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Abstract A nanoporous oligo(azulene)-TiO, (OAz-TiO,)
composite layer was formed by electrochemical oxidation
of azulene (Az) on a nanoporous ITO/TiO, electrode.
Polymerization was performed in tetrabutylammonium
hexafluorophosphate electrolyte salt dissolved in acetoni-
trile. The electrochemical and optical properties of the
composite layer were studied by cyclic voltammetry (CV)
and in situ UV-vis spectroelectrochemistry. The chemical
and crystalline structure of the layer was studied by FTIR
and X-ray diffraction (XRD) spectroscopy techniques and
the morphology by Scanning Electron Microscopy. The
TiO, layer was found to have a catalytic activity on the
polymerization of Az. The CV experiments in monomer-
free electrolyte solution demonstrated the electron donor
property of OAz by its p-doping and the electron accepting
property of TiO, by the large reduction current in the
negative potential region. The FTIR and XRD spectro-
scopic measurements showed the well-defined anatase
structure of TiO, with inclusion of OAz. A composite layer
was formed rather than a bilayer structure. The in situ UV-
vis spectroelectrochemical measurements gave evidence
of a higher delocalization and easier movement of the
n-electrons in the composite layer than in pure poly
(azulene).
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1 Introduction

There is a great activity in making devices based on
nanostructure architectures for solar energy conversion. In
this field of research inorganic semiconductors like TiO,,
ZnO, and SnO, combined with different organic mole-
cules or polymers, metal nanoparticles or combinations of
these have gained much interest [1-3]. Organic semi-
conducting materials such as electrically conducting
polymers (ECPs) combined with the inorganic semicon-
ductor TiO, with a band gap of 3.2 eV (anatase crystal-
lographic form) have attracted considerable attention in
solar cell applications [4-17]. ECPs are used as dyes
which sensitize TiO, to visible radiation. The most suc-
cessful sensitizers for solar cell applications are ruthenium
polypyridyl complexes anchored to nanocrystalline TiO,
in the concept of the Gritzel cell [18]. There are, how-
ever, some drawbacks like evaporation of the electrolyte,
stability of the electrolyte and the dye, as well as the high
cost and the limited availability of the dye [5]. The high
ability to absorb light in the visible part of the spectrum,
the high mobility of the charge carriers in ECPs as well
as their low cost, easy availability and flexibility make
them good candidates as sensitizers to be used in solar
cell applications [4-10, 13].

The diffusion length of excitons in ECPs is typically
5-15 nm. It has been shown that most of the photogen-
erated excitons which lead to charge separation occur at
the interface between the polymer and the nanocrystals
[12]. Therefore, to prevent unwanted recombination of the
formed excitons a large interface area between the
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acceptor-type TiO, and the donor-type ECP is needed.
Also the ratio of donor and acceptor in TiO,-ECP devices
is critical for successful charge separation. Charge
recombination is suppressed by having only a thin poly-
mer layer attached to TiO,. Furthermore, most of the
produced charge originates from charge separation events
occurring at the first nanocrystal layers closest to the
electrode surface [12]. Different ways to synthesize a
nanoporous ECP-TiO, composite have been used: self-
assembly on nanoporous TiO, by carboxylic acid groups
in the sensitizing ECP [4-7], surface modification of TiO,
followed by chemical polymerization of the ECP [§],
spin-coating or dip-coating of soluble ECP [9-12], sol-gel
reaction [13, 14] and electropolymerization of the ECP on
nanoporous TiO, [15, 16]. In this study an oligo(azulene)-
TiO, (OAz-TiO;) composite layer has been formed by
electrochemical polymerization of azulene (Az) on a
nanoporous ITO/TiO, electrode. The interface area
between the OAz phase and the TiO, phase is expected to
increase by using the electropolymerization technique.
This is due to the higher accessibility of a monomer to
the small pores in the TiO, layer compared to that of a
polymer chain. An OAz layer rather than a poly(azulene)
(PAz) layer is therefore expected to be formed in the
pores. The polymer layer thickness is also easy to control
by the electropolymerization technique and formation of
thin polymer layers is therefore possible. Moreover, a
soluble polymer is not required and monomers without
any solubilizing side chains can be used. The structure of
PAz is based on fused-rings, which is expected to have a
reducing effect on the band gap [19, 20]. In order to cover
most of the solar spectrum, ECPs with an appropriately
low band gap are highly sought [20]. The absorbance of
PAz in the UV and visible spectral regions is also rather
broad [20-26] making PAz an attractive material for
applications in solar cells. PAz has also been shown to
have electron-donating properties [21, 28-32]. The oxi-
dized form of the fused-ring monomer Az, resonance-
stabilized azulenylium carbocation, used in this study is
very stable [33]. It has been reported that 1-carboxyazu-
lene in its excited state can inject an electron into the
conduction band of TiO, within the fs time scale [33, 34].
Furthermore, the easy electropolymerization process of
Az [20-25, 28, 34-36], having a relatively low oxidation
potential, makes PAz a good candidate as an electron
donor material combined with TiO,. The nanoporous
OAz-TiO, composite material studied in this study has
been characterized by cyclic voltammetry (CV), in situ
UV-vis spectroelectrochemistry, FTIR spectroscopy, X-
ray diffraction (XRD) spectroscopy, and Scanning Elec-
tron Microscopy (SEM).
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2 Experimental

Formation of the studied nanoporous OAz-TiO, composite
layer and the charging—discharging experiments were car-
ried out in a conventional three-electrode one-compartment
electrochemical cell. The cell was connected to an Autolab
PGSTATI100 potentiostat using General Purpose Electro-
chemical System software. The working electrode was an
optically transparent indium tin oxide (ITO) glass (Delta
Technologies, Limited, 4-8 Q square™') covered with a
transparent nanoporous TiO, layer (ITO/TiO, electrode).
The ITO electrodes were cleaned with chloroform and with
acetone during 30 min in an ultrasonic bath before apply-
ing the TiO, paste on top of them. The nanoporous TiO,
layer was prepared by the doctor-blade (squeegee) printing
method of nanocrystalline TiO, paste (Solaronix Ti-Nan-
oxide T/SP, 13 nm (J anatase particles, ~ 120 m? g*1
surface area). Two pieces of Scotch Magic tape (3 M) were
adhered on both edges of the ITO electrode. An amount of
approximately 10 pL cm™> of the TiO, paste was then
spread out evenly between the two adhesive tapes on the
surface of the ITO electrode by use of a microscope slide.
After letting the TiO, paste to dry for about 35 min the
adhesive tapes were removed and the electrodes were
placed in an oven with a temperature of approximately
70 °C. Temperature was then slowly increased to 450 °C,
and the material was then sintered for 30 min at this tem-
perature in air. By this procedure a 6—8 um thick nano-
porous TiO, layer (measured by SEM) with a particle size
of 3040 nm was formed. A Pt wire was used as the counter
electrode. All potential values were measured against a Ag
wire covered with AgCl as a pseudo reference electrode
(calibrated against ferrocene/ferrocenium, E.qox = 0.36 V
in0.1 M TBAPF4-ACN). OAz was polymerized by potential
cycling between —0.6 and 1.2 V with a scan rate of
50 mV s~ in 0.1 M tetrabutylammonium hexafluorophos-
phate (TBAPFg, Fluka) electrolyte salt in acetonitrile (ACN,
Lab-Scan). The ITO/TiO, substrates were always immersed
in the polymerization/electrolyte solution so that the elec-
trochemically active area was kept approximately the same.
After polymerization the formed nanoporous OAz-TiO,
composite layers were let to relax and stabilize in pure ACN
for approximately 30 min before drying and further char-
acterization. If this step was ignored the TiO,-OAz com-
posite layer cracked and came easily off from the electrode
surface. ACN was freshly distilled and dried over basic
alumina (~ 150 mesh, Aldrich) just before it was used and
stored over CaH,. The electrolyte salt TBAPF¢ was dried at
80 °C under vacuum for 1 h. Concentration of the monomer
azulene (Az, Aldrich) was 10 mM, and it was used as
received. All solutions were deaerated with nitrogen prior to
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measurements, and all the measurements were done under
nitrogen atmosphere.

The ex situ FTIR reflection measurements of the nano-
porous OAz-TiO, composite layers on ITO glass substrates
were performed using a Seagull™ variable angle reflec-
tance accessory (Harric Scientific) with an angle of inci-
dence of 45°, and 500 interferograms were recorded for
each spectrum. The resolution used was 4 cm™'. The
spectra were recorded on a Bruker IFS 66/S FTIR instru-
ment equipped with an MCT detector.

For the in situ UV-vis spectroscopic experiments OAz
was deposited on the nanoporous ITO/TiO, electrodes in
the same way as for the electrochemical measurements.
The path length of the quartz cuvette used was 1 cm. The
reference electrode was the same as in the CV experiments,
and a Pt wire was used as the counter electrode. The
potential was held at a constant value for 80 s before each
measurement and increased then by steps of 200 mV in the
beginning of the positive potential scan and by steps of
100 mV at the potential range where the Faradaic process
occurs. The spectra were recorded between 340 and
1100 nm on a Hitachi U-2001 spectrophotometer.

For XRD analysis OAz was deposited on nanoporous
ITO/TiO, electrodes in the same way as described earlier.
The nanoporous OAz-TiO, composite layers were dried
and used directly for X-ray diffractional analysis without
any further processing. The diffractograms were recorded
on a conventional X-ray scanning diffractometer, Phillips
PW3710BASED, using Cu Ko radiation with the wave-
length of 1.54 A. A Zeiss, Leo 1530 Gemini Scanning
Electron Microscope with a ThermoNoran, Vantage X-ray
detector was used to obtain the SEM micrographs.

3 Results and discussion

3.1 Polymerization and cyclic voltammetric
characterization of the nanoporous OAz-TiO,
composite layer

The CV responses of nanoporous ITO/TiO, (solid line) and
bare ITO (dashed line) electrodes in 0.1 M TBAPF4s-ACN
electrolyte solution in two different potential regions are
shown in Fig. 1. The CV response of the ITO/TiO, elec-
trode in the potential region between —0.6 and 1.2 V
shows that oxidation of the nanoporous TiO, layer starts
approximately at 0.8 V and reduction approximately at
—0.4 V. The small oxidation peak at around 0 V can be
assigned to Ti’" species formed by electrochemical
reduction of the fresh TiO, surface [37]. That peak was not
observed when the potential was scanned to less negative
potentials, i.e., —0.2 V. The newly created Ti’" is very
reactive and the peak disappears after successive potential
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Fig. 1 The cyclic voltammograms of bare nanoporous ITO/TiO,
(solid line) and ITO (dashed line) electrodes in 0.1 M TBAPFs-ACN

electrolyte solution, scan rate 50 mV s~!. Observe two different

current scales

scanning. By scanning the potential more negative than
—0.6 V the cathodic current increases steadily and after the
potential is scanned to —0.8 V and even to more negative
potentials a distinguished anodic peak is observed on the
reverse scan. The reversible large reduction current
obtained from the ITO/TiO, electrode at potentials more
negative than —0.6 V demonstrate the electron accepting
property of TiO,. The rather symmetric shape of the CVs
indicates the capacitive nature of the film charging and an
effective movement of charge throughout the whole film.
An additional pair of redox peaks is located between —0.5
and —0.8 V and can clearly be seen on the CV scanned to
—2.0 V. These peaks have been found to be characteristic
for nanostructured electrodes and assigned to reversible
filling of surface states below the conduction band edge,
which confirms presence of electron trap states [38—42].
The density of these electron traps at surface sites is
strongly dependent on the morphology of the electrode.

A continuous growth of the polymer film on ITO/TiO,
electrode was observed during potential cycling in mono-
mer solution. However, with this experimental setup five
potential cycles (103.2 mC) were found to be the maxi-
mum number of cycles during polymerization that resulted
in formation of a mechanically stable nanoporous OAz-
TiO, composite layer after letting the electrode to relax in
pure ACN. Continuous cycling (after five cycles) in
monomer solution resulted in further film growth, but after
letting the formed composite layer to dry it cracked and
came off from the electrode surface. The potentiodynamic
polymerization of 10 mM Az in 0.1 M TBAPF,-ACN
between —0.6 and 1.2 V with a scan rate of 50 mV s~ ' on
ITO/TiO, electrode is shown in Fig. 2a. For comparison
the five first potential cycles during polymerization of
10 mM Az in the same electrolyte solution but on bare ITO
electrode are shown in Fig. 2b. Potential cycling of ITO/
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TiO, in 0.1 M TBAPF¢-ACN without the monomer did not
show any current in the potential region between —0.4 and
0.1 V where TiO, is non-conducting. No current could
either be recorded in the same potential region when Az
was polymerized on pure ITO (see Fig. 2b). The current
between —0.6 and 0.1 V during polymerization of Az on
ITO/TiO, (Fig. 2a) became visible only after OAz forma-
tion was initiated by the first potential scan to 1.2 V. TiO,
may be reduced and starts to accept electrons from the
oxidation products of Az monomers at potentials below
0.1 V. The growing current response in that potential
region may, therefore, originate from the reduction and
reoxidation of the TiO, layer in the OAz-TiO, composite
during polymerization of Az.

The first cycles during polymerization of 10 mM Az on
ITO (dashed line) and on ITO/TiO, (solid line) electrodes
in 0.1 M TBAPF4ACN are shown in Fig. 3. It can be
observed that oxidation of Az starts at approximately
0.25 V lower potential on ITO/TiO, electrode than on ITO
electrode. Lowering the onset potential of Az oxidation
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Fig. 2 Cyclic voltammograms during polymerization of 10 mM Az

in 0.1 M TBAPF4-ACN between —0.6 and 1.2 V (a) on ITO/TiO,
electrode and (b) on bare ITO electrode. Scan rate 50 mV s~ !
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Fig. 3 The first cycles during polymerization of 10 mM Az on ITO
(dashed line) and on ITO/TiO, (solid line) electrodes in 0.1 M
TBAPF4-ACN electrolyte solution, scan rate 50 mV s7!

demonstrates the catalytic activity of TiO, toward poly-
merization of Az. This may be due to the electron with-
drawing effect of TiO, that accelerates oxidation of the
monomer. The same kind of catalytic activity of TiO, has
also been observed in electropolymerization of pyrrole [43]
and Az [44] in solutions containing TiO, nanoparticles.
The charging—discharging reaction of the nanoporous
OAz-TiO, composite layer made as in Fig. 2a was studied
in monomer-free electrolyte solution. The CV response is
strongly dependent on the potential interval used. Fig. 4a
shows the CVs of OAz-TiO, composite layer when
potential cycling was performed to 0.6, 0.9, and 1.0 V
starting from —0.4 V. In each CV the third cycle in the
respective potential region is shown. p-doping of OAz in
the nanoporous TiO, layer starting at approximately 0 V in
the positive potential scan demonstrates the electron donor
property of OAz [21, 28-32]. The current response in the
capacitive charging region of OAz-TiO, composite layer
between —0.4 and 0.35 V depends strongly on the degree
of the remaining charge in OAz after oxidation. When
performing potential scanning between —0.4 and 0.95 V,
OAz gives rise to charging of the interface between the
donor-type OAz and the acceptor-type TiO,. This kind of a
charging current cannot be observed in a pure PAz film on
ITO. Figure 4b shows the evolution of CV responses dur-
ing potential cycling of the same composite layer as in
Fig. 4a to the negative potential region. Again the third
cycle in each CV in the respective potential region is
shown. A prepeak in the positive potential scan can be
observed in the potential region between 0.1 and 0.4 V.
The magnitude of this prepeak and the reduction of it
during reversed potential scan is dependent on from how
far in the negative region the potential is scanned (see
Fig. 4b). By performing a more intense reduction of the
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Fig. 4 The cyclic voltammetric responses of the OAz-TiO, compos-
ite layer made as in Fig. 2a, (a) from —0.4 V by successively
increasing potentials until 1.0 V and (b) by successively decreasing
negative potentials starting from —1.5 V in 0.1 M TBAPF4-ACN
electrolyte solution, scan rate 20 mV s~

TiO, layer the above-mentioned redox process seems also
to become more irreversible. The origin of the redox
reaction can be assigned to trapped conduction carriers, a
phenomenon called charge trapping [45-49]. During
n-doping process, OAz is partially reduced and negative
charge carriers are formed with subsequent insertion of
TBA™ from the electrolyte solution. Upon reversal of the
potential scan only a portion of OAz will be neutralized
due to its low electrical conductivity. Hence, some negative
charge carriers are left isolated and are trapped in the
composite layer. When a critical number of positive charge
carriers are formed during p-doping they can interact with
the trapped negative charge carriers and cause the prepeak
seen in the CV. This kind of a phenomenon is also
observed clearly in a fullerene-PAz composite [50]. Fur-
thermore, the current observed between —0.4 and 0.35 V
decreases successively by increasing the negative vertex
potential of cycling. Obviously, an irreversible change in
the structure of OAz occurs when the composite layer is

cycled to potentials more negative than —0.8 V. This
change may cause the decrease in the current within the
capacitive current region between —0.4 and 0.35 V. The
onset potential for reduction of the OAz-TiO, layer starts
between —0.1 and —0.25 V depending on the negative start
potential of the potential scanning. Reduction of pure ITO/
TiO, layer, however, is observed to start at —0.4 V (see
Fig. 1). This means that reduction and subsequent oxida-
tion of TiO; is easier in the OAz-TiO, composite layer than
in pure TiO, and the electron accepting power of TiO, is
enhanced in the composite.

Stability measurements of the OAz-TiO, composite
layers using CV in monomer-free electrolyte solution were
performed in two different potential regions, —0.4-(+0.9)
V and —1.9-(4-0.9) V. Fig. 5a shows the CV response of
140 successive cycles in 0.1 M TBAPF¢-ACN using
20 mV s~ scan rate in the potential region —0.4-(4-0.9) V.
It can be observed that the current response from the redox
process occurring in the potential region between 0 and
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Fig. 5 The cyclic voltammetric response of OAz-TiO, composite
layer after (a) 140 cycles between —0.4 and 0.9 V and (b) 60 cycles
between —1.9 and 0.9 V in 0.1 M TBAPF-ACN electrolyte solution,
scan rate 20 mV s~
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0.4 V increases and the current response from the redox
process occurring in the potential region between 0.4 and
0.9 V decreases by successive potential cycling. The rea-
son for this could be that partly reduced TiO, accepts
electrons from the oxidized OAz and reoxidation of it
becomes easier after multiple potential cycling. The total
charge involved in the redox reaction diminishes during
140 potential cycles (cycle 2: 12.4 x 107> C, cycle 50:
102 x 1072 C, cycle 102: 9.7 x 107> C, cycle 140:
8.3 x 107* C). Figure 5b shows the CV response during
60 cycles in the potential region —1.9-(+0.9) V. In that
potential region the current response for reduction and
reoxidation of TiO, in the composite layer is relatively
reproducible during multiple potential cycling. The current
response for oxidation and rereduction of OAz in the
composite layer, on the other hand, diminishes and
becomes narrower. This phenomenon can be explained by
an irreversible structural change of OAz during n-doping
on ITO substrates [31].

3.2 Characterization by X-ray diffraction analysis

The XRD pattern for nanoporous TiO, shows formation of
an anatase-like crystalline network structure having dif-
fraction peaks at the angle of incidence to the sample plate
(20) of 25.2°, 37.8°, 48.0°, and 53.9° [14, 51-53]. The

Fig. 6 SEM micrographs from
the cross sections of the ITO/
TiO, electrode and the ITO/
OAz-TiO, composite layer with
two magnifications
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XRD peaks from the nanoporous TiO, layer are somewhat
wider than the peaks from highly crystalline TiO,. This is
an evidence for formation of a TiO, layer with induced
porosity [14]. The diffractogram of the OAz-TiO, com-
posite layer does not differ much from the diffractogram of
the nanoporous TiO, layer. Only reduced intensity of the
TiO, and ITO peaks was observed. Any XRD patterns
assigned to the conducting polymer structure in poly(3.4-
ethylenedioxythiophene)-poly(styrene sulfonate)/TiO, com-
posites [14] or polyaniline/TiO, composite nanofibres [52]
have not either been observed. These results also indicate
that the electropolymerization of OAz did not change the
structure of TiO,.

3.3 Scanning Electron Microscopy characterization

Morphology of the OAz-TiO, composite layer was also
studied by SEM and compared with the morphology of the
nanoporous TiO, layer. The SEM micrographs from the
cross sections of the ITO/TiO, electrode and the OAz-TiO,
composite layer are shown in Fig. 6. The doctor-blade
printing method of the nanocrystalline TiO, paste (13 nm &
anatase particles) followed by sintering at 450 °C formed a
rather homogeneous nanoporous morphology of TiO, with a
layer thickness of 6—8 pum on the surface of the ITO sub-
strate. Pore sizes seem to be <80 nm. Electropolymerization
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Fig. 7 The ex situ FTIR spectra of the nanoporous OAz-TiO, layer
and of the PAz film using a spectrum of ITO/TiO, electrode and ITO,
respectively, as reference

of 10 mM Az in 0.1 M TBAPF¢-ACN did not change the
morphology of the nanoporous TiO, layer. Only a small
difference in the roughness of the layer could be observed.
These results also indicate that the OAz film was not formed
as a uniform layer on top of the TiO, layer. This result is
consistent with the XRD analysis results. It could rather be
said that the OAz film filled the pores in the TiO, layer
within approximately 0.8 pm from the ITO electrode surface.
Based on the SEM micrographs, however, it is difficult to say
if the OAz film was formed throughout the nanoporous
structure of the TiO, layer. Also electropolymerization of
poly(3-methylthiophene) in nanoporous TiO, matrix has
been shown to begin from the bottom of the ITO electrode
before the pores in the nanoporous structure of TiO, become
uniformly filled with the growing polymer [15].

3.4 FTIR characterization

The ex situ reflection spectrum of the nanoporous OAz-
TiO, composite layer in the electrically neutral state
formed on top of ITO glass is shown in Fig. 7. It should,
however, be pointed out that some parts of the film may be
in conductive state due to no separate reduction step has
been performed after synthesis. The reference spectrum
used is from the ITO/TiO, electrode. The spectrum of the
composite layer is compared with the spectrum of PAz film
electrochemically polymerized on ITO glass electrode
using 10 mM monomer dissolved in 0.1 M TBAPF-ACN
electrolyte solution (see Fig. 7). The reference spectrum
used in that case is from an ITO electrode. The peaks
at 1565 cm™' [54, Table 11.1-56], at 1475 cm™' [54,
Table 11.1], and at 1395 cm ™! [26, 56] in both spectra are

assigned to aromatic C=C ring stretching vibrations. PAz
[28] and the OAz-TiO, [44] composite layer show intense
infrared active vibration bands in the wavenumber region
around 1500 cm ™. The intensity of the band at 1475 cm ™"
in the spectrum of PAz (almost invisible in the spectrum of
OAz-TiO, composite) may indicate that PAz on ITO is in
more conductive state than the composite layer. Az
monomer has a band at 1395 cm ™! [25] which is more
intense in the spectrum of the composite layer than in PAz.
This can be regarded as evidence of formation of shorter
chains in the composite due to monosubstituted Az units.
The =C—H ring out-of-plane deformation vibration can be
seen as a strong band at 739 cm™! [25, 54, Table 11.2, 26,
55, Table 9.22, 56] and as a couple of weak bands at 875
and 944 cm™! [55, Table 9.22]. The vibrational bands in
the wavenumber region 1020-1290 cm™" can be assigned
to =C-H in-plane deformation vibrations [25, 54,
Table 11.4]. The strong band at 839 cm™" in the spectrum
of PAz is due to the vibration originating from the doping
anion PFg~ [54, Table 22.1]. The band from the doping
anion in the spectrum of the composite may have a lower
intensity than in the PAz spectrum and be located under the
broader band between 830 and 900 cm ™' which is assigned
to a doping-induced band [28, 44].

3.5 In situ UV-visible spectroelectrochemical
characterization

In the UV-visible spectroelectrochemical measurements
the p-doping process of OAz in the nanoporous TiO, layer
was studied by recording spectra at different potentials
applied to the electrode. Before recording the spectra at
each potential the potential was held at that value for 80 s in
order to convert the material to the new electronic state. The
polymer was synthesized by potential cycling in 10 mM Az
in 0.1 M TBAPF4-ACN solution either on the nanoporous
ITO/TiO, electrode or on the ITO glass electrode. The in
situ UV-vis spectra of stepwise doping of the OAz-TiO,
layer and the PAz film are shown in Fig. 8a and b,
respectively. In Fig. 8a a spectrum recorded from the
nanoporous ITO/TiO, electrode has been used as the
background. In the case of the PAz spectra a spectrum
recorded from ITO has been used as the background. The
nanoporous TiO, layer gives a weak absorption in the vis-
ible spectral region (shown in the inset of Fig. 8a). This is
most probably due to scattering of light by the TiO, film. No
changes were, however, observed in the spectrum of TiO, at
different applied potentials. The valence to conduction band
(n—7') transition, which is connected to the mean conju-
gation length of the chains and to delocalization of the =
electrons [57], is seen in the spectrum of neutral OAz in the
composite at 475 nm and in the spectrum of neutral PAz
film at 412 nm. The absorption maximum of neutral PAz

@ Springer
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Fig. 8 The in situ UV-vis spectra of stepwise doping of (a) OAz-
TiO, composite and (b) PAz film in 0.1 M TBAPF4-ACN electrolyte
solution. The inset in (a) shows the absorption spectrum of TiO,

has also been reported by other groups [20—27] to be around
420 nm for both chemically and electrochemically synthe-
sized PAz films. As the absorption maximum of OAz in the
composite structure is located at 63 nm higher wavelength
it can be concluded that delocalization of the = electrons in
OAz in nanoporous TiO, is increased. The vicinity of
electron accepting TiO, decreases the width of the energy
gap and makes excitation of electrons to take place easier
from the valence band of OAz to the conduction band. Film
thickness has also an effect on the degree of conjugation and
the macroscopic morphological order of the film. Usually a
thinner film has its UV-vis absorbance maximum at longer
wavelength compared to a thicker film. This is explained by
a less ordered structure in a thick film. The OAz layer in the
composite may be thinner than the PAz film on ITO which
can also partly cause the shift of the absorbance maximum
to higher wavelength.

@ Springer

Oligo(azulene) in the neutral state has both in the
composite structure and also as a PAz film an additional
absorption band located at around 615 nm. This band is
due to absorption of Az monomer, which also causes its
blue color, and is related to the small band gap of Az [20].
According to the method used by Daub et al. [20] the mean
effective conjugation length of the OAz in the nanoporous
TiO, layer can be estimated to 2.2 monomer units and the
band gap E, = 2.0 eV. This approximation is based on the
linear correlation between the energy of the lowest
absorption maximum and the inverse chain length of
chemically synthesized oligomers of different length. This
particular band, however, has a much lower intensity in the
spectrum of the PAz film which may mean that in the OAz-
TiO, composite some Az monomer is left. This kind of a
broad absorbance in the UV-vis spectral region of the
neutral state of PAz has also been reported earlier [20-26]
and can be regarded as a benefit in further development of
this kind of material for solar cell applications.

Electrochemical doping of OAz in the composite
structure results in a continuous growth of two new
absorption bands: at 530 nm and around 1000 nm. These
bands grow continuously in intensity during increase of the
applied potential. Growth of absorption bands at 526 nm
and at around 1300 nm and at 590 nm and at around
1600 nm during stepwise doping of an electrochemically
synthesized PAz film has also been reported by Noll et al.
[20], respectively, Osterholm et al. [31]. The corresponding
doping-induced absorption bands of the PAz film made in
this study can be seen at 446 nm and at around 1000 nm.
Other studies [21-25] have also shown new absorption
bands to grow at around the same wavelengths upon
increase of the doping level of a PAz film. The doping-
induced bands start to grow when 0.8 V has been applied to
the PAz film. In the composite layer the doping-induced
bands start to grow already at 0.2 V when also a Faradaic
current starts to be visible in the CV (see Fig. 4a). This is
an evidence on that the composite becomes conductive at
lower potentials compared to pure PAz.

4 Conclusions

An OAz-TiO, composite layer was formed by electro-
chemical polymerization of Az in TBAPF¢-ACN electro-
lyte solution in nanoporous ITO/TiO, electrode. It was
shown that a composite layer rather than a bilayer structure
was formed. TiO, showed some catalytic activity toward
oxidation of Az. p-doping of OAz inside the nanoporous
TiO, layer demonstrated the electron donor property of
OAz. The electron accepting power of TiO, was observed
as a large reduction current in the negative potential scan. It
was shown by CV measurements that the donor—acceptor



J Appl Electrochem (2010) 40:1583-1591

1591

combination in the OAz-TiO, composite layer enhances
also the electron accepting property of TiO, compared to
pure nanoporous TiO,. The anatase structure of TiO,
remained unaltered during electropolymerization of Az.
FTIR measurements showed that shorter chains were
formed in the OAz-TiO, composite due to the higher
content of monosubstituted Az rings compared to the PAz
film. The composite material had a broad absorbance in the
UV-vis spectral region, and it becomes conductive at lower
potentials compared to pure PAz.
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