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Molecular assembled self-doped polyaniline copolymer ultra-thin films
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Abstract

A self-assembly technique and copolymerization were used to buildup a self-doped polyaniline (SPANI) ultra-thin film on an indium-tin
oxide (ITO) substrate. The monomers used were aniline and its derivative MSAN (m-aminobenzenesulfonic acid). Successful MSAN/AN
copolymerization and film formation were simultaneously performed in aqueous solution with the addition of oxidant (APS, ammonium
persulfate). The film deposition rate of a high AN/MSAN ratio system is generally higher than that of a low AN/MSAN ratio system. Cyclic
voltammetry, UVevis spectroscopy, and a-step instruments indicate a systematic dependence of the film thickness of these ultra-thin films on
the assembly time and temperatures. The Auger depth profile reveals the elemental distribution in these films and exhibits different deposition
rates between AN and MSAN. XPS N1s spectra also show the variation of the degree of doping. This SPANI film can be used as an electro-
chromic electrode in a corresponding device. Carboxyl-terminated-butadiene-acrylonitrile (CTBN) blended with LiClO4 was used as a solid
polymer electrolyte. A total solid electrochromic device was assembled as ITO/SPANI/LiClO4eCTBN/PEDOT:PSS/ITO, where PEDOT:PSS
is poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) as the counter complementary electrode. The device was pale gray at �1.5 V
and blue at þ1.5 V.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Conducting polymer is a promising material for further
applications in molecular electronics, molecular wires, and
devices [1,2]. Polyaniline (PANI) is the simplest linear con-
jugated macromolecule and a representative of conducting
polymers [3]. To combine two or more desirable properties,
multicomposites can provide additional stability for molecular
assembly. Even fine device functionality will result from a
combination of physical and chemical processes (e.g., electron
and energy transfer). Such a device requires control of
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molecular orientation and organization on the nanoscale,
because its function significantly depends on the local chemi-
cal environment. Therefore, scientists greatly desire to develop
methods for the controllable assembly of multicomponent
nanostructures.

Single molecular layers can be consecutively deposited
onto planar solid supports and then form multilayers in which
organic molecules can be controlled in at least one dimension
with nanoscale arrangements. This process clarifies a fixed
relation between nanoscopic order and macroscopic orientation
to develop functional macroscopic devices. To fully exploit an
assembled structure, it is necessary to know the location or
orientation of the molecules [4]. In these systems, the mole-
cularly controlled fabrication of monolayer films has been
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dominated by the LangmuireBlodgett (LB) technique [5].
Monolayers are formed on a water surface and then transferred
onto a solid support. The LB technique requires special equip-
ment and has severe limitations in substrate size and topology
as well as in film quality and stability. Since 1980s, self-
assembly techniques have been developed as an alternative
to LB films in a silaneeSiO2 interface [6], metal phosphonate
chemistry [7], as well as ultra-thin films of Zener diodes from
conducting polymers and CdSe nanoparticles [8]. Based on
covalent and coordination chemistry, self-assembled films
are restricted to certain classes of organics, and high-quality
multilayer films cannot be reliably obtained. These problems
mainly arise from the high steric demand of covalent chemistry,
which is a prerequisite for remaining functional group density
in each layer.

Recently, the layer-by-layer polyelectrolyte (such as poly-
anion and polycation) deposition route has been developed
for the fabrication of ultra-thin polymer layers [9e11]. Using
this route, the incorporation of ultra-thin (<100 Å) charge-
injection interfacial layers in polymer light-emitting diodes
[12] has been achieved. Polycations and polyanions are alter-
nately adsorbed from their respective solutions onto the
substrate to form a multilayer film in which the thickness
and other physico-chemical properties of the sub-layers can
be tuned over molecular widths [9e12]. A strong cooperative
ion-pair interaction locks the chain segments into highly inter-
penetrated structures [9e12] to buildup a multilayer film at the
molecular level. Here we fabricated the thin film of self-doped
polyaniline on an indium-tin oxide (ITO) substrate. It was
desirable to create a simple approach that would form uniform
nanoarchitecture films, whereas the fabrication was expected
to be independent of the nature, size, and topology of the sub-
strate. The electrostatic attraction between oppositely charged
molecules (such as propagating molecule chains) seemed to be
a good candidate as a driving force for film buildup, because it
possesses the least steric requirement of all chemical bonds.
Strong electrostatic attraction occurs between a charged
surface and oppositely charged molecule in solution. This phe-
nomenon has been known for the adsorption of small organics
and polyelectrolytes [13], but it has rarely been studied with
respect to the film formation of propagating conducting poly-
mers. The formation of self-doped polyaniline ultra-thin films
has important consequences for flocculation and is therefore of
interest in large-scale processes such as charge-injection layers
in polymer light-emitting diodes [12] and electrode materials
in electrochromic device [2]. However, this process is consid-
ered to be an alternative method to fabricate uniform thin
films. These applications may benefit from a better under-
standing of self-doped polyaniline films as model systems,
as these can be well characterized by a wide variety of
physical techniques.

In this work, aniline (AN) was dissolved in an aqueous
solution of m-aminobenzenesulfonic acid (MSAN). MSAN
was used as a monomer, a surfactant, and a self-dopant.
Then, ammonium persulfate (APS) was added as the oxidant.
A series of ultra-thin films were visually observed during the
assembly.
2. Experimental section

2.1. Chemicals

Aniline (Merck) was distilled under reduced pressure.
m-Aminobenzenesulfonic acid (Acros) was purified by recrys-
tallization two times from distilled water using the method of
our previous work [14]. Oxidants (ammonium peroxydisulfate
(APS), Wako), lithium perchlorate (LiClO4, Merck), carboxyl-
terminated-butadiene-acrylonitrile (CTBN, Hycar 1300� 8),
and poly(3,4-ethylenedioxythiophene) (PEDOT)epoly(4-styr-
enesulfonate) (PSS) (Merck) were used as received. The ITO-
coated glass substrates (w10 U cm�2, Merck) were first
cleaned by a mixture of H2O/H2O2/NH3 with the ratio of
10:2:0.6 at 55e60 �C for 1 h. The substrates were baked in
a vacuum (165e170 �C, 150 min) to remove physisorbed
water and followed by UVeO3 irradiation for 20 min.

2.2. Self-assembly of SPANI ultra-thin films

Aniline and MSAN (total eNH2 concentration kept at
0.057 M) were dissolved in 100 mL of distilled water with
a desired AN/MSAN mole ratio ranging from 0.25 to 4.0.
Far from the intervals, the experiments were difficult to
perform. The solution was magnetically stirred at a specific
reaction temperature (4e25 �C). An aqueous solution of
(NH4)2S2O8 (0.57 g) with a 12.5 mL volume was added to
the above monomer mixture in one portion at the same tem-
perature. The resulting solution was stirred for another 2 min
to ensure complete mixing. To develop a film of SPANI as
illustrated schematically in Fig. 1, SPANI-based ultra-thin

Fig. 1. Schematic of the SPANI film deposition process employed an immers-

ing self-assembly method. Step a represents the fixing of the ITO glass onto

a support. Step b is the deposition of a SPANI film in the reaction solution,

and steps c and d are washing and drying steps, respectively. The four steps

are the basic buildup sequence for an ultra-thin film of SPANI. Chemical com-

ponents in the reaction solution have aniline, m-aminobenzenesulfonic acid,

ammonium peroxydisulfate, and water.
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films were assembled on ITO glass using a combined self-
assembly and copolymerization method at a fixed temperature
in the range of 4e25 �C. Far from the intervals, the experi-
ments could not be smoothly performed. After that, the resulting
films were taken from the reaction solution and washed several
times with dry acetonitrile in a glove box purging argon.
Finally, this film was dried in a dynamic vacuum at room
temperature for 24 h. This process, which is extremely simple,
is depicted in Fig. 1, for the case of self-doped polyaniline
deposition on a charged surface (ITO).

2.3. Characterization of SPANI films

This assembled a conformed layer in the form of a dense
stack. The thickness was determined by a-step method (Surfo-
corder TE 2400 M, Tosaka Lab. Ltd.). The formed SPANI
films on ITO were analyzed by a UVevis spectrophotometer
(Lambda 25 diode-array spectrometer, PerkineElmer). Cyclic
voltammetric (CV) measurements were performed in 0.1 M
LiClO4/propylene carbonate (PC) solution using a PGSTAT
20 electrochemical analyzer (AUTOLAB Electrochemical
Instrument, The Netherlands). Scanning electron microscopy
(SEM) was performed on a Philips apparatus (XL-40 FEG),
which was operated at low acceleration voltage (Vacc¼ 15 kV)
to minimize charging of the as-synthesized samples. Micelle
morphology in a freeze-fracture replica sample taking in the
reaction solution was observed by a transmission electron
microscope (TEM, JEM-1230, JEOL Ltd., Japan) with an
acceleration voltage of 80 kV. Auger electron spectroscopic
(AES) measurements were performed with a MICROLAB
310D spectrometer (VG Scientific Ltd.). AES depth profiling
was performed at emission currents of 0.1 and 8 mA with
gun tensions of 10 (electron) and 3 kV (ion), respectively.
Sputtering velocity was set at 1 Å s�1. The X-ray photo-
electron spectroscopic (XPS) measurements were performed
with ESCA 210 and MICROLAB 310D (VG Scientific Ltd.)
spectrometers. XPS spectra were recorded with Mg Ka
(hn¼ 1253.6 eV) irradiation as the photon source with a
primary tension of 12 kV and an emission current of 20 mA.
Analysis chamber pressure during the scans was kept at
approximately 10�10 mbar.

2.4. Preparation of electrolyte in electrochromic device

CTBN of 20 g in methylethylketone (5 wt%) and 10 mL
of 0.01 M LiClO4 (Aldrich) in ethanol solution were mixed,
and then a thin CTBNeLiClO4 layer was spin-coated on the
top of the ITO/SPANI film. Solvent was then dried under
vacuum for 24 h.

2.5. Assembly of electrochromic device

Using the ITO-coated SPANI, PEDOT:PSS, and CTBNe
LiClO4 films an electrochromic device was assembled: ITO/
SPANI//CTBNeLiClO4//PEDOT:PSS/ITO. The entire cell
structure (6 cm2 surface area) was sealed with epoxy resin.
Cyclic voltammetry and double-potential chronoamperometry
were done with the assembled cell by use of a PGSTAT
30 electrochemical analyzer (AUTOLAB Electrochemical
Instrument, The Netherlands). In situ optical characterization
was made using a PerkineElmer (Lambda 25) UVevis
spectrophotometer in the UVevis region.

3. Results and discussion

3.1. Self-assembly of SPANI ultra-thin films

To assemble a stable SPANI ultra-thin film on the ITO sub-
strate, the ITO-coated glass was immersed into the reaction
solution of AN/MSAN mixture. MSAN is used as a surfactant,
a dopant, and a monomer, which coupled with aniline to form
micelles in aqueous solution (Fig. 2); whereas aniline may
exist in the form of anilinium cations or aniline in the reaction
solution. Anilinium cations can be dissolved in the micellee
water interface to form a micelle; a part of AN diffuses into
the micelles [14]. The surface of RCA-treated (H2O/H2O2/
NH3 used in this work) ITO is basic presumably due to the
presence of indium oxide, In2O3 (ca. 91%) [15], and is charac-
terized by its availability of surface hydroxyl functionality [16].
This may lead to a preferential adsorption of AN molecules
than MSAN molecules at the initial stage of self-assembly.
The AN molecules might readily form the hydrogen bonding
with ITO substrate. The MSAN molecules possess the property
of molecular self-doping, which would retard the formation of
hydrogen bonding between MSAN species and ITO substrate.
Micelles were regarded as the precursors to further produce
SPANI film at the addition of the oxidant (APS), with the
polymerization initially performed on the surface of the mi-
celles. With the polymerization proceeding, the micelles thus
tend to join along the direction of the polymer chain. The
polymer chain acted like a molecular template that adsorbed

Fig. 2. TEM image of a freeze-fracture replica sample taken from the reaction

solution with AN/MSAN mole ratio of 0.25. Scale bar is 1 mm.
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on the surface of ITO with the hydrogen bonding between
polymer chains and ITO in this self-assembly process. Thus,
films are assembled by the micelles through aggregation and
fuse to stack an ultra-thin. And, the deposition rate of
MSAN-rich systems is lower than that of AN-rich systems.
During the polymerization and film assembly, the polymer
chains adsorbed on the surface of ITO and then interlocked
with the electrostatic force between polaron sites (NHþ) and
sulfonate anions (eSO3

�) on the polymer chains. A smooth
ultra-thin film could be readily obtained, as the ITO was im-
mersed in the reaction solution to keep 1 cm from the interface
of air and reaction solution. The UVevis absorption spectra of
growing SPANI film with AN/MSAN ratio of 0.25 (4 �C) at
different assembly times showed three absorption bands
(Fig. 3(a)). Referring to the 60 h assembly time, the band at
the first maximum absorption wavelength (lmax

I ¼ 330 nm)
corresponds to the reduced state (leucoemeraldine) of SPANI.
The band at the second maximum absorption wavelength
(lmax

II ¼ 430 nm) corresponds to partial oxidation of SPANI
and can be assigned to represent the intermediate state be-
tween the leucoemeraldine form containing benzenoid rings
and the emeraldine form containing conjugated quinoid rings
in the backbone of the SPANI. An intermediate state may be
attributed to arise by the aggregation of localized radical cations.
The emeraldine form transforms into fully oxidized pernigra-
niline form and characterized by a wide band at around the
third maximum absorption wavelength (lmax

III ¼ 730 nm). The
three bands would blue shift to lower wavelength upon buildup
to thicker film, indicating that the entanglement is more signi-
ficant among polymer chains with increasing film thickness.
Increasing the AN/MSAN ratio to 1 at 4 �C, the UVevis
spectra (Fig. 3(b)) are similar to those in Fig. 3(a). Moreover,
the third maximum absorption band of AN/MSAN¼ 1 shows
weaker than that of AN/MSAN¼ 0.25, suggesting that the
low doping level (see later) results in a weak form of the fully
oxidized pernigraniline. In reaction solution with AN/
MSAN¼ 0.25 at 15 �C (Fig. 3(c)), a significant blue shift
presents above 36 h assembly times. A similar behavior can
be observed at reaction temperature of 25 �C. Also note that
the results (Fig. 3(d)) of AN/MSAN¼ 1 are similar to those
of AN/MSAN¼ 0.25 at 15 and 25 �C, respectively. Fig. 4 shows
the UVevis absorbance of SPANI films at lmax¼ 425 nm for
various assembly times at different reaction temperatures. The
absorbance increases with increasing assembly time, indicat-
ing that a SPANI film was readily buildup with an increase
of time. On the other hand, the absorbance increases with
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Fig. 3. UVevis spectra of SPANI ultra-thin films self-assembled with AN/MSAN mole ratio of (a) 0.25 at 4 �C, (b) 1.0 at 4 �C, (c) 0.25 at 15 �C, and (d) 1.0 at

25 �C on ITO substrates at different assembly times.
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increasing temperature, indicating that SPANI polymerization
and deposition rates are enhanced with the increase of tem-
perature. This reflects that copolymer formation improves
the deposition (adsorption) rate of molecules. It is obvious
that the deposition rate of AN/MSAN¼ 1 is higher than that
of AN/MSAN¼ 0.25. This implies that the reactants of lower
MSAN concentration have higher negative charges (lone pair
electrons) readily adsorbing onto a charge substrate (ITO)
through the formation of hydrogen bonding.

A series of cyclic voltammograms (CVs) of SPANI films on
an ITO substrate in 0.1 M LiClO4 propylene carbonate are
shown in Fig. 5, revealing that the shape of these CVs is
very similar to that of pure polyaniline [17e19]. In anodic
sweep, the major redox couples appear at about 300 mV
corresponding to the polymer form transition from emeraldine
to radical cations. In the cathodic sweep, the corresponding
broad reduction peak is presented. In Fig. 6, the values of ip
(from Fig. 5) increase with increasing assembly time and reac-
tion temperature, indicating that the deposition of SPANI film
increases with increasing the assembly time and reaction tem-
perature. It is noteworthy that the potential of this peak shifts
to higher potentials in longer assembly time. This shift is
attributed to the presence of oligomeric species adsorbed on
the ITO surface [17,18]. These oligomeric species are further
polymerized in progress.

In this work, the a-step instrument is conveniently
employed to measure the thickness of film (Fig. 7(a)). There
exists a similar tendency between film thickness (Fig. 7(b))
and UVevis absorbance at lmax¼ 425 nm (Fig. 4) results.
Also, the thickness of deposited SPANI films on the ITO elec-
trode is directly proportional to the first anodic peak current
density (ip) (from CVs in Fig. 5). Approximately constant
slopes on these lines indicate that the deposition rate of SPANI
almost remains constant within the thickness of 60 nm. This
result is very similar to that of AN/OSAN (o-aminobenzene
sulfonic acid) system. But the deposition rate of AN/OSAN
system is generally higher than that of AN/MSAN system.
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This might be related to the difference of molecular architec-
tures between OSAN and MSAN. The correlations among film
thickness, UVevis absorption at lmax¼ 425 nm, and the first
anodic peak current density of CVs are presented in Fig. 8.
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Fig. 5. Cyclic voltammograms of SPANI films on an ITO substrate in 0.1 M

LiClO4 propylene carbonate at a scan rate of 50 mV s�1. SPANI films self-

assembled at 4 �C with the AN/MSAN ratio of (a) 0.25 and (b) 1.0.
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Notably, such a positive correlation occurs between ip and film
thickness as well as between UVevis absorption at lmax¼
425 nm and film thickness in each case. These results reflect
that it is convenient to measure the film thickness by monitor-
ing UVevis spectroscopy or recording CVs on the depositing
SPANI films. A compositional depth profile for this SPANI
film with AN/MSAN¼ 0.25 (24 h assembly time) in Fig. 9
shows C, N, S, O, In, and Sn trends. C, N, and S essentially
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exhibit a decline distribution in the bulk polymer film, whereas
the N line is above S line arising from a co-deposition/copoly-
merization of AN and MSAN contents during the self-assembly.
It is noteworthy that the declining slope of the N line is sharper
than that of the S line; this result lends support to the suppo-
sition that the reactivity of AN is higher than that of MSAN in
the deposition/copolymerization course. In, Sn, and O increase
from the free surface to the substrate side, which exhibits a rea-
sonable result of an ITO electrode. Also, this thickness result
(ca. 30 nm) of SPANI film is very close to that measured by the
a-step method (34 nm). Other compositional films have similar
results. In Fig. 10(a), smooth ultra-thin films were readily
obtained at lower reaction temperatures. In contrast, higher
temperatures will lead to rough and cracked films (Fig. 10(b)),
because the high polymerization/adsorption rate significantly
results in a random architecture of deposition molecules (prop-
agating polymers) at higher temperature. On the other hand, the
lower ratio of AN/MSAN yields a more flat film (Fig. 10(a))
relative to the higher ratio of AN/MSAN (Fig. 10(c)). This arises
from the fact that the higher AN/MSAN has a higher deposition
rate, leading to a local aggregation of polymer chains.

Wide scanning provides a determination of which elements
were present in an SPANI sample. The typical XPS survey
scan of the SPANI (with AN/SAN ratio of 0.25) reveals that
C, N, O, and S signals are detected in this polymer sample.
The relative concentrations of C, N, O, and S in the polymer
were calculated from the corresponding photoelectron peak
areas after sensitivity factor corrections (SF¼ 1.00, 1.77,
2.14, and 2.85 for C1s, N1s, S2p, and O1s, respectively). The
N1s core-level spectra of the SPANI films have been deconvo-
luted by assigning binding energies of 399.1, 400.1, and
402.0 eV for the imine (eN]), amine (eNHe), and polaron
species (Nþ), respectively [19], as illustrated by the spectra in
Fig. 11. Note that the second component peak (amine site) is
dominant in the N1s core-level spectrum of these SPANIs. The
formation of Nþ (polaron site) is due to the nitrogen in the
vicinity of Hþ cations when the polymers were self-doped
with eSO3H groups (bearing on the polymer chain). On the
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other hand, the imine site arises from the strong hydrogen
bonding of eNH to oxygen atoms. The degree of doping,
defined as [Nþ]/[N] (%), is shown in Fig. 12 revealing that
the degree of doping increases with increasing MSAN concen-
tration. It is reasonable that the concentration of Hþ cations
increases with increasing eSO3H content. This increase results
in a higher probability of nitrogen attaching to the Hþ cations.
This explanation is consistent with the content of sulfur on the
polymer chain (see Fig. 12). Furthermore, the S/N ratio is
lower than the feed ratio of MSAN in the comonomers, indi-
cating that the polymerization/deposition rate of AN is faster
than that of MSAN. Also note that the degree of doping is
smaller than the value of the S/N ratio. This reflects that

Fig. 10. FE-SEM image of SPANI films assembled with the AN/MSAN ratio

of 0.25 at (a) 4 �C, (b) 25 �C, and (c) AN/MSAN¼ 1.0 at 4 �C for 24 h. Scale

bar is 1 mm.
the eSO3H groups are not completely used to dope the nitro-
gen atoms on the polymer chain. As compared SPANI films
with AN/MSAN ratio of 0.25, the effect of temperature on
both S/N value and degree of doping is insignificant for SPANI
films with AN/MSAN ratio of 1.0.

3.2. Electrochromic properties of SPANI films

Fig. 13 exemplifies the results of spectrochronoamperometric
studies, current variation (current density versus time), and
optical response (absorbance versus time at lmax¼ 632 nm),
on a SPANI film (204 nm) with AN/MSAN ratio of 0.25.
The Columbic efficiency, h, values of SPANI films (deter-
mined by the ratio of oxidation to reduction charges (Qo/Qc))
are presented in Table 1. The double (oxidationereduction)
potential steps were recorded and typical results are also listed
in Table 1. The charge for the anodic process (Qo) was found
to be higher than that for the reduction process (Qc). This can
be explained as that total oxidized states were not completely
reduced upon sweeping the potential back to 0.0 V. Conse-
quently, a portion of the oxidized state would be presented

Fig. 11. XPS N1s spectra of a SPANI film with AN/MSAN ratio of 0.25 assem-

bled at 4 �C for 60 h. Dashed lines are the results of deconvolution.
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Fig. 13. Chronoamperometry (a) SPANI film at l¼ 632 nm ranging from 600 to 0 mV and (b) PEDOTePSS coated ITO at l¼ 630 nm ranging from �600 to

0 mV, in a 1 M HClO4 aqueous solution.

Table 1

Electrochromic properties of various SPANI films as determined by spectrochronoamperometry

SPANI film with AN/MSAN

ratio (thickness)

Number of

step

Qo

(mC cm�2)

Qc

(mC cm�2)

h

(%)

Tc Tb DT EEc EEb

1.00 (204 nm) assembled

at 4 �C

1 6.02 5.40 111.50 48.01 83.35 35.34 6.54 5.87

100 4.39 3.98 110.30 58.12 92.21 34.09 8.56 7.76

0.25 (198 nm) assembled

at 4 �C

1 5.67 5.16 109.88 54.20 91.43 37.23 7.21 6.56

100 4.15 3.88 106.95 60.17 94.70 34.53 8.89 8.32

1.00 (201 nm) assembled

at 25 �C

1 5.87 5.29 110.96 54.01 86.37 32.36 6.11 5.51

100 4.31 3.92 109.82 59.30 91.21 31.91 8.14 7.40

0.25 (193 nm) assembled

at 25 �C

1 5.28 4.65 113.53 58.21 91.34 33.13 7.12 6.27

100 3.96 3.62 109.39 61.24 92.50 31.26 8.63 7.89
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as residual oxidation state. The Columbic efficiency (h) of
SPANI film at the first step is higher than that at the 100th
step, indicating that the residual oxidation state is significant
in the first step. The optical contrast value (DT%) is calculated
from the difference between maximum transmittances at the
coloration (Tc) and bleaching (Tb) states, revealing that the
optical contrast of SPANI film in the first step is higher than
in later steps.

The electrochromic efficiency (EE) was calculated from the
ratio of optical contrast to charge density used for coloration/
discoloration of polymer film. The variations in EE for color-
ation (EEc) and bleaching (EEb) with potential steps arise
from the differences in redox charge. An examination of these
data reveals that bleaching efficiency is always lower than
coloring efficiency. Thus, the incomplete reduction of these
polymers from its fully oxidized state causes variations in
electrochromic properties of the polymer. The above observa-
tion indicates that a definite proportion of the oxidized state
would undergo reduction and cause reproducible coloringe
bleaching inter-conversions.

3.3. Solid-state electrochromic device

SPANI film was tried to assemble an electrochromic
device. Before assembling the device, it is necessary to equil-
ibrate the charge of SPANI and PEDOT:PSS modified elec-
trodes to improve optical stability during repetitive charge/
discharge processes. Therefore, these modified electrodes
need to estimate the oxidation, Qo, and reduction charges,
Qc, of each film material (see above section). Referring to
Fig. 13, the values of Qo and Qc charges were obtained for
the PEDOT:PSS films, ca. 1.4 and 2.5 mC cm�2, respectively.
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Table 2

Electrochromic properties of the device at wavelength of the highest optical contrast (lmax ¼ 632 nm)

SPANI film

with AN/MSAN

ratio (thickness)

Temperature

of film

assembly

Switching

cycle

DT

(%)

t/s

(blue form)

t/s

(gray form)

h

(%)

1.00 (204 nm) 4 �C 1 22.35 1.5 7.3 98.84

200 15.21 3.3 9.6 95.69

0.25 (198 nm) 4 �C 1 21.68 1.3 5.7 104.82

200 18.35 2.0 6.3 98.87

1.00 (201 nm) 25 �C 1 21.35 1.6 7.5 97.84

200 14.15 3.4 9.8 97.14

0.25 (193 nm) 25 �C 1 21.07 1.4 6.2 105.74

200 16.51 2.2 7.5 98.97
The electrochromic behavior of PEDOT:PSS has been
confirmed by other authors [20]. The device ITO/SPANI
(w200 nm)/CTBN/LiClO4 (20 mm)/PEDOT:PSS (w200 nm)/
ITO was assembled using transparent ITO electrodes coated
with a SPANI film and a PEDOT:PSS film. Transmittance
spectra recorded at e1.5 and þ1.5 V give the highest optical
contrast of ca. 22% (at lmax¼ 632 nm) for the device. A
double-potential-step chronoamperometry was performed to
estimate the respective time of the device and its stability dur-
ing consecutive scans. Potentials were stepped between e1.5
and þ1.5 V with a cycle time of 20 s. The optical contrast
(22%) was observed at lmax¼ 632 nm. Fig. 14 demonstrates
currentetime and transmittanceetime profiles for the device
at the first and 200th cycles. The current decay reached zero
after 10 s in the coloring process, while the decay to zero cur-
rent was only 5 s in the bleaching process. This result reflects
the faster de-doping of SPANIþClO4

� and deinsertion of Liþ

ion from PEDOT. Values of transmittance variation were
simultaneously recorded at the wavelength of highest optical
contrast. Table 2 summarizes the results obtained for the
devices in the first and 200th cycle of double-potential-step
spectrochronoamperometry experiments. An examination of
Table 2 reveals that the complete device was subjected to
200 charge/discharge cycles and found a similar trend for
these SPANI films. The most stable optical contrast (DT ) of
the device, corresponding to SPANI film with AN/MSAN ratio
of 0.25 at 4 �C, was stabilized from ca. 22 to 18%; the change
of the color from gray to blue was visually perceptible. The
DT values of AN/MSAN system are a little lower than those
of AN/OSAN system about 4%.

During the spectrochronoamperometry experiments, the
stabilization of blue form transmittance is shorter than that
of gray form for SPANI film. This behavior suggests a faster
response time for the reduction of SPANI/oxidation of PE-
DOT:PSS than for the reverse process due to the faster kinetics
of dopant ion diffusion. Moreover, the response time is rela-
tively short in the SPANI-based device. Also note that the
currentetime curve of the device using SPANI film with
AN/MSAN mole ratio of 0.25 at 25 �C was practically
unchanged after 200 double-potential-steps (refer to Fig. 14).
The Columbic efficiency (h), calculated from the ratio
between the coloring and the bleaching charge, was 105%
in the first cycle and decreased to 99% in the 200th cycle,
indicating that the doping/de-doping process of polymeric
film needs a certain number of charge/discharge cycles to
stabilize. This could be caused by the conformational changes
occurring during their redox processes. Actually, the figure
features of this double-potential-step experiment are very
similar to those of 3-trimethoxysilanylpropyl-N-aniline-2,5-
dimethoxyaniline (TMSPA-DMA)-based devices except the
differences of demonstrated colors and device stability [21].

4. Conclusions

We have successfully integrated AN and MSAN into elec-
trostatic self-assembled films, both with MSAN as a surfactant,
a dopant, and a monomer, and with APS as oxidant performed
copolymerization from a mixture of AN and MSAN aqueous
solution. Moreover, we have demonstrated that self-assembly
coupled with copolymerization can be used to accomplish
this deposition scheme. Our results widen the range of appli-
cations for the self-assembly technique, which will become
a popular method of ultra-thin film formation. Both factors
of AN/MSAN ratio and reaction temperature significantly
influenced the film formation behavior in the film deposition
process. We found that using a high AN/MSAN ratio as
a co-adsorbing agent can dramatically enhance the rate of
film deposition and that a higher deposition rate occurs at
higher reaction temperatures. In addition, different deposition
rates exist for AN and MSAN when the two materials simul-
taneously copolymerize/adsorb from a common polymerization
solution. Our results here demonstrate significant progress
in attaining directed control of self-assembled copolymerization
layers. A total solid electrochromic device was assembled with
the configuration of ITO/SPANI/LiClO4eCTBN/PEDOT:PSS/
ITO. The device was found to have stable Columbic efficiency
(w100%) and optical contrast (w20%). The device possesses
perceptible color changes from gray to dark blue with switching
potentials from e1.5 to 1.5 V.
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