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NEW TYPE OF PHOTOACTIVE MATERIALS BASED ON TiO, MODIFIED BY ANTHRAQUINONE DERIVATIVES

NOWE FOTOAKTYWNE MATERIALY W OPARCIU O TiO, MODYFIKOWANY POCHODNYMI ANTRACHINONU

Anthraquinone derivatives chemisorbed at nanocrystalline TiO, present a new type of photoactive hybrid materials. These
systems consist of organic chromophores anchored to the semiconductor surface via oxygen atoms of hydroxyl or carbonyl
group. The bond between the chromophore and the titanium atom at the semiconductor surface reveals strong covalent character
which makes the material stable in wide spectrum of electric potential and in an acidic environment. In alkaline solutions
hydrolysis can be observed. The electrodes made of a modified TiO, generate photocurrents within 300-700 nm, compared,
with 300-400 nm for unmodified TiO,. Such an efficient photosensitization is a result of mutual arrangement of energy levels
of the molecule and energy bands of the semiconductor.
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Zaadsorbowane na powierzchni nanokrystalicznego dwutlenku tytanu pochodne antrachinonu tworza nowy rodzaj foto-
aktywnych materiatéw hybrydowych. Uklady te sa zbudowane z organicznych barwnikéw zakotwiczonych na powierzchni
péiprzewodnika poprzez atomy tlenu grup hydroksylowych lub karbonylowych. Wigzanie pomiedzy barwnikiem a atomem ty-
tanu na powierzchni pélprzewodnika wykazuje silny charakter kowalencyjny, co czyni materiat stabilnym w szerokim zakresie
potencjaléw, a takze w Srodowisku kwasnym. W Srodowisku zasadowym materiat ulega hydrolizie. Elektrody na bazie modyfi-
kowanego TiO, generuja fotoprady w zakresie 300-700 nm, podczas gdy elektrody z czystego TiO, daja fotoprady w zakresie
300-400 nm. Tak wydajna fotosensybilizacja jest wynikiem wzajemnego potozenie pozioméw energetycznych czasteczki oraz

pasmami pétprzewodnika.

1. Introduction

Over the last several years a huge effort in capturing,
converting and storage of the solar energy has been made.
Numerous research teams are involved in the development an
efficient and economically-viable solar cells. The competition
for another fraction of percent in conversion efficiency keeps
going but at the same time completely new fields exploring
photocurrent have emerged. Among the others there is a com-
pletely new branch called photoelectrochemical information
processing [1-3]. This new scientific area utilizes the light
impulse at the input which, during propagation through the
particular light-active system, encodes the information. This
device collects information in the form of light pulses and
converts it into photocurrent pulses. A discovery of applica-
bility of light in the logical operations arises great enthusiasm
as an alternative to the silicon technology, currently exploited,
and dominating in electronics. On the other hand an introduc-
tion of new materials and phenomena, requires an enormous
amount of experimental and theoretical work. The hybrid ma-
terials used in the photoelectrochemical information process-
ing should be characterized by certain parameters. One of
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them is the ability to generate photocurrents on certain irradi-
ation. Neat TiO, has band gap value approx. 3.2 eV — it results
in the absorption below 400 nm (near ultraviolet). The idea
of exploiting the sun light for information processing brings
significant economic benefits. Anthraquinone derivatives em-
bedded at TiO, extend the range of interaction with light to-
wards lower energies. The photosensitization can follow dif-
ferent mechanisms due to specific energy levels arrangement
and extend of electron coupling. The diversity of energy lev-
els distribution in organic/inorganic hybrid materials is a huge
advantage in a context of photoelectrochemical information
processing. Usage of diverse hybrid materials characterized
by certain energy levels distribution enables the construction
of more complex molecular-scale logic devices and addition-
ally provides addressing of individual logic cells. What is
more, immobilization of molecular species on semiconduct-
ing surfaces increases the stability of the systems. More and
more new photoactive materials aimed towards photosensitiza-
tion have been developed, because of the inexhaustible source
of modifiers which are organic molecules absorbing in the
UV-Vis range.
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2. Experimental

Four organic dyes, dihydroxy anthraquinone deri-
vatives: alizarin (1,2-dihydroxyanthraquinone), quinizarin
(1,4-dihydroxyanthraquinone), anthrarufin (1,5-dihydroxyant-
hraquinone) and chrysazin (1,8-dihydroxyanthraquinone) of
the highest purity available were used in experiment as
purchased without further purification. Among the dyes
chinizarin, anthrarufin and chrysazin were supplied by Al-
fa Aesar whereas alizarin was delivered by Acros. TiO,
P25 delivered by Evonic with anatase content approx. 80%,
and 20% of rutile, 50 m> g~! was used to prepare porous
electrodes. Acetonitrile (ACN) HPLC 99.9% grade and
dimethylformamide (DMF) was purchased from POCH and
Sigma-Aldrich respectively. The absorption spectra of dyes
dissolved in either ACN or DMF were recorded using Agi-
lent 8453 spectrophotometer with quartz cuvette (1 cm path
length). Perkin Elmer Lambda 950 UV-VIS spectrophotometer
with integrating sphere was used for diffuse reflectance spec-
troscopy of hybrid materials. Barium sulphate (Sigma Aldrich)
was used as a matrix for the samples. Recorded reflectance
values were converted to the Kubelka Munk function (KM)
which quantitatively reflects values of the absorbance Eq. (1).
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R, stands for reflectance in the case of infinitely thick sam-
ple. Results of spectroscopy measurements were presented as
KM*energy vs. energy.

Synthesis. Small amount of TiO, powder (ca. 180 mg)
was mixed with 5 ml of solution of DHAQ in acetoni-
trile or dimethylformamide. Acetonitrile is a good solvent
for most of the anthraquinone derivatives except anthrarufin
(1,5-dihydroxyanthraquinone), which is in turn soluble in
DMEF. The mixture was stirred for 5 min in an ultrasonic bath.
Modified TiO, was removed by centrifugation and washed 1
time with ACN or DMF and then 5 times with water. After
drying in air, chromophore-modified TiO, was obtained as a
colour powder.

Photocurrent spectra were recorded in the designed sys-
tem which is composed of 150 W xenon lamp and a mono-
chromator with a diffraction grating 1200 I/mm. Data were
recorded using an Autolab potentiostat (Eco Chemie). The
electrode made of modified TiO, deposited at the surface of
transparent electrode (indium tin oxide, ITO/PET), was placed
in the 0.1 M KNOjs solution.

3. Results and discussion
3.1. Chromophores

All anthraquinone derivatives are based on three ring
anthracene moiety in which the central ring bears two car-
bonyl groups. Two hydroxyl groups are placed respectively:
for alizarin in the first and second position, for quinizarin in
the first and fourth position, for anthrarufin in the first and fifth
position and for chrysazin in the first and eight position, Fig.
1. Each compound is characterized by strong absorption band
localized at 434 (alizarin), 470 (quinizarin), 420 (anthrarufin),
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428 nm (chrysazin). Very high absorption coefficient is as-
sociated with dominant 7-7* character of the transitions. The
presence of hydroxyl groups enables adsorption of molecules
at the TiO, surface [2, 4-6].
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Fig. 1. Schematic representation of anthraquinone derivative mole-
cule. The hydroxyl groups location characterize different species
of dihydroxy anthraquinone derivatives (DHAQs), respectively for
alizarin in the 1 and 2, for quinizarin in the 1 and 4, for anthrarufin
in the 1 and 5, for chrysazin in the 1 and 8 position

3.2. Semiconductor

The surface of TiO, may be represented as an 2D array of
Ti*" and O% sites [2]. Coordination of surface titanium atoms
is octahedral (hexacoordinated). Several types of structural de-
fects may occur on the TiO, surface (e.g. oxygen vacancies,
titanium interstitials, line defects and impurities) [4]. For ex-
ample, typically rutile (110) plane contains few percent of
oxygen vacancies. UV photoemission spectra of this surface
indicates small gap state (about 0.8 eV binding energy) which
may be ascribed to hydroxylated oxygen vacancy or titanium
interstitial [7].

3.3. Chemisorption of molecule onto TiO, surface

Dissociative chemisorption of water results in the forma-
tion of three types of sites in the structure of TiO, surface.
When a molecule, which coordinates titanium dioxide stronger
than the water, is present in a solution, ligand exchange reac-
tion occurs. Although all sites of TiO, surface undergo hy-
dratation reaction, sites occupied by titanium ions are prone
to complexation with external ligand. Structure and stability
of such a complex depends on a type of ligating sites, TiO,
crystal plane, accessibility of titanium ions, pH etc. [5].

3.4. Molecule-TiO, interaction

Adsorption of molecular species onto semiconducting
surfaces brings about perturbation of electronic structure of
both counterparts [8]. This interaction usually results in a for-
mation of coordination compounds involving surface (coordi-
natively unsaturated) metal ions. On the other hand these inter-
actions resemble formation of molecular electronic junction,



as molecules reacting with much larger (semi)conducting sur-
faces with well-defined band structure [9-11]. Modification of
energetic structure is much larger on the chromophore side and
can be observed as a redshift in absorption spectra or addition-
al absorption peak. The nature of semiconductor-molecule in-
teraction results from the power of coupling. Strongly coupled
systems are usually described by the Creutz-Brunschwig-Sutin
model [12-14], whereas for weakly coupled systems the
Sakata-Hiramoto-Hashimoto model is more appropriate [15,
16]. In the strong electronic coupling regime, the interaction
of a ligand with the surface of the semiconductor leads to
the formation of surface coordination species. With a pro-
per arrangement of molecular orbitals, new energy levels are
formed. In the case of n-type semiconductor (TiO;) a bond-
ing orbital is formed via interaction of the HOMO level of the
surface ligand with an empty surface state. Resulting states
with both HOMO and LUMO character are mostly located
at the surface ligand (electron donor) and belong to the con-
duction band of the semiconductor respectively. In this case
excitation of the surface complex leads to an optical electron
transfer from the surface molecule to the conduction band.
At the extreme case d orbitals of only one Ti** ion are in-
volved in the electron transfer process [17, 18]. In the case
of weak electronic coupling between semiconductor band and
surface molecule the photoinduced electron transfer should be
considered as the only way of photosensitization. For n-type
semiconductors electrons are injected from the photosensitiz-
ing molecule into the conduction band with possible contri-
bution of the empty surface states. These states are believed
to be unsaturated Ti** surface states with oxygen vacancies.
Moreover, the energetics of these states is affected by surface
chelation due to Lewis acid-base interactions. This is substan-
tiated by non-exponential kinetics of electron injection from
the excited photosensitizer molecules [19]. Strong molecule
to semiconductor interaction is commonly encountered in dye
sensitized solar cell system where molecular donors are in the
resonance with a high density of semiconductor acceptor states
[4]. TiO, sensitized with alizarin presents system with weak
molecule-semiconductor coupling in which the molecular pho-
toexcited state is at the edge of the conduction band. The en-
ergetic arrangement of alizarin-TiO2 system permits efficient
electron injection into the edge of the CB by an adiabatic
mechanism without the energy loss associated with injection
high into the CB in a nonadiabatic process [20].

3.5. Photoactivity of hybrid materials

Photocurrent generation in transparent ITO electrodes
covered with modified TiO, was investigated as a function of
incident-light wavelength and various electrode potentials at
pH 7. To have a full overview of photocurrent generation as a
function of applied potential and irradiation wavelengths, a set
of action spectra was collected at constant potentials (every 50
mV). In this way, three-dimensional photocurrent maps were
obtained, Fig. 2. The photoactivity of neat TiO, is limited to
300-400 nm range Fig. 2a). The chromophore molecules are
good photosensitizers for TiO, widening the long wavelength
side from 400 nm to 700 nm.
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Fig. 2. Photocurrent action spectra recorded at pure TiO2 photoelec-
trode and DHAQ@TiO2 photoelectrodes as a function of the poten-
tial applied to electrode and wavelength of incident light. Photocur-
rent maps have been measured for pure TiO2 a) and TiO2 modified
by: alizarin b), quinizarin c), anthrarufin d) and chrysazin e)

A photosensitization for alizarin@TiO; is observed with-
in 400-500 nm at positive polarization of the photoelectrode,
but it is much more efficient at negative polarization within
400-700 nm Fig. 2b). For other chromophores (1,4-, 1,5-, and
1,8-dihydroxyanthraquinone) photosensitization has narrower
range: 400-450 nm at positive polarization, and 400-600 nm at
negative polarization. Additionally the intensities of the for-
mer are much lower than of alizarin@TiO,. Intensive pho-
tocurrents generated by alizarin can be explained by specific
molecule geometry and related to the binding mode (alizarin is
bound to TiO, through oxygens, both from hydroxyl groups).
Such geometry is responsible for specific energy distribution
in the alizarin-TiO, system.

The implementation of additional energy level into the
band gap region of semiconductor results in electron injec-
tion from donor (molecule ground state) to the acceptor state
(semiconductor valence band) using energy lower than band
gap value. Photocurrent generation and photosensitization is
schematically presented for alizarin at TiO,, as an example,
Fig. 3. Photocurrent generation occurs upon irradiation of the
material with light of sufficient photon energy. We can dis-
tinguish two regions of photocurrent generation: high energy
excitation from the valence to the conduction band of TiO,,
and low energy excitation localized at the surface adsorbed
chromophore followed by electron injection to the conduc-
tion band. Electrons generated in the conduction band can be
transferred to the electrode whenever its potential is higher
than the potential of trapped electrons Fig. 3. Electrons inject-
ed from molecules toward electrode at negative polarization
generate anodic photocurrents Fig. 3a). Holes created in the
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valence band can recombine with electrons from sacrificial
donor in electrolyte. During this process hydroxyl anion (OH™)
is oxidized to the hydroxyl radical (OH®). Several processes
compete with those responsible for anodic photocurrent gener-
ation: recombination within the semiconductor (radiative and
non-radiative), recombination of holes with electrons from the
electrode, as well as reduction of electron acceptors in the
electrolyte solution.

Cathodic photocurrents occur at negative polarization,
when reduction of the sacrificial electron acceptor, by elec-
trons from the conduction band is more efficient than the
mechanisms responsible for anodic photocurrent generation
Fig. 3b). Oxygen dissolved in electrolyte plays a role of the
electron acceptor. When the negative polarization of the elec-
trode exceeds a certain level facilitates reduction of alizarin
(electron transfer from electrode to the 1,2/1,27 level), the
intense dark cathodic currents appear, and photosensitization
vanishes, Fig. 2b).

potential vs SHE (V)
potential vs SHE (V)

1,21,2°

3+

Fig. 3. Mechanism of photocurrent generation: anodic photocurrent
is generated at positive potentials upon excitation of the inner part
of the TiO, particle and alizarin moiety adsorbed on the surface
a), while cathodic photocurrents are generated at negative potentials
upon excitation of TiO, and alizarin b). Shaded vertical bar indicates
the photoelectrode potential. 1,2/1,2+ indicates oxidation potential
of alizarin in the ground state, whereas 1,2%/1,2+ is the oxidation
potential of alizarin in the excited state

4. Conclusions

Hybrid materials obtained by immobilization of an-
thraquinone derivatives onto the surface of nanocrystalline
titanium dioxide reveal promising photoelectrochemical prop-
erties. They exhibit pronounced photosensitization toward vis-
ible light. Photoelectrodes built from DHAQ@TiO, generate
photocurrent within the 300-700 nm window. The polarity
of the photocurrent can be tuned by changing the photoelec-
trode potential or energy of incident light. The mechanism of
this process was described in terms of photoinduced electron
transfer involving both anthraquinone molecule and titanium
dioxide. DHAQ molecules acts here as an electron buffer, ac-
cepting or donating electrons depending on potential applied
to the electrode. These materials are especially suited for ap-
plications in various optoelectronic switches, since these appli-
cations do not require the highest energetic efficiency. Similar
to other switchable photoelectrochemical systems [21-32] the
DHAQ®@TiO; hybrid material can be applied for construction
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of optoelectronic switches, logic gates, and other functional
devices. The mechanism of working of such devices is quite
simple. Incident light wavelength and photoelectrode potential
can be regarded as input channels, light impulse is an informa-
tion bit, while photogenerated currents can be regarded as out-
put channels. In this regime, various devices as simple switch-
es, logic gates, and more complex combinatorial circuits can
be implemented without any obstacles [23, 33]. Information
processing of devices based on hybrid semiconductors should
lead to simpler than in the case of silicon electronic devices
constructions. Their performance is defined by the nature of
the chemical species adsorbed at the surface (or immobilized
within the nanocrystals) and is a result of subtle interplay
between the components of the system. The phenomenon of
photocurrent polarization switching upon changes of photo-
electrode potential and incident light wavelength constitute a
good platform for construction of various logic devices [23,
27, 33-35].

Furthermore, because of the ability of dihydroxy an-
thraquinone to form a series of hydrogen bonds with a wide
variety of substrates, the DHAQ@TiO, system can be a plat-
form for various photoelectrochemical sensors. Because of
catalytic activity toward photoreduction of molecular oxygen,
DHAQ-titanium dioxide photoelectrodes may also be a good
starting point for development of photofuel cells [36] and as
a model system to study interfacial electron transfer processes
at nanoscale [14, 37].
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