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ABSTRACT: By using camphorsulfonic acid (CSA) to protonate polyaniline (PANI),
the counterion enabled the PANI–CSA complex processable as a solution phase. So
camphorsulfonic acid (CSA)-doped polyaniline/polyimide (PANI/PI) blend films were
prepared by the solvent casting method using N-methylpyrrolidinone (NMP) as a cosol-
vent followed by thermal imidization. The conductivity of the PANI–CSA/PAA (50 wt
% PANI content) is greater than that of the pure PANI sample at room temperature.
As the thermal imidization proceeded, molecular order of polymer chain structure was
improved in the resulting PANI–CSA/PI film due to the annealing effect of PANI
chain, and this PANI–CSA/PI film showed higher conductivity than PANI–CSA and
PANI–CSA/PAA film. PANI–CSA/PI blend films had a good thermal stability of con-
ductivity at high temperature. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 1863–
1870, 1998
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INTRODUCTION results from the substituents induced, the in-
crease in interchain length, and the decrease in
conjugation length, all of which caused the con-Polyaniline (PANI) has been generally catego-

rized as an intractable polymer because of the dif- ductivity decrement.
However, recently, Cao et al.9,10 reported theficulty in thermal or solution processing. How-

ever, the emeraldine base form of polyaniline has use of functionalized protonic acid both to dope
PANI and, simultaneously, to render the re-been found to be soluble in aqueous acetic acid,

formic acid, dimethylsulfoxide, dimethylform- sulting PANI complex soluble, in the conducting
emeraldine salt form, in common nonpolar oramide, N-methylpyrrolidinone (NMP), concen-

trated sulfuric acid, and other strong acids,1–3 but weakly polar organic solvents in which most com-
mercial polymers can be codissolved (counter-iontheir solubilities are very low. Many researchers

have attempted to solve this problem. They re- induced processability). Thus, processing of emer-
aldine salt of PANI in common organic solventsported that substitution of aromatic ring of poly-

aniline with {CH3, {OCH3, {SO3, or long al- is enabled by doping with functionalized protonic
acids like camphorsulfonic acid (CSA) and dode-kyl chain leaded to higher solubility in organic

solvents because of lessening of polymer chain cylbenzenesulfonic acid (DBSA), etc.
stiffness and interaction between polymer chains; The ability to achieve conducting polyaniline
consequently, it made the improvement of pro- complexes that are soluble in specific common or-
cessibility.4–8 Still, it has been impossible to dis- ganic solvents enables the creation of a variety
solve PANI in the conducting emeraldine salt of conducting polyblends in which polyaniline is
form. In addition to this problem, steric hindrance blended with bulk polymers. The fundamental re-

quirement for creating conducting polyblends is
the need for a solvent in which both the conduct-

Correspondence to: S. S. Im.
ing polyaniline complex and desired bulk poly-
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q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/111863-08 mers are cosoluble. Given such a solvent, conduct-
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for measuring the conductivity variation with
temperature, the four-probe cell was inserted in
a glass tube, and the heating rate was 37C/min.
The ultraviolet–visible (UV–vis) absorption
spectra of the blend films were recorded with UN-
ICAM 8700 series UV–vis spectrophotometer.
Wide angle X-ray diffraction (WAXD) patterns
were taken with Ni-filtered CuKa radiation
using Rigaku Denki RAD-C 4037A1. Fourier
transform infrared (FTIR) analysis was done us-
ing Prospect-IR (MIDAC) with NaCl cell. Ther-
mogravimetric analysis (TGA) thermograms
were measured by Perkin–Elmer TGA-7. Tem-
perature range was from 30–8007C with heating
of 107C/min.

EXPERIMENTAL

Figure 1 Conductivity of PANI–CSA/PAA blends Chemicals
with PANI content.

Aniline (Aldrich) was purified by vacuum distilla-
tion before use and ammonium peroxydisulfate

ing polyblends can be made by codissolving the [(NH4)2S2O8], HCl, NH4OH, and (1S)-(/ ) -10-
PANI complex and the bulk polymer at concentra- camphorsulfonic acid (CSA, from Aldrich) were
tions such that when cast from solution, the re- used as received. 4,4 *-oxydianiline (ODA, from
sulting blend will have the desired ratio of con- TCI) and pyromellitic dianhydride (PMDA, from
ducting PANI complex to bulk polymer. There- TCI) were recrystallized. N-methyl-2-pyrrolidi-
fore, the conducting polyblend material can be a none (NMP, from Aldrich) was used as a cosol-
solution-processable material. vent.

In this research, solution blending was em-
ployed with a PANI–CSA complex and polyimide

Preparation of Polyaniline–Polyimide (PANI–PI)(PI) based on the properties of polyimides, which
Blendsare high-temperature stable polymers that have

a great applications in the microelectronics due Polyaniline emeraldine base (PANI–EB) powder
to their excellent thermal stability, high chemical was prepared by conventional chemical method.11

resistance, superior mechanical properties, and Inherent viscosity of 0.1 wt % PANI–EB in NMP
easy processability. Furthermore, NMP, which is at 257C was 0.26 dL/g. Emeraldine base powder
the traditional solvent of PANI, is a good solvent
of polyamic acid, which is a precursor polymer of
polyimide. Molecular orientation property of poly- Table I Conductivity Data of Various Materials
imide is possible to induce chain orientation in
the blend system, hence, resulting in increasing Conductivity
conductivity of the blends. Therefore, we report Materials (S/cm)
here our observation of electrical properties of

PANI–CSA powder 2.65 1 100polyaniline–polyimide blend films with pyromel-
PANI–CSA film 1.23 1 1003litic dianhydride (PMDA) and 4,4 *-oxydianiline
PANI–CSA/PAA (10% PANI content) 9.26 1 1007

(ODA) as a polyamic acid material and PANI–
PANI–CSA/PAA (20% PANI content) 1.25 1 1005

CSA as a conducting material.
PANI–CSA/PAA (30% PANI content) 4.33 1 1004

PANI–CSA/PAA (50% PANI content) 2.82 1 1003

PANI–CSA/PI (10% PANI content) 1.46 1 1007
MEASUREMENTS

PANI–CSA/PI (20% PANI content) 8.62 1 1006

PANI–CSA/PI (30% PANI content) 4.01 1 1004

The electrical conductivity of the blend films was
PANI–CSA/PI (50% PANI content) 5.05 1 1003

measured with the standard four-probe method;
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(0.02 mol) was added into the ODA solution. After
12 h, polyamic acid (PAA) was prepared, and
PANI–CSA/PAA solution was prepared by blend-
ing PANI–CSA solution with PAA solution at var-
ious PANI contents (10, 20, 30, and 50 wt %).
PANI–CSA/PAA films were prepared by solvent
casting at 507C under vacuum. These PANI–
CSA/PAA and pure PAA films were converted to
polyimide by thermal imidization process.

PANI–CSA film was prepared by solvent cast-
ing the PANI–CSA solution in the same way as
PANI–CSA/PAA.

RESULTS AND DISCUSSIONS

The electrical conductivity of the blends versus
the weight fraction of polyaniline is plotted in Fig-
ure 1. The percolation threshold seems to be
around 20 wt % PANI content. Less than 10 wt
%, the conductivity of the blends was not measur-
able. The conductivity of the blends increases as
the PANI content increases from 10 up to 30 wt
%, but at more than 30%, it shows similar or some-
what higher conductivity than that of pure PANI–
CSA film prepared from NMP solvent and shows
low slope of the increase of the conductivity as the
PANI content increased. Detailed conductivity
data of all samples are listed in Table I.

The powder sample has much higher conductiv-
ity than the film sample, because the PANI–CSA
powder has a more ordered structure than PANI–
CSA film made using NMP. The PANI–CSA film
shows compact coil-like conformation caused by
poor interaction between the polymer and NMP.
On the other hand, PANI–CSA solution in m-cre-
sol revealed higher inherent viscosity than in
NMP about 1.5 times and exhibited higher con-
ductivity over five orders of magnitude. Based on
these results, NMP was an unfavorable solvent
for our blend system, but when we used better
solvents, like m-cresol, the resulting blends pre-

Figure 2 UV–vis spectra: (a) PANI–EB, (b) PANI– cipitated. Therefore, although NMP was an unfa-
HCl, (c) PANI–CSA, and (d) PANI–CSA/PAA. vorable solvent, it was used as a cosolvent of both

PANI and PAA in our system. Meanwhile, PANI–
CSA film had the highest conductivity when thewas mixed with CSA in a molar ratio of 0.5 CSA

to polymer repeat unit phenylnitrogen. The re- molar ratio of H/ to PhN was 0.5.
Interestingly, PANI–CSA/PAA film (50% PANIsulting mixture was dissolved in NMP and then

treated in an ultrasonic bath. The solubility of content) has higher conductivity than the pure
PANI–CSA film, and this PANI–CSA/PAA filmPANI–CSA to NMP was only about 2–3 wt %.

Polyamic acid was polymerized by following was converted into PANI–CSA/PI by thermal
imidization at curing temperatures of 80, 100,method.12 First, 3.804 g of ODA (0.019 mol) was

dissolved in NMP (24.27 mL) under N2 purging at 120, and 1507C, respectively, for 30 min by stage.
Conductivity has the tendency to decrease, exceptroom temperature with stirring. 4.36 g of PMDA
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The UV–vis spectra of (a) polyaniline emer-
aldine base (EB), (b) polyaniline emeraldine salt
doped with HCl, (c) polyaniline emeraldine salt
doped with CSA, and (d) PANI–CSA/PAA blends
are shown in Figure 2. Spectra of (a) and (b) are
very similar to that previously reported13 in NMP.
In PANI–EB, absorption peaks at 292 and 637
nm, which are attributed to the p– p* transition
and the exciton band of the quinoid ring, were
shown. When this sample was doped with HCl
(b), the absorption peak at 436 nm and polaron
bands at 268 and 825 nm appeared. In the case
of PANI solution doped with CSA, three distinct
peaks at 341, 420, and 863 nm for the solutions
in NMP are consistent with a coil-like conforma-
tion and localized polaron structure. When a dif-
ferent solvent was used, like m-cresol, the PANI–
CSA solution showed free carrier tail commencing
at 1000 nm. This very intense free carrier tail was
consistent with delocalization of electrons in the
polaron band promoted by a straightening out of
the polymer chain as its coil-like structure be-
comes more expanded with concomitant reduction
in p-defects caused by ring twisting.14 This may
be due to the interaction between the dopant and
solvents, but the polymer chain remains coil-like
conformation in NMP solution, and the delocal-
ized polaron was not seen. PANI–CSA/PAA
shows similar phase as PANI–CSA, so we could
conclude that when PANI–CSA and PAA were
blended, their blending process did not affect onFigure 3 FTIR spectra: (a) PANI–CSA/PAA, (b)
the doping condition of polyaniline chain.PANI–CSA/PI, (c) polyamic acid, and (d) polyimide.

Figure 3 reveals the FTIR spectra of PAA, PI,
PANI–CSA/PAA, and PANI–CSA/PI. IR analy-
sis15 has been used frequently in studies of kinet-in case of 50% PANI content after imidization,
ics of the thermal imidization of polyamic acids.which also showed higher conductivity than pure
Despite widespread use of this method, there isPANI–CSA film. This decrease of conductivity
no clear consensus as to which of the various im-seems to be attributed to the volatilization of a

small quantity of dopant CSA. ide bands should be followed or what the mea-

Table II Degree of Imidization and Conductivity
as Imidization Temperature

Conductivity Conductivity
Temperature Degree of (S/cm) (S/cm)

(7C) Imidization (%) PANI–CSA PANI–CSA/PAA

Room temperature — 1.22 1 103 2.80 1 103

80 32.4 3.43 1 1004 9.79 1 1004

100 38.3 8.43 1 1004 1.21 1 1003

120 51.7 8.93 1 1004 2.64 1 1003

150 76.4 1.59 1 1003 5.05 1 1003

200 87.7 — 3.51 1 1003
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proceeded, both PAA and PANI–CSA/PAA were
developed into the PI state.

The degree of imidization as well as the conduc-
tivity of PANI–CSA and PANI–CSA/PAA blends
as a function of imidization process are shown in
Table II. The degree of imidization was calculated
from following way with FTIR spectra15:

Degree of imidization Å (A1381 /A1500)sample /

(A1381 /A1500)completely imidized sample 1 100

where A is the peak area.
A completely imidized sample was obtained by

curing PAA up to 3007C. The peak at 1500 cm01

corresponds to the C{C band of parasubstitutedFigure 4 TGA thermograms: (a) polyamic acid, (b)
polyimide, and (c) PANI–CSA/PI (imidized Ç 1507C). benzene, which is almost unchanged with the de-

gree of imidization; it thus can be a good internal
reference for calculating the degree of imidization.
The band at 1381 cm01 is C{N stretching of thesured changes in each band mean in terms of the
imide group. Imidization is proceeded at 80, 100,changes occurring in the polymers. So we will
120, 150, and 2007C for each 30 min and at 3007Ccompare peaks between PAA and PI, and this will
for 1 h. The temperature term in Table II indi-indicate the process of conversion of PAA into PI.
cates that the imidization process is finished. AsIn this case, polyimide state was obtained by ther-
the temperature increases, the degree of imidiza-mal imidization up to 3007C; but practical imidi-
tion of PANI–CSA/PAA film also increases. Aszation temperature was up to 1507C (the degree
the imidization proceeded, conductivity also in-of imidization was 76.4%; see Table II) because,
creased up to 1507C, except at 807C. This wasover this temperature, detrimental reduction of
caused by the increase in the crystallinity of theconductivity depends on the volatilization of dop-
polymer chain. A slight decrease of conductivityant CSA occurred. In the FTIR spectra for polya-

mic acid, NMP hindered the characteristic peak;
but as the imidization proceeded, characteristic
peaks could be seen. First, in case (c) and (d), the
peak at 1776 cm01 is not found in PAA, which is
C|O in-phase peak that is usually seen only in
the polyimide. We can also see that C|O out-of-
phase and C{N stretching depend on
CN(OC)2NC of polyimide, respectively, at 1725
and 1381 cm01 . An aromatic band at 821.7 cm01

and imide (IV) benzene ring at 752.1 cm01 are
rapidly grown as imidization proceeds. Although
a small number of the main vibrational bands of
polyimide and polyaniline are absent in the case
of (a) and (b), C|O in-phase, C|O out-of-
phase, and CN(OC)2NC peak, respectively, at
1776.6, 1728, and 1379.2 cm01 could be seen in
(b). With the imidization proceeding, the C|O
in-phase peak grows sharply. Also, the SO0

3 peak
at 1168.9–1095.6 cm01 in (a) is reduced in (b)
due to the volatilization of dopant CSA. C|C
stretching in the benzenoid and quinoid rings, Figure 5 WAXD spectra: (a) PANI–CSA/PAA (20%
which are attributed to polyaniline, are also seen PANI content) film, (b) PANI–CSA/PI (20% PANI con-
at 1502.6 and 1599.1 cm01 . In these results, we tent) film, (c) PANI–CSA/PAA (50% PANI content)

film, and (d) PANI–CSA/PI (50% PANI content) film.could well understand that as the thermal curing
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difference in thermal stability of conductivity,
while thermal treatment at higher temperatures
(PANI–CSA, over 2007C and PANI–CSA/PAA,
over about 2307C) bring about an irreversible con-
ductivity decrease. That is, after thermal treat-
ment, the redoping process in 1M CSA aqueous
solution has no effect on conductivity, which can
be attributed to thermal crosslinking in PANI
chain.

Figure 4 shows TGA curves of PAA, PI, and
PANI–CSA/PI (curing up to 1507C) blends under
an N2 atmosphere. Both PAA and PI have good
thermal stability; therefore, the apparent weight
loss can be observed over 5507C, which is attrib-
uted to the polymer chain degradation. In PAA,
the decomplexation of NMP, which leads to mas-
sive weight loss (about 28%), can be observed
from about 1707C. In PANI–CSA/PI, massive
weight loss (about 20%) seems to be depend on
that of dopant CSA from about 1857C, which looks
higher than pure PANI–CSA (about 1697C), and
the polymer chain decomposed from about 42 07C.
This temperature difference of the elimination of
dopant from the polymer chain between PANI–
CSA and PANI–CSA/PI leads to the difference
of conductivity stability (Table II) . Because the
polyimide, together with polyaniline, have good
thermal stability, blend films also show good ther-
mal stability. And nondecomposed material of
about 40% remained due to the stiffness and rigid-
ity of molecular chain.

Figure 5 shows WAXD patterns of PANI–CSA/
PAA blends (PANI content of 20 and 50%) and
their imidization state by curing (up to 1507C).
When in the PAA condition [(a) and (c)] , all pat-
terns show low intensity; but after the imidization
process by curing, the growth of the crystalline
peak can be seen. There are no pronounced dif-

Figure 6 (A) WAXD spectra: (a) PANI–CSA (room fraction peaks in the patterns of low PANI content
temperature), (b) PANI–CSA (after thermal treat- blend. No major change of crystal phase was de-
ment at 1507C), and (c) PANI–CSA (after thermal tected except the increase in intensity in the case
treatment at 2007C). (B) WAXD spectra: (a) polyamic of low PANI content blend films like (a) and
acid and (b) polyimide.

(b), in which a broad amorphous reflection at 2u
Å 19.57 was only seen; however, in high PANI
content blends [(c) and (d)] , the crystalline peaks
exist. Another remarkable result is that (b) is like

of PANI–CSA/PAA at 2007C can be compensated WAXD patterns of nonoriented PI and (d) is like
by a high degree of imidization. But the conductiv- those of PANI–CSA film (Fig. 7). In (b), only
ity was abruptly decreased at 2007C, especially (002) reflection of polyimide is shown at 2u
the case in PANI–CSA because of the volatiliza- Å 19.57, 16 but there exists (010) reflection at 2u
tion of dopant, which could not be measured due Å 14.47, (110) reflection at 2u Å 257, and (100)
to extremely low conductivity. This conductivity reflection at 2u Å 21717 in (d), which are the char-
decrease deviation between PANI–CSA and acteristic peaks of PANI–CSA film produced from

good solvents like m-cresol. So it can be concluded,PANI–CSA/PAA blends can be attributed to their
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also showed that exposure to elevated tempera-
tures could have an annealing effect on chemically
prepared polyaniline. This result suggests that
the blend film can be changed to be a more ordered
structure mainly due to PANI–CSA during the
imidization process. So we can conclude that the
concomitant increase in crystallinity due to the
annealing effect is expected to contribute to in-
crease in bulk conductivity in the intermolecular
component of the blend film (PANI content 50%)
in spite of the volatilization of small quantity of
dopant. This annealing effect will be considered
in detail in Figure 6.

Figure 6 presents the WAXD spectra of PANI–
CSA and PAA, respectively, as the thermal treat-
ment. In regard to PANI–CSA film, after thermal
treatment up to 1507C, two peaks (2u Å 14.4 and
25) grow more sharply. So, thermal treatment
during the imidization process played an im-
portant part in annealing effect and then caused

Figure 7 The temperature dependence of conductiv- to be converted to more ordered structure. In case
ity at elevated temperature: PANI–CSA (l ) and it was of PAA, the structure was changed from
PANI–CSA/PAA (j ) . amorphous to a little crystalline. As the tempera-

ture increases more, the X-ray diffraction pattern
is unchanged from Figure 6(B), peak (b), except

as follows, that the PANI content is one of the a slight increase in intensity. But, over 1507C,
major factor of chain structure changes of blend the crystalline structure of PANI [Fig. 6(A)] is
film, such as crystallinity, size of crystalline do- destroyed. The peaks at 2u Å 14.4 and 25 grew
main, degree of chain orientation, interchain or-

sharper as the thermal treatment temperature in-der, etc. The reason for the increase in conductiv-
creased until 1507C; but above this temperature,ity of 50% PANI content PANI–CSA/PI is ex-
rapid chain destruction happened that seemed toplained well by this phenomena. It seems that
result from volatilization of dopant or/and somewhen the blend system has a large content of
irreversible structural changes of polymer chain,PANI, the imidization process plays a key role
i.e., crosslinking between polymer chain.of annealing effect of PANI, hence leading to an

Variations of conductivity of the PANI–CSAincrease in crystallinity and conductivity.
and PANI–CSA/PAA film as the temperatureThe fact that after thermal treatment the chain
changes are shown in Figure 7. The temperaturestructure of blends can be converted to be more
was raised 37C/min. The conductivity of PANI–ordered structure like PANI–CSA film produced
CSA increases slowly with temperature belowfrom m-cresol is important. MacDiarmid and Ep-
1857C but decreases rapidly above this tempera-stein18 reported that the polymer chains of PANI–
ture. However, in the case of PANI–CSA/PAA,CSA in different solvents may have different con-
the conductivity increases slowly until 1957C, andformations and therefore different conjugation
after this temperature, it decreases mildly as thelengths. For example, fully doped PANI–CSA has
temperature increases. The increase of conductiv-a more expanded coil-like conformation and hence
ity until the critical point is attributed to polymera longer conjugation length in solvents such as m-
chain mobility and activation of dopant CSA andcresol, p -cresol, and 2-fluorophenol than in sol-
the decrease of conductivity can be attributed tovents such as chloroform, NMP, DMF, and ben-
the volatilization of dopant CSA, followed byzylalcohol. That is, better polymer–solvent inter-
structural change.20 This shows that PANI–CSA/actions results in conformational change from a
PAA have higher conductivity stability thancompact-coil to expanded-coil structure. In our
PANI–CSA and the conductivity decline ofsystem, chain structure conversion from coil-like
PANI–CSA in Table II is in strong accordanceto more ordered structure seems to occur due to

thermal treatment. Kobayashi and coworkers19 with this.

8e20 4803/ 8E20$$4803 01-15-98 09:43:41 polaa W: Poly Applied



1870 HAN AND IM

3. A. Andreatta, Y. Cao, J. C. Chiang, P. Smith, andCONCLUSIONS
A. J. Heeger, Synth. Met., 26, 1383 (1988).

4. A. G. MacDiarmid, J. C. Chiang, M. Halpen, W. S.Polyaniline/polyamic acid blend films could be
Hung, and J. R. Krawczyk, Polym. Prepr., 24, 248prepared with CSA-doped polyaniline solution
(1984).and polyamic acid solution by solvent casting us-

5. A. G. MacDiarmid and A. J. Heeger, Faraday Dis-
ing NMP as a cosolvent. The PANI–CSA/PAA cuss. Chem. Soc., 88, 333 (1989).
blend solution showed a coil-like conformation 6. M. Leclerc, J. Guay, and L. H. Dao, Macromole-
and a localized polaron structure (shorter conju- cules, 22, 649 (1989).
gation length). The conductivity of films in- 7. D. MacInnes and L. B. Funt, Synth. Met., 25, 235
creased as the polyaniline content increased and (1988).

8. J. Yue and A. J. Epstein, J. Am. Chem. Soc., 112,had higher conductivity than pure CSA-doped
2800 (1990).polyaniline film when the polyaniline content

9. Y. Cao, P. Smith, and A. J. Heeger, Synth. Met.,reaches 50 wt %. After thermal treatment, PANI–
48, 91 (1992).CSA/PAA films converted to PANI–CSA/PI

10. Y. Cao, P. Smith, and A. J. Heeger, Appl. Phys.films, which had slightly higher conductivity than
Lett., 60, 2711 (1992).PANI–CSA/PAA. This increase of conductivity

11. Y. Wei, G. W. Jang, K. F. Hsueh, E. M. Scherr,
was assumed to be caused by an increase in con- A. G. MacDiarmid, and A. J. Epstein, Polymer, 33,
ductivity in the intermolecular component of the 314 (1992).
blend because of the annealing effect originated 12. J. A. Kreuz, A. L. Endrey, F. P. Gay, and C. E.
from thermal treatment. PANI–CSA/PAA film Sroog, J. Polym. Sci., Part A-1, 4, 2607 (1966).
had a good thermal stability of conductivity at 13. K. G. Neoh, E. T. Kang, and K. L. Tun, Pure Appl.

Chem., A29, 401 (1992).relatively high temperature and showed higher
14. A. G. MacDiarmid and A. J. Epstein, Synth. Met.,conductivity than room temperature.

69, 85 (1995).
15. C. A. Pryde, J. Polym. Sci., Part A: Polym. Chem.,The authors acknowledge the financial support of the

31, 1045 (1993).Korea Reasearch Foundation made in the 1996 pro-
16. N. Takahashi, D. Y. Yoon, and W. Parrish, Macro-gram year.

molecules, 17, 2583 (1984).
17. J. P. Pouget, M. E. Jozefowiez, A. J. Epstein, X.

Tang, and A. G. MacDiarmid, Macromolecules, 24,
REFERENCES 779 (1991).

18. A. G. MacDiarmid and A. J. Epstein, Synth. Met.,
1. M. Angelopoulos, A. Ray, A. G. MacDiarmid, and 65, 103 (1994).

A. J. Epstein, Synth. Met., 21, 21 (1987). 19. A. Kobayashi, H. Ishikawa, K. Amano, M. Satoh,
2. M. Angelopoulos, G. E. Asturias, S. P. Ermer, A. and E. Hasegawa, J. Appl. Phys., 49, 397 (1993).

Ray, E. M. Sherr, and A. G. MacDiarmid, Mol. 20. S. W. Byun and S. S. Im, J. Appl. Polym. Sci., 56,
425 (1995).Cryst. Liq. Cryst., 160, 151 (1988).

8e20 4803/ 8E20$$4803 01-15-98 09:43:41 polaa W: Poly Applied


