
Annealing Effects of Dilute Polyaniline/NMP Solution

Young Moo Lee,* Jae Hoon Kim, Jong Seok Kang, and Seong Yong Ha

School of Chemical Engineering, College of Engineering, Hanyang University, Seoul 133-791, Korea

Received November 30, 1999; Revised Manuscript Received August 3, 2000

ABSTRACT: The annealing effects of a dilute polyaniline solution on chemical and physical properties
were investigated. Emeraldine base (EB) of polyaniline prepared by the conventional procedure was
dissolved in 1-methyl-2-pyrrolidinone (NMP). After heating at 60-140 °C for 2 h, the color of PANi solution
changed from deep blue to various colors depending on the annealing temperature. This solution was
filtered and cooled at -5 °C to preserve an undoped structure. Changes of physical and chemical properties
were investigated using ultraviolet-visible (UV-vis), Fourier transform infrared (FT-IR) spectroscopy,
electron spectroscopy for chemical analysis (ESCA), and dynamic light scattering (DLS). By contrast to
the previously reported reductive reaction, we concluded that the annealing of dilute EB/NMP solution
resulted in cross-linking. This was indicated by the decrease of the mutual diffusion coefficient at infinite
dilution (D0) and the increase in the apparent hydrodynamic radius (Rh) of EB with the annealing
temperature evidenced by the DLS and the increase of the cyclic-N portion from ESCA results. The
annealing also produces a polyelectrolyte chain, supported by FT-IR and DLS measurements.

1. Introduction

Conducting polymers, e.g., polyacetylene, polypyrrole,
polythiophene, and polyaniline, etc., have been of special
interest in recent decades. Among these polymers,
polyaniline (PANi) has attracted a considerable scien-
tific attention because of its electronic and photonic
states as well as high conductivities and environmental
stabilities.1-3 PANi can be synthesized by oxidation
polymerization. Depending on its oxidation states and
doping processes, PANi has four forms (see Figure 1);
fully oxidized pernigraniline, half-oxidized emeraldine
base (EB), fully reduced leucoemeraldine base (LB), and
metallic emeraldine salt. The conducting form of PANi
(emeraldine salt) powder synthesized in aqueous HCl
solution is insoluble in most common organic solvents
including 1-methyl-2-pyrrolidinone (NMP). However,
EB, which can be obtained by treating emeraldine salt
with aqueous NH4Cl solution, is soluble in NMP and
can be cast into film from EB/NMP solution.4,5

Although the thermal properties of PANi have been
reported in recent years, little is known on annealing
effects, particularly of PANi in its solution state. Mac-
Diarmid et al. reported that the cross-linking reaction
occurred when EB powder was heated to 300 °C. Chen
et al. reported changes of physical properties of EB
annealed at 150-300 °C, i.e., the peak at 1589 cm-1 (Nd
QdN stretching, Q ) quinoid ring) disappeared, and the
peak at 1496 cm-1 (N-B-N stretching, B ) benzenoid
ring) increased in IR spectra.7 Conklin et al. also
reported that the solubility of annealed EB powder in
NMP was significantly reduced and that the cross-
linking reaction between EB chains reduced the conju-
gation length as shown by the blue shift of UV-vis
spectra. Moreover, they mentioned that after annealing
the free electron concentration increased up to 10-fold
compared with nonannealed PANi.8 As for the thermal
properties of PANi in its solution state, Afzali et al.
reported that PANi in NMP solution is reduced at 160-
180 °C to its LB form.9 They suggested that a reduction

instead of the cross-linking reaction occurred, because
the peak retention time in gel permeation chromatog-
raphy (GPC) changed little by the heat treatment and
the imine nitrogen XPS peak almost disappeared when
PANi/NMP was heated.

In this article, we present a study of annealing effects
in dilute PANi (EB)/NMP solution at temperatures up
to 140 °C. The physical and chemical changes and the
detailed mechanism of annealed EB solutions were
monitored by Fourier transform infrared (FT-IR), ul-
traviolet-visible (UV-vis) spectroscopy, electron spec-
troscopy for chemical analysis (ESCA), and dynamic
light scattering (DLS). One of the problems in investi-
gating the solution properties of PANi using DLS is its
absorption of light, and thus we narrow the concentra-
tion range to very dilute solutions (0.02 mg/mL).

2. Experimental Section
Materials. Aniline (Yakuri Pure Chemical) was dried with

CaH2 and distilled at reduced pressure. Ammonium persulfate
((NH4)2S2O8, Junsei Chemical; minimum assay 95%) was used
without further purification. 1-Methy-2-pyrrolidinone (NMP,
Aldrich, minimum assay 99.5%) was used as a solvent without
purification.

Preparation of PANi/NMP Solutions. PANi (EB) was
prepared following the method of MacDiarmid et al.10 The
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Figure 1. Four forms of PANi: (a) leucoemeraldine base; (b)
emeraldine base; (c) permigraniline base; (d) metallic emer-
aldine salt.
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detailed procedure was previously reported.11 The weight-
average molecular weight of EB, determined by static light
scattering method, was 230 000.11 The annealing was carried
out using EB/NMP solution (0.02 mg/mL) under a nitrogen
stream. After 2 h of heating at 60, 80, 100, 120, and 140 °C,
the solution was cooled and filtered using a 0.2 µm Millipore
syringe filter.

Characterization. a. UV-vis. To investigate the optical
properties of the annealed solutions, UV-vis absorption
spectra were recorded on HP 8452 A diode array spectrometer.

b. FT-IR. The infrared spectrum of EB powder and LB
powder was obtained from a mixture of sample with KBr in
pellet form. To prepare thin film of EB, 3 wt % EB/NMP
solution was poured into a Petri dish and then dried at 45 °C
in the vacuum oven. To obtain a thin film of the solution
annealed at 140 °C, the NMP was distilled under vacuum so
that about 3 wt % PANi/NMP was obtained. The concentrated
solutions were poured into a Petri dish and then dried at 45
°C in the vacuum oven. The residual NMP in the film and in
the annealed film were further removed by methanol extrac-
tion. All the samples were kept under a nitrogen atmosphere
before the analysis by Fourier transform infrared (FT-IR,
Nicolet model Magna IR 550, Madison, WI).

c. ESCA. The changes in chemical structure of the annealed
solutions were analyzed by electron spectroscopy for chemical
analysis (ESCA, Omicron EA125, Philadelphia, PA) using Mg
KR source at 1253.6 eV and 300 W power at the anode. The
pressure in the chamber was maintained under 10-9 mbar or
lower during the measurement. The sample position and tilt
angle (30° for narrow scan) were fine-tuned for optimal data
acquisition. A thin film of annealed solution was obtained by
the same manner as described in the FT-IR section. The ESCA
data were analyzed with a least-squares fitting routine. All
the binding energies were referenced to the C1s neutral carbon
peak at 284.8 ( 0.1 eV to compensate for surface charging
effects.12 In the peak deconvolution, experimental spectra are
calculated by the best-fit contributions assuming 50% Lorent-
zian-Gaussian peaks and a Shirley background13 over the
energy range of the fit.

d. DLS. Dynamic light scattering was carried out on a
Bookhaven Instruments Corporation package composed of a
BI200SM goniometer, a BI9000AT correlator with the digital
8 bits × 256 channels (maximum), an EMI9863 photomulti-
plier for photon counting, an argon ion laser (Lesel Laser Inc.,
model 95-1) operated at 514.5 nm wavelength and 100 mW
intensity, a thermostatic bath (temperature stability (0.05 °C),
and an associated software package for data analysis of DLS
including single and double exponential, CUMULANT and
CONTIN.14 The scattering intensity was measured at 30°, 60°,
90°, 120°, and 150°. For DLS measurements, dilute solutions
were prepared by direct addition of filtered NMP and the cells
flame-sealed under mild vacuum. The resulting dilute PANi/
NMP solutions were stable over time, showing the same
correlation function weeks after initial measurement. The
relaxation times obtained using CONTIN fell into two catego-
ries: a fast mode caused by molecular diffusion and a slow
mode caused by internal mode. The mutual diffusion coef-
ficients at infinite dilution, D0, the concentration coefficient,
kD, and the apparent hydrodynamic radii, Rh, are evaluated.15

3. Results and Discussion

Ultraviolet-Visible (UV-vis) Spectroscopy. The
UV-vis spectra of dilute PANi/NMP solutions with
various annealing temperatures are shown in Figure 2.
Up to 100 °C, the solutions showed the original blue
color of EB with two characteristic peaks: exciton
absorption of quinoid at ∼640 nm and π-π* absorption
peak of benzenoid rings at ∼330 nm.16,17 Above 120 °C,
however, the color of the solution changed to yellow with
an intense increase of the benzenoid peak at the expense
of a decrease of quinoid rings. At least two possible
effects can explain this phenomenon. First, EB was
reduced to LB by the presence of NMP. In order for EB

to be reduced, NMP must act as a donor of hydrogen
atoms.9 Second, a cross-linking reaction between quinoid
rings and the imine nitrogen may have occurred.

Figure 3 shows a cross-linking scheme proposed by
various groups.5-7 To oxidize yellow EB/NMP solutions
that were annealed above 120 °C, various oxidants such
as bubbling oxygen, H2O2, PbO2, and APS were used.18

In this study, the yellow color of the solution did not
change to blue even after the addition of oxidants, which
supported the cross-linking reaction instead of the
reduction. The maximum absorbance of the exciton peak
shifted from 641 to 615 nm after heating for 2 h at 100
°C. The blue shift caused by the shortening conjugation
length for annealed EB is probably due to a cross-linking
reaction8 and/or a decreasing chain length of the EB
upon heating, as will be discussed later.

Infrared Spectroscopy (IR). The FT-IR spectra of
EB powder, EB film cast from a NMP solution, LB
powder, 140 °C annealed EB/NMP film, and NMP are
shown in Figure 4. The major characteristic peaks are
summarized in Table 1. For the EB/NMP film, the
absorption peak of the CdO stretching shifted by 12
cm-1 from 1682 (of pure NMP) to 1670 cm-1. The CdO
group of NMP formed a hydrogen bond with the amine
site of EB, i.e., CdO‚ ‚ ‚N-H.21 This is also consistent
with the fact that there is no intense free N-H stretch-
ing peak in EB/NMP film. When NMP is removed by

Figure 2. UV-vis absorption spectra of EB/NMP solution
with annealing temperature.

Figure 3. Proposed cross-linking scheme of PANi (EB).
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methanol extraction, the CdO peak completely disap-
pears and free N-H stretching peak appears at 3386
cm-1 (see Figure 4b,c). When comparing the EB/NMP
film annealed at 140 °C after methanol extraction with
the EB/NMP unannealed film after methanol extraction,
at least two major changes can be noticed. First, the
absorption peaks related to the quinoid ring (1595, 1381,
1309 cm-1) disappeared, which was consistent with the
result of UV-vis. Second, the N-H stretching peaks
at 3300-3500 cm-1 disappeared, and the peaks re-
lated to methyl C-H and methylene C-H (2921, 2846,
1462, 1363 cm-1) and CdO stretching at 1657 cm-1

newly appeared (see Table 1). Although we tried to
remove NMP from the annealed film at 140 °C by
methanol extraction (cf. Figure 4e), there was still a
CdO stretching peak due to residual NMP. It was
probably due to a charge-transfer complex formed by
NMP and EB at the high annealing temperature, as will
be discussed later.

Electron Spectroscopy for Chemical Analysis
(ESCA). The changes of the atomic surface composition

in the annealed PANi were further determined by ESCA
analysis. In general, PANi contains quinoid imine and
benzenoid amine units, and the oxidation state of PANi
can be characterized by the relative amount of these
units from the fully oxidized pernigraniline to fully
reduced leucoemeraldine base. The half-oxidation state
of the emeraldine base has an approximately an equal
amount of amine and imine nitrogens.

Figure 5 shows the characteristic high-resolution C1s
and N1s spectra of an EB film cast from a NMP solution
and an EB/NMP film annealed at 140 °C after methanol
extraction. The EB film surface was smoothly fitted into
four carbon peaks: aromatic carbon (-CAr) at the
binding energy of 284.8 ( 0.1 eV, carbon atom with a
single bond to nitrogen (-C-N) at 285.5 ( 0.1 eV,
carbon atom with double bonds to nitrogen (-CdN) at
286.2 ( 0.1 eV, and a low-intensity component at ∼289.3
eV.22 This high tail in the C1s core level spectrum is
poorly defined; it has been attributed to the residual
NMP in the film, surface oxidation product, weakly
charge-transfer complexed oxygen on the EB film, or a
shake-up satellite.23-25 We attributed this peak to a
shake-up satellite because the residual NMP in the
sample was removed completely by methanol extraction
as confirmed by FT-IR when the sample was kept under
the nitrogen before mounting in the analysis chamber.
The annealed EB/NMP surface showed new peaks at
higher binding energies, indicating the formation of
carbon-oxygen double bonds (-CdO, carbonyl carbon)
at 287.9 ( 0.1 eV.26,27 This is consistent with the FT-IR
results; unlike EB/NMP film, it was not possible to
remove the residual NMP in the EB/NMP film annealed
at 140 °C by methanol extraction. The N1s spectra were
fitted into four component peaks: imine nitrogen
(NdC-) at 398.1 ( 0.1 eV, amine nitrogen (-N-C-)
at 399.3 ( 0.1 eV, cyclic nitrogen (-Nd) at 401.3 ( 0.1
eV, and imine shake-up at 403.0 ( 0.1 eV.28-30 The N1s
spectrum of LB exhibits only a single nitrogen environ-
ment at about 399.3 eV, which is characteristic of the
amine nitrogen.31 Table 2 summarizes the results from
the peak fitting of ESCA C1S and N1s spectra for the
EB/NMP film and 140 °C annealed EB/NMP film. It
should be noted that our ESCA result and that of other
work groups22,28-30 indicate more amine than imine,
albeit the EB state is often described as half amine and
half imine. The following tendencies had been observed;
the imine-to-amine ratio changed from 0.58 at room
temperature to about 0.22 after annealing at 140 °C for

Table 1. Characteristic Peaks (cm-1) of the IR Spectra of Polyanilinesa

assignmentb EB powder EB/NMP film
EB/NMP film after
MeOH extraction

140 °C annealed
EB/NMP film after
MeOH extraction LB powder NMP

str of free N-H 3385 3376 3385 disappeared 3376
str of H-bonded N-H 3293 3295 3292 disappeared
str of methyl C-H 2921 2944
str of methylene C-H 2846 2877
str of CdO 1670 disappeared 1657 1682
str of NdQdN 1590 1595 1595 disappeared 1595
str of NdBdN 1502 1508 1502 1508 1500
sci of methylene C-H 1462 1464
ben of methyl C-H 1363 1400
str of C-N (QBtQ) 1379 1381 1379 disappeared
str of C-N (QBcQ, QBB, BBQ) 1311 1309 1311 disappeared 1282 1298
str of C-N (BBB) 1235 1232 1235 1232
a mode of NdQdN 1160 1167 1167 disappeared
ben of Caromatic-H 836 834 825 842 813

a From refs 19 and 20. b str ) stretching; ben ) bending; sci ) scissoring; Q ) quinoid unit; B ) benzenoid unit; Bt ) trans benzenoid
unit; Bc ) cis benzenoid unit.

Figure 4. FT-IR spectra of (a) EB powder, (b) EB/NMP film,
(c) EB/NMP film after methanol extraction, (d) LB powder,
(e) 140 °C annealed EB/NMP film after methanol extraction,
and (f) NMP.
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2 h, which was in a good agreement with N1s results.
This reduction in this ratio can be attributed to the
cross-linking reaction; the nitrogen attached to the
quinoid ring attacked neighboring quinoid rings, result-
ing in two benzenoid rings and two cyclic nitrogen, as
suggested by Scheer et al.6 The amount of cyclic
nitrogen, which appeared in place of imine nitrogen,
increased to 14.2% upon exposure at high temperature,
indicating a cross-linking reaction caused by the an-
nealing process (see Figure 3). Moreover, the increment
of the shake-up satellite may be attributed to a more
localized electronic structure,32,33 consistent with a loss
of conjugation.25 Thus, the ESCA data are consistent
with the UV-vis and FT-IR data.

Dynamic Light Scattering (DLS). The normalized
intensity correlation function, g(1)(t), of scattered light
of EB/NMP solution exhibits a single relaxation curve
at all scattering angles θ in the decay time range of
1-106 µs. A representative set of data are shown in
Figure 6a measured at θ ) 30°, 90°, and 150°. In

general, NMP is not a good solvent for EB because of
the strong hydrogen bonding between amine and imine
nitrogen atoms in the EB backbone.34,35 For example,
EB chains form aggregates in NMP solution as evi-
denced by a bimodal molecular weight distribution of
EB chains based on the gel permeation chromatography
data.36,37 The aggregation of the EB chain in NMP has
been detected by DLS as well as by GPC; it has been
reported that dilute EB/NMP solutions have two relax-
ation modes, a fast mode and a slow mode.38,39 A fast
relaxation mode is attributed to the diffusion of a single
polymer chain while a slow mode is due to large
particles or aggregates,40,41 complexation,42 or gela-
tion43,44 by (physical or chemical) cross-linking in the
dilute regime. In the case of EB/NMP solutions, the slow
mode corresponds to the peak related to the high
molecular weight compounds confirmed by many GPC
studies, as mentioned before. However, the relative
percentage of aggregation of EB in NMP is highly
dependent on the concentration of polymer solution. As
the concentration of polymer decreases in a given
solvent, the solvent-polymer interaction increases while
the polymer-polymer interaction decreases. The sample
prepared in this study was very dilute (0.02 mg/mL)
enough to exhibit only one decay process. CONTIN
analysis was then applied for an estimation of Γ as a
quantity characteristic of the diffusion behavior of EB
in dilute solution.

By contrast, Figure 6b depicts the normalized inten-
sity correlation function at a series of the scattering
vector for the EB/NMP solution annealed at 140 °C. As
we increased the scattering vector, a slow mode ap-
peared. These relaxation times were analyzed by CON-

Figure 5. High-resolution ESCA C 1s core level spectra of (a) EB/NMP film after methanol extraction, (b) 140 °C annealed
EB/NMP film after methanol extraction, N 1s core level spectra of (c) EB/NMP film after methanol extraction, and (d) 140 °C
annealed EB/NMP film after methanol extraction.

Table 2. ESCA Analysis of Polyanilines

atomic % of C1s or N1s spectraa

sample
unannealed

EB/NMP film
140 °C annealed

EB/NMP film

aromatic (-*C-C) 284.8 ( 0.1 eV 48.1 41.6
amine (-*C-N-) 285.5 ( 0.1 eV 30.6 40.4
imine (-*CdN) 286.2 ( 0.1 eV 17.8 9.0
carbonyl (-*CdO) 287.9 ( 0.1 eV 3.8
imine (*NdC-) 398.1 ( 0.1 eV 33.7 14.5
amine (-*N-C-) 399.3 ( 0.1 eV 58.0 64.8
cyclic (-*Nd) 401.3 ( 0.1 eV 4.9 14.2
imine shake-up 403.0 ( 0.1 eV 3.4 6.5

a The asterisk corresponds to the analyzed carbon and nitrogen.
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TIN. The decay rate, Γ, characteristic of the slow mode
showed a linear dependence of q2. This result indicates
that the slow mode is the diffusive mode, and the

mutual diffusion coefficient, Dm ) Γ/q2, can be estimated
using the slope obtained through linear regression
analysis (Figure 7). The dependence of Dm on the
polymer concentration is shown in Figure 8 for four
samples. Mutual diffusion coefficients at infinite dilu-
tion, D0, and diffusional second virial coefficients, kd,
are obtained by linear regression analysis and listed in
Table 3 (cf. eq 7). In general, D0 is interpreted as the

Figure 6. (a) Time profile of the normalized intensity cor-
relation function, g(1)(t), of light intensity scattered from the
nonannealed EB/NMP solution at the scattering angle 30°, 90°,
and 150°; C ) 0.02 mg/mL, T ) 25 °C. (b) Time profile of the
normalized intensity correlation function, g(1)(t), of light in-
tensity scattered from the 140 °C annealed EB/NMP solution
at the scattering angle 30°, 90°, and 150°; C ) 0.02 mg/mL, T
) 25 °C.

Figure 7. (a) Dependence of the decay rate, Γ, on the
magnitude q2 of the scattering vector for a dilute EB/NMP
solution (C ) 0.02 mg/mL); filled point were resulted from
CONTIN; solid line from the linear fit. (b) Dependence of the
decay rate, Γs, of the slow mode on the magnitude q2 of the
scattering vector for a dilute 140 °C annealed EB/NMP solution
(C ) 0.02 mg/mL); filled point were resulted from CONTIN;
solid line from the linear fit.
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ratio of the translational Brownian motion, and frictonal
force on a molecular level and kd is related to solvent
quality. kd can be expressed as46

where A2 is the second virial coefficient, kf is the relative
concentration dependence of the frictional coefficient,
and vj the partial specific volume of the solute. For a
given molecular weight, kd decreases smoothly with
decreasing solvent quality but passes through a plateau
region in the vicinity of the θ condition, where kd is
negative since the virial coefficient will be zero and thus
kd ) -(kf + vj).47 D0 of the present EB/NMP samples
was about 100 times lower than that of the conventional
polymers, probably due to the fact that weight-average
molecular weight of EB prepared in this study was
230 000 while that of other polymers are 35 000-50 000
and that EB chains tended to aggregate in NMP. For
example, polysulfone (Mw ) 35 000) in NMP has a
higher D0 as well as a higher kd value than EB,
indicating that NMP is better solvent for polysulfone,
and polysulfone molecules easily fluctuate through the
laser beam. For the annealed EB/NMP solution, D0 and
kd values are smaller than those of EB/NMP unannealed
solutions; the movement of EB chain in solution is
delayed, and solvent quality decreases with annealing.

If the EB in NMP solution at 140 °C is reduced to its
LB form, the decrease of the number of double bonds
due to the protonation in NMP should diminish the
stiffness of the backbone and increase the chain flex-
ibility, resulting in a reduction in interchain hydrogen
bonding. The net result is a more compact chain with
faster D0.38 In addition, NMP is a better solvent for LB
than EB because amine-amine interchain hydrogen
bonding is weaker than imine-amine interchain hy-
drogen bonding, as confirmed by GPC studies.21,39

Therefore, the kd value should increase with the reduc-
tion reaction. The small D0 upon annealing can be
assigned to the translational diffusion of large particles
composed of many EB molecules by cross-linking reac-
tion. The smaller kd value is due to the difficulty in
dissolving the cross-linked products. Therefore, it is
evident that annealing the EB/NMP solution at 140 °C
does not cause the reduction, but results in the forma-
tion of large particles by a cross-linking reaction, as
confirmed by the bimodal autocorrelation function.

The formation of large particles in the annealed EB/
NMP solutions was further determined by evaluating
the apparent hydrodynamic radius, Rh, using eq 8 at
the 90° scattering angle as shown in Figure 9. It was
clear from this figure that Rh increased up to 250 nm
with the annealing temperature. The reduction of EB
chain to LB should result in the decrease of Rh, as
reported by Davied et al.,39 resulting from the chain
flexibility and interchain hydrogen-bonding ability as
discussed before. The increase of Rh is in good agree-
ment with the decrease of D0 and Rh of the annealed
sample. The effects of LiCl addition on Rh before and
after annealing are shown in Figure 9, and the size
distributions are shown in Figure 10. As a number of
groups have reported, 0.5% LiCl eliminates the ag-
gregation of EB chains, resulting in a narrow molecular
weight distribution in GPC.34,48 After the addition of
0.5% LiCl, Rh of annealed and unannealed samples both

Figure 8. Extrapolation of the mutual diffusion coefficient,
Dm, to measure the mutual diffusion coefficient at infinite
dilution, D0, and the diffusional second virial coefficient, kd,
for (b) EB/NMP and (9) 140 °C annealed EB/NMP solutions
in different concentration.

Table 3. Experimental Result of D0 and kd

Mw

D0 (×10-7),
cm2/s

kd,
mL/g ref

unannealed EB/NMP
solution

230 000 0.0716 19.31 this study

140 °C annealed
EB/NMP solution

230 000 0.0553 1.51 this study

Psfa/NMP 35 000 1.73 24.6 45
a Psf ) polysulfone.

kd ) 2MA2 - kf - 2vj (1)

Figure 9. Change of apparent hydrodynamic radius, Rh, with
annealing temperature at the 90° scattering angle.
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increased to 173 and 271 nm, respectively. This can
probably be attributed to an association between the
polar groups of EB and LiCl, resulting in an increase
of the overall Rh. The size distribution was broader as
the annealing temperature increased and changed little
on addition of LiCl. This also confirmed that the
increase of Rh was caused by chemical cross-linking, not
by physical entanglement or interchain hydrogen bond-
ing. Although it is not possible to compare directly the
change of molecular weight before and after annealing
because of the absence of GPC data in this dilute region,
the combined result of UV-vis, IR, ESCA, and DLS data
clearly indicates that the size of EB chains increases,
resulting from the chemical cross-linking between EB
chains.

Figure 11 shows the concentration dependence of Rh
for annealed and unannealed EB chains in NMP. The
Rh of annealed EB chains increases with decreasing
polymer concentration. The coil expansion at decreasing
polymer concentration can be understood as a polyelec-
trolyte effect; as the concentration of polymer decreases,
the ionic strength of solution also decreases, resulting
in a decrease of the screening of the charges along the
backbone of the polymers. Consequently, the charges
along the backbone would be strongly expected to repel
each other leading to more expanded polymer chains,
as reported by others.38,40 The yellow color of EB/NMP
annealed above 120 °C arises from the fact that EB
chains are surrounded by NMP molecules and form

Figure 11. Change of apparent hydrodynamic radius, Rh,
with different concentration of (b) EB/NMP and (9) 140 °C
annealed EB/NMP solutions at the scattering angle 90°.

Figure 10. Size distribution profile of (a) unannealed, (b) unannealed after 0.5% LiCl added, (c) annealed at 140 °C, and (d)
annealed after 0.5% LiCl added EB/NMP solution.
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charge-transfer complexes with NMP. Thus, NMP mol-
ecules around EB chains disturb the absorption of light
by pure EB chains. On the other hand, for an unan-
nealed sample, Rh slightly decreases with increasing
polymer concentration. This is due to the decrease of
interchain hydrogen bonding between EB chains as we
increase the NMP content.

Figure 12 shows the proposed reaction scheme of EB/
NMP at 140 °C. The imine sites of EB chains participate
in the cross-linking reaction, as confirmed by UV-vis,
FT-IR, ESCA, and DLS results while the amine sites
contribute to the formation of the charge-transfer
complex with NMP, as evidenced by FT-IR and DLS
measurements.

4. Conclusions

The effects of annealing of a dilute EB/NMP solution
on changes of chemical and physical properties were
investigated. On the basis of the UV-vis, FT-IR, and
ESCA measurements, the changes in the chemical
property of EB/NMP solutions annealed at 140 °C are
as follows. Benzenoid structures and the amine portion
increased at the expense of the quinoid structure and
the imine portion, respectively. The cyclic N portion also
increased. The yellow color of annealed solutions did not
change upon the addition of various oxidants.

The changes of physical property of annealed solu-
tions were measured by DLS; the solvent quality of
NMP decreased with annealing temperature, as con-
firmed by the decrease of the mutual diffusion coefficient
at zero concentration. The decrease of solvent quality
resulted from the formation of large particles or ag-
gregates which was the origin of the slow relaxation
mode in the normalized intensity correlation function.
The formation of large particles, further confirmed by
measuring apparent hydrodynamic radius, is the result
of the cross-linked products, in good agreement with
UV-vis, FT-IR, and ESCA results. In conclusion, the
imine sites of EB chains participated in the cross-linking
reaction while the amine sites took part in the charge-
transfer complex formation with NMP.
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