=3(9xxT9yy+ 9,7 of Ry is approximately equal to that of
radicalR,, (g),= %(29l+g||), one can conclude that radical

same nonlinear excitation moving along the chain with the
minimum raté®

—ge)ugB
VEDB (9xx gh ) Mg 0, )

where ug is the Bohr magnetorB, is the strength of the
external magnetic field, arfdis the Planck constant. So then
1),=5.5x 10" sec’ ! was obtained for the heavily doped
PANI-ES sample. The linewidth of the perpendicular com-
ponent of RT bothX- and D band spectra for radicdR,

symbol. changes witly. This fact can be associated not only with the
Samples increase in the gharge _carriers mpbility but also witr_l the

Value | " " v Vv v decrease of a spin density on the nitrogen atom and with the

change of the polymer chains conformation. The transfer in-

ay 4.1 3.1 2.8 0.24 0.14 0.053 tegrall_p between nitrogem, and carborp, orbits at the

ap, 0.0095 para-position of benzene rings of PANI has &a_\>xcosd

ay 1.4 1.0 0.92 0.076  0.046 0.018 dependency from ring-N-ring dihedral angk typical for

o 182 138 124 107 6.22 2.36 other hydrocarbon%g. Taking 6=56° for PANI-EB?° the ef-

ot 0.422 fective 6 andpy(0) values were calculated from E(.) to be

oN 59.1 42.2 38.8 3.21 1.94 0.760 33° and 0.42, respectively. Such an an@léecrease leads to

the increase in the spin density on benzene rings due to the
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FIG. 6. Temperature dependence of the effective spin-lattice 10°/T (1/K)

T, (open points and spin-spifT, (shaded poinjsrelaxation times
of the paramagnetic centers in the initiall) and in the 11(2) and

FIG. 7. Temperature dependence of the rafjtu} given from
Il (3) HCI-doped PANI samples.

the m/2-out-of-phase dispersion spectrum presented in Fg. 5

(points. The logarithmic dependence of this ratio on the correlation
increase ofl c_y integral. Therefore, the above mentioned time =5.4x10"8(u%/u¥) ~*® sec ofX-anisotropic polymer chain
change in magnetic parameters can signify the higher spinbrations is shown by a solid line.
delocalization along the polymer chains and a higher con-
ductivity of PANI-ES due to a more planar conformation of tion transfer(ST-EPR method* the correlation time of the
its chains. latter processr, varies from approximately 10 sec up to a

The increase in the operating magnetic field strengthmaximum value
should lead to the drastic decrease of exchange interaction
between neighboring paramagnetic cenférsherefore, the max 2 sif@cog®(B? - Bf)?
transition from theX-band toD-band should lead to the satu- e T 3a%TyB] BIsiFO+ Bfcos® @
ration of individual spin packeté*® at sufficiently low ra-
diofrequency power. This effect was observed in our cas&here y, is the hyromagnetic ratio for electroB, is the
[Figs. 5b,0] and does not register earlier in a study of dif- amplitude of magnetic component of a polarizing radiofre-
ferent conducting polymers at lower magnetic fields. In genguency field,® is the angle between the directions of an
eral, the equation for the first derivative of dispersion signaexternal magnetic fiel@, and a moleculak axis of a radi-

U can be written &8 cal, andB, andB are the low- and high-field spectral com-
ponent arrangements along the scanning field, respectively.
U’ = Uy (ont) + UySin( ot — ) + Ussin( ot — 7/2), (3) Earlier we have showfl that the correlation time of the

spin and therefore the chain reorientations near the polymer

where w,, is the angular frequency of modulation magneticX axis can be calculated in the framework of the ST-EPR
field. o, T;>1 inequality is realized for the initial and low- Method analyzing the shape ef2-out-of-phase dispersion
doped PANI samples, therefore their dispersion spectra regignal, i.e., theu3/u} ratio [Fig. 5(c)] from the equation
istered at an adiabatic fast passage of the saturated spin pack- < —m
ets are determined mainly by the two last terms of &). x_ | Y3 5
[Figs. §b) and Hc), respectively. Figure 6 presents the tem- TO( y) ' ©)
perature dependencies of the effective spin-latiigeand . )
spin-spinT, relaxation times of these samples determine(f'gur_e 7 presents the Arrhenius dependence of the correla-
separately from the analysis 0f andu, components’ inten- tion time 7;=3.5x 10" °exp(0.015 eV/kgT), sec of macro-
sities of their dispersion spectra according to the method demolecular librations in the initial PANI samples, determined
scribed earlief:*° These dependencies show that the relaxfrom its ST-EPR spectra by using Eq(5) with
ation times are drawn together as the sample doping levelo=5.4<10"° sec andm=4.8. Similar dependencies were
increase indicating the intensification of an interchain cou-also obtained for Il and Il samplesy®, calculated using
pling during this process. Eq. (4) with ®=45° B,=0.1 G g,, andg,, values mea-

Both the intensity and the shape of the dispersion signasured forR; center, is equal to 1:810 * sec and corre-
U depend not only on a spin exchange and on an electrosponds tou3/u}=0.22[see Eq(5)] at 125 K.
relaxation but also on a comparatively slow macromolecular In order to interpret electron spin relaxation in I-1ll PANI
reorientation in the samples. In the framework of the saturasamples we assumed that polarons diffuse along the polymer
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FIG. 8 Tempe_rature (_jepende_nce of in-chain d_iffusIDmD FIG. 9. Temperature dependencies of thg Baconductivity of
(open p0|nt$ nka |nte.rcha|n hOPp'”@?D, .(shaded lp0|n1)s rates | paNI-EB sample determined using E(@) and data presented in
of mobile paramagnetic centers in the initiall) and in the 11(2), Fig. 8, and do2) one. ac conductivities calculated from Ha0)
Il (3) HCI-doped powder PANI samples determined using Eqswith 0o=1.3x10"8 Sicm eV), hven=0.017 eV, andE;,=0.073
6)-(®). eV (dashed lingand Eq.(11) with oo=14.5 S eV/cmE,=0.073

) ) ] eV andE,=0.40 eV(solid line) are shown as well.
chains and hop between them, respectively, with the rate

constants ODéD andD3p. The spectral density function of earlier reported foy<0.05 PANI sampl& but considerably
this motion is higher thanv},, calculated above.

J(we) = ”d’(we)E ij (6) B. Conductivity and charge transport in undoped PANI

Instead of the dependencey(T)=T**® typical for
wheren=n, +n,/+2 is the total concentration of the radi- transPA® PANI-EB demonstrates some stronger tempera-
calsR, andR, with, respectivelyn, andn, spin concentra- ture dependencery(T)=T? at high temperature§Fig. 2.
tions per one monomer unit, the Furier fluctuation powerThe slope of this dependence is approximately the same
spectrum for 1D spin motiong(w,) is equal t4®  evaluated from the high-temperature data for PANI-EB re-
(2D} pwe) Y2 at Dyp>we>Dap and to (D]Dap) Y2 at  Ported earlier by Zuet al*® and seems to be too strong to
we—0, DiD:4D10N,§2a N, is the length of a spin delocal- Qescrlbe the charge transfer in this sample as |§oenergetlc

interpolaron hopping. Attempts to analyze quantitatively

conductivity data of the low-conductive PANI samples in the
Ifltlamework of Mott's VRH conventional mod®ifor disor-
dered semiconductors always resulted in quite unreasonable
values for Mott’'s parameters, in contrast to the heavily
doped casé’ So another conduction mechanism should be
motivated.

The interchain ac conductivity of the initial PANI-EB
sample can be calculated from the data presented in Fig. 8 by

ization on the polaron repeating units, is the angular fre-
quency of the spin precession, abigl is the powder aver-
aged lattice sum. Note, that the analogous power spectru
was used also by Mizogucleit al?” in the investigation of
spin dynamics in PANI samples. The electron-spin relax
ation is determined mainly by a dipole-dipole interaction be-
tween radicals of different mobility possessing sfin 1/2,
therefore, we can write for the spin relaxation ratéé

T‘l—(w2>[2¢(w )+8h(2w) ] 7) using the following well known equation:
1 e, e/l
Ne?Dypb?
T, '=(0?)[34(0) +5(we) +24(20)],  (8) oad 1= — 5 ©

where(w2>=0.1y;‘h28(s+ 1)nZj; is the averaged sum of whereN is the volume concentration of the mobile spin ex-
the spin dipolar interaction for powder. citations and is the interchain distance in the sample. Fig-
Figure 8 shows the temperature dependencid3,gfand ure 9 shows the temperature dependencer gfcalculated
D4p calculated at averagédN,=5 from Egs.(7) and (8)  from Eq.(9) with N=9.5x 10" cm ™2 andb=4.39 A" com-
using the data for the samples I-lll presented in Fig. 6. Thespared with the experimentaty(T)=1.4x 10" %*T?? one of
constants were obtained to bB;p=10" rad/sec and the sample. These dependencies are quite similar at least at
D3p=10° rad/sec at room temperature. The first value isthe T=T.=200 K temperature region. It is evident that there
lower by approximately two orders of magnitude than thatare two temperature regions divided by the critical tempera-
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ture Tc=hwy,/kg (here vy, is the Xg optical phonon fre- koe2y(T)&yi) 2k,R,
quency with different slopes of the functions,{T). Such a 0w N)=—— Fr XA~ : (12)
. : ; 8T Ro 3
behavior can be explained by a pure distance dependent
cha}rge carriers ho'pping at temperatuTesTF and by both ezNiz éféf <Y>Ve[ 2vy 14
their energy and distance dependent hopping=at . in the ood ) =0y T)+ kT [In T , (13
framework of the model of “small polaron” tunnelint).For 3%8 Y(TIY)
ac conductivity this model yields where k;=0.45, k,=1.39, and k;=384 are constants,

Y(T)=v,(T/300 K)"*1 is the transition rate of a charge
between polaron and bipolaron stategy)=y,Yp(Yp
+ybp)*2, Yp andyy, are the concentrations of polarons and
(10)  bipolarons, respectivelyé=(££2)Y ¢, and ¢, are, re-
spectively, the average, parallel and perpendicular decay
atT<T. and lengths of a polaron or bipolaron wave function, and
Ro=(47N,/3) 3 s the typical separation between charged
oo EatEn impurities, dopants whose concentratiorNis
oad T) = kB—Texr< B keT If the conductivity is dominated by interpolaron hopping,
o4{T) should follow o4 (T)<T" power law, according to
at T=T., whereE, andE, are the hopping and activation Eq. (12). Such a behavior is really observed for the lightly
energies. The temperature dependencies,g€alculated us- doped PANI samplefFig. 2). Therefore, one may state that
ing Eq. (10) with 04=1.3x10"8 S/cm eV), hvp,=0.017  o4(T) obtained for these samples better follows THelaw
eV, E4=0.073 eV, and Eq(11) with oy =14.5 S eV/cm, predicted by Eq(12) than Mott's T2 one.
EL=0.073 eV, andE,=0.40 eV are traced in Fig. 9. The The concentration of mobile spins in Il PANI sample is
figure evidences for well experimental and theoretical daty/,=1.2X 10~ per two benzoid rings. Therefore, taking into
correlation, therefore one can conclude that the charges agecount that each bipolaron possesses dual charge,
transferred in the sample mainly by mobile small polaronsyy,=2.3x 103 and (y)=4.6x10 2 can be obtained. The
Note, that a similar,{ T) functions were obtained earlier concentration of impurity isN;=2.0x10'° cm~3, so then
for undoped PANI(Ref. 48 at comparatively low registra- R;=22.8 A is obtained for this polymer as well. The prefac-
tion frequencies and for lightly doped pdigtrathi- tor vy, in Eq. (12) is evaluated from thery(T) dependence
afulvaleneg®*° at different operating frequencies. To con- to be 3.5<10'° sec . Assuming spin delocalization over
firm the above supposition the electric field dependence ofive polaron site¥ along the polymer chain with a lattice
the sample dc conductivity would be additionally analyzed. constantc;=9.50 A?® §=11.9 A is obtained as well. The
decay length of a carrier wave function perpendicular to the
chain can be determined from the relafion

4E kgT 2
S N N i Vph
IN(2vpn/ve)

O'aC(T):U'O kBT+

11

C. Conductivity and charge transfer mechanism
in lightly doped PANI b

In order to explain experimental data on conductivity of §l=—|n(A ) (14
lightly doped PANI samples, the model of isoenergetic 0Tt
phonon-assisted charge hopping between soliton boundhere 2\, is the band gap antl, is the hopping matrix
states proposed by Kivelson for charge transferramsPA  element estimated s
(Ref. & may be used. Later he pointed Buthat such a

. . . 4 3

process might also be relevant in the other 1D semiconduc- , hwpDsp 2E,
tors in which the charge is transferred by solitonlike excita- = 2mE, ex;{ )
tions or even incis-PA with lightly nondegenerate ground
states. In this case the charge hopping would occur betweeatihere E, is the polaron formation energy ang,, is the
bound soliton-antisoliton pairs such as polaron-bipolarorphonon ' frequency. Using A%=3.8 eV>* typical for
ones. m-conjugated polymersE,~0.1 eV?' Djzp=3.6x10°

It is well known that the behavior of4(T) dependence rad/sec determined from experimemt,,=4.2x 10 sec™*
of PA results from the coupling of solitons to the optical obtained belowt, =7.1x10"° eV, ¢ =0.79 A, andé=2.0
phonons which modulate the system dimerization. Since thé are obtained for Il PANI sample. The similar procedure
quinoid-benzoid transition in organic conducting polymers isgives (y)=7.9x10"2, y,=2.1x10" sec’?, ¢ =0.87 A,
also strongly modulated by the optical phonons, the temperaand ¢=2.1 A for the Il PANI sample withy,=1.1x10"3
ture dependence of charge transfer between the polarons &mndy,,= 1.2X 102,
PANI is expected to be similar to that calculated for The conductivities of Il and Il PANI samples were cal-
transPAS o4(T)T", wheren is a constant equal approxi- culated from Eq.(12) to be g4(T)=2.3x10 #1752 and
mately to 10. As in the case of intersoliton hopping processgqT)=1.2x10 T2 respectively. Figure 10 shows
the activation energy for interpolaron charge transfer is smalihese dependencies in comparison with an experimentally
enough due to a permanent number of polarons and bipadetermined functionso,{ T) calculated using Eq(9) with
larons in the system. In contrast to the charge carriers itN=N; and data presented in Fig. 8 and those calculated us-
transPA, however, both polarons and bipolarons areing Eq. (13) with n=15.2 andn=12.1 respectively, for Il
charged, so then one can write Kivelson's equations for dand Ill samples are shown in this figure as well. As it can be
and ac electrical conductivities'ds seen from Fig. 1@) there is insufficient coincidence of the

hwph (15)
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10 FIG. 11. The dependence of tlwg T product versud ~ 2 for
10 L i VI (1), V (2), and IV (3) HCI-doped PANI-ES samples.
’é 10 5_ ] mobility of small polarons. This process is replaced by an
Q isoenergetic charge hopping between the polaron sites at an
©n gL ] optimum polymer doping. At lower oxidation of the sample
e charge transfer is probably realized in the framework of both
b 107k 4 superposing mechanisms.
10 ;_ - D. Conductivity and charge-transport mechanism
F in heavily doped PANI
107" g i Studying dc conductivity and thermoelectric power Wang
WoF | et al?%?2have found that the charge-transport mechanism in
10 "¢ PANI-ES samples of different doping levels seems to be 1D

variable-range hopping at low temperatures. They have as-
sumed that crystalline fraction of the samples consists of
“bundles” of well-coupled chains with 3D extended elec-
tron states. Since such domains may be considered as a
FIG. 10. Temperature dependencies of Bcand dc(2) conduc- Iarge-scale clusters of chains, 1D Charge transfer between
tivities of 1l (a) and Il (b) HCI-doped powder PANI-ES samples them seems to dominate in the macroscopic conductivity of
determined using Eq9) and the data presented in Fig. 8. The solid the polymer. A similar charge transport is probably realized
lines show ac and dc conductivities calculated using Et®.and  in the heavily doped PANI-ES samples under study.
(13) with n=15.2,(y)=0.046, &, =0.79 A, y,=3.5x10'° sec? Figure 11 shows that dc conductivity of IV-VI PANI-ES
(@ n=12.1, (y)=0.081, £, =0.87 A, y,=2.1x10"" sec’! (b),  samples follows well Mott’sT 2 law for 1D VRH charge
§=11.9 A, andv,=140 GHz. transporﬂlv53

i i 1/2
theory and experiment in case of 1| PANI sample. Moreover, ,N(ep)To F{— (E) 16

the prefactory, determined for this polymer is higher by oy T) =kyvee Wex T
approximately two order of magnitude compared with

vo=1.2x10" sec ! estimated by Kivelson fotransPA.8  wherek;=1.8 is a constanty, is a jump rate prefactor,
The better fitting of an experimental data to the Kivelson’sn(eg) is the density of states at the Fermi levet,
theory is realized in the case of Ill PANI sampig. 1ab)]  To=16[kgn(z¢)(L)?] is the percolation constant or effec-
for which the value of prefactory, is approximately the tive energy separation between localized states depend-
same as that farans-PA. It can be explained by the increase ing on the degree of disorder in amorphous regions,
of number and mobility of the mobile charge carriers in(L>=(LHLf)1’3, Ly, andL, are the averaged length of
higher doped polymer that leads to the increase of a probsharge wave function localization and its projections in par-
ability of charge hopping between the chains. Thereforeallel and perpendicular directions, respectively, values
charge transport in an initial polymer is determined by theevaluated from the slopes of the,(T) dependenciesFig.
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TABLE II. The percolation constarif, (in 10° K), spin con-

centrationN (in 10'° spin/cnt), the density of states(eg) at the I
Fermi leveleg (in eV~ 'mole™?!), the averagedL), parallelL,
and perpendicular , lengths(in A) of charge wave function local-
ization in the PANI samples. _Lofr 11

Samples g : ’%\
Value | 1] " v \% VI % .58 g

S~— | 2 U
To 10.2 3.76 1.65 ) \';
N 0.20 0.37 2.1 18 76 153 5 . 03&
n(ep) 0.6 1.7 3.8 4
(L) 202 191  19.2
L 71 69 70
L, 11 10 10
1o ?b——t : : 107
100 200 300

11) and the averaged localization lengtlts) of a charge in T (K)
the samples determined fron{eg) are presented in Table
Il. Using the method proposed by Waegal.?? LjandL, FIG. 12. Temperature dependencies of the intrinsic conductivity

components ofL) value are obtained as weTable II). o4 Of the VI (1) and V (2) HCl-doped powder PANI samples
Prefactor v, is calculated using Eq.16) to vary in  determined from their EPR line asymmetry and EL) (points,
(3.4-4.8)x10'2 sec’! region that is near to and those calculated from E€L8) with (L)=16.4 A(dashed ling
vo=1.6x10" sec ! evaluated from the data obtained by and from Eq.(19) with ¢; =9.50 A, anda=4.1 eV/A. For the
Wang et al?% for PANI-ES. So then the phonon frequency comparison the temperature dependencéBf, value for the VI
can be obtained from the equation,=kT,/h=4.2x 102 PANI-ES polymer given from Fig. 3) is also shown by blacked
sec ! to fall into the region fory, determined above. out points.

As dipole interaction between the spin packets strongly , ,
increases at polymer doping due to formation of the metalthat the temperature dependenues_ of thermoelectric power
like clusters, therefore an effective relaxation time of PCS @ acy ?g‘g D3p of some conducting polymers reported
becomes considerably smaller the', so that the sensi- earlier,“*>"T,, andD3p for PANI-EB andAB,(T), pre-
tivity of the saturation methods to a spin relaxation and dy-S€Nted in Figs. 3 and 8, demonstrate a similar temperature
namics decreases. In this case the charge mobility in higl2€havior at the same temperature region. _
conductive PANI-ES can be evaluated from the analysis of F19ure 12 shows that at the low temperature region, when
the polymer absorption line containing a Dy&boontribu- 1= ¢+ 9adT) dependence follows to Mott's VRH laW
tion. As one can see from Fig(d, the asymmetry of an 5
absorption 'Ilne of the heavily doped 'PANI-ES sample is oad T) = = 72e2n?(e£)(L)°K T,
changed with temperature demonstrating the Dyson behav- 3

ior. This fact indicates the decrease of a thickness of skin\-Nhereas af=T. the conductivity is determined by phonon
layer 5 on the polymer surface due to the growth of the —c y y P

clusters’ intrinsic conductivity as it occurs in some inorganicfgra::]etrr;zgi?i%or:ghnc%\tl? thii turgggexlzaei%SOSt,:e:nggr?(ljB(r:%ﬁosed
substancés and organic single crystallif? and y 9

13,60
polymeric®°"*8conductors. polymers,
Figure 12 represents,{T) dependencies of the metal- e M2 "
like clusters in some PANI-ES samples determined accord- o dT)= P10 r( wph) 19
ing to the method proposed by Wilamowskt al®® for a > mhi2ea? KT |

amorphous semiconductors of lower dimensionality from the . .
well known equation whereM is the total mass o€H group,c is the elemental

cell constant, andx is the electron-phonon coupling con-
stant. As it is seen from Fig. 12, Eg&l8) and (19) well
5= c 17) approximate ther,{T) dependence experimentally obtained
NN for VI PANI-ES at(L)=16.4 A,c=9.50 A? and a=4.1
eV/A.2 Therefore, we can conclude that in PANI-ES charge
The figure exhibits a maximum ef,.=1.2x 10* S/cm lying  carriers variable-range hop at low temperatures and are scat-
near the critical temperaturé.=200 K determined above tered on lattice optical phonons when the phonon energy
for the samples of lower doping levels. Maximue is becomes comparable wikgT=kgT,.
higher by approximately two orders of magnitude then that Aasmundtveitet al®! have shown thaK-band linewidth
determined by Joet al?® at 6.5 GHz for PANI-ES doped by and consequently the spin-spin relaxation rate of PC in PANI
camphor sulfonic acid up tg =0.50. This evidences addi- depend directly on its dc conductivity. The comparison of
tionally for 1D electron localizatiotisemiconductive behav- o,{T) andAB,,(T) functions presented in Fig. 12 demon-
ior) at T<T, and its 3D delocalizatiofmetallic behaviorin strate the additivity of these values at least at e T,
the clusters at higher temperatures. It is important to noteegion. Besides, Khazanovithhave found that spin-spin re-

4

“en (1)

27ve

In
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laxation depends on the number of spins on each polymeauroximately long as 80 A af.. This value is somewhat
chainNg and on the number of neighboring chaiNs with  smaller than that estimated for orientedns-PA % but how-

which these spins interact as follows: ever evidences for extended electron states in this polymer as
well.
,1:4<w2> o1l 20 & 181NN (20 Thus, the combination of EPR and transport studies con-
2 BygNg Ve ¢l firm the model of 3D electron delocalization in the metal-like

clusters and makes it possible to establish the relations be-
tween structural and electronic properties of the clusters. In
spite of the PANI-EB chain conformation differing from that

Using T,=1.7x10"7 sec, ;=1.2x10"* cm™° and
vo=4.2X10" sec ! determined from experiment, a simple
relationN.=55exp(\,) of these values is obtained from Eq. of other polymers, PANI becomes more plaraee Sec.

(20). This tmeans tnathdI_H:m A at least i;seivendmtetractl?g_ Il A) and conductive during the doping and thus becomes
spins exist on each chain as a spin packet and interact Wity comparable to other polymers.

N.=20 chains, i.e., spin and charge 3D hopping does not
exceed a distance of more thab<3L, . IV. CONCLUSION

The spin motion and the intrinsic conductivity of the
sample depend also on the macromolecular dynamics, be- The data obtained by both high-frequency EPR and elec-
cause the interaction of the spins and charge transfer integripn transport methods show that in undoped PANI the
can be modulated by PANI lattice librations as it has hapcharges are transferred mainly by small polarons, the hop-
pened in other organic crystalline semiconducfdi®ne can  ping probability of which strongly depends on the lattice
see from Figs. 7 and 12, that tg{T) dependence for the phonon energy. In lightly doped PANI the distribution of site
clusters follows[ 7%(T)]~* one for the polymer chain libra- €nergies is narrowed compared wkgT. This leads to a
tions at least al<T..% This means that the lattice libra- domination of isoenergetic charge hopping in the polymer,
tions indeed modulate the interacting spin exchange and co§® that botho(T) and o,{T) can be described by the
sequently the charge transfer integral. Assuming that polaroRodified Kivelson’s model proposed for charge transfer be-
is covered by both electron and excited phonon clouds, wéveen solitary chains in lightly doped conducting polymers.
can propose that both spin relaxation and charge transfer As the doping level increases and as the percolation tran-
should be accompanied with the phonon dispersion. Suchition takes place the conducting single chains become crys-
cooperating charge-phonon processes seem to be more itgllization centers for the formation of the massive metal-like
portant for the doped polymers the high-coupled chains oflusters. This process is accompanied by the increase of the
which constitute 3D metal-like clusters. electron-phonon interaction, crystalline order, and interchain

The velocity of the charge carriers at the Fermi level,coupling. The latter factor plays an important role in the
ve=2¢/[whin(eg)] is equal to 2.5 107 cmisec for highly ~ stabilizing of the metallic state, when both 1D electron lo-

doped PANI-ES, so that the rate of the interchain charg&alization and “Peierls instability” are avoided. Besides,
hopping can be determined aBs;p=vg/L, =2.4x10%  charge transfer is modulated by the macromolecular libra-

rad/sec, which givegsee Eq.(9)] o,=1.3X10% Slcm at tions in PANI-ES, the chains of which are stror)gly coupled
L, =10 A (see Table Il and T,=200 K. The conductivity anq form metal-'hke clusters Wlth. th.ret.a dlmensmnally.delo—
obtained is close to the ac conductivity evaluated from EPFE@lized conducting electrons. This is in agreement with the
spectra of the sampl@ig. 12). This fact confirms addition- metal_—llke “bundle_s” concept, but contradicts the existence
ally the existence of metal-like clusters with three dimen-Of solitary conducting chains in PANI-ES.

sionally delocalized electrons in PANI-ES. Therefore, we
can calculate the effective mass of charge carries from the
relatior?® m* = (37?N)¥3%uv !, equal approximately to two We thank Dr. B. Z. Lubentsov for kindly supplying us
free electron masses. The mean free patf the carriers is  with the emeraldine base PANI sample and Dr. A. S. Asta-
calculated for this sampiel;= o,dn*v/(N€?) to be as ap- khova for assistance.

ACKNOWLEDGMENTS

1s. K. Khanna, E. Ehrenfreund, A. F. Garito, and A. J. Heeger, of Polymers edited by H. Kuzmany, M. Mehring, and S. Roth,

Phys. Rev. BL0, 2205(1974; J. F. Kwak, P. M. Chaikin, A. A. Springer Series in Solid State Sciences, Vol. X&pringer-
Russel, A. F. Garito, and A. J. Heeger, Solid State Comrh@n. Verlag, Berlin, 1992 Polyconjugated Materialsedited by G.
729 (1979; D. Djerome and H. J. Schulz, Adv. Phy31, 299 Zerbi (North-Holland, Amsterdam, 1992

(1982; Highly Conducting Quasi-One-Dimensional Organic °R. E. Peierls,Quantum Theory of Solid¢Oxford University
Crystals edited by E. M. Conwell, Semiconductors and Semi-  Press, London, 1955p. 108.
metals, Vol. 27(Springer-Verlag, Berlin, 1988A. A. Gogolin, 4A. J. Heeger, irHandbook of Conducting Polymersdited by T.

Phys. Rep5, 269(1988. E. Scotheim(Marcel Deccer, Inc., New York, 1986Vol. 2, p.
2Handbook of Conducting Polymersdited by T. E. Scotheim 729; R. R. Chance, D. S. Boudreaux, J. L @s, and R. Silbey,
(Marcel Dekker, Inc., New York, 1986Vols. 1 and 2;Elec- ibid., p. 825; J. L. Brdas,ibid., p. 859.

tronic Properties of Conjugated Polymersdited by H. Kuz- 5J. C. W. ChienpPolyacetylene: Chemistry, Physics and Material
many, M. Mehring, and S. Roth, Springer Series in Solid State Scienceg/Academic Press, Orlando, 1984
SciencegSpringer-Verlag, Berlin, 1987 Electronic Properties  ®A. J. Epstein, irHandbook of Conducting Polymeredited by T.



55
E. ScotheimMarcel Dekker, Inc., New York, 1986Vol. 2, p.
1041.

V. 1. Krinichnyi, Usp. Khim.65, 84 (1996 [Russ. Chem. Re&5,
81 (1996)].

8. Kivelson, Phys. Rev. Let6, 1344(1981); Phys. Rev. B25,
3798(1982.

9H. Stubb, E. Pinkka, and J. Paloheimo, Mat. Sci. EDh@. 85
(1993.

10p, Sheng, Phys. Rev. LeBl, 44 (1973; Phys. Rev. B21, 2180
(1980; P. Sheng and J. Klafteihid. 27, 2583(1983.

IN. F. Mott and E. A. Davis,Electronic Processes in Non-
Crystalline Materials(Clarendon Press, Oxford, 1979

12H. Naarmann, irElectronic Properties of Conjugated Polymers
(Ref. 2, p. 12; W. Pukacki, R. Zuzok, and S. Roth,Efectronic
Properties of PolymergRef. 2, p. 12.

135, Kivelson and A. J. Heeger, Synth. Mg, 371(1988.

M. Peo, S. Roth, K. Dransfeld, B. Tieke, J. Hocker, H. Gross, A.

Grupp, and H. Sixl, Solid State Commu8b, 119(1980; L. W.
Shacklette, R. R. Chance, D. M. Ivory, G. G. Miller, and R. H.
Baughman, Synth. Metl, 307 (1980.

I5A. A. Syed and M. K. Dinesan, TalanB8, 815 (1991).

Bw. P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev. 4ait.
1698(1979; Phys. Rev. B22, 2099(1980.

173, L. Bradas, R. R. Chance, and R. Silbey, Mol. Cryst. Lig. Cryst.
77, 319(1981); Phys. Rev. B26, 5843(1982.

185, Kivelson, Mol. Cryst. Lig. Cryst77, 65 (1981).

19p, Kuivalainen, H. Stubb, H. Isotalo, P. Yli-Lahti, and C. Holm-
stram, Phys. Rev. B31, 7900(1985.

207, H. Wang, C. Li, E. M. Scherr, A. G. MacDiarmid, and A. J.
Epstein, Phys. Rev. Letb6, 1745 (1991); Phys. Rev. B45,
4190(1992.

21M. Rotti, H. Krikor, and P. Nagels, ifElectronic Properties of
Conjugated PolymergRef. 2, p. 27; E. Punnka, J. Laakso, H.
Stubb, and P. Kuivalainen, Phys. Rev.4B, 5914 (1990; K.
Sato, M. Yamaura, T. Hagiwara, K. Murata, and M. Tokumoto,
Synth. Met.40, 35 (199).

227 H.Wang, H. H. S. Javadi, A. Ray, A. G. MacDiarmid, and A.
J. Epstein, Phys. Rev. B2, 5411(1990; Z. H. Wang, A. Ray,
A. G. MacDiarmid, and A. J. Epsteiribid. 43, 4373(1991.

2R. P. McCall, J. M. Ginder, M. G. Roe, G. E. Asturias, E. M.
Scherr, A. G. MacDiarmid, and A. J. Epstein, Phys. Re\3B
10 174(1989.

24F. Zuo, M. Angelopoulos, A. G. MacDiarmid, and A. J. Epstein,
Phys. Rev. B36, 3475(1987; A. G. MacDiarmid and A. J.
Epstein, Faraday Discuss. Chem. S88. 317 (1989.

EPR AND CHARGE-TRANSPORT STUDIES OF POLYANILINE

16 243

818, 7. Lubentsov, O. N. Timofeeva, S. V. Saratovskikh, V. I.
Krinichnyi, A. E. Pelekh, V. I. Dmitrenko, and M. L. Khidekel,
Synth. Met.47, 187(1992; F. Lux, G. Hinrichsen, C. Christen,
V. I. Krinichnyi, I. B. Nazarova, S. D. Chemerisov, and M.-M.
Ponhl, ibid. 53, 347 (1993; V. I. Krinichnyi, I. B. Nazarova, S.

D. Chemerisov, H. -K. Roth, K. Lders, F. Lux, and G. Hinrich-
sen, Acta Pol(to be published

32y/_|. Krinichnyi, S. D. Chemerisov, and Ya. S. Lebedev, Synth.
Met. 84, 819(1997).

330. Timofeeva, B. Lubentsov, Ye. Sudakova, D. Chernyshov, and
M. Khidekel, Synth. Met40, 111 (1991).

34A. A. Galkin, O. Ya. Grinberg, A. A. Dubinski, N. N. Kabdin, V.
N. Krimov, V. I. Kurochkin, Ya. S. Lebedeyv, L. G. Oranski, and
V. Shuvalov, Prib. Tekh.’ Esp. 4, 284(1977); V. I. Krinichnyi,
Appl. Magn. Reson2, 29 (1991).

35S, M. Long, K. R. Cromack, A. J. Epstein, Y. Sun, and A. G.
MacDiarmid, Synth. Met55, 648 (1993.

36A. L. Buchachenko and A. M. VassermaStable Radicals
(Khimija, Moscow, 1973

S7A. Carrington and A. D. McLachlanintroduction to Magnetic
Resonance with Application to Chemistry and Chemical Physics
(Harper & Row, New York, 196/

38Ch. P. Pool,Electron Spin Resonance: A Comprehensive Trea-
sure on Experimental Techniqué#/iley, New York, 1983.

39V, F. Traven, Electronic Structure and Properties of Organic
Molecules(Khimija, Moscow, 1989

403, G. Masters, J. M. Ginder, A. G. MacDiarmid, and A. J. Epstein,
J. Chem. Phys96, 4768(1992.

413, A. Altshuler and B. M. Kozyrev,Electron Paramagnetic
ResonancdgAcademic, New York, 1964 Electron Paramag-
netic Resonance of Compounds of Elements of Intermediate
Groups(Nauka, Moscow, 1972

42M. Weger, Bell. Syst. Tech. 29, 1013(1960; A. A. Bugai, Fiz.
Tverd. Tela(Leningrad 4, 3027(1962; Ya. S. Lebedev and V.

. Muromtsev, EPR and Relaxation of Stabilized Radicals
(Khimija, Moscow, 1972

4p. R. Gullis, J. Magn. Reso®1, 397 (1976.

443, S. Hyde and L. R. Dalton, i8pin Labeling. Theory and Appli-
cation, edited by L. Berliner(Academic Press, New York,
1979, Vol. 2, p. 1.

“SM. A. Butler, L. R. Walker, and Z. G. Soos, J. Chem. Phy4.
3592(1976.

46a. Abragam, The Principles of Nuclear MagnetisfClarendon
Press, Oxford, 1961

M. E. Jozefowicz, R. Laversanne, H. H. S. Javadi, A. J. Epstein?’F. Devreux, F. Genoud, M. Nechtschein, and B. VilleretElac-

J. P. Pouget, X. Tang, and A. G. MacDiarmid, Phys. Red39B
12 958(1989; J. P. Pouget, M. E. Jozefowicz, A. J. Epstein, X.
Tang, and A. G. MacDiarmid, Macromolecul2d, 779 (1991).

263. Joo, E. J. Oh, G. Min, A. G. MacDiarmid, and A. J. Epstein,
Synth. Met.69, 251 (1995.

27K. Mizoguchi, M. Nechtschein, J. -P. Travers, and C. Menardo,

Phys. Rev. Lett63, 66 (1989; K. Mizoguchi, M. Nechtschein,
and J. -P. Travers, Synth. Metl, 113(1991).
28K. Mizoguchi and K. Kume, Synth. Me69, 241 (1995.

29D, S. Galvao, D. A. don Santos, B. Laks, C. P. de Melo, and M.

J. Caldas, Phys. Rev. Le@3, 786(1989; L. W. Shacklette and
R. H. Baughman, Mol. Cryst. Lig. CrysL89 193(1990.

tronic Properties of Conjugated Polymei®ef. 2), p. 270.

“8E. Zuo, M. Angelopoulos, A. G. MacDiarmid, and A. J. Epstein,
Phys. Rev. B39, 3570(1989.

4F. Lux, Ph.D. thesis, Technology University of Berlin, 1993.

503, Patzsch and H. Gruber, Electronic Properties of Polymers
(Ref. 2, p. 121.

51, Zuppiroli, S. Paschen, and M. N. Bussac, Synth. N6&}.621
(1995.

52y. Cao, S. Li, Z. Xue, and D. Guo, Synth. Met6, 305 (1986.

S3E. P. Nakhmedov, V. N. Prigodin, and A. N. Samukhin, Fiz.
Tverd. Tela(Leningrad 31, 64 (1989 [Sov. Phys. Solid State
31, 368(1989].

30y, |. Krinichnyi, 2-mm Wave Band EPR Spectroscopy of Con->*F. J. Dyson, Phys. Re@8, 349 (1955.

densed Systent€RC Press, Boca Raton, 1998 sp. Khim.65,
564 (1996 [Russ. Chem. Re65, 521(1996)].

557. wilamovski, B. Oczkiewicz, P. Kacman, and J. Blinowski,
Phys. Status Solidi B34, 303(1986.



16 244 V. I. KRINICHNYI, S. D. CHEMERISOV, AND YA. S. LEBEDEV 55

56T, Sugano, G. Saito, and M. Kinoshita, Phys. Rev3®B 6554 Tsukamoto and A. Takahashi, Synth. MéL-43 7 (1991).
(1987. 80, Pietronero, Synth. Me8, 225 (1983.

>P. Bernier, inHandbook of Conducting Polymersdited by T. E. 81K, Aasmundtveit, F. Genoud, E. Houzand M. Nechtschein,
Scotheim(Marcel Dekker, Inc., New York, 1986 Vol. 2, p. Synth. Met.69, 193(1995.

. 1099. 52T N. Khazanovich, Vysokomol. SoediB, 112 (1963.
I. B. Goldberg, H. R. Crowe, P. R. Newman, A. J. Heeger, and A83g_ A silinsh, M. V. Kurik, and V. ChapeKThe Electronic Pro-
G. MacDiarmid, J. Chem. Phyg0, 1132(1979; R. L. Elsen- cesses in Organic Molecular CrystalZinatne, Riga, 1988

baumer, P. Delannoy, G. G. Muller, C. E. Forbes, N. S. Murthy,641pg gensitivity of the ST-EPR method to the molecular dynamics

H. Eckhardt, and R. H. Baughman, Synth. MEt, 251 (1985; i decreases when the magnetic parameters of the PC are motion-
R. Cg)szl iégolrg;an-nb Bé_lclsotzcr::y,xH.HNaarman(;l,V\?rlwld H. Win- ally averaged. As the correlation time of a macromolecular re-
Tte)lrdl gl;gl 9 (’1995( 1; D. Billand, F. X. Henry, and Willmann, orientations does not change considerably at the transition from
59 S ) . sample I, to samples Il, and lll, we can propose the analogous
Y. W. Park, C. Park, Y. S. Lee, C. O. Yoon, H. Shirakawa, Y. character of chain librations in highly doped PANI samples the

Suezaki, and K. Akagi, Solid State Comm@®, 147(1988; A. PC’s of which h terized b tionall d
B. Kaiser, Phys. Rev. BI0, 2806 (1989; J. Tsukamoto, A. S ot which are characterized by a motionally averaged mag-

Takahashi, and K. Kawasaki, Jpn. J. Appl. PI38.125(1989); 65 netic parameters.. . . .
Y. Nogami, H. Kaneko, T. Ishiguro, A. Takahashi, J. Tsuka- J. S. BlakemoreSolid State Physic®2nd ed.(Cambridge Univer-

moto, and N. Hosoito, Solid State Commui6, 583 (1990; J. sity Press, Cambridge, 1985



