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Polyaniline (PANI) films of superior homogeneity can be prepared by using functionalized protonic
acids to protonate the polymer and simultaneously induce solubility, in the conducting form, in common
organic solvents. The results of measurements of the temperature dependence and magnetic-field depen-
dence of the conductivity of films of PANI complexed with camphor sulfonic acid (CSA) are reported.
The intrinsic metallic nature of conducting polyaniline can be observed from the positive temperature
coefficient of resistivity in the temperature interval from 180 to 300 K. Signatures of hopping transport
are observed below 180 K, indicative of marginal metallic behavior with disorder-induced localization at
low temperatures. Resistivity ratios as low as 1:3 (300 to 1.2 K) are found. Analysis of the dependence
of the resistivity on temperature and magnetlc field indicates that the typical electronic localization
length in PANI-CSA films is 100-150 A. Thus the PANI-CSA is on the metal-insulator (M-I) boundary.
A magnetic field (H) shifts mobility edge and causes the system to crossover from disordered metal to in-
sulator: in zero field, p(T) < T where B=0.36, consistent with transport in the critical region near the
M-I boundary, whereas, in H=8 T, p(T)=pexp[(T,/T)'"*] indicating variable range hopping between
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localized states with mean localization length, L.(H =8 T)~ 100140 A.

INTRODUCTION

Polyaniline has emerged as one of the most promising
conducting polymers;""> PANI is environmentally stable,
it exhibits relatively high conductivity, and it can be pro-
cessed in both the insulating emeraldine base form® and
in the conducting emeraldine salt form.* Recent progress
has demonstrated that functionalized sulfonic acids can
be used to protonate PANI and, simultaneously, to in-
duce solubility of PANI in the conducting form in com-
mon nonpolar or weakly polar organic solvents.® The use
of sulfonic acids with surfactant counterions, such as
dodecylbenzene sulfonic acid (DBSA) and camphor sul-
fonic acid (CSA), results in relatively high electrical con-
ductivities; values of 100-400 S/cm are routinely and
reproducibly obtained from measurements on films
(nonoriented) cast from solution.’

Although relatively high conductivity values have been
reported for polyaniline doped with conventional proton-
ic acids,® the conductivity of such materials is typically
activated and decreases by several orders of magnitude as
the temperature is lowered, in contrast to the behavior
expected for a metal. This strong temperature depen-
dence arises from a combination of mesoscale inhomo-
geneity (“metallic islands”®) and microscopic disorder
(localization of the electronic wave functions)’ both of
which are indicative of the quality of the material. Thus,
PANI has been characterized as a Fermi glass rather
than as a true metal’ or alternatively, as a collection of
metallic islands separated by insulating barriers.®

The high conductivities obtained with PANI-CSA and
PANI-DBSA imply that the sufactant counterions result
in improved structural order on the molecular scale with
fewer defects.” This was confirmed by measurements of
the magnetic susceptibility;} PANI-CSA exhibits the
temperature-independent Pauli-spin susceptibility expect-
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ed for a metal, with a density of localized spins (Curie law
behavior) that is lower than found in PANI with conven-
tional counterions.’ These improved materials, therefore,
provide an opportunity to reexamine the temperature and
magnetic-field dependences of the transport properties of
PANI to look for the signatures of metallic behavior.

We summarize the results of measurements of the tem-
perature dependence of the electrical properties of films
of PANI-CSA. The intrinsic metallic nature of protonat-
ed PANI has been observed; the resistivity exhibits a pos-
itive temperature coefficient in the temperature interval
from 180 to 300 K. Signatures of hopping transport are
observed below 180 K, indicative of marginal metallic be-
havior with disorder-induced localization at low tempera-
tures. Resistivity ratios as low as 1:3 (300 to 1.2 K) are
found. From analysis of the dependence of the conduc-
tivity on temperature and magnetic field, we are able to
estimate the typical electronic_ localization length in
PANI-CSA films to be 100-200 A.

EXPERIMENTAL DETAILS

PANI-CAS was prepared by mixing 1.092 g (0.012M)
of emeraldine base with 1.394 g (0.006M) of (+)-10 cam-
phor sulfonic acid using an agate mortar and pestle in a
dry bag filled with nitrogen. The molar ratio of CSA to
phenylnitrogen repeat unit was 0.5 in order to completely
protonate the PANI to the emeraldine salt form. PANI-
CSA is soluble in various organic solvents;’ for this study,
high-quality films were prepared by casting the material
from solution metacresol.'® Two types of films were
prepared: from 2% and 4% (by weight) solutions of
PANI-CSA in metacresol, denoted as PANI-CSA-2 and
PANI-CSA-4, respectively. The solutions were prepared
by adding an appropriate quantity of PANI-CSA to m-
cresol (e.g., 1.0 g of PANI-CSA to 24 g of m-cresol to
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yield a 3.9% solution); the mixture was then treated in an
ultrasonic bath for 48 h and subsequently centrifuged.
Most of the PANI-CSA complex dissolved to give a deep
green solution; minor insoluble solids were removed by
decanting. Free-standing PANI-CSA films were obtained
by casting onto glass plates and subsequently drying in
air for 24 h on a hot plate at 50°C. Film thicknesses were
typically 30—-40 um. Since the PANI-CSA was cast from
solution, the PANI chains are neither chain extended nor
chain aligned. The films are, therefore, in all respects iso-
tropic.

Both PANI-CSA-2 and PANI-CSA-4 films are pro-
tonated to the green emeraldine salt form with a nominal
PANI:CSA ratio of 1:0.5. Because of the higher concen-
tration of polymer, the 4% solutions are more viscous;
apparently, the different rate of solvent evaporation dur-
ing film formation either causes the PANI-CSA-2 and
PANI-CSA-4 films to have slightly different protonation
levels or causes a subtle change in the morphology of the
resulting material. The results from PANI-CSA-2 and
PANI-CSA-4 films are each reproducible (four indepen-
dent samples of PANI-CSA-2 were measured and three
independent samples of PANI-CSA-4 were measured).
Although the transport properties are similar, the
PANI-CSA-2 films appear to be of higher quality (and
thus more nearly metallic) as judged by the temperature
dependence of the resistivity.

Four-terminal dc resistivity and magnetoresistance
measurements were carried out using a computer-
controlled automated measuring system. Electrical con-
tacts were made with conducting graphite adhesive. To
avoid sample heating, the current source was adjusted at
each temperature so that the power dissipated into the
sample was less than 1 uW. The linearity was checked by
measuring voltage versus current, and the resistivity was
obtained from the slope of the straight line. Temperature
(T) was measured with a calibrated platinum resistor
(300 to 40 K) or a calibrated carbon-glass resistor (40 to
1.2 K) monitored by a temperature controller driven by
the computer.

TEMPERATURE DEPENDENCE OF THE RESISTIVITY

The resistivities of PANI-CSA-2 and PANI-CSA-4
films are shown as a function of temperature in Fig. 1.
The room-temperature values obtained for these two
films were essentially identical, 280 S/cm. As shown in
Fig. 1, the resistivity ratio r =p(1.2 K)/p(300 K) is
different for the two types of PANI-CSA films; r =3 for
PANI-CSA-2 films and =12 for PANI-CSA-4 films.
Nevertheless, the p(7) dependence is extremely weak in
both cases; for example, even at the lowest temperatures
the ratios p(1.2 K)/p4.2 K) for PANI-CSA-2 and
PANI-CSA-4 films are only 1.4 and 2.5, respectively.

Over a limited temperature range below room tempera-
ture, the resistivity of PANI-CSA has a positive tempera-
ture coefficient (dp/dT >0) consistent with metallic be-
havior. As shown in the inset of Fig. 1, the positive tem-
perature coefficient extends down to 180-190 K for
PANI-CSA-2 and down to 220-230 K for PANI-CSA-4.
In PANI-CSA-2 films, the resistivity decreases by about
10% between room temperature and the minimum near
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FIG. 1. Resistivity (p) vs temperature for PANI-CSA-2

(solid dots) and -4 (open dots). The inset shows the resistivity
minima on an expanded scale.

180 K; in PANI-CSA-4 films the decrease is slightly
smaller. We find excellent reproducibility with no hys-
teresis on cycling the temperature (for example, from 300
to 1.2 K and back). The positive temperature coefficient
is a general feature of PANI-CSA and was observed in all
samples. This typically metallic characteristic has been
seen previously in a conducting polymer only in the case
of highly conducting polyacetylene.!!

Based on the results of a series of conductivity, mag-
netic susceptibility, and spin dynamics measurements
(primarily on PANI protonated by exposure to HCI to
form PANI-Cl), a granular-metal or ‘“metallic island”
model was proposed in which conducting segments of po-
laronic metal form metallic regions surrounded by insu-
lating barriers.*'>" 15 In such PANI-CI samples, the
resistivity increases by more than three orders of magni-
tude when cooling to 30 K. The dependence observed in
transport measurements.

p(T)=peexp[(To/T)'"], (1

with n =2, was explained as arising either from the
charging-energy-limited tunneling between metallic
grains'® or from a distribution of hopping energies due to
variations in the effective conjugation length.!”

Figure 2 compares o(T) versus T for PANI-CSA and
PANI-CI; the conductivity of PANI-CSA is higher and
the temperature dependence is qualitatively different; the
conductivity of the PANI-CSA-2 sample is nearly con-
stant (see Fig. 1) while that of PANI-Cl drops by more
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FIG. 2. Comparison of conductivity o(7T) vs T for PANI-

CSA-2 (solid dots; data from Fig. 1) and PANI-CI (solid dia-
monds; data obtained from Ref. 6).

than three orders of magnitude as the temperature is
lowered.® Since p(T) for PANI-CSA shows a much
weaker temperature dependence, models involving rela-
tively large scale inhomogeneity (such as “metallic is-
lands,” etc.) are not appropriate. The disorder in PANI-
CSA is sufficiently small and the localization lengths are
sufficiently large that the material is close to the metal-
insulator boundary.

At temperatures below that of the resistivity minimum,
the weak temperature dependence of PANI-CSA-2 sam-
ples cannot be fit to hopping transport expressions such
as Eq. (1) with n =4,3,2, etc. As shown in Fig. 3, a log-
log plot of resistivity versus temperature is linear with
slope B over the relatively wide range from 1.2 to 80 K;
for PANI-CSA-2 samples, p( T)=p0T_B, where 8=0.36.
Similar power-law behavior has been observed for n-
doped Ge in the metallic regime near the metal-insulator
transition.'® The inset of Fig. 3 shows the magnetic-field
dependence (at low fields) of the resistivity at 1.2 K. The
negative magnetoresistance in weak fields indicates that
the mean localization length of the electronic wave func-
tions is quite large, similar to that inferred from the nega-
tive magnetoresistance!® in the variable-range hopping
conduction in inorganic semiconductors which are doped
to be near the metal-insulator transition. The negative
magnetoresistance is also observed in PANI-CSA-4 sam-
ples.

Both the positive temperature coefficient of resistivity
(at high temperatures) and the negative magnetoresis-
tance in weak fields (at low temperatures), indicate that
PANI-CSA is nearly metallic. Since there is a finite den-
sity of states at the Fermi energy (as inferred from the
temperature-independent Pauli susceptibility)® the in-
crease in resistivity at low temperatures results from
disorder-induced localization; PANI-CSA is a Fermi

p (Qcm)

N %
10 100

e p)
T (K)
FIG. 3. Log resistivity vs log temperature for PANI-CSA-2:
dots, H =0, pluses, H =4 T; and diamonds, H =8 T. The solid
line represents p(T) < T %% [see Eq. (5)]. Above 5K, the H =4
and H =8 T data are not distinguishable from H =0. The inset

shows the resistivity vs magnetic field at 1.2 K for PANI-CSA-
2.

glass. The positive temperature coefficient above 200 K
suggests the existence of a mobility edge very near the
Fermi energy.

For PANI-CSA-4, the best fit to the low-temperature
data is obtained from Eq. (1) with n =4; i.e., variable-
range hopping in three dimensions with?%2!

To=16/kzN(ep)L3, , )

where kjp is the Boltzmann constant, N (gz) is the density
of states at the Fermi level, and L, is the localization
length. The data are plotted as Inp versus T~ '/ in Fig.
4; from the slope one obtains T, =200 K. The mean hop-
ping distance R;,, and the mean hopping energy
difference between sites Ay, are given in terms of T by

the following expressions:*
Riop/Lioe=3To/T)'*, (3a)
Apop=1kpT(To/T)'* . (3b)

The variable-range hopping theory is usually considered
applicable when the wave functions are exponentially lo-
calized and when Ry, is considerably greater than the
typical localization length. When T, is small, however,
and the system is very near the metal-insulator boundary,
the localized states extend over many molecular repeat
units, and Ry,,~L,, implying that hopping between
nearest-neighbor localized states dominates. Thus, for
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FIG. 4. Natural log of p(T) vs (T)"!* for PANI-CSA-2
(solid dots) and PANI-CSA-4 (solid dlamonds).

T,=200 K, one expects variable-range hopping to be val-
id for T'<<200 K. Indeed, the PANI-CSA-4 data fall on
a straight line in Fig. 4 only for T" <100 K. One expects
an intermediate temperature interval in which the con-
ductivity decreases as o=o.exp|—|Ep—E,|/kyT]
where |Ep—E,| is the energy between the Fermi energy
(Er) and the mobility edge (E,), and o, is the conduc-
tivity at the mobility edge.’® When the data from
PANI-CSA-4 are replotted as Ino versus T, one finds
an exponential dependence between about 100 and 180 K
with |[Ep—E,|=~30K and 0,~340 S/cm. As expected,?’
the value obtained for o, is close to that expected for the
minimum metallic conductivity in three dimensions.?

For PANI-CSA, N(gg) can be obtained from the mag-
nitude of the temperature-independent Pauli contribution
to the magnetic susceptibility—the data yield 1 state per
eV per two rings? —using the approximate unit cell di-
mensions®® of a=5.9 A, b=10 A, and c=7.2 A,
N(ep)=~2.4X10%! states/eVcm3. The value calculated
from Eq. (2) for the localization length from this density
of states is approximately 75 A. The corresponding
values are R;,, =70 A (at 100 K) and 215 A (1.2 K);
Apop=2.5X10"2 eV (at 100 K) and 10~ * eV (at 1.2 K);
see Eq. (3).

MAGNETIC-FIELD DEPENDENCE
OF THE RESISTIVITY

The localization length can be independently estimated
from the magnetic-field dependence of conductivity, us-
ing the followmg equation (applicable for hopping con-
duction)*
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FIG. 5. Natural log of [p(H)/p(0)] vs (T)"%*at H=4T for
PANI-CSA-2 (solid dots) and PANI-CSA-4 (solid diamonds).

In[p(H)/p(0)]=1t(L,o. /Ly)*(To/T)"* . @)
where t=(5/2016), Ly=(c#/eH)"”? is the magnetic
length, # is Planck’s constant, c is the velocity of light, e
is the charge of the electron, and H is the magnetic field.
The data plotted as In[p(H)/p(0)] versus T ~>/* are plot-
ted in Fig. 5 [with p(H,T) measured at H =4 T and at
H =0]. The value of L;; at 4 T is 128 A. By knowing T,
and the slope of In[p(H)/p(0)] versus T 3% one can
solve for the localization length; for the PANI-CSA-4
samples, we find L;,. =160 A and N (ep)=10% states per
eV per cm?, respectively. These values are in reasonable
agreement with those directly inferred from T, and the
density of states.

TRANSPORT AT THE METAL-INSULATOR BOUNDARY:
MAGNETIC-FIELD-INDUCED CROSSOVER
OF PANI-CSA-2 FROM DISORDERED METAL
TO INSULATOR

In the Ioffe-Regel limit, disorder-induced scattering is
sufficiently strong that the electronic mean free path ap-
proaches the electron’s de Broglie wavelength; for
stronger scattering, the wave functions become localized.
In this limit of Anderson localization, a conductor which
has a partially filled band for weak disorder (and thus
would be a metal), becomes an insulator.2° If the disor-
der is not large enough to cause localization throughout
the band, the localized and extended states are separated
at the mobility edge E,.?° In such a system, the metal-
insulator (M-I) transition is defined by the Fermi energy
Ep, relative to E.. If E; is in the region of extended
states, the conductivity remains finite as 7—0 K; the
system is a metal. If E; is in the region of localized
states, the system is an insulator in which the low-
temperature transport is dominated by variable-range
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hopping (VRH). %

The scaling theory of localization™ confirmed the ex-
istence of the mobility edge, but with a continuous de-
crease of the conductivity to zero (rather than a discon-
tinuous drop®®) as Ep is moved through E,. For
a three-dimensional (3D) conductor in the metallic
regime, but very close to the M-I transition (i.e.,
0=[(Er—E_,)/E ] <<1), the correlation length (L) is
large and has a power-law dependence on 8, L, ~a8'/"
where a is a microscopic length and 7 is the critical ex-
ponent.?® In this critical region, Larkin and Khmel-
nitskii?® found that the resistivity is not activated, but fol-
lows a power law as a function of the temperature (7),

p(T)=(e’pp/#)kyT/Ep)” "7, )

25

where pp is the Fermi momentum, e is the electron
charge, and 1 <71 <3.

Khmelnitskii and Larkin?’ used scaling arguments to
demonstrate that in the metallic region near the M-I
transition, the mobility edge can be shifted by an ex-
ternal magnetic field. When the magnetic length,?*
Ly, =(#c /eH)'?, becomes comparable to L., the shift in
E, is proportional to (Ly /L.)!/", where # is Planck’s
constant and c is the velocity of light. Because of this
ability to shift E, by an external magnetic field, one can
envision a crossover from metallic behavior with power-
law dependence for p(T) in zero field to insulating behav-
ior with variable-range hopping among localized states
for Ly /L. <1. To our knowledge, such a crossover has
not been previously observed.

At temperatures below that of the minimum in p(T),
the weak T dependence of PANI-CSA-2 cannot be fit to
VRH expressions like p(T)=pexp[(T,/T)'""] with
n =4, 3, or 2. As shown in Fig. 6, a log-lot plot of p(T)
versus T (for H =0) is linear; over the temperature range
from 1.2 to 30 K, p(T,0)= po,,,(T/TO,,,)—B, where py,,
and T, are constants, and $=0.36. The sample-to-
sample variation of the exponent correlates with the
value for p(300 K) and with the ratio p(1.2 K)/p(300 K);
samples with lower (higher) p(300 K) and smaller (larger)
p(1.2 K)/p(300 K) give slightly smaller (larger) B; we find
B=0.361£0.05. The temperature range over which the
dependence is a power law is wider for samples with
smaller [B].

Assuming the resistivity in zero magnetic field follows
Eq. (5) with p~(0.36)"'=2.77,

Pom =€ pp/Ar=~2X10"* Qcm , (6)

where we have used pp=#ky, kp=m/2c. Using the
data in Fig. 6 and assuming Ep~1 eV,”® we find
Pom =6X107* Q cm, in approximate agreement with the
theoretical value [Eq. (6)].

The low-T data in Fig. 3 show a relatively large magne-
toresistance, independent of whether the field is applied
in the plane or perpendicular to the plane of the film. In
high magnetic fields, the log-log plot of p(T) versus T is
not linear; for example, at H =8 T, the p(T,H) data in
Fig. 6 do not fall on a straight line. The data of Fig. 3 are
replotted in Fig. 6 as Inp(T) versus T~ '/, For H =0,
the plot shows curvature (see also Fig. 4) consistent with

p (Qcm)
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FIG. 6. Inp(T) vs (T)"'/* for PANI-CSA-2: dots, H =0;
pluses, H=4 T; and diamonds, H=8 T. The solid line
represents VRH [Eq. (3)] with T,=56 K. Above 5 K, the H =4
and 8 T data are not distinguishable from H =0.

the weaker dependence demonstrated in Fig. 3; i.e., p(T)
proportional to 7~ %3¢, In high magnetic fields, however,
the Inp(T) versus T~ !/* plot approaches straight-lint be-
havior. At8 T,

p(T)=poexp[(To/T)*], @)

indicative of variable-range hopping between localized
states.

For VRH in 3D, T,=16/kzN(Ep)L}, where kjp is
the Boltzmann constant. The slope of the H =8 T data
in Fig. 3 gives T;,=56 K. From the Pauli susceptibility,
N(Ep)=~1 state per eV per two rings,®%° or
N(Ep)=2.5X10* states/eV cm?® (using the unit cell di-
mensions®). Substituting for N (Ef) in the expression for
Ty, we find L,~112 A. Again, samples with lower
(higher) p(300 K) and smaller (larger) p(1.2 K)/p(300 K)
give slightly larger (smaller) L_; we find L.~ 100-140 A.

Although the origin of the magnetic-field-induced
crossover is not understood in detail, the mobility edge
can be shifted by an external magnetic field?” when the
magnetic length becomes comparable to the correlation
length. The value of Ly at 8 T is approximately 90 A,
comparable to L,~112 A as inferred from the slope of
Fig. 6.

We have discussed the resistivity (versus 7 and H) in
terms of transport in 3D. We note, however, that the in-
trinsic conductivity in a chain-extended and chain-
oriented conducting polymer is anisotropic.>® Since there
is no significant chain orientation in the solution-cast
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PANI-CSA films, the discussion in terms of 3D localiza-
tion would appear to be justified. However, a more de-
tailed analysis of disorder induced localization in polyani-
line must take into account the intrinsically anisotropic
transport (intrachain versus interchain).

INTRINSIC CONDUCTIVITY OF PANI-CSA

The large value for the mean localization length in-
ferred from the low-temperature data suggests a qualita-
tive explanation for the nonmonotonic temperature
dcpendence. At low temperatures, the localized electron-
ic wave functions extend over approximately 100-200 A.
As the temperature increases, phonons initially reduce
the resistivity by delocalization of the electronic wave
functions through phonon-assisted hopping and inelastic
scattering. At still higher temperatures, phonon scatter-
ing causes the electron mean free path to become less
than the mean localization length, and the resistivity in-
creases, as in a metal. The crossover should occur when
the inelastic mean free path L, i is comparable to the
localization  length, i.e., approximately L, .i.cic
~100-200 A. This implies an intrinsic conductivity
parallel to the chain axis in an aligned sample of the fol-
lowing magnitude:

Oin=Ne?7/m =(Ne®/fik p)Lpetastic » (8)

where N is the density of carriers and kp is the Fermi
wave number in the chain direction. Using N =2.5X 102!
cm™? and kp=(mw/2c) where c=7 A, we estimate
Oint~2.5X10* S/cm. In a nonoriented sample, the mea-
sured value would be reduced by the anisotropy. An al-
ternative estimate can be obtained from the observed in-
crease in resistivity in the region of the positive tempera-
ture coefficient; Ap~3X10~* Qcm. This would imply
Oine~3X 10 S/cm for a nonoriented sample; since the an-
isotropy would be expected to reduce the value in a
nonoriented sample by about a factor 10-100,% the es-
timated value for o (300 K) would be in excess of 3 X 10*
S/cm. We conclude that for chain-oriented and chain-
aligned PANI, the intrinsic conductivity along the chain
axis at room temperature should be greater than 10*
S/cm.
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CONCLUSION

In conclusion, the magnitude of the resistivity of
PANI-CSA is much smaller and the temperature depen-
dence of the resistivity is much weaker than previously
reported for protonated polyaniline containing conven-
tional counterions (e.g., C17). The metallic nature of
PANI-CSA is observed in the transport from the increase
in resistivity as the temperature is increased from 180 K
to room temperature. The weak temperature dependence
indicates that the use of surfactant counterions
significantly improves the quality of the material; micro-
scopic disorder has been reduced to the point of marginal
metallic behavior with localization lengths at low temper-
atures of approximately 100-200 A.

The power-law dependence of the resistivity,
p(T)x T %38 indicates that PANI-CSA is in the critical
region of the metal-insulator transition. Application of
an external magnetic field causes a crossover from the
Larkin-Khmelnitskii power-law dependence of the disor-
dered metal in the critical regime to variable-range hop-
ping among localized states near the Fermi energy.

The counterion-induced processibility provides an op-
portunity to further improve the structural order to
achieve chain-extended and chain-aligned PANI in which
the elastic scattering is sufficiently weak to allow delocali-
zation and true metallic behavior in three dimensions. In
this limit, we estimate the room-temperature conductivi-
ty parallel to the chain direction to be greater than 10*
S/cm.
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