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%'e present results of polarized reflectance measurements for unstretched and stretched films of
polyaniline in the insulating emeraldine-base (EB) and conducting emeraldine-salt (ES) forms. The
reflectance data and the resulting optical conductivity, obtained from a Kramers-Kronig transform of
the reflectance data, of unstretched films agree well with optical data reported by S. Stafstrom et al.
[Phys. Rev. Lett. 59, 1464 (1987)]. The stretched films (400% elongation) show significan anisotropy in

the reflectance and the other optical constants. The frequency-dependent conductivity in ES exhibits a
large shift in oscillator strength to lower energies compared to that of EB and compared to that of un-

stretched films of ES, which demonstrates delocalization of conduction electrons in the "polaron band. "
The dielectric constant of stretched ES indicates that ES is metal-like, with maximum conductivity
greater than ten times the dc conductivity. These results indicate that the dc conductivity is likely dom-

inated by interchain processes and that higher values for conductivity are possible.

I. INTRODUCTION

Polyaniline is a family of conducting polymers that has
been the subject of a large number of experimental and
theoretical studies in the last few years. ' This family of
polymers exhibits a wide range of electronic, optical,
magnetic, and mechanical properties that have made pos-
sible an increasing number of important technological ap-
plications. The variety of materials in this family results
from the variation of the number of protons and the
number of electrons on the polymer backbone. Other
members have been synthesized through derivatization of
the parent polymer by the addition of methyl, ethyl,
methoxy, sulfonic, or other groups.

Many of the properties of polyaniline result from the
nature of the polymer backbone, which consists of alter-
nating C6 rings and nitrogen heteroatoms in either the
amine (N-H) or imine (N only) form, Fig. l. It has been
demonstrated that polyaniline may be prepared in three
discrete oxidation states: the fully reduced leucoemeral-
dine base (LEB), the half-oxidized emeraldine base (EB),
and the fully oxidized pernigraniline base (PNB). Each of
these forms of polyaniline is an insulator and possesses
other interesting physical and chemical properties.

Earlier studies ' of the emeraldine form of polyaniline
showed that the insulating emeraldine-base polymer can
be doped with protonic acids, such as HC1, to obtain the
emeraldine salt (ES) form, see Fig. 1(d), which has a dc
conductivity of about 1 8/cm. The transport properties
have been analyzed in terms of crystalline metallic re-
gions with the conductivity limited by dc charge trans-
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FIG. 1. Chemical structure of (a) leucoemeraldine base

(LEB), (b) emeraldine base (EB), (c) pernigraniline base (PNB),
and (d) emeraldine salt (ES).
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port through the intervening disordered material. The
size and volume fraction of these crystalline regions vary
with preparation technique, with typical values of 30-60
A coherence lengths and 40-60% crystallinity. The
conductivity results from the formation of a "polaron lat-
tice" with a half occupied "polaron band. " This picture
of polyaniline is supported by band-structure calcula-
tions, as well as optical, magnetic, and transport stud-
ies.

Emeraldine base is soluble in several solvents including
fV-methyl pyrrolidinone (NMP), " sulfuric acid, '

80% aqueous acetic acid, 60—88 % aqueous formic
acid, ' chloroform, ' and m-cresol. ' ' It has been
sho~n that strong flexible films and fibers' ' of EB and
ES can be formed from solutions of NMP. Recently, it
has been demonstrated that films of emeraldine base
that undergo simultaneous heat treatment and applica-
tion of stress result in oriented, partially crystalline po-
lyaniline films. Elongations of up to 450% or higher
have been achieved. The stretched EB film can be doped
with HC1 to obtain stretch-oriented emeraldine salt films.
The polymers exhibit anisotropic behavior in their tensile
strength, x-ray difFraction pattern, and ac and dc conduc-
tivities.

Polarized infrared absorption studies of stretched
films of erneraldine base show significant anisotropy for
light polarized parallel and perpendicular to the orienta-
tion direction. The major infrared modes at 1150, 1300,
1500, and 1600 cm ' exhibit increasing anisotropy with
increasing elongation for parallel polarization, which is
consistent with their orientation parallel to the polymer
axis (c axis). The ir mode at 850 cm ' shows increasing
anisotropy with increasing elongation for perpendicular
polarization, consistent with its orientation perpendicular
to the C6 rings. Analysis of the dichroic ratio of the in-

tegrated oscillator strength for each mode in the parallel
and perpendicular polarizations indicates that the plane
of the C6 rings makes an angle of 56'+15' with respect to
the plane of the nitrogen atoms. This prediction is in
reasonable agreement with the ring torsion angle of about
30' determined by analysis of x-ray difFraction patterns of
emeraldine base.

Earlier optical experiments ' ' reveal significant an-
isotropy in the reflectance for parallel and perpendicular
polarizations of visible and ultraviolet light. However,
these experiments did not present the anisotropic
behavior of other optical constants such as optical con-
ductivity, dielectric constant, index of refraction, and ex-
tinction coeScient. In this paper, we report measure-
ments of the reflectance of unstretched and stretched em-
eraldine base and emeraldine salt, in addition to anisotro-
py observed in optical constants obtained by Kramers-
Kronig transform of the reflectance data. These results
indicate that emeraldine base is an insulator with optical
transitions at approximately 2.0, 3.7, and 6.2 eV, which is
consistent with direct absorption measurements of solu-
tions of EB. For solutions and for modestly conducting
films of emeraldine salt, there is a significant shift of the
conductivity peak at 1.5 eV, which is associated with iso-
lated polarons, to 1ower energies for light polarized per-
pendicular to the chain. An even larger shift occurs for

light polarized parallel to the chain. These data support
the delocalization of conduction electrons in the "polaron
band" to form a metallic state in well-prepared samples.

In the next section of this paper, we describe the exper-
imental techniques used in this study, including a discus-
sion of the Kramers-Kronig calculation used to deter-
mine the optical constants. In Sec. III, we present and
discuss the experimental results for the reflectance mea-
surements of stretched EB, stretched ES, and unstretched
ES, in addition to the results for the optical constants.
We summarize our results in the final section.

II. KXPKRIMKNTAL TECHNIQUES

A. Sample preparation

Samples of amorphous emeraldine-base powder,
classified as EB-I, were prepared using previously de-
scribed methods. i ' Enough EB powder was dissolved in
NMP to produce a 2% (by weight) solution. Films of
partially crystalline EB-II, were prepared by first pouring
this solution onto glass plates, then placing these plates in
a vacuum oven at about 50'C for about 24 h. After most
of the NMP was driven off, a high-quality film remained,
which was then removed from the glass plate by immer-
sion in distilled water. These films, which are flexible and
copper colored, are about 10-50 pm thick and contain
up to 20% by weight NMP. The NMP acts as a plasti-
cizer, which lowers the glass transition temperature Tg.

The EB films are stretched by heating them to temper-
atures above T while maintaining the sample under a
uniaxial stress. Films with elongation of up to 450%
(i/10=4. 5) can be achieved using this process. Stretched
and unstretched films of ES were obtained by equihbrat-
ing stretched and unstretched films of EB in 1.0 M HC1
for 48—60 h. Because this method of doping typically
causes the films to curl and become quite brittle, a Tefion
sample holder was designed to keep the films under slight
tension during the doping process. This sample holder
was also used to hold the samples flat during the optical
reflectance measurements.

B. Re8ectance measurements

The polarized and unpolarized reflectance spectra of
stretched and unstretched films of EB and ES were mea-
sured with two instruments: a Perkin-Elmer Lambda 19
UV/Vis/NIR spectrophotometer and a Nicolet 60SX
Fourier transform infrared (FTIR) spectrometer. Mea-
surements using the UV/Vis/NIR spectrophotometer
ranged from 0.56 to 6.5 eV (2200 to 190 nm, or 4500 to
52600 crn '), while those obtained with the FTIR spec-
trometer ranged from 0.062 to 1.2 eV (20 pm to 1000 nm,
or 500 to 10000 cm '). For the polarized measurements,
a wire grid polarizer was used in the far- to near- ir, and
dichroic film polarizers were used in the near ir to near
uv, in addition to a Gian-Taylor polarizing prism.

Although the polymer films were quite flat, a small
amount of difFuse scattering was evident. To correct for
this, reflectance measurements using the UV/Vis/NIR
spectrophotometer were made with an integrating sphere.
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This method allowed for direct determination of the ab-
solute reflectance without having to correct for scattering
by the usual method of coating the sample with gold or
aluminum. Because Spectralon is used as the reference
surface inside the integrating sphere, the reflectivity of
the samples is corrected for the reflectivity of Spectralon.
Spectra obtained with the FTIR spectrometer were mea-
sured with respect to aluminum mirrors, and subsequent-
ly corrected for the reflectivity of aluminum. The FTIR
spectra closely matched that from the UV/Vis/NIR in-
strument, which indicated that there was little diffuse
reflectance from the samples.

C. Kramers-Kronig calculation

0.3

0.2—
O
C
6$

O
CO

CP

0.1

0.0
0 10000

Emeraldine Base

4000020000 30000

Energy (cm1)
50000

Because of the large frequency region covered by the
reflectance measurements, a Kramers-Kronig (KK)
analysis of the reflectance provides quite accurate
values for the optical constants of the polymer materials.
In performing the KK analysis, conventional extrapola-
tion procedures were used. For energies below 500 cm
the reflectance was assumed to be constant. Between the
highest frequency data point and 100000 cm ' (12.5 eV),
the reflectance was assumed to fall off as 1/co, whereas
above 100000 cm ', the extrapolation was taken as
1/c0 . The Kramers-Kronig transform of the reflectance
yields the phase shift on reflection. From the reflectance
and the phase shift, the other optical constants, such as
the conductivity, index of refraction, dielectric constant,
absorption coeicient, and loss function can be deter-
mined.

III. RESULTS AND DISCUSSION

A. Emeraldine base

Previous direct-absorption measurements in the
near-infrared to ultraviolet region on solutions of emeral-
dine base reveal strong absorption bands centered at
-2.0 and -3.8 eV. The higher-lying peak at 3.8 eV is
attributed to the m-~' band-gap absorption in agreement
with theoretical calculations. The absorption band at
2.0 eV results from an intrachain, charge-transfer, exci-
tonlike transition from the highest occupied energy levels
(centered on the benzenoid rings) to the lowest unoccu-
pied energy level (centered on the quinoid rings}.
Theoretical calculations support this assignment.

The reflectance of 4X-stretched emeraldine base is
shown in Fig. 2 for the electric field polarized parallel to
the chain axis (E~~c } and perpendicular to the chain axis
(Elc). Also shown is the reflectance of the same film
with no polarizer in the beam path. Because the polariz-
ers are not accurate above -34000 cm ', this measure-
ment was useful to determine what other features are
present at higher energies. The reflectance spectra show
significant anisotropy for the parallel and perpendicular
polarizations of the electric field.

Emeraldine base is quite transparent in the infrared so
that interference (fringing) effects are measured in the
spectra. In the FTIR spectrometer, these effects can be
minimized somewhat by eliminating their signature in the
interferogram before the Fourier transform is performed.

FIG. 2. Reflectance of 4X-stretched emeraldine base for the
electric field polarized parallel to the chain axis (E~~c) and per-
pendicular to the chain axis (Elc), and for no polarizer in the
beam path E„„p,&.
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FIG. 3. Frequency-dependent absorption coe%cient of em-

eraldine base obtained from Kramers-Kronig transform of the

reflectance data of Fig. 2.

In the UV/Vis/NIR spectrophotometer, elimination of
the interference fringes was not possible, the fringes can
be observed in the spectra near 6000 cm ', particularly
in the Elc spectrum. These features do not alter the
overall results by a significant amount, although at low
energies they do cause slight complications in interpret-
ing the results.

Plots of the frequency-dependent absorption coeScient
a(co) of EB for E~~c, for Eic, and for no polarizer are
shown in Fig. 3. The maxima in a(co) near 16000 cm
(2.0 eV) and at 28000 —30000 cm ' (3.5 —3.7 eV) corre-
spond to the electronic transitions previously observed
and discussed for solutions of emeraldine base. The ex-
citon peak at 2 eV shows the tnost anisotropy, being
much stronger for the parallel polarization than for the
perpendicular polarization. This result is consistent with
its assignment as an excitonlike transition involving in-
trachain charge transfer from the benzenoid rings to the
quinoid rings. The absorption peak at 50000 cm (6.2
eV) corresponds to transitions from lower-lying energy
bands to the conduction band. It is interesting to note
the presence of the small peak at —35000 cm ' (4.3 eV)
in the unpolarized spectrum, which is attributed to the
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band-gap absorption centered on the quinoid
rings. Typically, this peak is not observed in solu-
tions of emeraldine base, but rather in solutions of perni-
graniline base. The presence of this peak suggests that
the EB films studied may have an excess of quinoid rings,
i.e., they are slightly overoxidized.

B. Emeraldine salt

Upon protonation of the emeraldine base to the con-
ducting emeraldine salt, direct-absorption measure-
mentsi5 on solutions of emeraldine salt reveal dramatic
changes in the spectrum. The 2-eV absorption of emeral-
dine base disappears, and is replaced in emeraldine salt
by strong absorptions centered at about 1.4 and 3.0 eV.
These absorptions arise due to the formation of a polaron
band during protonation. The presence of the polaron
band allows for new transitions from lower-lying bands
that occur at the specified energies. This model is sup-
ported by reflectance measurements by Stafstrom et al.
on films of unstretched emeraldine salt.

For 4 X-stretched films of emeraldine salt, the dc con-
ductivity parallel to the stretching direction is approxi-
mately 3—4 times larger than that perpendicular to the
stretching direction, with absolute conductivities paral-
lel to the stretching direction reported as high as 300
S/cm. s The samples used in the reflectance measure-
ments reported here had dc conductivities parallel to the
stretching direction of o 1=11.2 S/cm and perpendicular
to the stretching direction of cr t=2.6 S/cm.

The reflectance of 4X-stretched films of emeraldine
salt is shown in Fig. 4 for E~~c and for Ej.c. In addition,
because of the cutoff of the polarizers, measurements

were extended to 50000 cm ' with no polarizer in the
beam path to determine what effects occur at higher ener-
gies. Because ES is strongly absorbing, there are no in-
terference effects observed in the spectra. There is
significant anisotropy, with the parallel reflectance ap-
proaching values greater than 75%%ug at low energies and
the perpendicular reflectance remaining at or below 20%%uo.

Note that the reflectance spectrum for Elc is flatter in

the visible region (14000—25000 cm ') than for E~~c,
which reflects more in the blue region than the red. This
is consistent with what is observed when a stretched film
of ES is examined through a visible polarizer; i.e., the
perpendicular polarization appears more shiny or white
in color than the parallel polarization, which appears
dark blue.

The frequency-dependent absorption coefficient tz(co)
obtained from the Kramers-Kronig transform of the
reflectance is shown in Fig. 5. For no polarizer in the
beam path, there are four absorption peaks in ES near
9000 cm ' (l.l eV), 24000 cm ' (3.0 eV), 31000 cm
(3.8 eV}, and 50000 cm ' (6.2 eV}. For the E~~c spec-
trum, the lower peak is shifted to about 6000 cm ' (0.75
eV) and is quite weak in the Elc spectrum. At higher en-
ergies, both polarized results for the absorption
coefficient give higher values than those for no polarizer.
This is most likely due to extrapolation techniques of the
reflectance, because for the two polarized reflectance
measurements, extrapolation began at 32 000 cm
which eliminates the additional information in the
reflectance observed in the data with no polarizer in the
beam path. The results do not significantly affect the
shape or position of absorption peaks, but rather the
overall level, particularly at higher energies.

Comparison of the absorption curve of ES film with
that of ES in solution reveals important differences asso-
ciated with the delocalization of the conduction elec-
trons. Though the 3.0-eV absorption band remains essen-
tially unchanged, the narrow band at 1.5 eV (assigned to
polaron absorption in solution and observed as a relative-
ly narrow peak in poorly conducting forms of emeraldine
salt) has shifted substantially to lower energies. This re-
sult supports the polaron band model, ' in which locali-
zation of isolated polarons on chains in solution gives the
discrete absorption predicted for polarons. 6 Similar ab-
sorptions are observed for more poorly conducting film
samples. The broadening and subsequent shift to lower
energy of the 1.5-eV absorption, for the more highly con-
ducting samples, supports %he picture of an intrapolaron
band, free-carrier-like absorption. The anisotropy of the
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FIG. 4. Reflectance of 4X-stretched emeraldine salt for the
electric field polarized parallel to the chain axis (E~~c) and per-
pendicular to the chain axis (Elc), and for no polarizer in the
beam path E„„

FIG. 5. Frequency-dependent absorption coeScient of 4X-
stretched emeraldine salt obtained from Kramers-Kronig trans-
form of the reflectance data of Fig. 4.
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low-energy absorption for the 4X-stretched ES sample
reveals that for these samples the extent of delocalization
is different in parallel and perpendicular directions, in
agreement with microwave frequency dielectric constant
and conductivity measurements. The infrared vibration-
al features in the range 1100—1600 cm ' support previ-
ously reported results, obtained using polarized direct-
absorption spectroscopy, that show anisotropy for the
parallel and perpendicular polarizations as mentioned in
Sec. I.

The real part of the frequency-dependent conductivity
o, (co) is shown in Fig. 6. For no polarizer in the beam
path, the conductivity data are similar to previously re-
ported spectra on unstretched emeraldine salt, although
the peak near 11000 cm ' in that data is shifted to about
6000 cm ' for the stretched films. We have made
reflectance measurements on unstretched films of ES
which give conductivity data almost identical to that re-
ported by Stafstrom et al. Hence, similar to the absorp-
tion peak discussed above, the conductivity peak at
11000 cm ' in poorly conducting or solution samples of
ES is shifted to lower energies for samples of higher con-
ductivity. This result supports the increased delocaliza-
tion of the electrons.

The frequency-dependent conductivities for parallel
and perpendicular polarizations show significant anisot-
ropy, Fig. 6. For E~~c, there is a strong peak in conduc-
tivity near 2500 cm, such a large shift in oscillator
strength to lower energies occurs compared to results for
unpolarized light and for unstretched films. This shift in
oscillator strength is consistent with e6'ective-medium-

approximation calculations for a composite of small met-
al particles in an insulating host. In these systems, for
filling fractions f below the percolation threshold f„the
conductivity shows a broad peak below the plasma fre-

quency that shifts to lower energy as f approaches f, .
Above f„a Drude peak centered at zero frequency de-

velops in addition to the broad absorption, giving a
nonzero dc conductivity.

The conductivity data for no polarizer in the beam and
for Elc both extrapolate to low values (approximately 1
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S/cm) near dc, which agrees with dc conductivity mea-
surements. However, the parallel polarization extrapo-
lates to approximately 1000 S/cm at dc, which is two or-
ders of magnitude higher than the measured value of
o ~~=11.2 S/cm. Thus, the measured dc value is likely
dominated by interchain transport processes, and the in-
trinsic value of the conductivity has yet to be determined.
This result is similar to that reported by Leising for me-
tallic polyacetylene.

The index of refraction n and the extinction coefficient
k of 4X-stretched emeraldine salt for the electric field po-
larized parallel to the stretching direction are shown in
Fig. 7(a). The index of refraction is quite high for low en-

ergies, falling to a value near n =1 at higher energies.
The extinction coefficient falls below n to relatively low
values for energies above approximately 13000 cm
For the perpendicular polarization, n ranges from 2 —2.5
below 2000 cm ' to 1.2—1.5 above 6000 cm ', whereas k
is less than 1 for all energies measured, Fig. 7(b).

The real part of the dielectric function, determined by
c.,

=n —k, and the imaginary part, determined by
E2=2nk, for the parallel polarization of 4X-stretched
emeraldine salt are shown in Fig. 8(a) and expanded by a
factor of 10 in Fig. 9. The real part c& is negative for the
electric field polarized parallel to the chain direction for
energies between 2000 and 12 600 cm ' indicating nearly
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FIG. 6. Real part of the frequency-dependent conductivity
o. l(co) of 4X-stretched emeraldine salt for the electric field po-

larized parallel to the chain axis (E~~c) and perpendicular to the

chain axis (Elc ), and for no polarizer in the beam path E„„p„.

FiG. 7. The real and imaginary parts of the index of refrac-

tion, n and k, respectively, of 4X-stretched emeraldine salt for

(a) E~~c and (b) Eic.
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metallic behavior. At microwave frequencies (6X 10 Hz,
or 0.2 cm ') the dielectric constant of these samples is
positive ( —1000 at room temperature). For the perpen-
dicular polarization, the real part of the dielectric func-
tion is positive at all energies, Fig. 8(b), which is con-
sistent with less electron delocalization in this direction.

From the dielectric function, the loss function can be
calculated as

—Imc
—'j 2

c+a,

The loss function for emeraldine salt for the parallel po-
larization is shown in Fig. 10. A strong peak appears at
approximately 13 200 cm ' (1.64 eV). This value is close
to the energy where e, =s2 at 14600 cm ' (1.81 eV),
which is often taken as the position of the plasma energy
E . In metallic polyacetylene, Leising reports that the
plasma energy is 3.51 eV consistent with higher values of
E for better conductors. The loss function for the per-
pendicular direction, Fig. 10, does not show a well-
defined maximum, re6ecting an "over-damped" response.
Hence, in the perpendicular direction, the electrons are
less delocalized for these samples.

IV. SUMMARY

In summary, polarized reflectance measurements of
stretched fihns of emeraldine base and emeraldine salt
have revealed significant anisotropic features in their op-
tical properties. The absorption coeScient of 4 X-
stretched films of emeraldine base shows that the exciton-
ic transition near 2.0 eV is strongly polarized parallel to
the chain axis, as expected. Results on emeraldine salt
indicate that parallel to the chain axis, the polymer ex-
hibits metal-like conductivity. This behavior causes a
large shift of oscillator strength to lower energies with a
large increase in conductivity expected. The much
higher values for the frequency-dependent conductivity
(about 1000 Sicm) compared to the dc conductivity
(about 10 S/cm) indicate that the ultimate conductivities
in these materials have not been attained, and that inter-
chain transport processes dominate the dc transport.
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