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ABSTRACT: Dielectric responses of polyaniline (PANI) salt films, made from two differ-
ent methods, were compared to investigate the effect of a dopant and film-formation
methods on the dielectric properties. One of the film-formation methods for emeraldine
salt was the film-doping method, and the other, the solution-doping method. The
conductivity relaxation and dielectric properties were measured by a microdielectrom-
eter at 293 K in the frequency range of 1–100,000 Hz. Dielectric spectra were a function
of the dopant in the case of the film-doping method, whereas it was a function of
solvent–dopant combinations as well as the dopants in the solution-doping method. The
dielectric responses of film-doped samples had similar patterns irrespective of the
dopants, while those of solution-doped samples were varied, probably due to different
conjugation conditions or/and the conduction mechanism. In the case of film-doped
samples, dielectric loss and permittivity values were increased with decreasing dopant
sizes. The dielectric relaxation times were also varied depending on the kind of dopants.
The different solvent–dopant combinations led to variation of the dielectric responses
in the solution-doped PANI due to an altered chain structure. © 2001 John Wiley & Sons,
Inc. J Appl Polym Sci 82: 2760–2769, 2001
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INTRODUCTION

Conducting polymers, which contain conjugated
double bonds, have been intensively investigated
due to their increasing applications.1–4 For appli-
cation of conducting polymers, knowing how the
conducting material will affect the behavior in an
electric field is a long-standing problem and of
great importance. But little is known about the

dielectric properties of conducting polymers asso-
ciated with the conducting mechanism. The
charge-transport mechanism of conducting poly-
mers has been investigated in recent years using
dielectric relaxation behavior and ac conductivity
measurements, etc.5–9 Dielectric spectroscopy has
been found to be a valuable experimental tool for
understanding the phenomenon of charge trans-
port in conducting polymers.10,11 Low-frequency
conductivity and dielectric relaxation measure-
ments especially have proven to be valuable in
giving additional information on the conduction
mechanism that dc conductivity measurement
alone does not provide.

It is known that the dc electrical conduction of
slightly doped and barely doped polyaniline
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(PANI) is ensured by a mechanism of a variable-
range hopping transport of carriers.12,13 Polarons
and bipolarons, made by proton doping in a spe-
cific configuration of a double bond between nitro-
gen and carbon atoms within a conjugation chain,
have been suggested to be dominant charge car-
riers. In the case of highly doped PANI, it has
been assumed that the growing dc conductivity is
due to the appearance of a quasi-metallic zone,
where the electrical charge is delocalized over the
conjugated chains.14,15 It has also been shown
that the relaxation of an electric field in a charge-
carrier system is attributable to the charge hop-
ping of mobile carriers, which can lead to both
short-range (or local) ac conductivity and long-
range dc conductivity.

The conductivity relaxation in conjugated poly-
mers, arising from carrier hopping (dc conductiv-
ity), can be inferred from complex dielectric per-
mittivity as it takes into account conductivity and
dielectric polarization. It depends on the fre-
quency, as various mechanisms responsible for
polarization exist in different ranges of frequen-
cies. Hence, study of the frequency dependence
for the dielectric behavior of materials will give
information about the electrical properties of ma-
terials. Studies on the dielectric properties of
PANI have been directed mainly to defining the
conduction mechanism in the dedoped or slightly
doped form as mentioned above. The dielectric
behavior would also vary with the dopants, chain
structure, and doping level, etc. It must also be
greatly affected by the film-formation method and
the selection of the dopant and solvent. Hence,
here we report on observations of the dielectric
properties of PANI salt films made by two differ-
ent methods to define the role of the dopant and
the chain structure on the dielectric properties.
One method was doping PANI emeraldine base
film in a 0.5M dopant solution and the other was
preparing PANI-complex films from solvent using
counterion-induced processability.16,17

EXPERIMENTAL

Chemicals

Aniline (from Aldrich Co.) was purified by distil-
lation in a vacuum before use. Ammonium per-
oxydisulfate [(NH4)2S2O8], working as an oxidant,
and NH4OH, for the deprotonating agent, were
used as received. Doping reagents such as HCl,
camphorsulfonic acid (CSA), and dodecylbenzene-

sulfonic acid (DBSA, from Kando Chemical,
Seoul, South Korea) were also used as received.
N-Methyl-2-pyrrolidinone (NMP), xylene, and m-
cresol used as solvents for the solution process
were used as received.

Preparation of PANI Salt Films

PANI emeraldine base (EB) powder was chemi-
cally synthesized by the oxidative polymerization
of aniline in a 1M aqueous HCl solution with
(NH4)2S2O8 as the oxidant, as described in our
previous works16,17 and similar to the method
used by MacDiarmid et al.18 To obtain the base
form, the powder was stirred for 12 h in a 0.1M
aqueous solution of ammonium hydroxide, then
washed with water several times, and finally
dried under a vacuum by P2O5 in a desiccator.
Then, about a 100-mm thickness of PANI–EB film
was prepared by casting with the solvent (NMP)
containing a 1 wt % PANI–EB solution onto a
Petri dish. PANI–CSA, PANI–DBSA, and PANI–
HCl films were prepared by immersing the
PANI–EB film into 1M CSA, DBSA, and HCl
aqueous solutions, respectively, for 8 h. This
method will be designated as the film-doping
method hereafter. The solution-doping method is
as follows: CSA-doped PANI (PANI–CSA) and
DBSA-doped PANI (PANI–DBSA) films from
N-methyl-2-pyrrolidinone (NMP) were prepared
as previously reported.16,17 To compare the sol-
vent effect, PANI–CSA and PANI–DBSA were
dissolved in m-cresol and xylene, respectively. Af-
ter these solutions with proper weight ratios were
stirred for 24 h, they were poured into a Petri
dish. Free-standing films were obtained by sol-
vent casting the solution, then putting them in a
vacuum-drying oven (50°C for NMP and 30°C for
xylene) for over 1 day depending on the solvent.
When the solvent was m-cresol, a PANI–CSA(m-
cresol) solution was placed under hood for 1 day to
obtain the film.

Measurements

The dielectric properties of samples were mea-
sured by a Eumetric System III microdielectrom-
eter (1–105 Hz) to measure the dielectric constant
and dielectric loss factor. A midconductivity inter-
digitated electrode sensor (IDEX) was used to col-
lect dielectric responses of the samples. The sen-
sor was made from a nickel-plated copper elec-
trode to prevent electrode polarization from
occurring readily. Rectangular samples over
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0.325 in. in width and 1 in. in length were con-
tacted onto the 1 3 0.325 3 0.006 in.-sized IDEX
sensor surface. The experimental temperature
was fixed at 293 K. The dielectric responses in the
higher-frequency region were determined over a
frequency range of 10 kHz to 10 MHz using an
HP4274 LCR meter. For these measurements,
thin gold layers were vacuum-evaporated on their
surfaces as electrodes by a plasma-enhanced
chemical vapor-deposition system. Wide-angle X-
ray diffraction patterns were obtained by a
Rigaku Model D/Max-2000. The scattering-angle
ranges were 2°–40°. The X-ray source was 40 kV
and 100 mA with Cuka radiation (l 5 1.54Å)
generated from a rotating anode source, which
was monochromatized by a crystal monochrom-
eter.

RESULTS AND DISCUSSION

In Figure 1, the measured real part of complex
permittivity «9 (relative permittivity or dielectric
constant) and the imaginary part of complex per-
mittivity «0 (dielectric loss factor) of PANI films
prepared by the film-doping method are plotted as
a function of the frequency. A relatively high di-
electric constant at low frequency and a fast de-
crease with the frequency are characteristics of a
conducting polymer and consistent with other re-
ports.19,20 «9 exhibits a low-frequency plateau cor-
responding to the bulk static dielectric constant
«0 and then decreases with increasing frequency,
finally forming low-value plateau «` at the high-
er-frequency region. «0 shows a loss peak charac-
terized by a relaxation frequency for all samples.
The peak maximum frequency fmax of PANI films
seem to occur concomitantly with a sudden de-
creasing of «9 values which are not masked by dc
conduction. After the loss factor reaches fmax, it
decreases almost linearly in all samples and the
position of fmax of «0 is dopant-dependent. The
increase in dopant sizes (from HCl through CSA
to DBSA) results in subsequent displacement of
the relaxation curve maximum toward lower fre-
quencies (fmax 5 200, 20, and 2 Hz, respectively),
which means a corresponding increase of relax-
ation times. The relaxation times are t 5 1/
(2pfmax), 7.96 3 1024s, 7.96 3 1023s, and 7.96
3 1022s, respectively.

The difference in the dielectric relaxation times
with the dopants may be due to the electric
charges being displaced inside the polymer
(stronger localization) and/or their lower concen-

tration. Two possible causes can exist: The first is
that the increase in the counteranion size led to
an increasing interchain distance, which makes
hopping between chains more difficult and, hence,
resulting in a reduction of conductivity. Another
possible assumption can be different doping levels
depending on the dopants. Small molecules such
as HCl would approach the quinoid imine nitro-
gen easier than would the other dopants and,
hence, can lead to higher doping levels. Anyway,
the dielectric relaxation time variation with the
dopant may be in accord with the electrical con-
duction because, in theory, a relation exists be-
tween s and e0v«0, where s is the conductivity, v
5 2pf (f is the measuring frequency), and e0 is the
free-space permittivity (8.854 5 10214 F/cm).

Figure 1 Frequency dependence of (a) dielectric con-
stant («9) and (b) dielectric loss factor («0) for film-doped
PANI with (■) HCl, (F) CSA, and (Œ) DBSA.
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As «9 represents the capacitance nature and «0
represents the conductive nature, the electrical
behavior of the sample can be traced by elucidat-
ing the dielectrical behavior involving «9 and «0
from the complex permittivity «*, which consists
of «9 (real part) and «0 (imaginary part) as

«*~v! 5 «9~v! 2 i«0~v! 5 «9~v! 2 i@s~v!/e0v# (1)

Hence, it can be deduced from this concept that
the electrical conduction most readily occurs in
HCl-doped PANI as analyzed from the «0 data
after reaching its maximum value in Figure 1(b).
The need for careful observation of the electrical
and dielectrical behavior made us use the dielec-
tric relation formula modified from Hourquebie
and Olemo21:

« 0f(Hz) 5 «0200Hz 3 f2S (2)

Because all the experimental «0 curves have
linear relations in the range of 200–100,000 Hz,
this formula is convenient for calculating the
value of «0 for this frequency range. Calculated s
values of PANI–HCl, PANI–CSA, and PANI–D-
BSA by linear fit are 0.92, 0.94, and 0.87, respec-
tively. As «0 would be proportional to the conduc-
tivity of the materials, the relationship between s
and «0 should exist theoretically. Thus, the con-
ductivity s would be nearly s } f20.9 in all sam-
ples, that is, the conductivity should increase
with a decreasing frequency, which indicates that
the electron motion in PANI salt was performed
by the way of jumping (carrier hopping).22

The hopping of charge carriers can make a
great contribution to «9 and «0, which are related
both to dielectric characteristics such as a jump-
ing dipole in its reciprocating motions and to con-
ductive characteristics. The similar s values irre-
spective of dopants may be arise from similar
chain structures because these films were made
from the same PANI–EB film even though the
chain structure might be slightly changed after
protonation with different dopants because of dif-
ferent molecular sizes and protonation ability.
The doping level does not seem to contribute to
the variation of the dielectric responses because a
change in the doping level should alter the s val-
ues.21 Therefore, it is more persuasive that in-
creasing the counteranion size increases the in-
terchain distances of PANI. The capacitive cou-
plings between chains are then lowered as
observed by a weaker «9 value for PANI doped by

a larger molecule. In a similar way, when the
interchain distance increases, hops between
chains become more difficult; then, the «0 de-
creases, which is indicative of a conductivity de-
cline.

In the higher-frequency measurements (10
kHz–10 MHz), although the measuring condition
was different in that it measured the volume
characteristics, on both sides of the PANI film
from a surface measurement of low-frequency
measurements, the measured s values are differ-
ent from those calculated from Figure 2. The val-
ues are 0.38, 0.48, and 0.59, respectively, for HCl-,
CSA-, and DBSA-doped film. This large difference
in the s value, in comparison with the low-fre-
quency measurement, may lie in the different

Figure 2 High-frequency spectra of (a) dielectric con-
stant («9) and (b) dielectric loss factor («0) for film-doped
PANI with (■) HCl, (F) CSA, and (Œ) DBSA.

DIELECTRIC SPECTROSCOPY OF POLYANILINE SALT FILMS 2763



measuring methods (surface measurement for
low-frequency data and bulk measurement for
high-frequency data). The doping levels of the
surface environment have similar values without
regard to the dopant, while those of volume envi-
ronments should be different because of different
diffusivities of the dopant to the core of the film.
This result indicates that the smaller dopant mol-
ecule diffuses more easily into the inside of the
PANI film than does the larger dopant. On the
surface, on the other hand, the dopant sizes have
little influence on the doping level. This result
supports the above-mentioned suggestion that
the relaxation-time divergence should be depen-
dent on the interchain distance on the surface.

To analyze the conductivity relaxation prop-
erty in more depth, the complex permittivity («*)
is converted to the complex electric modulus
M*(v), according to the relation mentioned by
Macedo et al.23 because «* is not completely suit-
able to describe the electrical properties of conju-
gated polymers. The real and imaginary parts M9
and M0 of the electric modulus can be calculated
from «9 and «0 as follows24:

M9 5 «9/~«92 1 «02!

M0 5 «0/~«92 1 «02! (3)

The complex electric modulus M*(v) is also ex-
pressed by

M*~v! 5 M9~v! 1 iM0~v! (4)

M*(v) characterizes the dynamic aspects of the
charge motion in conductors in terms of a relax-
ation in an electric field. Hence, this electric mod-
ulus description can explain the dispersion of «*
with the frequency without any “molecular” po-
larizaion phenomena. From the M9 and M0 of the
PANI–dopants shown in Figure 3, the dispersions
of M9 and M0 indicate the presence of the relax-
ation-time distribution of conduction. M9 in Fig-
ure 3(a) approaches zero at low frequencies, indi-
cating that the electrode polarization gives a neg-
ligible low contribution to M9 and can be ignored
when the permittivity data are expressed in this
form.25 After keeping a low value, M9 steeply in-
creased after 50, 500, and 2000 Hz, respectively,
for PANI–DBSA, PANI–CSA, and PANI–HCl.
This is more evident in the inset of Figure 3(a)
presented in a log scale. Figure 3(b) shows the
frequency dependence of the imaginary part of

the electric modulus doped with three different
dopants. The peak maximum of the M0 curve
seems to be located beyond the interval of fre-
quencies used in these measurements. But, as
expected, PANI doped by DBSA seems to have a
maximum M0 in these frequency regions (about
100 kHz), while the M0 maximum of the HCl-
doped PANI was located over 10 MHz by high-
frequency measurements. Although the method is
different and the resulting information would be
different, it informs us that the increase in the
dopant size leads to the appearance of M0 in the
higher-frequency regions, which means enhanced
dc conductivity, as predicted in theory that the
maximum M0 is moving toward higher frequency
according to the following expression:

sdc 5 e0/~M`^t&! (5)

Figure 3 Electric modulus of (a) real part (M9) and (b)
imaginary part (M0) versus frequency for film-doped
PANI with (■) HCl, (F) CSA, and (Œ) DBSA.
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where M` is the high-frequency limit of the in-
verse «9 ,defined as M` 5 1/«` and ^t& is the
relaxation time calculated from ^t& 5 1⁄2pfmax.

The intensity of the electric modulus seems to
be inversely dependent on the dc conductivity. To
support these results, the dielectric spectra and
the electric modulus spectra of PANI–EB are
shown in Figure 4. In the dedoped state, the ob-
served «9 and «0 values are relatively low and the
M0 relaxation peak is seen in the measured fre-
quency range (located at about 10 Hz), as shown
in the electric modulus spectra in Figure 4(b).
This coincides well with the results of Lee et al.26

As a result of doping, this peak shifts toward
higher frequencies with increasing dc conduc-
tivity.

Figure 5 shows (a) tan d curves and (b) the
complex plane of M9 and M0. The maximum of the
tan d curves shifts toward lower frequencies with
increasing dopant size. The tan d maximum is
situated nearly at the fmax, which coincides with
the subsequent increase in conductivity with de-
creasing dopant size. The complex plane dia-
grams for the electric moduli [Fig. 3(b)] are the

Figure 5 (a) Tan d curve of film-doped sample: (■)
HCl; (F) CSA; (Œ) DBSA. (b) Complex plane for the
electric modulus of film-doped sample: (■) HCl; (F)
CSA; (Œ) DBSA.

Figure 4 (a) Log frequency versus log «9 and log «0. (b)
Log frequency versus M9 and M0 of PANI–EB.
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arcs with their centers and the radii of the arcs
seem to be the same. Matveeva19 reported that
the radius of the arc of the complex plane diagram
is dependent on the electrical conductivity of the
samples, that is, the larger arc means lower elec-
trical conductivity. In our case, although our sam-
ples have different conductivities, the complex
diagrams have the same radius of the arc, show-
ing only a difference in the length of the arc. This
plot then allows the different curves to fit the
same arc, which means a similar chain structure,
irrespective of the kinds of dopants and the con-
duction that occurred.

Figure 6 shows log («9) and log («0) versus log

(frequency) of PANI films prepared by the solu-
tion-doping method with different dopant–solvent
combinations. PANI–CSA was prepared both
from NMP and m-cresol, while PANI–DBSA was
prepared both from NMP and xylene. NMP was
recognized as the traditional solvent for PANI
only in the insulating EB form. However, func-
tionalized protonic acids like CSA and DBSA
have been found to make PANI soluble in the
conducting emeraldine salt form in common or-
ganic solvents.27,28 Researchers also have re-
ported that choices of dopant–solvent combina-
tions affect profoundly the resulting conductivity
of the films. Therefore, we chose m-cresol for
PANI–CSA and xylene for PANI–DBSA, these
being known as good solvents for the respective
PANI–dopants in order to compare the solvent
effect on the dielectric behavior of the respective
PANI complexes.

The presence of a plateau in «9 and well-defined
loss peak in «0 cannot be observed in the case of
PANI–DBSA. The spectra of PANI–CSA [Fig.
6(a,b)] are like those of PANI salt made from the
film-doping method, while the spectra of PANI–
DBSA are different from those prepared by the
film-doping method. Both the «9 and «0 values of
PANI–CSA made from m-cresol are higher than
are those made from NMP. «0 maximum is also
located in the higher-frequency region when
made from the m-cresol solution. There is no pla-
teau region or peak maximum in «0 of PANI–
DBSA from both solvents, and they only form a
decreasing pattern with increasing frequency.

The strong low-frequency dispersions for «9 and
the absence of a loss peak for «0 are characteristic
of charged carrier systems.20 The localized charge
carriers, under the applied alternating electric
field, can hop to neighboring localized sites, like
the reciprocating motion of a jumping dipole, or
jump to neighboring sites which form a continu-
ous connected network, allowing the charges to
travel through the entire physical dimensions of
the samples. The decrease of «0 with the fre-
quency is lower in the case of samples prepared
from xylene than from NMP. The measured s
values using eq. (2) are 0.82, 0.74, 0.29, and 0.60,
respectively, for PANI–CSA from m-cresol and
NMP and for PANI–DBSA from xylene and NMP.
The s values of the PANI complexes (PANI–CSA
and PANI–DBSA) prepared both from NMP are
not much different, while those of samples pre-
pared from other solvents, that is, xylene and
m-cresol, have a much larger gap. The measured
s value is, therefore, largely different for the sol-

Figure 6 Frequency dependence of (a) dielectric con-
stant («9) and (b) dielectric loss factor («0) for solution-
doped PANI with (■) CSA–m-cresol, (F) CSA–NMP,
(Œ) DBSA–xylene, and (�) DBSA–NMP.

2766 HAN AND IM



vent used in the case of PANI–DBSA. The lowest
value of the exponent s of PANI–DBSA from xy-
lene may originate from an enhanced conduction
process in this material, that is, tunneling and a
hopping conduction mechanism may be due to a
peculiar chain structure such as a layered struc-
ture of PANI–DBSA from xylene.29 This structure
would contribute to a self-assembled morphology,
resulting in an interconnected network structure.
Hence, electrical conduction would occur more
easily. The layered structure seems to be heavily
dependent on the solvents, that is, the selection of
the solvent is a major factor in solution processing
with functionalized protonic acids. The «0 maxi-
mum was evident only in the case of PANI–CSA
in our experimental region. From these experi-
mental results, it is also concluded that different
physical and chemical environments, that is, the
chain structure and the dopant, contribute signif-
icantly to the dielectric relaxation behavior.

M9 and M0 of solution-doped PANI films are
shown in Figure 7(a,b), respectively. M9 and M0
increased abruptly with increasing frequency. In
Figure 7(b), the M0 of PANI–DBSA (xylene) shows
a nonmonomodal distribution of the electric mod-
ulus although the higher-frequency region could
not be found because of the limitation of the mea-
surement region. This may also be due to the
complicated conduction process or various phases.
But, in other samples, this multiple conduction
process was not present. It may be due to limita-
tions of the measurement system or it may not
happen. When m-cresol and xylene were used for
preparing PANI-complex films, respectively, for
PANI–CSA and PANI–DBSA, the M0 increased
more slowly. M0 variation with the sample is as-
cribed to different conduction conditions such as
the conjugation state, chain structure, and doping
level stemming from different dopant–solution
combinations. Therefore, the proper selection of
dopant–solvent combinations would supply suit-
able application of conductive polymers.

Figure 8(a) reveals the complex planes for the
electric modulus of solution-doped films. This
does not form semicircles, which would corre-
spond to the idealized Debye model with a single
relaxation time. The skew-type behavior can
probably be understood both from the conduction
of various charge carriers and their resulting di-
pole.10 It is most prominent in the measured fre-
quency range in PANI–DBSA prepared from
NMP. From these results, it can again be con-
firmed that the conduction behavior of PANI
could be varied by the solution-doping method.

The tan d curves shown in Figure 8(b) can offer
the prediction of dc conductivity differences in the
samples. PANI–CSA shows a higher tan d value
than that of PANI–DBSA and the tan d maximum
of PANI–CSA film made from m-cresol is located
at a higher frequency than that from NMP, which
coincides with prediction. In case of PANI–DBSA,
the tan d maximum of the film made from NMP
cannot be observed in the measured frequency
range.

Figure 9 shows wide-angle X-ray diffraction
(WAXD) patterns of PANI–CSA prepared from
m-cresol and PANI–DBSA from xylene. The chain
structures of the two samples are greatly differ-
ent. In PANI–DBSA, a low-angle peak is revealed

Figure 7 Electric modulus of (a) real part (M9) and (b)
imaginary part (M0) versus frequency for solution-
doped PANI with (■) CSA–m-cresol, (F) CSA–NMP,
(Œ) DBSA–xylene, and (�) DBSA–NMP.
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near 2u 5 2.5°, due to a well-defined layered
structure originating from packing of the main
chain into the platelike layers due the long alkyl
chain of the DBSA.29 PANI–CSA shows crystal-
line peaks at 2u 5 7.8°, 14.9°, and 24.4°, which are
(002), (100), and (040) reflections, respectively.30

This result confirms that the chain structures of
PANI salts are greatly influenced by the solvent–
dopant combinations in the solution-doping pro-
cess. This difference in the chain structure, there-
fore, affects the divergence of the dielectric spec-
tra and the s value.

CONCLUSIONS

The dielectric spectra of PANI salt films were
analyzed by changing the dopants and film-for-
mation methods. In the film-doping method, the
increase in dopant size results in subsequent dis-
placement of the dielectric relaxation peak to-
ward lower frequency, which was found to be the
result of an increased interchain distance on the
PANI surface, leading to lowered carrier hopping.
In the electric modulus formalism, the observed
M0 peak maximum was moved from about 10 Hz,
in the case of PANI–EB, to about 10 MHz (PANI–
HCl) depending on the dopant size. The electric
conduction seemed to occur in a simple way, as
suggested by the complex plane spectra of the
electric modulus. The measured s values were
similar irrespective of the dopants, indicating
similar doping levels on the surface of PANI salts
regardless of the dopants. In the solution-doped
PANI, the dielectric spectra were changed with
the selections of the dopant–solvent combinations
as well as the kinds of dopants. PANI–DBSA
showed different patterns of the spectra and a low
s value, which were dependent on the peculiar

Figure 9 WAXD patterns of solution-doped PANI
prepared from (a) CSA–[m-cresol] and (b) DBSA–xy-
lene.

Figure 8 (a) Complex plane for the electric modulus
of solution-doped PANI with (■) CSA–[m-cresol], (F)
CSA–NMP, (Œ) DBSA–xylene, and (�) DBSA–NMP. (b)
Tan d of the same samples.
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layered chain structure. The structure led to a
nonmonomodal distribution of the electric modu-
lus curves due to a complicated conduction pro-
cess or various phases.

The authors gratefully thank the Center for Advanced
Functional Polymers of the Engineering Research Cen-
ter in the Republic of Korea for generous financial
support.
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