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ARTICLE INFO ABSTRACT

Article history:

Film-like conducting form of polyaniline (PANI), doped with 10-camphorsulfonic acid (CSA) and
2-acrylamido-2-methyl-1-propanesulphonic acid (AMPSA) has been studied by multifrequency EPR
spectroscopy at wide temperature range. Two types of paramagnetic centers with different magnetic
resonance and mobility parameters were detected to be stabilized in metal-like domains and amorphous
matrix of the samples. Sum spin susceptibility of the samples was shown to consist of the terms originated
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{)(ZJI’ v;iri?ii:e from paramagnetic centers localized in amorphous polymer backbone as well as spin charge carriers delo-
EPI%I calized in embedded metal-like domains. The part of electron spins strongly interacts in the samples that
Polaron resulting antiferromagnetic term in paramagnetic susceptibility. The delocalized paramagnetic centers
Dynamics characterizing by a stronger Pauli component in spin susceptibility are directly involved in the charge
Relaxation transfer, as compared to the localized ones. Their linewidth is governed by spin precession frequency and
Conductivity dipole-dipole interaction modulated by macromolecular torsional oscillations. The charge was described

to be transferred in terms of the Mott quasi-one-dimensional variable range hopping of localized carri-
ers through amorphous bridges between crystalline metal-like domains with mobile carriers interacting
with the lattice phonons. The latter process is shown to be accelerated as AMPSA counterion is replaced
by CSA one. The activation energy of spin dynamics in crystalline phase inversely correlates with the
effective energy separation between localized states. This indicates a major role of dopant structure in

local molecular-scale ordering and charge transport properties in doped PANI.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Within the class of conducting polymers, polyaniline (PANI) is
of special interest for molecular electronics because of its excel-
lent environmental stability combined with high conductivity
under ambient conditions [1]. While conductivities as high as
10° S/cm have been observed for organic conducting polymers,
the bulk conductivity is limited by polymer defects [2], so the
transport properties of PANI are well accounted for in terms of
“chain-linked mesoscopic granular metal” model [3] proposed
for inhomogeneously disordered conducting polymers [4,5]. This
model describes PANI as the metallic domains of well-packed and
ordered chains in which delocalized electrons produce local con-
ductivity exceeding that of metallic copper. These are embedded in
the poorly ordered, amorphous regions, which limit the achievable
bulk conductivity to much lower values. Charge transfer in such
system is defined by the intradomain hopping and interdomains
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tunneling through the amorphous media with strongly localized
states. The temperature independent Pauli susceptibility of this
system is consistent with the metallic polaron lattice, with a finite
density of states n(eg) at the Fermi level (eg) [6].

Crystallinity and, therefore, electronic properties of PANI is
essentially governed by structure of a dopant introduced. For
instance, the Fermi level in PANI doped with sulphuric (PANI-SA) or
hydrochloric (PANI-HCA) acid lies in the region of localized states,
therefore is considered as a Fermi glass with localized electronic
states [7], whereas in PANI highly doped with camphorsulphonic
acid (PANI-CSA) the ¢f lies in the region of extended states govern-
ing metal behavior of the latter near the metal-insulator boundary
[8]. On the other hand, optical (0.06-6eV) reflectance measure-
ments of e.g. in PANI-CSA [7,9,10] suggest that this polymer is a
disordered Drude-like metal near the metal-insulator boundary
due to improved homogeneity and reduced degree of structural
disorder compared to mineral acid doped PANI. From optical mea-
surements it was determined that the effective charge carrier mass
m*~ 2 me, the mean free path [*~ 0.7 nm and the density of states
at the Fermi level n(eg)~ 1 state per eV per two ring repeat units
[7,9]. Direct current (dc) conductivity of this polymer has been


dx.doi.org/10.1016/j.synthmet.2012.04.030
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:kivi@cat.icp.ac.ru
mailto:kivirus@gmail.com
dx.doi.org/10.1016/j.synthmet.2012.04.030

1148 V.I Krinichnyi et al. / Synthetic Metals 162 (2012) 1147-1155

Iz

ZT

° +

N
OH H
. n
()§S§ (6]
H,C
o0— C H;,
CH;,

CSA

Fig. 1. Chemical structure of polyaniline emeraldine salt and the 2-acrylamido-2-methyl-1-propanesulphonic acid (AMPSA) and camphorsulphonic acid (CSA) used as

dopants in the study.

determined to be in the range o4, ~ 100 to 350 S/cm at room tem-
perature [11]. Studies of the effect of doping level on both the
electronic transport and film morphology of PANI-CSA shown a
direct correlation between the degree of crystallinity (induced
by hydrogen bonding with the CSA counterion) and its metallic
electronic properties [12]. The doping of PANI by another coun-
terion, namely 2-acrylamido-2-methyl-1-propanesulphonic acid
(AMPSA) also gives rise to ‘metallic’ PANI [13]. Hydrogen bonds of
these counterions also structure the PANI backbone [14,15], how-
ever, in a more complex fashion giving rise to a different crystal
structure and lower degree of crystallinity [16]. This allows us to
analyze the effect of the microscopic structure on the electronic
charge transport in PANI [17]. An opposite signs of magnetore-
sistance in PANI-CSA and PANI-AMPSA indicates that the ordered
mesoscopic regions in PANI-AMPSA are more metallic with respect
to that in PANI-CSA [18]. This implies differences in spin relax-
ation and transport properties, as compared to other doped PANI
systems, taking a possibility to develop self-organized metal-like
structures in conducting polymers by choosing the appropriate
counterions.

Macroscopic dc conductivity of the polymers often reflects sev-
eral electronic processes, so then their intrinsic properties are
difficult to be examined because they can be masked by interchain,
inter-fibril and other processes. Inhomogeneities in structure and
doping can also contribute to this complexity. The electronic pro-
cesses in PANI-CSA and other organic polymers occur in nanoscales
[19]. As in case of other emeraldine salts with doping level y (the
number of counterions per polymer unit) lying above the perco-
lation threshold [20,21], intrinsic conductivity and mechanism of
charge transfer in the PANI-CSA, and PANI-AMPSA,, systems should
also depend on the structure and number of counterion number
introduced.

Charge carriers in PANI and other conjugated polymers pos-
sess a spin S=%3, so electron paramagnetic resonance (EPR) method
becomes as powerful direct method for the study of different elec-
tronic and magnetic properties of such systems, even on the scale of
afew polymer units [22,23]. EPR measurement of the paramagnetic
susceptibility provides important information on the nature of the
electronic states near the Fermi level. EPR study of highly doped
PANI-CSA film shown [24,25] that this polymer can be considered
as disordered metal near the boundary of the metal-insulator tran-
sition which paramagnetic susceptibility is mainly determined by

a temperature independent Pauli contribution at 50K <T<300K,
corresponding to n(eg) ~ 1 state per eV per monomer, and by a tem-
perature dependent Curie contribution below 50K. This implies
that the models that assume transport by spineless bipolarons are
not appropriate for PANI-CSA. Lee et al. shown by EPR method
[26] that PANI-AMSPA is also inhomogeneous disordered metal
near the insulator-metal transition which microwave conductiv-
ity (290 S/cm) much greater than that measured by dc techniques.
Electronic properties of this system are governed by interaction of
counterions with polymer backbone [14]. However, despite exten-
sive investigation, there is still not obvious picture concerning
electronic and molecular processes in this polymer [27].

Earlier, we have demonstrated that the informativity of the
method increases considerably at high spin precession frequen-
cies [21,28]. It was shown [29,30] that two types of paramagnetic
centers (PC) with different magnetic, relaxation and dynamics
parameters are stabilized in metal-like and amorphous phases of
the PANI-CSA and PANI-AMPSA samples.

In this communication we report the results of the study of
magnetic and dynamics parameters of highly doped PANI-CSA and
PANI-AMPSA samples shown in Fig. 1 at different wavebands EPR.
The obtained data confirm the stabilization of two type of PC
with different magnetic resonance and dynamics parameters in the
polymer regions with different crystallinity. Analysis of the temper-
ature dependencies of paramagnetic susceptibility confirms also
the initial thesis that both PANI-CSA and PANI-AMPSA films are
disordered metal near the metal-insulator transition with weak
electron-electron interaction and that the charge transport prop-
erties correlate well with the microscopic structure of the polymer
and counterion. The dynamics and mechanism of charge transfer
in the polymers are reported as well.

2. Experimental

Film-like high-molecular-weight polyaniline synthesized in
Durham at 248 K [31] was used as the started material for PANI-
CSA, and PANI-AMPSA, samples shown in Fig. 1 as films of
20-80 wm thick which were cast from m-cresol or dichloroacetic
acid solutions onto Si wafers and allowed to dry in air at 313 K.
The doping levels y=[A]/[N]; A=acid, N=nitrogen site, ranging
between 0.4 and 0.6 were achieved by the stoichiometric addition
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of acid to polymer. As this process occurs in solution, the doping
achieved is both homogeneous and reproducibly stoichiometeric.

The direct current (dc) conductivities of the films were measured
over temperature range of 15-300 K under a dynamic vacuum using
standard methodology [30]. The samples were placed in a closed-
loop helium cryostat which utilized four platinum contact wires,
spaced so that they overlapped four-in-line gold electrodes evapo-
rated on the films. A current of 0.5 mA was passed between the two
outer Pt wires and the potential difference measured between the
inner two Pt wires. The temperature was changed in steps of 5K,
with conductivity measurements made every 20 min, the current
only being applied during each measurement. The samples were
found to obey Ohm'’s law over the current range employed.

The EPR measurements have been performed with a X-band
(9.3 GHz, 3-cm) “Thomson”, K-band (36.7 GHz, 8-mm) and D-band
(140 GHz, 2-mm) EPR spectrometers with a 100-kHz magnetic-
field modulation for a phase-lock detection. X-band EPR spectra
were recorded in the 14-300 K temperature range with an Oxford
ESR cryostat. Total spin concentration in the samples was deter-
mined by double integration and comparison of their X-band EPR
spectra with that of diphenylpicrylhydrosyl (DPPH) standard. At
this waveband, spin susceptibility of mobile centers was deter-
mined with an accuracy of 1% and with much greater accuracy
for localized centers. The error in the determination of peak-to-
peak linewidth ABpp, and g-factor values was +£0.2 Gand +2 x 1074,
respectively. At other wavebands EPR the spectra were obtained at
room temperature and dry inert atmosphere.

The simulation of the EPR was performed using OriginPro 7.5
program by application of the methodology outlined below.

3. Results and discussion
3.1. Electron paramagnetic resonance parameters

3.1.1. Calculation of Dysonian line

Normally, X-band EPR spectra of the initial and slightly doped
PANI samples exhibit single lines at wide temperature range
[20,23]. On the other hand, the increase of the doping level y leads
to a stabilization in the PANI-CSA and PANI-AMPSA films of two PC
with Lorentzian asymmetric lines characterizing by different asym-
metry factor A/B(the ratio of intensities of the spectral positive peak
to negative one) and magnetic resonance parameters (Fig. 2). Such
asymmetry of the EPR lines may arise due to unresolved anisotropy
of the g-factor or the formation of the skin-layer with the thick-
ness 6 on the polymer surface as result of interaction of microwave
polarizing field with angular frequency we with free charge carri-
ers diffusing inside this skin-layer with ac conductivity o,c. As in
the case of other metal-like conjugated polymers [20,23,28,32], this
leads to the appearance of the Dyson-like [33] contribution in EPR
spectra. The increase in electron precession frequency and polar-
izing field changes the A/B ratio of the samples, however, does not
resolve additional components in their EPR spectra (see below).
This confirms the assumption that the line asymmetry registered
is indeed result from the interaction of microwave field with the
charge carriers moving in the conducting polymers under study.
The penetration of microwave field into the sample does not exceed
§ value, so that the EPR method records only PC inside the skin-
layer. This implies that in order to determine more correctly and
complete all magnetic resonance parameters of both types PC one
should first to calculate their Dysonian spectra as contributions into
effective sum spectrum.

If one supposes the slower diffusion of magnetic dipole dur-
ing Tp than the effective spin-spin (transverse) relaxation time,
i.e. Tp > T, in the above compounds [30], both the Dysonian lines
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Fig. 2. 3-cm EPR spectra of the PANI-AMPSAq¢ (a) and PANI-CSAgg, (b) films reg-
istered at 300K (1), 210K (2), 130K (3), 60K (4), and 30K (5). The measured
parameters A, B, and ABy, are shown. In the top part are shown sum spectra
(dashed lines) and their terms Ry and R; (solid lines) corresponding to deconvo-
lusion of a sum of two overlapping Lorentzian lines calculated from Egs. (1) to
(3) using D:A=1:1.8, ABpp=24.2G (Ry) and D:A=18.9:44.6, AB,;=56.3G (Rz) (a)
and D:A=0.1:11.3, ABpp, =34.3G (R;) and D:A=55.4:110, ABp =71.1G (R) (b). In
the bottom part are shown sum spectra (dashed lines) and their terms R; and R,
(solid lines) calculated from Egs. (1) to (3) using D:A=15.2:47, ABp,,=18.3G (R;)
and D:A=11.1:49.1, AB,, =120 G (R;) (a) and D:A=15.8:30.9, ABp, =20.6 G (R;) and
D:A=40.4:52.9, AB,, =278 G (Rz) (b).

should consist of absorption A; and dispersion D; terms, so then the
first derivation of absorption spectra can be simulated as

d 2x; 1-x?
i=1,2 (1+x7) (1+x7)

where x;=(B—Bg)/Awy, By is the resonant magnetic field,
Awp =1/Tyye is Lorentzian line width, and y. is the gyromagnetic
ratio for electron. In case of the formation of skin-layer on the poly-
mer film with a thickness of 2d the coefficients A; and D; in Eq. (1)
can be determined from relations [30,34].

~___sinhp+sinp 1+ cosh pcosp 2)
' 2p(cosh p+cosp) " (cosh p + cos p)?’
~__sinhp-sinp sinh psin p 3)
' 2p(cosh p+cosp) * (cosh p + cos p)*’

where p=2d/8, § = \/2/towe0ac, and g is the magnetic perme-
ability for vacuum. In particular, ac conductivity can be determined
from the D;/A;(2d/8) dependence.

Dysonian EPR spectra of the samples calculated from Egs. (1)-(3)
and appropriate magnetic resonance parameters are shown by
dashed lines in Fig. 2 as well. The analysis showed that the param-
eters A and B of the line asymmetry shown in the figure correlated
with the coefficients A; and D; of Eq. (1) as A/B=1+1.45D;/A;. The
procedure described allowed one to consider each EPR spectra of
the PANI-CSA and PANI-AMPSA samples as sum of narrow EPR line

of PCR; radical > N-H with g=2.0028 localized in amorphous poly-
mer matrices and broader EPR spectrum of charge carriers R, with
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Fig. 3. Temperature dependence of the inversed paramagnetic susceptibility x~'
and xT product (insert) of the PANI-AMPSA, and PANI-CSA, samples with different
doping levels y. The dashed lines show the dependences calculated from Eq. (4) with
respective constants summarized in Table 1.

g=2.0020 diffusing in more ordered, crystalline phase of the poly-
mers. These values were analyzed to be practically independent on
the temperature. On the other hand, the shape of EPR spectrum
of the PANI samples depends on the temperature, spin precession
frequency as well as on the nature and number of counterion. The
cooling of the samples leads to the monotonous increase in the
linewidth (down to ~25K) and relative concentration of PC Ry, as
it is seen in Figs. 3 and 4. In the same time, the linewidth of PC R;
decreases monotonously and their spin concentration increases at
the temperature decrease.

3.1.2. Paramagnetic susceptibility

Fig. 3 depicts the effective paramagnetic susceptibility of both
the Ry and R, PC with different magnetic resonance parame-
ters as function of temperature. Paramagnetic susceptibility data
presented provide important information on the nature of the
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Fig.4. Temperature dependences of linewidth of the R; (insert, open points) and R,
(filled points) paramagnetic centers stabilized in the PANI-AMPSA, and PANI-CSA,
samples evaluated using deconvolution of their magnetic resonance spectra. The
AByp(T) dependences calculated from Eq. (7) with respective constants summarized
in Table 2 are shown by dashed lines.

electronic states near the Fermi energy level in highly doped,
“metallic” PANI samples under study. Sariciftci et al. [24] reported
that the Pauli-like contribution predominates in paramagnetic sus-
ceptibility of the PANI-CSA film down to 50K and then it converts
into a Curie-like at lower temperatures instead of the conventional
Curie plus Pauli behavior typical for other conducting polymers,
PANI among them [23,28]. They attributed this effect to the higher
ordering of the film with 4-5 meV on-site Coulomb energy and the
electron-electron interaction and disorder in the regime of Ander-
son localization. It is, however, generally difficult to conclude the
definite absence of a Curie contribution in the PANI-CSA spin sus-
ceptibility, since it is not necessarily a special case for the Pauli
susceptibility to depend on the temperature in strongly electron-
lattice coupled system [35].

Generally, spin susceptibility of N PC with S=1/2 consists of the
Pauli susceptibility of the Fermi gas xp as well as a temperature-
dependent contributions of localized Curie PC x¢ and the term xst
coming due to a possible singlet-triplet spin equilibrium in the
system [36],

C k
X = Xp+ Xc + xst = NapZen(er) + = + = [

T T

exp(-J/keT) |”
1+3exp(—J/ksT) | ’

(4)

where Nj is the Avogadro’s number, ptefr = (pg+/S(S + 1) is the
effective number of the Bohr magnetons g, n(eg) is the density of
states per unit energy (eV) for both spin directions per monomer
unit at the Fermi level ¢, C = Nugﬁ/BkB is the Curie constant per
mole-C/mole-monomer, kg is the Boltzmann constant, k; is a con-
stant, and J is the antiferromagnetic exchange coupling constant.
The contribution of these terms to the total paramagnetic suscep-
tibility depends, e.g. on the nature and mobility of charge carriers.

All the dependences presented in Fig. 3 were fitted by Eq. (4)
with the appropriate constants summarized in Table 1. The J val-
ues obtained are much lower of the corresponding energy (78 meV)
obtained for ammonia-doped PANI [37]. It is seen that at low tem-
peratures when T < T. ~ 100K the Pauli and Curie terms prevail in
the total paramagnetic susceptibility x of both type PC in all PANI
samples. At T>T¢, when the energy of phonons becomes compa-
rable with the value kgT. ~9 meV, the spins start to interact that
causes the appearance of the last term of Eq. (4) in sum suscepti-
bility as result of the equilibrium between the spins with triplet
and singlet states in the system. It is evident that the R; signal
susceptibility obeys mainly the Curie law typical for localized iso-
lated PC, whereas the R, susceptibility consists of the Curie-like and
Pauli-like contributions.

The n(eg) values obtained for the charge carriers in PANI-
CSAy and PANI-AMPSAy are also summarized in Table 1. This
value increases in series PANI-AMPSAq 4 — PANI-CSAg 5 — PANI-
CSAgs — PANI-AMPSAy. This density of stated of polarons in
PANI-CSAis in agreement with that obtained previously in the opti-
cal (0.06-6eV) [7] and EPR [24] studies of this polymer. The Fermi
energy of the Pauli-spins was calculated to be eg ~ 0.2 eV. This value
is lower than the Fermi energy obtained for highly CSA- (0.4eV)[9]
and sulfur- (0.5eV) [20,38] doped PANI. Assuming again that the
charge carrier mass in heavily doped polymer is equal to the mass
of free electron (mc=me), the number of charge carriers in such
a quasi-metal [39], Nc~4.1 x 1020 cm~3 was determined. This is
close to the spin concentration in this polymer; therefore, one can
conclude that all delocalized PC are involved in the charge trans-
fer in PANI-CSAgg. The velocity of charge carriers near the Fermi
vr level was calculated to be 3.8 x 107 cm/s for PANI-CSA that is
close to those evaluated for this polymer from the EPR magnetic
susceptibility data, (2.8-4.0) x 107 cm/s [40], and 6.2 x 107 cm/s for
PANI-AMPSA.



V.I Krinichnyi et al. / Synthetic Metals 162 (2012) 1147-1155 1151

Table 1
The xp, n(er), C, k1, and J values determined from Eq. (4) for spin charge carriers in different PANI samples at 3-cm waveband EPR.
Polymer Radical Xp, emu/mol one ring n(er), states/eV one ring C, emu K/mol one ring k1, emu K/mol one ring J, meV
PANI-AMPSA¢ 4 Ry 9.8x 1077 - 45x10* 1.5x 1072 0.6
Ry 1.1x10°* 0.42 7.2x1073 1.1x10°2 4.8
PANI-AMPSA¢ 6 R 22x107° - 1.7 x 1072 1.7 x 1072 43
R, 53x 1073 3.5 6.5x 107! 12x1072 5.9
PANI-CSAg 5 Ry 5.2x 1077 - 23x10°4 9.1x1073 4.5
Ry 2.7x10°4 1.2 2.7x102 1.58 3.6
PANI-CSAg6 Ry 8.5x 1077 - 42x1074 6.6 x 1073 14.3
R, 7.1x 1072 1.8 2.2 %1072 2.13 3.8

3.1.3. EPR linewidth

Peak-to-peak linewidth (Bpp of both charge carriers stabilized
in the samples is shown in Fig. 4 as function of temperature. It is
significant that linewidth of both types of PC is appreciably larger
than those obtained previously for the fully oxidized powder-like
and film-like PANI-CSA (0.35 and 0.8 G, respectively, at room tem-
perature [24]). The R; PC demonstrate linewidth slowly dependent
on the temperature that is in good agreement with the rough esti-
mation of the hyperfine interaction between the N—H electron and
protondistanced by r~0.1nm, ABpp = g upr— ~ 12-15 G (here pp
is magneton of proton). This value increases as a carrier becomes
delocalized, so the magnetic resonance parameters of radicals of
the R, type clearly reflect the charge transport in the crystalline
domains embedded into the PANI-CSA and PANI-AMPSA matrices.
This gives also a plausible explanation for the anomalies in the sys-
tems under study, which are not observed in other sulfonic acid
doped PANI. EPR spectra of the samples may be broadened to some
extent by relaxation due to the spin-orbital interaction responsi-
ble for linear dependence of Tf1 on temperature [24]; however,
this interaction seems to be rather weak in our case. EPR spectrum
of PANI could, in principle, be broadened also by the interaction
of domestic spins with the oxygen biradicals in PANI doped by
hydrochloric acid [41] or/and water vapor in PANI doped by p-
toluenesulfonic acid [32]. However, in contrast with these samples
whom —NH— group is available for air-initiated impurities, such
group in the PANI-CSA and PANI-AMPSA backbones is blocked up
by counterion forming hydrogen bond with its e.g. >C=0 group. This
explains the insensitivity of the linewidth of the Ry and R, radicals
to the presence of the air [30] and evidences that so broadened lines
are intrinsic to the samples under study which electronic proper-
ties are indeed defined by hydrogen bonds between —NH— groups
and counterions [17]. Such a hydrogen bonding between the >C=0
group in both counterions and the N—H group in PANI can lead to
closer packing of its chains and, therefore, to better crystallinity.
The higher linewidth of both charge carriers in PANI-CSA as com-
pared with PANI-AMPSA (see Fig. 4) could evidences for better
molecular scale ordering or crystallinity via the hydrogen bond-
ing in both the phases of the former polymer. This effect can rather
indicate a higher conductivity of the PANI-CSA and PANI-AMPSA
samples under study. Comparison of the (Bpp values obtained for
different PANI-CSA samples suggested that a crystalline phase is
formed in their amorphous phase, beginning with the oxidation
level y = 0.3 [30], and that the PC of this newly formed phase exhibit
a broader EPR spectrum.

Ry radical localized in isolated polymer chain of the polymer
amorphous phase is likely indirectly involved in the charge transfer.
On the other hand, the linewidth of R, paramagnetic centers sta-
bilized in the samples first increases by lowering the temperature
from 300K down to 25K and then start to decrease at lower tem-
peratures as it was registered earlier also in case of PANI-AMPSA
system [14]. This effect evidences for the temperature-assisted
delocalization (motional narrowing) of mobile charge carriers like
as it was observed for some crystalline ion-radical salts [42]. The
temperature dependence of such systems was explained in terms

of the model of molecular torsional oscillations affecting relax-
ation of whole spin reservoir [43]. According to the model where
such oscillations enable intra- and inter-chain spin relaxation to
cause broader linewidth, the temperature decrease should stack
the oscillations and thereby broadens effective EPR spectrum as

ABpp = (Ag)(at;! +btT1), (5)

where Ag is the shift of g-factor from g-factor of free electron,
8e=2.00232, a and b are intrinsic constants, 7, and 7, are the intra-
and inter-chain electron scattering times relatedas t ' = c|t, |27, ¢
is a constant, and t, is the interchain transfer integral. At the cool-
ing, the intrachain interactions (and 7)) increase strongly, which
has a secondary effect on the interchain electron scattering rate t
[43], so then an increase in 7|, contributes to the spectrum broad-
ening. Assuming the libration of chains in crystalline metal-like
domains in doped PANI [44], the above mentioned phenomeno-
logical concept should also be applied to the polymers under study
in which the torsional activation motions are expected to be real-
ized with upper frequency of vy ~ (1-2) x 1013 s-1[20,21,45]. In this
case we can conclude that, in contrast with PANI-AMPSA poly-
mer, the higher linewidth of paramagnetic centers in PANI-CSA
system evidences for stronger increase in 7, and, therefore, for
higher intrachain conductivity. Dipole-dipole interaction of charge
carriers diffusing along and between polymer chains additionally
affects EPR linewidth. Such interaction should lead to temperature
dependence [46]

(0)7—1/2 Egq
AByp(T) = ABOT1/2 exp (_k?) , (6)
where Eyq is the height of the barrier to dipole-dipole interaction.
Finally, the EPR linewidth should follows the law

ABpp(T) = ABS:,)T*VZ exp (—%) exp (%) , (7)
where E, is the energy for activation of torsional dynamics. The
dependences calculated for R, charge carriers from Eq. (7) with
appropriate Ey4q and E, values summarized in Table 2 are also pre-
sented in Fig. 4. The figure shows that the temperature dependences
of the linewidth determined from the spectra are described well in
terms of the above theories. The proximity of the E4q and E; values
should possible evidence the correlation of the molecular libration
and spin diffusion processes.

The increase in the polarizing frequency ve = we/27 normally
spreads lines of PCin different conducting polymers [21,28], includ-
ing PANI[20,32,38,47]. However, the room temperature ABp, value
of charge carriers Ry in e.g. PANI-AMPSA( ¢ decreases monoton-
ically with the ve increase as it is shown in Fig. 5. This can be
in result, e.g., of an acceleration effect of magnetic field growth
on spin carriers diffusion [22,23] or/and the decrease in a split-
ting between individual spin-packets in sum spectra. Indeed, the
second order correction to the effective spin-packets resonance
field 8B =a?[(I(I+ 1) —m?2]/2B [48] (here a=23.7 G [49] is the con-
stant of hyperfine electron spin coupling with hydrogen nuclei
characterizing by spin I=1/2 and orientation magnetic number
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The AB;%), Eqq, and E;, values obtained for charge carriers R; stabilized in different doped PANI samples from the fitting of their AB,,(T) experimental data by Eq. (7) as well
as Ty(), rﬁo), and Ey, values determined from the fitting of their T,(T) dependences by Eq. (9).

(0)

Polymer ABS;), G E4q, meV E,, meV Ty, § TS Ep, meV
PANI-AMPSA 4 681 15 13 5.8 x 10710 7.4%x10°8 50
PANI-AMPSA( 6 1176 15 14 6.4 %1010 6.3x107°8 43
PANI-CSAg5 3130 31 30 2.1x10°10 3.4x1077 13
PANI-CSAg 6 2802 31 30 2.0x 10710 3.7x1077 7.2

m=+1/2) should decrease from 44 mG down to 2.8 mG at the ve
increases from 9.3 up to 140 GHz. Besides, the probability P.; of
cross-relaxation of the spin-packets in real solids depends on ve as
[50]

2
Per =2/ (@?) exp (—2(]);)2)) , (8)

where (@?) =9/20y2h’d 6 is the lattice sum for powder-like
sample, d is a distance between spins, and i = h/21r is the Plank con-
stant. If one assume that the linewidth of paramagnetic centers in
the PANI sample changes as ABpp(ve) = 5.33 + 53.2 exp(—9.27 x
IO’ZZU‘%)G. so then the lower limit for linewidth at ve — 0 and
d~6.9nm can be determined to be 5.33G.

3.2. Spin relaxation and dynamics

The relaxation processes in magnetic systems normally occur
by interaction of half-integer electron and/or nuclear spins with
additional magnetic fields, produced by magnetic dipoles of other
nucleus and electrons, which are fluctuating due to their random
rotational and translational walk. The spin-spin (transverse) elec-
tron spin relaxation rate for a dipole-dipole interaction between
the mobile electron spins can be expressed by the relation [51]

Ty H(wo) = Ty + (@h) [0.3](0) + 0.5](wo) + 0.2J(20)] , 9)

where T,y is spin-spin relaxation provoked by localized spin

interactions with, e.g., protons, wp = y2hy/nS(S + 1)2 rij‘.3 is the
dipolar coupling constant for powder (in rad/s), n is the number
of spins per monomer unit, Xrj; is lattice sum, rj; is a spin sep-
aration, and J(w) is a spectral density induced by modulation of
dipole and hyperfine coupling due to the diffusion of the elec-
tron spins. The dynamics of spin carriers in metal-like domains
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Fig. 5. Room-temperature EPR spectra of the PANI-AMPSAq¢ sample obtained at
different electron spin precession frequency w. /27 and the dependence of absorp-
tion linewidth the R, paramagnetic centers (ABy,) and the depth of skin-layer (§)
initiated by these charge carriers in this sample as function of the we. The lines are
drawn to guide the eye.

embedded into polymer amorphous phase can rather be described
in terms of their 3D diffusion over a barrier E, per correlation
time 7. = ‘L'EO) exp(E,/kgT) originating a spectral density function
J(we) = Tc/(1 + T2w?2) [51]. In this case, the 7. value is essentially
the average time required for a spin charge carrier to move through
a distance equal to its delocalization length.

As can be seen from Fig. 6, the T,(T) dependencies obtained
experimentally for PANI-CSA, and PANI-AMPSA, systems are well
described by Eq. (9) with appropriate parameters summarized in
Table 2. The higher Ej, values obtained for both the PANI-AMPSA,
samples as compared to the PANI-CSA, ones can be assigned to the
better ordering of metal-like domains in the latter system.

3.3. DC and AC conductivity

The number and dynamics of each type of charge carriers dif-
fer, thus the electronic properties of the samples should depend on
both the structure and number of counterions. In order to deter-
mine this correctly the analysis of both the dc and ac conductivities
was made. These parameters determined for the PANI-CSA, and
PANI-AMPSA, films with y > 0.4 from their dc conductometry [30]
and Dysonian spectra are given in Fig. 7 as function of temperature.
The room temperature o4 determined for highly doped PANI-CSA
lies near that (100-350S/cm) earlier obtained for this sample [11].
The analysis shown, that these dependences are governed by paral-
lel diffusion of charge carriers through amorphous and crystalline
regions of polymer and, therefore, can be described in framework
of two models. One of them is the Mott Q1D variable range hopping
(VRH) model [52] of localized charge carriers between crystalline
high-conducting regions through amorphous bridges (the semi-
conducting regime). This should result in temperature dependence

T T T T T T T T T T T T
i A
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Fig. 6. Temperature dependences of spin-spin relaxation of the R; and R, cen-
ters stabilized in the PANI-AMPSA,, and PANI-CSA, samples. The dotted lines show
dependences calculated from Eq. (9) with respective constants summarized in
Table 2.
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Fig. 7. Temperature dependence of dc (open symbols) conductivity measured
conductometrically and ac (filled symbols) conductivity determined from 3-cm,
8-mm, and 2-mm wavebands EPR Dysonian spectra of the R, paramagnetic cen-
ters stabilized in the PANI-AMPSA, and PANI-CSA, samples. Dashed lines show the
dependences calculated from Eqs. (13) and (14) with respective constants summa-
rized in Table 3.

of both the dc and ac conductivities of such a system as [53]

B Srnteen 1" [ (To\'?
04c(T) = 0.39wpe [’(]377-} exp (7)

1
0)7—1/2 To\ 2
=04'T /2 exp [—(T) }

4
0ac(T) = %ﬂeZkBTnz(SF)(L)Sa)e [ln Z—ﬂ =0T,

(10)

(11)

where wy is a hopping attempt frequency, e is an elemental charge,
<L> is the average length of charge wave localization function,

To = 16/kpn(eg)z <L> is the percolation constant or effective energy
separation between localized states depending on disorder degree
in amorphous regions, z is the number of nearest-neighbor chains.
It should be noted, that the 3D VRH model gives abnormal low Ty
value for all the samples studied.

Diffusion of charge carriers in more crystalline, metal-like clus-
ters embedded into polymer matrices can obviously be governed
by their scattering on the lattice optical phonons which should
result the following temperature dependence of the PANI intrinsic
conductivity [2,54]

Ne2c2 Mt2kgT E
o(T) = —D02 Isinh | 22 ) 1
8mh’ o? kgT
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where c1p is the lattice constant, M is the mass of the polymer unit,
to is the transfer integral, Ep, is the energy of the optical phonons,
and aepy, is the constant of electron-phonon interaction.

Both the o4.(T) and o.c(T) dependences presented in Fig. 7
demonstrate non-monotonous plateaus shape. Note, that the anal-
ogous 0ac(T) dependence was obtained for highly doped PANI-CSAy,
sample at 6.5 GHz by using ac-conductometry method [55]. This can
be attributed to the above-mentioned interaction of charge car-
riers with lattice phonons at high temperatures in parallel with
their Mott VRH at low temperatures. In this case the charge trans-
fer should consist of two successive processes, so then the dc and
ac conductivities should be expressed as a combination of Egs. (10)
and (12) as well as Egs. (11) and (12), respectively:

1
_ _ _ To\ &1
adc1(T):adcl(O)+G11T1/2eXp |:(7?) N :|
-1
E
“17-1 | ph |
+o,'T {smh(kBT) 1] s

-1
Oac

(13)

E B
L I

RoT (14)

(T) = a;c}o) +03'T 1+ 0,771 |sinh

Fig. 7 shows that dc conductivity of the polymers experimentally
obtained is fitted well by Eq. (13) with parameters summarized
in Table 3. In contrast with other conducting polymers, lower Ty
parameter is characteristic for these samples. This is evidence of
the longer averaged length of charge wave localization function
in the samples. Indeed, <L value was determined for PANI-CSAyg,
PANI-CSAq 5, PANI-AMPSA( 4, and PANI-AMPSA( g, tobe 17,37, 264,
and 239 nm, respectively.

AC conductivity of the polymers is also reflects the above men-
tioned successive parallel mechanisms, so the experimental data
can be circumscribed by Eq. (14). Indeed, it is seen from Fig. 7 that
the 0,c(T) dependences obtained experimentally for R, PC in all
systems studied are fitted well by Eq. (14) with appropriate param-
eters summarized in Table 3. The energy determined for phonons
in these PANI samples lies near to that obtained for other polymers
[20,28] and evaluated (66 meV) from the data determined by Wang
et al. for hydrochloric-acid-doped PANI [5].

Thus, main PC are localized in the highly doped PANI-CSA and
PANI-AMPSA samples at low temperatures. This originates the
Curie type of susceptibility of the samples and the VRH charge
transfer between their polymer chains. The spin-spin exchange is
stimulated at high temperature region due likely to the activation
librations of the polymer chains [44].

The Ep, and <L> values determined above for mediatory
doped samples correlate. This means that the higher the <L>
value, the stronger interaction of PC with phonons in metal-
like crystallites. There is some tendency in the increase of RT

eph .. .
04c and o, conductivities in the series PANI-AMPSAq g — PANI-
— 00T | sinh Epn 1 (12) AMPSA( 4 — PANI-CSAg 5 — PANI-CSAq g “feeling” by the R, PC. The
0 kgT ’ data obtained can be evidence of indirect contribution of the Ry
Table 3
The 0 4(0), 01, To, 02, Epn values determined from the fitting of o4c by Eq. (13), and 053¢0, 03, 04, and ELh ones determined from the fitting of o,c by Eq. (14) for different doped
PANI samples.
Polymer Odc(o) Slcm o1, K'2S/cm To, K 02, S/emK Epn, meV Oac(0), S/cm 03, S/cm K 04, S/cm K ELh' meV
PANI-AMPSA¢ 4 86.4 1152 209 0.308 22 135 1.68 1.57 37
PANI-AMPSA¢ 6 95.2 1094 277 0.181 20 160 1.62 0.76 39
PANI-CSAg 5 109.6 5757 521 1.65 28 267 1.99 0.68 39
PANI-CSAps 236.6 5462 753 0.286 24 441 2.27 0.64 36
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PC and direct contribution of the R, PC in the charge transfer
through respectively amorphous and crystalline parts of the poly-
mers. RT o, values determined from Dysonian spectra of R, PC
lies near respective og4. values that is characteristic for classic
metals.

Therefore, charge transport between crystalline metal-like
domains occurs through the disordered amorphous regions where
the charge/spin carriers are more localized as it was predicted for a
disordered metal close to the critical regime of the metal-insulator
transition with the Fermi energy close to the mobility edge [24,25].
The assumption that higher purity PANI coupled with homoge-
neous doping would give rise to no EPR signal, characteristic of
a purely bipolaronic matrix, is in contradiction with the increase of
ac conductivity with spin concentration in polymer systems. Both
PANI-CSA and PANI-AMPSA reveal better electronic properties over
PANI with other dopants, as shown by their electrical conductivity
which is both greater in magnitude and follows metallic tempera-
ture dependence.

4. Conclusions

So, two types of PC are formed in PANI, polarons localized
on chains in amorphous polymer regions and polarons diffus-
ing in crystalline domains of strongly coupled polymer chains.
The latter factor plays an important role in the stabilizing of the
metallic state, when both Q1D electron localization and “Peierls
instability” are avoided. Above the percolation threshold the inter-
action between spin charge carriers becomes stronger, so part
of the mobile polarons collapses into diamagnetic bipolarons.
Besides, the doping changes the interaction of the charge car-
riers with the lattice phonons, and therefore the mechanism of
charge transfer. It also results in an increase of the number and
size of ordered crystalline domains with delocalized charge carri-
ers, which lead to an increase in the conductivity and Pauli term
in sum paramagnetic susceptibility. These carriers are directly
involved in the charge transfer; their dynamics is governed by the
lattice phonons and molecular torsional oscillations. This mech-
anism is accompanied by parallel indirect Mott Q1D variable
range hopping of localized charge carriers between crystalline
domains through amorphous bridges. A strong Pauli susceptibility
of the spin species associated with the broad EPR lines indi-
cates intrinsically metallic character of Q3D crystalline domains
in PANI-AMPSA and PANI-CSA samples. The energy required for
activation of spin dynamics across crystalline phase inversely cor-
relates with the effective energy separation between localized
states. The charge transfer is accelerated at the replacement of
AMPSA counterion by CSA one. This evidences a major role of
dopant structure in local molecular-scale ordering and charge
transport properties in doped PANIL Our results confirm the hetero-
geneous structure for PANI-CSA and PANI-AMPSA films, typically
crystalline highly conducting domains embedded into amorphous
less conducting regions which control the ac and dc conductivi-
ties, respectively. In conclusion our study of several highly doped
PANI conducting films shows that electronic processes concern
some scales. At the chain scale, microwave (EPR) conductivity let
intrinsic PANI metallic behavior appear, whereas static conductiv-
ities reveal the importance of long-range correlations and cluster
effects.
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