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Abstract: A new bioinspired nanoma-
terial has been obtained by chemisorp-
tion of folic acid onto nanocrystalline
titanium dioxide. The organic chromo-
phore is linked with the semiconductor
surface via the glutamate chain and
anchored with the carboxylate group.
The geometry and electronic structure
of the chromophore was studied in
detail with DFT. Photoelectrochemical

the new material towards visible light.
The photoelectrodes composed of the
folic acid/titanium dioxide hybrid mate-
rial generated photocurrent over a
300-600-nm window. Moreover, the di-
rection of the photocurrent could be
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changed from anodic to cathodic and
vice versa by application of the appro-
priate photoelectrode potential. Photo-
electrochemical and spectroscopic stud-
ies allowed the elucidation of the
mechanism of photocurrent switching.
Photoelectrodes composed of folate-
modified titanium dioxide may serve as
a simple model of optoelectronic
switches and may constitute the basis

studies revealed photosensitization of

Introduction

Molecules that comprise an electron donor and an electron
acceptor with delocalized m-electron systems linked with an
aliphatic bridge are of potential interest for molecular and
organic electronics.'”! Devices based on organic materials
should in principle combine the high performance of inor-
ganic semiconductors with the processibility and low price
of organic materials.”) Molecules with low HOMO/LUMO
gaps are of particular importance due to their ability to
donate (from HOMO) or accept (in LUMO) an electron
easily, which is the basic process in all organic electronic de-
vices. Although any molecule can, in theory, act as an elec-
tron donor and an electron acceptor, only a few so-called
electrochemically amphoteric compounds can do both
within a readily accessible potential window to form stable
redox states.!

The first single-molecule device, which works as a rectifi-
er, was designed by Aviram and Ratner in 1974
(Scheme 1a).”) The molecule contains an electron-donor
moiety (2,2-bis(1,3-dithiolylidene), also known by the
common name tetrathiafulvalene) and an electron acceptor
(tetracyanoquinodimethane) bound together with a saturat-
ed [2.2.2]bicyclooctane linker. The delocalized bond systems
of donor and acceptor should stabilize the ionized form of
the molecule (D*-0-A") while the o bridge decouples the
molecular orbitals of the donor from those of the acceptor.
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for molecular photoelectronic devices.

In this way, HOMOs are localized mainly on the donor part
of the molecule, and LUMOs on the acceptor part. When
placed between two metallic contacts, the molecule should
behave as a rectifier, that is, it transmits electrons only in
one direction. The first molecular system experimentally
proven to work as rectifiers according to the Aviram-
Ratner principle was hexadecylquinolinium tricyanoquinodi-
methanide (Scheme 1b).%

Similar molecular setups were used to mimic charge sepa-
ration in photosynthesis and in organic photovoltaic de-
vices."'™ In contrast to the previously discussed systems,
these molecules must be equipped with efficient photonic
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Scheme 1. Molecular structures of selected single-molecule electronic de-
vices. a) The Aviram-Ratner “Gedankenmolekiil”.”! b) Hexadecylquino-
linium tricyanoquinodimethanide, the first experimentally proven molec-
ular rectifier."”! ¢) Folic acid. Electron-donor and electron-acceptor moi-
eties are shown in red and blue, respectively.

www.chemasianj.org 581



FULL PAPERS

antennae to harvest energy utilized for charge separation. In
the most cases, these antennae comprise porphyrins or relat-
ed chromophores that serve simultaneously as the electron
donors, whereas fullerene moieties serve as the electron ac-
ceptors.”! The charge-separated state resulting from photo-
induced electron transfer can drive various redox processes
in solution or inject electrons to the conducting support,
which in turn results in photocurrent generation.

In general, the electrical and photoelectrical properties of
covalently linked but electronically decoupled donor-ac-
ceptor systems resemble those of the classical, semiconduc-
tor-based diode (rectifier). A diode is understood herein as
a device composed of two layers of semiconducting material,
p-type and n-type, containing acceptor and donor dopant
atoms, respectively. In molecular devices, the diodelike
structure is obtained by linking electron-rich (n-type) and
electron-poor (p-type) organic moieties.

Recent advances in photovoltaics*?'*! and semiconduct-
ing nanodevices™"! result from developments in the photo-
chemistry and photophysics of bulk- and surface-modified
wide-band-gap semiconductors. The surface complex formed
by chemisorption of various transition-metal complexes on
the surfaces of mesoporous and nanocrystalline wide-band-
gap semiconductors usually plays the role of light-harvesting
antenna, whereas the semiconducting structure acts as a
charge-separation device and provides a mechanical support
for the photosensitizer.?**J Various hybrid systems based
on nanoparticles “decorated” with biomolecules are in the
limelight in chemistry, biotechnology, and materials science.
These systems can be used as sensors, markers, (photo- or
electro-) catalysts, and biomimetic models of complex bio-
logical systems.*]

The inspiration for light-harvesting molecules and antenna
systems capable of titania photosensitization comes from
various biosystems™! and may include inspiration by func-

Abstract in Polish: Poprzez chemisorpcje kwasu foliowego
na powierzchni dwutlenku tytanu otrzymano nowe nanoma-
terialy bioinspirowane. Chromofor organiczny jest potaczo-
ny kowalencyjnie z powierzchnig pétprzewodnika za posred-
nictwem grup karboksylanowych tancucha glutaminianowe-
go. Geometria i struktura elektronowa chromofora zostaty
doktadnie okreslone za pomoca obliczen technika DFT. Ba-
dania fotoelektrochemiczne wykazaly silna fotosensybiliza-
cje potprzewodnika na $wiatto widzialne. Fotoelektrody zbu-
dowane z dwutlenku tytanu modyfikowanego kwasem folio-
wym generuja fotoprady w zakresie 300-600 nm. Ponadto
stwierdzono, ze kierunek fotopradu (anodowy lub katodo-
wy) moze by¢ zmieniony poprzez zmiane¢ polaryzacji podto-
za przewodzacego. Pomiary fotoelektrochemiczne uzupet-
nione badaniami spektroskopowymi pozwalaja na okreslenie
machenizmu przelaczenia fotopradu. Fotoelektrody zbudo-
wane z materialu hybrydowego moga pozwoli¢c naudowe
przetacznikéw optoelektronicznych i bardziej ztozonych
uktadoéw logicznych.
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tion and structure. Both approaches may lead to biomimetic
systems, which imitate natural systems, or fully artificial sys-
tems that, on the other hand, utilize natural biomolecules.
The present results fall into the second category.

There are numerous trials of the construction of photo-
sensitized solar cells that are based on biomolecules and
supramolecular bioinspired systems, for instance, chloro-
phylls,***1 porphyrins,“**! phthalocyanines,””! and other
natural or biomimetic dyes.*“? In every case, the redox-
active molecules supply electrons from their excited states.
Therefore, the redox properties of an excited photosensitizer
must correlate with the potential of the conduction-band
edge of the applied semiconductor.

Among various redox-active chromophores, folic acid
(FA) has a structure that most closely resembles that of the
Aviram—Ratner “Gedankenmolekiil”. It is an intramolecular
donor-acceptor system assembled via the o bridge
(Scheme 1c¢). Folic acid belongs to the group of pterin cofac-
tors. These compounds are derived from 2-aminopteridin-
4(1H)-one (pterin). They participate in various relevant
physiological functions that are usually associated with elec-
tron-transfer processes™> or light harvesting.”>>* Folic
acid derivatives can behave as light-harvesting antennae in
the DNA repair enzymes photolyases.”>*%! Therefore, folic
acid is a promising redox-active chromophore for the modi-
fication of wide-band-gap semiconductors. Moreover, it is
equipped with anchoring groups suitable for its facile immo-
bilization on semiconducting surfaces,”® and its optical
properties make it suitable for photosensitization of wide-
band-gap semiconductors such as TiO,. This paper presents
electrochemical, spectroscopic, and photoelectrochemical in-
vestigations into semiconducting devices based on titanium
dioxide modified with folic acid.

Results and Discussion
Molecular and Electronic Structure of Folic Acid

The folic acid molecule comprises three molecular units:
pterine, aminobenzoic acid, and glutaminic acid. According
to DFT calculations, the two aromatic systems are almost
coplanar (tilt angle~1°) and are separated by one sp>-hybri-
dized carbon atom. The glutamate side chain is localized on
the same geometrical plane as the rings (Figure 1).

The donor—acceptor character of the folic acid molecule
can be seen in the charge distribution in the ground and
first excited states. In the ground state, charge distribution is
quite uniform, but the aminobenzoate moiety bears signifi-
cant negative charge, whereas the pterine moiety is positive-
ly charged (Figure 1a). Upon excitation, the electric charge
on the pterine moiety decreased but increased on aminoben-
zoate (Figure 1b), clearly indicating charge transfer from
aminobenzoate to pterine.

Further support of the donor-acceptor architecture of
folic acid comes from molecular-orbital calculations
(Figure 2). The HOMO and LUMO orbitals of the donor
and acceptor parts form two independent orbital systems,
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Figure 1. a) Molecular structure and electrostatic potential map superim-
posed onto the electron density of the folic acid molecule in the ground
state. b) Change in electrostatic potential upon excitation to the first ex-
cited state as calculated at the B3PW91/6-311++G(d.p) level of theory
with tight convergence criteria.
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at the B3PW91/6-311 4+ G(d,p) level of theory.

and no delocalized molecular orbital overlapping both aro-
matic systems was found near the HOMO-LUMO frontier.
This electronic configuration is well-suited for diodelike be-
havior, as the donor and acceptor molecular orbitals are
well-separated in space and energy domains due to the o
bridge.
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Figure 2. Molecular orbitals of the folic acid molecule in the ground state as calculated
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Electrochemical and Photophysical Properties of Folic Acid

Folic acid can adopt up to two electrons on the pterine
moiety, and the p-aminobenzoate moiety serves as an elec-
tron donor. Quasireversible one-electron reduction of folic
acid in N,N-dimethylformamide (DMF) proceeded at
—0.82 'V versus Ag/AgCl. Oxidation of folic acid took place
at +1.16 V versus Ag/AgCl (Figure 3a). The difference be-
tween these two potentials constitutes a rough estimate of
the HOMO-LUMO gap, as the reduction process is local-
ized at the LUMO orbital and oxidation at the HOMO. The
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Figure 3. a) Differential pulse voltammogram recorded at the Pt disc
electrode in a solution of folic acid in DMF. b) Absorption (red) and
fluorescence (blue) spectra of folic acid in DMF. Excitation wavelength =
360 nm.

electrochemically evaluated HOMO-LUMO gap
(the difference between the oxidation and reduc-
tion potentials) amounted to 1.98 eV.

The absorption spectrum of folic acid in DMF
shows two strong bands at 287 and 360 nm (Fig-
ure 3b). Time-dependent (TD)-DFT calculations
indicate that the lower-energy band corresponds to
the HOMO —LUMO transition, whereas the band
at 287 nm corresponds to the HOMO —-LUMO+1
transition. The fluorescence spectrum of folic acid
in DMF shows one peak at 460 nm. The excitation
spectrum recorded at this emission wavelength ex-
hibits a maximum at 360 nm, so the luminescent
excited state results from HOMO —LUMO excita-
tion. This data led to an estimate of the HOMO-
LUMO gap of 2.70 eV. According to DFT calcula-
tions, the difference between the HOMO and
LUMO energies is 1.95¢eV, which is in perfect
agreement with the electrochemical data. The
energy of the lowest-energy transition was calcu-
lated by using TD-DFT to be 2.34 eV, which is close to the
experimental value. The discrepancy between the spectro-
scopic and the electrochemical band-gap estimate is well-re-
flected in the DFT-calculated values. This discrepancy origi-
nates from the large reorganization energy associated with
the HOMO —LUMO transition due to the generation of a
large dipole moment resulting from charge separation be-
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tween aminobenzoate and pterine moieties. The large reor-
ganization energy®! can be also deduced from the very
large Stokes shift (=0.5 eV).

Interaction of Folic Acid with Titanium Dioxide

Impregnation of nanocrystalline titanium dioxide with a so-
lution of folic acid in DMF resulted in a yellow material.
Chemisorption of folic acid onto the titanium dioxide sur-
face is relatively strong; even prolonged contact with water,
ethyl alcohol, acetic acid, or DMF did not alter the optical
properties of the material and the solvent. Slow desorption
of folic acid from the TiO, surface was observed in aqueous
solutions of high pH. This observation indicates that the
chemisorption of folic acid at TiO, involves the carboxylate
groups of the glutamate side chain, as can be expected from
the strong affinity of titanium dioxide towards COO~
groups.”’)

The electronic spectrum of folic acid in the solid state dif-
fers significantly from the solution spectrum. In the solid
phase, an additional transition was observed at 450 nm. This
new absorption may have originated from intermolecular
transitions between folic acid molecules packed in the mo-
lecular crystal. The planarity of the molecule enables effi-
cient - stacking, > while the presence of proton donors
and acceptors within the pterine ring gives the possibility of
formation of a whole series of hydrogen bonds.[”**) These
intermolecular interactions result in a semiconductor-like
band structure, which in turn results in the low-energy ab-
sorption band centered at 450 nm. The formation of the
band structure in molecular crystals of folic acid can be sub-
stantiated by photoelectrochemical measurements. Irradia-
tion of commercially available crystalline folic acid deposit-
ed onto an indium tin oxide (ITO) electrode resulted in the
generation of anodic photocurrent. Its action spectrum over
300-600 nm resembles the diffuse reflectance spectrum of
folic acid. Interestingly, the maximal photocurrent value was
recorded at 360 nm, which perfectly matches the low-energy
electronic transition within folic acid (HOMO —LUMO). Ir-
radiation within the low-energy band observed at around
450 nm also resulted in photocurrent generation. This indi-
cates that solid folic acid behaves like an n-type semicon-
ductor, which is in agreement with its donor—acceptor struc-
ture.

The diffuse reflectance spectrum of folate-modified titani-
um dioxide shows spectral features characteristic of neat
folic acid in DMF: an intense transition at 290 nm and a
much weaker one at 375 nm. Almost-identical absorption
bands were also found in the diffuse reflectance spectrum of
solid folic acid. No separated band at around 450 nm was
seen, which indicates a lack of significant interaction be-
tween individual molecules of folic acid. The low-energy tail
of the spectrum over 400-550 nm must have originated from
charge-transfer interactions between the semiconducting
support and the organic chromophore.””) This interaction
may involve formation of hydrogen bonds between the pter-
ine moiety and the hydroxy groups of the TiO, surface. The
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identity of this transition was confirmed spectroscopically in
the system containing folic acid and titanium dioxide quan-
tum dots. Addition of TiO, nanoparticles to a solution of
folic acid in DMF resulted in new absorption bands at 330
and 410 nm (Figure 4, inset). The latter band tails down to
550 nm, which is consistent with observations for folic acid
modified titanium dioxide.
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Figure 4. Diffuse reflectance spectra of titanium dioxide (black), folic
acid (blue), and folate-modified titania (red), and photocurrent action
spectrum recorded for folic acid deposited on ITO electrode (green).

Inset: differential absorption spectrum of TiO, nanoparticles in a solution
of folic acid in DMF.

Photoelectrochemical Properties of FA/TiO,

The interaction between the photosensitizer and the semi-
conducting support should influence the energy (or redox
potentials) of the conduction- and valence-band edges
(CBEs and VBEgs, respectively). These data can be obtained
from measurements of the quasi-Fermi level®®®! (ie., the
Fermi level potential measured for a semiconducting materi-
al under irradiation, E.), which, together with the spectral
characteristics of the synthesized materials, allow the deter-
mination of the redox properties of the excited semiconduct-
ing materials. The modified method of quasi-Fermi level de-
termination!® described by Roy et al.l®! was applied. This
method is based on the pH dependency of the potentials of
the VBEs and CBEs of the semiconductor particles. In the
case of titanium dioxide, with increasing pH a cathodic shift
of Ex by 59mV per pH unit was reported®™® (k=
—0.059 V). In combination with a pH-independent reversi-
ble redox pair (e.g., a compound from the group of violo-
gens), the electrons from the conduction band of the irradi-
ated semiconductor can either reduce the redox couple or
not, depending on the pH value and relative potentials
(Figure 5). At pH values lower than pH, (i.e., the pH at
which the potential lines cross), the photoinduced reduction
of the redox couple does not take place. This process is,
however, possible in more-basic media. Therefore, the mea-
surement of Egs assists in the determination of the pH,
value.

The measured pH, value (Figure 6), that is, the pH at
which the quasi-Fermi level potential equilibrates with the
redox potential of the methylviologen*"/methylviologen®*

Chem. Asian J. 2007, 2, 580-590
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Figure 5. Principle of the measurement of quasi-Fermi level potential.
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Figure 6. Determination of pH, for neat (red) and FA-modified titanium
dioxide (blue).

couple, enables the calculation of the quasi-Fermi level po-
tentials.

The method of Roy yields pH, values for TiO, and folic
acid modified TiO, of 4.45 and 6.54, respectively. This
allows the calculation of CBE potentials according to

(Eq. (D]:
Ecge(pH) = E° + k - (pHy—pH) 1)

in which E-gp(pH) is the CBE potential at a given pH, E° is
the redox potential of the reference redox couple, and k is
the factor of 59 mV resulting from the Nernst equation. In
neutral solution (pH 7), the CBE potential is —0.58 and
—0.47V for neat and folate-modified TiO,, respectively.
These data are consistent with previous results reported for
chloroplatinate-"""" and cyanoferrate-modified " titanium
dioxide. Assuming that the TiO, band gap is not affected by
modification, calculation of the upper-edge valence-band
potential is also possible and gives 2.47 and 2.58 V for neat
and modified TiO,, respectively. This shift is consistent with
previous observations. Substitution of the surface OH
groups with anionic species resulted in the VB and CB shift-
ing towards more-positive potentials owing to electrostatic
repulsion of electrons within the semiconductor structure
with the negatively charged surface species.""

Irradiation of photoelectrodes prepared from FA/TiO, re-
sulted in the generation of photocurrent, the characteristics
of which is very different from that recorded for neat titani-
um dioxide. In air-equilibrated and oxygen-saturated solu-
tions, the photoelectrode generated anodic photocurrents
only at positive polarization (Figure 7a). Negative polariza-
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Figure 7. a) Photocurrent profiles recorded during pulsed irradiation of
FA/TiO, with positive (red) and negative (blue) polarization of the pho-
toelectrode. b) Action spectra recorded at FA/TiO, photoelectrodes as a
function of electrode potential in oxygen-saturated electrolyte.

tion of the photoelectrode resulted in reversal of the direc-
tion of photocurrent. Interestingly, the cathodic photocur-
rent intensities are higher than the anodic ones. Such anom-
alous behavior was previously observed for cyanoferrate-
modified TiO, photoelectrodes and is called the PEPS effect
(photoelectrochemical photocurrent switching).?s7*"

To characterize the photocurrent-switching processes, a
3D photocurrent action spectrum was recorded over a wide
potential range (Figure 7b). Both cathodic and anodic pho-
tocurrents were generated within the visible part of the
spectrum (300-550 nm), and the photocurrent switching was
very sharp in contrast to cyanoferrate-modified TiO,.[">7 In
the absence of oxygen, the photoelectrochemical properties
of the FA/TiO, photoelectrodes are very different. At posi-
tive potentials, the behavior of the electrode is much the
same: anodic photocurrents of moderate intensity were ob-
served at 300-550 nm. At 200 mV the photosensitization dis-
appeared, and only weak anodic photocurrents characteristic
of neat titanium dioxide photoelectrodes were observed.

Furthermore, within the absorption range of neat TiO,
(300-420 nm), the photocurrent intensities are much higher
than in the photosensitized region (420-550 nm). This indi-
cates the occurrence of two parallel photophysical process-
es: excitation of the inner parts of titanium dioxide and exci-
tation of the surface of the nanocrystals. Elucidation of the
mechanism of photocurrent generation requires analysis of
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the energy levels of the FA/TiO, system in aqueous electro-
lyte.

Redox potentials of folic acid in the first excited state can
be calculated from the ground-state redox potentials and
the energy of the lowest excited state as follows (Equa-
tions (2) and (3), Figure 8):7%

E,(*D/D") = Ei,(D/D") = Ey, (2)
El/z(*A/Ai) :EI/Z(A/Ai) —Ey (3)
—e * +e
174V 166 V

hv
2.70 eV
4 —€ +e > —
FA<~—seov M ——oav =™

Figure 8. Latimer-type diagram of oxidation and reduction potentials of
the ground and lowest excited states of the folic acid molecule.

These data, together with previously determined semicon-
ductor-band-gap and CBE potentials, are the basis for the
energy diagram of the studied system. Clearly, folic acid in
the lowest excited state is a very good electron donor
(—1.74 V vs. normal hydrogen electrode (NHE)) and a very
good electron acceptor (1.66 V). The excited state of folic
acid is a much stronger reducing agent than the conduction-
band electrons (—0.58 V). On the other hand, holes in the
valence band are the strongest oxidants in the system
(2.47 V) (Figure 9).

Excitation of the electrode within the absorption range of
the semiconductor at positive polarization of the photoelec-
trode resulted in a photoanodic response according to the
generally accepted mechanism (Figure 10a). An electron is
promoted to the conduction band of the semiconductor and
is subsequently transferred to the conducting electrode. The
hole in the valence band is in turn neutralized by the elec-
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w o + 3| —ou0;
I ~
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w
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——H", OH'H,0
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Figure 9. Redox potentials of titanium dioxide VB and CB relative to
those of the ground and lowest excited state of folic acid, water, and mo-
lecular oxygen at pH 7.”) Vertical arrows indicate possible excitation of
the inner part of the semiconductor particle (3.05 eV) and surface-immo-
bilized folic acid (2.7 eV).

586 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

K. Szacitowski et al.

a) b)
29 —
3 —— FAYFA’ FA*/FA’
—1-% —— FAFA FAIFA
: EA - -
w o] 0,/0; 0./0;
z E
o ]
> 15 -
= FAIFA’ FAFA"
=~ 11
i 9 FA*IFA- [} FA*FA ™,
24 fs ° Y
il © S —
1 & H', OH'/H,0 5 H*, OH'/H,0
KEl © o
() ()
c) d)
-2 . T .
E —— FAYFA FA*/FA
E L Y FaFA FAFA
5 c
¥ 0] 02107 0210,
< ]
7 1
> 1_
= AFA* FAFA®
> ] _ _
1 KY FA*/FA ) FA*/FA
24 kel ©
| — S —
1 B H', OH'/H,0 + H*, OH'/H,0
Q C 2 ] , 2
J B o
© )

Figure 10. Mechanism of photocurrent generation (the PEPS effect).
Anodic photocurrent is generated at positive potentials upon excitation
of a) the inner part of the TiO, particle and b) surface folic acid, whereas
cathodic photocurrents are generated at negative potentials upon excita-
tion of c¢) TiO, or d) folic acid. The shaded vertical bars indicate the pho-
toelectrode potential.

tron from oxidation of the solvent molecule. Excitation
within the FA absorption results in similar processes. The
excited state of folic acid, which is a good electron donor,
can inject an electron into the electrode, either directly or
via the conduction band of the semiconducting particle. The
FA* state cannot oxidize free water molecules directly, but
hydrogen bonding of the pterine moiety with solvent mole-
cules may shift the oxidation potential significantly. This in-
teraction may result in coupled proton and electron transfer
and, thus, facilitate water oxidation. This process can occur
only with positive polarization of the electrode; it is other-
wise prevented by the electrostatic barrier (Figure 10b).
With negative polarization of the photoelectrode, a catho-
dic photocurrent was observed, but only in the presence of
an efficient electron acceptor, for example, molecular
oxygen. Neat titanium dioxide photoelectrodes yielded
cathodic photocurrents only upon doping,®™ surface modifi-
cation,”>” or at high pH.®Y The potential difference be-
tween the electrons in the conduction band and the O,7/O,
couple is small, so there is not much thermodynamic driving
force for this reaction. Moreover, interfacial electron trans-
fer between the titanium dioxide surface and molecular
oxygen strongly depends on surface adsorption of O,. On
the surface of neat TiO,, recombination dominates over

Chem. Asian J. 2007, 2, 580-590
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electron transfer with dissolved oxygen, whereas on more-
hydrophobic surfaces processes that involve molecular
oxygen are much more effective.’” The presence of folic
acid on the surface thus facilitates oxygen reduction due to
increased hydrophobicity and the electron-transfer proper-
ties of FA. The hole within the valence band can be easily
neutralized by an electron from the folic acid molecule,
which subsequently is reduced electrochemically. This pro-
cess hampers the electron-hole recombination; the only pos-
sibility of an electron in the conduction band is to reduce
the oxygen molecule either directly or via the electron-
transfer process involving the folic acid molecule (Fig-
ure 10¢). The excited state of folic acid is a much stronger
electron donor (—1.74V), so it can very easily reduce
oxygen, and the folic acid cation radical thus generated can
be easily reduced electrochemically (Figure 10d). The
strongly reducing state can be generated either directly (by
excitation of surface FA molecules) or indirectly via energy
transfer from the excited semiconducting support. The latter
process yields even higher photocurrent intensities than the
former, owing to high absorptivity of titanium dioxide com-
pared with the monomolecular layer of folic acid.

The photocurrent-switching mechanism is based mainly
on the electron-donor and electron-acceptor properties of
folic acid. Depending on photoelectrode potential, it may
contribute to generation of anodic and cathodic photocur-
rent, which is a unique feature among photosensitizers.

Conclusions

The hybrid material obtained by immobilization of folic acid
on the surface of nanocrystalline titanium dioxide has inter-
esting photoelectrochemical properties. It exhibits pro-
nounced photosensitization towards visible light. Photo-
electrodes built from FA/TiO, generate photocurrent over a
300-550-nm window. The polarity of the photocurrent can
be changed through changes in the photoelectrode potential.
The mechanism of this process is described in terms of pho-
toinduced electron transfer involving both folic acid mole-
cule and titanium dioxide support. Folic acid acts here as an
electron buffer, donating or accepting electrons if necessary,
depending on the photoelectrode potential.

The photocurrent switching observed here is closely relat-
ed to the PEPS effect. In contrast to other switchable photo-
electrochemical systems,?*7>7™ the photocurrent direction
does not depend on the wavelength of incident light. There-
fore, this system is less useful as an optoelectronic logic
device, but can be used as a demultiplexer.[m It can also be
used as an oxygen sensor, because the switching to the
cathodic mode relies on the presence of a molecular accep-
tor or other accessible electron acceptor. As folic acid can
form a series of hydrogen bonds with a wide variety of sub-
strates, the FA/TiO, system can be a platform for various
photoelectrochemical sensors. Owing to their catalytic activ-
ity towards the photoreduction of molecular oxygen, folic
acid/titanium dioxide photoelectrodes may also be a good
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starting point for photofuel cells, which utilize solar energy
for catalytic oxidation of fuel and generation of electric cur-
rent.

The FA/TiO, materials generate photocurrent on irradia-
tion at 300-550 nm, but the photocurrent direction depends
on the photoelectrode potential. Switching of the photocur-
rent polarity is observed at 100 mV versus Ag/AgCl. At po-
tentials higher than the switching potential range, the elec-
trodes generate anodic photocurrent, whereas at lower po-
tentials cathodic photocurrents are observed. One can
assign the logic values of “0” and “1” to the negative and
the positive polarization of the photoelectrode, respectively.
The switching characteristics allow it to be used as an optoe-
lectronic two-channel demultiplexer (data selector). This
device collects information in the form of light pulses and
converts it into photocurrent pulses. Furthermore, the sign
(direction) of photocurrent pulses depends on the photo-
electrode potential. In other words, information in the form
of photocurrent pulses can be directed into two output chan-
nels: cathodic and anodic. An electronic equivalent of this
logic device is composed of two AND and a NOT logic
gates (Table 1, Figure 11). The input data signal (light

Table 1. Truth table for the two-channel demultiplexer presented in
Figure 11.

Data Control Anodic output Cathodic output
0 0 0 0
1 0 0 1
0 1 0 0
1 1 1 0

data 2
(light pulse) Dﬂc output
D&thedic output
control
(potential) {>:

Figure 11. Electronic-equivalent circuit of surface-modified-titania photo-
electrode working as a two-channel optoelectronic demultiplexer.

pulses) is applied to one input of both AND gates, while
control signal goes to one AND gate directly and to the
other via an inverter. In this configuration, one of the AND
gates is in the ON state and the other is OFF (Table 1).

Thus, a signal applied to the data input is always transmit-
ted by one of the AND gates and directed into one of the
output channels. It is easy to imagine an application of simi-
lar systems in telecommunications. Nowadays information
transmitted through optical fibers must be converted into
electric signals and directed to the destination points. There-
fore, the FA/TiO, system can serve as a simple two-channel
demultiplexer. This is an interesting example of a simple
chemical system working like a complex electronic circuit
consisting of three logic elements.
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The above examples show that nanocrystalline titanium
dioxide modified with folic acid is a promising material for
optoelectronics. Although very simple from the chemical
point of view, it offers complex switching patterns as a result
of its rich photoelectrochemistry. The most-interesting fea-
ture of this material consists of the complexity of electronic
functions (Figure 11) contrasted with very simple morpholo-
gy: Unstructured deposits of nanocrystalline powders show
properties equivalent to complex circuits. Related materials
may open a new field of nanoelectronics: rather than em-
ploying complex circuitry, designing a proper unstructured
material of desired performance may be good enough.

Experimental Section

Materials

TiO, (Degussa P25, ~70% anatase, 30 % rutile; 50 m?g™") was used to
prepare the porous electrodes. All other chemicals were supplied by
Fluka and used as received. A small amount of folic acid was dissolved in
hot (80°C) DMF to yield a saturated solution. This was subsequently
mixed with an equal volume of cold water, and the mixture was filtered
to remove all the solids. A small sample of TiO, powder was suspended
in the resulting solution of folic acid and stirred for 5 min. The modified
TiO, was removed by centrifugation and washed five times with DMF
and then five times with distilled water. Upon drying in air, folate-modi-
fied TiO, was obtained as a yellow powder. The ITO-coated glass slides
(=2 cm?, Aldrich) were etched for at least 12 h in 15% NaOH, washed
with distilled water, and air-dried. The semiconductor-modified nanopow-
der was suspended in distilled water, ultrasonicated, and cast onto the
cleaned surface of the ITO-coated glass slides. After drying in hot air,
copper wire was attached to the ITO surface with silver glue, and the
whole junction area was protected with water-resistant self-adhesive insu-
lation tape. Titanium dioxide nanoparticles were synthesized from hydro-
lyzed isopropyl orthotitanate. A mixture prepared from titanate ester
(2.5 cm®) and isopropyl alcohol (45 cm®) was added dropwise to dilute
nitric acid (450 cm®, pH 1) over 1 h at 1°C. The whitish colloidal solution
was stirred overnight in an ice bath to yield a clear solution of TiO, nano-
particles.

Instrumentation

Absorption spectra were recorded on an HP 8453 (Hewlett-Packard)
diode-array spectrophotometer. Fluorescence and excitation spectra were
recorded on an LS45 (Perkin—Elmer) instrument. The typical three-elec-
trode setup was employed for photoelectrochemical measurements. The
electrolyte solution was 0.1M KNO;, which was kept in equilibrium with
air or purged with argon for at least 15 min prior to measurement. Plati-
num and Ag/AgCl were used as auxiliary and reference electrodes, re-
spectively. A 150-W XBO lamp (Osram) equipped with water-cooled
housing and an LPS 200 power supply (Photon Technology International)
was used for irradiation. The working electrodes were irradiated from
the rear (through the ITO glass) to minimize the impact of the thickness
of the semiconductor layer on the photocurrent. An automatically con-
trolled monochromator and a shutter were applied to choose the appro-
priate energy of radiation. Dark electrochemical measurements were per-
formed with platinum disc electrodes. The electrochemical measurements
(CV, CV +chopped light, photocurrent action spectra) were controlled
by BAS 50W (Bioanalytical Systems) or M161 (MTM) electrochemical
analyzers. Cyclic voltammograms were recorded with a scan rate of
25mVs™, and differential pulse voltammograms were recorded with the
following parameters: scan rate 20 mVs™', pulse amplitude 50 mV, pulse
width 50 ms, sample width 17 ms, pulse period 200 ms. Photocurrent
action spectra were recorded under potentiostatic conditions and auto-
matically corrected for dark currents. They were not corrected for light
intensity. Diffuse reflectance spectra were recorded on a Shimadzu
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UVPC-2101 spectrophotometer equipped with an integrating sphere of
5-cm diameter. Barium sulfate was used as a reference material. CBE po-
tentials were determined by using a modified Roy procedure.”! A
sample of semiconductor powder (40 mg) was suspended in aqueous po-
tassium nitrate (70 cm’, 0.1m) and sonicated for 5 min. Methylviologen
bis(hexafluorophosphate) (30 mg) was added, and resulting mixture was
acidified with concentrated perchloric acid (1 cm®). The suspension was
placed in a rectangular glass vessel equipped with a combined-pH elec-
trode, a platinum-foil electrode (area 2.5 cm?), and a reference Ag/AgCl
electrode (FLEXREF, World Precision Instruments). The vessel was vig-
orously purged with argon and irradiated with the full light of an
HBO 200 mercury high-pressure lamp. The solution was titrated with a
solution of Na,CO; (0.1m) by using a computer-controlled Medipan
610 B.S infusion pump (Medipan) equipped with calibrated Hamilton sy-
ringes and a custom-built interface. The potential of the platinum elec-
trode was measured with a BM-811 digital multimeter (Brymen).

Calculations

Theoretical modeling was performed with Gaussian 03 Rev. D.01 (Gaus-
sian, Inc.)®! and ArgusLab 4.0.1 (Planaria Software).™¥ Preliminary ge-
ometry optimization was done with a molecular-mechanics module!®*%
by using the universal force field (UFF),**?! and the final geometry was
obtained by using DFT with the B3PW91 functional and the 6-311 ++ G-
(d,p) basis set. Atomic charges were computed with NPO analysis. Mo-
lecular orbitals and surfaces were computed by using the same level of
theory and tight convergence criteria. Electronic transitions were calcu-
lated by using time-dependent DFT with the B3PW91 functional and the
6-3114+ G(d,p) basis set. Molecular orbitals and charge-distribution di-
agrams were plotted from Gaussian cube files with the ArgusLab 4.0.1
software.
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