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We present the first study of chirality from the UV to the IR region for a conducting
polymer, thereby probing the motion of the metallic “free carriers.” Through study of chiral
and achiral camphorsulfonic acid (CSA) doped polyaniline (PAN) films cast from different
solvents (m-cresol and chloroform) and correlations with secondary doping experiments, we
demonstrate that the chirality lies in the order “metallic” regions of the polymer films.
Samples were studied by absorption, UV-vis-IR circular dichroism, and charge transport
(temperature-dependent dc and microwave frequency conductivity and dielectric constant)
measurements. The metallic films (cast from m-cresol) show strong optical activity of the
conducting electrons in the visible and IR regions, showing that a chiral metal can be
prepared by the methods of organic chemistry. In contrast, the nonmetallic chloroform cast
films show weaker optical activity of the polymer backbone and a completely different
interaction with CSA compared to m-cresol cast films. However, little difference in
temperature-dependent dc conductivity is observed with PAN doped with chiral vs achiral
CSA. It is postulated that chiral regions of the polymer backbone segregate in the metallic
regions of the polymer film upon evaporation of m-cresol. Secondary doping of chloroform
cast films with the vapors of m-cresol yields an increase in electron delocalization but a
decrease in optical activity of the polymer backbone, in accord with a picture of inhomoge-
neous order in these materials.

Introduction

The area of conducting polymers has become a field
of rapid growth2 since the report of high conductivity
in doped polyacetylene in 1977.3 Extensive studies have
been performed on materials such as polythiophenes,4
polypyrroles,5 poly(p-phenylene)s,6 poly(p-pyridyl vi-
nylene)s,7 poly(p-phenylene vinylene)s,8 and poly-
anilines.9 Due to low cost and ease of processing, the
use of these materials has been explored in many

applications including light emitting devices,10 light-
weight batteries,11 transistors,12 photodiodes,13 and
sensors.14

Polyaniline (PAN) has received considerable interest
because of its ease of synthesis, solubility, and the high
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chemical and thermal stability of both its doped (con-
ducting) and undoped (insulating) forms. The emeral-
dine salt form is the conducting form of polyaniline,
which originates from protonation of the imine nitrogens
of emeraldine base (EB), as shown in Scheme 1 in
bipolaron and polaron lattice forms.9,15 Films of emer-
aldine salt, prepared from emeraldine base films by
doping with a strong acid, such as HCl, usually have a
conductivity of 10-2 to 101 S/cm at room temperature
and become insulators at low temperature due to charge
localization.16 The conducting form of PAN becomes
soluble in organic solvents when EB is protonated with
a functionalized organic acid, such as camphorsulfonic
acid (CSA).17 It was shown that the choice of organic
solvent is critical, with “good” solvents acting as “sec-
ondary dopants”, which increase conductivity through

increases in local structural order.2c,15,18,19 In particular,
m-cresol was shown to act as a good secondary dopant
leading to conductivities up to 1000 times larger than
that for PAN/CSA films prepared from chloroform.17,18

Films of PAN/CSA cast from CHCl3 are more disordered
than those cast from m-cresol, have hopping conductiv-
ity, and become insulators at low temperature. PAN/
CSA systems cast from m-cresol show metallic proper-
ties, such as a positive temperature coefficient of
resistivity, a linear dependence of the thermoelectric
power on temperature, and a metallic plasma frequency,
with some samples remaining metallic to temperatures
as low as 10 mK.20 Computational studies by Ikkala et
al. suggest that the phenolic group on m-cresol acts as
a hydrogen-bonding donor to the carbonyl group on CSA
while aligning itself above the PAN repeat units by van
der Waals interactions.21 This interaction acts to
straighten the polymer chain, increasing the conjugation
length and promoting crystallinity. Other solvents, like
CHCl3, do not allow for hydrogen-bonding interactions.

Another interesting aspect of CSA as a dopant is its
optical activity. Minto and Vaughan have reported that
films of PAN doped with a single enantiomer of CSA in
m-cresol are more highly conductive and show increased
metallic behavior.22 They attribute this behavior to more
favorable steric interactions of molecules in solution,
leading to better packing on deposition. Furthermore,
they report that PAN/CSA films cast from m-cresol are
forced into a more planar, extended conformation in
contrast with films cast from CHCl3.
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On the basis of limited circular dichroism studies of
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formation.24 The circular dichroism of PAN/CSA dis-
solved in CHCl3, DMF, DMSO, and NMP and from films
cast from these solutions were reported by Wallace and
co-workers.25-27 Films cast from CHCl3, DMF, DMSO,
and NMP were all reported to have a similar chirality.
These observed CD spectra are also attributed to helical
formation of the polymer in solution. The data reflect
the more localized electronic structure in solution.
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Surprisingly, there has not been a thorough study
comparing films doped with optically active CSA and
cast from CHCl3 vs m-cresol, even though these films
have such varying properties. The present study was
undertaken to better understand the ramifications for
films doped with chiral CSA and cast from m-cresol and
CHCl3. Thus, absorption and CD measurements were
extended into the IR region to better observe the
delocalized electrons in highly conductive PAN. These
delocalized electrons are primarily associated with the
formation of ordered regions in the doped polymer.18,19,20

These studies are complemented by dc and microwave
frequency charge transport measurements in films
doped with both chiral and racemic CSA. Furthermore,
the first study of the effects of secondary doping on
polymer chirality was undertaken. PAN/CSA films cast
from CHCl3 were studied both before and after second-
ary doping with m-cresol vapors by absorption, CD, and
transport measurements. We conclude that the nonme-
tallic PAN/CSA films cast from CHCl3 have little
chirality. When the films are exposed to secondary
doping with m-cresol vapors, the PAN chains begin to
straighten out and lose their limited optical activity. We
also conclude that for films that are cast from m-cresol,
optical activity originates in the metallic (more ordered)
regions of the films. An intermolecular interaction
between polymer chains is proposed.

Experimental Section

m-Cresol was purchased from Aldrich and used as received.
Chloroform was purchased from Fisher and also used as
received. PAN was synthesized at -25 °C according to Monk-
man’s procedure.28 Molecular weight values that they obtained
in their synthesis were 153 000, 209 000, 43 500, and 4.8 for
Mp, Mw, Mn, and polydispersity, respectively. In a typical
experiment for making films, a 2:1 ratio of CSA to EB repeat
unit was ground together with a mortar and pestle and then
dissolved in the appropriate solvent to make a solution that
was 2.7 wt % EB + CSA. The solution was then mixed with
an IKA Labortechnik T25 basic homogenizer at 20 000 rpm
for 10 min and centrifuged for 30 min. Solutions were generally
allowed to gelate for 1-2 h before making films. Changes in
gelation time29 made little to no difference in the appearance
of absorption or CD spectra. Thin films were made by spin-
casting the solution on either a quartz or BaF2 substrate at
500 rpm for 30 s and then from 1000 to 3000 rpm for 60 s,
depending upon the solution viscosity and desired film thick-
ness. Thick films (∼40 µm) for transport measurements were
drop-cast on silicon wafers at the same time spin-cast films
were made, dried in an oven at 80 °C for 1-2 days, and peeled
off. Visible CD spectra were taken using a Jasco J-500C
spectropolarimeter. For our method of preparation, films cast
from less than 2 wt % solutions from m-cresol showed no CD
spectrum. Electronic UV-vis-near-IR absorption spectra were
taken with the same samples using a Perkin-Elmer λ-19
spectrometer. IR absorption and vibrational circular vibra-
tional (VCD) spectra were taken using a mid-IR Fourier
transform VCD spectrometer, the Chiralir from Bomem/
BioTools.30 The instrument includes an external VCD bench,
constructed in-house and equipped with two ZnSe photoelastic
modulators from Hinds Instruments that were used for all
spectral measurements. The dual polarization modulation
technique31 was employed on the VCD bench to suppress
artifacts introduced by small amounts of stray linear birefrin-

gence in the optical components of the instrument. The spin-
coated film samples were checked for birefringence and were
found to have none of significance within the sensitivity range
of these measurements. This is also indicated by the mirror-
image symmetry, relative to zero VCD, of chiral films induced
by mirror-image chiral molecules and by the flat VCD baseline
obtained for films cast with racemic mixtures of chirality-
inducing molecules. The sensitivity of the instrument was
optimized for the frequency regions of interest, and all IR and
VCD spectra were recorded at the resolution of 4 cm-1.
Temperature-dependent dc conductivity and microwave mea-
surements at 6.5 GHz were performed utilizing the four-
probe32 and cavity perturbation33 methods, respectively. Sec-
ondary doping was done by filling the bottom of a closed vessel
with m-cresol and suspending the chloroform cast films 1 in.
above the solution. The amount of exposure time was varied
from 1 h to 3 days. However, the amount of exposure time
had little effect on the appearance of CD spectra.

Results and Discussion

MacDiarmid, Epstein, and co-workers proposed that
doped PAN, in films cast from CHCl3, is “compact coil”
in nature, resulting in localized polarons being confined
to short conjugation lengths.18 In films cast from m-
cresol, PAN exists in an expanded coil form. The
localized polaron absorption is replaced by a “free carrier
tail” absorption due to the delocalized electrons. This
proposal accounts for the UV-vis-near-IR absorption
spectra from PAN/CSA(+) shown in Figure 1. Chloro-
form cast films show three distinct peaks at 360, 440,
and 800 nm, which correspond to transitions from the
π to π* band, localized polaron to π* band, and the π to
polaron band, respectively.34 For the m-cresol cast films,
the localized polaron band at 800 nm is replaced by
broad intraband transitions within the half-filled delo-
calized polaron band (free carrier tail), which extends
from 520 nm to beyond 2500 nm. This free carrier tail
extends further into the IR, as can be seen from the IR
absorption spectra shown in Figure 2.20

MacDiarmid, Epstein, and co-workers also reported
that when chloroform cast PAN/CSA films are exposed
to the vapors of m-cresol, the localized polaron spectrum
is gradually replaced by the m-cresol-like expanded coil
spectrum.18 This phenomenon is known as secondary
doping. To further understand the morphology of PAN/
CSA films, chloroform cast films from CSA(+) were
exposed to secondary doping. The final absorption
spectrum in Figure 1 shows the CHCl3 cast film after
being exposed to m-cresol vapors for 3 days.

The absorption spectra, accompanied by circular
dichroism spectra taken in the UV-vis and IR regions,
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are shown in Figures 2, 3, and 4.35 Figure 3 shows the
CD spectra of m-cresol cast films of PAN/CSA(+), PAN/
CSA(-), and PAN/CSA(() from 190 to 12 500 nm.
Instrumentation was not available to cover the 1000-
2270 nm spectral range. The visible CD spectrum is

expanded as an insert in Figure 3. Figure 4 shows the
CD spectra of CHCl3 cast films in both the visible and
the IR regions. The visible CD spectrum is expanded
as an insert in Figure 4.

Comparison of these two CD spectra lead to several
observations: (1) Doping with CSA(+) vs CSA(-) leads
to an induced optical activity of equal but opposite sign
throughout the measured spectrum, independent of the

(35) (a) Optical Rotatory Dispersion; Djevassi, C., Ed.; McGraw-
Hill: New York, 1960. (b) Optical Circular Dichroism; Velluz, L.,
Legrand, M., Grosjean, M., Eds.; Academic Press: New York, 1965.

Figure 1. Absorption spectra of 2.7 wt % PAN/CSA(+) spin-cast from m-cresol and spin cart from CHCl3 before and after exposure
to m-cresol vapors for 3 days.

Figure 2. IR absorption and circular dichroism in reciprocal centimeters of PAN/CSA(+) cast from m-cresol and chloroform.
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solvent used in film preparation. The weak Cotton
effects35 associated with CSA itself can be seen at 290
nm for the CHCl3 cast films and the carbonyl stretch
at 5780 nm (1730 cm-1) in m-cresol cast films. All other
optical activity observed in these spectra results from
the induced optical activity of the PAN chains. (2)
Although all films are of comparable thickness, Cotton
effects observed from m-cresol cast films are 100 fold
larger than those from CHCl3 cast films. The increased
Cotton effect is associated with the dramatically larger
structural order induced in the PAN/CSA backbone due

to interactions in the presence of m-cresol than for
CHCl3 cast films. (3) Cotton effects at 360 and 440 nm
for the films are of opposite sign for the same enanti-
omer of CSA for the two different casting solvents. Thus,
the PAN/CSA interaction that induces chirality in the
polymer backbone must be completely different in the
two solvents. This contrasts with the earlier report of
Wallace and co-workers that spectra of films cast from
DMF, NMP, and DMSO are similar to CHCl3 in ap-
pearance.25,26,27 One may propose that since CHCl3 is
more volatile than m-cresol, differences in CD spectra

Figure 3. Visible and IR circular dichroism spectra of PAN/CSA(+), PAN/CSA(-), and PAN/CSA(+,-) cast from m-cresol.
Insert: closeup of CD spectra in the visible region.

Figure 4. Visible and IR circular dichroism spectra of PAN/CSA(+), PAN/CSA(-), and PAN/CSA(+,-) cast from chloroform.
Insert: closeup of CD spectra in the visible region.
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may be due to different amounts of residual solvent left
in the polymer films. We can further look at the CD
spectra in solution to demonstrate the different interac-
tions of PAN with CSA in these two solvents. Optically
active PAN/CSA exhibits a CD spectrum in solution in
CHCl3 but not in m-cresol. Majidi et al. even show that
when m-cresol is added to CHCl3 solution, optical
activity disappears.26a We have further observed that
even in PAN/CSA films that are cast from m-cresol,
films had to be cast from a concentration of 2 wt % or
higher to have any optical activity. (4) The Cotton effect
measured in the free carrier tail shows “exciton-like”
splitting36 by changing sign between the visible and IR
regions. Although it is not shown, extrapolation of the
CD spectra in Figure 3 leads to a crossover in sign
around 2000 nm. This observation leads to a pair of
possible interpretations. The highly conductive regions
of PAN/CSA films cast from m-cresol could deposit in
right and left-handed helixes, as proposed for PAN/CSA
in CHCl3 solutions and in CHCl3 cast films. Alterna-
tively, Ikkala and co-workers proposed that interactions
between PAN, CSA, and m-cresol lead to chiral, ex-
tended polymer chains that are coupled to each other
and interact with light as separate chromophores.21 A
similar structure has been proposed previously to
describe regioregular polythiophenes with chiral side
chains.37

The IR spectrum of the m-cresol cast film is given in
Figure 2 and shows 6 distinct vibrational absorptions
between 1600 and 1000 cm-1, in accord with earlier
reports for vibrations in the emeraldine salt.38,3939 Each
of these peaks are accompanied by a Cotton effect in
the CD spectrum. Although much weaker, the chloro-
form cast films also show several peaks in the IR, which
correspond to the emeraldine base form of PAN. How-
ever, none of these peaks lead to a Cotton effect. These
results lead us to believe that in these films, optical
activity is induced almost exclusively in the highly
conducting (structurally ordered) regions of the polymer.
For the sake of clarity, all of the observed peaks are
reported in Table 1 in both nm and cm-1, along with
the sign of the Cotton effect and the origin of the signal.

It is noted that the IR peaks of the m-cresol cast film
have the “Fano” shape40 expected for interaction be-
tween a discrete absorption (the vibrational mode) and
a continuous absorption (from the free carrier tail of the
delocalized polaron band), further supporting that the
chiral activity is associated with ordered (metallic)
regions of the chiral CSA doped PAN.

Charge transport and dielectric data for thicker films
of the same composition are shown in Figures 6, 7, and
8. Room-temperature dc conductivities (σ(300 K)) of
PAN/CSA(+,-) and PAN/CSA(+) films cast from m-
cresol were ∼150 and 170 S/cm with σ(10 K)/σ(300 K)
∼ 0.56 and 0.62, respectively. Temperature dependences
of PAN doped with a single enantiomer and a racemic
mixture of CSA are very similar with the single enan-
tiomer having a sharper maximum. These results are
similar to those reported by Minto and Vaughan,22

though their PAN/CSA(+) sample has a larger room-
temperature conductivity. Our σdc(T) results for both
enantiomerically pure and racemically doped samples
are similar. We attribute the subtle difference in results
to the different ways in which the polymer films were
made and processed between the two groups. A tem-
perature-dependent reduced activation energy W(T)
(defined as d log σ(T)/d log T) plot from σdc(T), inset
Figure 6, shows a metallic behavior below 10 K for both
racemic and enantiomerically pure samples. A crossover
from negative to positive W(T) slope upon cooling
indicates that both films are “metallic” .20

Microwave conductivity σmw(T) of PAN/CSA(+,-) and
PAN/CSA(+) films cast from m-cresol shows a similar
temperature dependence to the dc conductivity with
room-temperature conductivity values of 300 and 410
S/cm, respectively. Figure 8 shows a very large negative
microwave frequency dielectric constant with similar
temperature dependences for PAN doped with a single
enantiomer and a racemic mixture of CSA. No signifi-
cant difference is observed between PAN/CSA(+,-) and
PAN/CSA(+) from m-cresol, although PAN-CSA(+)/m-
cresol shows a slightly weaker temperature dependence.
This indicates that in microwave frequency range (6 ×
109 Hz) chirality does not substantially affect the charge
conduction process. The negative dielectric constant
(εmw) of -7 × 104 and -5.5 × 104 for PAN-CSA(+,-)
and PAN/CSA(+), respectively, at 300 K suggest a
Drude-like dielectric response at microwave frequency.16

(36) Circular Dichroic Spectroscopy; Harada, N., Nakanishi, K.,
Eds.; Oxford University Press: Oxford, 1983.

(37) Bouman, M. M.; Meijer, E. W.; Polymer Prepr. 1994, 35, 309.
(38) (a) Tang, J.; Jing, X.; Wang, B.; Wang, F. Synth. Met. 1988,

24, 231. (b) Harada, I.; Furukawa, Y.; Ueda, F.; Synth. Met. 1989, 29,
E303.

(39) (a) Asturias, G. E.; MacDiarmid, A. G.; McCall, R. P.; Epstein,
A. J. Synth. Met. 1989, 29, E157. (b) Colomban, P.; Gruger, A.; Novak,
A.; Regis, A. J. Mol. Struct. 1994, 317, 261.

(40) McCall, R. P.; Roe, M. G.; Ginder, J. M.; Kusumoto, T.; Epstein,
A. J.; Asturias, G. E.; Scherr, E. M.; MacDiarmid, A. G. Synth. Met.
1989, 29, E433.

Table 1. Observed Transitions in PAN/CSA(+)

peak/nm (cm-1) solvent Cotton effect origin reference

350 CHCl3 + π to π* band 34
350 m-cresol - π to π* band 34
440 CHCl3 - polaron to π* band 34
440 m-cresol + polaron to π* band 34
∼800 CHCl3 none π band to polaron band 34
500-near ir m-cresol split π band to conduction band and intra-conduction band 34
6250(1600) CHCl3 none quinoid ring stretch 38
6410(1560) m-cresol + protonated quinoid ring stretch 38
6760(1480) m-cresol + protonated quinoid ring stretch 38
7720(1295) m-cresol + CsN stretch + CsH bend of protonated quinoid ring 38
7750(1290) CHCl3 none CsN stretch + CsH bend of EB unit 38
8030(1245) m-cresol + CsN stretch + CsC stretch of protonated EB 38
8620(1160) CHCl3 none CsH in-plane bend of EB unit 38
8970(1115) m-cresol + CdN stretch of protonated quinoid ring 38
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The εmax remains negative down to 10 K. These results
are similar to those for hexafluorophosphate polypyrrole
[PPy(PF6)]5e,20 and highly conducting PAN/CSA.20,41 The
microwave frequency data can be fit using the Drude
model at the low-frequency limit (ωτ , 1), σmw ∼ (ωp2/
4π)/τ and εmw ∼ -ωp2τ2. Hence, ωp and τ (∼4πεmw/σmw)
are ∼0.008, 0.01 eV (∼30 cm-1) and ∼2.0 × 10-11, 1.6
× 10-11 s, for PAN/CSA(+,-) and PAN/CSA(+), respec-
tively. This small ωp likely originates from the most
delocalized electrons of the conduction band.20 Earlier
studies of PAN showed that the polymer films consist
of highly conductive ordered metallic regions (“islands”)
surrounded by a sea of disordered, less conductive
material.16,42 The conductivities of films are ultimately
determined by the transit of charges between the
metallic islands. The anomalously long τ in these
samples reflects the time for metallic electrons to transit

the disordered regions. If we assume that all of the
chirality induced in PAN is within the metallic regions,
this explains the similar σdc(T) and σmw(T) values, even
though a single enantiomer of CSA creates chiral
structural order in the polymer backbone. Furthermore,
it is noted that the room-temperature conductivity of
the m-cresol cast films are greater than that of the
CHCl3 cast films by about a factor of 100, identical to
the difference in the magnitude of the CD spectra. The
results, combined with exciton splitting of the free car-
rier tail and the Cotton effects observed in the IR spec-
tra, lead us to believe that optical activity in m-cresol
cast films is induced primarily within the ordered
metallic islands.

More information can be obtained by a further look
at the CD and transport data of PAN/CSA(+) and PAN/
CSA(() cast from CHCl3 before and after exposure to
m-cresol vapors. Although secondary doping induces a
large free carrier tail in the absorption spectrum, this
broad absorption shows no induced chirality, as shown
in Figure 5. In fact, after exposure to m-cresol vapors
from a few hours to 3 days, the Cotton effects at 360
and 440 nm almost disappear completely. These obser-
vations lead to the conclusion that once the film is
prepared, the polymer chirality is “locked” into place.
The addition of m-cresol may act to straighten out the
polymer chain to some extent, but CSA cannot rear-
range to create the same interaction present in films
cast from m-cresol. In fact, the straightening out of the
polymer chains by m-cresol appears to remove any
chiral interaction that CSA had induced in the PAN.
Xia et al. have shown previously that secondary doping
induces a permanent alteration in the polymer chains.
They report that the UV-vis-near-IR spectra and
surface resistance of the films remain unchanged even
after heating the films or dipping them in acetone for
several minutes.18b Therefore, secondary doping is a way
to permanently remove chirality from optically active
PAN/CSA films cast from CHCl3. If we assume the

(41) Kohlman, R. S.; Joo, J.; Min, Y. G.; MacDiarmid, A. G.; Epstein,
A. J. Phys. Rev. Lett. 1996, 77, 2766.

(42) (a) Wang, Z. H.; Ray, A.; MacDiarmid, A. G.; Epstein, A. J.
Phys. Rev. B 1991, 43, 4373. (b) Pouget, J. P.; Jozefowicz, M. E.;
Epstein, A. J.; Tang, X.; MacDiarmid, A. G. Macromolecules 1991, 24,
779. (c) Prigodin, V. N.; Epstein, A. J. Synth. Met. 2002, 125, 43.

Figure 5. Visible circular dichroism spectrum of PAN/CSA(+) cast from chloroform before and after secondary doping with
m-cresol vapors for 3 days.

Figure 6. The dc conductivity of PAN-CSA(+,-)/m-cresol (O)
and (+)/m-cresol (0) and (+)/CHCl3 before (4) and after (3)
m-cresol treatment. Inset: log-log plot of ω(T) vs T for PAN-
CSA(+,-) and PAN-CSA(+) cast from m-cresol.
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model of Wallace and co-workers that PAN/CSA forms
a helical structure from CHCl3,25,26,27 our results suggest
that m-cresol then acts to elongate the helix and thus
move the backbone away from the interaction with CSA.
From the transport data shown in Figure 6, σdc(T) of
CHCl3 cast PAN/CSA(+) films both before and after
m-cresol vapor treatment can be well fitted by quasi-
1D VRH conduction mechanism (σ(T) ) σ0 exp[-(T0/
T)1/2 ]).43 σ(300 K) ∼ 4.1 and 8.3 S/cm and T0 ∼ 2100
and 1100 K before and after m-cresol treatment, re-
spectively. These results also provide support to the
secondary doping by m-cresol vapors straightening any
helical arrangement in the polymer backbone.

A final experiment was run in which the IR CD
spectra were compared for m-cresol cast films, in which
one film contains 100% CSA(+) and the other film
contains only a 5% excess of CSA(+) (52.5:47.5 CSA-
(+)/CSA(-)). To account for differences in film thickness,
a plot of CD/absorbance vs wavelength was made, as
shown in Figure 9. This plot contains the spectra of the
two films mentioned above and a final spectrum of the
film with 5% excess CSA(+) multiplied by a factor of
20 to mimic the enantiomerically pure sample. The CD
in the free carrier tail is much greater than expected,
which is around 8000 nm or a conjugation length of
approximately 5-6 repeat units.44 This is a relatively
short conjugation length but is longer than what would
be predicted if CSA(+) and CSA(-) associated with PAN
randomly. These results support the proposal that CSA
enantiomers preferentially self-aggregate in the prepa-
ration of PAN films.

Conclusions

Absorption, circular dichroism, and transport mea-
surements of PAN/CSA films cast from CHCl3 support
the proposal that under these processing conditions,
PAN/CSA is strongly disordered with a modest chirality.
This proposal is supported by charge transport mea-
surements of films that match a Q1D-VRH mechanism,
both before and after secondary doping. This type of
structure would be expected to have short conjugation
lengths, as shown by the UV-vis and IR spectra. When
secondary doping is applied to these films by exposure

(43) Epstein, A. J.; Lee, W. P.; Prigodin, V. N. Synth. Met. 2001,
117, 9.

(44) 8000 nm ) 3.8 × 1013 s-1. Assuming that the Fermi velocity of
the delocalized electron is 105 m/s, the distance traveled by the electron
at 8000 nm ≈ 105 m/s × (1 s/3.8 × 1013) ≈ 25-30 Å.

Figure 7. The dc conductivity of PAN-CSA(+) and PAN-CSA(+,-) vs temperature. (Note: “steps” are due to digitization of the
data.)

Figure 8. Microwave dielectric constant of PAN-CSA(+,-
)/m-cresol (O) and (+)/m-cresol (0) films.
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to the vapors of m-cresol, the absorption spectrum shows
the appearance of a free carrier tail of delocalized
electrons. However, after secondary doping, there is no
induced optical activity in the free carrier tail, ac-
companied by a disappearance of optical activity in the
visible region. These results may be explained by
m-cresol acting to “swell” the helix, facilitating a
straightening out of the polymer chains, while mostly
removing the chiral interaction with CSA.

Our results for m-cresol cast films, accompanied by
results presented in the recent literature,22 are incon-
sistent with this helix model applied to isolated chains.
In these films, a large exciton-like splitting of the free
carrier tail and a vibrational chirality corresponding to
the emeraldine salt support the proposal that CDs
comes almost exclusively from the tightly packed, highly
crystalline regions. X-ray diffraction studies show the
chains in the crystalline regions to be nearly planar with
an interchain distance of 3.5 Å.22,45 Furthermore, if the
same interaction was taking place in films cast both
from m-cresol and CHCl3, the m-cresol would also be
expected to fit the Q1D-VRH mechanism. Similar σdc-
(T), σmw(T), and anomalously long charge carrier life-

times for m-cresol cast films doped with both chiral and
achiral CSA point to the fact that the extent of charge
transport is ultimately determined by transport through
the achiral amorphous regions of the polymer film. We
propose that a chiral interchain interaction, which is
created by interaction between PAN, CSA, and m-cresol,
is more likely, and that CSA(+) and CSA(-) segregate
into groups to interact with PAN in solution, but the
chiral interchain interaction in this case is made only
after the solvent is evaporated. These results also
explain observations by Wallace et al.26 that unlike
other solvents, PAN/CSA does not show optical activity
when dissolved in m-cresol and that when m-cresol is
added to CHCl3 solutions, optical activity disappears.
It is noted that the sensitivity of the PAN CD to the
dopant, solvent, secondary dopant, and sample history
may provide a basis for the use of PAN as a detector of
chirality of chemical agents.
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Figure 9. CD/absorbance spectrum of films of 2.7 wt % polyaniline cast from m-cresol doped with pure CSA(+) (A) and a 52.5:
47.5 ratio of CSA(+) to CSA(-), both as is (B) and multiplied by a factor of 20 to match the excess amount of CSA(+) in the
enantiomerically pure film (C).
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