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Abstract

Magnetic, relaxation and electronic dynamic parameters of paramagnetic centers in crystalline domains of polyaniline highly doped by p-
toluenesulfonic acid (PANI-PTSA) as well as PANI-PTSA dispersed in poly(methyl methacrylate) were studied by the 3 cm (9.7 GHz) and 2 mm
(140 GHz) wavebands EPR. These centers demonstrate the Lorentzian single line with the Dysonian contribution at both wavebands indicating
intrinsic conductivity of metal-like domains near 15004000 S/cm at room temperature. Effective conductivity of the polymer is defined by
Q3D delocalization of charge carriers within such domains and their Mott variable range hopping between the domains dominating its micro- and
macroscopic conductivity. It was shown that the interaction of the charge carriers with the lattice phonons governs intradomain charge transfer at high
temperatures. Reversible dipolare interaction of paramagnetic centers with oxygen was revealed. This interaction depends on electron precession
frequency and/or on the PANI-PTSA dispersion in an insulating matrix. Charge transfer in PANI-PTSA was analyzed to be non-correlated with

spin relaxation and dynamics that evidences the formation of Q3D metal-like domains contrary to the “single conducting chain” model.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Doped polyaniline (PANI-ES, the emeraldine salt form) and
its derivatives possess high conductivity and are characterized
by unusual spectroscopic and magnetic properties, attributed to
the stabilization of polarons [1]. In highly doped polymers, a
part of polarons can merge into diamagnetic bipolarons pos-
sessing two elemental charges. In contrast to other conducting
polymers, the presence of the nitrogen nuclear in the PANI back-
bone stipulates the phenyl rings rotation near the polymer main
X-axis and, therefore, leads to unique properties of this poly-
mer. Two main conceptions of charge transfer in doped PANI
are now considered. The first one considers elemental charge
transfer along and between solitary polymer chains by polaron
possessing spin S=1/2 [2,3]. However, Kivelson and Heeger
suggested [4] that interchain interaction in highly doped con-
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ducting polymers could suppress the Peierls instability and avoid
1D localization [5,6] due to significant interchain coherence.
According to the alternative approach [7-9], polymer doping
leads to the increase in its amorphous phase in number and
size of more ordered metal-like domains with strongly coupled
chains, in which the polarons are localized and charge is trans-
ferred by quasi-three-dimensional (Q3D) delocalized electrons.
This approach points out that electronic and dynamic proper-
ties of the polymer are defined mainly by Q3D intradomain
and Q1D interdomain charge transfer. Such a system is con-
sidered as a “Fermi glass”, in which the electronic states at
the Fermi energy ef are localized due to disorder and charge
is transferred by the phonon-assisted Mott variable range hop-
ping (VRH) between exponentially localized states near the
Fermi level [10] in framework of the modified Drude model
[11]. According to this model, electrons are accelerated by the
applied electric field and lose their momentum through scat-
tering by impurities and phonons. As a result of an electron’s
quantum diffusion an intrinsic conductivity of the Q3D domains
should be near 107 S/cm, however, the experimental value does
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notexceed 10° S/cm [12]. Thus, there appears to be a mechanism
in the polymers that can diminish even the intrinsic scattering
of carriers by thermally excited phonons that limits the conduc-
tivity of good metals. The most plausible mechanism for this
suppression of scattering by phonons in metallic regions is the
Q1D conduction along polymer chains [4]. According to this
approach, carriers can be scattered only back along the chains
that requires phonons of relatively high energy, which do not
exceeds kgT~0.026eV (here kg is the Boltzmann constant)
below room temperature. Hence, conductivity should drop rather
sharply at temperatures corresponding to 2kg, where kg is the
Fermi wavevector. Charge carriers resonantly tunnel between
the domains through the strongly localized states in amorphous
media [9,13].

PANI doped with para-toluene sulfonic acid (PANI-PTSA)
and its dispersion in poly(methyl methacrylate) (PANI-
PTSA/PMMA) yield the density of states at the Fermi level ¢f,
n(eg) ~ 10-20 states per eV per tworings [14,15], thatis an order
of magnitude greater as compared with the value obtained for
PANI-ES with other counterions. As PANI-PTSA is dispersed
in PMMA, the Ph—N-Ph dihedral angle in PANI-ES domains
with an averaged diameter of 8 nm decreases by 32° that leads
to the increase in DC conductivity opc [14]. Intrinsic conduc-
tivity and the mechanism of charge transfer in these metal-like
domains has not been studied so far.

The polarons in conducting polymers are characterized by
electron spin S=1/2. Thus, the comparatively low-frequency
(wel2m=ve. <10GHz) [16] and especially high-frequency
(ve =140 GHz) [17] EPR methods are widely used for the study
of such systems. Higher spectral resolution and sensibility of
the latter allowed us to study various magnetic and electronic
properties of different conducting polymers [17], PANI among
them [18,19].

Javadi et al. showed [20] the stabilization of mobile and
localized polarons in polymer phases with different crystallinity.
Exposure to oxygen affect their magnetic and relaxation param-
eters due to dipole—dipole interaction with the oxygen biradicals
each possessing total spin S= 1. It was found [21-23] that oxy-
gen can reversibly broad the EPR spectrum of PANI without
remarkable change in its conductivity. However, Kang et al.
showed [24] that the air treatment of hydrochloric acid-doped
PANI reversibly and simultaneously broadens its EPR spec-
trum and decreases its DC conductivity. Such changes were
explained by the decrease in polarons mobility as a result of
their interaction with the air. However, the opposite effect, i.e.
the simultaneous broadening of the EPR spectrum and the rise
in DC conductivity of the same air-treated polymer was reported
by Houze and Nechtschein [25].

We present the first detailed results on the investigation
of magnetic, relaxation and electronic transport properties of
a crystalline phase in PANI-PTSA and PANI-PTSA/PMMA
mainly by 3 cm and 2 mm wavebands EPR in a wide temperature
range. Strong changes in these properties were shown at the poly-
mer exposure to air. The nature of charge carries is analyzed and
the mechanism of charge transfer is determined from the com-
parison of experimental data. Spin relaxation and dynamics was
analyzed to be non-correlated with charge transfer processes that

contradict the model of “single conducting chains” in PANI-ES
[3,26] and justifies the formation of the Q3D metal-like domains
in heavily doped PANI-PTSA. Previous results on the EPR study
of PANI-PTSA have briefly been reported previously [27].

2. Experimental

Powder-like Ormecon® PANI-PTSA( 5 with the lattice con-
stants a=0.44nm, »=0.60nm, and ¢=1.10nm [28] was used.
This sample was dispersed in PMMA using an appropriate tech-
nique under shear condition in melt phase. The volume fraction
of PANI-PTSA was 30% in PANI-PTSA/PMMA as estimated
from the X-ray measurements. These powders with a charac-
teristic size R of individual particles of 0.0129 £0.0014 mm
(PANI-PTSA) and 0.098 +0.006 mm (PANI-PTSA/PMMA)
were mixed with MgO powder (1:3) and then placed into a quartz
capillary with the inside diameter of ca. 0.6 mm. Such polymer
dilution by an insulating matrix allowed one to avoid possible
interaction between its powder particles and additionally to use
Mn?* with gefr=2.00102 and a=87.4G to determine g-factor
as well as for the magnetic field sweep scale calibration at the
2mm waveband EPR. For the analysis of the effect of air on
magnetic resonance properties of PC, both vacuum-processed
and nitrogen filled, and air-containing polymers were studied.

EPR experiments were performed using mainly 3cm
(ve =9.7 GHz) waveband PS-100X and 2mm (v, =140 GHz)
waveband EPR-05 spectrometers, both with 100 kHz field AC
modulation for phase-lock detection. The 3 cm and 2 mm wave-
bands EPR spectra of nitrogen- and air-treated samples were
registered in the temperature range of 120-320K and their
3 cm waveband EPR spectra were also registered at 77 K in lig-
uid nitrogen. The total spin concentration in the samples was
determined using a CuyS04-5H, 0O single crystal standard. Total
paramagnetic susceptibility of the samples was determined using
double integration of their EPR absorption spectra. EPR spectra
were simulated using the Microcal Origin V.7.0552 and Bruker
WinEPR SimFonia V.1.25 programs. The uncertainty in the
determination of the peak-to-peak linewidth A B, and the value
of g-factor was consequently £2 x 1072 G and £2 x 10~ at
3 cm waveband EPR and £5 x 1072 G and £3 x 107> at 2mm
waveband EPR.

DC conductivity of the pellet-like samples was measured at
6-300 K using a four-probe technique.

3. Results and discussion
3.1. Dysonian term in EPR spectrum

The nitrogen-treated PANI-PTSA and PANI-PTSA/PMMA
samples at 3cm waveband EPR demonstrate Lorentzian
exchange-narrowed lines with asymmetry factor A/B (the ratio
of intensities of the spectral positive peak to negative one) of
1.03 and 1.25, respectively (Fig. 1). The exposure of the sam-
ples to air was observed to lead to the reversible line broadening
and the increase in the asymmetry factor up to 1.27 and 1.42,
respectively. The asymmetry of the EPR lines may arise due to
either unresolved anisotropy of the g-factor or the presence of the
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Fig. 1. A 3cm and 2 mm wavebands EPR spectra of PANI-PTSA and PANI-PTSA/PMMA samples in nitrogen (solid lines) and air (dashed lines) atmosphere. The
dotted lines show the spectra calculated from Eq. (1) with D/A=0.52, ABp, =4.23 G (left) and D/A=0.29, ABp, =7.98 G (right).

Dyson term [29] in the spectrum as a result of the interaction of
microwave field with charge carriers inside the skin-layer with
the thickness 8. To verify these assumptions, the 2 mm wave-
band EPR spectra of the samples were recorded. It is seen from
Fig. 1, that the polymers in this waveband EPR also display
a single asymmetric Lorentzian line, whose asymmetry factor
increases from 1.68 up to 1.95 (PANI-PTSA) and from 1.46 up
to 1.78 (PANI-PTSA/PMMA) on the exposition to air. This fact
indicates a substantial interaction of PC even in high fields, the
line asymmetry of these PC indeed results from the interaction
of microwave field with the charge carriers inside the skin layer.
PC with the Dysonian line shape are commonly registered in dif-
ferent highly doped conducting polymers [16,17], PANI among
them [18,19,30,31]. Such line shape distortion is accompanied
by the line shift into higher magnetic fields and the drop of sen-
sitivity of EPR technique. This implies that to determine more
correctly and complete such main magnetic resonance parame-
ters as g-factor, peak-to-peak linewidth ABp,, and paramagnetic
susceptibility, one should calculate Dysonian spectra of PC in
PANL

Generally, the Dyson line consists of absorption A and dis-
persion D terms; therefore, one can write the following equation
for its first derivative:

2x 1 —x
7+ 2

(14 x2) (14x2)
where x=(B— Bp)/Awr, Bgp the resonant magnetic field,
Awr, = 1/T>y. the Lorentzian single line width, 7, the spin—spin
relaxation time, and y. is the hyromagnetic ratio for electron.
The analysis showed that the parameters A and B of the line

asymmetry shown in Fig. 1 correlated with the coefficients A
and D of Eq. (1) as A/B=1+1.45D/A.

dx_ 2

dB =~

ey

Some EPR spectra calculated using Eq. (1) are displayed
in Fig. 1 by dotted lines. The calculation of the spectra pre-
sented in Fig. 1 allowed one to determine an effective g-factor
for PC in the nitrogen- and air-treated PANI-ES to be equal to
2.00280 and 2.00274, respectively. These values are lower then
those obtained for PC localized on six carbon atoms and one
nitrogen atom in the repeating unit arising a shift of g-factor of
free electron, g =2.00232, up to g ~2.0031 and to g~ 2.0054,
respectively [32], so the spins in the polymers under study are
delocalized over some repeating units each with the size of ca.
0.5nm. This gives a lower limit of the localization length of
electrons in the samples.

3.2. Spectra linewidth

The temperature dependence of the effective absorption
peak-to-peak linewidth ABy,, of the samples determined at both
the 3cm and 2 mm wavebands EPR are given in Fig. 2. AB,
measured at 3cm waveband for PANI-PTSA lies near that
obtained for the PANI highly doped with hydrochloric acid [20].
It is seen that this value increases not more than by a factor of
two as v increases from 9.7 up to 140 GHz. Such insignificant
line broadening with the operating frequency increase was
not observed in the studies on other conducting polymers
[16,17], including PANI [18,19,30]. This may be evidence of
a stronger exchange interaction between PC in the polymers
under study, which is neither partly nor completely relieved in
strong magnetic fields. The linewidth of PC in the PANI-PTSA
sample containing nitrogen slightly depends on temperature.
At the dispersion of this polymer in PMMA, its linewidth
becomes sensitive to temperature (Fig. 2). Air diffusion into
the samples leads to the reversible extremal broadening of their
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Fig. 2. Temperature dependence of linewidth of PC in PANI-PTSA (a) and PANI-PTSA/PMMA (b) samples filled by nitrogen (open points) and air (filled points)

registered at different wavebands EPR. The lines show the dependences calculated from Eq. (2) with wﬂh =9.6x 107 57!, E,=0.058 ¢V, J=0.28 eV (dash—dotted

line), wg? =13 x 10" s7!, £,;=0.102eV, J=0.36eV (dotted line) (a) and with &), = 5.8 x 10'5 57!, E,=0.031eV, J=0.015eV (dash-dotted line), o), =
7

8.1 x 107 57!, E,=0.090eV, J=0.041 eV (dotted line) (b).

EPR line characterized by the critical point 7. (Fig. 2). The
increase in the linewidth at the polymer dispersion suggests less
motional narrowing [33] and hence, increased localization of PC
in PANI-PTSA/PMMA.

The contact of the PANI-ES with the air leads to reversible
broadening of its EPR line and also to the extremal temperature
dependency of the ABp, value with the characteristic temper-
ature T; (Fig. 2). At the increase of the polarizing frequency
from 9.7 up to 140 GHz this value determined for PANI-PTSA
and PANI-PTSA/PMMA is shifted from 160 to 130K and
from 150 to 120K, respectively. These effects can probably
be described in terms of the Houze—Nechtschein approach [25]
postulating the dipole—dipole interaction of the polarons hop-
ping along the solitary polymer chains with the fixed oxygen
molecules possessing total spin S = 1. The collision of both types
of spins should additionally broaden the absorption EPR line by
the value

16 Wk,
d(Aw) = pwpepC = ﬁwhopc 1+ 4472 2)
where p is the flip—flop probability during a collision of both
spins, wpop the frequency of the polaron hopping along a polymer
chain, C the number of oxygen molecules per each aniline ring
equal to 0.005 for PANI [25], i = h/27 the Plank constant, and J is
the constant of the spin dipole—dipole interaction in the system. If
the ratio J/h exceeds the frequency of collision of both types PC,
then the condition of strong interaction is realized in the system
leading to direct relation of the spin—spin interaction and polaron
diffusion frequencies, so then lim[§(Aw)]=16/27 Cwpop. In an
opposite case the condition of weak interaction prevails in the
system resulting for an inverse dependence of these frequen-
cies, lim[6(Aw)]=4/3 (C/whop)(J/h)z. According to the spin
exchange fundamental concepts [34] the extremal character of
the 6(Aw) temperature dependency should evidence the realiza-
tion of both types of spin—spin interaction at 7 <7, and T > T,

respectively. One more reason for the line broadening can be
spin localization with the temperature decrease at 7> T.

The growth of interaction between the solitary polymer
chains in heavily doped PANI causes their transformation into
crystalline metal-like domains with localized polarons and Q3D
delocalized electronic wave functions [7,9,35]. Therefore, to use
this approach we should assume the dipole—dipole interaction of
the localized polarons with adsorbed oxygen molecules librating
near the polymer chains. Such initial conditions make it possi-
bly to apply the chain of argument in the Houze—Nechtschein
theory for the interpretation of our data.

Supposing an activation character of small-scale librations
of the oxygen molecules near polymer chains with frequency
Whop = WIib = wﬁb exp(—E,/kgT) the ABpp(T) dependencies
presented in Fig. 2 were fitted well by Eq. (2) with E; =0.058 eV,
J=0.28¢eV and E,=0.102¢eV, J=0.36eV (Fig. 2a), and with
E,=0.031eV, J=0.015eV and E;=0.090eV, J=0.041eV
(Fig. 2b). The J values determined sufficiently exceed an appro-
priate constant of spin collision of nitroxide radicals with
paramagnetic ions in liquids, J < 0.01 eV [34]. The dispersion of
the initial PANI-PTSA sample in PMMA leads to the decrease
in both the J and E;, values. These values additionally decrease
with the increase of the registration frequency. Such effects can
probably be explained, e.g. by the effect of an external magnetic
field on the spin exchange process in the polymers under study.
The decrease in 7, with the increase of the external magnetic
field seems to justify this supposition.

3.3. Paramagnetic susceptibility

Paramagnetic susceptibility determined using double inte-
gration of the absorption term A of nitrogen- and air-treated
PANI samples are shown in Fig. 3 as a function of temperature.
Generally, this parameter of spin reservoir consists of the
temperature dependent Curie contribution xc of the spins
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localized in amorphous regions of polymer and temperature
independent one of the Pauli spins, xp

N, sﬂgff

3kgT )

Xpm = XC + Xp = + U (€R),
where Neugff/3k3 = C is the Curie constant, Ny the spin
volume density, peff = Bg~/S(S + 1) the effective magneton,
up the Bohr magneton, and n(ep) is the density of states at the
Fermi level ef.

In the free-electron model, the slope and the intercept of the
xT versus T plot yield Pauli susceptibility and the Curie con-
stant, respectively. The C and n(ep) values were determined
for the nitrogen-treated PANI-PTSA and PANI-PTSA/PMMA
samples to be 1.3 x 107> emuK/mol, 0.69 states/(eV 2 Ph)
and 1.9 x 10~2 emu K/mol, 4.8 states/(eV 2 Ph), respectively,
at room temperature. Effective paramagnetic susceptibility of
both PANI samples increases considerably at their exposure to
air (Fig. 3). This effect can probably be explained by the decay
of part of diamagnetic bipolarons into polarons due to the for-
mation of >NH- - -*O—-0¢°- - -HN< bridges with hydrogen bonds,
which can act as spin traps in air-treated PANI [36]. It should be
noted that the extremal temperature dependence of x shown in
Fig. 3 complicates a separate determination of the terms of Eq.
(3) and may lead to deviation in n(er) obtained by the magnetic
resonance and, e.g. heat-capacity [37] methods.

3.4. Spin relaxation and dynamics

The nitrogen and oxygen nuclei possess own magnetic
momentum, and their hyperfine interaction with electrons should
lead to the broadening of the EPR line. As a result of such inter-
action between electron and proton with magnetic momentum
ip separated by distance r, the linewidth of PANI should be
AB = up/r~ 14 G. However, the linewidth of the nitrogen con-
taining sample is nearly one order magnitude smaller probably
due to mobility of charge carriers, which averages superfine
electron—proton interaction [38].
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As the microwave magnetic component B increases, the
absorption line of PC is broadened as it is seen in Fig. 4. Such
steady-state saturation of the spin reservoir allows one to deter-
mine the effective spin—lattice T and spin—spin 7> relaxation
times of PC from relations [39]
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treated PANI-PTSA and PANI-PTSA/PMMA samples determined at
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Table 1

Spin-lattice (7) and spin—spin (77) relaxation times (in s), spin intrachain (Dp) and interchain (Dsp) diffusion rates (in rad/s), conductivity due to hypothetical
intrachain (o 1p) and interchain (o3p) polaron mobility (in S/cm) (the conductivity terms due to joint polaron and bipolaron mobility are presented below the respective
values calculated for polarons) as well as the intrinsic conductivity (o ac, in S/cm) determined from Dysonian EPR spectra for the initial and dispersed PANI samples

at we/2m =9.7 GHz and room temperature

Sample T T Dip Dsp oD 03D oAC

PANI-PTSA? 1.2x 1077 3.1x1078 9.0 x 107 1.7 x 107 6.3 %1073 3.6 x 107 1460
1.1x1072 6.4 x 1074

PANI-PTSA 1.1 x 1077 1.6x 1078 1.9 x 101 5.3 x 10° 6.7 5.5x%x 1073 4100
242 20x 1074

PANI-PTSA/PMMA? 1.4 %1077 7.6 x 1077 1.9 x 10° 7.2 % 10° 54 %1073 6.1 x 1077 120
0.24 2.7 %1073

PANI-PTSA/PMMAD 1.1 x107° 7.4x107° 1.4 x 1012 1.1 x10* 13.6 32x1078 210
178 42 %1077

 In nitrogen atmosphere.
5 In air atmosphere.

where ABSI);,) is the linewidth of unsaturated line at the By — 0
limit and y. is the hyromagnetic ratio for electron. The relaxation
parameters of PC determined using such a method are presented
in Table 1.

If the polarons can really diffuse even in highly doped PANI
[3] along and between the polymer chains with respective diffu-
sion coefficients D1p and D3p, they should induce an additional
magnetic field in the whereabouts of another spins leading to the
acceleration of electron relaxation of the whole spin ensemble.
As the relaxation times of the spin reservoir is defined mainly
by a dipole—dipole interaction between the spins, the following
equations can written [40]:

T7 (we) = (0?)[2J(we) + 8J2awe)] (5a)

Tz_l(a)e) = (0?)[3J(0) + 5J(we) + 2J 2we)] (5b)

where (a)z) = 1/10y§th(S+ DnX;; is the constant of a
dipole—dipole interaction for powder, n a number of polarons
per each monomer, X; the lattice sum for powder-like sam-

—1/2
ple, J(we) = 2D\pwe) ' at Dip > we > Dip or J(0) =

—1/2
(2D|1DD3D) / at D3p > we a spectral density function for

Q1D motion, DllD = 4D1D/L2, we the resonant angular fre-
quency of the electron spin precession, and L is a factor of spin
delocalization over a polaron. The similar spectral density func-
tion was earlier used in the study of spin dynamics in PANI
[18,19,30] and other conducting polymers [16,17].

The conductivity of a polymer due to so supposed Q1D and
Q3D mobility of N, polarons, each transferring e elemental
charge, can be determined as

2
Np eleDﬁDdlD,sD
kgT ’

01D,3D = (©)
where dip 3p are corresponding lattice constants.

Both coefficients of hypothetical polaron diffusion in PANI
as well as the respective components of the polymer conduc-
tivity due to such PC mobility calculated from Egs. (5a) and
(5b) at L~5 [41] and Eq. (6), respectively, are presented in
Table 1 as well. The data show that as PANI-PTSA sample con-

tacts with air, the anisotropy of the spin diffusion Dp/D3p and
conductivity o1p/o3p increases approximately by four orders
of magnitude. These ratios additionally increase by an order of
magnitude at the dispersion of the initial sample in PMMA. This
implies that the exposure of PANI-ES to air and/or its disper-
sion in PMMA should lead to higher spin delocalization along
the polymer chain.

If one supposes the existence of double charged diamagnetic
bipolarons additionally to polarons moving with the diffusing
coefficients calculated for polarons, the respective effective con-
ductivities can also be evaluated (see Table 1).

3.5. DC conductivity

Fig. 5 shows that DC conductivity of the PANI-PTSA and
PANI-PTSA/PMMA samples non-monotonously changes with

T ¥ T ¥ T
WY
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@AAA 03 04 05 06
\ s ; s 2
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O PANI-PTSA
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Temperature (K)

Fig. 5. DC conductivity opc vs. T and opc T2 ys. T~V (insert) of PANI-PTSA
and PANI-PTSA/PMMA samples. Top—down lines display the dependences
calculated from Eq. (9) with k; =3.4 x 1073 S/em, k> =0.86S/cm K, Ty =
1500 K, d=3, hwyn=0.032eV and k;=1.3 x 1072 S/em, ky=1.8S/cm K,
Té = 1140 K, d=1, and hwynh =0.025 eV, respectively.
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temperature as it is typical for granular metals [8]. The analysis
of the low-temperature branch of the opc(7) dependence of both
the PANI-PTSA and PANI-PTSA/PMMA samples exposed on
air allows one to suppose a realization of the Mott Q1D and
Q3D VRH charge transfer through less conducting (disordered,
amorphous) regions typical for granular metal [42]. According
to this model, the conductivity of the system with dimension d
depends on temperature as [43]

L\ 1/d+1
TO
opc(T) = o¢ exp _<T) @)

where o =27 e2won(ep)btoTilhs, Ty = 16/[kpn(er)z(L)] at
d=land 7§ = 16/[kgn(er)(L)>] at d =3 [44] the characteristic
temperature, above which conductivity is essentially defined by
the phonon bath, and below which conductivity is defined by
the distributional disorder of electron states in space and energy,
w the upper hopping frequency nearly equal to optical phonon
frequency, wph, fo the transfer integral equal to 2-3eV for m-
electron, z a number of the nearest neighbor chains equal to four
for PANI [43], (L) the average length of the charge carrier wave
function (or localization length), b the interchain separation, #
the interchain charge transfer integral, t; the mean free time, and
s is the average chain cross-sectional area.

The heating of the samples above 270 K leads to the decrease
in opc (Fig. 5). For explanation of this phenomenon the
Kivelson—Heeger model of charge carrier scattering on optical
lattice phonons proposed for the interpretation of charge transfer
in metal-like domains in w-conjugated polymers [4] seems to be
more suitable. According to this model, intrinsic conductivity
of domains depends on temperature as

(1) = oo | sinh (220} _ 4 8
Oint =00/ |sI knT - (®)
where o9 = N, e2c?M t%kB T/ 8nh3a?, N, the volume density of
carriers with elemental charge e, c the lattice constant, M the
mass of NH group, and « is the electron—phonon interaction
constant equal, for example, to 4.1 x 108eVem™! for trans-
polyacetylene [4].

Therefore, effective conductivity opc can be described by a
superposition of Egs. (7) and (8) with appropriated coefficients
k1 and kp

L\ 1/d+1
1 Ty
opc(T) = ki exp a

7 —1
+hoT ! {sinh (;E?) - 1] 9)

Fig. 5 shows that the experimental data obtained for PANI-
PTSA and PANI-PTSA/PMMA samples exposed to air are fitted
well by Eq. (9) with TA = 1140 K, d=1, hwpr =0.025¢eV and
T(;k = 1500 K, d=3, hwpnh=0.032 ¢V, respectively. At the dis-
persion of the PANI-PTSA sample in PMMA its n(eg) value
increases from 3 up to 17 states/(eV 2 Ph) [15]. This is accom-
panied by the appropriate decrease of the charge localization

length from 14 down to 1.5 nm. The latter value does not exceed
the effective radius of the metal-like domain in PANI-PTSA
equal to 4 nm [45]. Assuming respective Q1D and Q3D VRH in
the nitrogen-treated samples, one can determine the analogous
decrease in their (L) from 59 down to 2.3 nm.

The form of Eq. (9) evidences that two successive charge
transfers through two regions with lower and higher crystallinity
are explicitly realized in the polymers. The most probable
distance of the charge carrier hopping in air-containing PANI-
PTSA, R=1/4(To/T)"? (L) [43] is 6.8 nm at room temperature.
In the framework of the Q1D VRH model the energy of the
charge carrier hopping in metal W=1/2 kg(ToT)'2 [43] should
be near kg T [42]. W was calculated for the PANI-PTSA studied
to be 0.025 eV at room temperature lying near kg7~ 0.026 eV.
The velocity of charge carrier, vp = 2c¢/mhn(eg) [43] near the
Fermi energy level, eg =3N./2n(¢g) [46], were determined to
be vgp = 3.7 x 107 c¢m s~ ! and ep=0.79 eV. The Fermi veloc-
ity determined is approximately the same (3 x 10’ cms™!) as
obtained for highly doped polymer [47], whereas the latter
value lies near the Fermi energy obtained for PANI doped by
camphorsulfonic (0.4 eV) [48] and sulfuric (0.5eV) [18] acids.
Taking the mean free path /; equal to the coherency length in
PANI 4 nm [49], we estimated 7;=1.3 x 10713 s. The R and W
values calculated for Q3D VRH of charge carriers in PANI-
PTSA/PMMA are [42,43] R=[9(L)/8mkgTn(er)]"*=1.5nm
and W=kg(ToT?)4/2~0.019eV.

The anisotropy of Q1D VRH charge transfer, i.e. the ratio of
mobilities of charge carriers along and between polymer chains,
is [43]

a___ B (10)
oL 2kp Tzn(eg)b?

The anisotropy of DC conductivity o} |/o | was determined from
the experimental data to decrease from ca. 60 down to 1.2 as
the dimensionality d increased from 1 up to 3 at the PANI-
PTSA dispersion in PMMA. The (L) values obtained are much
greater than the interchain distance in the samples that allows
one to point out the 3D character of the metallic states in both
the PAN-ES studied. We propose that similarly to PANI with
other counterions [7,18,19,30,35], PAN-ES in PANI-PTSA also
appears as a Q1D disordered conductor, which consists of bun-
dles of strongly coupled parallel chains, in which electron wave
functions are Q3D delocalized, different from conventional 1D
conductors based on organic ion-radical salts [50,51]. The for-
mation of such bundles is attributed to significant interchain
coherence [4] as well as interchain coupling [52] that disagrees
with the “single conducting chain” models of PAN-ES [3,26].

3.6. AC conductivity

Intrinsic conductivity oac and the mechanism of charge
transfer in PANI with doping level lying above the percolation
threshold depend on the structure and number of counterions
introduced into a polymer. At high doping level the saturation of
spin-packets decreases significantly due to the increase in direct
and cross spin—spin and spin—lattice interactions. Normally, the
Dysonian term appears in EPR spectra of such polymers due to
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the formation of a skin-layer on their surface. The shape of the interchain charge transfer. It should be noted that these values
Dysonian EPR line is obviously defined by intrinsic conductiv- sufficiently exceed o1p and o3p above calculated supposing
ity of the sample, o Ac, that enables one to determine directly this QID polaron or/and bipolaron diffusion along the “single
value within a skin-layer from its EPR spectrum. In contrast to conducting chain”. Further to this approach one should expect
the saturated dispersion EPR signal, the Dyson-like line shape ABpp(D) x T, 1(T) xoac(T) (see Eq. (4b) and Eq. (5b)) for
“feels” dynamics of spin polaron and spinless bipolaron charge  the polymers exposed to air. It is seen, however, that the
carriers diffusing through a skin layer. Since the number and linewidth demonstrate extremal temperature behavior, whereas
dynamics of each type of charge carriers can differ, electronic the oac value changes rather monotonically, at least in a high
dynamic properties of the sample should depend on its doping temperature range. Such an extremal shape of the ABp,(T)
level. can, therefore, be explained by the reversible dipole—dipole

If the skin-layer with thickness § is formed on the spherical interaction of localized PC with the oxygen molecules activa-
surface with radius R and conductivity o ac, coefficients A and tive librating near the polymer chains assumed above. Such a

D in Eq. (1) can be calculated from equations [53] discrepancy in the ABpp(T) and oac(7) shapes refutes Q1D

4A 8 8(sinh p + sin p) n 8 sinh p sinp n sinh p — sin p sinh? p — sin’ p 41 (11a)

2 _ a
9 p*  pd(coshp —cosp)  p2(cosh p —cos p)>  p(cosh p —cos p)  (cosh p — cos p)?

4D 8(sinh p —sin p) 4(sinh? p — sin? p) . sinh p + sin p 2 sinh p sin p (11b)

9 ~ pd(coshp—cosp) p2(cosh p — cos p)>  p(cosh p — cos p) ~ (cosh p — cos p)?

where p =2R/8 and 8 = (2/weo ac)"?. In the case of oac — 0 or charge transfer and justifies the formation of metal-like domains
5 — 00 typica] for insulator its dispersion term becomes equa] with localized polarons and Q3D delocalized charge carriers in
to zero, and Eq. (1) is transformed to a simple equation for the ~ the PANI samples. As in the case of PANI doped with other
first derivative of a symmetrical absorption signal. counterions [18], charge dynamics in the samples under study
Fig. 6 shows the oac versus T dependences calculated for ~ can be interpreted in the frames of the most widely used pair
the PANI-PTSA and PANI-PTSA/PMMA samples using Eq.  approximation [54] that gives for Q3D charge hopping [42]
(1) and Egs. (11a) and (11b) at different polarizing frequencies. ) 3
Room tergperature intrinsic conductivitypof the nitgrogectll—treated oac(T) = e n”(ep) (L) kpTwe 1n4@ =
PANI-PTSA and PANI-PTSA/PMMA samples lies near 96s e
1000-1500 S/cm and 40-120 S/cm, respectively, and weakly Fig. 6 shows that AC conductivity determined experimentally
depend on temperature (Fig. 6). As the polymers contact with air, for PANI-PTSA/PMMA exposed to air and PANI-PTSA con-
these values increase remarkably (see Table 1) and become more  taining nitrogen or air from their Dysonian EPR spectra follows
temperature dependent. In contrast to PANI doped with other ~ well Eq. (12), at least in a high temperature range. Conductivity
counteriones, —-NH- fragments in the PANI-PTSA are more determined for both samples at 140 GHz was surprisingly lower
accessible for own microenvironment. So, the conductivity can than that determined at lower frequency. This is possibly due
possibly be changed due to formation of >NH- - -°0O—0°- - -HN< to a deeper penetration of microwave quant with higher energy
bridges with hydrogen bonds that increases a probability of  into the polymer bulk. In this case the oac obtained should be

ooT (12)
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Fig. 6. Temperature dependence of AC conductivity of PANI-PTSA (a) and PANI-PTSA/PMMA (b) samples in nitrogen (open symbols) and air (filled symbols)
atmosphere determined from their Dysonian spectra registered at different wavebands EPR. Top—down dotted lines in (a) present the dependences calculated from Eq.
(12) with 09 =2.0 S/cm K and o9 =2.6 S/cm K, respectively. By the top—down dashed lines are shown the dependences calculated from Eq. (12) with, respectively,
o9p=12.3S/cmK and 69 =9.3S/cmK (a) and 09 =0.087 S/cmK and ¢ =0.17 S/cm K (b).
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rated as a lower limit of intrinsic conductivity at this waveband
EPR.

Intrinsic conductivity was calculated for the PANI-
PTSA and PANI-PTSA/PMMA samples from Eq. (12) with
we/2r=9.7GHz and s=0.05nm? to be 4.3 x 10°> S/cm and
290 S/cm, respectively. These values lie close to those calcu-
lated from the Dysonian EPR spectra of these samples (see
Table 1). However, these values calculated from Eq. (12) for
the air containing samples with n(eg)=3 and 17 states/(eV 2
Ph) [15] should be equal to 6.8 x 10* S/cm and 3.1 x 10? S/cm,
respectively, that is more than an order of magnitude higher than
those presented in Table 1.

4. Conclusions

Multifrequency EPR study of the initial and dispersed
PANI-PTSA samples allowed to determine their relaxation,
conformation and charge dynamics properties. These proper-
ties are defined mainly by the formation in PANI-ES of Q3D
high crystalline metal-like domains with significant interchain
coherence. The polarons are localized in such domains due
to a strong interaction between the neighboring conducting
chains. In contrast to other conducting polymers, the interac-
tion between polarons in PANI-ES does not reduced at magnetic
field up to 5 T. The formation of metallic domains in PAN-ES is
attributed to the significant interchain interaction in the ordered
crystalline regions, which avoids Q1D localization. Disorder-
ing effects existing in the polymer transform the metallic state
characteristic of ideal polymer chains with completely delocal-
ized electrons into the ‘Fermi glass’ with finite density of states
at the Fermi level. Conductivity of the pure PANI-PTSA sam-
ple was defined to be governed by Q3D intradomain and Q1D
interdomain charge transfer and the latter is characterized by
charge transfer through the regions with different crystallinity.
Charge transport in PANI-PTSA dispersed in an insulating poly-
mer matrix is defined by Q3D inter- and intradomain hopping.
The dispersion of initial PANI-PTSA leads to the formation
of quasi-metallic domains with a broad 3D energy band and
3D interrelated delocalized electrons surrounded by disordered
matrix. This results in less effective AC conductivity as com-
pared to pure PANI-PTSA and possibly decreases the height of
amorphous barriers. In this system a charge Q3D tunnels from
particle to particle through an insulating barrier. PMMA layer
hampers the penetration of air to metal-like domains addition-
ally decreasing their intrinsic conductivity. Such a picture agrees
with the mesoscopic nanometal concept pointed out polyaniline
as granular metal in which the dispersion induced insulator-
to-metal transition, however, contradicts the “single conducting
chain” models of PAN-ES.

The presence of air near >NH fragments reduces electrostatic
Coulomb interaction between positive charges on the PANI-
PTSA chains and the anions, and, thus, increases delocalization
of spins (not polarons as quasi-particles) over the polymer back-
bone. Besides, the bridges with hydrogen bonds are formed in
PANI-ES filled with air that result in the increase in its intrin-
sic conductivity. The dipole—dipole interaction of polarons with
the oxygen molecules leads to reversible changes in spin relax-

ation and depends on the intensity of an external magnetic field.
The interaction between these PC decreases with the polymer
dispersion in an insulating matrix, and is accompanied with the
decrease in the activation energy of spin—spin collisions and in
the energy transfer from a spin reservoir to a polymer lattice.
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