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The study of the electron relaxation and dynamics of polaron charge carriers in undopegSidddped
polyaniline (PANI) by means 3-cn(9.7 GH2 and 2-mm(150 GH2 EPR spectroscopy, and ac, superconduct-
ing quantum interference device, and dc conductometries is reported. The existence in PANI of polarons with
different relaxation and mobility is shown. Spin-lattice and spin-spin relaxation times as well as the intrachain
diffusion and interchain hopping rates of these centers were determined separately at 90—-330 K by a steady-
state saturation method at 2-mm waveband EPR. At the polymer doping an effective spin relaxation decreases
due to the formation of metal-like domains of well-coupled chains with three-dimensi@baldelocalized
charge carriers. The mechanism of spin and charge transfer in PANI with different doping levels is analyzed.
The macroconductivity and microconductivity of the medium-doped PANI is determined by 3D interdomain
and intradomain hopping of charge carriers, respectively. In a heavily doped polymer 1D interdomain and 3D
interchain Mott variable range charge hoppings dominate, accompanied with a strong interaction of the charge
with the lattice phonons. It is shown that a bipolaron is the preferred charge carrier in doped PANI samples.
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[. INTRODUCTION conduction in PANI and other polptphenylenglike
polymers®
Among conducting polymerspolyaniline (PANI) and its Variations in the electrical, magnetic, and optical proper-

derivatives in recent years have been at the center of consiéies of the emeraldine forms of PANI differ from the results

erable scientific interest due to their relatively high conduc-of studies of polyp-phenylenglike polymers! Polyaniline

tivity, environmental stability, and ease of preparation in rawiS not charge conjugation symmetric, that is, the Fermi level

materials? In PANI a nitrogen heteroatom is incorporated @nd band gap are not formed in the center of the band, so that

between phenyl rings in the backbone of the chain, whict¥@lence and conduction bands are quite asymmetric, with

results in the essential difference in its properties. PANI genonly @ half-occupied polaron band deep in the gap as op-

erally exists in two main forms, an emeraldine bé@aNI- ~ Posed to the typical two bands in a normal conducting

EB) and an emeraldine salPANI-ES) (Fig. 1).2 polymer‘.3 In addition, the electronic state of the polymer can
The fully reduced PANI-EB is an insulator with a conduc-

tivity o~10 1% S/cm. The “metallic’ PANI-ES, with a i N

conductivity of o~4x10? S/cm is obtained upon protona- /<©/ \@\ /g \@\ ; @)

tion of the EB by exposure to protonic acids or upon oxida- N N

tive doping of the EE. The fundamental interest in polya- H/ X

niline stems from the possibility of investigating physics in

different states, such as the “Fermi glass” stathe “granu- H H

lar metal” state? or as a “disordered metal” close to the N N

metal-insulator transition stateThe fundamental properties : +\©\ /©/ : +\©\ (b)

of PANI depend on the mechanisms of charge transfer in this HSO, E HSO, g ¥

polymer. The presence of localized electronic states of ener-

gies less than the band gap arising from changes in local FIG. 1. Schematic structure ¢4 the emeraldine base form of

bond order, including the formation of polarons and bipo-polyaniline (PANI-EB), and (b) the heavily doped emeraldine salt
larons, has led to the possibility of different types of chargeform of polyaniline in the polaron lattice sta(PAN-ES).
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be changed through a variation of either the number of elecand electron relaxation data that thB,p value is
trons per repeat unit through electrochemical dogimpile ~ 10'2-10"* rad/sec, and depends weakly on the polymer dop-
holding the number of protons constpor the addition(or  ing. TheD3p value of PANI-ES was shown to b@;p=6
subtraction of protons associated with individual nitrogen X 10" rad/s, so theD;p/D3p~10° at room temperature,
sites(while holding the number of electrons on the polymerand it depends on the doping level and correlates with cor-
constank responding dc and intrinsic conductivities. This fact was at-
There has been increasing interest in the temperature aridbuted to the existence of conducting domains as solitary
composition behavior of the conductivity of PANI and in the single polymer chains even in heavily doped PANI. This sup-
mechanism of this conduction. Frequency-dependent corosition corresponds to the ddfabut contradicts the con-
ductivity measurements of partly protonated emeraldinecept of metal-like islands diluted in an amorphous phase of
were proposed to support the presence of an interpolaroiie polymer:®*3 Therefore, it was still not clear in interpre-
hopping mechanismThe effects of protonation on the em- tations of different experimental data concerning electronic
eraldine base led to a proposal of the transformation of itprocesses in this PANI. Recently, Krinichngfi al '® investi-
electronic structure to that of a granular polaron m&ét&lor ~ gated PANI-HCI in detail by high-field EPR, and dc and
intermediate protonation levels, magnetic and optical experimicrowave conductivity techniques. They showed that
ments supported the phase segregation between highly coguasi-3D charge hopping between pinned and mobile small
ducting regions and the insulating backgrodhit.was pro- ~ polarons dominates the bulk conductivity of PANI-EB. The
posed that the charge conduction is via charging energyeonductivity of slightly doped PANI-HCI is determined by
limited tunneling among the small granular polymeric the isoenergetic charge hopping between the polaron and bi-
grains*? polaron states, whereas charge transfer in heavily doped
A detailed study by different methods of PANI-ERefs.  PANI-HCI can be described as a superposition of 1D VRH
10, 13, and 1} allowed one to conclude that both chaotic and charge scattering on the phonons of metal-like islands
and oriented PANI-ES’s consist of some parallel chaingwith 3D delocalized charge carrigrs
strongly coupled into “metallic bundles” between which ~ Up to now the spin relaxation and dynamics parameters of
one-dimensional1D) variable range hoppin¢/RH) charge  PANI-H,SQ,, as well as the charge transfer process in the
transfer occurs and in which electrons are threepolymer, have not been studied. Here we report detailed re-
dimensionally delocalized. The intrinsic conductivity of sults of multifrequency9.7-150 GHz EPR, dc and micro-
these domains was evaluated using a Drude moder as wave(150 GH2 conductivity and ac susceptibility studies of
~10" S/cm;® which was very close to value expected by H,SOy-doped polyaniline. We study the spin relaxation and
Kivelson and Heeger for the metal-like domains in heavilymobility of polaron charge carriers. As in the case of PANI-
doped Naarmanrtrans-polyacetylene (trans-PA).}® How-  HCI, we show the existence in PANI,8O, of polarons with
ever, the ac conductivity of the sample does not exceedifferent relaxation and mobility. The charge in undoped
~700 S/cm at 6.5 GHZ PANI-HCI is characterized by the PANI hops isoenergetically between polaron-bipolaron pairs.
density of the states(e)=3.5-3.8 states/eV per two rings Upon the doping of the polymer the charge carriers start to
at the Fermi levekp.1"18 scatter on the lattice phonons in 3D metal-like domains. In
From the optical reflectance study of PANI doped by dif- heavily doped PANI the charge carriers were shown to be
ferent counterions, Leet al® showed that, in contrast to transferred in the framework of the variable range hopping
other PANI-ES’s, PANI-HSO, should be considered as a mechanism and the undimerized Su-Schrieffer-Heeger
Fermi glass in which the electronic statgs) are localized ~model. Some results on undoped angSEy-doped PANI
due to disorder. From an analysis of the band structure it wawere briefly reported previousfy.
concluded that PANI-KESO, can be considered more metal-
lic than PANI-HCI .
The macroscopic conductivity of the polymers often may Il EXPERIMENTAL METHODS AND RESULTS
reflect a superposition of several charge transport processes.
Therefore, intrinsic charge transfer along a chain is the most
difficult property to examine by the usual experimental ~Conductive PANI powder samples were first obtained by
methods, as it can be masked by interchain, intergk)bu|apolymerization via a modification of the general oxidation
and other processes. Inhomogeneities in structure and dopirigute with (NH;),S,0g in 1.0-M hypochloric acid* To ob-
can also contribute to this complexity. As nonlinear excita-tain samples of different doping levefsindividual amounts
tions possess an unpaired electron with pinl/2, the mag- Of 2 g of theundoped powder were equilibrated by stock
netic resonance methods EPR and NMR allow one to stud§olutions withpH=0-14. The doping level=[S]/[N] was
spin carrier motions on the scale of even few polymer unitsdetermined on the basis of an elemental analysis.
One of the advantages of the methods is the possibility to
determine the coefficient of spin diffusion alond {5) and
between D;p) polymer chains, and thus the anisotrofty
=D;p/D3p of such a motion, even for polymer with chaoti-  The dc conductivity of the pelletlike low- or high-
cally oriented chains. conductive samples was measured in the 6-300-K tempera-
Spin and charge dynamics was studied mainly inture region in an inert atmosphere using the two- or four-
PANI-HCI.2%?! Mizoguchi et al?* found from both proton probe methods, respectively. Figure 2 shows the change in dc

A. Preparation of the samples

B. Direct current conductivity
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FIG. 2. Temperature dependences of the dc conductivity of
PANI samples with doping levelg=0.53 (1), 0.42(2), 0.21(3),
0.06 (4), 0.03(5), and 0.01(6).

conductivity of HSO,-doped emeraldine polyaniline
samples as a function of temperature.

C. Electron paramagnetic resonance

EPR experiments were performed using a 2-mm wave-
band (vo=150 GHz,D band EPR-05(Ref. 25 and a 3-cm . ) .
waveband ¢,=9.7 GHz, X band PS-10X spectrometers FIG. 3. Absorption spectra of PANI samples with doping levels
with 100-kHz field ac modulation for phase-lock detection.Y=9-00 (1), 0.01(2), 0.03(3), 0.21(4), 0.42(5), and 0.53(6),

The total spin concentration in the samples was determineggIStereOI at room temperature(a) 3-cm and(b) 2-mm waveband
using a CuyS(Q,-5H,0 single crystal standard, whereas P'E' The SpeCtra_Of radica, Cal_cmatfd WItthX—E.OO6O32,
Mn?* with ge1=2.00102 anca=87.4 G was used for the 9yy=2.003815, 9,,=2.002390, A=A,y =4.5 G, A,;=30.2 G,

L deff & : — o - and radicaR, calculated withy, =2.00439 andg;=2.00376 are
determination ofg fa?“’r as well as for the magnetic field shown at left. By the dashed lines the specbpcalculated from
sweep scale 'callbratlon at the 2-mm wavebapd. 3-cm WaVE=q (2) with D/A=1.9 (above, 6.3 (middle), and 1.2(below are
band EP_R S|gn_als of the samples, placeq into quartz ansnown as well.
poules with an inert atmosphere, were registered in the 90—

300-K temperature range. At the 2-mm waveband EPR their ) )

spectra were recorded for imaginagy, and real,y!, terms At the 2-mm waveband in both in-phase and out-of-phase
of the total paramagnetic susceptibility in the 90—330-K tem-7/2 components of the dispersion EPR signal of neutral and
perature range in an inert atmosphere. The error in the deteglightly doped PANI, the bell-like contribution with Gaussian
mination of the peak-to-peak linewidtAB,, and the spin packet distributions is registerédig. 4). This effect
g-factor values wast2x10 2 G and =2x10 % at the was not observed earlier in studies of conducting polymers at
3-cm waveband, and 5X1072 G and+2x10 % at2-mm  lower registration frequenci€$.The appearance of such a
waveband EPR, respectively. The spectra were simulated usomponent is attributed to the adiabatically fast passage of
ing MICROCAL ORIGIN V6.0 and WINEPR SIMFONIA V1.25  the saturated spin packets by a modulating magnetic field, as
(Bruken programs. discussed below.

Figure 3 shows 3-cm and 2-mm waveband EPR spectra of The plots of the 3-cm, 2-mm waveband peak-to-peak line-
an initial, emeraldine base PANI sample, and emeraldine sawidth AB, vs temperature and doping level for PC in PANI
PANI samples doped with different numbers of sulfuric acidsamples are shown in Fig. 5. It is seen from the Fig. 5 that
molecules. Undoped PANI at the 3-cm waveband demonAB;, of R, PC’s depends on both the doping level and tem-
strates a Lorentzian three-component EPR signal consistingerature. At the 3-cm waveband EPR the linewidth of PC’s
of asymmetric R;) and symmetricRR,) spectra of paramag- in PANI with y<0.21 depends weakly on the temperature,
netic center§PC9 which can be attributed to localized and whereas this value of PANI samples wigt0.42 demon-
delocalized unpaired electroiifig. 3(a)], respectively.R, strates a greater sensitivity to temperature. At this waveband
PC’s keep line symmetry at<0.42 doping levels. At the the value ofAB, increases with the temperature decrease
2-mm waveband the PANI EPR spectra became Gaussiatown to some critical temperaturé,=200 K. At lower
and broader compared with 3-cm waveband dirég. 3b)]|,  temperatures the linewidth of PANI with=0.21 continues
as is typical of PCs in other conducting polymé&tst this  to increase, however, this value of heavily doped PANI
wavebandR,PCs demonstrate an asymmetric EPR spectrunsamples starts to decreaseTat(Fig. 5). At the 2-mm wave-
at all doping levels. band theT. value shifts down to 140 K. The sensitivity of
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dispersion spectrum components of PANI samples y#ti0.1 reg- | o <IN A A
istered atB,= Blo(l,l’) and Bl~Blo(2,2’) at room temperature. A 8 o
20 | -
A o
the linewidth of PANI withy=0.53 to temperature disap- © R,
peared at higher registration fidlgee Fig. 8)]. 6l A
The temperature dependence of the total paramagnetic.— o 1
susceptibility of PC’s in some PANI samples was determined 2 A 2
using double integration of their EPR specffag. 6). Spin- 8 2L o 3| 4
lattice and spin-spin relaxation times of undoped and slightly ~ v 4
doped PANI samples were measured separately at 2-mm m& [ 9 * 5
waveband EPR using the cw saturation method described in< 8} W ¥ g o - 1
detail earlier® _Dg o g
v
D. Magnetic susceptibility 4F (b) 7]
. I | %y
The measurements of magnetic susceptibility of the PANI L * %
samples were performed at room temperature by the super- 0 .
conducting quantum interference devit®QUID) method, 100 150 200 250 300
as described in Ref. 24. The data obtained are presented in Temperature (K)
Table I.
FIG. 5. Temperature dependence of the peak-to-peak linewidth,
IIl. DISCUSSION ABpp 0f (8 3-cm and(b) 2-mm waveband absorption EPR spectra
) . of PCR, in PANI samples with doping levelg=0.00(1), 0.03(2),
A. Direct current conductivity 0.21(3), 0.42(4), and 0.53(5) adjusted for the Dyson contribution.

The dc conductivity of the samples shown in Fig. 2 can be
described in the framework of the Mott VRH of charge car- ... .4 from Pauli susceptibility ase=u2n(sr), us is the

riers between crystalline high-conducting regions throthBohr magnetona ! is the decay length of the localized

amorphous bridge®. The mechanism is based upon the idea . .
: ' ! .. . electron statekg is the Boltzmann constant, is the tem-
that carriers tend to hop larger distances to sites which li€

energetically closer rather to their nearest neighbors. AccoraQeratlfr?’d IS a dltmetnsmtrr:allt);l of tr;e .S);.Stim' afﬁ@ tls the b
ing to this model, the dc conductivity is given by the tem- percolation constant or the€ characterstic tlemperature, above
perature function which the conductivity is essentially determined by the pho-

S o] non bath, and below which it is determined by the distribu-
[onin(eg - tional disorder of electron states in space and energy. The
— a2 _ Tl 1/(1+d) p gy
7ac(T) =€ 8akgT exi—(To/T) ] intrinsic percolation constanT, is determined from the
; 0T 7 _ — r_ 2
= oo T~ Y2ex — (Th/T) -1+, 1) Telations® To=2T, atd=1 andT=512ToIn*(4Ty/mt,) at
7o A= (To/T) ] @ d=3, wheret, is the transfer integral, which denotes inter-

wheree is the elemental charge, is a hopping frequency, chain exchange between nearest-neighbor chains. Tghe
n(eg) is the density of states at the Fermi lewgl deter- value is equal to 16/kgzn(eg) atd=1 (herezis the num-
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values of parameter, and o1, obtained from the slope
and from the intersection with the conductivity axis, respec-
tively, are presented in Table I. The calculatéd¢), R, and
W values are summarized in Table | as well.

A transition from localization to delocalization occurs
whenK is equal to a unit wher& = (7%/2¥?)(t, /4T,) and
t, =(2e% ea)(r/a)exp(-r/a), and e is the background di-
electric constant of the polymer maincham.Using r
=0.35 nm, a=0.106 nm, ande=4, thent, =0.29 eV,
and T, is experimentally determined; thus we obtain te
value for the PANI samplegee Table)l An increase in the
K value withy means increasing the charge-carrier delocal-
ization as a result of an increase in the interchain coherence.
This value is higher than unity for heavily doped
PANI-HCI,*® and decreases down to 0.1-0.4 for heavily

oped derivatives of polyaniline, namely, oluidine
FIG. 6. Temperature dependence of the inverted paramagnetl% P POy Yy, payt )

susceptibility of PC in PANI samples with doping levsils-0.53 and pon@-ethyIanlllné.32 .
), 0.21(2),)/0.03 ), and 0.00(4).plnset: Paul sugscep?i‘bintyl) It may be noted thaR<1 for PANI-H,SO,, with y
determined by SQUID and paramagnetic susceptibifiyobtained =021 andW=0.01 eV {=0.53), are quite consistent
from 2-mm waveband EPR spectra of PANI with different doping With Mott’s requirements tha&R should be comparable to
levelsy. Also shown are the dependences calculated from(®q. the unit andW to kgT in order to hop to distant sites. One
with Nc/Nta=1.3/1, §=42.8 K, andJ=0.144 eV (solid line), can conclude that the insulator-to-metal transition in PANI-
Nc/Nra=1/1, =655 K, and J=0.108 eV (dashed ling  H,SQ, is of localization-to-delocalization type, driven by the
Nc/N7a=2.8/1, §=72.7 K, andJ=0.120 eV (dotted ling, and  increased structural order between the chains and through an
Nc/Nra=16.5/1,6=59.6 K, andJ=0.130 eV(dash-dotted line  increased interchain coherence. PANIS,, with y=0.53,
possesses a more metallic behavior, and the properties of

ber of nearest-neighbor chains, which is four for PANI-H,SO, with y<0.42 demonstrate it to be near an
polyaniline®) and to 18°%/kgn(eg) at d=3 3 The distance insulator/metal boundary. The inherent disorder present in
R and average energy/ of the charge carriers hopping can slightly doped PANI keeps the electron states localized on
be estimated, respectively, & *=(8/9)maksTn(eg) and individual chains. At lowy the structural disorder in polya-
W= (4/3)7R3n(&g). niline localizes the charge to single chaii@urie-like carri-

By plotting o4.T¥? as a function of T"¥2 or T"¥* a  ers, and the higher doping leads to the appearance of delo-
straight line for the samples under study should be obtainedialized electron stategPauli-like carriers This holds
in agreement with Eq1). It is seen from Fig. 7 that Eql)  typically for the formation in PANI withy=0.21 metal-like
with d=1 and 3 fits well the valuery(T) obtained for domains, according to the island model proposed by Wang
PANI-H,SO, with y=0.53 andy=<0.42, respectively. The and co-worker$®*® This conclusion would be consistent

TABLE I. Pauli (xp) and paramagneticy() susceptibility, determined respectively by the SQUID and
EPR methods, the density of stat€s ) at the Fermi levet, the percolation constaiiy, the decay length
of the localized electron state™ !, the charge carriers hopping distariRand the average hopping eneigy
the charge localization factd¢, and the constants of an antiferromagnetic spin interadti@md J, deter-
mined for PANI samples with different doping level

Value Doping levely

0.00 0.01 0.03 0.06 0.21 0.42 0.53
xp. X10°, emu/mole 0.5 0.55 0.6 0.64 51 86 101
Xs,» X10°, emu/mole 0.18 0.21 0.43 0.62 3.83 16.0 34.1
&g, States/eV two rings ~0 0.01 0.02 0.19 1.3 1.8 2.8
eg, eV - - - - 0.10 0.33 0.51
To, X102 K - - - 96.5 7.87 5.65 1.73
™l nm - - - 0.97 1.7 1.9 2.9
R, nm - - - 212 1.55 1.54 1.58
W, eV - - - 0.042 0.018 0.016 0.011
K - - - 2.1 0.91 0.81 0.54
6, K 59.6 - 72.7 - 65.5 - 42.8
J, eV 0.130 0.120 - 0.108 - 0.144
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asymmetry is demonstrated in PANI-ES samples with higher
y [Fig. 3(b)]. The analysis of EPR spectra obtained at both
waveband EPR’s showed that the line asymmetriroPC

in undoped and slightly doped PANI samples can be attrib-
uted to an anisotropy of thg factor which becomes more
evident at theD band. Aty=0.21 the line asymmetry is due

to the appearance in the spectra of a Dyson-like
component® Such a Dyson-like line shape is commonly ob-
served in 3-cm waveband EPR spectra of some in-
organic substance€$, organic conducting ion-radical
salts® trans-PA ¢ polythiophené poly(para-phenyleng
PANI,%°40 and other conducting polyme?$?’ The appear-
ance of such a term in the EPR spectrum is caused by a
skin-layer formation on a surface of a conducting sample due
to the interaction of charge carriers with an electromagnetic
polarizing field. The depth of the electromagnetic field pen-
etration into a sample is limited by the skin-layer thickness
6, and depends on the sample paramagnetic susceptibility,
which varies in a resonance region. This phenomenon affects
the absorption of electromagnetic energy, incident on a
sample. When the skin-layer thickne$ss less than that of a
sampled, the time of charge-carrier diffusion through the
skin layer becomes essentially less than a spin relaxation
time. Therefore, when the size of a sample is comparable
with the skin-layer thickness, a line becomes asymmetrical
with an asymmetry factoA/B and shifts into lower fields.

In order to obtain all magnetic parameters of PC'’s in high-
conductive PANI more correctly, the Dyson-like contribution
to the total signal should be analyzed. In general, the sum
spectra can be calculated from the equation for a first deriva-
tive of spectral contributions of dispersiqﬁ and absorption
x| terms?*

dX—D +Ag 2
d_B_ g(we) g(we): ( )

whereg(w,) is the line shape function,

D 1 gsinhp—psing sinhpsing
p?+q?>  coshp+cosq  (coshp+cosq)?
and
A 1 psinhp+qsing coshpcosq+1

coshp+cosq

p’+q? (coshp+cosq)?

are respectively the amplitudes of the dispersion and absorp-

tion signals: p=2d/6V V1+a?—a, q=2d/6VV1+a’+a,

a=(swddmo,), and 5= (uoweoad2) Y2
Therefore, two type of PC’s exist in PANI. The paramag-

with that drawn earlier on the basis of data obtained withnetic centelR; with strongly asymmetric EPR spectrum can

TEM and X-ray-diffraction methods®

B. Magnetic resonance parameters

be attributed to a -(Ph-N®"-Ph)- radical with g,y
=2.00603, g,,=2.0038%, ,,~2.00239, A=A,
=45 G, andA,,=30.2 G, localized on a short polymer
chain. The magnetic parameters of this radical differ weakly

As seen from Fig. @), the asymmetry of EPR spectra of from those of the Ph-N®-Ph radicali? probably because of

PC R, depends on the PANI doping level. Indeed, &

a smaller delocalization of an unpaired electron on the nitro-

=<0.03 the intensity of spectral positive peak is higher thargen atom bﬁi=0.39) and of the more planar conformation
that of negative peak of this PC spectrum. An opposite lineof the latter. Assuming a McConnell proportionality constant
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for the hyperfine interaction of the spin with nitrogen nucleusniline perchloraté® However, this does not lead to a strong
Q=23.7 G* a spin density on the heteroatom nucleus ofnarrowing of the PC lingFig. 5). As in the case of PANI
pRI(0)= (At Ay tA;)I(3Q)=0.55 is estimated. At the treated with ammonia, this should indicate a strong antifer-
same time another radic®, is formed in the system with romagnetic spin interaction due to a singlet-triplet equilib-
g, =2.00439 and g;=2.00376 which can be attributed to rium in the system under study; thus the total paramagnetic
PCR; delocalized on more polymer units of a longer chain.susceptibility can be written &

The calculated spectra of these PC’s are shown by dotted

lines at the right of Fig. &). Neg2u?
The lowest excited stateAE;; of the spinR; can be (T)=u2n(ep)+ —a B
. . U . e 42 X KeTER) T K (T+06)
evaluated from their relation with respectigdactor shifts, B

AEjj=geMnpn/ (9xx,yy— 9e)» Whereg, is the g factor of the
free electron)y is the constant of the spin-orbit interaction
of an electron with a nitrogen nucleus, ap{ is the spin

density on ther orbit of the nitrogen nucleus. F&; radical ) )
these energies were evaluated to bE, ., =2.9 eV and whereN¢ and Ny, are the concentrations of the Curie and
AE,,, =7.1 eV. the thermally activated spins, respectively, dnd the inter-

It was shown earliéf thatg,, andA,, values of nitroxide ~ acting energy between spins. _ o
radicals localized in a polymer are sensitive to changes in the AS Shown in Fig. 6, the paramagnetic susceptibility ex-
radical microenvironmental properties, for example polarityPerimentally determined for the PANI samples is well repro-
and dynamics. The shift of the PR, spectralX component duced by Eq/(3) with the parameters presented in Table I.
to higher fields withy and/or a temperature increase may beThe data of Table | show the prevalence of the Curie-like
interpreted not only by the growth of the polarity of the contribution in paramagnetic susceptibility for radicals in

radical microenvironment, but also by the acceleration of thd®AN! with y<0.21, and this contribution decreases during
radical dynamics near its main molecubraxis. The effec- Polymer doping. The) value is close to that0.078 eVf ob-

Nrag?us  exp(—J/kgT)

()

tive g factors of both PC's are near to one another, e,  tained for the ammonia treated PAR. _
Note thatn(eg)~1.3—2.8 states/eV for two rings deter-
(9)r1=(13)(Uyx T Uyy+ 920 ~(Q)ro=(1/3)(gj+ 29, ). mined for PANI-H,SQO,, consistent with those determined

earlier for PANI heavily doped with other countericfis.

This indicates that the mobility of a fraction of radic&®s  With the assumption of a metallic behavior, from the data of
along the polymer chain increases with polymer dopingTable | one can estimate that the energyNgf Pauli spins
Such a depinning of the mobility results in an exchange bein PANI, with 0.21=y=0.53,8=3Np/2n(ef) (Ref. 40, is
tween the spectral components of the PC and, hence, tota be 0.1-0.51 eV. This value is near to tii@t4 e\) ob-
decrease in the anisotropy of its EPR spectrum. In othefained, e.g., for PANI doped with camphor sulfonic atid.
words, radicalR; transforms into radicaR,, which can be From this value the number of charge carriers with mass
considered as a polaron diffusing along a polymer chain wittm_=m, in heavily doped PANf® N.=(2m.eg /%?)%%37?
a minimum rat&® v, = (g,x— ge) wgh B, whereBg is the  ~1.7x 10 cm ™3, is evaluated. Thél, value is close to a
resonance magnetic field, amd=2x7% is the Planck con- total spin concentration in PANI-4$0,. This fact leads to
stant. Using theg factors measured, we obtaiﬂﬁ’DB 1.1  the conclusion that all PC’s take part in the polymer conduc-
x10% s71. tivity. For heavily doped PANI samples, the concentration of

The g factor of PCR, in PANI with y=0.21 becomes spin charge carriers is less than that of spinless ones, due to
isotropic and decreases frogk,=2.00418 down tog;s, the possible collapse of pairs of polarons into diamagnetic
=2.00314. This is accompanied by a narrowing of Be  bipolarons. Using lattice constamt=0.96 nm for PANI-
line (Fig. 3). Such effects can be explained by a further de-H,SO, (Ref. 14 the velocity of the charge carrier near the
pinning of one-dimensional spin diffusion along the polymerFermi level can be calculatéfl, as vg=2c/[ 7hin(sg)]
chain, and therefore spin delocalization, and by the forma=(3.3—7.2)x 10" cm/s, typical for other conducting
tion of areas with high spin density in which a strong spin-polymers2®
spin exchange on neighboring chains occurs. This is in
agreement with the supposittii® of formation in amor-
phous PANI-EB of high-conductive massive domains with
3D delocalized electrons. Earlier, it was showf? that spin relaxation and dynamics

The temperature dependencesAd,, shown in Fig. 5 in condensed systems, especially in conducting polyRfers,
show evidence of different charge transport mechanisms ioan be analyzed from their 2-mm waveband EPR dispersion
PANI with different conductivities. However, one can con- spectra. At this waveband an appreciable weakening of the
clude that the mechanisms affecting the linewidth depend oexchange interaction between individual spin packets occurs
the registration field: thus the linewidth does not directlyat lower microwave power due to the increase in both the
reflects the relaxation and dynamics parameters of PC.  registration frequency and external magnetic field. Indeed, as

The doping of the PANI under study leads to an invertedfor other organic conducting polyme?%,both the 2-mm
A-like temperature dependence of an effective paramagnetivaveband EPR dispersion components of an initial and
susceptibility (see Fig. 6, as occurs in the case of polya- slightly doped PANI contain bell-like term with Gaussian

C. Spin relaxation and dynamics
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spin packet distributiong=ig. 4). Such an effect is as a result — - - - - ]
of the rapid passage of PC’s when the conditions of the spin ~ 10” 5' ¢ . : Z ; 3
packet saturation,B1\T;T,>1 and the adiabatic passage i o ° s o0 3 ]
of resonancedB/dt=B,0n<y.B5 hold, wherey, is the 0k R, ° v 4
gyromagnetic ratio of electrorB, is the magnetic compo- E A o ]
nent of the polarizing microwave field;; and T, are the 10k 1 i
spin-lattice and spin-spin relaxation times, respectively, 8 R . o
dB/dt is the rate of passage of the resonance, Bpdand v: s[ 4 1
wy are the amplitude and angular frequency of magnetic & 10 E 2 1:
field modulation, respectively. | a2 o g o B ]
Generally, the first derivative of the dispersion signal con- 10 FonQR A A A o O3
sists of two in-phase and one/2-out-of-phase ternt& fgeg © © © © 3
wt Y Y Yy 9 v
U=u19"(on)SiNwmt) + Ug(wm)Sin oyt — ) 100 150 200 250 300

Temperature (K)

- (4)

a
+U39(wy)Sinl ot =
3(om) ( mT2 FIG. 8. Temperature dependence of the spin-latfige(filled
. ) ) points and spin-spinT, (open points relaxation times calculated
Obviously,u,=u3=0 in the absence of microwave satura- from Egs.(5), (6), (7), and(8) for PANI samples with doping levels

tion, and one registers an ordinary dispersion signal. In thef y=0.00(1), 0.01(2), 0.03(3), and 0.21(4).
opposite case all terms contribute EPR signal anduthend
uz intensities are determined by the ratio of the effective
relaxation rate of spin packets '=(T,T,) 2 and the rate T,
of passage of resonance,B,,. If the latter is high and
the modulation frequency is comparable with or higher than i
71, the spin packets have no time to track the reverse oft ®mI1<1. The amplitudes of the; components are mea-
the direction of the passage of the magnetic field because-"ed at the center of the spectrum, whes we.
it proceeds at too high a rate. In the case of adiabatic Relaxation times of an initial and slightly doped PANI-
passage of resonance each spin can see only an averad&PQ: samples calculated from Eq$), (6), (7), and(8) are
applied magnetic field; therefore, the first derivative of theShown in Fig. 8 as functions of temperature. Figure 8 dem-
dispersion signal will be mainly determined by two last onstrates that thg increase in tht_—? doping Ieyel Qf the polymer
terms of Eq.(4), where u2=Xo7Ty§BleT2/2 and Us Iea_ds to shortening of thg eﬁeqt!ve relaxatlon tlmes of PC’s,

which can be due to an intensification of the spin exchange
with the lattice and with other spins stabilized on neighbor-
ing polymer chains of highly conducting domains. It should
be noted that spin relaxation in the polymer at high tempera-
tures are mainly determined by the Raman interaction of the
rZz'harge carries with lattice optical phonons. The probability
“and rate of such a process are dependent on the concentration
n of the PC localized, e.g., in ionic crystalswgzocTIl
«n?T’) and in -conjugated polymersWge T; tocnT?) .49

. —1 ot

can be determined from the components of the dispersio he a\{r?ulable_ data suggest that ﬂﬁ? values of PC’s in
signal of saturated spin packets, recorded at correspondi lyaniline (with y<0.03) are described by a dependence of

-1 —k _ ’
phase tunings of the synchronous detector using th® tyPeT, =nT % wherek=3-4, whereas those of PC’s

’7TU3

" 20 (Up + 11U,) ®

=Xo7ry§BleT2/(4mel). If the effective spin relaxation
time is shorter than the modulation periods<(wr;1) and
7>B,/(dB/dt), the magnetization vector has sufficient time
to recover to the equilibrium state during one modulation

dent of the recording frequency, and will be mainly deter
mined by theulg|(we) andu;g(we) terms of Eq.(4), where
U= XomY2B1Bm andug= xomyiB1BnT1To/2.

Thus the electronic relaxation times of the spin syste

equation® in the polymer withy=0.21 are described by a flattened

dependence characterized by the opposite sign of tempera-
3w, (14 60) ture variations,T; *«nT%3 (see Fig. 8 This indicates the

1:22m—' (5  appearance of an additional channel of the energy transfer

¥eB1,Q(1+Q) from the spin ensemble to the lattice at the polymer doping,

as is the case in classical metals.

QO The relaxation times of electron and proton spins in PANI

T2=w—m, (6) should vary depending on the spin precession frequency as

T, 2n"1wY2 2 Therefore, the experimental data obtained
(here Q=us/u, and B, is the strength of the polarizing &N be explained by a modulation of electronic relaxation by
0 1D diffusion of R, radicals along the polymer chain, and by
3D hopping of these centers between chains with the diffu-
sion coefficient®,p andD5p , respectively. In this case, the
7) spectral density function for the spin mobility in the 1D sys-
tem can be written 88

field atu;=—u,) at w,,T;>1,

’7TU3
_Zwmul'

1
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o : 1 spin exchange in metal-like domains of higher effective di-
10°p o0, D mensionalities. Providing thdt;=T, for the PANI sample
W0 | B, * R " with y=0.21, an effective rate of 1D and 2D spin motions in
P 4 & N this polymer can be evaluated as well. It seems that both the
0°F ggy 9 hd 3 rates calculated in the frameworks of 1D and 2D spin diffu-
g oof g sions are near to one another.
g 4 o g k It was found, at that 5—450-MHz waveband EPRef.
S 10§ o 1 21), that the high anisotropy of the spin dynamics is retained
& T g 8 A 4 in PANI-HCI with y=0.6 even at room temperature. How-
A 10F g A L ever, our experimental data indicate that the anisotropy of the
104: Dgg A : motion of the charge carriers is high only in PANLSO,

P © N 1 with y<0.21. Such a discrepancy is likely due to the fact that
10" AND A 1 the effective dimensionality of PANI doped with,HO, to
100 50 200 75 0 y=0.21 is larger than that of PANI-HCI. Ay=0.21 the

system seems to grow dimensionality in PANJSO,, and at
high temperatures the spin motion tends to become almost
FIG. 9. Temperature dependence of the intrachain diffusign ~ iSotropic. The increase in the dimensionality at the polymer
(filled points and interchain hoppin@sp (open points rates for ~ doping is accompanied by a decrease in the number of elec-
polarons in the initial and ¥50,-doped PANI samples witly tron traps, which reduces the probability of electron scatter-
=0.00(1), 0.01(2), and 0.033), as well as an effective rate of spin ing by the lattice phonons and results in the virtually isotro-
diffusion in PANI sample withy=0.21 calculated in the framework pic spin  motion and relatively slight temperature
of 1D (filled points and 2D (semifilled point$ spin transport4) dependences of both the electronic relaxation and diffusion
respectively. rates of PC’'s, as is the case for amorphous inorganic
semiconductor&®#® This was also shown in a study of

PANI-HCI with different doping levels at a 2-mm
Iwe)=n1o(we) 2 . (9 waveband®

Temperature (K)

Wher_en=n1+ n,/\2 i_s the effective concentration of b(_)th D. Charge transfer in undoped and H,SO,

localized and delocalized PC’'s per the monomer unit of ) o

PANI, n, andn, are the relative concentrations of localized 10 determine the conductivity components of a sample

and delocalized PC's, respectively, is the lattice sum for due to the mobility pf the spin charge carriers, one can use

the powderlike samplegp(we)=(2Dpwe) 12 at D},  Well-known expression

>we>Dap O bip(we)=(2D1pDap) 2 at Dap>we, 5 )

D|,=4D;5/N? andN is the spin delocalization length in 013p=N26°D1 3T /ksT, (12)

the monomer units. Previousty,an analogous spectral den- )

sity function was used in the study of the spin dynamics inWith ClD:0-96014nm andegp=0.590 nm lattice constants

PANI. Note, however, that for 2D spin motiom,p(we)  ©Of PANI-H,SO,. ™" In Fig. 10 the temperature dependences

= In(472D, /w2 DD ,.5 of_ conductivities due to 1D and 3D spin mothns in PANI
Since the electronic relaxation is mainly determined byWith 0.00<y=<0.21 are presented. In contrast withnsPA,

the dipole-dipole interaction between localized and delocalWhere an anisotropy of conductivity due to soliton dynamics,

ized spins(with a spin valueS=1/2), we can write the fol- A=01p/o3p~10° (at room temperatujedoes not change

-doped polyaniline

lowing equations for the rates of electronic relaxatfon considerably upon the introduction of different dopaftts!
This parameter of PANI-EBO, decreases from 810°
T: Hwe)=(0)[2)(we) +8I(2we)], (100  down to a unit as the doping level increases from 0.00 up to

0.21(Fig. 10. An analogous decrease in tAevalue is also
-1 — {2 realized for PANI-HCI (Ref. 18 and other conducting
T2 (0e) =(@9)[33(0)+5](we) +23(20e)],  (11) polymers?® Note that this value was also determined by both
where(w?) =0.1(uo/4m)yah*S(S+1)n%;; is the averaged EPR and NMR methods for heavily doped PANI-HCI to be
constant of the spin dipole interaction for a powderlike near 20°* At the increase of the doping level from 0.01 up to
sample. 0.21 theo,./ oy, ratio changes from 810 to a unit(see
In Fig. 9 we show the temperature dependences of th€igs. 2 and 10 The same tendency was obtained in a study
effective dynamic parametei3,p and D5y calculated for  of microwave charge transport in PANI-EBRef. 55 and its
both types of PC’s in several PANI samples from the dataderivatives': This is additional evidence of a decrease in the
presented in Fig. 8 using Eq€)—(11) atN~5 531t seems to  anisotropy of the spin motion in PANI-ES, and is in agree-
be justified that the anisotropy of the spin dynamics is maxi-ment with the conclusions drawn previously concerning the
mum in the initial PANI sample, and decreasesyai-  growth of system dimensionality during the dopfigAn-
creases. At a relatively high degree of oxidation0.21, the  other charge-transfer anisotropy can exist in the system. For
electronic relaxation times become comparable and onlynstance, the ratio of dc conductivities measured along and
slightly temperature dependent because of an intense spia€ross the stretch-oriented polymer chaimg/o, depends
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3). According to this model, the Coulomb interaction occurs
between the charge carriers and the dopant anions introduced
into the polymer. In this case, the excess charge can be isoen-
ergetically transferred from one charge carrier to another
charge carrier moving along the neighboring polymer chain.
The temperature dependence of the probability of this pro-
cess and, hence, of the charge-carrier mobility, will be deter-
mined by the probability of finding the neutral soliton or
polaron near the dopant anion. The ac conductivity is defined
by the expressiotr®

2vel N

Nyy(T)

NZeX(y)&Er ve Kyve

384kgT

4 OoVe

oadT)= =TT

I-I-I'I'1+1
(13
where k;=0.45, k,=1.39, andk; are constants;y(T)

_ 15
FIG. 10. Temperature dependence of the ac conductivity due tg- Yo(T/300 K)™"* is the rate of electron transfer between

polaron motions alondfilled pointg and betweenopen points

polymer chains in the initia(1) and H,SO,-doped PANI samples

) — -2
the charge carrleri,n)_—npnbp(np+ Npp) % W.herenp and
Nnpp are the concentrations of polarons and bipolarons per the

with y=0.01 (2) and 0.03(3) as well as an effective rate of spin monomer unit of the polymer chain, respectivelR,
diffusion in a PANI sample withy=0.21 (4), calculated, respec- = (4mN;/3) 2 is the typical distance between the dopant

tively, in the framework of 1D(filled point9 and 2D (semifilled

anions with the concentratio; ; ¢= (&)Y, &, and¢,

pointg spin transport. The lines show the dependence calculateglre the averaged localization length of the wave function of

from Eg. (13) with 0(=2.7x10"1° SK'secm!, ky;=3.1

X 10 sK™ % andm=8.5 (above the dashed lipethose calcu-
lated from Eq. (14 with the parameters o,=3.95

x107% Scm 'K ! andhw,,=0.12 eV(upper dash-dotted ling
0o=1.75x10"¢ Scm‘lK‘E and hw,,=0.11 eV (upper dotted
line); and those calculated from Eq(15 with ogD=8.2

X102 SK 18ecm™! and E,=0.033 eV (low-temperature re-
gion), 09,=3.9x10*? SK *s*8cm ! andE,=0.41 eV (high-

temperature  region (lower dashed ling o3,=4.5

X107 sk 18ecm ! and E,=0.102 eV (lower dash-dotted
line), and 035=3.1x10"*® SK 18cm ! and E,=0.103 eV
(lower dotted ling.

upon the dopant types 10-41.@/cm for PANI-ES(Refs. 10
and 56 and 20-18 S/cm fortransPA.>’

the charge carrier and its parallel and perpendicular compo-
nents, respectivelyt; is the number of monomer units in the
polymer chain; anan~10.

Figure 10 shows that the experimental datadey of the
initial PANI sample is fitted well by Eq(13) with og=2.7
X101 SKsem'l, ky=3.1x10" sK%5 andm=8.5. In
contrast to undopettans-PA, some quantity of charged car-
riers exist even in the initial PANI sample, so the above
Kivelson mechanism can determine its conductivity. Such an
approach is not evident for PANI with 0.6ly<0.03 due to
lower temperature dependence of these samples. The model
of charge-carrier scattering by optical phonons of the lattice
of metal-like domains in conjugated polym&ts® seems to
be more convenient for the explanation of the behavior of
their conductivity. In the framework of this model the con-

The mechanism of spin and charge transport in PANI deductivity of a slightly doped polymer can be expressed as

pends on the polymer doping level; therefore, the data ob-
tained in the study of spin dynamics in PANLSO, can be
interpreted using different models for the charge transfer in
low-dimensional systems. Previousfywe interpreted the
dynamic process occurring in PANI-HCI as the motion of a
small polaron in an undoped sample and interchain spin hop-
ping in a slightly dopedy(=0.03) polymer in the framework WhereM is the mass of the CH or NH group, is a transfer
of Kivelson theory’ integral equal to 2—-3 eV for the electron,w,;, is the fre-
The fact that the spin-lattice-relaxation time of PANI is quency of the optical phonon, and is the constant of
strongly dependent on the temperatigsee Fig. 8 means electron-phonon interactioffor trans-PA « is equal to 4.1
that, in accord with the energy conservation law, electronX 10° evem ! (Ref. 16].
hops should be accompanied by the absorption or emission As can be seen in Fig. 10, theg(T) dependence for the
of a minimum number of lattice phonons. Multiphonon pro- PANI-H,SO, sample withy=0.01 and 0.03 is fairly well
cesses become predominant in neutral PANI because of fdted using Eq.(14) with hw,,=0.12 and 0.11 eV, respec-
strong spin-lattice interaction. For this reason, an electronitively. The latter values are near to an enef@yl9 e\j of
dynamics process occurring in the polymer should be conthe polaron pinning in heavily doped PANI-E3.
sidered in the framework of Kivelson’s formaliSrof isoen- The strong temperature dependeneg, of the initial
ergetic electron transfer between the polymer chains involvsample can probably be interpreted in the framework of the
ing optical phonons, because spin and spinless chargmodel for the activation(with the activation energye,)
carriers probably exist even in an undoped polysee Fig. charge transfer between the polymer chaths,

N ezwphClDM tngT
4h3a?
=0 T[(hwpn/kgT) — 1],

oadT)=

[sinh(hwyp/ksT) — 1]

(14)
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The number and dynamics of this type of charge carriers can
differ; thus the electronic dynamics properties of the sample
should depend on its doping level. Indeed, the conductivity
determined from the Dyson-like absorption spectra of PANI
with y=0.21 is higher than that calculated from its disper-
sion ones(Fig. 11). The slopes of their temperature depen-
dences are different as well. This fact provides additional
evidence of the appearance in doped PANI samples of dia-
magnetic bipolarons or other types of charge carriers, i.e., 3D
delocalized conducting electrons are the main charge carriers
in doped samples. Using the data presented in Fig. 11 and in
Table I, from Eqg.(12) we can evaluate the ratio of the dif-
fusing coefficients of these charge carriers, equal approxi-
mately to 0.39 at room temperature.

The slope of the temperature dependences of conductivity
of PANI with y=0.21 and 0.42, shown in Fig. 11, can also

be explained by the interaction of charge carriers with the
FIG. 11. Temperature dependence of the ac conductivity calcutattice phonons described by E@4). Figure 11 shows that
lated from the Dyson-like EPR line of#$0,-doped PANI samples the experimentalo,, values obtained for PANI withy
with y=0.53(1), 0.42(2), and 0.21(3), and these determined from — g 21 in frames with spins of 1D and 2D diffusion are fitted
spin relaxation of PC in PANI witly=0.21 in the framework of 1D \yq| by Eq. (14 with hw,,=0.027 eV and ho,,
(4) and 2D(5) spin motior!s. The lines show trle d?pendences cal-_ g g25 eV, respectively. As‘;uming that both typpes of
iul"’(‘)tfg SfronllEK(L(m :’:h aobzooéss \S/(Cm K d, ‘;Ozdzl_zr')l charge carriers take part in the conductivity of this sample,
and tho(s:,g] calc‘uljt]ed wpfrr]om. Eq.e(14l)mpe\j\:ithaS aeo=ll.§ for Slhzls _clase one -Obtalnbwph:O-'O” ev or Vph-:4'l7
Lo S oy 0013 o mide toned ne 10031 (G20 T, Saueton (1, ato 1 e
09=5.8X10"2 Scm’lK’lzand hopy=0017 eV (middle dash- (Fig 1]3/ y=0. ph=0.
32&‘;‘: gzghe(;(’“ng'a?:‘(dlgozls_ :92 10}62 Sa:::]—llal)(pfl g'r]%z; we:]/ The conductivity calculated from Dysonian absorption
=0.025 eV(lower dotted ling. P spectra of the heavily doped PANI sample demonstrates an
extremal temperature dependence with a characteristic point
T.=200 K. An analogous dependency was obtained earlier
for PANI-HCI with y=0.41 and 0.50 Such a temperature
with E, equal to 0.033 and 0.41 eV for low- and high- dependency can be attributed to the above-mentioned inter-
temperature regions, respectivellyig. 10. The activation acting charge carriers with lattice phonons at high tempera-
energy of interchain charge transfer in slightly dopedtures thgmetallic regime described by E(l4)] and by their
samples isE,=0.102 eV for PANI withy=0.01 andE, Mott VRH at low temperatureghe semiconducting regime
=0.103 eV for PANI withy=0.03 (Fig. 10. The latter approach gives, for the ac conductifity,
Note that the spin diffusion coefficients and consequently B ) ’ s 4 B
the conductivities, calculated from the spin relaxation of Zac(T)=(1/3meksTn(e)a "weln™(wo/we) =0T,
PANI with y=0.21, in frameworks of one- and two- (16)
dimensional spin diffusion, are near to one anottiégs. 9 where w is the angular limiting hopping frequency.
and 10. This fact can possibly be interpreted as the result of |t is seen from Fig. 11 that the combination of E¢4)
the increase of system dimensionality above the percolatiognd (16,

border(aroundy=0.1). However, this can be also due to the
decrease in accuracy of the saturation method at high dopingrac(T) ={0611T*1+ aglefl[sinr(hwph/kBT) -1]7474
levels. In this case the dynamics parameters of both spin and (17
spinless charge carriers can be evaluated from the Dyson-like, _ 1 B , 11
EPR spectrum. with 00,=0.86 Scm K™, ¢0,=2.1X10"° Scm K™,
Figure 11 shows the temperature dependence of the @ndhw,,=0.087 eV, well fits the conductivity of a heavily
conductivity of doped PANI samples determined from theirdoped PANI-BSO, sample. The latter value is larger than
Dysonian 2-mm EPR spectra using E8). For the compari- hw,,=0.018 eV determined for PANI-HC(Ref. 18, but
son, the conductivities determined for PANI wigk=0.21 in  lies near to the value diwy=0.066 eV evaluated from the
the framework of 1D and 2D spin motior§ig. 10 are data obtained by Wang and co-worké&?ts?
presented as well. The charge transport properties deter- The ac conductivity of heavily doped PANI,BQ,, esti-
mined for the latter sample by different methods seems tanated from the contribution of spin charge carriers, is about
differ. In contrast with the shape of the saturated dispersiod10 Scm! at room temperaturésee Fig. 11 This value is
EPR signal, the Dyson-like line shape “feels” both types of much smaller thano,(we.—*)=10" Scm ! calculated
charge carriers, spin polarons, and spinless bipolarons, dkeoretically*®> however, it lies near that obtained for metal-
effective charge ensemble, diffusing through a skin layerlike domains in PANI at 6.5 GHZ. The o,/ 0. ratio for

03p(T) =03 2T exp( —E, /kgT), (15)
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these domains can now be evaluated for the PANI underegions of the massive metal-like domains of strongly
study to be 4.5, that is near to that obtained for PANI dopedtoupled chains with 3D delocalized charge carriers. The
by some mineral acid® Taking into account that the . charge 3D and 1D hops between these domains in the me-
= o4, condition is fulfilled for classic metaf$,one can con- dium and heavily doped PANI, respectively. The doping
clude a good structural ordering of these domains. Chargehanges the interaction of the charge carriers with the lattice
carriers diffuse along the polymer chains with the constanphonons, and therefore the mechanism of charge transfer. It
Dip=0a8 2n"(ep)ci2, that is near to 8.810' rad/s; also results in an increase of the number and size of highly
in addition, their mean free path=o,;m.vr/(N€?) is near  conducting domains containing charge carriers of different
to 0.5 nm at room temperture. The latter value is smaller thatypes and mobilities, which lead to an increase in the con-
that estimated for orientedtransPA (Ref. 16 and ductivity and Pauli susceptibility above the percolation
PANI-HCI,*® but also holds for extended electron states inboundary.

PANI-H,SO, as well. The energy of lattice phonohsop, In the initial PANI the charges are transferred isoenergeti-
obtained from ac data correlates with the enedggf the  cally between solitary chains in the framework of the Kivel-
interaction between spinésee Figs. 6, 10, and L1that son formalism. The growth of the system dimensionality
shows the modulation of spin-spin interaction by macromodeads to the scattering of charge carriers on the lattice

lecular dynamics in the system. phonons. In heavily doped PANI the charge carriers are
transferred according to the variable range hopping mecha-
IV. CONCLUSION nism, and are scattered on the lattice phonons as well. This is

o ~ in agreement with the concept of the presence of 3D domains
The combination of EPR and electron transport studiesn PANI-ES (Refs. 10 and 1Brather than the supposition that

shows that two types of paramagnetic centers are formed inp solitary conducting chains exist even in heavily doped
PANI, polarons localized on chains in amorphous polymerpan.

regions and polarons moving along and between polymer

chains. The number of the latter increases during the polymer

do.plng. After thel percolation .border_ Fhe_ interaction between ACKNOWLEDGMENTS
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