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The advantages of using the multifrequency (3-cm. §-mm. and 2-mm) EPR method in
combination with the modified method of spin label and spin probes and the methods of
steady-state microwave saturation and microwave saturation transfer of spin packets in
studies of the spin and electrodynamic properties of polyaniline are outlined. The methods of
determining the composition of localized and delocalized paramagnetic centers and calculat-
ing thetr main parameters {rom total ESR spectra are described. Original results of investiga-
tions of polvaniline modificd with sulfuric, hydrochioric. camphorsuifonic, and 2-acrvlamido-
2-methyl-t-propanesulfonic acids are reported. The dependences of the nature, electronic
relaxation, dynamics of paramagnetic centers, and the charge-transfer mechanism on the
method of synthesis. the structure of the acid molecule, and the polvaniline oxidation levet
are shown.
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The nature and dynamics of nonlinear excitations in conducting polymers.

laron.

The class of oreanic conductors comprises moiecular
crystals based on charge-transfer complexes and radical-
ionic salts, fullerenes, platinum cvanide complexes,
phthalocyanine dyes. metal-containing polymers, =3 and
other compounds. These substances, especially a new
class of electronic matenals, namely, conducting or-
2anic polvmers (COP) possessing a wide variety of
electronic and magnetic properties,5—1% are of interest
from the viewpoint of studying tundamental problems of
charge transfer. Investigation of COP is due to the
development of basically new scientific concepts of
electronic processes occurring in these substances and
the vast potentialities of using them in molecuiar elec-
tronics. 13—19

These materials have a highly anisotropic quasi-one-
dimensional (Q1D) =-conducting structure with delo-
calized charge carriers, which strongly differentiates such

systems from both conventional inorganic semiconduc-
tors (e.g., silicon and selenium) and polymeric insula-
tors (e.g.. polyethylene). 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. Electronic propertics of film-like or powder-
like COP can be controlled and reversibly changed by
chemical (clectrochemical) oxidation or reduction. Their
specific conductivity measured with direct current (s,,,.)
varies from ~10719—107% S m~!, which is characteristic
of insulators, to ~10°—107 S m~!, which is tvpical of
classical mietals. The conductivity type of a COP is
determined by the nature of the counterion introduced
into the polymer. For instance, the BF,™, CIO,~, AsF;~,
1,7, FeCl,". and MnO,™ anions. efc., induce a positive
charge of the polymer chain. thus resulting in p-type
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conductivity of the polymer. Doping of the polvmer
with Li7, K7, Na~. and other alkali metal ions results in
n-type conductivity.

In the classical inorganic 3D semiconductors, each
atom is covalently bound to its environment. thus deter-
mining the lattice rgidity. Therefore, clectrons and
holes (vacancies) are dominating excitations in such a
rigid system. A fundamentally different situation occurs
in the case of COP. Because of the specific 1D struc-
ture. such systermns are much more sensitive to structural
distortion. Therefore, efectrophysical propertics of con-
ducting polymers are usually considered in the frame-
work of the band theorvi? or the soliton-polaron
theory2h22 based on the Peierls instability typical of
Q1D systems.?3 Organic conducting polvmers are char-
acterized by the carbon z-electron system with a partly
filled conduction band. which determines the most im-
portant electronic properties of these systems.

One of the most studied and simplest COP is
polvacetvlene (PAc). in which the charge is transferred
by a soliton.212# To explain the experimental depen-
dences of the conductivity of lightly doped rrans-
polvacetylence (rrans-PAc) on the temperature. pressure,
and frequency. a model was proposed?® of interchain
hopping electron transport between isoenergetic levels
of neutral and charged solitons. This model was suc-
cessfully used for identification of the charge transfer
mechanism in frans-PAc.?® The increase in the doping
level of the polvmer changes this mechanism, so tunnef-
ing of the charge between neighboring highly conduct-
ing domains?’ in the framework of the Sheng?8 or
Mott?? models involving variable range hopping (VRH)
of the charge carriers occurs in the polymer instead of
isoenergetic etectron hopping. The highest conductivity
of oriented rrans-PAc is ~107 S m™! at room tempera-
ture3®:31: however. it is 1-2 orders of magnitude lower
than thc value predicted theoretically for metal-like
clusters in the polymer.®

Electronic and magnetic properties of poly(para-
phenviene) (PPP) and analogous COP are for the most
part similar to those of rrans-PAc.—12.33.34 The ground
state of these COP is nondegenerate?! and that is the
reason why, unlike with PAc, no solitons can be formed
in this case. However, it was reported333¢ that the
soliton-antisoliton pairs can also be stabilized in PPP as
polarons and bipolarons. It was also hypothesized3” that
isoenergetic charge transfer can occur not only in frans-
PAc, but also in other conducting polymers with soliton-
like nonlincar excitations. In fact, experiments have
shown38 that the Kivelson mechanism?3 plays an impor-
tant role in both dc and agc charge transfer (at a fre-
quency of 23 GHz) in lightly doped PPP. Experimental
studies have shown that, as in the case of trans-PAc, the
charge transfer in doped PPP-like COP follows the
Mott mechanism (see, e.g., Refs. 38—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 following
forms34:

Leucoemeraldine (LE)

leas¥sasy

Pernigraniline (PN)

lspeVegsy

Emeraldine base (EB)

[ohoohay)

Emeraldine salt (ES(A))

In the last case, the symbol A denotes the anion of
the acid used for the doping of PAn, eg. sulfate,
chloride. camphorsulfonate (CS), or 2-acrylamido-2-
methyl-1-propanesulfonate (AMPS) anions.

The lattice constants determined for the EB form of
PAn are ¢ = 0.765. & = 0.575, and ¢ = 1.020 nm.43
Protonation of the EB or oxidation of the LE form of
PAn results in an increase in the polvmer conductivity
by more than {0 orders of magnitude and in the appear-
ance of the Pauli magnetic susceptibility typical of
metals. 4647 This indicates the formation of highly con-
ducting fullv protonated or oxidized clusters in the
amorphous polymer. In this case the effective crystallin-
ity of the polymer (e.g.. PAn+ HCl) increases by ~30%
owing to the formation of crystallites with a characteris-
tic size of about 3 nm.¥® The lattice constants for the
PAn - ES(A) form are a = 0.430, b = 0.590, and ¢ =
0.960 nm (for PAn- H, 504)4", a = 0.700, b = 0.860,
and ¢ = 1.040 nm (for PAn- HCH¥; and a = 0.590, b =
1.000, and ¢ = 0.720 nm (for PAn- CS).5® 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),5%.31 pAn - CS is a disordered Drude-like metal with
free charge carriers delocalized over a partly filled con-
duction band. In the more disordered PAn- H,S80,, the
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charge carriers are jocalized near the Fermi level, which
is typical of a Fermi glass and results in increase in the
crystallinity and in strengthening of metallic properties
of the polymer in the series PAn - CS — PAn - H,50, —
PAn - HCl at comparable doping levels. However, in
some instances this conclusion is itnconsistent with the
results obtained by other authors in studies of PAn
carried out by other methods.

It was shown theoretically and experimentaily®? that
in PAn, as in other COP, the charge carriers are polarons
moving along individual polymer chains. At low degree
of oxidation, the hopping charge transter between po-
laroans and bipolarons dominates in PAn. As for other
COP, the number of such charge carriers increases on
further oxidation. while their energy levels merge to form
a metal-like band structure, the so-called polaron lat-
tice 49.53

Macroscopic de conductivity is often a resuft of
various electron transport processes and is, as a rule.
~10% S m~! for the initial disordered PAn3441.42.54-57
and ~10% S m~! for the oriented polymer 3338 This
hampers correct studies of genuine dynamics of charge
transfer along the polymer chain by conventional ex-
perimental methods, since it can be masked by
interchain, interglobular, and other processes. Interpre-
tation of experimental results is complicated by
nonuniformity of the distribution of counterions.

Unlike other COP, in PAn the N heteroutom is
incorporated between the phenyl rings of the chain and
15 a constituent of the conjugation chain, while the
phenyl groups bound to the N atom can rotate about

“the principal axis of the macromolecule. It is these and
some other peculiarities of the polymer that are re-
sponsible for the essential differences between the mag-
netic and electron transport properties of PAn and
other COP. For instance. additional mobility of mac-
romolecular units can modulate rather strong electron-
phonon interactions and be the reason for more com-
plicated mechanisms of electron transfer in PAn.3°
Analysis of the experimental data on temperature de-
pendences of the de conductivity. thermoelectromotive
force S, and the Pauli magnetic susceptibility%0:6! made
it possible to conclude that PAn - EB is an amorphous
insulator whose oxidation or protonation results in the
formation of 3D granulated metal-like clusters. De-
tailed studies of the complex dielectric constant mea-
sured- at super-high frequencies (SHF), as -well as
analysis of the dependence of conductivity on the
applied clectric field.3?—9545.49 revenled that cach of
the PAn - ES(A) clusters both in the imitial (disordered)
PAn and in the oriented PAn consists of several paral-
lel strongly interacting chains. Charge transfer between
these chains follows the 1D VRH mechanism, whereas
the 3D delocalization of the electrons occurs within
such clusters. The conductivity (s,.) of 3D clusters in
PAn - ES(A). assessed in the framework of the Drude
model, is ~10° S m™! 2 and appeared to be close to the
value predicted for analogous clusters in rrans-PAc.3?

However. the SHF conductivity o . measured at 6.5
GHz did not exceed 7-10% S m~1.82 This means that
the actual picture of electron transfer is masked by
other processes and can hardly be determined by con-
ventional experimental techniques.

Fundamental properties of conducting polymers are
to a great extent determined by paramagnetic centers
(PC) with spins S = 172, localized and/or delocalized
along the polymer chains. This makes it possible to use
the complementary magnetic resonance methods (EPR
and NMR spectroscopy) for studving the spin-lattice
and spin-spin magnetic relaxation of the charge carri-
ers.93—65 Then, the data obtained can be used for
determining the cocfficients of spin diffusion along the
polymer chains (D) and between the polymer chains
(D;p). as well as the coefficients A = D;/ Dy of the
anisotropy of charge transfer even in a disordered poly-
mer., at a scale beginning with several macromolecular
units. it is important to know these parameters to gain a
better insight into rejations between the refaxation and
transpornt properties of the spin charge carriers and the
structure and dynamics of the microenvironment (the
lattice, anton, erc.), as well as to determine the charge
transfer mechanism in COP. Such studies were carried
out mostly for PAn- HCL%—70 Previously,85 it was
reported that the experimental data obtained in the
NMR studies of the proton relaxation in PAp%6.69.70
reflect the electron spin dynamics only indirectly and
cannot give an unambiguous picture of charge transfer
in the polymer. On the other hand, electronic relaxation
of the spin charge carriers themselves is observed by
EPR spectroscopy, which makes it possible to deter-
mine the relaxation and dyvnamic parameters of polarons
in PAn and other COP more correctly.

For instance, the D,p values obtained by low-fre-
quency EPR and NMR spectroscopy for fully proto-
nated PAn- HCI is respectively equal to ~10M and 1012
rad s™!. They depend only slightly on the doping level of
the specimen. whereas the Dspy values are strongly de-
pendent on y and correlate with both the dc and ac
conductivity of the polymer.® This fact was inter-
preted®®:8! in favor of the existence of individual highty
conducting chains with 1D electron transfer between
them even in the fully protonated PAn. However, this is
inconsistent with the akternative mode! for the forma-
tion of 3D metal-like clusters in this polymer. Addition-
ally, the diffusion constanis reported i the EPR studies
on the polaron dynamics in PAn were calculated from
the EPR linewidths. However, essential limitations of
the EPR method manifest themselves if the recording
frequency is not higher than 10 GHz. This is valid for
COP as well as for other organic systems and is mainly
due to the fact that the signals of free radicals are
recorded in a narrow magnetic field range; this also
results in the overlap of the lines of either the multip-
let spectra or the spectra of different radicals with
close g-factors. Therefore, in the general case the PAn
linewidth is a superposition of different contributions
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{including those due to localized and delocalized PC).
which cannot be determined by conventional EPR tech-
niques. This also results in ambiguous interpretation of
the data obtained by relatively low-frequency EPR spec-
troscopy. Therefore, electronic relaxation, the electron
dynamics, and the mechanism of charge transport in
PAn and other COP are still to be clarified.

Various procedures have been developed to increase
the efficiency of using EPR spectroscopy in studies of
condensed media. They include the electron spin echo’!;
optical recording of EPR signal based on the spin
polarization effect’?; electron-nuclear double reso-
nance’3- 7+ methods of steady-state SHF saturation and
SHF saturation transfer’3; EPR in nonuniform fields,’6
and some other technigues. However, these procedures
can be used for studying specific objects only. In this
connection, operation in stronger magnetic fields and at
higher recording frequencies seems to be more effective
for increasing the accuracy and informativeness of the
method.”?

Previously.” 80 we have shown that the use of
EPR spectroscopy in the millimeter wave band makes
it possible to obtain additional, fundamentally new
information on various organic systems with paramag-
netic additives including COP.79—83 [ this wave band,
it is possible to determine 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
calcutate separatcly the dynamic parameters for both
localized and delocalized PC and study the charge
transfer process in polymer systems. The use of specially
developed procedures provides a possibility for obtain-
ing new mformation on the macromolecular dynamics.
phase transitions, and other processes occurring in COP
and related systems.

In this review, the results are generalized of original
studies of the magnetic and electron transport properties
of PAn- H,80,, PAn- HCI, PAn-CS, and PAn- AMPS
specimens wnh different conductivities and degrees of
oxidation, carried out at the Institute of Problems of
Chemical Physics of the Russian Academy of Sci-
ences. 3491 Using multifrequency EPR spectroscopy in
combination with the methods of steady-state SHF
saturation and SHF saturation transfer of the spin pack-
ets, as well as the spin labeling and spin probe téch-
niques, we determined the dependences of the shape of
the EPR spectra for the EB and ES forms of PAn on the
composition, relaxation. and polaron mobility over a
wide temperature range. Ultraslow librations of the poly-
mer chains, which correlate with the interchain charge
transfer, were recorded by the SHF saturation transfer
method. By comparing the temperature dependences of
the dc and ac conductivities (o, and o, respectively)
we analyzed the mechanism of charge transfer in PAn
depending on the anion structure and oxidation degree
of the polymers.

Polyaniline doped with suifuric acid

Nearly symmetric Lorentzian signals are observed in
the 3-cm EPR spectrum of the PAn- H,SO, specimen
with y < 0.03 (Fig. 1, spectrum J). The hnewxd[m
decrease as the oxidation degree of the specimen and/or
the temperature increases (spectrum 6). Computer simu-
fation of these EPR spectra showed that at least two
types of PC (R and R,) are stabilized in the unoxidized
PAn. The former are [ocalized on the polymer chain
and are characterized by thc anisoxropic magnetic pa-
ramstem 8o = 2.00335, = 2.00415, = 2.00238,

1o = A, = 0.33 mT. and A =23 mT. Thc latter are
moblk and are characterized by the magnetic param-
eters g, = 2.00351 and g = 2.00212. The model spectra
of radlcals R, and R, are shown in Fig. | (spectra /, 2
and 3, 4, rewecmelv) The PC R, and R, are located in
the polvmer domains respectively characu,nzcd by lesser
and greater crystallinity. 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, radical differ only slightly from
those of the Ph—N’"—Ph radical.%%-93 which is likely
due to the lower density of the unpaired electron on the

nucleus of the N atom (py® = 0.39) and more planac
conformation of the polymer chain. According to caicu-
lations, % the CH groups of this radical make a relatively
small contribution to Ag,, (~1.7-107%). The minimum
energies of the spin transitions from the n- and o-
orbitals to the x*-orbital of the nitro group of the radical
can be calculated using the formuia?? '

gc}“pr'(O)
Ag=—,;‘,—5—-l—*' n

“&axtarr

is the g-factor of a

where Ag = g 1y ™ 8o0 & = 2.00232

LA B

ImT

Fig. 1. Simulated 3-cm (/. 3) and 2-mm (2, 4) wave band EPR
spectra of R (/ and 2) and R, radicals (3 and 4), calculated
with the paramclers &, = 2. 00535, g, = 2.00415, g =
2.00238, 4, —03 mT, 4. =23mT, g = 2.0035L, “and

2. 00"!2 expcnmcntal 3-cm (5) and 2-mm (6) wave band
EBPR spectra of the same radicals at 300 K; g, A_. and A8,
are measured magnetic parameters.
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free electron, and Xy is the constant of spin-orbital
interaction of the unpaired electron with the nucleus
of the N atom. For the Rl radical, these values are
AE, . =38¢e¢Vand AL . =65

Previously 7980 we >howed that thc magnetic param-
eters g . and A_ of radicals containing N atoms are the
most sensitive o changes in the properties. e.g.. the
polarity and dynamics of its microenvironment in the
polymer matrix. Therefore, the fact that the g value for
the R, radical is shifted toward stronger fields as the
oxidation degrec of PAn increases can be explained not
only by increase in the polanty of the radical microenvi-
ronment. but also by intensification of the motion of
the radical in the yz plane of its molecular system of
coordinates.

The average values of the g-factors of the R, and R,
radicals are approximately equ.ﬂ Le.igy = (l/ NG +
Gy T 8IS @, T = (1/3)(g + 2g,). This indicates that the
mobility of a fraction of mdxcali R, along the polymer
chain increases as the oxidation dc«cree of PAn in-
creases. Such an "unfreezing” of the mobility results in
more intense exchange between the spectral compo-
nents of the PC and, hence, to a decrease in the
anisotropy of its EPR spectrum. In other words, radical
R, transforms into radical R,, which can be considered
as a polaron diffusing along the polymer chain at a
minimum rate assessed by the following relation?s:

(1w — L ugBy

Vip 2 ——‘—_ﬁ—— . (2)

where ug is the Bohr magneton. B, is the resonance
magnetic field, and f is the Planck constant. Using the
8, value for the EB form of PAn (see above), for this
polymer we get " , 237" 107 s7h

If the oxidation degree y exceeds 0.03, the EPR
spectrum of PAn transforms into the singlet spectrum
recorded at g = 2.00303 (Fig. 2). In the 2-mm wave

0.5 mT

—_—

Fig. 2. Typical 3-cm (/) and 2-mm (2) wave band EPR spectra
of polyaniline with the degree of oxidation y = 0.33 at room
temperature. The measured values A and B are shown. The
spectrum calculated using Eq. (3) with L = D/4 = 0.38 or A/8
= .84 and ('/’\";/Z)ABW = (Tav.) "' = 0.15 mT is shown by the
dashed line.

band. the specimen with the highest degree of oxidation
exhibits an asymmetric spectrum with the Dysonian
lineshape characteristic of PC in highly conducting
inorganic®® and organic single crystals®” and poly-
mers'64,65.79.98—l()l

The EPR spectrum has a contribution of the disper-
sion signal due to the formation of the skin layer and is
characterized by the asymmetry factor A/B (see Fig. 2).
Therefore, correct 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 to the characteris-
tic size 4 of the polymer particle (ie., at d/286 =~ 1) using
the equation for the first derivative of the signal contain-
ing the contributions D and A of the dispersion and
absorption signals, respectively,102

7
- x 2x
LA

vy Ay

where x = (B — By Ty T, = 7/(\/—/,\8 p) is the
spin-spin relaxation time; y, is the gyromagnetm ratio of
the electron, and AB is the peak-to-peak EPR
linewidth. Figure 2 (spcurum 2) tllustrates an example
of calculations of the 2-mm wave band EPR spectrum.
Variations of the linecshape and magnetic parameters of PC
indicate strengthening of the spin-spin imteraction and
intensification of the spin dynamics on oxidation of PAn.

The EPR spectra of PAn (y > 0.22) recorded in the
3-cm wave band exhibit a hyperfine structure (HFS),
which is due to the interaction of a smalil fraction of
unpaired electrons with the protons of the benzene rings
and with the nucieus of the N atom. The HFS compo-
nents have low relative intensities. The central portions
of the second harmonic curves of the absorption signals
for two specimens of PAn- H,50, (with y = 0.22 and
0.33) are shown in Fig. 3 as examples. In the first
specimen, the interaction of the unpaired electron with

dy/dB= D (3)

N U N RN

ay

Fig. 3. Central portions of the curves of the second derivative
of the in-phase 3-cm wave band absorption signals of polvaniline
with the oxidation levels y = 0.53 (/) and 0.22 (2). recorded at
room temperature. The HFS are shown and the constants of
HF1 of the unpaired electron with the nuclei of H (a,;) and N
(ay) atoms are presented; the position of the g-factor of free
electron (g, = 2.00232) is also shown.
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four neighboring nearly equivalent protons (spin [ =
1/2) of the side phenyl 2roups and with the central
nucleus of the N atom (the nuclear spin /= 1) gives rise
to HFS with well-resolved equidistant components with
the ratio of intensities ! - 5: 11 :14:11: 51 (see Fig.
3, spectrum 2). In addition to the above-mentioned
nuclei, in the second PAn - H,S0, specimen {v = 0.53)
the unpaired electron also begins interacting with the
proton located at the central N atom. This results in
additional sphitting in the absorption spectrum of the
specimen. The hyperfine interaction (HFI) constant ay
varies in the range from 3.0 to 9.6 uT for different
PAn+ H,S0, specimens; however. these variations do
not correlate with those of y. In these polymers, the spin
density on the protons (py;"}. determined from the well-
known McConnel relationship ay = Qypy®, lies in the
range (2.2—4.3) - 107% at Qy = 2.25 mT for the benzene
anion. 193 This value differs from that found for solution
of the EB form of PAn in dioxane (p,® = 1.5+1072),104
m which the unpaired efectron interacts with two side
benzene rings of the PAn molecule. This suggests 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 dc conductivity o . and the
paramagnetic susceptibility Zom obtained in the 3-cm
EPR wave band depend in a similar manner on the
degree of oxidation (¥) of PAn-H,SO, (Fig. 4) indi-
cates that the dc conductivity of the polymer is to a
great extent determined by the number and dynamics of
PC. Oxidation of the specimen is accompanied by the
formation of metal-like clusters with 3D-delocalized
electrons. 47 This is confirmed by the data obtained
previously by electron microscopy and X-ray diffrac-
tion, 35 as well as by the above-mentioned changes in
the magnetic parameters. the shape of the spectrum,
and the conductivity obscrved on oxidation of PAn,
especiaily above the percolation threshold with y > 0.22.

—1
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Fig. 4. Dependences of 5. (/) and y . (2 of PAn specimens

on the degree of oxidation y at 300 K.
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Fig. 5. Temperature dependences of the relative concentration
n, of radicals R, localized on the polvmer chain in specimens
of PAn with y = 0 (1), ~0.01 (2), ~0.03 (3), and 0.22 (4.
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Fig. 6. Dependences of the linewidth AB  of radicals R, in the
2-mm (/) and 3-cm (2) wave band EPR spectra on the degree
of PAn oxidation y at room temperature.

The relative concentration n; of localized polarons
of the R, type in specimens with ditferent oxidation
degrecs varies with temperature (Fig. 5). For radicals of
the R, type, the linewidths ABpp measured in the 3-cm
and 2-mm EPR wave bands decrease as y increases (Fig.
6). This indicates that the effective spin-spin relaxation
time becomes shorter due to the formation in the speci-
men of domains 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 to the fact that a fraction
of paramagnetic polarons collapses into diamagnetic
bipolarons above the percolation threshold of the poly-
mer at y > 0.02.

Not 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 to a decrease in the
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spin density on the N nucicus (see Eq. (1)), as well as
to the change in the conformation of the polymer
chains. It is known* that the —Ph—N—Ph— angle can
change by 22° upon doping of PAn. However, calcula-
tions showed?® that such a change in the angle must
result in a decrease in the g. valuc by several percent
onlty. The above-mentioned change in the spectroscopic
parameters is likelv due to the decrease in the 0 dihedral
angle between the planes of the neighboring benzene
rings in the Ph—N—Ph fragment, occurring on doping.
The transfer integral /-y between the p_-orbitals of the
N and C atoms in the para-positions with respect to the
benzene rings of PAn depends on the dihedral angle as
Iy e cos 196197 which is typical of aromatic hydro-
carbons. Assuming that the 8 angle in the EB form of
PAn is 36°.197 one can calculate for the ES(A) form of
PAn (v = 0.22) the effective dihedral angle 6 and the
spin density on the N atom py*(0), which are equal to
33° and to 0.42, respectively. Such a decrease in the 8
angle results in increase in the spin density on the
benzene rings due to an increase in the transfer integral
[~y Thus, the observed changes in the magnetic
parameters may indicate a greater spin delocalization
along the polvmer chain as well as an increase in the
polymer chain plananty owing to oxidation.
Appreciable weakening of the exchange interaction
between individual spin packets is duc to increase in
both the recording frequency and the strength of the
external magnetic ficld. 198 Therefore, operation in the
2-mm EPR wave band must lead to saturation of the
spin packets under conventional experimental condi-

Fig. 7. Typical spectra of the in-phase (/) and quadrature (2)
components of the 2-mm wave band EPR dispersion signal of
PAn with the degree of oxidation y < .03 at room tempera-
ture. The measurcd components («) of the quadrature disper-
sion spectrum are shown.

tions. In fact, as for other COP.7%81=33 horh the in-
phase and quadrature components of the dispersion
signals of neutral and weakly oxidized PAn, recorded in
the 2-mm wave band, contain bell-shaped components
with Gaussian spin packet distributions (Fig. 7). This
was not observed in the studies of COP at Jower fre-
guencies. This type of components is a result of rapid
passage of PC carried out where the conditions hold of
(i) the spin packet saturation v, B ./ Jn > 1 and (u)
adiabatic passage of resonance dB/dI 8w, < ,reB, "
where T, and T, are, respectively, the spin-lattice and
spin-spin relaxation time, dB/dr is the rate of passage of
resonance, B and w,_ are the amplitude and angular
frequency of mJLﬂLUC field modulation, respectively,
and B, is the magnetic component of the polarizing
SHF field.

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

U= wyg (o)5in{w, 0} + uglodsinge, — 1) +

T usgloe)sin{oy, ! £ 0.51). (4)

Obviously. u, = u, = 0 in the absence of SHF
saturation. In the case of SHF saturation the relative
intensities of the u; and u; components are determined
by the ratio of the effective relaxation rate of spin
packets 1" = (7,,7..)""? and the rate of passage of
resonance o, 8 . If the latter is high and the modula-
tion frequency is comparable with or higher than =i,
the spin packets have no time to track the reverse of the
direction of the passage of the magnetic field because it
proceeds at too high a rate. In the case ot adiabatic
passage of resonance (if o, 8, <<y.B,%) each spin can
"sece” only an averaged applied magnetic field; theretore,
the first derivative of the dispersion signa!l will be mainly
determined by the last two terms of Eq. (4), where u, =
(Xof"”(g BB, T,)/2 and u; = (L“rr/, BB, T,/ (4o, T,

If thc eﬂectlvc spin relaxation time is shorter than
the modulation period (t < w_) and v > B)/(dB/dr), the
magnetization vector has sufficient time to recover to
the equilibrium state during one modulation period. In
this case the dispersion signal should be independent of
the recording frequency and will be mainly determined
by the 4 g (0,) and uqglo, )terms of Eq. (4), where u =
Lo BB and uy = (1q77.° BB, T, T,)/2. Thus the
elcctronic relaxation times of 1hc spin system can be
determined from the components of the dispersion sig-
nal of saturated spin packets, recorded at corresponding
phase tuning of the syvnchronous detector using the
following equations!19:

3w, (1 + 60))

Tn= T oo (52)
LU+ )

Th = Qfo,, (5b)

(here Q = uy/u, and B is the strength of the polarizing
field at #; = —u,) at w) T > 1 and
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s

T” = meul N (63)
KU}

T = 5775 (6b)

2, G + L)

at o T,y < 1. The amplitudes of the u; components are
measured at the center of the spectrum (at o = o,).

The increase in the degree of oxidation of the poly-
mer leads to shortening of the effective relaxation time
of PC (Fig. 8), which can be duc to intensification of
the spin exchange with the lattice and with other spins
stabilized on neighboring polymer chains of highly con-
ducting clusters. 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 electron
and the optical phopons of the lattice. The probability
and rate of such processes are depeundent on the con-
centration n of the PC localized, e.g., in ionic crystals
(Wyax Ty "l #2T7) and in n-conjugated polymers
(Wp = T “tee pT2). U1 The avajlable data suggest that
the T[ values of PC in polyanitine (with y < 0.02) are
described by a dependence of the type T, Lo n7T7K,
where £ = 3—4, whereas those of PC in the polymer
with y = 0.22 are described by a fattened dependence
characterized by the opposite sign of temperature varia-
tions. T, "'xnT%3 (see Fig. 8). This indicates the
appearance of an additional channel of the energy transfer
from the spin ensemble to the lattice on oxidation of the
polymer, as is the case in the classical metals.

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
also on relatively slow macromolecular reorientations

{librations, torsional vibrations) in the polymer. Usu-
Ty o/s
R o o
lO"‘E © Q a A ’])
o 2
) o} 0O = 3
W0wlE R o v 4
o
o
-1
10 2
o o
1075 8
&
a
ey o . 2 Y A °
S 0o s ;
1077 ; ‘ .7
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Fig. 8. Temperature dependences of the effective spin-lattice
and spin-spin relaxation times (7, open circles and T,5. filled
circles, respectively) of PAn specimens with y = 0 (7). ~0.01
(3. ~0.03 (3, and 0.22 (5.

ally, such motions are studied by EPR spectroscopy
with SHF saturation transfer (ST EPR) between the
spin packets differentlv oriented with respect to the
external magnetic field.”® The use of the ST EPR
method makes it possible to study torsional motions of
the macromolecule (e.g., with respect to its principal x

axis) with correlation times t_ varied from 1077 s to the
maximum value given by the formula’5
5 hi
5 sin? 9 cos’ S(B: - B }
T = e . (7
¢ 3Ty B Blsin” g + B; cos” 9 "

where By and B, are the positions of the high- and low-
ficld spcctral LOmpOﬂClltS respectively, and & is the
angle between the direction of the external magnetic
field B, and that of the x axis of the macromolecule.

Temperature variation of the relative intensity of the
high-field u; component of the quadrature dispersion
signal (see Fig. 7) 15 a typical manifestation of intensifi-
cation of uitraslow (and anisotropic with respect to the
x axis) librations of macromolecules carrying localized
R, radicals. Previously,73% we have shown that the use
of the 2-mm wave band ST EPR makes it possible to
separately determine the main characteristic times <,
T.,. and T, of the radicals involved in the ultraslow
anisotropic motions with respect to different molecular
axes. The correlation time =.* of the ultraslow motions
of PC about the x axis can be determined from the ratio
of the intensities of the u; components of the anisotro-
pic spectrum, K = u;%/u;¥. using the following equa-
tion79-86;

*_7) . %)

where the constant o is determined by the anisotropy of
the g-factor of PC. The Arrhenius dependence of the
correlation time of macromolecular librations in the
initia} PAn specimen. caleulated using Eq. (8) at 1V =

-107% s 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+ 1077
exp(0.045 eV/kgT), where &y is the Boltzmann constant.
Analogous dependences were obtained for PAn H,S0,
with' the oxidation lévels v = 0.07 and y = 0.03. The
calculated activation energies of macromolecular libra-
tions correspond to the energies of optical phonons and
are close to the value (0.01—0.03 eV)"'2 obtained for
different specimens of poly(tetrathiafulvalenes)ti3:114 ang
poly(bisjalkylthioacetytene. 113 The ¢ ™ time calculated
using Eq. (7) with the parameters 8 = 45% and B, = 0.01
mT79 80 and the g, and g_. values for R, radlcals is
2.2- 107 s and corresponds to a ua‘/u3 ratio of 0.2 (see
Eq. (8)) at 100 K. The increase in the correlation time
on heating of the polymer above the critical temperature
(T, = 190 X) is still to be clarified.
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Fig. 9. The Arrhenius dependence of the correlation time of
ultrasiow cooperative librations of paramagnetic centers R; and
the polvmer chain. The dependence caleulated n>ina the equa-
tion 1, = 1 exp(0.043 cV/kpT) with =% = 2.7- 1077 5 is shown
by the dashed line.

The relaxation times of the electron and proton
spins in PAn vary depending on the recording frequency
as T,y % n7 w2 (o = 22v).86.7% 1n this connection the
experimental data obtained can be explained by modu-
lation of electronic refaxation by D diffusion of R,
radicals along the polymer chain and by 3D hopping of
these radicals between the chams with the diffusion
coefficients D,y and Dy, respectively. In this case, the
spectral density function for the spin mobility in the {D
system can be written as!1®

Sy = nd)((:))s,]. (9)

where n = (n + nz)/\/’2. is the effective concentration
of both localized and delocalized PC per monomer unit
of PAn, n and n, are the relative concentrations of
localized and delocalized PC. respectively, Z,/ is the
lattice sum for the powder-like specimen.

1 | + | + (L:)//D}D‘)Z

Jiplo) = . . —
V2010050 v 1+ (0 Dyp)
( II)‘”} at Dyjp >> o »> Dip.
(2 )i[)Dm T at o< Dsp

D"D = 4D,p/V?, and N is the spin delocalization
length in the monomer units. Previously.$6=7% an analo-
gous spectral density function was used in the studies of
the spin dynamics in PAn.

Since the electronic relaxation is mainly determined
by the dipolc-dipole interaction between localized and

Fig. 10. Temperature dependences of the coefficients of the
polaron ditfusion along the polymer chain D (open circles)
and of the interchain polaron hopping D;p (filled circles) in
PAn with y = 0 (), ~0.01 (2), and ~0.03 (3): temperaturc
dependence of the effective coefficient of the polaron diffusion
in polyaniline with y = 0.22 (). The functions s p(1) =c, A D
calculated using Eq. (14b) with the parameters m = [2.9 and
G, = 28107 Sm™ s K (), m=126and g, 0 =8.8- 1071
Sm~'s K (2 3. and kx = 1-10™ s K} are shown by solid
lines. The functions o3p(7) = o, 7) calculated using Eq. (13b)
(with 5,2 = 1.4 10717 S m~t U8 K land E, = 0.13 eV, curve
I) and with the parameters o, = 1.2-10712 § m~! 598 K~
and £, = 0.035 eV (at T < 240 K) and with ¢, .° = 5.7-1073
Sm™ % K~land £, = 0.43 eV (at T2 240 K) (curve {l) are
shown by dashed lines.

delocalized spins {with a spin value S = 1/2), we can
write the following equations for the rates of electronic

relaxation!’:
Trfl = ((02,\{2/(«'») + §$J(2w)i, (10a)
T,z"’ = {(a)[3J(0) + 3Hm) + 2JQw)|. (10h)
where {@%) = 0.1(uy/4m) 27 S(S + l)n,_j is the aver-

aged constant of the spin dipole interaction for a pow-
der-like specimen.

The temperature dependences of the effective dv-
namic parameters D, and Dy, for both types of radi-
cals in several PAn specimens (see Fig. 10) were calcu-
lated from the data presented in Fig. 8 using Egs. (9)
and (10) at N = 5.78 |t seems to be justified that the
anisotropy of the spin dynamics is maximum in the
initial specimen of the EB form of PAn and decreases as
y increases. At a relatively high degree of oxidation (y 2
0.22), the electronic relaxation times become compa-
rable and only slightly temperature-dependent because
of intense spin-spin exchange in metal-jike clusters and
of the increase in the effective dimensionality of the
system.

It was found by EPR spectroscopy at recording

frequencies from 5 to 430 MHz%87% that fairly high
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anisotropy of the spin dynamics is retained in PAn - HCI
oxidized up to ¥y = 0.6 even at room temperature.
However, our experimental data indicate that the aniso-
tropy of the motion of the charge carriers is high only in
the oxidized PAn-H,SO, for which y < 0.22. Such a
discrepancy is fikely due to the fact that the effective
dimensionality of PAn doped with H,SO, to y 2 0.22 is
larger than that of PAn:HCI The increase in the
dimensionality on oxidation of the polymer is accompa-
nied by a decrease in the number of electron traps,
which reduces the probability of electron scattering by
the lattice phonons and results in the virtually isotropic
spin motion and refatively slight temperature depen-
dences of both the electronic relaxation and diffusion
rates of PC, as is the case for amorphous inorganic
semiconductors. 2829

As was mentioned above, EPR spectroscopy makes
it possible to study the spin dynamics and conductivity
at the scale of several polymer chains. In principle, the
macroscopic and microscopic conductivity (o, and o,
respectively) can correlate; however, if the oxidized
polymer contains a sufficient amount of diamagnetic
bipolarons. these parameters should be appreciably dif-
ferent. Therefore the conductivity parameters obtained
by different methods can be compared only qualita-
tively. If the diffusion coefficients of both the spin and
spinless charge carriers in oxidized PAn (y > 0.22) are
close, the contribution to the conductivity of the mo-
tion of bipolarons should be comparable or even greater
than that of the spin charge carriers.

Let us consider the possibility of determining the
high-frequency conductivity and the mechanism of
charge transport in PAn.

To determine the conductivity components of a
specimen due to the mobility of the spin charge carriers,
one can use the known expression

Ne'Dyspelsn
st =7, {an

where T'is temperature, and ¢, = 0.960 nm and C~P
0.590 nim are the lattice constants of PAn- H,50,.% At
room temperature and 0 € y < 0.022, the "along-the-
chain® conductivity o;p, of oxidized PAn is 10.2 S m™
The oy, component increases from 7.1+ 107% to 0.35
S m~! under the same conditions. This is additional
evidence for a decrease in the anisotropy of the spin
motion in PAn- ES(A) and is in agreement with the
conclusions drawn previously 114

The data on the spin dynamics can be interpreted
using different models for the charge transfer in low-
dimensional systems. Previously 85 we have shown that
dynamic processes occurring in PAn- ES(A) with y 2
0.22 can be interpreted in the framework of the Mott
model of interchain VRH of the charge carriers.?® Ac-
cording to this model, the conductivity components of a
disordered solid of dimensionality J are defined by the

following equations:

l,(d{»l)
o4l = cocxp‘ (7@) J (12a)
N
Gad D = (2/3)ntelkg Tn? (LF)(L/ Ve [ 7:‘\'/ ’l =gg7. (12b)
2av, ]

where o, = 0.39vpe2[n(epX L)/ (kg TH)'/> at d = | and o

1.8vge- n(sF)TO/(T(L)) at d = 3. v, is the limiting
hopping frequency: T,"l/K = 0.62kpn(epX L) is the
percolation constant or the effective energy difference
between the localized states, which is dependent on the
degree of order of the amorphous domains of the poly-
mer (see Eq. (12a)); and (L) = (L[, O3 where (L),
L!,, and L, are, respectively, the average localization
length of the wave function of the charge carrier and its
projections on the parailel and perpendicular directions.
According to Egs. (12a,b), an approximately quadratic
c4(T) dependence and linear o,.(T) dependence should
be observed in the framework of the VRH model.
Stronger temperature dependences of the conductivity
of weakly oxidized PAn- H,SO, can be interpreted in
the framework of the model for the activation charge
transfer between the polymer chains,?® according to
which the following equations are valid for the compo-
nents of the overall conductivity:

i [ E
oD = o expg\— ?;JF} , (13a)
Gl ) = chev! ‘Texp( £ ; . (13b)
. 87 J

where £, is the activation energy of electron transfer
between the polymer ¢hains.

In fact, function (13b) with the parameters o, 0 and
£, fits fairly well the cxperlmcnta] D~D(D dependencm
for the initial specimen (o,° 107128 m~1 s08 KL,
E, = 0.035 eV) and for thc spcumcns with y = 0. 01
(caco—37 103 sm 108 K™ E =043 eV)yand y =
0.03 (6,0 = 1.4-1071 S m™! s08 K1, E, = 0.13 eV).
In the case of activation charge transfer between the
polymer chains the o, (T) dependence should be linear.
However, it is essentiaily nounlinear for the above-men-
tioned PAn- ES(A) specimens, which suggests another
mechanism of charge transfer in this polymer.

The fact that the spin-lattice relaxation time of
PAn is strongly dependent on temperaiure (see above)
means that, in accord with the energy comnservation
law, the electron hops should be accompanied by
absorption or emission of a minimum number of the
lattice phonons. Multiphonon processes become pre-~
dominant in neutral and weakly oxidized PAn because
of a strong spin-lattice interaction. For this reason,
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electrodynamic processes occurring in the polymer can
be considered in the framework of Kivelson’s formal-
ism23 of isoenergetic clectron transfer between the
polymer chains tnvolving optical phonons. According
to this model, Coulomb interaction occurs between the
charge carriers and the dopant anions introduced into
the polymer. In this case, the excess charge can be
isoenergetically transferred from one charge carrier to
another charge carrier moving along the neighboring
polvmer chain. The temperature dependence of the
probability of this process and, hence, of the charge
carrier mobility will be determined by the probability
of finding the neutral soliton or polaron near the
dopant anion. The dc and ac conductivities will be
defined by the following expressions?:33;

K’ /(T)J}) [ 2ky Ry
N = eXp - = g4 I™ .
G{/(-(/\) k TN RU l\ i J (’()T . (14,.!)
Sk 1) = =
) 4
— Gll\'c]( k;\«',: \| N
= = .\In 7_”1”) (14b)
where &, = 0.43; £, = 1.39: &5 is a constant; y(7) =

¥ T/30U K)™~! is the rate of electron transfer bn—
tween the charge carriers: {v) )Dvbp(x + Yop Yy
where y and Yp are, respectively, the conccntrauom
of polarons and blpO]dll)l]S per monomer unit of the
polymer chain; R, = (44!‘/]/3}"‘ *is the tvpical dis-
tance bclwccn the dop’mt anions with the concentra-
tion N & = (55 A &y and 3, are the averaged
lomhmuon len"th of the wave function of the charge
carrier and its parallel and perpendicular compo-
nents, respectively: L is the number of monomer units
in the polymer chain; and m = 10.

Theoretical functions o, (7) = o,(7) calculated
using Eq. (14b) fit well the experimental D,5(T) depen-
dences (see Fig. 10). Taking into account the depen-
dence o4, (T) = T™ 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 can assess the o,./c,,
ratio for the limiting case »/2x = v, — =. The value
found for PAn: H,80, is ~130. wh»c.h is appreciably
smaller than that obtained for rrans-PAc (o,./c, =
104).26

The temperature dependence of the ac conductivity
of PAn- H,S0, with y = 0.22 (Fig. 11) calculated {rom
the data presenled in Fig. lO using Eq. (11) cannot be
interpreted in the framework of the Kivelson theory of
isoenergetic charge transfer since this theory assumes a
stronger temperature dependence (see Fig. 10 and Eq.
(14b)). The model of charge carrier scattering by
optical phounons of the lattice of metal-like clusters in
z-conjugated COP3EI19 mav appear to be more conve-

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

20 ug? (v 1
7T = M . mh‘ g [
Santo” U kgl ) I
[ nfiv )|
= 0,7 smh((-‘-—tf’-’-'— -1 I (13
L B

where M is the mass of a CH or NH group, 7, is the
transfer integral equal to ~2—3 eV for the z-clectron, Vo
is the frequency of the optical phonon, and « is the
constant of electron-phonon interaction (for rans-PAc,
a=4.1-10"0 ¢V m™1).3% As can be seen in Fig. 11, the
o, Ty dependence for a PAn-H,S80; specimen (y =
0. 22) is fairly well fitted using Eq. (15) with the param-
eters o, = 0.12 S m™! K™! and the eneray of the lattice
phortons 2nhvph = 0.033 eV. The latter value is close to
the activation energy of macromolecular anisotropic i-
brations (see above). Using Eq. (15) with the parameters
N =22-10° m™® and ¢;p = 0.96 nm.*® we get « =
§- 10 eV m™l. The ac conductivity of clusters in
PAn- H,SO, oxidized to y = 0.22 is ~60 $ m~! at room
temperature (see Fig. t1), which is much smaller than that
calculated for fully oxidized PAn (o, = 10° S m™1).6%
Let us calculate the ec conductivity of a fully oxi-
dized polymer using the dependence of the D and A
values (see Eq. (3)) on the recording frequency and
conductivity of the polymer!20

l gsinh p - psing sinh pgsing
D=—73—7"* * T, {16a)
Pt cosh p + cosg (cosh p + cosq)™ "

Ope/S M
~Q
!
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~e
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Fig. 11. Temperature dependences of the ac conductivity at v, =
140 GHz of PAn specimens with y = 0.22 () and 0.35 (2.
calculated using Egs. (10), (3) and (16). The dependence caleu-
lated usinz Eq (17) (with 55" = 6.8-10° S m™!, 52 = 43.3
Sm™ KL op?=69Sm ™ K71, and avy, = 0.047 eV) is shown
by the sohd Imt. and that calc.uhtcd using Eq. (13) (with gg=0.12
S~ K™ and avyy, = 0.033 eV) is shown by the dashed linc.
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1 psinh p + gsing  cosh pcosg + 1

7 ,(16b)

cosh p + cosg (cosh p + cosg)-

2 > ) B
where p =%dv\jl+a‘—a . q -——'i‘fvl"-‘u“*'a ,
]

o]

a = ew/4ne. and & = ¢/ Y2row -

The theoretical dependences of the parameters D/ A,
D. and A of the Dysonian EPR lineshape (see Eq. (3))
on the ¢/28 ratio at @ -» 0 and ¢ = 5+ 1073 m are shown
in Fig. 12. Analysis showed that the calcujated lineshape
parameter /A is related to the experimental parameter
A/ B (see Fig. 2) by the simple relationship 4A/8 =1 +
1.45D/A4. This makes it possible to determine the ac
conductivity of the polymer immediately from its EPR
spectrum.

As in the preceding case. the specific condtictivity of
the PAn - H,S0, specimen with the oxidation level y =
0.53 decreases as the temperature increases from a
certain minimum value to the critical temperature 7, =
160 K; however, the specific conductivity again begins
increasing on heating above T (see Fig. 11). Such a
dependence with an extremum can be explained assum-
ing that several successive charge transfer processes
proceed in the polymer. As in the case of PAn- H,50,
with the oxidation level y = 0.22, the low-temperature
branch of the dependence obtained can be interpreted
in the framework of the model of scattering of charge
carriers by the optical phonons of the PAn-ES(A)
lattice. At high temperatures, the charge transfer de-

L
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Fig. 12. Dependences of the asymmetry pasameter D/A (7—3)
on the ratio d/28 of the half-thickness of the specimen to the
depth of the skin layer, calculated using Egs. (3) and (16) for
specimens of PAn-CS with y = 0.3 (/) and 0.6 {2) and for
PAn - AMPS with y = 0.6 (3) and different thickness. Theo-
retical dependence of the asymmetry parameter D/4 (4 is
shown by the solid line; those of the A (5) and D (6) compo-
nents. calculated using Egs. (3) and {{6) at a — 0, are shown
by dashed lines.

scribed in the framework of the Mott mode! of interchain
VRH of charge carriers can occur. The overall conduc-
tivity of this specimen can be expressed using the fol-
towing relation:

{ [ -1 !
-1 -1 [ U St
= L0 J( (2 ) B } . (“‘”‘an_ 1 -
o= oy T T +le' T} tsinh] ————1 -1 (1)
ac B \:\ 3} ( [} i_ L kBT

where the constants «,'% and o,/ are the correspond-
ing constants from Egs. (12b) and (15). As can be seen
in Fig. 11, the temperature dependence for the
PAn - H,S0, specimen with the oxidation level y = 0.53
is well fitted using Eq. (17) with the parameters o'V =
6.8-10° Sm™!, o,V =435 Sm™I K™, 60(3) = 6.9
S m™! K7', and 2rav , = 0.047 eV. The last-named
value exceeds the energy of phonons in PAn-H,S0,
with y = 0.22, which indicates an increase in the
crystallinity of the fully oxidized polymer. However, this
value is also close to the activation energy of torsional
vibrations of the polymer chains. This indicates a close
relation between the molecular and electrodynamic pro-
cesses in PAn- H,SO,. In particular, for this specimen
we can caleulate @ = 6.5+ 10 eV m™tat N =2.0-10%
m~3. The calculated constant of the electron-phonon
interaction in this specimen also much exceeds the
corresponding value for trans-PAc. The ac conductivity
of clusters in oxidized PAn- H,80, (y = 0.53) is ~1400
S m~! at room temperature (see Fig. 11), which is also
much lower than the conductivity calculated for this
specimen.6?

Thus, oxidation of PAn to y = 0.03 results in the
increase in the number and size of highly conducting
clusters with the highly mobile charge carriers, which is
the reason for the Raman relaxation processes, as well ag
for the increase in the conductivity and in the Pauli
magnetic susceptibility. An increase in the dimensionality
of the system upon oxidation changes the mechanism of
charge transport from isoenergetic interchain charge tun-
neling to interchain VRH of the charge carriers.

The concentration of diamagnetic charge carriers in
PAn with the oxidation level in the range 0.22 < y < 0.5
equals or is somewhat higher than the spin concentra-
tion. This means that the charge in these specimens is
transferred by polarons mostly, whereas the charge in the
fully doped ES(A) form of PAn is transferred by diamag-
netic bipolarons. By and large the data obtained are in
agreement with the concept of stabilization in PAn of
metal-like clusters built of strongly interacting polymer
chains with 3D-delocalized conduction electrons8®-81;
however, they don’'t confirm the theory completely.

Interaction between the charge carriers and the lat-
tice phonons in PAn- H,S0, is much stronger than in
trans-PAc and other COP, which is likely due to the
closer packing and greater planarity of the polymer
chains in PAn- H,SO,. As a result, the charge transfer
integral between the polymer chains is modulated by
ultrasiow librations of macromoliecules, which manifests
itself to the greatest extent in fully oxidized PAn.
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Polyaniline doped with hydrochioric acid

As in the case of PAn - H,80,, the 3-cm wave band
EPR spectrum of PC in PAn - HCl exhibits a symmetric
singlet tine (Fig. 13. @) whose width AB__ for both the
initial and weakly oxidized specimens is virtually inde-
pendent of temperature. In the oxidized polvmer with
¥ > 0.03 the A8, value exhibits a bell-shaped tempera-
ture dcpuldulce Mth the inflection point at the critical
temperature T, = 200 K. The linewidth increases almost
linearly at 7 < 7, and decreases at higher temperatures.
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Fig. 13, Temperature dependences of the peak-to-peak width
of the absorption line of paramagnetic centers in the initial
specimen (/) and in the specimens of PAn - HCH with y = 0.01
(D, 0.03 (3. 022 (H. 041 (5. and 0.50 (6) in the 3-cm (a)
and 2-min {#) EPR wave buands.

The absorption spectrum of this polymer also exhib-
its a HFS (see Fig. 3). Unlike PAn-H,SO,, the HFI
constants a; and spin densities p, calculated using the
McConnel equation with coetficients of proportionality
Q equal to 2.23 and 2.37 mT for H and N atoms,
respectively, 193120 vary monotonicatly with the oxida-
tion degree of the polymer (Table ).

On going to the 2-mm wave band the AB_ value
becomes more sensitive to variations of the temperature
and conductivity of the polymer (see Fig. 13, 4).

Two types of PC are stabilized in PAn- HCI. These
are R with the magnetic purameters 8. = 200535,
g, = 2.00415, g = 2.00238. 4 = 0.33 mT. and
A= 2 3mT and R, with the mdfznetm parameters g, =
7 UO 35l and g &= 2.00212. The relative content n,/(nl +
n,) of PC of the R, type varies as the temperature and
dégrec of oxidation vary. much as it occurs in
PAn - H,80, (see Fig. 5). This can be explained by the
increase in the number of mobile spin charge carriers
and by the formation of the polaron lattice in the
oxidized polvmcr above the percolation threshold.

Using A, = A, = 1.25 mT for PC in pernigraniline122
and the \lcConncl constant Q = 2.25 mT,!%3 one can
calculate the spin density p(0) oun the nucleus of the N
atom, pp(0) = (A, + A, + A/(3Q) = 0.65. Then,
using the components of the g-tensor {see above) and
Eq. (1), we can calculate the energies of electron excita-
tion to the nearest molecular orbitals (AE . = 4.0 eV
and AL . = 6.6 eV).

Since the averaged g-factors of radicals R and R,
are approximately equal, by applying Eq. (2) one can
determine the minimum rate of diffusion of the polaron
of the R, type along the polymer chain of the ES(A)
form of PAn (v ;0 2 109 s71).

The conformation of the polymer chain and the
spin density distribution affect the magnetic param-
eters of PAn - HCI. Taking into account that the spin
transfer integral (/-_y) between the p. ~orbitals of the
C and N atoms d»pends on the dihedral angle n PAn
as [y x mse and using the 6 value for the EB form
of PAn (56°).197 we can determine from Eg. (1) that
PAn - HCI with y = 0.22 is characterized by § = 33° and
pn® = 0.42. Hence it follows that the dihedral angie 8
decreases on oxidation, thus increasing the f._ inte-
gral and, therefore. the spin density on the benzene

Table 1. Dependence of the HF1 constants lzz/mT} and the
spin density on the nuclei of H and N atoms (p,- 107 3) on the
degree of oxidation () of the PAn specimens

v ay ay* an PH PH® PN
0.00 0.41 — 0.14 132 — 394
~0.01 031 — 0.10 138 ~ 422
~0.03 028 — 0.092 124 — 38.8
0.22  0.024 - 76107 107 — 3.2
0.41 0.014 — 461073 622 - t.94

050 53-107% 9.3-1074 18-1073 236 0422 0.760

* The values obtained for the nucleus of the central H atom.
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ring. The vanation of the magnetic parameters 8 a
consequence of both greater spin delocalization along
the polymer chain and greater planarity of polymer
chains during the oxidation of PAn.

The hneshape of radicals of the R, type changes
appreciably on the percolation transition in PAn - HCI
(i the range 0.03 < v < 0.22y [fat v > 0.03 and 7< 300
K we have g, > g, then even at y > 0.22 the incquality
g < 4 holds. Prcnoubly 84 we observed an analogous
effect m studies of the interaction of PAn with water
vapor and ecxplained it by appreciable change in the
conformation of the microenvironment of radicals of
the R, type caused by the formation of water bridges
between the polymer chains. The above-mentioned
change in the hineshape can also be explained by struc-
tural changes occurring on the percolation transition in
PAn.

As in the case of PAn- H,S0,. the effects of rapid
passage are observed in the 2-mm wave band EPR
spectra of PAn- HCI if the conditions of adiabatic pas-
sage of resonance .o mBm << y,2B,* and spin packet
saturation v, 8, JT,,]}; > | hold. These cffects were used
for determining the relaxation and dynamic parameters

PC in these specimens. The T, values vary on
oxidation of the polymer as 7., x nT', where [ = 3—4 at
<003 and /= 0.3 at 0.03 < y < 0.22 (Fig. {4y Ths
can be associated with intensification of the spin-spin
exchange between the PC localized on neighboring
polymer chains due to increase in the size and number
of metal-like clusters on oxidation of PAn. Apart from
this, such a change in the relaxation properties of PC
indicates a drastic change in the rate of energy taaunsfer
from the spin ensemble to the polymer lattice as well as
a change in the mechanism of charge transpon during
the oxidation of PAn.
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Fig. 14. Temperature dependences of the effective spin-lattice
and spin-spin relaxation times (7. open circles, and 7,. filled
circles, respectively) of paramagnetic centers in th» initial
specimen of PAn (/) and in specimens of PAn - HCI with =
001 (2) and 0.03 (3.

The temperature dependence of the parameter K =
u;¥/uy (see Fig. 7) was used for calculating the correla-
tion time t.* of the librations of the polymer chains
carrying localized radicals of the R, type about the x axis
of the initial polymer, ©.*>= 3.5 - 10 5exp(0.015 eV/(kg TH).
Analogous dependence was also obtained for PAn- HCl
with y = 0.01 and y = 0.03.

The temperature dependences of the coefficients of
spin diffusion along and between the polymer chains
(D,p and Dy, tespectively) are shown in Fig. 15. They
were calculated using the procedure described above
(Egs. (9) and (10)) and from the data presented in Fig.
14 assuming spin delocalization over five monomer
units of PAn.U!8 From the data shown in Fig. 15 1t
follows that D,y = 10'! rad s™! and D3D =108 rad st at
room temperature. The first value is more than two
orders of magnitude tower than the rate of charge
diffusion obtained previously for PAn with y = 0.0566.79
however. it is much higher than the calculated v,? value
{see above). At y 2 0.22, the umes 7 and T, become
nearly equal due to the formation of metal-like clusters
and to increase in the effective dimensionality of the
systemi. In this case, the method of steady-state SHF
saturation becomes less sensitive to the relaxation and
dvnamics of PC; however, the averaged effective spin
diffusion coefficient can be assessed assuming that the
spin motion along the polymer chain dominatcs and
2T, = T,,. This value is Dyp = 1.6 - 10"? rad s7!, which
is much smaller than that obtained previously by mag-
netic resonance methods in relatively weak magnetic
fields.%® From the data shown in Fig. 15 it follows that
the D,p/Dyp ratio decreases as y increases. This is
additional evidence for the formation of bulky metal-
like clusters and for increase in the crystallinity of
oxidized PAn. lu this case, the concentration of elec-
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Fig. 15. Temperature dependences of the coefficients of diffusion
of mobile paramagnetic centers along the polymer chains (D,
open circles) and between the polvmer chains (D, filled
circles). calculated using Eqs. (9) and (10) for paramagnetic
centers (n the initial PAn specimen (1) and in specimens of
Pan- HCl with y = 0.01 {2) and 0.03 {3).
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Fig. 16, Temperature dependences of the ac conductivity of the
initial PAn specimen. calculated using Eq. (1) and the data
shown in Fig. {3 (/7). and of the dc conductivity (2). The overall
ac conductivity, calculated usin;: Eq. (18) with the parameters
oy =2.8-1070S (meV) L vy, = 0.015 eV, and £y = 0.042 eV
and using Eq. (19) with the pammum ag=3.0-10*SevVm,
Ey = 0.042 ¢V, and £, = 0.397 ¢V, is shown by the solid line.

tron traps and, hence, the probability of electron scat-
tering by lattice phonons decrease, as is the case in
inorganic amorphous semiconductors.2?

Taking the diffusion coetficients of the spin and
diamagnetic charge carriers to be equal and using Eq.
(11), one can calculate 6, = 10 S m~! and o3 =
1+ 1073=0.5 S m™! for the specimens with 0 < y < 0.03
at room temperature. At Dy = Dy, these values are
op = (5—18)-10° S m™} and oy = (3—10)- 103 S m™;
as can be seen, the o;p value increases more rapidly
than the o, value on oxidation of the polymer. which
is evidence for the increase in the number and dimen-
sionality of metal-like clusters in PAn.

The plots of the temperature dependences of the
ac conductivity calculated using Eq. (11) at N =
9.5+ 102> m~% and ¢, = 1.02 nm* and those of the
de conductivity for the initial PAn specimen are
shown in Fig. 16. The slope of the dependence

ol = 1.4-10792722 is nearly the same as that

determined previously for PAn- EB,'?3 at least at T

> T, = 200 K, and secems to be too steep to describe
the charge transport in the framework of the Kivelson
mechanism.19 The o, (7) dependence presented
has likely two branches with different temperature
coefficients and has the inflection point at 7, =
-xhvph/kB (Vpn is the frequency of optical 2kg
phonons). This dependence can be interpreted xn
the framework of the short-polaron hopping
model.12¢ in which the polaron energy £y is depen-
dent on distance, and at low temperatures (775 7))

the o, .(7T) dependence is described by the formula

f 1E, kgl 2vou )
_ ol kT + ——H ln[] - 28l g 2o
md D=l ey T
whereas at T2 7, the hopping is dependent on both £
and the activation energies £, and the o, (7) depen-

a*
dence 1s given by the following formula:

Ea + EH ‘l

[o10) . 4
o%(n:m(fn/kﬂ) exp(— W {19

The temperature dependence of the overall conduc-
tivity o, was calcufated using Eq (18) with the param-
eters oo =28-107° S (m eV)™!, 2ahv,, = 0.015 eV,
and £, = 0.042 ¢V and using Eq. (19) with the param-
eters 6, = 3.0-10* SeV m™l £, =0.042 ¢V, and £, =
0.397 eV (sce Fig. 16). Goed correlation of this depen-
dence with the experimental data indicates that the
parallel charge transfer by short mobile polarons occurs
in the initial polvmer. Previously,123 analogous tem-
perature dependences were observed for PAn: EB at
relatively low recording frequencies and for lightly doped
polv(tetrathiafulvalene) at different recording frequen-
cies.125.126

As for other COP, the experimental data on the
conductivity of weakly oxidized PAn specimens can be
explained using the Kivelson model of isoenergetic charge
transfer between nonlinear charge carriers.2s

According to Eqg. (14a), if the interpolaron charge
transfer predominates, the c4(7) dependence should be
of the form o, (T) x 7M. It was actually observed for
oxidized PAn-HCI specimens with y = 0.01 and 0.03
(Fig. (7).

The concentration of mobile spins (v,) in PAn- HCI
with y = 0.00 is 1.2+ 107 per two bcnzene rings. Taking
into accoum that c¢ach blpolaron carries the doubie
clemcntary charge, we get y,, = 1073 and ) =
46-1072 The concemmtlon of anions, /'V is 2.0+ 108 m™;
therefore R, 28 am for this po(vmer The constant
g in Egs. (l4a) Jnd (14b), determined from the siope of
the o,(7) dependence, is equal to 3.5-10'% s7L As-
suming spin delocalization in the polaron over five
monomer units!!8 toward the principal x axis of the
polymer with the constant ¢, = 1.02 nm*3, we get &, =
}.19 am. The perpendicular component &, of the quan-
tity £ can be determined using the following equation?>:

o

k4 F—Nensessnesne— 7
ST ImAy/) (20)

where 24, is the band gap and ¢, is the component of
the transfer integral, determined from the equation!??

h D]D\'nh [

t =

.

Qn

ph/ ’

where Ep is the formation energy of the polaron. The
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Fig. 17. Temperature dependences of the ac (/) and de (D
conductivities calculated using Eq. (11) and the data presented
in Fig. 13 for specimens of PAn - HCl with y = 0.01 (@) and 0.03
{h). The ac and dc conductivity (,ah,ulatcd using Eq. (14) with
thc paramt.tcm n =152, {yy = 0.046. £, = 0.079 nm, T =

216" 57 (@), = 12.1, () = 0.081, &, = 0.087 nm. T =
2 l 1017 574 (8), 5 = L19nm, and v, = 140 GHz are respec-
tively shown by solid and dotted hn;s

substitution of 3.8 eV13 for 24, 0.1 eV (1his value is
typical of m-conjugated polymers)!?7 for £, 3.6-108
rad s~' (experimental value) for D~D and 3. b- 10'— 51
for v, gives 7, =7.1-1073 eV, 2 =0.079nm, and § =
0.2 nm for PAn- HCl with y = 0.0 1. Analogous calcula-
tions for PAn - HCI with y =z 0.03 and the pd[’dmC[CI’S

Yo = I 1 1073 and Yop = <107 give () = - 1072,
19 = 107 sl g = 0 087 am, and § = 0.21 nim.

Thc temperature dependences of the de conductivi-
tics of PAn - HCI specimens with degrees of oxidation

= 0.0! and y = 0.03 calculated using Eq. (14a) are
rcspecnvclv described by the cquauons 6l =
23-1079752 S m™ and o,(7) = 1072
S m~! (see Fig. 17). Analysis of the oac(T) dependence
(see Fig. 17, @) shows that a certain disagreement
between the calculated and expernmental data is ob-
served for the PAn - HCI specimen with v = 0.01. More-
over, the y, constant for this specimen is nearly two
orders of magnitude larger than the corresponding value
for trans-PAc (vy = 1.2-10V7 s71).25 Better agreement
between the experimental data and the Kivelson theory
is observed for PAn- HCl with y = 0.03 (see Fig. 17, b),
for which the y, value virtually coincides with that for
trans-PAc. This can be explained by an increase in the
number and mobility of mobile charge carriers in the
polymer with a higher degree of oxidation. which results
in increase in the probability of hopping charge transfer
between the polymer chains. Thus, the mechanism of
charge transfer by short polarons is realized in the initial
polvmer. At the optimum degree of oxidation of the
initial polymer, this mechanism changes to i1soenergetic
hopping of charge carriers between the polaron levels. At
a lower degree of oxidation of the polymer, the charge
transfer proceeds following both these mechanisms.

In the studies of the dc conductivity and thermo-
electromotive force3?—4% it was suggested that 1D VRH
charge transfer occurs in PAn-HC! specimens with
different degrees of oxidation at low temperatures. [t
was established that the crystalline fraction of the poly-
mer consists of clusters of strongly interacting oxidized
polymer chains with 3D delocalized electrons between
them. The 1D charge transfer occurring between such
clusters likely makes the predominant contribution to
the macroscopic dc conductivity of the polymer. It is
likely that analogous electron transport processes also
occur in the PAn- HCI specimens with y 2 0.22 we
studied along with the above-mentioned specimens.

From the plots shown in Fig. 18 it can be seen that
the dc conductivity of the PAn - HCI specimens with
v 2 0.22 obeys fairly well the 77V/2 Jaw for 1D VRH
charge transport (see Eq. (12a)). The percolation con-
stants T,, determined from the slopes of the corre-
sponding dependences o,(T) (see Fig. 18), and average
localization lengths {L) of charge carriers in these speci-
mens, determined from the n(eg) values, as well as the
L,j and L, components of the quantity (L). determined
using the “method reported previously,3? are presented in
Table 2. The v, constant found for these polymers using
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(0

Eq. (12b) changes in the range (3.4—4.8) - 1012 s and is
close to that found for PAn- ES(A) v, = 1.6+ 1013 g71 41
[t should be noted that the frequency of lattice phonons
Vo = kgl/2xh = 4.2 1012 57V s close to the above-
listed v, value.

Oxidation of the polymer is accompanied by the
formation of metal-like clusters with strong dipole-
dipole interaction between the spin packets.

This results in an increase in the effective relaxation
rate, which becomes higher than o . For this reason,
the relaxation and dynamics of the clusters can hardly
be studied by the method of steady-state SHF satura-
tion. o this case, the above-mentioned method for
analyzing the Dysonian lineshape can be used.

The temperature dependences of the ac conductiv-
itv of strongly oxidized PAn- HCI. determined from
the 2-mm wave band EPR spectra using Eqs. (3) and
(16) (Fig. 19), have a bell-like shape with a maximum
value of 5, = 1.1-10°§ m™! near the critical tempera-
ture T =200 K. This value of &, is about two orders of
magnitude higher than the SHF conductivity obtained
for PAn with y = 0.50 by conductometry at 6.5 GHz.%2
Such a dependence is additional evidence for [D elec-
tron localization (the semiconductor mode) at T < T,
and for 3D charge delocalization (the metallic mode) at
higher temperatures. The temperature dependences of
the thermoelectromotive force S, o,. and D;p, ob-
tained for a number of COP 32.68.029~133 ¢ well as the
T.(D). Dyp(), and ABW( 7) dependences (see Figs. 13,
a. 14, and 13) also have analogous shape and are
characterized by a close 7, value.

Analysis of the data showed that at low temperatures
(T < T the 6,{T) dependence obeys the Mott VRH
law and can be described by Eq. (12b). At T2 T, the
conductivity becomes sensitive to interaction between
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Fig. 18. Dependence of the product o4 T on the quantity
7=V2 for PAn- HCl with y = 0.30 (/). 0.4) (2. and 0.22 (3.

Table 2. The percolation constant { Ty), spin concentration (V).
density of states (n{zg)) near the Fermi level ¢, and the average
({L)). parallel (Ly). and perpendicular (L) locatization lengths
of the wave function of the charge carrer in specimens of PAn

v N-10% 7(, <103 ’I(EIT‘) /\[_ [,[[ [‘L
/spin m™3 /K eV mol™! nm
0.00 0.20 — - — —_ -
~0.01 0.37 — — — — -
~0.03 2.1 — - — - —
0.22 18 10.2 0.6 2.02 7.1 1.1
0.41 76 3.76 1.7 1.91 6.9 1.0
(.30 133 1.63 38 1.92 7.0 1.0

the charge carriers and optical phonons of the lattice
and is described by Eq. (13). In the framework of these
mechanisms the theoretical temperature dependence of
conductivity is described by the following equation:

oy« r {2z T
(‘inc:[\ 0 (“0 * l '\ kB J[ o

where the constants o and %) are the corresponding
constants of Egs. (12b) and (13). As can be seen in the
plots shown in Fig. 19, Eq. (22) with the parameters 00‘3)
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Fig. 19. Temperature dependences of the specific conductivity
o4 Of specimens of PAn - HCI with oxidation levels v = 0.41 (/)
and y = 0.50 (2) (filled circles), calculated from their EPR
spectra and wsing Egs. {3) and {16). The function calculated
using Eq. (23) with the parameters c5/? = 3.6- 109 S m™! K™,
op® = 21.7 S m™! K™'. and 2zivy, = 0.13 eV is shown by
the dashed tinc. The temperaure dependence of the inverse
correlation time of the polymer chain librations 7' =
2.9- 10%xp(—0.015 eV/(kgD), calculated using Eq. (8) (3),
and the temperature dependence of the linewidth A8y, in 2
fully oxidized PAn - HCI specimen, presented in Fig. 13, a (/,
open circles), are shown for comparison.
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=56-10° Smt KT, 6, =217 S m7! K7}, and
’thv = 0.13 eV fits fairly “ood the temperature depen-
dences for the specimens of PAn: HCl with oxidation
levels y = 0.50 and y = 0.41. The phonon energy (0.13
eV) is higher than that obtained for PAn+ H,SO, with v 2
0.22 and is evidence for higher crystallinity of P\n HCI
compared to PAn - H,SO . As to the order of magnitude,
it is also close to the activation energy of torsional
vibrations of the polvmer chains, which indicates a close
relation between the molecular and electronic dynamic
processes in PAn-* HCL In particular, the constant a for
this specimen is 4.0+ 10Y eV m~Tat ¥ = 1.5+ 107
The calculated counstant of electron-phonon interaction
in this specimen is somewhat smaller than the corre-
sponding parameter for PAn - H,50;; however, it is also
much larger than the o value caiculated for rrans-PAc.
The ac conductivity of clusters in fully oxidized PAn - HCl
is higher than that of clusters in PAn- H,SO,; however,
it is much lower than that calculated for Pm ES(A).82
The form of Eq. {22) indicates that two successive charge
transfer processes proceed in the specimen.
Previously, 134 it was shown that the linewidth in the
3-cm wave band EPR spectrum of PAn-HCI and,
hence, the rate of the spin-spin relaxation are propor-
tional to the de conductivity. Comparison of the plots of
the o, (7Y and ABDD(T) functions shown in Fig. 19
confirms their additivity at least at T 2 7. It was aiso
shown!35 that the rate of spin-spin relaxation is deter-
mined by the number of spins on cach polymer chain
(N and by the number of neighboring chains (V)
carrying the interacting spins.

4<_\w2>/ v ;
T, = o ?.Hn;Q + 181NN, | (23)
0iv¥s A ¢ S

Using Eq. (73) with the parameters T, = 1.7+ 1077 s

Ty = 1.2-103 m™ 6, and vy = 4.2- 101 s~ (experimental
value), a simple relation bctwwn these parameters can be
obtained, N, = 33exp(N,). This means that at I_‘ = 7.0 nm
each polymer chain can carry up to seven mteracting
spins and that the spin packet of these PC can interact
with &_ = 20 polymer chains. In this case the distance of
3D hops of both charge and spin camers should meet the
condition 3¢;p < L.

Since the spin and charge transfer integrals can be
modulated by the PAn lattice hbmtnons the spin mo-
bility and conductivity of PAn-HCI should also be
dependent on the macromolecular dynamics, as is the
case with other organic crystalline semiconductors.}3¢
It can be seen in Fig. 19 that, at least at T < T, the
o,{T) dependence for metal-like clusters correlates
with the function 1/t %(T) of the polymer chain libra-
tions (see above). This indicates that the spin exchange
and, hence, the charge transfer integral is modulated
by torsional lattice motions. Since the moving polaron
polarizes the electron and phonon states, one can
suggest that the spin relaxation and charge transfer
should be accompanied by scattering of charge carriers

by the lattice phonons. Such cooperative processes
involving charge carriers and phonons are likely the
most important for 3D metal-like domains of strongly
interacting chains of oxidized polymers.

The velocity of a charge carrier in fully oxidized
polymer near the Fermi level is vp = 4c/[hn(sF)]
2.5-10° m s~ This makes it possible to dctemum the
interchain hopping frequency of the charge carrier v =
ve/L, = 2.4-10% 571 and, hence (using Eq. (11)), the ac
conductivity o, = 1.3-10°S ecm™lat L, = 1.0 nm (see
Table 2) and T, = 200 K. This o,_ value is close to that
found for this specimen trom analysis of its EPR spectr,
which is an additional confirmation of the formation in
PAn - HCl of metai-like clusters with 3D-delocalized elec-
trons. Therefore, as in the case of classical metals, one can
determine the effective mass m+ of a charge carrier using
the formula m = Gr*MI3py"1 29 which is approxi-
mately equal to two clectron masses. The free path length
£ of the charge carricr, calculated using the formula £ =
0oV ANeDM s ~8.0nm at T, which is SOH]CthI
shorter than that of the soliton in zrans-PAc 32137

Thus, the charge transfer by short polarons occurs
predominantly in the initial polymer, the probability of
potaron hopping being strongly dependent on the en-
ergy of lattice phonons. Relatively narrow (compared to
kgT) distribution of the polaron cnergies in weakly
oxidized PAn- HC! is a consequence of the predomi-
nance of the isoenergetic hopping charge transter in this
polymer. Therefore, both the o,4(7) 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 charge
carriers. the latter being located near charged anions.
This corresponds to the picture of intersoliton charge
transfer in lightly doped (weakly oxidized) rrans-PAc.
The above-mentioned energy distribution is broadened
and becomes wider than the energy kg7_ of lattice
phonons on oxidation of PAn; therefore the VRH charge
transfer should likelv be dominant in this case.

An individual conducting chain becomes a center of
crystallization on increase in the degree of oxidation, as
well as on percolation transition, and bulky metal-like
clusters are formed around such a center. This is ac-
companied by strengthening of the electron-phonon
and interchain interactions and by increase in the de-
gree of crystallinity of the polymer. Strengthening of
interchain imeraction plays an important fole in stabi-
lizing the metallic state in the polymer, where the 1D
clectron localization and the Peierls instability are lev-
eled. The charge transter in PAn is modulated by mac-
romolecular librations of the polymer chains that form a
metal-like cluster consisting of closely packed and in-
teracting polymer chains sharing 3D 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 isolated conducting chains in
PAn - ES(A).
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Polyaniline doped with camphorsulfonic acid

The 3-cm wave band EPR spectra of PAn - CS with
the oxidation level y = 0.6 recorded at different tem-
peratures (Fig. 20) indicate that cooling of the films
results in the narrowing of the overall spectrum and in
change in its shape. The lines recorded at the effective
g-tactor (g = 2.0028) have Lorentzian shapes with the
Dysonian component. The contribution of the disper-
sion signal to the EPR spectrum depends on the tem-
perature and degree of oxidation of the polvmer. The
overall EPR spectrum is a superposition of individual
lines of at least two types of paramagnetic centers
(R, and R,) with different magnetic and dynamic pa-
rameters. The spectra of each of these PC were calcu-
lated using Egs. (3) and (16) by the method considered
above. Figure 21 illustrates an example of calculations
of the spectra of both types of radicals, whose overall
spectrum is also compared here with the experimental
spectrum of PAn - CS. The total concentration of PC in
the specimens of PAn -« CS with the oxidation level y =
0.5 and 0.6 is 3.1 - 102 and 2.6 - 10%® m~3, respectively.
The ratio of the concentrations | R }/{R,} in these poly-
mers ts | : 118 and 1| : 136, respectively. The §-mm
wave band EPR spectrum of the specimen of PAn-CS
with the oxidation level 3 = 0.6 (an asymmetric singlet
line) is shown in Fig. 20 by a dashed line. This spectral
pattern can be explained by appreciable broadening of
the line of the R, radical due to increase in the record-
ing 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

!
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Fig. 20. 3-cm Wave band EPR spectra of PAn-CS with y =
0.60 at T/K =95 (/), 31 (2), 95 (3). 210 (N, and 300 (5).
The 8-mm wave band EPR spectrum of the same specimen at
room temperature is shown by the dashed line.

the oxidation level of the polymer, the linewidth of
radicals of the R, type increases by a factor lying in the
range from 4 to 6 as the recording frequency 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 temperature with the inflection point
at the critical point T, = 100 K (Fig. 22). Analogous
variations of the linewidth were observed in the studies
of several organic merials based on radical ionic
saltsH138.139 404 interpreted in the framework of the
known model 138 according to which molecular libra-
tions in low-dimensional metals can reduce the mo-
lecular symmetry and, thus, accelerate the scattering of
the charge carriers moving along and between the
stacks by the lattice phonons. The frequency of libra-
tions increases as the temperature decreases and/or the
pressure increases; this should result in broadening of
the EPR spectrum. [n the framework of the above-
mentioned theory the dependence of the linewidth on
the scattering times of charge carriers moving along
and between the principal molecular axes (r” and t,,
respectively) are determined by the following relation-
ship138;

AB,, = (Ag)‘?(ﬂf.’._’ bt 1. (24)

where Ag is the difference between the g-factor and g.:
7= C';f_]zth. where 7. is the integral of the charge
carrier transfer between stacks; and a, b, and ¢ are
constants.

The time v, appreciably increases as the pressure
increases, which affects the bz, ! term of Eq. (24)1%
and results in broadening of the EPR spectrum. At the
same time, a decrease in temperature strengthens the
intrastack interaction (and time Tii)' which indirectly

SmT
2.

Fig. 21. 3-cm Wave band EPR spectrum of PAn - CS with v
= 0.6 at 91 K ([, solid line) and the spectra of radicatls R,
(2 and R, (J), calculated using Eq. (3). The overall spec-
trum of radicals R, and R, is shown by the dashed line near
spectrum ( /).
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Fig. 22. Temperature dependences of the linewidth of paramag-
netic centers R, (open circles and triangles) and R, (filled
circles and trangles) in specimens of PAn - CS with y =038 ¢ /)
and 0.60 (2. The functions 7,," 4T = 9.7 - 10%exp(0.015 eV/
kg and T N = 1.1+ 10%xpi0.010 eV/kgT) are shown by
dotted and dashed lines, respectively.

affects the t, value. Thercfore an increase in 7 due to
the decrease in temperature and/or due to the mcrease
in pressure eventually results in broadening of the EPR
spectrum. Assuming that the interacting chains in the
oxidized PAn- CS specimens form a crystalline phase,
which is apalogous to that in radical ionic salts, the
above-mentioned phenomenological concept can also
be applied to the specimens under study. The narrowing
of the line on raising the PAn temperaturc can be
explained by averaging of the local magnetic field caused
by HFI between the localized spins whose cnergy levels
lie near the Fermi level. The EPR line of PAn - CS may
also be broadened to some extent by relaxation due to
the spin-orbital interaction responsible for the linear
dependence of 7,7} on temperature™?: however. this
interaction seems to be rather weak in our case. It is
significant that for both types of PC the linewidths are
appreciably larger than those obtained previously for the
fully oxidized powder-like and film-like PAn - CS {0.035
and 0.08 mT, respectively) ¥ which indicates a higher
conductivity of the specimens under study. Comparison
of the ABP values for different PAn-CS specimens®!
suggested that a crystalline phase "is forined in the
amorphous phase of the polvmer, beginning with the
oxidation level y = 0.3. and that the paramagnetic
centers of this newly formed phase exhibit a broader
EPR spectrum. In the amorphous phase of the polymer,
the paramagnetic centers of radicals of the R, type are
characterized by nearly temperature-independent
linewidth and are likely not involved in the charge
transfer. At the same time. the magnetic resonance
parameters of radicals of the R, type must reflect the
electron transport in the crystalline domains of PAn - CS.
Confirmation of this assumption requires analysis of the

temperature dependence of paramagnetic susceptibility
for both types of PC.

SHF-Radiation penetrates highly conducting com-
pounds to only the depth of the skin layer. Therefore,
only PC within this layer can be detected by EPR
spectroscopy. Hence, the depth of the skin layer and its
variation with temperature should be taken into account
in order to determine the temperature dependence of
the spin susceptibility. In the general case. the paramag-
netic susceptibility y, can also contain a temperature-
independent contribution yp due to the Pauli spins and
a contribution y~. which is due to localized spins and
depends on the Curie temperature

N

Neug 25)

7= ip ¥ ac = 2pmep) +

As can be seen in Fig. 23, the Curie susceptibility
makes the predominant contribution to the paramag-
netic susceptibility of PC of the R, radicals for both
specimens in the whole temperature range. The suscep-
tibility of the R, radicals also exhibits a similar depen-
dence at 7 < 100 K. At higher temperatures, the Pauli
susceptibility characteristic of classical metals?® makes
the main contribution to the y, value of the R, radicals
in PAn-CS with the oxidation level y = 0.60. This
makes it possible to determine the density of states near
the Fermi level n(gg) for the charge carriers, which is
approximately equal to 1.2 eV™! per two phenyl rings
and is in agreement with the value obtained previously
in the optical (0.06—6 ¢V)>® and EPR!4? studies of this
polymer. Hence, one can calculate the Fermi energy of
the Pauli N-spins using the equation®® e = 3N/2n(ep) =
0.2 eVat N = 2610 m™3. This value is lower than
the Fermi energy obtained for PAn- CS by the optical
method (0.4 eV).14! Assuming that the charge carrier
mass is cqual to the mass of a free electron (m, = m,),
one can determine the number of charge carriers in
such a quasimetal,?® N, = Qmep/n2)¥2/3n? = 4.1+ 10%
m~3. This is close to the spin concentration in this
polymer; therefore, one can conclude that all delocal-
ized PC are involved in the charge transfer in PAn-CS
with the oxidation level y = 0.60. The velocity of charge
carriers near the Fermi level is*0 v = 2¢,p/[nhn(eg)) =
58-10° m s7! at ¢, = 0.72 nm3? (this value is typical
of COP™9:82),

The -paramagnetic susceptibility of .PC.of the R,
radicals in oxidized PAn - CS (y = 0.50) exhibits a bell-
shaped dependence of ;! on temperature (Fig. 23). As
in the case of PAn doped with ammonia,!¥? this should
indicate a strong antiferromagnetic interaction of the
spins due to the equilibrium between the triplet and
singlet states in the system. Therefore, the last term in
Eq. (25) can be written as?4?

Neg’wi . Nuaglui
4kg(T + ©) kgT

. exp(~J /kgT) (26)
1+ Jexp(-J/kgT) ’

XC =
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Fig. 23. Temperature dependences of the reduced inverse
paramagnetic suscepuibility of paramagnetic centers of the R,
topen circles) and R, (fitled circles) types in specimens of
PAn - CS with y = 0330 (1) and 0.60 (2). The temperature
dependence calculated using Eq. (26) with the parameters
Ne/Npay = 1/45.8 = 35 Ko and J = 0.072 eV is shown by the
dashed line.

where N and Ny, are the concentrations of the Curie
spins and thermaily activated spins. respectively, 0 is a
constant. and J is the energy of the spin-spin interac-
tion. As can be seen in Fig. 23, Eq. (26) with the
parameters No/Ap, = 1/45,. 6 = 5.5 K, and J = 0.072
eV fits fairly well the behavior of the paramagnetic
susceptibility of oxidized PAn - CS with y = 0.50. The
J value (0.072 eV) is close to the corresponding energy
(0.078 V) obtained for PAn doped with ammonia. 142
Thus, the charge carriers in the specimens of
strongly oxidized PAn - CS are localized at tempera-
tures below the critical temperature 7, = 110 K. This
is the reason for VRH charge transfer between the
polymer chains and for the Curie type of susceptibil-
ity of the specimen. At higher temperatures, when the
energy of phonons becomes comparable with the value
kpT. = kgT = 0.01 eV, the charge carriers are scat-
tered by the lattice phonons, which must affect the
behavior of the high-temperature branch of the T.(1
dependence. In fact, Fig. 22 shows that the functions
T, HT) =9.7-10%xp(0.015 eV/kg Ty and T, 1) =
1.1 10%xp(0.010 eV/kyT) fit fairly well the high-
temperature branches of the dependences 'ABDP(D P
T, YTy for radicals of the R, type in specimens of
PAn - CS with the oxidation levels y = 0.50 and 0.60,
respectively. The data presented show intensification
of the spin-spin exchange at T > T, which is likety
due to the activation librations of the polymer chains.
The activation energies of these librations lie within
the energy range characteristic of PAn-CS, 143
PAn - HC1,86-88 and polv(tetrathiafulvalenes).82,144.126
The £ value depends on the effective rigidity and
planarity of the polymer chains that are eventually
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Fig. 24. Temperature dependences of the ac conductivity
(1 and 2). calcuiated using Egs. (3) and (16) from the 3-cm
wave band EPR spectra of paramagnetic centers of the R, (f)
and R, () types, and that of the de conductivity (J5) for a
specimen of PAn - CS with y = 0.60. The ac conductivity (3) of
the same specimen, determined from the 8-mm wave band
EPR spectrum recorded at room temperature (see Fig. 20). and
the temperature dependence of the ec conductivity of PAn - CS
(4). determined by SHF conductometry at 6.5 GHz.'46 are
shown for comparison. The functions cm,(T) calculated using
Eq. (17) with the parameters o,{") = 3.2-10% § m™!, 0, =
420 S m™' K™, and ¢, = 28 S m~! K™! and with the
parameters o' = 27-10% S m™!, g = 203 S m! K7,
o, = 6.1 S m™H K~!. and 2ahvy, = 0.047 ¢V are shown by
solid and dashed lines. respectively. The 6, (7) dependence
caiculated using Eq. (27) with ol = 23-10* S m™1, g,1%' =
20-103Sm K2 g3 =67 1072 Sm™ K71, T; == 296 K.

and 2xhv, = 0.13 eV 1s shown by a dotted line.

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 y = 0.60 have extrema (inflec-
tion points) at T, = 140 K and 110 K, respectively
(Fig. 24). and can also be described in the framework
of VRH interchain charge transter?? at low tempera-
tures and in the framework of the theorv of charge
carrier scattering by lattice phonons32-HY at high tem-
peratures. As can be seen in Fig. 24, the functions
o,.{T) calculated using the relationship 2rhav = 0.047
eV and Eq. (17) with the parameters o, = 3.2-10% §
m™!, o, =420 S m™ K™' and oY =28 S m™! K~!
for radicals Rj and o' = 2.7+ 10¥ S m™!, 5,2 = 203
Sm™ K™ and 0¥ = 6.1 S m™" K™ for radicals R,
are in good agreement with the experimental data. The
values of the conductivities calculated from the 3-cm
and 8-mm wave band EPR spectra of radicals R, are
close. This means that, at least at high temperatures,
the ac conductivity of the specimen depends only
siightly on the EPR recording frequency. which is
typical of conventional metals.?® The maximum values
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of the ac conductivity at 7, calculated from the spec-
tra of radicals R, and R,, are 6, = 7.6 10% and ¢, =
4.5-10* S m™!, respectively. It appeared to be unex-
pected that the radicals of the R, type arc more
"sensitive” to variations of the conductivity and tem-
perature of the specimen than the radicals of the R,
type, whereas guite the reverse picture could be ex-
pected taking into account the location of these radi-
cals in the polvmer domains with different crystallin-
ity. One of the reasons for such inconsistency can be
their uniform and equiprobable distribution in the skin
laver with an effective (averaged) conductivity, which
can equally affect the shape of their EPR spectra.
Since the localized radical has a narrower hne, its
spectrum should likely be more sensitive to the effec-
tive charge transter in the polvmer. The o, 1) depen-
dence with a somewhat flattened extremum near 7, =
200 K, obtained for PAn+CS by SHF conductometry
at 6.5 GHz, "4 is 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 described by the following relationship
(sce Egs.(12a) and (15)):

9 Ay ) ,r 7T Y2
Oy = cbn 4 (c;)‘)f“l“) expl —|~’.] +
L \TJ

As can be seen from Fig. 24, the o,4(7) functions
calculated using Eq. (27) with the parameters o,{" =
230100 S m7L gyl = 2.0-10° S m™ K12, o9 =
6.7-1072 S m~! K7L 7 = 296 K. and 2nhv,, = 0.13 eV
correlate well with the experiment. The phonon fre-
quency vy, = 3.1 108 57" is close to vy = 1.6 101 57
and to the corresponding frequency reported for
PAn - HCL.3! The average localization length (L) of the
charge carrier is 6.2 nm. which is somewhat longer then
the corresponding value calculated for PAn-CS (2.2—
5.5um). 54

Thus, both Jocalized and mobile PC (R, and R,.
respectively) are formed simultaneously on oxidation in
different domains of the PAn-CS specimens. At tem-
peratures below 100 K, this results in the appearance of
temperature-dependent Curie spin susceptibility charac-
teristic of localized unpaired spins, whereas at higher
temperatures this gives rise to the temperature-indepen-
dent Pauli susceptibility, which is characteristic of the
spins tn metals. A rather strong antiferromagnetic inter-
action due to the singlet-triplet equilibrium is observed
in oxidized PAn - CS with y = 0.50. The hypothesis for
the absence of paramagnetism in PAn -+ CS with highly
ordered and unifocmly distributed anions, which is char-
acteristic of an ideal bipolaron system, contradicts our

experimental data. Analysis of the ac and dc conductivi-
ties showed that PAn - CS possesses better {compared to
PAn- H,S80, and PAn- HCI) electrodynamic properties
characteristic of metals. The temperature at which the
mode of the behavior of the x(7) function changes from
the Curie to the Pauli type roughly approximates that at
which the transition occurs from the positive to the
negative temperature coetficient of the de conductivity
of this polymer (see Figs. 23 and 24). Thus, PAn-CS is
a disordered metal with the critical mode of the metal—
insuiator transition. The Curie contribution to the para-
magietic susceptibility decreases as the oxidation level
increases to the optimum value y = 0.60; this is accom-
panied by increase in the PAn - CS crystallinity. Since
this correlates well with the electron transport process,
one can conclude that PC of the R, radicals stabilized
in the crystalline domains of the specimen participate in
the electron transport, whereas PC of the R, radicals
localized in the amorphous domain of the polymer are
involved in this process only indirectly. The crystalline
clusters of the polymer are quasimetallic aggregates with
strongly interacting polymer chains and 3D delocalized
generalized charge carriers. The charge transfer between
such clusters occurs jumpwise through amorphous do-
mains characterized by lower mobility of the spin and
charge carriers.

Polyaniline doped with
2-acrylamido-2-methyl- 1-propanesulfonic acid

Oxidized PAn-AMPS and PAn: CS specimens ex-
hibit doublet 3-cm wave band EPR spectra with an
effective g-factor (g = 2.0020), Lorentzian lineshape,
and Dysonian components. Individual lines were as-
signed to PC of the R, and R, types, located in the
amorphous and crystalline phase of the polymer, re-
spectivelyv. The overall concentration of PC in
PAn - AMPS specimens with the oxidation levels y = 0.4
and 0.6 is 4.1+ 105 and 3.2- 1027 m™3, respectively. The
ratio of the concentrations {R]/[R,] in these specimens
1s 1 : 30 and | : 52, respectively, which is much lower
than that determined for PAn - CS. On going to the S-
mm wave band the spectra of PAn- AMPS are also
transformed into singlet Lorentzian lines with
Dysonian components and linewidths AB,, of 3.52
and 1.70 mT. respectively. This spectrum was also
assigned to radicals R,.

As in the case of PAn - CS, the linewidth of radicals
R, in PAn- AMPS is vinually independent of tempera-
ture, whereas that of radicais R, monotonically changes
with temperature. At 72 T, = 120 K, it can be approxi-
mated by the function T,,7Y7) = 1.0- 10%xp(0.0052
eV/kyT) for the specimen with the degree of oxidation y =
0.40 and by the function T.7'(7) = 8.1 + 108exp(0.0078
eV/kgT) for the specimen with y = 0.60 (Fig. 25). The
activation energies of the PC are about half as high as
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Fig. 25. Temperature dependences of the hnewidth of para-
magnetic centers of the R, (open circles) and R2 (filled circles)
types in the specimens of PAn - AMPS with y = 0.40 (/) and
0.60 (2. The functions 7,,~(7) = 1.0 10%xp(0.0032 eV/ky T
and T, () = S.1-10%exp(0.0078 eV/k,T) are shown by
dashed and dotted lines. respectively.

the corresponding values for PAn-CS and the activa-
tion energies of the polymer chain librations in
PAn-CS.143 PAn-HCI.86.838 3nd  poly(tetrathia-
fulvalenes). 82.113.126 Such a difference may indicate a
greater planarity and closer packing of the polvmer
chains in PAn-CS compared to PAn-AMPS. The
. linewidth of PAn appreciably decreases on replacement
of the CS anion by the AMPS anion (see Figs. 22 and
25). which is likely due to the shortening of t; in Eq.
(24). In addition, the number of mobile PC in the
polvmer decreases on such replacement, which can
affect the conductivity of these polymers.
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Fig. 26. Tcmperature dependences of the reduced inverse
paramagnetic susceptibility of paramagnetic centers of the R,
(open circles) and R, (filled circles) types in the specimens of
PAn- AMPS with v = .40 (/) and 0.60 ().

As in the case of PAn- CS, the Curie susceptibility
¢ makes the major contribution to the y, value of PC
of the R, type (see Eq. (25)). At T2 T_ = 100—120 K.
this atso holds for the susceptibility of PC of the R, type
(Fig. 26). At high temperatures, the magnetic propertics
of the R, radicals are mainly determined by the first
term of Eq. (23), which indicates delocalization of these
PC and manifestation of metallic properties of the
polvmer in this temperature range.

Thus, the charge carriers in oxidized PAn -+ AMPS
specimens are localized at 7" < T, and their transfer
between the polymer chains can occur in the framework
of the Mott VRH mechanism.?? At kT 2 kg T, =~ 0.009
eV, the charge carriers in the polymer can be scattered
by the lattice phonons, as is the case with PAn - CS.

As for PAn-CS. the o,(7) dependences for the
PAn - AMPS specimen (Fig. 27). with extrema (inflection
points) at 7. = 220 K and 130 K for the R, and R, radicals,
respectivelv, can also be described in the framework of
interchain VRH charge transter?? at low temperatures and in
the framework of the theory of scattering of charge carriers by
the lattice phonons’*!1% at 7= T As can be seen in Fig. 27,
the o, (7 functions calculated using Eq. (17) with ‘the
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Fig. 27. Temperature dependences of the ac conductivity
{1 and 2. calculated using Egs. (30) and (16) from the 3-cm
wave band EPR spectra of paramagnetic centers of the R, (/)
and R, () tvpes, and that of the dc conductivity (4) for the
specimen of PAn-AMPS with y = 0.60. The ¢c conductivity
(3) of the same specimen, determined from the §-mam wave
band EPR spectrum recorded at room temperature, is shown for
comparison. The functions Uac(n calculated using Eq. (17) with the
parameters oy = 1.8 103 Sm™L gy? = 118 S m™! K™, g% =
0.15S m™ K7!, and 2=hv p = (.166 ¢V and with the param-
eters gy'l' = 3.9+ 108 S m™’, o4f)) =467 S m™! K7, oy =
11.7S m™' K™!, and 2aiv ;= 0.031 eV are shown by solid and
dashed lines, respectively. The o (7) dependence calculated
using Eq. (27) with 60“’ =67-10Sm™!, 00(2’ =1.0-10°
S mt K2, GOU’ =18-1073S m7t K7, T, = 72.4 K. and

Z“hvph = (.23 eV is shown by the dotted line.
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parameters o)\ = 1810 Sm™, ¥ = 118 Sm™! K7},

o> = 0.15 Sm™ K™ and 2zAv,, = 0.166 eV for the R,
r.ldncals and with the parameters 00”’ =39-10° S .

D =467 S mt K, o)) = 117 S m™! K“. and
lnﬁvph =10.031 eV for the R, radicals are in good agreement
with the experimental ¢ (7) dependences. At least in the
high-termperature range the ac conductivity of the polymer,
due to delocalized R, radicals, depends only slightly on the
recording frequency (see Fig. 27). which is typical of
conventional metals.?? The maximum ac conductivity at
T, calculated from the spectra of radicals R, and R,, is
respectively. o, = 2.6 - 10* and 5, = 8.8+ 10> S m™", which
are much lower than the correspondun: values for PAn - CS
(see Fig. 24). This confirms the above-mentioned hypoth-
esis for better electrodynamic characteristics of PAn-CS
compared to PAn - AMPS because of the greater planarity
and closer packing of the chains of the former. The piot of
the temperature dependence of the de conductivity of this
specimen'¥? is alsa shown in Fig. 27. As can be seen, the
o, T) functions calculated in the framework of the above-
mentioned mechanisms using Eq. (27) with the parameters

5!V =67-10°S m™, g = L0 10°Sm™ K72, 5 =
l b 1073 S~ K™Y, 7, = 72.4 K. and 2xAv,, ——OZS&\ fit
well the C‘(pcnmcnml data. The frequency of the lattice
phonons v, = 5.5-10" s7! in this polymer is somewhat
higher than those in PAn - CS and other COP 4! Inn particu-
far, we can cajculate a = 4.4- 103 eV m™lat V=32-107
m™® for this specimen. The calculated constant of the
electron-phonon interaction in PAn - CS is appreciably larger
than the correspounding values for trans- PAc,32 PAn-H 1,50,
and PAn - HCL.

Thus, the localized and mobile PC (R; and R,,
respectively) are formed on oxidation of PAn:AMPS,
as is the case with other PAn - ES(A). At low tempera-
tures, the polymer exhibits Curie paramagnetism due to
the locatized PC. At high temperatures, PAn-AMPS
exhibits the Pauli paramagnetism characteristic of defo-
calized spins in classical metals.

Analysis showed that PAn - AMPS possesses better elec-
tronic properties characteristic of metals than PAn- H,S0,
and PAn- HCI. However, they are somewhat worse than
those of PAn-CS, which is likely due to lesser planarity
and looser packing of the polymer chains in PAn- AMPS.
This substance is also a disordered metal characterized by
the crtical mode of the metal—insulator transition. The
Pauli contrbution to the paramagnetic susceptibility, as
well as the crystallinity of PAn+ AMPS iucreases as the
oxidation level increases to attain the optimum value (y =
0.60). This suggests that PC of the R, type, stabilized in
the crystalline domains of the specimen, participate in the
electron transfer. Quasimetallic clusters in the polymer
consist of strongly interacting polymer chains with 3D-
delocalized charge carriers.

Conclusion

The data presented demonstrate a diversity of elec-
tronic 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 of the dopant anion introduced into the potymer.

As in other COP, there are both spin and spinless
charge carniers (nonlinear excitations, polarons, and
bipolarons) in PAn. The ratio of the concentrations of
these quasiparticles depends on the properties of the
polymer and the anion. A fraction of polarons can
collapse into diamagnetic bipolarons on oxidation of
PAn. However, this process can be hampered by struc-
tural-conformational peculiarities of PAn. The mecha-
nism of charge transport changes on oxidation. The
conductivity of a neutral and weakly oxidized PAn is
determined by the dynamics of short polarons and/or by
isoenergetic charge transfer between polarons and
bipolarons. These processes are characterized by a rather
strong spin-phonon interaction and determine the aniso-
tropy of the spin dynamics. Since PAn a priori has a
lower dimensionality than the classical semiconductors,
metals, and organic molecular crystals, the anisotropy
of the charge transport in such a system 1s much higher.
Oxidation of PAn results in the formation of metal-like
clusters of strongly interacting polymer chains with 3D-
delocalized charge carriers. A combination of 3D
interchain and 1D intercluster VRH charge transport
dominates in fully oxidized polymer: cach of the mecha-
nisms being characterized by different electron-phonon
tnteractions. The analysis of the magnetic resonance
parameters as well as the ac and dc conductivities
showed that metal-like clectronic properties become
stronger in the order PAn-H,50, —» PAn-HC| —
Pan-AMPS —» PAn-CS.

The data presented in this review show that the
spectral resolution achieved in millimeter wave band
EPR spectroscopy makes it possible to record more fully
and correctly individual spectral lines of organic free
radicals with similar structures and different onientations
in the extemal magnetic field. This also permits separate
acquisition of a complete set of the magnetic resonance
parameters of the PC present in the system. The inter-
action between 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 obtaining new
information on the molecular and clectronic processes
occurring in PAn and other COP. 2-mm Wave band
EPR spectroscopy makes it possible to exploit the po-
tentialities of studving anisotropic spin motions and
ultraslow molecular motions m 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 dynamics
in highly conducting compounds. High spectral resolu-
tion of the method provides a unique possibility of
observing fine peculiarities of structural and conforma-
tional transitions and electronic processes occurring in
PAn and other COP and of interpreting them in the
framework of the known approachecs.
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