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intensively in recent years. The elementary reaction can be
written as Equation (1):

S+hv — S* = ST + e (TiO,) — ST + ey, rap(TIO2) (1)

In this process the dye linked covalently to the TiO,
through a carboxy group is excited from the ground state S
to the excited state S*. The excited dye molecule then acts as
an electron donor, and transfers an electron to the surface
states and subsequently to the conduction band of colloidal
TiO,. A high quantum efficiency for the conversion of light
energy into electricity in dye-sensitized solar cells requires the
fast injection of electrons combined with a very slow back
transfer of electrons.'!! Charge recombination associated
with dye-sensitized TiO, systems has been rationalized in
terms of the inverted Marcus region, where the recombina-
tion rate is slowed because of a highly exergonic reaction.['>*

The charge-separated state is one of the key intermediates
in the photosensitization of electron transfer across the
semiconductor/solution interface. The electron in the con-
duction band reverts to the ground state by recombination, or
is trapped on an interior Ti** ion. The dye molecule remains
as the radical cation, which is composed of the charge-
separated state and the trapped electron within the TiO,
particle. Time-resolved EPR (TREPR) spectroscopy has
been applied successfully to obtain precise information on
transient paramagnetic species. In nanocrystalline TiO,
particles where bidentate ligands were used as electron
donors, polarized EPR spectra originating from a limited
distribution of geometries were interpreted by the fixed
relative orientation of the magnetic tensor corresponding to
the trapped electron and trapped hole.™™ Herein, we report
the observation of charge-separated states of TiO, nano-
particles sensitized with xanthene dye. We determined the
distances between the electron and the dye radical cation as
well as their relative orientations by analysis of spin-polarized
EPR spectra.

Colloidal TiO, particles were prepared by controlled
hydrolysis of TiCl, at 2°C and further dialysis of the sol.!'%)
The mean particle size was determined to be about 22 nm by
dynamic light scattering studies. The two xanthene dyes
(fluorescein (FL) and dichlorofluorescein (FL-Cl,)) used in
the experiments were obtained from Tokyo Kasei and were
purified by recrystallization from ethanol before use. The
output (coumarin 480, 485 nm) of a dye laser (Lumonics,
HD300) pumped by an excimer laser (Lambda Physik
COMPex 102) was used for excitation of FL and FL-Cl,.
The detection system for the TREPR signal has been
described elsewhere.'"”? A helium-flow cryostat (Oxford
ESR900) was utilized for measurements at low temperatures.

Spin-polarized EPR spectra were observed after excita-
tion with visible light of xanthene dyes adsorbed on colloidal
TiO, (Figure 1). The polarization patterns (EAE), where A
and E denote the enhanced absorption and emission of
microwaves, respectively, were essentially identical for the
two dye/TiO, systems. These results indicate that the pre-
cursor state responsible for injection of electrons into the
TiO, nanoparticle has the same spin multiplicity in the two
cases. Since the quantum yields of intersystem crossing in
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Figure 1. Top: temporal behavior of the polarization at different mag-
netic fields. Bottom: Time-resolved EPR spectra of FL (a) and FL-Cl,
(b) adsorbed on colloidal TiO, nanoparticles observed at 500 ns after
excitation with a laser pulse with a wavelength of 485 nm at 30 K, and
the simulated spectrum (a’).

these dyes are very small, electron injection can be expected
to occur from the excited singlet precursor state.'¥! The
polarized signals in each canonical magnetic field decayed
with the same rate (approximately 1.0x 10°s™'), with the
phase of the polarization maintaining the EAE pattern during
the decay.

The polarized spectra can be readily interpreted in terms
of the polarization mechanism of the spin-correlated radical
pair (SCRP), where coherent spin singlet/triplet mixing takes
place within the radical pair.'"?? For the calculation we
assumed an axial symmetric gtensor (g,=1.958 and g, =
1.988) for the trapped electron on TiO, and isotropic g values
for the dye radical cations.” From consideration of the
contribution from unresolved hyperfine interactions, an
anisotropy of the line widths, AH;=0.8 and AH, =0.3 mT,
was also assumed for the trapped electron. However, isotropic
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line widths were used for the dye radical cations because of
the expected significant delocalization of the unpaired
electron. Exchange (Jgs) and dipolar (Dgg) interactions were
the parameters used for simulation of the observed SCRP
signals. Dgq is given by DgsR* = —2.786 mTnm?, in which R is
the separation of the two unpaired electrons in the molecular
center if a point dipole approximation is assumed. According
to empirical estimates of the exchange coupling, the value of
Jss is negligible compared to the dipolar coupling for distances
larger than 1.5 nm.?*%%

We first calculated the spectrum under the assumption
that the dye radical cation is distributed randomly on the
surface of TiO,. However, the observed spectral patterns
could not be reproduced satisfactorily. As the local symmetry
of the magnetic interactions of a trapped electron on a TiO,
colloidal nanoparticle is highly anisotropic, the relative
orientation between the gtensor of the trapped electron
and the dipolar tensor of the electron-hole (dye radical
cation) pair should be taken into account. In addition, the spin
dynamics in the radical pair can also influence the polar-
ization pattern. Unfortunately, the recombination rate of the
radical pair at cryogenic temperatures has not been deter-
mined. We assumed for the calculation that the recombina-
tion rate of the singlet radical pair was of the same order as
the polarization decay. The calculated SCRP spectra with
different angles ¢ between the gtensor of the trapped
electron and the dipolar tensor (Z4) are shown in Figure 2.
The EAE polarization patterns were obtained when the angle
was set between 90 and 100°. Jgg and Dgg values corresponding
to a distance of 1.6 nm between two unpaired electrons were
used for the calculation. The calculated results assuming
positive values of Jgs are shown in Figure 2. The spectral
widths were not significantly affected beyond a radical
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Figure 2. Calculated EPR spectra with different angles between the g
tensor of the trapped electron and the dipolar tensor of the charge-
separated state. The parameters used in the calculation are described
in the text.
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separation of 1.5 nm, because the small magnetic interaction
between two unpaired electrons becomes almost equivalent
to the line width. Thus, from the present analysis, we found
the separation of the two unpaired electrons was greater than
1.5 nm. Since the size of the dye molecules is known, the
trapped electron can be said to be localized at about 0.5 nm
from the surface.

We obtained the simulated spectra of FL as shown in
Figure 1a’ by using the same parameters (Jgs, Dgs, ¢, and
g tensor of the trapped electron). The spectrum observed in
the FL-Cly/TiO, system was also reproduced by using
essentially identical parameters. The deviation from the
observed spectra can be ascribed to the distribution of dye
molecules around ¢ on the TiO, colloidal semiconductor. To
obtain the best fit of the observed EPR spectra we assumed a
positive sign for the exchange interaction. As mentioned
above, slow back electron transfer to the dye ground state
occurs in the Marcus inverted region where recombination is
slowed because of a large change in the free energy of the
reaction. The sign of the exchange interaction between the
radical pairs is determined by the charge-transfer interaction
between the radical ion pair state and the nearby charge-
recombined state.’”?! The locally excited triplet state in the
singlet precursor reaction systems effectively perturbs the
radical ion pair states because of the small energy difference.
The triplet radical ion pair state is selectively stabilized by
perturbation from the locally excited triplet state through the
electronic coupling, thus leading to positive J values.

The recombination rates for xanthene dye/TiO, systems
were reported to range from several picoseconds up to
microseconds and even milliseconds.''! Colloidal TiO,
particles had previously been shown to have a crystal
structure corresponding to that of anatase.” The negatively
charged dye molecule reacts with a positively charged Ti-
hydroxy group and becomes bound to the Ti atom through
formation of a bidentate surface complex. The electron
injected from the excited dye molecule recombines through a
geminate recombination pathway, but is also trapped in states
(assigned to interior Ti**ions having D,,symmetry) lying
below the edge of the conduction band of the TiO, nano-
particle. A distribution of energetically different trap sites for
the electron and its environments could be responsible for
such recombination kinetics. The polarized EPR spectrum is
observed at timescales of the order of a microsecond or
shorter. In the analysis of the SCRP signal of the xanthene
dye/TiO, system the relative orientations of the g tensor of
the trapped electron and the vector of the dipole—dipole
interaction between two unpaired electrons are fixed regard-
less of the expected uniform adsorption of the dye molecules
on the surface of the TiO, nanoparticle. The observed
polarized spectra were well-reproduced at an angle of
around 90° between the gtensor of the electron and the
dipolar tensor. This finding indicates that electron transfer
across the semiconductor surface occurs with high orienta-
tional selectivity with respect to the radical stabilized on the
xanthene dyes. As a result, an anisotropic orientation
between the trapped electron and the hole is realized in the
microsecond-scale interval after the injection of electrons.
The relative orientation of trapped electrons versus cationic
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dyes as reported here may correspond to a residual distribu-
tion that remains after most of the recombination events have
already occurred on a much shorter time scale (femtoseconds
to picoseconds) than corresponds to the time resolution of the
present experiment.

In conclusion, we have observed polarized EPR spectra of
xanthene dyes adsorbed on colloidal TiO, at low temper-
atures upon excitation with pulses of visible light. The SCRP
polarization mechanism was adopted to analyze the polar-
ization patterns and line shapes in detail. The positive sign of
the exchange interaction of the radical pair was ascribed to
charge recombination in the Marcus inverted region. The
relative orientation of the magnetic tensor of the trapped
electron and the dye radical cation is fixed, thus leading to
orientational selectivity in electron transfer across the semi-
conductor nanoparticle.
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