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Effect of chain aggregation
on the conductivity and ESR spectra of polyaniline
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Solutions of polyaniline in m-cresol with and without camphorsulfonic acid (CSA), as well
as films cast from these solutions were studied by ESR spectroscopy at 133—423 K and by
optical spectroscopy in the range A = 350—1100 nm. An analysis of the optical and ESR spectra
shows that in the solutions and films without CSA polyaniline is fully doped but the conductiv-
ity of these films is low (<1078 S cm™!; ¢f. 100 S cm™! for the films with CSA). Compared with
the CSA-containing samples, the samples without CSA are characterized by broader ESR lines
and higher contribution of the Curie spins to the magnetic susceptibility. These facts indicate a
weak aggregation of polyaniline chains without CSA, which leads to low conductivity. A formula
was proposed, which describes the temperature dependence of the polyaniline ESR linewidth
and allows the interchain distance and the mobility of electrons moving along polymer chains
to be determined. The conductivity of polyaniline films is affected by moderate heating
(363—388 K) of the films and solutions from which the films were cast. It was found that the
interchain distances correlate with the conductivity of the films and with the broadening of

their ESR lines caused by the effect of O,.
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Polyaniline films cast from polyaniline solutions in
m-cresol containing camphorsulfonic acid (CSA) addi-
tives have been a subject of intensive research because they
exhibit recordly high conductivities (see, e.g., Refs 1—7
and references cited therein). It is accepted that CSA
favors transformation of polyaniline into a protonated
conducting form and that m-cresol changes the confor-
mation of the polyaniline molecules from a coil to ex-
tended chain. Extended chains are characterized by closer
packing and the film conductivity increases due to fast
inter-chain electron transfer.

Protonation of the basic form of polyaniline leads to
the appearance of paramagnetic polarons.

Because of spatial periodicity of the "polaron” lattice
the electron energy spectrum has a band structure. The
upper band is partially filled, which is responsible for the
high electronic conductivity and temperature-indepen-
dent Pauli susceptibility. The conformation of polyaniline
molecules can be affected by counterions X~ and solvent
molecules. Theoretical analysis® showed that high solu-
bility and extended conformation of the polyaniline
molecules in solution in the m-cresol—CSA system is
due to the formation of a specific complex polyani-
line—m-cresol—CSA owing to combination of the stack-
ing of phenyl groups, hydrogen bonding, and electrostatic
interaction.

YegeVonel

Base

[ H H
N N
X X
>N N
| H H

Salt
OH
CH,SOzH
o]
Me
m-Cresol CSA

Conducting polymers including polyaniline are called
quasi-1D metals, because their properties strongly de-
pend on the interchain interaction. It was theoretically
shown that the existence of true 1D metals is impossible,
because any violation of periodicity leads to localization
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of electrons (see, e.g., Refs 9 and 10 and references cited
therein). It is considered that the Pauli susceptibility of
conducting polymers is due to the domains with close
packing of chains (the so-called metal-like, quasi-3D
high-conductivity domains) separated by quasi-1D low-
conductivity domains and that the conductivity of con-
ducting polymers is controlled by that of the quasi-1D
domains. As temperature increases, the conductivity of
conducting polymers increases, whereas the conductivity
of normal metals decreases. An increase in the polyaniline
conductivity with temperature is explained in terms of the
variable range hopping model (see., e.g., Refs 9 and 10),
according to which thermally activated motion of elec-
trons along the polymer chains is accompanied by inter-
chain hopping at appropriate sites.

The effect of the inter-chain interaction on the con-
ductivity, magnetic susceptibility, width of the ESR spec-
trum, and other characteristics of polyaniline films has
been studied (see Refs 9—11 and references cited therein).
Introduction of substituents into benzene rings leads to
an increase in the interchain distances and in the propor-
tion of localized spins, to a decrease in conductivity, to
deviation of the shape of the ESR spectra in the wings
from Lorentzian shape, and to some other effects.9—11
They are explained by enhancement of the 1D character
of conductivity upon introduction of substituents.

m-Cresol itself can protonate (dope) polyaniline. In
this connection it was interesting to compare the solu-
tions of polyaniline in m-cresol without and with CSA
additives as well as the films cast from these solutions. It
was found that the conductivity of the films without CSA
is much lower than that of the films with CSA additives.
The results obtained in this work by 3-cm ESR spectros-
copy suggest the absence of interchain interaction in the
polyaniline samples containing no CSA. A relation was
proposed, which describes the temperature dependence
of the ESR linewidth and makes it possible to determine
the interchain distances. It was found that differences
between these distances are responsible for not only the
difference in the film conductivities but also the distinc-
tions in the oxygen effect and in the published 2-mm ESR
spectra.

Experimental

Chemicals used in this work were aniline (Reakchim, Rus-
sia, "pure” grade), m-cresol (Aldrich, 98%), as well as CSA,
HCI0,, and (NH,),S,054 (Reakchim, Russia, "chemically pure”
grade).

Polyaniline was synthesized by oxidative polymerization at
—20°C. To 10 mL of 1 M aniline solution in MeCN containing
1 M HCIOy, 10 mL of a MeCN—water (3 : 4) mixture contain-
ing ammonium persulfate (1 mol L~!) and 1 M HCIO, was
added dropwise over a period of 2 h. The emeraldine salt precipi-
tate thus obtained was washed with alkali to obtain emeraldine
base and dried at room temperature.

Films were prepared by deposition of polyaniline solutions
on glass and lavsan supports followed by drying at room tem-
perature. Lavsan is appropriate for both optical and ESR mea-
surements because it produces no ESR signal and exhibits no
absorbance in the 300—1100 nm region. Additionally, the films
for ESR measurements can be rolled and placed in a glass tube
(inner diameter 5 mm). Two types of films were prepared. The
first type of films on lavsan supports were cast from a 4% (wt.)
solution of polyaniline in m-cresol (without CSA) heated at
423 K for 1 h. These films were relatively thin (~1 pm thick).
Their conductivity (~10~8 S cm~!) was determined by the two-
probe method and the film thickness was determined photo-
metrically. To prepare the second type of films, a mixture of the
basic form of polyaniline (12 mg) with CSA (18 mg) was thor-
oughly stirred in a porcelain mortar, m-cresol (0.6 mL) was
added and the mixture was thoroughly stirred again. Paste
(2 wt.%) thus obtained was deposited on the glass (for conduc-
tivity measurements) or lavsan (for optical and ESR measure-
ments) support. These films were ~50 um thick. The thickness
of the films on glass supports were determined by a micrometer.
The film conductivity (100 S cm~!) was determined by the four-
probe technique at a frequency of 1 kHz. Contacts were glued
with Silver Point paste.

Digitized ESR spectra were recorded with an SE/X 2544
ESR spectrometer (Radiopan, Poznan, Poland) operating in the
3-cm band, equipped with a magnetometer, a frequency meter,
and a temperature accessory. Solutions were placed in glass or
polyethylene tubes (inner diameter ~1 mm) and films were placed
in 5-mm glass tubes. When determining the second moments of
the ESR spectra of polyaniline solutions in m-cresol, the spectra
were recorded in the 20 mT range.

The ESR spectra of films were recorded in vacuum
(~1072 Torr) and in pure oxygen atmosphere (0.9 atm). A blank
run involved removal of oxygen from a gel diluted with a large
excess of m-cresol. To this end, the solutions were placed in
thin-wall polyethylene tubes (inner diameter ~1 mm) with gas-
permeable walls and the tubes were blown over with argon for
2—3 h at room temperature. The ESR linewidth remained un-
changed. For a suspension of polyaniline in water, it took 30 min
to remove oxygen. Thus, in m-cresol the effect of oxygen is
insignificant and the ESR spectra of paste and solutions re-
ported in this work were recorded in air.

The magnetic susceptibility was determined by comparing
the second integrals of the ESR spectra of the polyaniline sample
under study and a reference sample with the known spin con-
centration. In solution studies, a 1 mM solution of stable free
nitroxyl radical in EtOH was used as the reference sample. The
molar magnetic susceptibility of the nitroxyl radical at room
temperature was assumted to be 1.5+ 10~3 (in dimensionless elec-
tromagnetic units, e.m.u.). The molar magnetic susceptibility of
polyaniline solutions is reported per mole of two rings and the
film susceptibilities are given in relative units because of prob-
lems in determining the film weight and considering the sample
geometries.

In some cases the ESR lines were simulated by the sum of
two Lorentzian lines with the same g-factors and different
linewidths (D; and D,) and intensities (4; and A,) using the
ORIGIN 6.0 program. The proportion of spins with the spec-
trum width D, was determined as F; = A,D%/(A4,D\* + A,D,?).
The temperature dependence of the linewidth was also simu-
lated using the ORIGIN 6.0 program. The ESR spectra ehxibiting
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a hyperfine structure and the spectra with anisotropy of the
g-factor were simulated using the Simfonia program.

As shown below, the width and shape of the ESR spectral
lines in both polyaniline solutions and films can undergo irre-
versible changes on heating the sample; therefore, all tempera-
ture dependences were measured as follows. First, the tempera-
ture was lowered from 293 to 133 K and then raised to a maxi-
mum value (at most 423 K), and then decreased again to 293 K.

The optical spectra in the region A = 200—1100 nm were
recorded with a Perkin—Elmer Lambda EZ 210 spectropho-
tometer.

Results and Discussion

Polyaniline doping with m-cresol. m-Cresol can dope,
although slowly, polyaniline without CSA. This is not
surprising because m-cresol is a weak acid characterized
by a room-temperature acidity of 10, i.e., [A][H]/[AH] =
10~1°, Hence, [H] = 3-10~5 mol L1,

A freshly prepared solution of the basic form of
polyaniline in m-cresol has a blue color and exhibits a
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Fig. 1. Room-temperature absorption spectra of polyaniline so-
lutions in m-cresol and of the films cast from these solutions:
(a) 0.1% (wt.) solution of polyaniline in m-cresol 1 h after disso-
lution (7), solution after heating at 423 K for 1 h (2), and
a film cast from the heated solution (3); (b) 2% polyani-
line—CSA—m-cresol paste (7), film prepared from gel formed
from the paste after 48 h (2), and gel after 30-fold dilution with
m-cresol (3).
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Fig. 2. Typical ESR spectra of polyaniline solutions and films
and their simulations: 4% solution of polyaniline in m-cresol
after heating (423 K, 1 h), 293 K (solid curve), Lorentzian
(dash-and-dot) line, and 1D-line (dashed) (see text) ([/); film
cast from 4% solution of polyaniline in m-cresol after heating
(423 K, 1 h), 293 K (solid curve), Lorentzian line (dash-and-
dot), 1D-line (dashed) (7); freshly prepared 2% polyani-
line—CSA—m-cresol paste, 133 K (solid curve), Lorentzian
line (dash-and-dot) (3); film prepared from 2% polyani-
line—CSA—m-cresol paste, 273 K (solid curve), Lorentzian line
(dash-and-dot) (4); and 2% paste polyaniline—CSA—m-cresol
after heating (90 °C, 10 min), 353 K (solid curve), sum of two
Lorentzian lines 0.063 and 0.17 mT wide; the proportion of the
narrow line (dash-and-dot) is 0.40 (5); the g-factors of all line
are 2.002910.0001.

characteristic optical spectrum (Fig. 1, a, curve 1) and a
very weak ESR signal of width ~0.2 mT. During a few
days the solution gradually turns green, the band at 690 nm
becomes less intense while the intensity of the band at
440 nm increases and the intensity of the ESR signal of
width ~1 mT also increases. The doping is accelerated at
423 K (heating at this temperature for 1 h is sufficient to
obtain unchangeable patterns of the optical and ESR
spectra). The optical spectrum of the solution after heat-
ing is similar to the spectrum of the polyaniline solution
in m-cresol with CSA additives (see Fig. 1, a, curve 2, and
Fig. 1, b, curve I). Once heated, this solution exhibits an
intense ESR signal (Fig. 2, curve ).

The optical and ESR spectra of the heated solu-
tion are independent of concentration in the range
0.05—4% (wt.) and exhibit no changes over a period of a
few months.

The optical and ESR spectra of the films cast from this
solution are similar to the solution spectra (see Fig. 1, a,
curves 2 and 3, and Fig. 2, curves [ and 2).

Gel formation in the presence of CSA. A 2% poly-
aniline—CSA—m-cresol paste prepared as reported above
(see Experimental) is transforned into gel over a period of
a few hours at room temperature. This indicates the for-
mation of a 3D-network owing to aggregation of poly-
aniline chains. The optical spectra of the gel and of the
film prepared from it are similar to the spectra of the
heated solution of polyaniline in m-cresol without CSA
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and of the films cast from solution (see Fig. 1). The ESR
spectra of the solutions and films with CSA additives
are characterized by narrower ESR lines compared to
the spectra of the samples without CSA (see Fig. 2,
curves 3—J5). The linewidth decreases due to exchange
interactions between aggregated chains (more detailed
consideration is given below).

A 30-fold dilution of the gel with m-cresol is followed
by the broadening of the ESR line from 0.12 to 0.23 mT.
However, the addition of CSA to the dilute solution
causes the ESR line to narrow to its initial width. The
optical spectrum of the dilute gel is almost identical to
that of the initial gel (¢f. curves / and 3 in Fig. 1, b). The
effect of dilution on the ESR linewidth can be ex-
plained by dissociation of the polyaniline—CSA complex
on dilution followed by an increase in the interchain dis-
tances.

Thus, the data obtained in this work show that CSA
favors aggregation of polyaniline chains.

Analysis of ESR lineshape. Analysis of the ESR line-
shape also indicates strengthening of the interchain inter-
action in the presence of CSA (Figs 2 and 3). The shape
of the ESR spectra of the solution of polyaniline in
m-cresol and of the film cast from this solution notice-
ably differs from Lorentzian shape in the wings, whereas
the ESR spectra recorded in the presence of CSA
almost completely match the Lorentzian shape (see
Fig. 2, curves 1—4). This is more pronounced in the
anamorphoses of the ESR lines plotted in the
Ao/A(H)—[(H — Hy)/AH|* coordinates, where A(H) is
the first derivative of the ESR spectrum, A, is the peak-
to-peak line amplitude, H is the magnetic field strength,

Ao/ACH)
700
600
500
400
300
200

100

0

5 10 15

[(H — Hy)/AH?

Fig. 3. Anamorphoses of the ESR line of polyaniline solutions:
4% solution of polyaniline in m-cresol after heating (423 K, 1 h)
at 133 and 293 K, respectively (1 and 2); freshly prepared 2%
polyaniline—CSA—m-cresol paste at 293 K (3). Shown are the
anamorphoses for both wings of each spectrum. Solid lines are
the anamorphoses of the Lorentzian (4) and Gaussian line (5),
and line for the 1D case (1-D, see text, 6).

and AH is the peak-to-peak linewidth (see Fig. 3). Note
that usually the anamorphosis is plotted for the integral of
the spectral line (see, e.g., Refs 9 and 10) and in this case
Ay is the line amplitude at H = Hyand AH is the half-width
at half-height. Then, the anamorphosis of a Lorentzian
line is a straight line. In the coordinates we used the
anamorphosis of the Lorentzian line is somewhat nonlin-
ear; however, in these coordinates it is possible to analyze
the first derivative recorded by the ESR spectrometer with-
out pre-integration of the spectral line, which introduces
Some errors.

Qualitative consideration of the spin-motion in-
duced narrowing of magnetic resonance lines based
on calculations of the moments of spectral lines
showed!? that the narrowed lines always have a
Lorentzian shape at the center. However, in the wings the
line amplitudes decrease faster compared to the Lorentzian
line and the greater the degree of line narrowing,
the better the description of the line by the Lorentzian
curve.

For polyaniline, deviations of the ESR lineshape in
the wings from the Lorentzian contour are usually ex-
plained® 10 (see also references cited in these studies) by
the 1D character of spin motions. Assuming that the main
mechanism of ESR line broadening in conducting poly-
mers involves the magnetic dipole-dipole interactions be-
tween electrons within the same chain, the theory pre-
dicts that in the case of isolated chains the ESR line
should be described by the Fourier image of the function
exp(—ar3/?). The first derivative of this 1-D line is shown
in Fig. 2 (curves I and 2) and its anamorphosis is pre-
sented in Fig. 3. As the exchange interaction between
polyaniline chains strengthens, the lineshape should be
more and more similar to Lorentzian.10

The 1-D line incorrectly describes the wings of the
ESR line (see Figs 2 and 3); therefore, it is unlikely that
the dipole-dipole interactions between electrons within
the same chain give the major contribution to the line-
width.

Thus, analysis of the ESR lineshape shows that with-
out CSA the interchain interaction is weak both in solu-
tion and in the film cast from this solution, whereas in the
presence of CSA the polymer chains aggregate and the
exchange interaction between electrons of neighboring
chains causes narrowing of the ESR line.

The ESR line of paste after heating (363 K, 10 min)
fits well by the sum of two lines (see Fig. 2, curve 5) with
different widths, which can be explained by the presence
in the sample of two types of domains characterized by
different degree of chain packing.

Temperature dependences of magnetic susceptibility.
The temperature dependences of the linewidths and mag-
netic susceptibilities of solutions and films cast both in
the presence of and without CSA additives are shown in
Figs 4—7. From the temperature dependence of the
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Fig. 4. Temperature dependence of the ESR linewidth (7) and
x T parameter (2) for 4% solution of polyaniline in m-cresol after
heating (423 K, 1 h). Triangles directed down denote the data
obtained on lowering the temperature from 293 K, triangles
directed upward denote the data obtained on subsequent heating
to the maximum temperature, and triangles directed to the left
denote the data obtained on lowering the temperature from the
maximum value.
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Fig. 5. Temperature dependence of the ESR linewidth (/)
and x7 parameter (2) for freshly prepared 2% polyani-
line—CSA—m-cresol paste. For notations, see Caption to Fig. 4.
Dashed line denotes the results of calculations using expres-
sion (6) with the parameters listed in Table 2.

x T parameter it is possible to determine the Pauli suscep-
tibility xp and the number, n, of localized spins:

xT=xpT+C, (1)

where C is the Curie constant. which is independent of
temperature and proportional to the number, s, of local-
ized spins. According to expression (1), the x 7 parameter
should be a linear function of temperature and the xp and
nc values are determined from the slope of the straight
line and the intercept at 7 = 0, respectively. It should be
recalled that, since often the temperature dependences
are irreversible, they were obtained by initially lowering

% T+ 1075 (rel. units) AH/mT
st 10.95

v N
1

4t vy N 40.90

10.85

40.80

40.75

I I I L | 1
100 200 300 T/K

Fig. 6. Temperature dependence of the ESR linewidth (/) and
x T parameter (2) for evacuated film cast from the 4% polyaniline
solution in m-cresol after heating (423 K, 1 h). For notations,
see Caption to Fig. 4.

% T+ 1075 (rel. units) AH/mT
() 4 0.5
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Fig. 7. Temperature dependence of the ESR linewidth (/) and
x T parameter (2) for evacuated film from freshly prepared 2%
paste polyaniline—CSA—m-cresol. Dashed line denotes the re-
sults of calculations using expression (6) with the parameters
listed in Table 2.

the temperature from room temperature, then raising it
to ~400 K and then by lowering again. In most cases
relation (1) holds for the temperatures below room tem-
perature and the 7 parameter always decreases as the
temperature is raised above ambient temperature. In some
cases (see below) raising the temperature above room tem-
perature leads to asymmetrization of the ESR line, which
indicates the formation of a skin layer acting as a shield
for a part of spins. However, the main reason for the
decrease in y7 with an increase in temperature above
ambient temperature consists in transition of a part of the
paramagnetic form of polyaniline into the diamagnetic
form due to dedoping or formation of diamagnetic
bipolarons.

CSA-Containing films exhibit a nonlinear tempera-
ture dependence of x 7 at low temperatures (see Fig. 7),
which is usually explained by the spin-spin exchange in-
teraction.!3:14
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Table 1. Pauli magnetic susceptibility (xp) and the amount of
Curie spins (n¢) for polyaniline solutions

Sample xp*+ 100 nc*
/e.m.u.

Solution of polyaniline (4%) 35—55 0.11—0.12
in m-cresol after
heating (423 K, 1 h)

Freshly prepared 2% poly- 60 0.005
aniline—CSA—m-cresol paste

Paste after heating 28 0.0035

(363 K, 10 min)

* Per mole of two rings.

The yp and n, values for solutions, obtained at tem-
peratures below room temperature, are listed in Table 1.
For films, these parameters were not measured owing to
difficulties with the determination of the film weights and
the residual amount of m-cresol in the films. The data in
Table 1 show that the solution of polyaniline in m-cresol
without CSA is characterized by lower yp value and much
larger parameter n- compared to freshly prepared poly-
aniline—CSA—m-cresol paste. The conclusion that the
contribution of the Curie susceptibility increases in the
absence of CSA can also be drawn for films (¢f. Figs 6
and 7). This is explained by the fact that in true 1D con-
ductors any violations of the periodicity by chain defects
lead to spin localization (see Refs 9 and 10 and references
cited therein). If exchange interaction between chains is
rather strong, the energy band structure is retained in the
presence of chain defects.

Thus, analysis of the temperature dependence of the
magnetic susceptibility suggests that without CSA the
interchain interaction is weak both in solution and in the
film; CSA acts as a "glue" for polyaniline chains in so-
lution.

Temperature dependences of ESR linewidths. The tem-
perature dependences of the peak-to-peak ESR linewidths
of the solutions and films cast both in the presence and in
the absence of CSA are shown in Figs 4—7. The tempera-
ture dependences for the solution and films without CSA
are similar (¢f. Figs 4 and 6). Raising the temperature
from 133 to ~370 K is accompanied by line narrowing but
further heating leads to irreversible line broadening. The
line narrowing on heating to 370 K can be explained by
acceleration of the motion of electrons along polymer
chains (detailed analysis is given below). At ~300 K, the
temperature dependences of the linewidths for both solu-
tion and films exhibit clearly seen kinks. Probably, this
can be explained by the melting of m-cresol at 281—283 K
and, as a consequence, by intensification of the molecu-
lar motions of polymer chains. Line broadening on heat-
ing above 370 K can be explained similarly to the decrease
in the y7 parameter by the dedoping of polyaniline.

A decrease in the degree of doping violates periodicity of
the polymer chain and hampers the motion of electrons
along the polymer chain.

The temperature dependence of the ESR linewidth for
freshly prepared polyaniline—CSA—m-cresol paste (see
Fig. 5) has a complex shape. As the temperature increases
from 133 to 190 K, the line becomes narrower due to
more intense motion of electrons along the polymer chain.
Line broadening at temperatures above 190 K is usu-
ally explained (see, e.g., Refs 10 and 15) by the spin-
phonon interaction induced spin relaxation by the Elliott
mechanism (also called the direct mechanism). This
mechanism predicts a linear increase in the linewidth
with an increase in temperature. As will be shown be-
low, another mechanism (Raman mechanism) is more
probable.

In the text below we propose a relation for the descrip-
tion of the temperature dependence of the ESR linewidth.
Other expressions for calculating the ESR linewidth were
also put forward.1%:16:17 The distinctive features of our
approach are the ESR line narrowing due to simultaneous
motion of electrons along the polymer chain and inter-
chain exchange interaction and the description of the
spin-phonon interaction induced spin relaxation by the
Raman mechanism instead of the direct one.

Relation for the description of the temperature depen-
dence of the ESR linewidth. According to quantitative
theory of spin relaxation, the following expressions for the
spin-lattice and spin-spin relaxation times 7} and 75, re-
spectively (see, e.g., Ref. 18), are valid in the presence of
spin motions:

— 2( 72 72 T

YT, = 1T, + (A2 + Hy)—l o (©)
— 2l 72 T2 T

/T, = 1/Ty, + v (Hzr FHy s w%Q], 3)

where y=1.77-108 mT~! s~! is the gyromagnetic ratio for
an electron, H; is the fluctuating magnetic field strength,
o is the frequency at which the ESR spectra are recorded
(in rad s~!; in our case, ® ~6-10!0 s~1), and 1 is the
correlation time of the fluctuating fields. These relations
hold at

PEHHE KL 1. 4)

In contrast to the known expressions,16—18 relations (2)
and (3) include two terms, 1/7y and 1/75q, which allow
for other spin relaxation processes. The quantitative theory
predicts the Lorentzian lineshape. According to the quali-
tative theory, 2 this is not the case in the wings of the line,
namely, the line amplitude in the wings should always
decrease faster than the wings of the Lorentzian line. It is
this case that is observed for polyaniline solutions and
films containing no CSA (see Figs 2 and 3).
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Suppose that the relaxation rates 1/7q and 1/7,, are
governed by the spin-phonon interactions and the follow-
ing relation is valid:

1/T10:1/T20:A7n, (5)

where 7 'is temperature. Earlier, for two synthetic metals,
polyaniline and popypyrrole, it was assumed that 1/75y~ T'
(see, e.g., Refs 10 and 15), i.e., n = 1, which corresponds
to the direct mechanism of spin relaxation. However, this
process is efficient only at temperatures below 10 K while
the Raman mechanism with n = 2 predominates at higher
temperatures.12:19 Aditionally, the efficiency of the direct
mechanism is proportional to ®? while that of the Raman
mechanism is independent of ;1219 therefore, the ESR
linewidth should considerably increase in high-field mea-
surements. However, on going from the 3-cm to the 2-mm
band (a 225-fold increase in ®?), the linewidth in-
creases?%:21 by 2 or 3 times only, which can be explained
by increasing the role of anisotropy of the g-factor (see
below). On the experimental data were analyzed assum-
ingn=2.

The equality 1/T;y = 1/T,y was confirmed experimen-
tally. From relations (2), (3), and (5) it follows that if the
linewidth proportional to 1/7, increases with tempera-
ture, the terms 1/7T;, and 1/7T,, make the major contribu-
tions to 1/7} and 1/T,, and T; = T,. Otherwise, the sec-
ond terms in relationships (2) and (3) predominate, and
at ot > 1 one has T} > Ty,. This holds for polyaniline?? and
polypyrrole.16:17

Assuming that H .2 = H > = H ? and taking into ac-
count that the peak-to-peak linewidth is AH = 2/ (\/5 vTy),
at n = 2 from relations (3) and (5) it follows that

2vH 2 T
L1+ . 6
\/3 [ 1+ 0t ©)
Suppose that in the case of line narrowing due to the
spin motions and static exchange interaction simulta-

neously a relation similar to the expression for the rate
constant for two competing reactions holds:

AH = AT? +

1/1=1/t,+J, (7)

where the exchange interaction constant J is expressed
in rad s~! and is temperature independent and the tem-
perature dependence of the spin-motion correlation time
T, is given by a relation for thermally activated motions

Tn = T.explE,/(kT)], (8)

where E, is the activation energy, k is the Boltzmann
constant (8.3 J K~! mol~!), and 1, is the correlation time
at infinitely high temperature.

At J > 1/1,, the second term in expression (6) is
proportional to H ZZ/J; the theories of exchange line nar-
rowing lead to the same expressions (see, e.g., Ref. 12).

200 300 /K

Fig. 8. Temperature dependence of the second moment of the
ESR line (circles) of the 4% solution of polyaniline in m-cresol
after heating (423 K, 1 h). Solid line — denotes the results of
calculations using expression (9) with H z2 =0.60 mT and 4 =
2.3-107 mT K.

The term H zz appeared in expression (6) can be deter-
mined from the temperature dependence of the second
moment of the ESR line. According to the qualitative
theory of line narrowing due to spin motions,!? the con-
tribution of local fields to the second moment H zz is
temperature independent and the temperature dependence
of the second moment should be described as follows

M, = A’T* + H?. ©)

The temperature dependence of the second moment
line ESR of polyaniline solution in m-cresol is shown
in Fig. 8. As can be seen, for this sample one has
H?=0.6mT>.

What is the nature of the local fields? They can be due
to the hyperfine interaction between electrons and atomic
nuclei of H and N, the magnetic dipole-dipole interac-
tions between electron spins, and to anisotropy of the
g-factor. As will be shown below, anisotropy of the g-factor
makes a small contribution to the H zz quantity in
the 3-cm ESR band. The measured HFI constants for
[X—CgH;—NH—C¢H,—Y] " * fragments are as follows:2!
ayg (1 H) = 0.79 mT, ay (4 H) = 0.16 mT, ay (4 H) =
0.086 mT, and ay (1 N) =0.79 mT. The second moment
of the ESR spectrum simulated using these values is
0.60 mT?2, which is similar to the experimentally deter-
mined second moment of the ESR spectrum of the
polyaniline solution in m-cresol. Thus, the major contri-
bution to H 2 comes from the HFI.

The experimental temperature dependence of the
linewidth was approximated by relation (6) with @ =
6+10'0 rad s~! and H_> = 0.6 mT? and the temperature
dependence of T was described by expressions (7) and (8).
The results of approximation for different samples are
presented in Table 2, which also lists the interchain dis-
tances R calculated using the J values and the expression?3

J=10"7exp(—R/0.035), (10)

where the J values are given in rad s—! and R is given
in nm. This expression was derived in the course of analy-
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Table 2. Parameters J, R, t., E,, and A of the polyaniline solutions, powders, and films obtained in the approximation of the

temperature dependence of the ESR linewidth using relation (6)¢

Sample J/rad s~ R/nm t./s E,/kJ mol~! A/mT K-2  Reference
Freshly prepared 2% paste poly- 1.1-10° 0.64 8.10-14 13 2.3.10°6 This work
aniline—CSA—m-cresol
Film prepared from fresh 2.5-108 0.69 2.6-1079 3.0 4.10770 This work
2% polyaniline—CSA—m-cresol
paste®
Powder PAN1 ¢ 2.5-10° 0.61 5.6-1013 20 4.2-1077 24
Powder PAN2 ¢ 6.4+108 0.66 1.6-10710 2.9 5.3-1077 24
Film PAN-ES ¢ 43.10° 0.59 2.0-10710 1.8 1-1077 10
Freshly prepared 2% poly- 1.3-10° 0.64 3.4-10712 6.0 1.7-10~7 This work
aniline—CSA—m-cresol paste
after heating (363 K, 15 min)
 Approximated with /,2= 0.6 mT and » = 6100 rad s~ .
b Approximated with 4 =4-10~7 mT-K~2.
¢ Samples were evacuated.
sis of the experimental data for mainly biological systems AH/mT
in the 0.3—1.5 nm range. 0.20 |
Unambiguous determination of all parameters in rela- a
tion (6) requires the temperature dependence study over a 0.16
wide temperature range from room temperature to helium
temperatures. Prior to comparing the values we have mea- 0.12
sured over a relatively narrow temperature range, we will
analyze the available datal%24 on the linewidths, obtained ' ' '
100 200 300 T/K

in the range from room temperature to helium tempera-
tures.

Analysis of published temperature dependences of the
ESR linewidth. Fiigure 9 shows three main types of tem-
perature dependences of the ESR linewidth for poly-
aniline. Namely, the linewidth decreases (a), increases (b),
and passes through a minimum (c) as the temperature
increases. Here, the solid lines represent the results of
approximation using expression (6) with the parameters
listed in Table 2. As can be seen, relation (6) provides
quite a correct approximation of the experimental depen-
dence with the parameters similar to those obtained by
other methods. For instance, according to X-ray diffrac-
tion data,?5 the minimum distances between polyaniline
chains lie in the range 0.57—0.70 nm. NMR studies of
CSA-doped polyaniline films gave 1., = 3-10"!4 s and
E, =16 kJ mol~!.

Analysis of the temperature dependences of ESR line-
width. Variability of polyaniline solutions and films. The
temperature dependences of the ESR linewidths for solu-
tions and films containing no CSA (see Figs 4 and 6)
were not approximated because of small line narrowing,
i.e., condition (4) is not met and relation (6) is inap-
plicable.

The approximations plotted for CSA-containing poly-
aniline solution and film using expression (6) with the
parameters listed in Table 2 are shown in Figs 5 and 7. For
the CSA-containing films (see Fig. 7) the experimental

0.08
0.07
0.06

0.05

100 200 300  7/K

0.030
0.028

0.026

100 200 300 /K

Fig. 9. Temperature dependence of the ESR linewidth (circles) of
evacuated polyaniline powders and films (published data): PAN2
powder (a),24 PANI1 powder (b),24 and PAN—ES film (c).10
Solid line denotes the results of approximation using expres-
sion (6) with the parameters listed in Table 2.

temperature dependence of the linewidth is such that the
parameter A cannot be determined unambiguously; its
value was set to be 4-10~7 mT K~! (typical parameter in
Table 2). As can be seen, the approximations exhibit fea-
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tures at lower temperatures, at which experiments were
carried out, i.e., measurements at low temperatures would
be informative.

At temperatures above 333 K, the ESR linewidth and
the magnetic susceptibility of freshly prepared poly-
aniline—CSA—m-cresol paste decrease (see Fig. 5) and
the lineshape becomes asymmetric. The asymmetry pa-
rameter A/B (ratio of the deviations of the low- and
high-field extrema from the baseline) increases to 2.0.
These changes are irreversible, that is, after cooling to
293 K the linewidth is 0.11 mT and the A/B ratio is 2.0.
Visual examination of the sample showed that heating
above 333 K lead to coagulation of polyaniline into
a bundle surrounded with a transparent substance
(m-cresol). A decrease in the cavity Q-factor and an in-
crease in the A/B ratio indicate a high conductivity of
the bundle in the UHF-band. According to Dyson’s
theory,27-28 asymmetry of a spectral line is determined by
the ratio of the sample size to the skin-layer thickness,
which decreases as the conductivity increases. The skin
layer acts as a shield for the interior of the sample; there-
fore, the magnetic susceptibility decreases. The line be-
comes symmetrical if the skin-layer thickness exceeds the
sample size (i.e., for small samples or for samples with low
conductivity). After stirring of the coagulated sample the
A/ B ratio again becomes equal to unity, the second inte-
gral of the ESR line increases by a factor of ~1.5 while the
ESR line remains narrow (0.12 mT). Thus, although stir-
ring leads to a decrease in the size of polyaniline aggre-
gates, the interchain interaction on the molecular level is
retained.

The ESR linewidth of the film prepared from 2%
polyaniline—CSA—m-cresol paste reversibly decreases as
the temperature changes in the range 133—313 K (see
Fig. 7). On heating above 313 K, the line becomes asym-
metrical. Asymmetry is also retained on cooling to 293 K
after heating at 373 K (4/B = 1.36, AH = 0.28 mT).
Asymmetry of the line indicates the possibility for changes
in the chain packing to occur in the films even at high
temperatures, thus leading to an increase in the conduc-
tivity at a frequency of 9 GHz.

The temperature dependences of the ESR linewidths
for the paste heated at 363 K for 15 min are shown in
Fig. 10. Noteworthy is the ESR line narrowing at 293 K
after heating of the paste compared to the initial linewidth.
As the temperature decreases below 293 K, the linewidth
decreases even more to 0.07 mT. Similarly to the freshly
prepared unheated paste, raising the temperature above
333 K causes irreversible changes in the ESR spectra due
to formation of the bundle of polyaniline (the A/B ratio
increases to a value of 2.19 at 293 K). After heating the
susceptibility appreciably decreases (these data are not
shown). The dash-and-dot line denotes the approxima-
tion of the linewidth using expression (6) with the param-
eters listed in Table 2.

xT/e.m.u. K mol~! AH/mT
0.010 F
o ot
0.008 | 4 103
0.006 | los
0.004 | ’A .
. FTVET T Aaa Lo
0.002 | v-v-5v' X , ,
100 200 300 T/K

Fig. 10. Temperature dependence of the ESR linewidth (/) and
x T parameter (2) for 2% solution of polyaniline in m-cresol with
CSA additives heated to 363 K for 15 min. Dashed line denotes
the results of calculations using expression (6) with the param-
eters with the parameters listed in Table 2. For notations, see
Caption to Fig. 4.

Keeping the sample at room temperature for a few
hours also led to the narrowing of the ESR line of this
paste to 0.12 mT, as after keeping at 363 K for 15 min. As
mentioned above, this leads to gel formation.

Film conductivities and interchain interaction. The con-
ductivity of a polyaniline film cast from solution in
m-cresol (without CSA) is very low (Table 3). From the
aforesaid it follows that this can be explained by weak
interaction between polyaniline chains in this film.

As mentioned above, heating of the films containing
CSA at 388 K for 15 min is followed by the appearance of
line asymmetry indicating an increase in the conductivity

Table 3. Conductivities (c), ESR linewidths in vacuum (AH ),
broadening of the ESR lines in oxygen atmosphere at a pressure
of 0.9 atm (AAH), and the asymmetry parameters of the ESR
lines (A4/B) for different polyaniline films*

Film c AH AAH A/B
—1 —_—
/S cm mT
Film cast from 4% solution 10-8 0.87 <0.01 1.03

of polyaniline in m-cresol,
heated at 423 K for 1 h
Film prepared from fresh 100 0.37 0.4 1.04
2% polyaniline—CSA—
m-cresol paste
Film prepared from fresh 100 0.28 0.27 1.36
2% polyaniline—CSA—
m-cresol paste after
heating of the film
at 388 K for 15 min
Film prepared from gel 150 0.12 0.1 1.26
formed from 2% poly-
aniline—CSA—m-cresol
paste after 48 h

* All quantities were measured at room temperature.
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at the operating frequency of the radiospectrometer
(~9 GHz). However, the conductivity measurements of
the films heated at 388 K for 15 min showed no changes in
the conductivity within the limits of experimental error
(10%) (see Table 3). These data are in agreement with the
published results,?® according to which heating of poly-
aniline—CSA films at 408 K for 30 min leads to an insig-
nificant (by ~5%) decrease in the room-temperature con-
ductivity and to a similar increase in the conductivity
at low temperatures, although the degree of crystallinity
and the optical spectra after annealing are changed.

Note that the conductivity of the film prepared from
the gel is higher than the conductivity of the films fabri-
cated from freshly prepared polyaniline—CSA—m-cresol
paste. This can be explained by the fact that, judging from
the ESR linewidth, the film prepared from gel is charac-
terized by a shorter interchain distance than the film pre-
pared from the fresh mixture.

Strictly speaking, it seems not to be too unlikely that
in some cases the film conductivities and the ESR
linewidths do not correlate. Indeed, according to widely
accepted concepts, the conductivity is governed by the
amorphous quasi-1D domains while the linewidth is de-
termined by the metallic quasi-3D domains with close
chain packing. Using ESR spectroscopy, it is possible to
detect domains with different degrees of chain packing.
For instance, the ESR spectrum of the gel fits well by the
sum of two Lorentzian lines with different widths (see
Fig. 2, curve 5). However, many highly conducting
polyaniline films are almost amorphous and correspond-
ing ESR lines are single Lorentzian lines. Earlier,2! we
assumed that the conductivity of polyaniline is controlled
by the conductivity of the domains between amorphous
(quasi-1D) domains rather than by the amorphous do-
mains themselves. We believe that the interrelation be-
tween the ESR lineshape and the conductivity deserves
additional investigation.

Effect of oxygen on the ESR linewidth of films and
powders. It is known that in the presence of molecular
oxygen the ESR lines of polyaniline and other conducting
polymers can be broadened. The key features of the effect
of O, on the ESR linewidths of conducting polymers were
explained by a model3? which implies that the paramag-
netic O, molecule adds to the polymer and the exchange
interaction between spins of the immobilized oxygen and
mobile electron causes line broadening when the species
approach one another. This broadening depends on
both the amount of dioxygen added and the electron mo-
bilities.

Oxygen causes no broadening of the ESR line of the
films containing no CSA (see Table 3). This can be ex-
plained by the fact that O, does not add to isolated chains;
efficient dioxygen addition is only possible by inserting
between neighboring chains. This assumption is substan-
tiated by the data on the effect of oxygen on the PANI1

and PAN2 powders.24 Oxygen causes a much more effi-
cient broadening of the PAN1 line, which is consistent
with the shorter chain-chain distance in PANI1 (see
Table 2).

According to the data listed in Table 3, the oxygen-
induced broadening of the ESR line of the films consid-
ered as function of the linewidth in vacuum passes through
a maximum (for the films prepared from fresh paste).
Since the linewidth in vacuum increases with the chain-
chain distance, one can conclude that oxygen poorly adds
to both highly close-packed chains (owing to steric hin-
drances) and to isolated chains (due to weak interaction).

Role of anisotropy of the g-factor. The 2-mm ESR
spectra of the PAN1 and PAN2 powders in air were re-
ported.2! The ESR spectrum of PAN2 exhibits anisotropy
of the g-factor (g, = 2.0014, g, = 2.00275, g, = 2.00305)
while that of PAN1 is a line. This is naturally explained by
the fact that in PAN1 the exchange interaction is stronger
than in PAN2; therefore, anisotropy of the g-factor for
PANI is averaged by the exchange interaction.

The second moment of the ESR line simulated with
the g-factors listed above is 7+10~3 for the 3-cm and
1.6 mT? for the 2-mm ESR band. Thus, anisotropy of the
g-factor makes a negligible contribution to the second
moment in the 3-cm band. The taking into account of
anisotropy of the g-factor makes it possible to explain the
broadening of the ESR line of the PANI1 powder from
0.11 to 0.31 mT on going from the 3-cm band to the
2-mm band. This line broadening is consistent with an
increase in the sz parameter from 0.6 mT to 0.6 + 1.6 =
2.2 mT provided that the AT2 term in relation (6) is small.

Thus, m-cresol can dope polyaniline without CSA ad-
ditives, but the conductivity of the films containing no
CSA is ten orders of magnitude lower than that of the
films containing CSA additives. The data obtained in this
work show that this can be explained by the weak interac-
tion between polyaniline chains without CSA; CSA be-
haves as a "glue' and thus causes the exchange interac-
tion between electron spins of neighboring chains to
strengthen, which leads to higher conductivity, narrowing
of the ESR lines, decrease in the number of localized
electrons, and is responsible for the Lorentzian shape of
the ESR line.

We proposed a relation, which describes the tempera-
ture dependence of the ESR linewidth for polyaniline.
The linewidth is represented by the sum of two terms.
One of them is due to the spin-phonon interaction and
increases in proportion to 72 as the temperature increases.
The second term in the 3-cm range is due to the HFI
between electrons and nuclei and decreases with an in-
crease in temperature owing to the motion of electrons
along polymer chains and the exchange interaction be-
tween electrons of neighboring chains. The exchange in-
teraction has no effect on the first term. From compari-
son of the experimental and theoretical temperature de-
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pendences of the ESR linewidth we determined the
interchain distance and some other parameters.

Differences in the interchain distances make it pos-
sible to explain not only different film conductivities but
also different degrees of ESR line broadening by O, and
distinctions between the published 2-mm ESR spectra of
polyaniline.

It was found that in the presence of CSA the conduc-
tivity and the ESR spectra of the films depend on the
prehistory of the solution from which the films were cast
and change with time. These changes occur faster as tem-
perature increases, which can be explained by changes in
the interchain distances. In contrast to optical spectra,
the ESR spectra are rather sensitive to these changes and
allow one to monitor the aggregation of chains. This may
appear to be useful in studies of routes to enhanced con-
ductivity of polyaniline and other conducting polymer
films.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 03-03-
32251-a).
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