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The advantages of wsing the multifrequency (3-em, -mm, and 2-mm} EPR method in
combinatken with the modifed methed of spin label and spin probes and the methods of
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The nature and dynamics of nonlinear excitations in conducting polymers.

laron.

The class of organic conductors comprises molecular
crystzls based on charge-transfer complexes and radical-
ionic sals, fullerenes, platinum cyanide complexes.
phthalecyanine dyes, metal-containirig polymers,'=5 and
other compounds, These substances, especially a new
class of electronic materials, namely. conducling or-
ganic polymers (COP) possessing a wide variety of
electronic and magnetic properties,® 12 are of interest
from the viewpoint of studying fundamental problems of
charge transfer. [nvestigation of COP is due to the
development of basically new scientific concepts of
electronic processes occurring in these substances and
the vast potentizlities of using them in molecular elee-
tronies. 1319

These materials have a highly anisotropic quasi-one-
dimensional (1D s-conducting structure with delo-
calized charge carmers, which strongly differentistes such

systems from both conventional inorganic semiconduc-
tors (e.g., silicon and selenium) and polymeric insula-
tors (e.g., poivethylene). Due to the chain structure of
COP, a strong (specific of 1D-systems) interaction be-
tween the electron states occurs in these compounds,
giving rise to conformational excitations, solitons, and
polarons. Elsctronic properties of film-like or powder-
like COP can be contralled and reversibly changed by
chemical (electrochemical) oxidation or reduction. Their
specific conductivity measured with direct curent (o)
varies from ~ 10~ —10"% § m~!, which s characreristic
of insulators, to ~108—107 5 m™!, which is typical of
classical metals. The conductivity tvpe of a COP is
determined by the nature of the counterion introduced
into the polymer. For instance, the BF;~, C10,7, AsF,~,
157, FeCl,”, and Mny~ anions, efc., induce a positive
charge of the polymer chain, thus resulting in p-type
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condugtivity of the polymer. Doping of the polymer
with Lit, K*, Na™, and other alkali metal ions results in
matype conductivity,

In the classical inorganic 30 semiconductors, each
atom is covalently bound to its environment, thus deter-
mining the lanice rigidity. Therefore, electrons and
holes {vacancies) are deminating gxcitations in such a
rigid system. A fundamentally different situation oecurs
in the case of COP. Because of the specific 1D struc-
ture, such systems are much more sensitive to structural
distortion. Therefore, electrophysical properties of con-
ducting polymers are usually considered in the frame-
work of the band theorvZ® or the soliten-polaron
theory2-22 hased on the Peerls mstability typical of
1D systems. 23 Organic conducting polymers are char-
acterized by the carbon z-electron sysiem with a partly
filied conduction band, which determines the most im-
portant electronic properties of these sysiems,

One of the most studied and simpiest COP is
polyvacetylene (PAc), in which the charge is transferred
by a soliton. 2’2 To explain the experimental depen-
dences of the conductivity of lightly doped mrans-
polyacetylene (rrans-PAC) on the (emperaiurs, pressurs,
and frequency, a model was proposed®® of interchain
hopping electron transport between isoenergetic levels
of neutral and charged solitons. This model was suc-
cessfully wsed for identification of the charge transfer
mechanism in traar-PAc.2 The increase in the doping
level of the polymer changes this mechanism, 8o tunnel-
ing of the charge between neighboring highly eonduct-
ing domaips?? in the framewark of the Sheng®® or
Motr® models inveiving varishle range hopping (VRH)
of the charge carriers occurs in the peiymer instead of
soenergetic electran hopping. The highest conductivily
of oriented trans-Pae is -107 5 m~! a1 room tempera-
ture™®3t however, it is -2 orders of magnitude lower
than the value predicled thecretically for metal-like
clusters in the polymer 32

Electronic und magnetic propenics of poly(para-
phenyiene) {PEP) and anatogous COP are for the most
part similar to these of wans- PAc 5= 12.33.3 The ground
state of these COP is pondegeneraie®! and that is the
reason why, uniike with PAc, no solitons can be formed
in this case. However, it was reported?™¥ that the
soliton-antisoliton pairs can aiso be siabilized in PPP as
polarons and bipolarons. It was also hypothesized™ that
ispenergetic charge transfer can cccur not only 1n frand-
Pac, but also in other condusting polymers with soliton-
like moniinear excimations. In fact, experiments have
shown® that the Kivelson mechanism®® plays an impor-
tant tole in both de and gc charge transfer (at a fre-
quency of 25 GHz) in lightly doped PPP. Experimental
studies have shown that, as in the case of rrans-PAc, the
charge transfer in doped PPP-like COP follows the
Mott mechanism {see, e.g., Refs. 3J8—44).

Among PPP-=like COP, polyaniline {PAn) is the
most stable and promising. Depending on the degree of

oxidation or protonation, PAn can exist in the fallowing
forms™:

[sae¥ogeV

Leucoe meraldine (LE)

oo

Fermigraniling (PN}

loneVonel

Emeraldine base (EB)

[oro, ooy

Emerabdine salt {ES{AN

In the last case, the symbol A denotes the anion of
the acid used for the doping of PAn, eg. sulfste,
chloride, camphorsulfonate (C8), or 2-acrylamido-2-
methyl=1-propancsulfonate (AMPE) anions.

The lattice constants determined for the EB form of
PAn are @ = 0.765. b = 0,575, and ¢ = 1.020 nm.*3
Protonation of the EB or oxidation of the LE form of
PAn results in an increase in the polymer conductivity
by more than 1 orders of magnitude and in the appear-
ance of the Pauli magnetic susceptimlity typical of
metals. 3847 This indicates the formation of highly con-
ducting fully protonated or oxidized clusters in the
amorphous polymer. in this case the effective erystallin-
ity of the polymer (e.g, PAn- HCl) increases by ~50%
owing to the formation of erystallites with a characteris-
tic size of about 5 nm.*¥ The launice constans for the
Pan- ES(A) form are ¢ = 0,430, & = 0,390, and ¢ =
0.960 nm (for PAn-H,50%, a = 0.700, & = 0.860,
and ¢ = 1.040 nm (for PAn» HCIAS; and g = 0.5390, &=
1.000, and ¢ = 0.720 nm (for PAn - C5).% The crystal-
linity and, hence, conducting properties of PAn are
strongly dependent on the structure of the dopant intro-
duced. As was shown by optical reflection (at 0.06—6.0
ev), 3051 Pan - CS is a disordered Drude-like metal with
free charge carrers delocalized over a partly filled con-
duction band. In the more disordered PAn - Hy50y, the
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charge carriers are localized near the Fermi level, which
is typical of & Fermi glass and results in increase in the
crystallinity and in strengthening of metallic properties
of the polymer in the serics PAn- C5 — PAn- H-50, —
PAn - HCI at comparable doping levels, However, in
some instances this conclusion is inconsistent with the
resulfs obtained by other suthors in studies of PAn
carnied out by other methods

It was shown theoretically and experimentally?? that
in PAn, as in other COP, the charge carriers are palarons
maving along individual polymer chains. At low degree
of oxidation, the hopping charge transfer betwesn po-
larens and bipolarons dominates in PAn. As for other
COP. the number af such charge carfiers incresses on
further oxidarion, while their energy levels merge to form
a metal-like band structure, the so-called polaron lat-
fice A%33

Macrgscopic de conductivity is often a result of
various electron transport processes and s, as a ke,
-1F 8§ m! for the initial disordered PAp3A4142.54=57
and ~10* 5 m™1 for the oriented polymer, 258 Thig
hampers correct studies of genning dynamics of chorge
transfer along the polymer chain by conventional ex-
perimental methods, since 1 can be masked by
interchain, interglobular, and other processes. Inlerpre-
tation of cxperimental results is complicated hy
nonuniformicy of the distribution of counterions.

Unlike other COP, i PAn the N heleroatom is
incorparated between the phenyl rings of the chain and
i5 a constituent of the conjugation chain, while the
phenyl groups bound to the N atom can rolate about
the principal axis of the macromoleculs. It is these and
some other peculiarities of the polymer that are re-
sponsible for the essentinl differences between the mag-
netic and eléctron transport properties of PAn and
other COP. For instance, additional mobility of mac-
romolecular units can modelate rather strong electron -
phonan imteractions and be the reason for mere com-
plicated mechanisms of electron transfer in PAp
Analysis of the experimental data on temperature de-
pendences of the de conduetivity, thermoelsctromotive
force 5, and the Pauli magnetic susceptibiling®®#1 made
it possidle 1o conclude that PAn - EB is an amorphous
imsulator whose oxidation or protenation reselts in the
formation of 30 granulaied meal-like clusters. De-
tailed studies of the complex dielectric constant mea-
sured at super-high frequencies (SHF), o5 well as
analysis of the dependence aof conductivity on the
applied electric field, ¥ —42454% revegled that each of
the PAn - ES{A) clusters both in the initial {disordered)
PAn and in the oriented PAn consists of several paral-
lel strongly interacting chains. Charge transfer hatweas)
these chains follows the 1D VRH mechanism, whereas
the 30 delocalization of the eleéctrons cccurs within
such ciusters. The conductivity (o) of 3D clusters in
PAn - ES(A), assessed in the framework of the Drude
model, is ~10% 5 m~1 82 and appeared to be close to the
value predicied for analogous clusters in mrans- Pac 32

However, the SHF conductivity o, measured ar 6.3
GHz did not exceed 7- 10* 5 m~L5 This means that
the actual picture of electron transfer is masked by
other processes and ean hardly be determined by con-
ventional experimental techniques.

Fundamental properties of conducting polymers are
to o great extenl determined by paramagnetic centers
(PC) with spins & = 1/2, localized and/or delocalized
along the polymer chaeins, This makes it possible to use
the complementary magnetic resonance methods (EFR
and NMR spsotroscopy) for sudying the spin-lamice
and spin-gpin magnetic relaxation of the charge carri-
ers.®=%% Then, the data obtzined con be used for
determining the coefficients of spin diffusion alang the
polymer chains (8,0 and berween the polymer chains
(Dyp), as well as the coeflicients 4 = D /D, of the
anisotropy of charge transfer even in 4 disordered poly-
mer, &t 2 scale beginnimg with several macromolecular
units. It is important to know these paramelsrs wo gain a
betler (nsight into relations between the relaxation and
transport properties of the spin charge carriers and the
structure and dynamics of the microenvironment (the
lattice, anion, efe.). as well as to determine the charge
transfer mechanism in COP. Swch studies were carried
out mostly for PAn - HCL#—™ Proviously 55 it was
reported that the sxperimental daia obiined in the
MMR studies of the proton relaxation in PAnS66H72
reflect the electron spin dynamics only indirectly and
canmot give an unambiguous picture of charge transfer
in the polymer. On the other hand, clectronic relaxation
of the spin charge cammers themselves is observed by
EPR spectroscopy, which makes i1 possible to deter-
mine the relaxation and dynamic parameters of polarons
in FAn and other COP more correctly,

For instance, the D values obwined by low-fre-
quency EPR and NMR spectroscopy for fully proto-
nated PAN - HCI is respectively equal to <100 apd 012
rad 5~'. They depend cnly slightly on the doping level of
the specimen, whereas the fyp, values are strongly de-
pendent on y and correlate with both the ¢ and ae
conductivity of the polymer®® This fact was inter-
preted®08Y in favor of the existence of individual highly
conducting chalns with 1D electron transfer between
them even in the fully protonated PAn. However, this is
inconsistent with the alternative model for the forma-
tion of 30 meal-like clusters in this polymer. Addition-
ally, the diffusion constants reported in the EPR studies
on the polaron dyvnamics in PAn were calculated from
the EPR lingwidths. However, essential lirmitations of
the EPR method manifest themselves if the recording
frequency is not higher than 10 GHz. This is valid for
COF as well as for other organic systems and s mainly
due to the fact that the signals of free radicals are
recorded in a marmow magnetic field range:; this also
results in the overlup of the lines of either the multip-
let spectra or the spectra of differsnt radicals with
close g-factors. Therefors, im the general case the PAn
linewidth is a supcrposition of differemt contributions
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{including those due to locelized and delocalized PC),
which eannot be determined by conventional EPR tech-
nigues, This also resulis in ambiguous interpreation of
the data obtained by relatively low-frequency EPR spec-
troscopy. Therefore, electronic relaxation, the electron
dynamics, and the mechanism of charge transporl in
Fan and other COF are still to be claniied.

Warious procedurcs have been developed 1o increase
the efficiency of using EPR spectroscopy in siudies of
condensed media. They include the electron spin echa’;
opuczl recording of EPR signal based on the spin
polarization effect™; slectron-nuclear double reso-
nance™™; methods of steady-statc SHF saturation and
SHF saturztion transfer’?; EPR in nonuniform fields, 7
and some other techniques. However, these procedores
can be wsed for studying specific objects only. In this
connection, operation in stronger magneoc fields and at
higher recording frequencies seems 0 be more effective
for increasing the sceuracy and informativeness of the
method. 7

Previously, =% we have shown that the use of
EPR spectroscopy in the millimeter wave band makes
i possible (o obtain addwional, fundamentally new
mformalion on Yarous organic sysiems wilh paramag-
netic additives including COP.7=3%3 |n this wave band,
it is possible to determing all components of the g- and
A-tensors and to perform separate determination of the
spin-lattice and spin-spin relaxation times of the PC
characterized by relatively weak spin-orbital interaction.
Using the data obtained in this wave band, we can also
caloulate separately the dynamic parameters for both
locnlized ond delocalized PO and study the charge
transfer process in polymer systems. The use of specially
developed procedures provides @ possibility for obiain-
ing new information on the macromolecular dvnamics,
phase transitions, and other processes aceurring in COP
and related systems.

In this review, the results are generalized of original
studies of the magnetic and electron transport properties
af PAr - Hy50,, PAn+ HCL, PAn-C5, and PAn - AMPS
specimens with different condoctivities and degrees of
oxidation, carried oot at the [nstitute of Probiems of
Chemical Physics of the Russian Academy of 3ci-
ences. 3= Using multifrequency EPR spectroscopy in
combination with the methods of sieady-state SHF
saturation and SHF saturation transfer of the spin pack-
ets, as well as the spin labeling and spin probe tech-
migques, we determined the dependences of the shape of
the EPR spectra for the EB and ES forms of PAR on the
composition, relaxation, and polaron mobility over a
wide temperature range. Ultraslow librations of the poly-
mer chams, which correlate with the imterchain charge
transfer, were recorded by the SHF saturation transfer
method, By comparing the temperature dependences of
the 4o and ac conductivities (o, and o, respectively)
we analveed the mechanism of charge transfer in PAn
depending on the anion structure and oxidation degree
of the polymers.

Polvaniline doped with sulfuric acid

Mearly symmetric Lorentzian signals are observed in
the 3-cm EPR spectrum of the PAn- H,50, specimen
with p = 0,03 (Fig. 1, spectrum 5). The linewidths
decrease as the oxidation degree of the specimen and/or
the temperature increases (spectrum &) Computer simu-
lation of these EPR spectra showed that at least two
types of PC (R, and R,) are stabilized in the unoxidized
PAn. The former are localized on the pelymer chain
and are characterized by the anisotropic magnetic pa-
rameters g, = 200535, g = 2.00415, g = 200238,
A=A, =033 mT, and A, = 2.3 mT. The later are
mobile and are charactenized by the magnetic param-
eters g, = 2.0035] and g, = 1.00212. The model spectra
of radicals R, and R, are shown in Fig. | (spectra I, 2
and 3, 4, respectively). The PC R and R, are lecated in
the polymer domaing respectively characterized by lesser
and greater ¢rystallinity. The R paramagnetic centers
exhibiting an asymmetric EPR spectrum can be consid-
ered as {—Ph—N"H—Ph~), macroradicals localized
on short segments of the polymer chain. The magnetic
parameters of the R, radieal differ only slightly from
those of the Ph=MN —Fh radical.?%* which is likely
due to the lower density of the unpaired electron on the
nucleus of the N stom (py® = 0.39) and more planar
conformation of the polymer chain, According to calcu-
lations,™ the CH groups of this radical make a relatively
small contribution o Ag, (~1.7- 1074, The minimum
energies of the spin transitions from the n- and a-
orbitals to the a*-orbital of the nitro group of the radical
can be calculaied using the formula™

Behno R0
- l'!'!Er,.i'_Ml :

where Az = g, ., ~ By B ™ 200232 is the g-factor of a

i

Fig. 1. Simulated 3-cm (4, J) and 2-mm (2 4 wave band EPR
speetra of Ry (7 and 2) and R, radicals (2 and 4), caleulared
with the parameters g, = 200535 g = L0415, g =

100238, 4, =A = .33 mT, A, = 23 mT, g = L0351, and
go = 20021 2; experimental 3-cm (5 and 2-mm {4 wave band
EFR spectra of the samne radicals st 300 K, 2., A, and a8
ans I'J'Il.‘iISIJ:I'GIj MUgnelic parameieis,
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free electron, and A, is the constant of spin-arhiral
interaction of the unpuired gleciron with the nucléeus
of the W atom, For the R, radical, these values are
AF =38 eV and AE . = 6.5 eV,

Previously, TR0 ye qhnwed that the magnetic param-
cters g, and A_, of radicals containing N atoms are the
most sensitive 0 changes in the properties, eg., the
polarity and dynamics of its microenvironment in the
polvmer matrix. Therefore, the fact that the g, value for
the R, radical is shifted toward stronger fields as the
oxidation degres of PAn increases can be explained not
only by increase in the polarity of the radical microenyi-
ronment, but also by intensification of the motion of
the radical in the pz plane of its molecular svitem of
coordinates

The average values of the g-factors of the Ry and R,
radicals are approomately equal, Lo, gy, = (1/3g, +
f, TR =g = (/g + 2g, ). This indicatcs that the
]TIUI:II|II1.r all & fraction of radicals B, along the polymer
chain increases as the oxidation de_grt-: of PAn in-
creases. Such an “unfreezing” of the mobility results in
more intense exchange herween the spectral compo-
nents of the PC and, hence, 1o 4 decrease im the
anisotropy of its EPR spectrum. In other words, radical
R, wansfoerms into radical By, which can be considered
as a polaron diffusing along the polymer chain at a
minimum rate assessed by the following relaton®:

'~'JL.'| _.__ [h: -

- 4,
j Eclhptn (2

Dote -
where up is the Bohr magneton, 8, is the resonanee
magnetie ficld, and & is the Planck constant. Using the
g, value for the EB form of PAn {see abowve), for this
polymer we pet v = 537107 571,

If 1the oxidation degree y exceeds 0.03, the EFR
spectrom of PAn transforms into the singlet spectrum
recorded ot z = 200303 (Fig. 2. In the 2-mm wave

B/

0.5 mT _

Fig. 2. Typical 3-cm { [} und 2-mem (3 wave hand EPR spactra
of polyaniline with the degree of oxidotion ¥ = .33 at room
temperuture. The measured values 4 and 8 are shown, The
spectrum caloulated wsing Eq. (3 with L = [W¥A = 0L.58 ar A/R
= 184 and (v3/Da8 = (T = 0.15 mT is shown by the
dashed line,

band, the specimen with the highest degree of oxidation
exhihits an asymmetric spectrum with the Dysonizn
lineshape characteristic of PC in highly condicting
inorganic® and organic single crystals? and poly-
mers, 04:65, 700 —101

The EPR spectrum has a contribution of the disper-
sion signal due o the formation of the skin layer and is
characterized by the asymmetry factar 478 (see Fip. 2).
Therefore, commect determination of the relaxation and
magnetic resonance parameters of such PC requires simu-
lation of their EPR spectra. The overall spectrum of the
highly conducting PAn specimen was calculated assum-
ing that the skin laver depth & is close (o the characteris-
tic size o of the polymer particle (ie., at 4728 = 1) nsing
the wauation for the first derivative of the signal contain-
ing the contributions D and 4 of the dispersion and
ahsorption signals, respecrively, 02

-t Ix
id i = £ - = A —
dy/d i e []+r g {3}
where x = (8 = #,)- T, = {3y, A ) is the

spin-spin relaxation time Y |s [hc gymrnagn:lu. matio of
the electron, and a8, is the peak-io-peak EPR
linewidth, Figure 2 (spectrum J) illustrates an exampla
of calculations of the 2-mm wave band EPR spectrum,
Variations of the lineshape and magnetic parameters of PC
indicate strengtberning of the spin-zpin intemction and
infensification of the spin dynamics on oxidation of PAn.

The EPR spectra of PAn (p 2 0.22) recorded in the
F-cm wave band exhibit a hyperfine structure (HFS),
which 15 due to the interaction of a small fraction of
unpaired electrons with the protons of the benzene rings
and with the nucleus of the N atom., The HFS comipo-
nents have low relative inmtensities. The central portions
of the sccond harmeonic curves of the absorption signals
for two specimens of PAn - H;50, (with y = 0.22 and
0.53) are shown in Fig. 3 as examples. ln the first
specimen, the interaction of the unpaired electron with

"’N!!I I

Iy

Fiz. 3. Central portions of the curves of the second derivative
ol he in-phase 3-cm wave band absorption signals of pahaniiine
with the oxldation levels y = .33 (/) and 0.22 (2}, recorded at
room temperatore. The HFS are shown and the constants of
HFI of the unpaired eleciron with the nockei of H (g }and N
{a,) #toms are presented; the position of the g-t‘acmr of free
elel.nrun (g, = 1.00232) is also shown.
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four neighboring nearly cquivalent protons (spin [ =
1/2y of the side phenyl groups and with the centrai
nucleus of the M aram (the nuclear spin f= 1) gives rise
0 HFS with well-resolved equidistant compenenis with
the ratic of intensities | 0 5 11 : 14 : 11 : 32 1 {see Fig,
3, spectrum 5. [n addition o the above-mentioned
nuclel, in the second Pan - H,50, specimen {y = 1.33)
the unpaired electron also h-e'gins interacting with the
proton located at the central W ptom. This reswits in
additional splitting in the absorption spectrum of the
specimen. The hyperfine interaction {HF1) constant dyy
varies in the ranpe from 50 o 96 uT for different
PAn - H,50, specimens; however, these varistions do
not correlate with those of v, In these polvmers, the spin
density on the protons {pg,®h determined from the well-
known MeConnel relationship ay = Qyey® lies i the
range (2243 107 at @y = 2.25 mT for the benzene
anion. 1 Thizs value differs from that found for solution
of the EB form of PAn in dioxane (p,~= 1.5 [072) 104
in which the unpaired electron interacts with two side
tenzene rings of the PAn molecule. This suggesis a
greater spin delocalization along the polymer chain and
a more planar conformation of the polymer chains in
the PAn specimens studied,

The fact that both the de conductivity o, and the
paramagnetic susceptibility - obtiined in the 3-cm
EPR wave band depend o a similar manner on the
degree of oxidation (p) of PAn-H,50, (Fig. 4} indi-
cates that the ge conductivity of the polymer is to a
great extent determined by the number and dynamics of
PC. Oxidation of the specimen is occompanied by the
formation of mewl-like clusters with 3D-delecalized
electrons 4 This is confirmed by the data obtained
previously by electron microscopy and X-ray diffrac-
tion® as well as by the above-mentioned changes in
the magnetic parameters, the shape of the spectium,
and the conductivity observed on oxidation of Pan.
especially above the percalation threshold with y z 0,22,

TS m”! X patn
©y o £
ot r al J1o-#
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Fig. 4. Depzndences of o, (/) and ¢ " (D of PAn specimens
en the degree of oxidanon » at 300 K.
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Fig. 5. Temperature dependences of the relative concentration
iy of radicals By localized on the polymer chain in specimens
of PAn with » =0 {0, <000 (2, <003 (3, and 0.22 (4.
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Fig. 6. Dependences of the linewidith a8 ol radicals R, in the
2-mmm i 4} and J-cm () wave band EFRF‘:mﬂra on the degree
of Pan oxidation p &0 rom [emperatine.

The relative concentration »#, of localized polarons
of the R, type in specimens with different oxidation
degrees varies with tempeérature (Fig. 5). For radicals of
the R, type, the linewidths 48, measured in the 3-em
and 2-mm EPR wave bands decrease as v increases | Fig.
£). This indicates that the effective spin-spin relaxation
time becomes shorter due to the formation in the speci-
men of domaims with high spin density and fast ex-
change between spin packets, The spin concentration is
much lower than the concentration of charge carriers in
PAn - ES(A). This can be due 1o the fact that a fraction
of paramagneétic polarons collapses into diamagnetic
bipolarons above the percolation threshold of the poly-
mer at ¥ 2 0,02,

Mot only the narrowing of the EPR line of R,
radicals, but also a decrease in their g-factor, occurs on
oxidation. This effect can be due o a decreass in the
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spin density on the '™ nuclews (see Eq. (1)), as well as
to the change in the conlormation of the polymer
chains. Tt is knowndS that the —Ph—MN—Ph— angle can
change by 22° upon doping of PAn. However. caleula-
tions showed™ that such a change in the angle must
result in a decrease in the g, value by several percent
onlv. The above-mentioned change in the speciroscopic
parameters is likely due o the decrease in the @ dibedral
angle berween 1the planes of the neighboring benzenc
rings in the Fh—MN—Fh fragment, occcurming on doping.
The transfer integral {-_y between the p-orbitals of the
M and T atoms in the para-positions with respect o the
benzene rings of PAn depends on the dihedral angle as
fe_pg= cost, 8007 which is tvpical of aromatic hydro-
carbons. Assuming that the & angle in the EB form of
Pan is 56°.197 gne can calculate for the ES(A) form of
PAn {y = .12} the cffective dihedral angle § and the
spin densily on the N atom gy ®U), which are equal 1o
33 and o (.42, respectivelv. Such o decrense in the 8
pngle resulis in increase inothe spin density on the
benzene rings due to an increase in the transfer integral
fe_y. Thus, the observed changes in the magnetic
parameters may indicate a greater spin delocalization
along the polymer cham as well as an increase in the
polvmer chaoin planarity owing o oxidation.
Appreciable weakening of the exchange inreraction
between individual spin pockets is due lo increase in
bath the recording frequency and the strength of the
external magnetic field. ' Therefore, operation in the
Zomm EPR wave band must lead to saturation of the
spin pockers under conventional experimental condi-

Fig. 7. Typical specira of the in-phase { /1 and gquadrature {2}’_

components of the 2-mm wave band EPK dispersion signal of
PAn with the degree of oxidabion y £ 003 at room rempera-
twre. The measured compongnts (w) of the quadcature disper-
siom spectrun are shown.,

tions. In fuct. 28 for other COP.*¥1=83 poth the in-
phase and quadrture componsgnis of the dispersion
signuls of newiral and weakly oxidized PAn, recorded in
the 2-mm wave bund. contain bell-shaped components
with Gagssian spin packet distributions (Fig. 7). This
was not chserved i the studies of COP at lower fre-
guencies. This type of components is & result of rapid
passage of PC carried out where the conditions hold of
(i} the spin packet saturation v, 8 JET 1 and (i)
adiabatic passage of resonance d8/dr = B w_ < v,8%
where T, and 7, are, respectively, the spin-lattice and
spin-spin relaxation time, dB/dr is the rate of passage of
resomance, & and w are the amplitude and angular
frequency of magnetic field modulation, respectively,
and” B is the magnetic component of the polirizing
SHF field.

The equation for the first derivative of the dispersion
signal can be written in the general formi®?

U= gl s, (b -+ wsglo )sin(e,t — 1) +
+ ymmsinfiog s £ 0.50) (4}

Obviously, &y = w3 = 0 in the absence of SHF
saturation. In the case of SHF satueation the relative
intensities of the &, and @y components are determined
by the ratio of the effective relaxation rate of spin
packets o = (T, 750 1" and the rate of passage of
resonance o B, If the latter is high and the modula-
tion freguency s comparable with or higher than <!,
the spin packets Bave no time o track the reverse of the
dircetion of the passage of the magnetic field because it
proceeds at too high o mie. In the case of adisbatic
passage of resonance (if @ B <<y 8 %) each spin can
"see’” only an averaged apphed magnetic field; therefore.
the first derivative of the dispersion signal will be mainly
determined by the last two terms of Eq. (4), wherz 4, =
(o™, 28, B, Tal/2 and s = (et B By 1)/ ooy, T )-

If the effective spin relaxation time is shorter than
the moduolation period (= € w b and © > 8, /(dB/d). the
magnetization vector has sufficient time to recover 10
the equilibrivm state during one modulation period. In
this ease the dispersion signal should be independent of
the recording frequency and will be mainly determined
by the o2 (em,) and ugin, ) 1erms of Eq, (4), where » =
v L8 By and ey = (ggme 8 BT T0/2 Thus the
elecironic relaxation times of the spin system can be
determinad from the components of the dispersion sig-
nal of saturated spin packets. recorded at corresponding
phase tuning of the synchronous detector wsing the
following equations!1®;

B (] + 651
T S g {5a)
" e o+ o
Tz = Dy {3k

" (here £ = ny/u, and B is the strength of the polarizing

field at i, = =tiy) at w0 T,y > 1 and
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T
o = T 6
w3,
T2 = Saoim + 1ag) (i}

at ag, T < 1 The amplitudes of the &, components are
meazured ar the center of the spectrum (af @-= @)

The increase in the degree of axidation of the poly-
mer leads to shortening of the effective relaxation time
of PC (Fig. §), which can be due wo intensification of
he spin exchange with the laitice and with other spins
stabilized on neighboring polymer chains of highly con-
ducting cluaters. in this connection it should be noted
that electronic relaxation processes occurring in con-
densed media at high temperatures are mainly deter-
mined by the Raman interaction between the slectron
and the opuical phonons of the Jatice. The probabifity
and rare of such progesses are dependent on the con-
centration # of the PC localized, #.g., in jonic crysoals
(W= T e w®T?) and in neconjugated polymers
(W= T, e n 723100 The available data suggest that
the 7,7 " values of PC in poelyanidine (with y = 0.02) are
described by a dependence of the type To™' =aT ¥
where & = 3—4, whereas those of PC in the polvmer
with ¥ = [1.22 are described by o flattened dependence
charecterized by the oppositc sign of temperature var-
tions, To"lec w3 (see Fig. ). This indicates the
sppesrance of an additional channel of the energy transfer
from the spin ensemble to the [atice on oxidation of the
polymer, as is the cose in the clussical merals.

The amplitude and shape of the components of the
dispersion signal depend not only on the intensity of
spin exchange and the rate of electronic relaxation, but
alse on relatively slow mocromolecular reorieniations
{librations, torsional vibrations) in the polymer. Usu-

T
=11 o o L= I
1y a o e & 3
o os 3
iy B o o . 4
Fy
_ o
el d ) 2
& 0
103 F °]
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g o - . 9
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(31 0 M TR

Fig. 8. Temperature dependences of the effective spin-ltiice
and spin-spin relaxation times (T, open circles and Fio. filled
cireles, respectivelyy of PAn specimens with y = & (J3, ~0.0]
(&, =0.03 (5, and 0.22 (4.

ally. such motions are studied by EFR spectroscopy
with SHF saturation transfer (5T EPR) between the
spin packels differently oriented with respect to the
external magnetic field.™ The wse of the 5T EFR
methad makes it possible to study torsionsl mations of
the macromolecule (e.g., with respect to s principal x
axis) with correlation times «_ varied from 1077 5 to the
maximum value given by the formula’™

) 1
3 sin’ 9 cos? 3( 8] - B}
nas — .
T ST IE Hante + Beosts

im

where B and 8 are the positions of the high- and low-
field spectral components, respectively, and & 15 the
angle betwesn the dietion of the external magnetic
field B, and that of the x axis of the macromolecule.

Temperatere variation of the relative intensity of the
high-field w; component of the guadrature dispersion
signal {see Fig. 7) is a typical manifestation of mtensifi-
cation of ultraslow (and anisotropic with respect to the
X axis) [ibrations of macromolecules carrving localized
R, radicals. Previowsly, 7% we huve shown thar the use
of the 2-mm wave band 3T EPR makes it possible to
separately determine the main charictenstic times 1,
T and T, of the radicals involved in the ultrasiow
anisatropic motions with respect to different molesular
axes. The correlation time t* of the uliraslow motions
of PC abow ihe x axis can be determined from the ratio
of the intensities of the &y components of the anisotro-
pic spectrum, K= w35, vsing the following equa-
tionT?-86;

T uy -
S ‘E[q]} : (8

where the constant o is determined by the anisotropy of
the g-factor of PC. The Amhenius dependence of the
cormelation time of macromolecular lbrations in the
initial PAn specimen, caleulated using Eq. (8) at 0 =
54-107% 5 and m = 4.8, is shown in Fig. 9. As can be
seen, the low-temperature branch of this dependence is
satisfactorily described by the relationship =, = 2.7+ w7
exp((.045 eV/kg T}, whare kg is the Boltzmann constant.
Analogous dependences wers obfmned for PAn - stﬂﬁ
with the oxidation jevels v = 001 and p = 0.03. The
caleulated activation energies of macromolecelar libra-
tions cormespond to the energies of optical phonons and
are close to the value (0.01—0.03 evil% ghtained for
different specimens of poly{tctrathiafulvalenes) 1104 ang
polyibisialkylthivacetylene. 115 The ¢ ™ time caleulated
using Eqg. {71 with the parameters 8 = 457 and 8, = 0.01
mT™-# and he g, and g, values for Ry radicals is
2.2- 1074 s and corresponds to 8 ay'/uy” ratio of 1.2 (see
Eq. {8)) at 10} K. The increase in the correlation time
on heating of the polymer above the critical temperature
(T.= 190 K} is still to be clarified.
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Fig. ®. The Arrhenius dependence of the corelition time of
uitraslow conperitve librations of paramagneric conrers By and
the polvmer chain, The depemdence coleulaled using the equ-
tion t, = tYexpi®.043 eV Rg T wiih .2 = 2.7 1077 5 is shown
by the dashed line.

The relaxarion times of the electron and proton
spins in PAn vary depending on the recarding frequency
as Ty qm oo W o= 2av) %87 I this connection the
experimental data obtained can be explained by modu-
lation of electronic reloxation by |13 diffusion of R,
radicals along the polymer chain and by 30 hopping of
these radicals between the chains with the diffusion
coeflicients D5 and Dyp. respectively. In this case, the
spectral density function for the spin mobidity in the 1D
svstem can be written as?l®

M) = .I‘I'H'{D'IE{I;. 9

where = (n, + n:,},f'ﬁ is the effective concentration
of both localized and delocalized PO per monomer uni
of PAn, n, and n; are the relative concentrations of
localized and delocalized PC, respectively, I; is the
lattice sum for the powdeér-like specimen,

i JJ 1+ (won)

Jyphich =
V2Bobig T 1+ (wf Dyp)

{{Iﬂi ool ot Big s> e D
lzﬂlluﬂsu]-w- al m<s Dhpy

D' = 4Dyp/M, and N is the spin delocalization
length in the monomer units, Previously,¥*="" an analo-
gous speetral density function was used in the studies of
the spin dynamics in PAR.

Since the electronic relaxation is mainly determined
by the dipale-dipole intermction between localized and

Fig. 10, Temperature dependences of the coeflicients af iha
polaren diffusion along the polymer chain &yp (open circles)
and of the interchain polaron hopping Oy (Mlled circles) in
PAn with » = 0 (1, -0.00 2, and ~003 (F): emperatee
dependence of the effective coefficient of the polaron diffusion
in polyaniling with p= 0,21 (), The functions o pd 7} = a0 F)
eufculated wing Eg. {[4b) with the parnmeters m = 12.9 and
a, =28 107" S mT s K (fy; o= 12,6 and o, 0 = 8.8 1071
Sm! s K (2 Spoand ky = | 10% s K7 are shown by solid
lines. The functions eyl T = &, T calevlated using Eg. {13b)
fwith o, = 14 10" S m~" &8 K~ and £, = 0.13 eV, curve
1) and with the parameters o, = 1 2- 1001 5 m~! 28 )
and F, = 0033 ¢¥ (at T= 240 K) and with o, % = 5.7 107}
S~ fE K- und £ = 043 eV (a0 T2 240 Kb (eurve 110 are
shown by dashed lines.

delocahzed sping (with a spin valee 5 = 1/2), we can
write the following equations for the rates of clectronic
relaxationt!”;

o' = (ef 20 + 8020, 108}

T b= ()30 + Sw) + 2H2w)], {10)
where {ad) = 01 up/4e) %, 200508 + 13nLy is the aver-
aped constant of the spin dipole interaction for @ pow-
der-like specimen.

The tempemature dependences of the effective dy-
namic parameters Dy and Dy for both types of radi-
cals in several PAR specimens (822 Fig. 10) were caléi-
lated from the data presented in Fig. § wsing Egs. ()
and (10 at & = 5198 [t seems to be jestified that the
anisotropy of the spin dynamics s maximum in the
imitial specimen of the EB form of PAn and decreases as
v increases, At a relatively high degree of oxidation (y 2
(.22}, the electronic relaxation timss become compa-
rable and only slightly temperature-dependent because
of intense spin-spin exchange in metai-like clusters and
of the increase in the effective dimensionality of the
Syslem,

It was found by EPR spectroscopy at recording
frequencies from 5 to 450 MHz8™ tha fairly high
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asisatropy of the spin dynamics is retained in PAn- HO|
onidized up w0 ¥ = 0.6 even al room EmMperature,
However, our experimental data indicate that the aniso-
tropy of the motion of the charge carricrs is high only In
the oxidized PAn- H,50, for which ¥ < 0.22. Such a
discreponcy is likely due to the fact that the cffective
dimengionality of PAn doped with H,50, to p = 0.22 s
farger than that of PAn:HCL The incresse in the
dimensignality on oxidation of the pelymer is accompa-
nied by a decrease in the pumber of electron traps,
which reduces the probubility of electron scattering by
the lattice phooons and results in the virtwally sotropic
spin motion and relatively slight wemperature depen-
dences of both the elecironic relaxsion and diffission
rates of PO, as is the cage for amorphous inorganic
semiconductors 229

As was mentioned above, EPR spectroscopy makes
it possible 1o study the spin dynamics and conductivity
at the scale of several palymer chains. In principle, the
macrscopic and microscopic conductivity {o, and L .
respectivelyy can correlate; however, if the oxidized
polymer cantaing a suificient amount of diamagneie
bipolarons. these pommeters should be appreciably difls
ferent. Therefore the conductivity parameicrs obtained
by different methods can be compared only qualita-
tively, [ the diffusion coefficients of both the spin and
spinless charge carriers in oxidized PAn (p > 0.22) are
close, the contribution to the conductivity of the mo-
tion of bipalarons should be comparoble or even greater
than that of the spin charge carniers,

Ler ws consider the possibility of determining the
high-frequency conductivity and the mechanism of
charge transport m PARL

To determine the conductwvity components of a
specimen due o the mobility of the spin charge carriers,
anc can use the known expression

Ne' s
Suan( N = —— 5 (n

where T is temperature, and ¢, = 0,960 nm and nE. -
0.590 nm are the lattice constants of PAn - H,50,.4% At
room temperature and O £ y = 0,022, the “along-the-
chain® conductivity o, of oxidized PAn is 10.2 5 m™\.
The S1p COmponent increases from 7. - 107 1o 0,35
5 m~ 1 under the same conditions, This is additional
evidenee for a decresse in the anisotropy of the spin
motion in PAn+ES(A} and is in agreement with the
eonclusions drawn pravieusly 114

The data on the spin dynamics ¢an be interpreted
vsing different models for the charge transfer in low-
dimensicnal systems. Previoushy,®5 we have shown that
dynmamic processes ocourring in PAn - ES{A) with y =
0.22 can be interpreted in the framework of the Mou
model of jmerchain YRH of the charge carriers 2 Ac-
cording to this model, the conductivity components of a
disordered solid of dimensionality o are defined by the

following equations:

T il «1h
g T ™ gglip _[T‘ll] . {1 2a)
1S

i .4
S T = firfﬂ}:lezkg?h?[aﬂfi.}’v,[ Jn?:-H =T, (120
% (5

where ay = 0.3%ve [nlep L)/ (kg TV at d = 1 and o,
= D Bugelmlepd ALYt d = 30 vy is the fimiting
hopping frequency; T~ /K = 0.62kpa(spk LY is the
perenlation constant or the effective energy difference
between the localized slates, which is dependent on the
degree of order of the amomhous domains of the poly-
mer {sec Eq. (12a)); and (L) = {LyL, %)%, where {L),
Ly and L are, respectively, the average localization
length of the wave function of the charge carrier and its
projections on the parallel and perpendicular directions,
Aceording 1o Eqs. (12a.b). an approximately quadratic
w4l T) dependence and linear o, { T) dependence should
be observed in the framework of the YREH model.
Stronger temperature dependences of the eonductivity
of weakly oxidized PAn - H,50, con be interpreted in
the framework of the model for the activation charge
transfer between the polymer chains,?® according 1o
which the [ollowing equations are valid for the eompo-
nents of the overall conductivity:

ol T = q&m[——gi-]. i13u)
kgt
M1 = n:.vESTcxp[——E'ﬂ-] . {83k
kgl

where £ is the activation energy of cleetron transfer
berween the polymer chains.

In fact, function (13b) with the parameters o, and
£, fits fuirly well the experimental Dyp( Ty dependences
for the inital specimen (o0 = 121072 S m~! 08 K1,
E, = L0335 ¢V} and for the specimens with y = 0.01
(o, P =537 107 Sm 1 "8 K- F =043 eV)and y=
003 (o, 0 = 141071 5 m~1 88 K- E = 0,13 eV).
In ihe case of activation charge transfer between the
polymer chains the o, (T) dependence should be linear,
However, It is essentially nonlinear for the above-men-
tioned PAn - ES(A) specimens, which supgests another
mechanism of charge transfer in this palymer.

The fact that the spin-lattice relaxation time of
PAn s strongly dependent on temperature (see above)
means that. in accord with the energy conservation
law, the electron hops should be accompanied by
absorption or emission of @ minimum number of the
lattice phonons, Multiphonon processes become pre-
domuinant in neutral and weakly oxidized PAn because
of o strong spin-lattiee interaction, For this reason,
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electrodynamic processes ccourring in the polymer can
be considered in the fmamework of Kivelson's formal-
ism® of isoenergetic etectron transfer between the
polymer chains involving optical phonons. According
to this model, Coulomb interaction occurs berween the
charge carriers and the dopant anions introdeced into
the palymer. In this case, the excess charge can be
isoenergetically transferred from one charge carrier to
another charge carrier moving along the neighboring
polymer chain, The temperaiure dependence of the
probability of this process and, hence, of the charpe
carrier mobility will be determined by the probability
of finding the newwral soliton or polaron near the
dopant anion. The &c and ac conductivities will be
defined by the following expressions25.38;

s
i THE e} [zk?ﬁa]
R Ak U
wlal - . 1
P
" T )
agy K, !
— 1
= %L[ln?;‘%:] , {14k}
where &) = 0,430 &y = 1390 &y is a constant; (7)) =

wd T300 K™ is the rate of electron transfer be-
tween the charge carriers; () = yow G, + 0770
where ¥, and Fip dTE, rESpECT ively, the concentralions
of polurens and bipalarons per monemer unit of the
polymer chain: 8 = (4aN/3)" 1 s the typical dis-
rance Botween the dopant anions with the concentra-
tion Mo L = (g2 D e and & are the averaged
localization length of the wave function of the charge
carrier and its parailel and perpendicular compo-
nents, respectively; L 1% the number of monomer unics
in the polymer chain: and m = 10,

Thearetical functions e, (7) = a,,(T) caleulsted
using Eq. (14b) fit well the cxperimental &) 50 Ty depen-
dences (see Fig. 100, Taking into account the depen-
dence oy (T« 7™ for polyaniline with 0 < y £ 0.03, one
can conclude that the above-mentioned mechanism of
charge transfer can be realized in these specimens,
Using the known method.™ we con assess the o _fa,
ratio for the limiting case w/2x = v, - = The value
found for PAn-H,50, is ~130, which is appreciably
smaller than that obtained for sroms-Pac (o jm, =
"}ﬂnlllﬁ

The temperature dependence of the ac conductivity
of PAn + H,50, with y = 0.22 {Fig. 11} calculated from
the data presented in Fig. 10 using Eq. (11} cannot be
interpreted im the framework of the Kivelson theory of
moenergetic charge transfer since this theory assumes a
stronger temperature dependence (see Fig. 10 and Eq.
(14hy). The model of charge carrier scattering by
oplicnd) phonons of the lattice of metal-like clusters in
z-conjugated COPMIY may anpear to be more conve-

nient for explanation of such behavior of the conductiv-
ity. In the framework of this model the conductivity of
the polymer can be expressed in the form

Nelelp Mt kT [1"""'m}
AL T vILLAN T L PHFT -1l=
m T} = PN ["'" kT !

Iniie
=s¢2‘[sinh[ &BT“‘] - I]. 15}
where M is the mass of a CH or NH group, 4, & the
transfier integral equal to ~2—3 eV for the n-electron, Yon
is the frequency of the optical phonan, and « is the
constant of eleetron-phonon interaction (for frans-PAc,
a=d.1+107 eV m 1% Az can be seen in Fiz. 11, the
7,0 7) dependence for a PAn - H S50, specimen (p =
0223 & farly well fitted wsimg Eq. (15) with the param-
eters o, = 0,12 5 m™! K™ and the energy of the lattice
phonons 2afme, = 0033 gV, The latier value is close o
the activation energy of macromolecular anisotropic li-
brations {see above). Using Eqg. (15) with the parameters
No=22-10P" m™ and ¢, = 096 nm, % we get o =
LE8- 10 &V m™!. The ac conductivity of clusters in
PAn -« H,S0, oxidized to y = 0.22 is ~60 5 m™! at room
temperature {see Fig. 11), which is much smaller than that
calculated for fully oxidized PAR (o, % 109 S m 1)862

Ler ws calewlate the g conductivity of a fully oxi-
dized polymer using the dependence of the [ and A
values (82¢ Ea. (31 oo the recording frequency and
conductivity of the polymer2?

| _gsinh g — psing _ sinh psing

D=F‘2+§l! cosh g+ cosg (:mhp+m¢:"“m3
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Fig, 11, Temperatwrs dependences of the ac conductivity at »,=
140 GHz of PAn specimens with p = 022 {J} and 0.53 (A4,
calcubired using Eqs. (10}, (3) and (16), The dependence calcu-
lated using Eq. (173 (with gyt = 6.8 100 3 m™!, o2 = 43.3
Sm ETE et =095 mT KT and bugy, = 0047 eV) i shown
b the sofid line and thar calevlared vsing %q. {15 (with ay= 0.12
S KT and fgy = 0033 V) is shown by the dashed line.
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[ pslnhp+g:¢n¢+ cosh poosg + [
A= "3 7" ho tcos ; T .01Eh)
pt oty wosh gt Lasg {cosh p + cosg)
where o =%’f ot -m, g -%1 Jralta,

@ = coofdna, and & = ¢f JTamm .

The thearstical dependences of the paramcters £/ 4,
I and A of the Dysomnian EPR lineshape (see Eqo (3))
on the &35 ratio at o —» 0 and & = 5+ 1077 m are chown
in Fig. 12, Analysis showed that the calculated lineshape
parameter £/4 is related to the experimental parameter
A/B (see Fig. 2y by the simple relationship 4/8 = | +
145074, This makes it possible o detarmine the ac
conductivity of the polymer immediately from its EPR
SPOCLTUIT,

A% in the preceding cose, the specific condugtivity of
the PAn- H; 50, specimen with the oxidation level y
.53 decreases as the temperatore increases from
certain minimum value to the crteal temperature 7
L9 K: however, the specific conductivity again begins
increasing on heating above T, {sce Fig. 11). Such o
dependence with an exizemum van be explained assum-
mg that several successive C|‘IE||‘EE tramsfer processes
procced in the polymer. As in the case of PAn- H.50,
with the oxidation level p = .22, the low-temperature
branch of the dependence obitained can be interpreted
in the framework of the model of scattering of changs
carriers by the optical phonens of the PAn- ES(A)
lattice. At high temperatures. the charge transfer de-
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Fig. 12, Dependences of the asymmerry parameter 004 [ 1=0
on the e /25 of the balf-thickness of the specimen 1o the
depth of the skin teyver, csleulated wsing Egs. (3 and {163 for
specimens of PAn-< C5 with p = 0.3 (/) and 06 (5 and for
Pan s AMPS with p = 06 (7)) and different thickness. Theo-
retical dependence of the asymmetry pammeter ¢4 (4 s
shown by the solid line; chose of the 4 (5 and & (6) compo-
nents. caleulated using Eqs. (5b wmd {156 a1 o — O, are shown
iy dashed lines.

scribed in the framework of the Mot modsl of interchain
WRH of charge carriers can ocour, The overall conduc-
tvity of this specimen can be expressed using the fol-
lowing relation:

T
|

0 ol +1{u;1"’r]'r+{n{,"r}'l[slnn[%] - l]_l}.j ATy

where the constants o,'" and ¥ are the correspond-
ing constants from Egs. (120) and (13}, As can be seen
in Fig, 11, the rtemperature dependence for the
Pan - H,50, specimen with the oxidation level y = 0,53
is well firred using Eq. (17) with the parameters o (1) =
.k 108 5m-!, -:rn‘h =433 8m K, GD[JJ = 69
S m7! K7L and dnhvy, = 0.047 eV, The last-named
value exceeds the energy of phonons in PAn- H,50,
with y» = (122, which indicates an increase in the
crystallinity of the fully oxidized polymer. However, this
value is also close to the activation epergy of torsional
vibrations of the polvmer chains, This indicates a close
relation hetween the molecular and electrodynamic pro-
cesses in PAn- H,50,. In panicular, for this specimen
we can calculate o = 6.5 10 eV om~! ar A= 2.0-108
m~% The caleulated consant of the electran-phonon
internction in this specimen also much exceeds the
corresponding vialue for frons-Pac. The ae conductivity
of clusters in oxidized PAn - H,80y, (» = 0.33) is 1400
S m~" m room lemperature (see Fig. 11), which is also
mueh lower than the conductivity calevlated for this
specimen b

Thus, oxidation of PAn to ¥ = 003 mesults in the
increase in the number and size of highly condwcting
chsters with the highly mobile charge corriers. which is
the reason for the Komon relaxation processes. as well as
for the increase in the conductivity and in the Pauli
maenetic susceptibilivy. An increase in the dirmensionalicy
of the system upon gxidation changes the mechanism of
charge transport from iscenergetic intecchain charge tun-
neling to interchain VRH of the charge corriers.

The concentration of diamagnetic charge carmers in
Pan with the oxidation level in the range .22 < y < 0.5
equals or s somewhat bigher than the spin concentra-
tion, This means that the charge in these specimens s
transferred by polarons mostly, whereas the charge in the
fuliv doped ES(A) form of PAn is transferred by diamag-
netic bipolarons. By and large the data obtained are in
agreement with the concepr of swabilization in PAn of
metal-like chusters built of stromgly interacting polymer
chains with 3D-delocalized conduction electrons®®81;
however, they don't confirm the theory completely,

[nterzction between the charge carriers and the lat-
tice phonons in PAn-H,50, is much stronger than in
rrans-PAc and other COP, which iz likely due to the
closer packing and grearer planarity of the polyvmer
chains in PAn- H,50, As a result, the charge transfer
mtegral between the polymer chains is modulated by
witraslow librations of macromolecules, which manifests
itself 1o the greatest extent in fully oxidized PAan.
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Polyaniline doped with hydrochloric acid

Agin the cage of PAn- H,50, the 3-cm wave band
EPR spectrum of PCin PAn -« HCD exhibats a spmmetric
singlet line (Fig. 13, a) whose width ﬂ.B‘Dp for both the
imitial and weakly oxidized specimens is virtwally inde-
pendent of temperature. In the oudized polvmer with
» = 0,03 the AB,, valuc exhibits a bell-shaped tempera-
ture dependence with the inflection point at the critical
temperature T, = 200 K. The linewidth increases almost
linearly at 7= T_ und decreases ar higher remperatures.
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Fig. 13. Temperature dependences of the peak-to-peak width
of the shsorption line of paramaegneric centers im the initiai
specimen 0 and in the specimens of Pan - HCL with p o 000
(20, 003 {0, 022 (4, 041 (5, and 0.3 () in the J-cm (@
and 2-mm (&) EPR wave bands.

The sbsorption spectrum of this polvmer also exhib-
its & HFS (see Fig. 33 Unlike PAn- H.50,, the HFI
constanis @, and spin densities p, calcalated wvsing the
MeConne! cquation with coefficients of proportionabity
O equal o 225 and 23T mT for H and N atoms,
respectively, 19121 vary mopotonically with the oxida-
tion degree of the polymer (Table 1),

On going to the -mm wave band the AR value
becames more sensitive 1o variations of the temperacure
and conductivity of the polvmer (see Fiz, 13, &)

Two types of PC are stabilized in PAn -+ HCL Thesc
are R, with the magnetic parameters g, = 100335,
By & LHMILS, g = 200238, A4, = A”, = .33 mT, and
A, = 2.3 mT and Ry with the magnetic paramerers g, =
380381 and 5= 2.00212. The relative content a,/{(m, +
agd of PC of the R, type varies as the temperature and
degres of oxidation vary, much as it occurs in
PAn - H,50, (sce Fig. 51. This can be cxplained by the
increase in the number of mobile spin charges carriers
and by the formation of the polaren lattice in the
oxidized polymer above the percolation threshold.

Using 4, = 4= 125mT for PC in pemigraniling 122
and the McConnel constant @ = 2.25 mT."™ onc can
calculare the spin density pa(0) on the nuclews of the ™
atom. pyl0) = (A, + A+ A W3O = 063 Then,
using the components of the g-tensor (see above) and
Eg. ¢1), we can caleulate the energies of electron excia-
tion to the nearest moleeular orbitals (AL, , = 4.0 £V
and 8, . = 6.6 eV

Since the averuged g-factors of radicals By and R,
are approximately equal. by applving Eq. (2) ane can
determine the mintmum rate of diffusion of the polaron
of the R, type along the polymer chain of the ES(A)
form af PAn (v ;% = 108 574,

The conformation of the polymer chain and the
spin density distribution affect the magnetic param-
eters of PAn: HCL Taking into account that the spin
transfer intcgral {fa_y) botween the p-orbitals of the
C and N atoms depends on the dihedral apgle in PAn
as /-y = cost and using the § value for the EB form
of Pan {369," we can determine from Eq. (1) that
Fan - HCI with y == .22 is characterized by 6 = 33* and
py® = 0.42. Hence it follows that the dihedral angle 8
decrenses on oxidation. thus increasing the f. . inte-
gral and, therefore, the spin density on the benzene

Table 1. Dependence of the HFT constants (o /mT) and the
spin density on the nuclei of H and N atoms g, - 157 on the
degree of oxidation (¥) af the PAn specimens

¥y H ay iy FH PH Py
0,00 .41 - ni4 182 - 39l
=000 0.3 - o 138 - 43,2
-003 028 - 003 124 - L
b2 00la - TEIDT 07 — inm
.41 0014 - 4630 a2 1.94
050 5310 8507t LEI0TY 236 042 0780

* The values obtained for the nucleus of the ceatmal H atom.
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ring. The wvariation of the magnetic parameterss is a
consequence of both greater spin delocalization along
the polvmer chain and greater planarity of polymer
chains during the oxidation of PAn,

The lineshape of radicals of the R, type changes
appreciably on the percolation trangition in Pan - HCI
{in the range 0,03 < y= 022, War p = 003 and T < 300
K we have g = g, then even at p = 0.22 the inequalivy
£ = holds, Previeusly,™ we observed an anologous
effect in studies of the interaction of PAn with water
vapor and explained it by appreciable change in the
conformation of the micrcenvironment of radicals of
the R, type céused by the formation of water bridges
between the polvmer chains. The asbove-mentionsd
change in the lineshape can also be explained by stroc-
tural changes ocourning on the percolation transition in
PAn.

As in the case of PAn- H,50,, the effects of rapid
passage are observed in the 2-mm wave band EPR
spectra of PAn - HCL if the conditions of adisbatic pas-
sage of resonance yo B << ¢ 28, and spin packel
saruration y.8, yT,T, = 1 hold. These effects were used
for determining the relaxation and dynamic parameters
of PC in these specimens. The T, values wary on
oxidation of the polymer as T, o a7, whers I = 3—4 at
< h03and /=03 at 0.03 < p < 022 (Fig. 143, This
can he associated with imtensificanon of the spin=spin
exchange between the PO localized on neighboring
polymer chains duc to merease in the size and number
of metal-like clusters on oxidation of PAn. Apan from
this, such a change in the relaxation properties of PO
indizates a drastic change in the rate of energy transfer
from the spin ensemble to the polymer lattice as well as
a changes i the mechanism of charge transport during
the oxidation of PAn.
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Fig. 14. Te mperature d:pl:ru]::n:_‘v.s of the effective spin-lattice
and spin-gpin relaxation times (7, open circles, and T, filled
gircles, respectively) of paramagnetic centers in the indtial
specimen of PAn (F) and in specimens of PAn - HCI with yp =
0.01 (& and 0.03 (F).

The temperature dependence of the parameter Ffmw=
;..Jl,fnJl' {see Fiz. 7) was used for calculating the correla-
tion time t.° of the librtions of the polymer chaing
carmving localized radicals of the B type abowt the x axis
of the initial polymer, ©.5= 3.5« 10 %exp(0.015 ¥/ (kg 7).
Analopous dependence was also obtained for PAn- HCI
with ¥ = 0.0 and y = 0,03,

The temperature dependences of the coefficients of
spin diffusion along and betwesn the polymer chains
(D) and £, respectively) ere shown in Fig. 15, They
were calculated using the procedure described above
{Eas. (9) and (10)) and from the data presented in Fig,
{4 assuming spin delocalization over five monomer
units of PAn 'S From the dara shown in Fig 15 ot
follows that 0, = 10" rad 57" and Dyp, = 10° rad 577 a1
ronm tempenrtiure. The first value is mone than two
orders of magnitude lower than the rate of charge
diffusion abmined previously for PAn with y = .038679,
however, it is mech higher than the calendated v value
{see above). At y = (L22, the times T and T, become
nearly equal due to the formation of metal-like clusters
apd to inerease in the effective dimensionality of the
systemn. [n this case, the method of steady-state SHF
saturation becomes leig sensitrve 1o the relaxation and
dynamics of PC; however, the averaged effective spin
diffugion coefficient can be assessed assuming that the
spin motion along the polymer chain dominates and
2T, = T,;. Thisvalue is Dy = 1.6 - 10'? rad 577, which
is much smaller than that obtained previousiy by mag-
netic resonance methods in relatively weak magnetic
fields, ™ From the data shown in Fig. 15 it follows that
the Dp/8y, rulio decresses as y increases. This is
additional evidence for the formation of bulky metal-
like clustars and for increase in the crysiallinity of
oxidized PAn. it this ease, the coneentration of elge-
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Fig, 15. Temperature dependences of the cosfficients of diffusion
af robile prramagnetic centers along the polvmer chaing (D),
open circles) and between the polymer chains (Dyp, filled
gizeles), calewlated vsing Egs, (0% and {10} for parnmagnetic
centers in the initial PAn specimen (1) snd in specimens of
PAn -« HCI with v = 0.00 {2) and 0.03 {3).



Monlinear exciations in conducting polvaniline

Russ, Cheen, Bull, Vol 49, Np. 2 February, 2000 PRy

s m!

[
([ el
[
-

[

Tl

-2 s

jgmre "

100 i EILURN

Fig. Vo, Tempernure dependences of the ae conductivity of the
initial PAn specimen. caleubated using Eq. (11} and the dam
shown in Fig. 15 (%, amd of the e conductivity §.23 The oversll
de eonductivity, caleulared using Eq. (18) with the paraimeters
g = 18IS (i eVEL vy = D018 eV, und By = 0.042 oV
and wsing Eq. (19 with the parmetsrs oy = 30 108 S eV m™,
Epy = 0042 eV, and £, = 0397 eV, is shown by the solid ke,

tront traps and, hence, the probability of electron scat-
terimg by lattice phonons decrease. as 15 the case in
morzanic amorphous semiconduciors.

Taking the diffusion cocfficients of the spin and
diamagnetic charge carriers to be cqual ond wsing Eg.
(113, ore can caleulate ayn = 105 m~' and S =
11073 —=0.5 § m™" for the specimens with 0 < p < En::
at room temperature, At Dy o= By, these values are
g = (5 18) - 100 8 m™and oy = (310 100 § w7
as can be seen, the ayn valee increnses more mapidly
than the &, value on oudation of the polymer, which
is evidence for the increase in the number and dimen-
sionaliny of metal-like clusters in PAn.

The plats of the temperature déependences of the
ac conductivity calcalated wsing Foq. (11) at N =
9510 m~ and ¢, = 1.02 nm** and those of the
de conductivity for the initial PAn specimen are
shown im Fig. 16, The slope of the dependence
a1 = 141075272 i5 nearly the same as that
determined previously for PAn- EB1 at |zast at T
= T, =200 K, and seems 1o be too steep 1o describe
the charge transport in the framework of the Kivelson
mechanismn, 3 The o, (T} dependence presentcd
has likely two Branches with differenr temperature
coefficients and has the inflection point ar T, =
lmvphfkﬂ vy is the freguency u:ri_' opiical IA_’F
phonmonsy, This dependence can be interpreted in
the framework of the short-polaron hopping
madel, 2% in which the polaron enargy £ is depen-
dent on distance, and at low temperatures (T T,)
the o, (7) dependence is described by the formula

! 4Ey “I Kl —'—hw]
= | K Irg 1 -
“"m'{n_ﬁ"[ of *+ b v g ) Ey e S (18]

whireas at T2 T, the hopping is dependemt on both £
and the activation energies £, and the a, (T) depen-
denee is given by the following formula:

a + E, * E
0l T = 7 Eu kel ] W{-TT"] : (1

The temperature dependence of the overall eondue-
tivity &, was caleulated wsing Eg. (18) with the param-
atars o = 1.8+ 1078 5 m eV)™!, Zakv, = 0015 eV,
apd £, = (0.042 2% and using Eg. (19) with the param-
eters oy = 3010 S eV m™, £y = 0042 eV, and £, =
0.397 eV (sce Fig. 168). Good correlation of this depen-
dence with the experimental data imdicates that the
parallel charge transfer by short mobile polarons oceurs
in the initial polymer. Previously,™ analogous tem-
periure Jependences were observed for PAn-EEB at
relatively low recording froquencies and for lightly doped
polyiteteathiafulvalene) at different recording frequen-
rjag 125020

As for other COP, the experimental data on the
conductivity of wenkly oxidized PAn specimens can be
explained vsing the Kivelson model of soenergetic change
transfer between nonlinear charge carriers. 28

Accordimg 1o Eg, {Ha), of the interpolaron charge
transfer predominates, the o, 7) dependence should be
of the form o, (T = T It was actually observed for
oxidized PAn - HCD speoimens with v = 000 and 0,02
{Fig. 17}

The concentration of mobile spins (y,) in Pan-HCI
with = 001 is 1.2+ 1074 per two benzene rings. Taking
into account that each bipolaron carres the dooble
elementary charge, we get w_ = 23°107F and (O =
4.6+ 1072, The conceniration of anions, N, is 2.0+ (02 m™,
therefore K, = 2.28 nm for this polymer. The constant
Tpin Egs. (|4a) and {{4k), determined from the slope of
the o4 dependence, s equal to 3.5+ 10" 577, As-
suming spin delocalization in the polaron over five
manamer unis!1® roward the principul x axis of the
polymer with the constant ¢y = 1.02 nmf®, we get 5=
.19 nm. The perpendicular component £ of the quan-
tity £ can be determined using the following squation®s:

. |
;J'_Imtl{l,lirl] 4 tm}
where 24y is the band gap and r, is the component of
the transfer integral. determined from the equation!??

v,  {2E
mm_&]% en

A T A

where Ep is the formation ¢nergy of the polaron. The
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Fig. 17. Temperature dependences of the oo {1} and de (D
conductivitics calculated vsing Eq. {11 and rhe dota presepred
in Fig. 13 for specimens of PAn - HCT with p 2 G010 (o) and 003
(4. The ec and o conductivity calculated wsing Eq. {14) with
the pamumeters a1 = 132, () = b0d6, g = 00T mm, =
L300 s fab w = 1200 (9 = 0081, &, = 0.087 o y, =
20 s T b g = L% am. and v, = 140 GHz are respec-
tively shown by solid and dotied lines.

substitution of 3.8 eV128 for 24, 0.1 V (this value is
typical of z-conjugated polymers)!2? far E | 3.6- 10F
rad 57! {experimental value) for Dy, and 16+ 'z gt
ﬁ:urvhgn-esr =7.1+107% gV, g, = 007%nm, and £ =
0.2 nm for PAn-HCl with ¥ = 0. EII Analogous calcula-
tions for PAn - HCl with ¥ 2 0.03 and the parameiers
Fo= L1 107 and yy, = 1.2 1077 give O = 7.9+ 1072,
g™ X.1° (LA E,o= 0087 am, and £ = 0.21 nm.

The temperature dependences of the de conductivi-
tics of PAn - HCI specimens with degrees of oxidation
yo= 00 and y = 0,03 calewlated using Bq. (1da) ame
respeclively descnbed by the equations a,(T) =
23107973 8 mland ay () = 1.2- 107320008
S m™! (see Fig. 17). Analysis of the 5, (7} dependence
{zee Fig. 17, &) shows that a certain disagreement
potween the caleuwlared and experimental data s ob-
served for the PAn - HCI specimen with y = 0.01. Maore-
over, The y, constant for this specimen is nearly two
orders of magnitude larger than the corresponding value
for trons-PAc (y, = [.2- 107 571125 Better agreement
Between the experimental datz and the Kivelson theory
i5 observed for PAn- HCL with p = 0,03 {see Fig. 17, 5,
for which the y, value vinually coincides with that for
rrans-PAc. This can be explained by nn increase in the
number and mobility of mobile charge carriers in the
polymer with a higher degree of oxdation, which results
in ineregse in the probability of hopping charge transfer
bewween the polymer chains. Thus, the mechanism of
charge wansfer by shont polarons s realized in the initial
polymer. At the optimum degree of oxidation of the
initial polymer, this mechansm changes o socnergetic
hopping of charge carmiers botween the polaron levels. Al
a lower degree of oxidation of the polymer. the charge
transfer proceeds following both these mechanisms,

In the studies of the de conductivity and thermo-
electromotive force™ =42 it was supgested thar |D VRH
charge transfer occurs i PAn - HOD specimens with
different degrees of oxidation at low temperatures, [t
wis established that the ervstalling fraction of the poly-
mer consists of clusters of strongly interacting oxidized
polvmer chains with 30 delocalized electrons berwesn
them. The 10D charge transfer occurring berwesn such
clusters likely makes the predominant contribution to
the macroscopic de conductivity of the polymer. It is
fikely that analogous electron transport processes also
occur in the PAn-HCI specimens with p 2 0.22 we
siudied along with the above-mendoned specimens.

From the plots shown In Fig. 18 it can be seen that
the dc sonductivity of the PaAn - HCI specimens with
v = 0.22 pheys fairly well the T2 law for 1D VRH
charge transport (see Eq. (12a)). The percolation con-
stants T, determined from the slopes of the corne-
sponding dependences o, (7} (see Fig. 18), and average
localization lengths (L) of charge carriers in these spesi-
mens, determined from the m(z.) values, as well as the

and L, components of the quﬂnnty { Ly, determined
using the method reported previously,® are presented in
Table 2. The v, constant found for these polymers using
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Eq- {12B) changes in the range (3.4—4.8)- 1075 and is
close o that found for Fan-ES(A) v, = 16 103 57141
It should be noted that the frequency of laitice phonons
von = kg T/ 220 = 42-10' 571 s close to the above-
listed vy value.

Owidation of the polymer (5 accompanied by the
formation of metal-like clusters with strong dipole-
dipole interaction between the spin packets.

Thes resulis i an mcrease n the effective relaxobion
rate, which becomes higher than wg,. For this reason,
the relasation and dynamics of the clusters can hardly
be studied by the method of steady-state SHF satura-
tion. In this case, the above-mentioned method for
analvzing the Dysomian lineshape can be vsed.

The tempemture dependences of the ac conductiv-
ity of strongly oxidized PAn- HCl determined from
the 2-mm wave band EPR spectra using Eqs. {30 and
(16} (Fig. 190, have a bell-like shape with a maximum
value of o= 1.1+ 108 5 m™! near the critical tempera-
wra 7= 200 K. This value of &, is about twe orders of
magmtude higher than the SHF conductiity obtaimed
for PAR with ¥ = 0,30 by conductometry at 6.3 GHz
Juch a dependence is additionai evidence for 1D clec-
tron Jocalization (the semicondoctor modey at T< T,
and for 30 ¢harge delocalization {the metaflic mode) at
higher temperatures. The temperature dependences of
the thermoelectromative Torce 5 o, and g, ob-
tained for a number of COP AR 0wl as the
Ty, D001 and a8 (T dependences isee Figs. 13,
a. 14, anmd 13y ulso II':'M': anulogous shope ond are
characterized by a close T, value.

Analvaiz of the dala showed that ot low lemiperalures
(7 < T,bthe o7 dependence obeys the Mot VRH
law and can be deseribed by Eqg. (120) &t T2 T the
conductivity becomes sensitive to internction between
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Fig. 18, Dependence of the product oy - 7 on the quantiry
=12 for Pan - HCE with ¢ = 0.50 ¢, 041 (. and 1,22 {31,

Table 2. The percolation constant T, spin concentration NV,
demsily o statcs (micp)) ear the Fermi level op, and the averuge
(4L b, paratlel (&) wnd perpendicular (L)} locullzation lengths
of The wawe function of the charge carrier in specimens of PAn

¥ Al T mzgh {0} 4 L
fspin m™? S el et nm
.00 .30 - - — - -
001 03T — - - - —
-0.03 2] — — - — -
Q.12 1% (L f 2. 71 1
0.4l 76 176 1.7 191 &9 L
.50 1533 .65 38 1.9 ER 1.3

the charge carriers and optical phonons of the latice
and is deseribed by Eq. (15). In the framework of these
mechanisms the theoretical temperature dependence of
conductivity s descrnibed by the following equation:

w7 ) i 2] 1} @

where the constonts gy and a,'™ are the corresponding
constanis of Egs. (12b) and (15). As can be seen in the
plots shivent in Fig. 19, Eg. (22) with the parameters m,' @
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Fig. 19, Temperiure dependences of the speciiic conductivity
o, O specimens of PAn - HCT with oxidation levels v = 041 (1)
and ¥ = 030 (24 (filled circles). caloulated from their EPR
spectra and s2ing Eags (3) and (161 The funcrian calzulared
vsing Eq. (23) with the parameters ay'® = 56100 S m~! K1,
gt =217 5 m™' K™, and Zatvpy = 0013 eV ois shown by
the dashed linc. The temperatuse dependence of the inverse
correlation time of the poivmer chain librtions = =
10 iexp(—0.015 2V (kg i), colculsed wsing Eg. (8) (33,
and the temperature dependence of the linewidth A, in a
fully oxidized Pan - HCI specimen, presentad in Fig. 13, a ([,
open circlesd, are shown for comparison,
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= 560100 S m UK, g/ =217 8 m ! K7L and
lrrl'rvuh =13 e\ fis Gurly gpood the temperture depen-
dences for the specimens of PAn -+ HCD with oxidation
levels v = (L50 and ¥ = (.41, The phopon energy (0,13
eV} is higher than that obtained for PAn - H,50, with 3 >
0.22 and is evidence for higher crestallinity of PAn < HCE
compared 10 PAn- H,50,. As to the order of magnitude,
it s dlso close to the pctivation engrey of torgional
vibrations of the polymer chains, which indicares a close
relation berween the molecular and electronic dvnamic
processes ia PAn - HOL In particolar, the constant o far
this specimen i 4.0- 100 eV mtar A= 15107 m~,
The calculated constant of electron-phonon mieraction
i this specimen g somewhat smaller than the corre-
sponding parnmeter for Pan - Hy800 however, i1 s also
much larger than the o valee calculated for reons- PAg,
The gc conductivity of clusters m fully oxidized PAn- HCI
is higher than that of clusters in PAn- H,50,; however,
it is much lower than that calculated for PAn - E5(4),8
The farm of Eg. (22) indicates that two successive charge
transfier processes proceed in the specimen.

Pn:\-iuuslju'-“' it was shown that the linewidth in the
J-cm owave band EPR spectrum of PAn-HCL and,
hepce, the rate of the spin-spin relaxation are propor-
tional 1o the dc conductivity. Comparizon of the plots of
the a (71 and A&, (T) functions shown in Fig. 19
confirms their additivity at lcast ar Tz 7 It was also
shown'3® that the rate of spin-spin relesation is deter-
mined by the number of spins on cach polvmer cham
(M) and by the number of neighboring chains ()
carrying the interacting spins

e .
7. -mll“n;: + 18 |n..*'r¥_J (23)

Using Eq. (233 with the parameters T, = 1.7 1077 5,
£.=1.2- 10" m™® and v, = 4.2+ 1012 s'i experimental
walued, a simple relation between these purameters can be
obtajned, &', = 53exp( &) This means that ai .I'_] = T7.0nm
euch polymer chain ¢an Carmy up (0 seven mneracting
spins and that the spin packer of these PO can interact
with N, = 2U polymer chains, In this case the distance of
3D hops of both chanze and spin carriers should meet the
eomdition 3egn < L)

Since the spin and charge tronsfer integrals can be
maodulated by the PAn lattice librations, the spin mo-
bifity and conductivity of PAp - HCl should also be
dependent on the macromolecular dynamics, as 15 the
case with other organic crystalline semiconductors. 13
It can be seen in Figo 19 that, at least at T2 T, the
a0 T dependence for metal-like clusters correlates
with the function 1/ *(T) of the polymer chain libra-
tions (see above). This indicates that the spin exchange
and, hence, the charge transter incegral is modulated
by torsional latlice motions, Since the moving polaron
polarizes the electeon and phonon states, one can
suggest that the spin relaxation and charge transfer
should be accompanicd by scartering of charge carmicrs

by the lattice phonons. Such cooperative processes
wivolving charge carriers and phonons are Lkely the
most important for 3O metal-like domains of strongly
imteracting chains of oxidized polymers.

The wvelocity of a charge carrier in fully oxidized
pofymer near the Fermi level s ve = 4o/(an(eg)] =
25105 m s~ This makes it possible to determine the
interchain hopping frequency of the charge carrier v =
vl = 24~ 1% s~ and, hence {using Fq. (11}), the ac
conductivity o, = L3-10° S em™ at L = L0dnm (see
Tahle 2} and 7, = 200 K. This = valug is close 1o tha
fond far this specimen from anabvsis of it EPR spectra,
which is an additional confirmation of the formation in
Pan« HOT of metal-like clusters with 3D-defocalized elec-
troris. Therefone, as in the case ol classical metals, one can
determine the effective mass me of a charge carrier using
the formula m= = (3n2) e L3 which is approxi-
mately coual to two clectron masscs, The froe path length
J, of the charge carricr, calculated wsing the formula § =
dm.M'v,_-,.-"{HEJ),I[" i ~B0nm at T, which & somewhat
shorter than that of the soliton in troms-PAc 32137

Thus, the charge transfer by shor polarons occurs
predominantly in the initial polymer, the probability of
podaron hopping being strongly dependent on the en-
engy of lattice phonons. Relatively narsow (compared o
&g T distribution of the polaron energies i weakly
oxtdized Pan-HCL is a consequence of the predomi-
nance of the Boenergene hopping charge trnsfer in this
polymer. Therefore, both the a,(7T) and o, {7 depen-
dences for the optimally oxidized polymer can be de-
scribed in the framework of the Kivelson model modi-
fied for COP with the polaron and bipolaron chamge
carriers, the later being located near choarged anions.
This commesponds to the piciure of mtersoliton charge
transfer in lightly doped (weakly oxidized) frens-Pac.
The above-mentioned energy distribation is broadened
and becomes wider than the encrgy knT‘: of lattice
phonons on oxidation of PAn. therafore the VEH chame
transfer should likely be dominant in this case.

An individual conduching chain becomes a center of
crystallization on increase in the degree of oxidation, as
well as on percolation transition, and bulky mewal-like
clusters are formed around such a center. This is ac-
companied by strengthening of the electron-phonon
and interchain intcractions and by increase in the de-
gree of erystallinity of the polymer. Strengthening of
interchain interaction plave an imparant role in stobi-
lizing the metallic stae in the polymer, where the 1D
electron localization and the Peierls insiability gre lev-
elad. The charge transfer in FAn is modulated by mac-
romolecular hbatons of the polymer chains that form a
metal-like cluster consisting of closely packed and in-
teracting polvmer chains sharing 30 delocalized elec-
trons. This is in agreement with the theory of the
formation of metal clusters in the amorphous phase of
PAn; however, it contradicts the hypothesis for the
existence of numerous Isclated conducting chains in
PAn - ES(A).
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Polyaniline doped with camphorsulfanic acid

The 3-crm wave band EPR spectra of PAn-C5 with
the axidation level ¥ = L6 recorded at different tem-
peratures (Fig. 200 indicawe that cooling of the films
results m the narrowing of the gverall spectrum and in
change in its shape. The lincs recorded at the effective
gefactor {g = 2.0028) have Lorentzian shapes with the
Dwsonian component. The contribution of the disper-
siam signal ta the EPR spectrum depends on the feme-
perature and degres of oxidation of the polymer, The
overall EPR spectrum ig a superposition of individual
lines of zr least two 1ypes of paramagnelic centors
(R and R.p with different magnetic and dynomic pa-
rameters. The spectra of each of these PC were calou-
lated using Egs. 120 and (16) by the method considersd
above. Figure 21 ilustrates an example of calculations
of the spectra of both tvpes of radicals, whose overall
spectrum s alse compured here with the experimental
specirum of PAn - C5. The taral concentration of PC an
the specimens of PAn+-C% with the oxidation level p =
0.5 and 0.6 is 3.1 - 102 and 2.6 - 102 m™?, respecrivelv.
The ratio of the concentrations [R1AR,] in these poly-
mers B 1 TRE and 10 136, respectively. The 8-mm
witve hand EFR spectrum of the specimen of PAn - CS
with the oxidation level y = 1.6 [an asymmetric singlet
hiney s shown in Fig. 20 by a doshed ling, This spectral
pattern can be explined by appreciable broadening of
the ling of the R_* radical due 1o mercase in the record-
g frequency because of the difference in the g-factors
of spin packets and, hence. by the decrease in their
contribution to the overall EPR signal. Depending on

Fig. 20, }-om Wove bond EFR spectra of PAnc-C5 with y =
dalar FAR =95 00 5002, 935 (3, 210 (40 and 300 (5.
The &-mm wave bund EPR spectrum of the same specimen at
room temperature is shown by the dashed line.

the ouidation level of the polvmer, the limewidth of
radicals of the R, type increases by a factor lying in the
range from 4 to & as the recording frequeney increases.

The linewidth of radicals R is virtually tempera-
ture-independent in the whole temperature range,
whereas the linewidth of PC of the R, type is a nearly
linear function of wmpernture with the inflection point
at the crivical poine 7. = 100 K (Fig. 22). Analogous
variations of the limewidth were observed in the studies
of several organic metals based on radical ijonic
salisB B0 Cnd inerpreted in the framework of the
known model ' gecording to which molecular libra-
tions in low-dimensional metals can reduce the mo-
lecular symmetry and, thus, aceelerate the scatering of
the charge carriers moving along and berween the
sincks by the lattice phonons. The frequency of libra-
tions increases as the temperature decreases and/or the
pressure increascs: this shouold result in broadening of
the EPR spectrum. In the framework of the above-
mentioned theory the dependence of the linewidih on
the scattering times of charge cardiers moving along
and between the pancipal melecular axes (v and o,
respectively ) are determined by the followeng relaiion-
ship i34,

A8y = tag)ary! +br7!) - (24]

where Ag is the difference between the g-factor and g
o L= el where ¢ is the integral of the chame
carmer transfer between stacks: and a, b, and ¢ are
constants,

The time t, appreciably increnses ns the pressure
increases, which affects the br*_' term of Eq. {24)039
and resufts in brmoadening of the EFR spectrum. At the
same lime, a decrease in wmpernalure sirengthens the
intrastack interaction {and time . which indirectly

5mT

Fig. 21. 3-cm Wave band EPR speetrum of PAn + C8 with ¥
= 0.6 al 91 K {1, solid line) and the spectra of radicals B,
{2 and R, {3}, ealeulnted using Eg. (3). The overall spec-
trum of radicals By and R, 5 shown by the dashed ling mear
spectrum { /).
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Fig. 21 Temperature dependences of the linewidch of paramag-
netis conters By (open circles and rronglesy and Ry (filled
circles urd Crignples) in specimens of PAN- CSwith p = 0,304 D
and (AD (5. The functivns T2 H T = 0.7« 10Fexpi 0015 2%/
kalyand T2°0(T = 10 - 10%spd 00040 e\ kg T} are shown by
dotted and dashed lires, respactively

affects the ¢ value, Thercfore an increase in g due o
the decrense in temperatere and/or due ro the increase
in pressure eventually results 1o broadenmg of the EPR
spectrum. Assuming that the interacting chains in the
axidized PAn - C5 speormens form o ervstalhine phase,
which is anadogous to that in radical ionic salts, the
above-mentioned phenomenalogicnl concept can also
e applied o the specimens under stpdy. The parmowing
af the hine on rsing the PAn temperature can be
cxplmined by avermging af the local magnetie field coused
by HFI between the localized spins whose energy levels
lie near the Fermi level. The EFR line of PAR - C5 may
also be broadened o some exstent by relaxation due o
e spin-orbital interaction responsible for the linear
dependence of T,,7! an tr_'mpcmturr_"“; however, this
interaciion seems to be rather weak in our cose. It is
significant that for bath types of PC the inewidths are
appréciably larger than those obtamed previously for the
fully oxidized powder-like and flm-like PAn: CS (L0335
and 0.08 mT, respectivelyy, M0 which indicates a higher
conductivity of the specimens under stedy, Comparison
of the AB, values for different PAn-CS specimens”!
suggested that o crystalline phase is formed in the
amorphous phase of the poalymer, bezmming with the
oxidation devel p = 0.3, and thot the paramagnetic
centers of this nowly formed phase exhibit a broader
EPR spectrum, In the amoerphous phase of the polymer,
the paramagneiic centers of radicals of the B, type are
characterized by nearly temperature-independent
linewidth and are likely not invelved i the charge
transfar. At the same time, the magnetic resonance
parameters of radicals of the Ry wpe must reflect the
electron transport in the crystalline domains of PAn -« C8S,
Confirmaton of this assumption requires analysis of the

temperature dependence of paramagnetic susceptibility
far both types of PC.

SHF-Radiation penztratzs highly conducting com-
pounds to oniv the depth of the skin lwver. Therefore,
only PC within this lever can be detected by EPR
spectioscopy. Hence, the depth of the skin laver and jis
variation with temperature should be aken into aceaum
in order to determine the lemperatiure dependence of
the spin susceptibility. In the general case, the paramag-
netic susceptibility ¢, can also contain a temperature-
independent contribution Lp due to the Pauh spins and
a contribution g, which is due to localized spins and
depends on the Curie temperature

- ]
£0= tp *re = 2uimze) + 'ﬁ—:r"- (23)

As can be seen in Fig. 23, the Curie susceptibility
makes the predominant contribution o the paramag-
petic suscepribility of PC of the R, mdicals for both
specimens in the whole wemperature range. The suscep-
tibility of the R, radicals alse exhibits 2 similar depen-
dence ar ¥ < 100 K. At higher temperatures, the Pauh
suscepibility charactenistic of classical metals?® makes
the main contrbution to the y, value of the R, radicals
in PAnR-CS with the oxidation level y = 060 Thiz
mokes it possible to determine the density of states near
the Fermi level picp) for the charpe carriers, which is
approgimately equal te 1.2 ¢V per twa phenyl rings
and is in agreement with the value obtained previouwsly
in the opticad (0.06—6 ¢¥3% and EPR™ siudics of this
polymer. Hence, one can calonlate the Fermi energy of
the Pauli Mesping using the cquation™ e = IN/In(e) =
0.2 e ool V= 2.6+ 1% m~Y This value is lower than
the Fermi energy obtained for PAn - C5 by the aptical
method (4 eV M Assuming that the charge carrier
mnss is equal o the mass of a free electron (m, = m.),
ore can determinge the number of charge carners m
such o quasimetal ®® N, = (2080230 « 4.1« 1029
m~* This is close to the spin concenration in this
polymer; therefore, one can conclude that all deiocal-
ized PO oare imvolved in the charge transfer in PAR -C5
with the oxidation level y = 0,60, The velocity of charge
curriers near the Fermi level is2® v = 2oy p/latniep)] =
S 108 mosThat g = 0,72 nm® (this value is typical
of COPT.EL,

The paramagnetic susceptibility of PC of the R,
radicals in oxidized PAn - CS {(y = (L30) exhibits a bell-
shaped dependence of 337! on temperature {Fig. 23). As
in the case of PAR doped with ammaonia, ! this should
indicars a strong antiferromagnetic interaction of the
sping due to the egquilibrivm between the triplet and
singlet states in the system, Therefore, the last term in
Eq. (23) can be written ag!#$?

EID‘.‘J.‘%ETI f!ﬁ'r

o= ‘Ncgi-“i + NT&,S z“% . .
1+ expi=J/kgT)

T + &) ksl
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Fig. 23, Temperiure dependences of e reduced inverss
parmmugnelic susceplibility of paramagoets conters of the R,
topen ciecles) and R, (flled circles) tvpes in specimens of
Pan+C8 with y = 0.50 (v and 0060 (2. The t=mpemiure
dependance calculated wsing Eg. (26) with the purameters
MedWNp, = 145, 8 = 55 Koand S = 0072 eV is shown by the
dnshea lime

where M- and Mg, arc the concentrations of the Curie
spins and thermally activated spins. respectively, @ 15 a
constant, and J is the energy of the spin-spin interac-
tion, As can Be seen o Figo 23 Egq. (260 with the
parameters Mo /Ny, = 17458 = 55 Koand = 0072
eV fits fairly well the behaviar of the paramagnetic
susceptibility of oxidized PAn« C5 with v = 0,30, The
Jvalpe (0,072 eV)os close o the corresponding energy
(0078 eV obtained for PAn doped with ammonia. 42
Thus, the charge carriers in the specimens of
strongly oxidized PAn - C5 are localized at tempera-
tures below the critical emperature 7, = 110 K, Tlos
is the reason for VRH charge transfer beiween the
polymer chains and for the Cune type of susceptibil-
ity of the specimen. At higher temperatures, when the
energy of phonons becomes comparable with the value
kgl, = kT = 001 eV, the charge carriers are scal-
tered by the lattice phonons, which must affect the
behavior of the high-temperature branch of the T,(T)
dependence. In fact. Fig. 22 shosws thar the funchions
TN =97 10%exp(0.015 eVikg N and 7,71 (T) =
A= 10Pexpi0.010 eVikgT) fir fairly well the high-
temperature branches of the dependences aB (7)) =
7..7" T for radicals of the R, type in specimens of
Pan- T8 with the oxidation levels ¥ = (L300 and 0.60,
respectively, The data presented show intensilication
of the spin-spin exchange at T > T which is likely
due to the activation librations of the polymer chains,
The activation energies of these hbrations e within
the energy range characteristic of PAn-C5 143
PAn - HCL38:88 and polyitetrathinfulvalenes) #3.144.126
The £ value depends on the effecuve rigidicy amd
planarity of the polymer chaing that are eventually
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Fig. 24. Temperature dependences of Lhe ge conductivily
(f and 2y, cabculated using Egs. {3) and (16} from the 3-cm
wave band EPR spectra of paramagnetic centers of the R (/)
and R, (2 types, and that of the #c conductivity {33 for o
specimen of PA# - CS with »= 060, The g conductivity (.7 of
the same specimen, determined from the $-mm wave band
EPR spectrum recorded at room tempersture (see Fig. 200, ond
the temperature dependence of the ge conductivity of PAn - T3
(4, determined by SHF conduciometry at 5.5 GHz.'* are
shown for comparison. The functions o (7} caloulated using
Eq. (170 with the parumeten o' = 330 10% 5 m~!, g0 =
420 5 m~! K7 and o/ = 26 5 m~! K~ and with the
parumeters o,/ = 27-10% § m7, o = 203 & m7! K7V,

Mo=ad S mot KoUoand Jabe = 04T eV oare shown by
colid and dashed lines, respectively, The o (T dependence
caiculated using Eq. (27) with a1 = 23+ 100 5 !, gt =
0N s m TR o B AT 0T S m T KT, = 296 K
and Tade, = 13 oW s shown by 2 dotted fine.

responsible for the electrodynamic properties of the
polymer.

The o, 7 dependences obtained from the spectra
of radicals of the R, and R, types in a specimen of
oxidized PAn-CS with v = 0.60 have extrema (inflec-
tion poimts) at 7, = [40 K and 110 K, respectively
iFig. 24}, and can also be described in the framewsrk
of VRH interchain charge transfer® at low tempera-
tures and in the framework of the theory of charge
carrier scattering by lattice phonons* 11 o high tem-
peratures. As can be seem in Figo 24, the fumctions
.0 71 calcuiated using the relationship Zafvy, = 0.047
eV and Eqg. {17} with the parameters o4t = 3.2+ 104 &
m o =420 S m T K7, and g/ = 28 5 m=! K
for radicals R, and g7!!' = 2.7- 104 S m™!, g% = 203
S m-! K-, and o) = 6.1 5 m~! K~ far radicals R,
are in good agreement with the experimental dawa. The
vaiues of the conductivities caleulated from the 3-em
and 8-mm wave band EPR spectra of radicals R, are
close, This means that, m least al high temperatures,
the g¢ conductivity of the specimen depends only
slightly on the EPR recording frequency, which is
typical of conventionsl merals.®® The maximum values
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of the ac conductivity at 7, caleulated from the sp-ec—
tia of radicals By and R L T& =10 and T
4.5 10° 8 m™!, respe:[wel:..r It appeared to be unex-
pected  that the mdicals of the R, wype are more
"sensitive” to variations of the conductivity and 1em-
perature of the specimen than the radicals of the Ry
tvpe, whercas quite the reverse picture could be ex-
pected taking iato account the location of these radi-
cals in the polvmer domains with different crystaflin-
iy, One of the reasons for such inconsistency can be
their uniferm and equiprabable distribution in the skin
laver with an effective (averaged) conductivity, which
can equally affect the shape of their EFR speetra,
Since the localized radical has a narrower line, s
spectriem shoudd likety be mone sensitive o the effoc-
tive charge transfer in the polymer. The o, (7) depen-
dence with a somewhat flartened extremom aear T, =
2000 [, obtained for PAn - C5 by 3HF conductometry
at 6.5 GHz, " s also shown for comparison in Fig. 24.

In the framework of the above-mentioned mecha-
nisms of charge transfer the overall de conductivity of
the specimen is deserbed by the following relationship
(see Egs (1200 and (15)3k

g = alft + [{ air- "'2]. p[ rr“] .I-r
]

+{ "“TJ'| [q.nh{%} - 1]-|}

A5 ¢an be seen from Fig. 24, the o, (7 functions
calcul:m:d using Eq. {27} with the parameters o' =
s m, e::,;“’ =20-10% 5 m! KM, a.:,‘h =
Ifr?* LO=2 5 m~ " K71, T, = 296 K. and 2xiy h—i] 13ev
correlate well with the experiment. The plmnun fre-
queney v, = 3.1+ 101 571 is close to vy = 16100 57
and 1o thl: corresponding frequency reported for
Pan - HCLH The average locabization length (£} of the
charge carrier is 6.2 nm, which 15 somewhat longer then
the corresponding value calculated for PAn-C5 (2.2—
5.5 nm). M
Thus, both lecalized and mobile PC (R, and R,.
respectively) are formed simultanecusly on oxidation in
differemt domains of the PAn -+ {5 specimens. At tem-
peratures below 100 K. this results in the appearance of
temperature=dependent Curic spin susceptibility charac-
teristic of localized unpaired spins. whereas at higher
temperatures this gives rise 1o the temperaturs-indepen-
dent Pauli susceptibility, which is characteristic of the
sping in metals. A rather strong antiferromagnetic inter-
action due to the singlet-tripler equilibrium s observed
in oxidized PAn - CS with » = 0.30. The hypothesis for
the ahsence of peramagnetism in PAn - C5 with highly
crdered and uniformly distribured anions, which is char-
actenistic of an deal bipolaron system, contradicts our

(27h

experimental data. Analysis of the gc and de conductivi-
ties showed that PAn - C5 possesses better {compared o
Pan - H,50, and PAnR - HCL) electrodynamic properties
characteristic of metals. The twemperature at which the
fmiade of the behavior of the ¢ 7y function changes from
the Curie to the Pauli type roughly approximates thar ar
which the transition occurs from the positive to the
negative temperature coefficient of the de conductivity
of this polymer (see Figs. 23 and 24}, Thus, PAn- CS is
a disordered metul with the eritical mode of the metal—
isulater teansition, The Cuarie contribution to the pars-
magnetic susceptibility decreases as the oxXidation level
incregses (o the optimum value y = 0.60; this is accom-
panied by increase in the PAn - CS crvsiallinity, Since
this correlates well with the eleciron transport process,
ane can conclude that PC of the R, radicals stabilized
in the crystalling demains of the specimen participate in
the electron wansport, whereas PO of the R radicals
localized in the amcrphous domain of the polymer are
involved in this process only indirectly. The crystalline
clusters of the polymer are quasimetallic ageregates with
strangly interacting polvmer chains and 30 delocalized
generalized eharge corriers, The charge transfer hetween
such clusters oceirs Jumpwise through amorphowes do-
mains charactenzed by lower mobiliy of the spin and
charge carriers.

Polyaniline doped with
Z-aerylamido-2-methyl- 1-propanesulfonic acid

Oxidized PAn-AMPS and PAn - CS specimens ex-
hibit doubler -cm wave band EPR spectra with an
cffective g-factor {g = 2.00200, Lorentzian lineshape,
and Dyvsonian components. Individual lines were as-
signed to PC of the R and Ry tvpes, located in the
amorphous and crystalline phase of the polymer, re-
spectively. The averall concentration of PC in
PAn - AMPS specimens with the oxidation levels y= 0.4
and 0.6 is 4.1 - 102% and 3.2+ 1077 m™3, respectively. The
ratio of the concentrations [R,[/[R,] in these specimens
is 1030 and 1@ 52, respectively, which 15 much lower
than that determined for PAn - CS On going to the 8-
mm wave hand the spectra of PAn- AMPS are also
transformed nto singlet Larentzian lines with
Dysonian components and linewidths a..ﬂp of 3.52
and 1.70 mT, respectively. This spectrum was also
assigned to radicals R,.

As in the case of PAn - C8,| the limewidth of radicals
R, in PAn- AMPS is vinually independent of tempera-
ture, whereas that of radicals R mmmmnically changts
w;:h temperature. At Tz T 220 K, it can be approxi-
mated by the funetion T;,"(T} = 1.0~ 10%uxp{0.0032
eV, kg T} for the specimen with the degree of oxidation y =
0,40 an-:l by the function 7,7 '(7) = B.1- 10¥%exp(0.0078
eV ky T} for the specimen with p = .60 (Fig. 23). The
activation energies of the PC are about half as high as
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Fig. 25. Temperature dependences of the linewidth of para-
magnetic centers of the B (open ciscles) and B, (filled circles)
types 0 the specimens nl'l Pan - AMPS with p = 040 { ) and
.60 L0, The funetions T, T = L0« 10%expi0,0052 Vg T
and 7,70 Ty = B0 10PexpiD 007TH e‘l.-'.."j:ﬂl"r are shown by
dashed and dorted lines, respactively.

the corresponding values for PAn-C5 and the activa-
ton energies of the polvmer chain librationg in
Pan-Cs, M4 pan- HCL¥SY 500 polvitetrathio-
fulvalenes) 303086 50l 3 difference may indicate a
grenter plunanty and closer packing of the polymer
chains in PAn-CS5 compared to PAn- AMPS, The
Inewidih of PAn appreciably decreases on replacement
of the TS5 anion by the AMPS amon {see Fips. 22 and
35). which is likely due to the shorening of T, in Eq.
{24). In addition, the number of maobile PC in the
polvmer decroases on such replacement, which can
affect the canductivicy of these polymers,
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Fig. 26. Temperaiure dependences of the reduced inverse
parumagnetic susceptibility of poramagnetic centers of the R,
iopen circles) and R, ifilled circles) types in the specimens of
Fan - aMP5S with p = 0030 (/3 and 0.60 (2.

Az in the case of PAR-C5, the Curic susceptibility
g makes the major conceEbution w the 3 value of PC
of the Ry type (see Eq. (23} A1 Tz T, = 100120 K,
this also holds for the susceptibility of PC of the Ry type
{Fig. 26). At high temperatures, the magnetic propertizs
of the K, mdicals arc mainly determined by the fist
term of Ezq. (23), which indicates delocalization of these
PC and manifestation of metallic properies of the
palymer in this temperature range.

Thus, the charge carriers in oxidized PAns AMPS
specimens are localized at T 2 T and their transfer
between the polymer chains can occur in the framework
of the Mot YEH mechanism 2 At &5 7 2 &y 7, = 0.009
e, the charge carriers in the polymer can be scattered
by the lattice phonons, a3 ks the case with PAn - C5.

As for PAn-C5, the o (7} dependences for the
Pan - AMPS specimen (Fig. 27), with extrema {inflection
pointsh at T, = 220 K and 150 K for the R, and R, radical,
pespectively. can alsd be desenbed i the framework aof
imzrchain VRH charge imnstert® at low iemperatures and n
the framework of the theory of scatienng of charge carriers by
the Jattice phonons™211% at 7 7 As ean be seen in Fig 27,
the a4 7 functions calculated wsing Eg. (17) with the

ae 038wl
. L

25r & 7

- * &3
20 w4
L5f ™

L ]

- = a
Lo R s, g
05

n A0 [k [ k1] ik 250 Tk

Fig. 27. Temperature deperndences of the s condoctivity
({4 and 2}, calcuiated vsimg Egs. (309 and (16} from the 3=cm
wowe bond EPR spectra of paramagretic centers of the R, (1}
and R, () tvpes, and that of the de conductivity {4 for the
specimen of PAn- AMPS wiuh p o+ 060 The oo conductivity
(3 of the same specirmen, determined from the 8-mm wave
band EPR specirum recorded ai room temperziere, is shown for
comparison, The functions & _{ T calculaed using Eq. {17) with the
paramcrers o= LE- IS m L o2 = 1ESm KT, gt -
015 5 m~l K7L and Zatv, = 0066 &V and with the param-
iers oy 1) = 30109 § mh, gf?) = 467 § mo K-, 0, =
LTS w7 K1 and 2afiv, = 0.031 ¢¥ are shown by solid and
dashed lines, respeciively, The o (T) dependence calculated
using Eq. (27} with o' = 6.7~ 1078 m~!, o' ¥ = 10103
Sl KV g M = 18- 10 s mT K7L T, = TIA KL amd
Enﬁvph = {23 eV is shown by the dotted line.
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parameters ay''t = LA 1F Sy = 1185 m™" KT
o =005 S mo KU and Zabv = 00166 ¢V for the R,
radicals and with the pammeters ot = 3.9 10° § m~!,
Gl = 467 8 m~l K™, g = 117 § m~! K7!, and
2afre = 031 &V for the By mdicals are in good agresiment
with the gxpenmental o, (7 dependences. A least in the
high=temperature range the ae conductivity of the polymer,
due to delocalized R, rdicals, depends only slightly on the
reeonding frequency (see Figo 27), which 15 tvpical of
conventional metals 2 The maximum ac conduetivity a1
I calcviated from the gpecira of radicals By and K, is,
respectively, o = L6 10Fand 5 = 8.8 10 5 m™!, which
are much [ower then the comesponding values for PAn - CS
isee Fig. 24). This confirms the above-mentioned hivpoth-
esis for better electrodynamic chamcteristics of Pan -GS
comparcd to PAn - AMPS because of the greater plananty
and closer packing of the clabms of the former. The plor of
the temperature dependence of the de conductivity of this
specimant® s alse shown in Fig, 77, As can be seen, the
e, £ Th funcrions caleulated in rhe framework af the ahove-
mentioncd mechansms wang Eq. (27) with the parameters
gt =67 1P Sm Ll =10 10FSm™ K12, g =
LE- 1073 Sm™ K™ 7, =724 K, and Infvgy = 023 eV it
well the experimental dam, The frequency of the latce
phonons v, = 53+ 107 571 i this polymer is somewhal
higher than these in PAn - CS and other COPAY In particu-
lar, we can calculate w = 4.4 0% eV m~'a M= 3.2+ 107
m % for this specimen. The calculated constam of the
eleciron-phonon intemetion in PAn - C5 is appreciably amer
than the corresponding values for rans-PAc® PAn- H,50,,
amd PAn - HCL

This, the loealized and mobile PC (R, and R,
respectivelyd are formed on oxidation of Pan- AMPS,
a5 is the case with other PAR - ES{A). At low tempera-
tures, the polymer exhibits Curie paramagnensm due
the localized PC. Ar high femperatures, PAn- AMPS
exhibits the Paoli paramagnetism characteristic of delo-
calized spins in classical merals.

Analysis showed that PAR - AMPS possesies betier elec-
tranic properties charcteristic of metals than PAn - H,80,
and PAn - HCL However. they are somewhal worse than
those of PAr-CS, which is likely dug to lesser plananty
and looser packing of ithe polvmer chains in PAn - AMPS.
This substance is also o disordered meral characterized by
the critical mode of the metal —insulator transition. The
Fauli contribution to the paramagnetic susceptibility, as
well a5 the crvstallinity of PAn- AMPS increases as the
oxidation level ingrenses o attain the optimum value (v =
0.60). This suggests that PC of the R, wpe, stabilized in
the crvatalling domains of the specimen, paricipate in the
electron transfer. Quasimetallic clusters in the polymer
comsist of strongly imeracting polymer chains with 30-
delocalized charge camiers.

Conclusion

The data presented demonstrate a diversity of ¢lec-
fronic processes occurring in PAn, which are deter-

mined by the structure, conformation, packing, and
ordering of the polymer chains, as well as by the struc-
ture af the dopant anien introduced into the polymer,

As in other COP, there are both spin and spinkess
charge curriers (nonlinear excitations., polarons, and
bipalarons) in PAn. The ratio of the coneentrabions of
these quasiparticles depends on the properties of the
polymer znd ithe anion. A fraction of polarons can
collapsc into diamagnetic bipolarons on oxidation of
Pan. However, this process can be hampered by struc-
rural-conformational peculiarities of PAn. The mecha-
nism of charge rransport changes on oxidotion. The
conductivity of a neutral and weakly oxdized PAR 15
determined by the dynamics of shont pelarons and/for by
isognergetic chuarge wransfer berwsen polarons and
bipolarons. These processes are characterized by a rather
strong spin-phonon interaction and determine the aniso-
rropy of the spin dynamics. Since PAn g priori has a
lower dimensionality than the classical semiconductors.
metals, and organic molecular crvsials, the anisotopy
of the charge ransport in such a system is much higher.
Oxidation of PAn resulis in the formation of metal-like
clusters of strongly interacting polymer choins with 30-
delocalized charge carrers. A combination of 30
interchain and D interclusier VREH charge transport
dominates in fully oxidized polymer; each of the mecha-
nisms being characterized by different electron-phonon
interactions. The analysis of the magnetic resonance
parameters s well as the ac and de conductivities
showed that metal-like electronic properties become
stronger in the order PAn«H,80, — PAn-HCI
PAnr - AMPS 5 PAn-C5.

The data presented in thes review show that the
spectral resolution achieved in millimeter wave band
EPR specrroscopy makes it possible to record more fully
aned correctly individeal spectral lines of organic free
radicals with similor struciures and different orientations
i the external magnetic ficld, This also permits separate
acquisition of a complete set of the magnetic resonance
purameters of the PC present in the system. The inter-
action herween the spin packets weakens appreciably in
strong magnetic fields. This allows the use of the steady-
state SHF saturation and SHF saturation transfer meth-
ods as well as the spin label method for oblaiming new
information on the molecular and electronic processes
pecurring in PAn and other COP, 2-mm Wave band
EPR spectroscopy makes it possible to exploii the po-
tentialitics of studving anisotropic spin motions and
ultraslow molecular motions in low-dimensional or-
ganic semiconductors to the fullest practicable extent.
The increase in the recording frequency also increases
the sensitivity of the method toward the spin dvnamics
in highly conducting compounds. High spectral resolu-
tion of the method provides a wnique possibility of
ahserving fine peculiarities of structural and conlorma-
tional transitions and electronic processes oCCUIming in
Pan and other COP and of interpreting them in the
framework of the kKnown approaches,
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