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Flexible, conducting polyaniline/V,05 nanocomposite films (PAPSA),V,0s were prepared by simply mixing
water soluble polyaniline, poly(aniline-co-N-(4-sulfophenyl)aniline) (PAPSA), with V,Os5 at room temperature.
Two types of (PAPSA),V,Os films with different solubility were isolated. XRD data showed that the interlayer
spacing of the water-soluble (PAPSA),V,Os film, in which the polymer chains occupied the vacancies of V,0s
xerogel, is ca. 11.5+0.5 A. The d-spacing of the water insoluble (PAPSA),V,0s film (small amount, <5%) is
13.5+0.5 A, which is consistent with the insertion of polyaniline chains into the V,Os interlayer space. In both
phases, PAPSA and V,0s were homogeneously mixed as revealed with SEM, depth profile SIMS and Auger
analyses. The room-temperature conductivity of the water-soluble (PAPSA),V,Os film was in between those of
a PAPSA pellet and a V,05 xerogel and the conductivity increased with temperature, characteristic of thermally
activated behavior. Cyclic voltammograms of the nanocomposite films showed two pairs of red-ox peaks with
good reversibility. The color of the films can be yellowish green, green, brown, orange or purple, depending on
the applied potential and the stoichiometry of the composites. (PAPSA),V,05 has much better electrochemical

stability relative to PAPSA and its mechanical properties are superior to that of V,05 xerogel.

Introduction

Nature has been producing remarkable organic/inorganic
composites, such as bone and nacre, for millions of years.
Hybrid materials have also been used in industry for a long
time, but the concept of hybrid organic-inorganic materials
emerged only when research shifted to prepare more sophis-
ticated materials with a higher added value.! At first glance,
these materials are considered as biphase materials where the
organic and inorganic phases are mixed at the pm or sub-um
scales. Nonetheless, it is obvious that the properties of these
materials are not just the sum of the individual contributions
from each of the phases, and tuning the properties of the
materials is achieved by controlling the chemical nature of the
interface interactions. Technological realizations for such
advanced materials are expected in the field of 1D and 2D
conductivity, membranes, anisotropic optical properties, and
non-linear optics.”> Several approaches to the production of
such structures have been described, such as insertion of
organic molecules or polymers in anisotropic inorganic net-
works.>* Such frameworks could be either three-dimensional
structures with large oriented tunnels® or two-dimensional
structures with accessible interlayer spaces.’® Using organic
molecules or self-assembled aggregates as structure-directing
agents, hybrid structures’ and other forms,® can be assembled.
Significant achievements have been accomplished in the last
few decades.” The hybrid method is a creative strategy for
obtaining new materials with novel properties.

Conducting polyaniline/V,0s nanocomposites have been
synthesized and well studied by Kanatzidis ef al.* and others.'°
Such nanocomposites are prepared by in situ polymerization/
intercalation of aniline in V,0s xerogel. The resulting black
films are insoluble and it is difficult to finely tune the stoi-
chiometry of these nanocomposites. In this work, we report the
synthesis of conducting water soluble polyaniline/V,0Os nano-
composites by simply mixing a poly(aniline-co-N-(4-sulfo-
phenyl)aniline) (PAPSA) aqueous solution with V,05 wet gel.
The facile synthesis of conducting organic polymer/V,0Os5
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nanocomposites with well-controlled stoichiometry is demon-
strated and the structure, conductivity and spectroelectro-
chemical properties of these processible nanocomposites
reported.

Experimental section
Materials

(NH,4)»S,0g5, NaVO3;, HCl(aq), N-(4-sulfophenyl)aniline and
Dowex-50X2-100 resin were purchased from commercial
resources and used as received. Aniline was dried over CaH,
and freshly distilled before use.

Preparation of water-soluble polyaniline, poly(aniline-co-N-(4-
sulfophenyl)aniline)

Poly(aniline-co-N-(4-sulfophenyl)aniline) (PAPSA) was synthe-
sized by reported methods!! and was identified by IR and
UV/Vis/NIR spectroscopy.

Preparation of V,05 xerogel

V,0s xerogel was synthesized according to a literature report.'>
A HVO; solution was obtained by dissolving 4.0 g of NaVO3; in
250 ml water, then passing the NaVOj; aqueous solution
through a HY ion exchange column packed with 30 g of
Dowex-50X2-100 resin. Upon standing, the HVO; aqueous
solution spontaneously polymerized to a red V,Os gel via a sol—
gel process. After evaporation of excess water, a dry gel
(denoted xerogel) with a chemical formula of V,05-1.6H,O was
obtained.

Preparation of water-soluble polyaniline-V,05 composites,
(PAPSA),V,05

In a typical reaction, known amounts of aqueous solution
of water soluble poly(aniline-co-N-(4-sulfophenyl)aniline),
PAPSA, was mixed well with the V,Os wet gel. The mixture
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Table 1 Polyaniline content, yield, room temperature conductivity, and solubility of poly(aniline-co-N-(4-sulfophenyl)aniline copolymers

wt% of diphenylamine-4-sulfonate

wt% of diphenylamine-4-sulfonate

in the reactants in the polymer Yield (%) Conductivity/S cm ™! Solubility

83 70 33 50x1074~1.0x1073 Totally soluble
70 68 47 50x107*~1.0x 1073 Totally soluble
63 70 60 50x107*~1.0x1073 Totally soluble
55 65 62 50x107*~5.0%x 1073 Partially soluble

was then centrifuged to separate the homogeneous suspension
solution from the insoluble paste. The (PAPSA),V,Os5 solution
was casted on glass or silicon substrates. The excess water was
evaporated, and a flexible conducting composite film, which
can be peeled off as a freestanding film, was formed on the
substrate. The colors of the films can be dark red, brown, or
green, depending on the mole ratio of PAPSA and V,0s. The
stoichiometry of the composites was determined by elemental
analysis and TGA study. Since the insoluble portion is a
relatively small amount (< 5%), studies were focused on the
water-soluble portion.

Physicochemical measurements

Fourier Transform infrared (FTIR) spectra were recorded for
films on a Si substrate using a Bio-Rad 155 FTIR spectrometer.
UV/Vis/NIR spectra were obtained using a Varian Cary SE
spectrophotometer in the laboratory atmosphere at room
temperature. Scanning electron microscopy (SEM) and energy
disperse spectroscopy (EDS) studies were done with Hitachi
S-800 at 15kV. X-Ray powder diffraction studies of the
composite films were carried out with a Scintag Xgen-4000
X-ray diffractometer using Cu-Ko radiation at 45kV and
40 mA. Thermogravimetric analysis (TGA) was performed
with a Perkin Elmer TGA-7 thermal analysis system using dry
nitrogen (or oxygen) as a carrier gas at a flow rate of
100 ml min~'. The TGA experiments were conducted from
room temperature to 900°C with a linear heating rate of
5°Cmin~". X-Ray photoelectron spectroscopy studies were
carried out on a Perkin-Elmer PHI-590AM ESCA/XPS
spectrometer system with a cylindrical mirror electron
(CMA) energy analyzer. The X-ray sources were Al Ko at
600 W. and Mg Ko at 400 W. Argon ion sputtering was
performed using an Ar-ion gun at 4 kV beam energy and
25 mA emission current for 180 s intervals. Samples for the
XPS studies were made as films on the substrates. The spectrum
of gold was taken as a calibration standard before and after
finishing the measurements. A Heraeus CHN-O-S Rapid-F002
system was used for elemental analysis of C, H, and N.

Electrochemical studies

For the electrochemical measurements, composite films
(ca. 2000 nm) were deposited on home-made ITO electrodes
to construct a working electrode. Electrochemistry was
performed in single-compartment, three-electrode cell with a
Pt coil counter electrode and an Ag/AgCl reference electrode.
The supporting electrolyte was 0.1 M LiClO,4 in acetonitrile.
Cyclic voltammograms were recorded using a Model 263
electrochemical instrument (EG&G PAR) potentiostat/
galvanostat with a scan rate of 100mVs '. The color
change of the composites under various applied potentials
can be observed directly.

Charge transport measurements

The electrical resistance as a function of temperature was
measured using the constant-voltage, two-probe method with
an applied voltage of 0.1 V. Silver paste was applied to make
the electrical contacts. A Keithley 6512 programmable
electrometer was used to provide the constant voltage source
and measure the resulting current.
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Results and discussion
A. Synthesis and characterization

1. Preparation of poly(aniline-co-/N-(4-sulfophenyl)aniline)
(PAPSA). The copolymer, PAPSA, was prepared by oxidizing
mixtures containing different amounts of aniline and 4-sulfo-
phenylaniline. The mole ratio of aniline and 4-sulfophenyl-
aniline in the copolymer backbone (determined by elemental
analysis and acid-base titration), the yield, the solubility and
the conductivity of the copolymers are listed in Table 1. It was
found that a high mole ratio of 4-sulfophenylaniline in the
reacting mixture results in a low yield of the copolymer. This
may be due to that pure poly-4-sulfophenylaniline was
produced in the polymerization process but it was lost
during product isolation. When the weight percentage of
aniline to 4-sulfophenylaniline was higher than 60%, water
insoluble copolymer also formed in the product. The
copolymer prepared from the mixing of 37% of aniline with
63% of 4-sulfophenylaniline was used for the preparation of
PAPSA-V,05 composites. It is evident from Table 1 that the
weight percentages of 4-sulfophenylaniline in the totally
soluble copolymer backbone is close to 70% and did not
change with alteration of the mole ratio of 4-sulfophenylaniline
in the reactants, indicating that this material is most likely a
regular copolymer. The 'H NMR (300 MHz, D,0) spectrum of
copoly(aniline-4-sulfophenylaniline), Fig. 1, showed six doub-
lets at chemical shifts between 7 and 8 ppm, corresponding to
six types of aromatic hydrogen. The NMR data also indicated
that the monomers in the copolymer backbone were arranged
in a regular way.

2. Synthesis of (PAPSA),V,05 nanocomposites. When an
aqueous solution of PAPSA was mixed with V,O5 wet gel, a
suspension in solution was formed, with no observable
precipitate. To ensure the purity of the composite, the
suspension solution was centrifuged to remove the insoluble
paste. The clear solution and insoluble paste were then casted
on a glass substrate; the excess water evaporated and dry films
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Fig. 1 '"H NMR (D,0) spectrum of the copoly(aniline-4-sulfophenyl-
aniline).



Table 2 Solubilities, average interlayer spacings and domain sizes of
(PAPSA),V,05 samples

Sample Water solubility d-Spacing”/A  Domain size/A
V,05 xerogel Soluble 13.8 64
(PAPSA)(05V,05 Soluble 13.2 55
(PAPSA)V,0s5  Soluble 11.6 55
PAPSA)( 4V,0s5 Soluble 11.3 50
PAPSA); ,V,05 Soluble 12.5 30
(PAPSA)(.1V>0s  Insoluble 14.1 76
(PAPSA)(4V,0s  Insoluble 14.0 46
(PAPSA)OgVZOS Insoluble 13.3 50
(PAPSA), 4V,05 Insoluble 13.3 42

“The average of two measurements.

were obtained. The stoichiometries of the water soluble and
insoluble composites obtained from elemental analysis and/or
thermogravimetric analysis are listed in Table 2. It was found
that the solubility is independent of the stoichiometry of the
composites. This result suggested that there are two different
arrangements of polyaniline chains in the V,05 host. The
d-spacing of (PAPSA),V,Os calculated from X-ray diffraction
patterns are also independent of the value of x. The interlayer
spacing of the soluble fraction is 11.5+0.5 A, which is similar
to V,0s xerogel with a monolayer of H,O in its layer gallery. In
contrast, the d-spacing of the insoluble composites with x <0.8
are all close to 14.0 A, similar to PANI/V,0s prepared by in
situ intercalation/polymerization of aniline in V,Os xerogel.?
The stoichiometries, interlayer spacing, and domain size of
(PAPSA),V,05 with various x are also listed in Table 2. Depth
profile SIMS, Fig.2, and Auger analyses showed that the
atomic ratios of N (or S) and V were very similar through the
whole film. This indicated that the mixing between PAPSA and
V,05 was at the nanoscale level, therefore, (PAPSA),V,0s5 can
be viewed as a nanocomposite. When x is higher than 1.5, the
composites become amorphous, suggesting exfoliation of the
V,05 xerogel. The physicochemical properties of the water
soluble (PAPSA).V,0s are different from those of water
insoluble (PAPSA),V,0s. The remainder of the paper will
focus only on the water-soluble (PAPSA),V,0s5 and differences
between these two phases will be reported elsewhere.

3. Physicochemical properties of water-soluble (PAPSA),-
V,05 nanocomposites. IR spectra of water-soluble (PAPSA),-
V,0;5 films are shown in Fig. 3. All composites have three
strong peaks at 1012, 751 and 570 cm™', which are the
framework vibrations of V,0Os, indicating that the framework
of V,05 remained intact when the composite was formed. The
absorption peaks at 1590, 1483, 1167, and 1017 cm™!, which

Secondary ion counts
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Thickness/A

Fig. 2 Depth profile secondary ion mass spectrometry (SIMS) analysis
of (PAPSA)o]Vzos

Absorbance

. ; . ; .
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Fig. 3 Infared spectra of water soluble films: (a) (PAPSA)g ¢sV,0s, (b)
(PAPSA)0_37V205 and (C) (PAPSA)I'ISVZO&

belong to PAPSA, also did not change obviously. Nevertheless,
the absorption at 1325cm™' (C-N stretching of PAPSA)
shifted to higher wavenumber. The shift of the C-N stretching
peak to higher energy suggested that PAPSA was partially
oxidized by V,Os. In order to investigate whether the polymer
was oxidized by V,0s or not, IR spectra were taken after
PAPSA was treated with (NH4),S>,Og/HCI solution or electro-
chemically oxidized. The IR spectrum of oxidized PAPSA has a
C-N stretching close that of PAPSA in the (PAPSA),V,0s
composite. Therefore, the interaction between PAPSA and
V,05 appears to be red-ox in nature. Thermogravimetric
analysis of the composite and its individual components,
Fig. 4, showed that the thermal stability of the PAPSA in
(PAPSA),V,0s is superior to that of the free polymer. The
TGA data suggested that PAPSA chains are intercalated in a
thermally stable host. An SEM micrograph (Fig. 5c) of the
(PAPSA).1V,0s5 film revealed a homogeneous morphology
with no phase separation observed. The surface morphology is
smoother than those of PAPSA and V,0s5:1.6H,O xerogel
films.

B Charge transport and electrochemical properties of
(PAPSA),V,05 nanocomposites

PAPSA and V,0s xerogel are both electrically conducting
materials. The major charge carriers of these nanocomposites
could be either polarons associated with d' (V**) centers found
on the V,Os lattice or bipolarons located on the PAPSA
backbone. Therefore, the charge transport properties of
(PAPSA),V,0s will depend on the mobility of these two
types of carriers. The variable-temperature conductance of
(PAPSA),V,0s is shown in Fig. 6d. The conductance increases

100
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T T T
200 400 600 800

Temperature/°C

Fig. 4 Thermogravimetric analysis (under oxygen) of (a) PAPSA, (b)
V205 and (C) (PAPSA)O_37V205A
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(d)

Fig. 5 SEM micrographs of (a) V,0s5 xerogel, (b) PAPSA, (c) (PAPSA)q37V,05 and (d) (PAPSA); 13V,0s5 films.

with increasing temperature, characteristic of thermally
activated behavior, due to interparticle contact resistance.
This behavior has also been observed in polyaniline' and V,0s
xerogel'* (Fig. 6a). The low conductivity of the PAPSA film
(Fig. 6b) is due to its roughness and discontinuity. PAPSA has
highly ionic characteristics and therefore, smooth and con-
tinuous films can not be made easily. The conductivity of a
PAPSA pellet (Fig. 6¢) is much higher than that of a PAPSA
film and also showed a thermally activated behavior. The
conductivity of (PAPSA),V,0s is similar to that of a PAPSA
pellet and much better than for a PAPSA film or V,0s, even for
x as small as 0.07. As mentioned above, there is an electron
transfer reaction between PAPSA and V,0sin (PAPSA),V,0s.
The higher conductivity of (PAPSA),V,0s compared to

PAPSA film and V,05 may due to reduction of the V,Os
framework. However, we found that the conductivity of
(PAPSA),V,0s is also higher than Na,V,Os produced by
reduction of V,0s with Nal. Therefore, the conductivity of
(PAPSA),V,0s should be due to the cooperation effect
between two electric conducting materials, PAPSA and
V,0s. In (PAPSA),V,0s, PAPSA and V,0s have close
contacts and charges can be transported via the polymer
chains or the V,0s framework. The mobility of the charge
carriers is faster than in discontinuous PAPSA film or in V,0s,
in which a layer of low conducting H,O exists in the layer
galleries. The close contacts in (PAPSA),V,05 would explain
its better conductivity relative to PAPSA film or reduced V,0s.
The V,0s5 xerogel in its totally oxidized state and the reduced
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Fig. 6 Variable temperature conductance of (a) V,Os xerogel, (b) PAPSA film, (c) PAPSA pellet and (d) (PAPSA),;V,0s.

2064 J. Mater. Chem., 2001, 11, 2061-2066



2nd cycle

—--—- 20th cycle
------ 30th cycle

Current

Potential/V vs. Ag/AgCl

Fig. 7 Cyclic voltammograms of (PAPSA),;V,0s films.

form of PAPSA are both insulating materials. On the other
hand, (PAPSA),V,0s are electrically conducting materials
both in reduced and oxidized states: when (PAPSA),V,Os
nanocomposites are in the oxidized form, the PAPSA part will
be in the conducting state, contrarily, when (PAPSA),V,Os
nanocomposites are reduced, the V,Os part will be in the
conducting state.

V,0s5 xerogel is an interesting material for electrochromic
devices, due to the high contrast ratio between the bleached and
colored states.'® It is well known that inorganic electrochromic
materials have narrow color variation, but excellent durability,
reliability and stability. On the other hand, conducting
polymers show a variety of colors but generally their stability
is not as good. The conducting polymer/V,Os hybrid material
may possess the advantages from both the inorganic and
organic components. The combination of conducting polymers
and inorganic electrochromic materials, such as WO; has been
widely studied and composite based electrochromic cells had
been reported.16 We thus cast a (PAPSA),V,Os thin film on a
home-made ITO electrode and studied its electrochromic
behavior. The cyclic voltammograms of a (PAPSA)y;V,0s5
film are shown in Fig. 7. There are two reversible red-ox pairs
associated with a color change from orange to greenish brown
to deep green. The red-ox potentials and color variation of
(PAPSA),V,0s5 depend on the stoichiometry of the materials,
as detailed in Table 3. Comparing to the redox potentials of
individual components, PAPSA and V,Os, the first oxidation
peak of the (PAPSA),V,0s nanocomposite probably arises
from the V,0Os5 xerogel and the second oxidation peak is the
result of a cooperation effect of the polymer and V,0s xerogel.
The first reduction peak (less positive value) arises from the
V,05 xerogel and the second reduction peak, which was not
observed in the V,0s5 xerogel and was very weak in PAPSA,
probably arises from the dispersed polymer chains (vide infra).
This reasoning was further supported by the fact that the redox
potentials of (PAPSA)y(,V,0s (with very low polymer
content) are very similar to those of the V,0s xerogel. As
the polymer contents in the composites change, the potentials
of both red-ox pairs also change. The potential of the first red-
ox pair shows only small variation and changes irregularly, due

to the different degree of interaction between PAPSA and
V,0s. However, the second red-ox pair of the (PAPSA).V,0s5
shifted to less positive values as the polymer content increased.
As mentioned above, the second red-ox pair is related to the
electrochemical properties of the polymer. When the PAPSA
content in (PAPSA),V,0s5 nanocomposite is increased, the
distance between polymer chains decreases. Chain—chain
interactions make the polymer more easily oxidized and
reduced. Therefore, the red-ox potentials of the nanocompo-
sites can be tuned from the stoichiometry of the materials. The
reduction (or oxidation) of (PAPSA),V,0s nanocomposites led
not only to a change in color but also their transmittance of
visible light. In other words, the colors and contrast ratios of
the nanocomposite films can be controlled by the stoichiometry
of the materials. The formation of the nanocomposites offers
an excellent possibility for the synthesis of new materials with
novel properties, such as electrochromism. The optical density
variation and the potential application of (PAPSA).V,Os
nanocomposite films in electrochromic devices will be reported
elsewhere. Furthermore, we found that it is difficult to make
thin films from PAPSA aqueous solutions, due to its ionic
character while the reduced form of V,0s is very brittle. By
contrast, thin films of (PAPSA).V,0s nanocomposites are
smooth and flexible in the potential range between 1.0V
and —1.0 V (vs. Ag/AgCl).

The electrochemical stability of the (PAPSA),V,Os5 films was
tested by red-ox cycling (Fig.7). It was found that the
oxidation peak current varied slightly in the first few cycles
then steadily increased slightly up to 30 cycles. Compared to
the PAPSA film, which becomes electro-inactive after 30 cycles,
the electrochemical stability of (PAPSA),V,Os is much better
than the polymer film. Although the electrochemical stability of
the (PAPSA).V,0s film is not as good as the V,0s5 xerogel, the
mechanical properties of (PAPSA),V,0s5 in its reduced form is
better than the V,0s xerogel, which is brittle in the highly
reducing state.

C. The structure of (PAPSA),V,0s nanocomposites. It is
useful to address the driving force for the formation of
conducting (PAPSA),V,05 nanocomposites. There is a red-ox
reaction between PAPSA and V,0s, as observed in the in situ
polymerization/intercalation of aniline in V,0s.> However, the
degree of reduction of V,0s is very low since the composite is
totally soluble in water (the reduced V,Os is not soluble in
water). Laser scattering particle size analysis showed that the
particle size of the (PAPSA),V,0s in aqueous solution is
similar to that of PAPSA and V,Os. This result also indicated
that there is no strong interaction between PAPSA and V,0s
after they are mixed. As mentioned previously, the d-spacing of
water-soluble (PAPSA),V,05is 11.54+0.5 A and the d-spacing
of V,05 xerogel measured in ambient atmosphere is ca. 13.8 A
(due to extremely high humidity in Taiwan, water penetrated
into the layer gallery of the V,0s5). The lower d-spacing of
(PAPSA),V,0s, compared to V,05 suggested that the PAPSA
chains block the pores of the V,Os5 xerogel, preventing water
penetration into the layer space of (PAPSA),V,0s. This
proposal was further supported by TGA results, which
showed that the water content of (PAPSA),V,Os is less than

Table 3 Redox potentials (vs. Ag/AgCl) and the corresponding color changes for (PAPSA),V,05

E(ox)/

E>(ox)/
Materials \' \%

Color change

Color change

V,0s5 xerogel —0.15 Deep-green to pale-green
PAPSA 0.0 Green 0.5
(PAPSA)(05V>05 —0.05 Yellow-green to brown 0.75
(PAPSA)(7,V,0s —0.2 Deep-green to orange 0.3
(PAPSA);,V,0s —0.1 Deep green to brown 0.2

“Scan cycle from 1.0 V to —1.0 V then back to 1.0 V.

Orange

Pale-green to orange
Green to purple 0.25
Brown to orange 0.41

Brown to purple 0.1

Es(red)/ E\(red)/
A% Color change \% Color change
—0.60 Orange to deep-green
Purple to green —0.4  Green
Orange to brown —0.5 Brown to yellow-green
0.15 Pale-orange to brown —0.5  Brown to deep-green
Purple to brown —0.6  Brown to deep-green
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that of V,Os the xerogel. Therefore, the structure of
(PAPSA),V,0s can be described in terms of polyaniline
chains confined in between two oxygen atoms of the V,Os
slabs. In general, the framework of the host becames disordered
when guest molecules are inserted. Nevertheless, the crystal-
linity of (PAPSA),V,0s5 nanocomposites is similar to that of
V,05 xerogel when x is less than 1.0 (see Table 2). However,
when x is greater than 1.0, the d spacing increased along with a
loss of crystallinity, with the sample becoming amorphous
when x>1.5.

Conclusions

This article reports the blending of an aqueous solution of
organic and inorganic compounds into conducting nanocom-
posites. The benefits accrued by having nanoscale materials
interacting with a second phase can be seen from the charge
transport and the versatile electrochromic properties. The
significant surface interaction between two electroactive
components results in new properties on the macroscopic
scale which are not observed from the individual components.
This study also provides useful information, which may be of
valuable help in designing new electric or electrochromic
materials with specific tailor-made properties.
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