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Abstract: In order to investigate the electron dynamics at the alizarin/l,~/TiO- interface this study uses a
novel state-of-the-art quantum-classical approach that combines time-dependent density functional theory
with surface hopping in the Kohn—Sham basis. Representing the dye-sensitized semiconductor Gréatzel
cell with the 17/I;~ mediator, the system addresses the problems of an organic/inorganic, molecule/bulk
interface that are commonly encountered in molecular electronics, photovoltaics, and photoelectrochemistry.
The processes studied include the relaxation of the injected electron inside the TiO, conduction band (CB),
the back electron transfer (ET) from TiO, to alizarin, the ET from the surface to the electrolyte, and the
regeneration of the neutral chromophore by ET from the electrolyte to alizarin. Developing a theoretical
understanding of these processes is crucial for improving solar cell design and optimizing photovoltaic
current and voltage. The simulations carried out for the entire system that contains many electronic states
reproduce the experimental time scales and provide detailed insights into the ET dynamics. In particular,
they demonstrate the differences between the optimized geometric and electronic structure of the system
at 0 K and the experimentally relevant structure at ambient temperature. The relaxation of the injected
electron inside the TiO, CB, which affects the solar cell voltage, is shown to occur on a 100 fs time scale
and occurs simultaneously with the electron delocalization into the semiconductor bulk. The transfer of the
electron trapped at the surface to the ground state of alizarin proceeds on a 1 ps time scale and is facilitated
by vibrational modes localized on alizarin. If the electrolyte mediator is capable of approaching the
semiconductor surface, it can form a stable complex and short-circuit the cell by accepting the photoexcited
electron on a subpicosecond time scale. The ET from TiO» to both alizarin and the electrolyte diminishes
the solar cell current. Finally, the simulations show that the electrolyte can efficiently regenerate the neutral
chromophore. This is true even though the two species do not form a chemical bond and, therefore, the
electronic coupling between them is weaker than in the TiO,—chromophore and TiO.—electrolyte donor—
acceptor pairs. The chromophore—electrolyte coupling can occur both directly through space and indirectly
through bonding to the semiconductor surface. The ET events involving the electrolyte are promoted primarily
by the electrolyte vibrational modes.

1. Introduction

For many years scientists have conducted a variety of
experiments and developed a number of theoretical models to
study the movement of charge in molecules and solid-state
structures. Electron transfer (ET) across molecular/bulk inter-
faces, however, is still poorly understood, a deficit that is due
to the fact that the two components of the interface are not only
starkly different in themselves but also typically investigated
by different disciplines: molecules which show finite sets of
discrete, localized orbitals are typically studied by chemists;
inorganic bulk materials which are characterized by continuous
bands of delocalized quantum states are studied by physicists.
The intrinsic differences between the electronic and vibrational
states of the two systems, as well as the often disparate sets of
theories and experimental tools used by chemists and physicists,
create challenges for the study of the organic—inorganic
interface. In responding to these challenges, many researchers
have focused on molecular/bulk interfacial ET because of the
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central role it plays in several developing fields: charge transfer
across the contacts remains the most important area of study in
the burgeoning area of molecular electronics;'~* photoinduced
ET at organic/inorganic interfaces constitutes a major focus of
research in the chemistry of photoelectrolysis,>® photocataly-
sis,”® and color photography;® and interfacial ET is the primary
step in many solar energy conversion devices, since it creates
free charge carriers upon the absorption of a photon. The
development of solar cells is a particularly lively area of research
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in which a wide variety of new designs are being investigated,
including dye-sensitized semiconductor solar cells,'0716 as-
semblies of inorganic semiconductors with conjugated poly-
mers,'”"20 as well as devices employing quantum dots,?' =23
fullerenes,?*> carbon nanotubes,?®>27 and other recently
discovered materials.

Dye-sensitized semiconductor solar cells, or Gratzel cells, are
particularly valuable systems to study. They form one of the
most promising alternatives to the more costly traditional solar
cells, and the chromophore—semiconductor interface that is their
key component provides an excellent general case for investi-
gating the organic/inorganic interfacial ET. The extensive
experimental efforts devoted to characterizing the chemical
structure, electronic properties, and electron-vibrational dynam-
ics of dye—semiconductor systems!0~1028756 create a basis for
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the theoretical analysis of the general properties of the
interface3+33-7761 and for detailed computer simulations of
specific systems, which typically include a TiO, semiconductor
surface and a chromophore %2772 The latter is either a relatively
large organic molecule or a complex of a transition metal with
smaller organic ligands.

The conversion of the solar energy into an electric current in
the Gritzel cell starts with the photoexcitation of the chro-
mophore from its ground state, which is located energetically
in the semiconductor band gap, to an excited state that is
resonant with the TiO; conduction band (CB) (Figure 1). After
the excitation, an electron is injected from the chromophore to
the semiconductor surface, typically on an ultrafast time scale,
7;. The injection competes with intramolecular relaxation to
lower energy excited states, such as the triplet states of the
transition metal chromophores,*>#® or back to the ground state.
Following the transfer, the electron diffuses into the bulk, 7y,
simultaneously relaxing to the bottom of the CB and losing its
energy to vibrations, 7, in Figure 1. In order to complete the
cell circuit it must then move to the electrode that is attached
to the semiconductor, carry an electric load, reach the second
electrode, and transfer to the cell mediator which carries it back
to the chromophore ground state. Occasionally, the electron
remains trapped at the surface. The trapping of the electron
immediately after the injection becomes a factor if the relaxation
inside the CB occurs faster than the delocalization into the bulk,
and if the surface contains many defects or unsaturated bonds
that support surface states. But surface trapping can be important
even if the electron is able to diffuse into the bulk. In order to
optimize light harvesting and maximize charge separation, the
semiconductor is designed to have a high surface area with
multiple chromophore adsorption sites. For instance, the semi-
conductor may be prepared as a collection of TiO, nanoparticles
that have been sintered together. In that case, the injected
electron is never far from the surface and can easily return to it
before it reaches the electrode. The position of the electron
relative to the surface determines whether it will reach the
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Figure 1. Energy diagram of the chromophore—TiO; interface. An
absorbed photon promotes an electron from the ground state (Sp) of the
dye, located in the semiconductor energy gap, into an excited state (S;)
that is in resonance with the CB. Typically, the dye excited state is well
inside the CB. An additional direct photoexcitation from the dye ground
state into a semiconductor state near the CB edge becomes possible with
strong chromophore—semiconductor coupling. In some systems, such as
alizarin-sensitized TiO,, the dye excited state is located near the edge of
the TiO, CB. Efficient electron injection into the edge of the CB avoids
the energy and voltage loss by relaxation to the CB edge that is inevitable
if injection occurs high in the CB. The injected electron delocalizes from
the surface to the bulk, simultaneously relaxing to the bottom of the CB by
coupling to vibrations. The electrons that return to or remain trapped at the
surface recombine with the positive charges residing on the chromophore
and with the electrolyte mediator.

electrode or whether it will short circuit the cell (z,) by
recombining with the positive charge remaining on the chro-
mophore after the injection or by transferring onto the electrolyte
mediator. The mediator is located near the surface, since it brings
electrons from the counter electrode in order to regenerate the
neutral chromophore.

Clearly, the relative yields and rates of these processes
influence the efficiency of the cell.""~!3 If the photoexcited
electron decays to a low-energy chromophore state on a faster
time scale than does the injection, or if the recombination at
the surface is faster than the delocalization into the bulk, there
will be very little current. Similarly, if an electron that has
already reached the bulk returns to the surface and recombines
with the chromophore or electrolyte, the current will be reduced.
It is also a concern that electron relaxation to the band edge
can decrease cell voltage. Developing a theoretical understanding
of each of these processes is vital to the efficient improvement
of solar devices. The electron injection is typically faster than
the intramolecular relaxation to the ground electronic state; the
latter rarely affects the cell performance. The role of the electron
back transfer (back-ET), however, is particularly important. The
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relaxation and delocalization of the electron within the TiO;
CB influence the back-ET rate and are also critical processes
to understand.

Many experimentalists have investigated these issues in dye—
TiO, systems by using time-resolved laser spectroscopies to
monitor the electron evolution in real time. A particularly large
body of work is devoted to the injection process.!’>28748-52.53
The back-ET in these systems has been studied to a lesser extent,
with the observed time scales ranging from subpicoseconds to
milliseconds 303343455055 The faster rates occur when the
diffusion into the bulk is limited, or when the electron is trapped
at the surface. In comparing the charge-transfer dynamics
in a catechol—TiO, nanoparticle system with those in the
Ti(catechol);*~ complex in solution, Lian and co-workers®
observed a 200 fs back-ET process in the latter and a
multicomponent back-ET process in the former. They attributed
the fast 400 fs component that they observed with the nano-
particle system to electrons trapped at or near the initial Ti
centers and the slow components to trapped states farther away.
The time-resolved experiments of Ramakrishna et al., performed
with the ruthenium—polypyridyl complexes strongly coupled
to TiO, nanoparticles,’! indicated that 30% of the injected
electrons recombined with a time constant of less than 2 ps.
The fastest back-ET component observed by the same group
with quinizarin-sensitized TiO, was 600 fs, indicating that the
charge separation lasts longer in the ruthenium-based systems
than in organic dye-sensitized TiO, nanoparticles with similar
dye—semiconductor interactions.’**° By comparing the back-
ET dynamics involving ruthenium bipyridyl and porphyrin
sensitizer dyes, Trachibana et al. concluded that the multiex-
ponential nature of the recombination kinetics is not associated
with properties of the sensitizer dye, but rather with heteroge-
neities and trap states in the TiO, film.*

Wachtveitl and co-workers3273* studied the back-ET in the
alizarin/TiO, system, as well as alizarin/ZrO;. In the TiO,
system, which is the subject of our current work, they found
multiphasic recombination dynamics within a wide range of time
scales from 400 fs to nanoseconds. They tested the role of
surface trap states by analyzing the dynamics in alizarin/ZrO,.
The bottom of the ZrO, CB is about 1.3 eV higher than the CB
in TiO,, and the excited state of the alizarin molecule is
significantly below the ZrO, band edge. Following an ultrafast
transfer from the chromophore to the surface trap states that
occurred within less than 100 fs, the electron was unable to
delocalize into the bulk, and it transferred back onto the dye,
drastically enhancing the dye fluorescence.’> The repopulation
of the dye excited state took place within 450 fs; the subsequent
relaxation to the ground state took 160 ps. Recently,* the
Wachtveitl group studied injection and back-ET in the alizarin/
TiO, system at a range of pH values. The pH change was
enough to move the CB edge by 0.42 eV, and at higher pH the
excited electrons were forced to inject into surface trap states;
the injection was ultrafast across the entire pH range; and the
back-ET showed multiphasic kinetics that depended on the
acidity of the solution. In all pH values ranging from 2 to 9,
the authors observed a picosecond back-ET component.

Electron back-transfer can also involve the cell electrolyte
mediator. In general, the role of the redox mediator in the Gritzel
cell is well-understood 3673 It takes an electron from the counter
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electrode and brings it to the chromophore, reducing it and
making it ready for the next photoexcitation/injection cycle. But
the mediator can also affect the cell performance negatively by
removing the photoexcited electron from the TiO, CB, causing
a short circuit. The dynamics of the ET from the mediator to
the chromophore and from TiO; to the mediator are harder to
study by laser techniques than is the chromophore—TiO, ET,
since the mediator is not chemically attached to its ET partners
and it diffuses in and out of the reaction region. The ET rates
involving the mediator should be very sensitive to the details
of the diffusion process, such as the fluctuation of the distance
to the chromophore or the semiconductor and the time spent in
their vicinity. The structure of the solvent surrounding the ET
reaction pair can play a critical role. Further complications may
arise because the mediator that has approached the chromophore
also lies in close proximity to the semiconductor.

The standard Gritzel cell uses the /I3~ redox pair electrolyte.
Wijayantha and co-workers have argued that the dye-regenera-
tion reaction involves 1,*~.7* The intensity dependence of the
electron lifetime that these authors observed was consistent with
a second-order ET mechanism, leading to the following chemical
scheme:

I, =L+1, K= 10~" mol-dm " in acetonitrile (1)
L+e=L", K,

disp

— k — —
2L 1 +1
k
L +e—20"

The disproportionation reaction competes with the direct ET.
The kinetics of both ET reactions involving I, neutral and I,*~
anion match the experimental results.

A deep understanding of the various processes involved in
interfacial charge transfer cannot be achieved without theoretical
modeling that helps to clarify the underlying mechanisms and
to interpret the experimental data. There are two different
strategies for modeling the interfacial ET in real time: in one,
fully quantum-mechanical electronic and vibrational dynamics
are investigated using a simplified model of the interface 343357761
and in the other, an explicit atomistic representation of the
interface is combined with quantum-classical or semiclassical
electron-vibrational dynamics.®*~7? Both strategies have their
advantages: simplified models allow the authors to systemati-
cally vary the model parameters and to study the influence of
various interface properties on the electron dynamics. Atomistic
simulations, on the other hand, can treat a much more realistic
interface, including the time-dependent geometric and electronic
structure of the chromophore, the surface, and the chromophore
surface binding.

In our previous work we performed ab initio time-domain
atomistic simulations and investigated the rates and mechanisms
of the electron injection.*~7> We found that there was a
competition between nonadiabatic (NA) and adiabatic types of
ultrafast transfer. Adiabatic ET is mediated by a strong coupling
between the chromophore and the semiconductor. During the
transfer, the electron remains in the same adiabatic (Born—

(74) Fisher, A. C; Peter, L. M.; Ponomarev, E. A.; Walter, A. B; Wijayantha,
K. G. U. J. Phys. Chem. B 2000, 104, 949.

Oppenheimer) state that changes its localization from the dye
to the semiconductor. In NA ET the electron quantum-
mechanically hops (tunnels) between adiabatic states. The NA
movement of charge from the dye to the semiconductor can
occur at any nuclear configuration and is particularly important
when the dye—semiconductor coupling is weak. The mechanism
responsible for ET is relevant because the optimal conditions
are in each case substantially different. NA transfer does not
require a strong donor—acceptor interaction but relies rather on
a high density of states (DOS) in the CB. Since a DOS grows
with energy,” an increase of the chromophore excited-state
energy relative to the CB edge will accelerate the NA transfer.
At the same time, the photoexcitation energy and solar cell
voltage will be lost due to the relaxation of the injected electron
to the bottom of the CB. In the event of NA ET it is also
important to minimize chromophore intramolecular vibrational
relaxation, which lowers the chromophore energy and thereby
the accessible DOS. The rate of NA ET will decrease expo-
nentially with the increasing distance between the donor and
acceptor species. Conversely, the adiabatic ET requires strong
donor—acceptor coupling but depends much less on the density
of acceptor states. Since adiabatic transfer requires an energy
fluctuation that can bring the system to the transition state, a
fast exchange of energy between vibrational modes of the
chromophore will increase the likelihood of adiabatic ET. We
found that in low-temperature simulations in which the photo-
excited state was well within the CB and the chromophore was
attached to the semiconductor via a carboxylic acid bridge, the
NA mechanism dominated.®> At room temperature,®®~7! the
adiabatic mechanism accounted for the majority of ET, both
for injection deep within the band occurring through the
carboxylic acid bridge and for injection at the band edge
occurring through a hydroxyl bridge. Unlike NA ET, which
requires a large DOS, adiabatic ET can occur on an ultrafast
time scale even at the band edge, where the DOS is much
smaller. This discovery has the potential to help in the design
of cells with higher voltages, since the voltage lost by the
electron relaxation in the CB will be much smaller 57 Our earlier
results also indicate that the delocalization of the electron from
the surface into the bulk takes on the order of 100 fs.%®

In this paper we expand on our earlier work®~7? and
investigate the relaxation of the injected electron inside the TiO,
CB, the back-ET from TiO, to alizarin, the transfer of the
electron from the surface to the electrolyte, and the regeneration
of the neutral chromophore. Following a description of our
theoretical approach,’! we consider the geometric and electronic
structure of the interface optimized at zero Kelvin, study thermal
fluctuations that substantially affect the interface electronic
structure and activate atomic vibrations, and then focus on each
relaxation process individually and as they occur in parallel.

2. Theory

This paper describes our real-time, fully atomistic simulations using
the mixed quantum-classical approach’! that combines time-dependent
(TD) density functional theory (DFT)7®"7 with surface hopping
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(SH)®~82 in the Kohn—Sham (KS) representation. The electrons are
treated quantum mechanically by many-body DFT, and the nuclei,
which are much heavier and slower, are treated classically. The
following three subsections describe the TDDFT and SH components
of the approach and provide simulation details.

2.1. Time-Dependent Kohn—Sham Theory for Electron—Nuclear
Dynamics. The electron density is the central quantity in DFT.7® It is
represented within the Kohn—Sham (KS) approach® by the sum of
the densities of the KS orbitals ¢,(x.f) that are occupied by N, electrons:

Ne

p(rp) =

n=

g 0l @)

The evolution of the electron density is derived by applying the TD
variational principle to the KS energy,

Elg,} = 2 (@, Kig) + 2 @, Vig) +

—ff

where the right-hand side consists of the kinetic energy, the electron—
nuclear attraction, the electron—electron Coulomb repulsion, and the
exchange-correlation energy functional. The TD variational principle
gives a set of single particle equations for the evolution of the KS
orbitals70~ 7

p(r' 1) p(r.1)

drd'r' + E {p} 3)
r—r|

9,,(x.1)

ih o =HrR,)) ¢,r), p=1,2,..,

N, 4

in which the Hamiltonian depends on time through the external potential
created by the vibrational motion of the nuclei. These equations are
coupled, since the DFT functional, H, is dependent on the total electron
density p(r.,f), eq 2.

The TD one-electron wavefunctions ¢,(r ) are expanded on the basis
of adiabatic KS orbitals @(r;R(7)) that we obtain by a time-independent
DFT calculation for the current atomic positions; this process will be
detailed below. In particular, the KS orbital that corresponds to the
photoexcited (PE) state is expanded as

Ppi(rt) = Z ¢.a(D) P R(0)) )

Inserting this equation into the TD KS eq 4 gives the evolution of the
expansion coefficients

9
e = Z clt) (0 + dy) ©

where ¢, is the energy of the adiabatic KS orbital &, and dj is the NA
coupling between orbitals j and k. Atomic motions produce the
parametric dependence of the adiabatic KS orbitals on time and
determine the NA coupling. We calculate dj numerically as the overlap
of orbitals j and k at sequential time steps®!

(77/<>
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2
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(80) Tully, J. C. J. Chem. Phys. 1990, 93, 1061.

(81) Hammes-Schiffer, S.; Tully, J. C. J. Chem. Phys. 1994, 101, 4657.
(82) Parandekar, P. V.; Tully, J. C. J. Chem. Phys. 2006, 122, 094102.
(83) Kohn, W.; Sham, L. J. Phys. Rev. 1965, 140, 1133.
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Using these values for the NA coupling, we propagate eq 4 with the
second-order differencing scheme® using a 1073 fs time step.

In order to use these equations to monitor the alizarin/TiO, system,
we make the following assumptions: First, in our TDDFT calculations
we apply the PW91 exchange-correlation functional 3> whose kernel is
independent of the frequency of the TD external potential. Frequency
dependent DFT kernels® are important for describing relatively large
density changes that result from electronic excitations. But since our
system is large, the excitation of a single electron has a relatively small
effect on the total electron density. This allows us to neglect the
frequency effects and assume that the time dependence of the kernel
arises solely as a result of the time dependence of the electron density,
which is smooth and driven by the external potential of the nuclei.
Second, we assume that the ET dynamics are well represented in the
single-electron orbital picture. This assumption is based on the following
facts: Both the linear-response TDDFT calculations and the configu-
ration interaction singles’ calculations indicate that the lowest energy
state in the alizarin—TiO, system is dominated by an electronic
transition from the highest occupied molecular orbital (HOMO) to a
virtual orbital that best matches the lowest unoccupied molecular orbital
(LUMO) of free alizarin. Therefore, we model the photoexcitation by
promoting an electron from the HOMO to this virtual orbital. Further,
we focus on the evolution of the single electron that is promoted by
the photoexcitation. It is this PE electron that determines the changes
in the total electron density that are reflected in the electron injection,
relaxation, and back-transfer. The other electrons, which are all in states
below the CB, can be ignored; with the exception of the electron in
the I,™ state, they have no empty states below them to transfer to, and
the empty states above them are too energetically distant. In particular
(see Figure 1) the valence band (VB) of TiO, is well below the HOMO
and virtual orbitals that represent the ground and excited states of
alizarin, and the second electron that remains in the HOMO can neither
relax down to the VB, which contains no empty orbitals, nor be excited
to the CB, since such excitation requires far more energy than is
available at room temperature. Analogous arguments apply to the states
of the redox mediator, which are sufficiently below the CB to make
upward transitions unlikely. In cases involving I,~, we treat the transfer
of the electron from the mediator to the chromophore HOMO separately
from the relaxation of the PE electron; the justification for this
separation is detailed in the results section.

2.2. Fewest Switching Surface Hopping. Fewest switches surface
hopping (FSSH) is a popular and well-tested approach to NA molecular
dynamics (MD). Designed® to account for chemical reaction branching
in condensed phase systems, FSSH satisfies detailed balance,*? which
ensures that the rates of the quantum transitions upward and downward
in energy are related through the Boltzmann factor. The detailed balance
condition leads to thermodynamics equilibrium and is essential for
studies of relaxation processes. FSSH can be viewed as a quantum
master equation where the electronic transition rates are dependent on
time and atomic coordinates. The explicit time dependence of the FSSH
transition probabilities properly accounts for the short-time behavior
of the electronic transition processes, which can lead to the quantum
Zeno and anti-Zeno effects.®’~% The dependence of the transition
probabilities on the atomic coordinates creates a correlation between
the nuclear and electronic dynamics. In comparison to FSSH, the
Ehrenfest approach,” which is one of the oldest and most straightfor-
ward NAMD methods, cannot be interpreted as a master equation. It
presents a coherent electronic evolution that can produce neither detailed
balance nor energy relaxation 829091

(84) Leforestier, C.; Bisseling, R. H.; Cerjan, C.; Feit, M. D.; Friesner, R.;
Guldberg, A.; Hammerich, A.; Jolicard, G.; Karrlein, W.; Meyer, H. D.;
Lipkin, N.; Roncero, O; Kosloff, R. J. Comput. Phys. 1991, 94, 59.
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(87) Prezhdo O. V.; Rossky, P. J. Phys. Rev. Lett. 1998, 81, 5294.
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Charge Relaxation/Recombination in Dye-Sensitized TiO,

ARTICLES

The probability of hopping from state j to state k during the time
step Ot is given in the FSSH by®

o) = 0 bLél 8
8;(1,01) = max ’ajj(t) (8)

where
ai (1) = ¢,(t) c(1) and

b= 2h"Im(ay (@, |H| §;)) — 2Re(ay; d,) 9)
If the calculated gj is negative, the hopping probability is set to zero;
a hop from state j to state k can occur only when the electronic
occupation of state j decreases and the occupation of state k increases.
Since we use an adiabatic KS representation, and the adiabatic KS
orbitals are eigenfunctions of H, the imaginary term in eq 9 vanishes.
In the standard formulation of FSSH, the nuclear velocities are rescaled
after a hop to conserve the total energy of electrons and nuclei 88! If
the kinetic energy available to the nuclei along the direction of the NA
coupling is insufficient to accommodate an increase in the electronic
energy, the hop is rejected. The hop rejection is responsible for detailed
balance between upward and downward transitions.®?

The current, simplified implementation of FSSH makes the assump-
tion that the energy exchanged between the electronic and vibrational
degrees of freedom during the hop is rapidly redistributed among all
vibrational modes. Under this assumption, the distribution of energy
in the vibrational modes is Boltzmann at all times, and the velocity
rescaling plus hop rejection can be replaced by multiplying the
probability (8) for transitions upward in energy by the Boltzmann factor.
This simplification significantly increases the computational efficiency
of the method and allows us to use the ground state atomic trajectory
in order to determine the TD potential that drives the electron dynamics,
eq 6.

2.3. Simulation Details. In order to capture all of the important
processes—the electron injection from the dye to the CB; the relaxation
in the CB; the back-ET from the TiO, surface to the dye; and the ET
involving the mediator—we functionalize the surface to produce four
different systems: (a) alizarin/TiO»; (b) L/TiO»; (3) I,7/TiO,; and (4)
alizarin/I,"/TiO, (Figure 2). The simulation cells contain a slab of TiO,
that is five layers thick, with the bottom two layers frozen in the bulk
configuration. Both surfaces are terminated by hydroxyl groups, which
are attached to the titaniums, and by hydrogens, which are attached to
the bridging oxygens.?? Periodic boundary conditions create an array
of slabs, but a vacuum above each surface keeps the slabs from
interacting with each other. This structure results in a cell with the
dimensions 9.3 x 9.3 x 30 A%, The electronic properties of the systems
are calculated by DFT with the VASP code.?** The periodic boundary
conditions and plane wave basis sets that are used in the code are
especially effective for semiconductors and other extended periodic
systems. The core electrons are simulated using the Vanderbilt
pseudopotentials,” and only the valence electrons are treated explicitly.

The assembled structures of the chromophore and redox mediator
on the TiO, surface are optimized at zero Kelvin first, and then are
brought to equilibrium at ambient temperature by repeated velocity
rescaling. A 1 fs MD time step is used for both equilibration and the
subsequent production runs. Upon equilibration, an adiabatic ground
state trajectory is generated in the microcanonical ensemble. The
adiabatic state energies and NA couplings are computed for each of
the steps of the production run. Multiple configurations are harvested

(90) Horsfield, A. P.; Bowler, D. R.; Fisher, A. J.; Todorov, T. N.; Sanchez, C.
G. J. Phys.: Condens. Matter 2004, 16, 8251.

(91) Prezhdo, O. V. Theor. Chem. Acc. 2006, 116, 206.

(92) Zhang, Z., et al. Langmuir 2004, 20, 4954.

(93) Kresse, G.; Furthmiiller, J. Comput. Mater. Sci. 1996, 6, 15.

(94) Kresse, G.; Furthmiiller, J. Phys. Rev. B 1996, 54, 11169.

(95) Vanderbilt, D. Phys. Rev. B 1990, 41, 7892.
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Figure 2. Simulations cells showing the optimized geometries of the
alizarin/TiO,, I /TiOs, I,7/TiO;, and alizarin/I, /TiO, systems. The atoms
are denoted as follows: Ti, large gray; O, red; C, black; H, white; I, larger
purple. The dangling bonds of the TiO, surface are saturated by H* and
OH™ groups, as expected in solution or ambient humidity. Alizarin attaches
to the semiconductor through Ti—O chemical bonds created between the
surface and the chromophore by loss of a water molecule. Neutral I, also
replaces a surface water molecule. I, is weakly bound and dissociates off
the surface upon heating to room temperature. The I~ anion replaces OH™
but is too big to fit within the space vacated by the hydroxyl group. I,~
stays bound to the positively charged surface hydrogens and leans toward
the surface in order to maximize the electrostatic interaction of the surface
with both iodine atoms. The arrows in the inserts in parts (b) and (c) indicate
the surface atoms that are most strongly interacting with the iodines. The
I~ anion is placed close to the alizarin molecule in the combined alizarin/
I~ system, as expected when the electron injection creates positively
charged alizarin.

from the production run and are used as initial configurations of the
system at the time of the photoexcitation. For each configuration in
systems with alizarin the KS orbital corresponding to the photoexcited
state is chosen by selecting the adiabatic state with the largest
localization in the portion of the simulation cell that is occupied by
the dye. The selection of the initial state in the I,7/TiO, system without
the chromophore (Figure 2c) is detailed in the results section. An
electron is promoted from an occupied orbital to the PE state orbital,
and an NAMD run is initiated.

3. Results and Discussion

The ab initio time-domain simulations of the photoinduced
electron dynamics at the chromophore—semiconductor interface,
both with and without the redox mediator, create a detailed real-
time atomistic picture of the charge transfer and relaxation
processes. The following discussion emphasizes several issues
that are related to the electron dynamics: the geometric structure
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of the interface; the differences in the interface electronic
structure at 0 K and at room temperature; the relaxation of the
electron inside the TiO, CB; the back-ET onto the dye and the
redox mediator in systems with only the dye, in systems with
only the mediator, and in systems with both species; and the
ET from the mediator to the dye.

3.1. Geometric Structure of the Chromophore—Semicon-
ductor Interface in the Presence of the Redox Mediator. The
position and orientation of the chromophore and redox mediator
relative to the TiO, surface determine the strength of the
interfacial interactions and, therefore, the rates and yields of
the ET processes. Alizarin molecules bind to TiO, through the
interaction of electron pairs on the hydroxyl oxygens in alizarin
with the d-orbitals of Ti atoms (Figure 2a). The feasible binding
motifs include molecular adsorption and chemical binding
through one Ti—O bond, through two Ti—O bonds directed at
a single Ti atom or two separate ones, as well as a number of
possibilities involving tautomerism and hydrogen migration in
alizarin. Among these motifs, the most stable geometry corre-
sponds to the bidentate structure that has two chemical bonds
directed to the same surface titanium. This conclusion follows
from the ab initio molecular orbital and DFT studies by
Thurnauer’s group’® on the related catechol molecule. The
alizarin tautomeric structures associated with hydrogen migration
between the hydroxyl and the carboxyl group are not possible
with catechol; however, the tautomerism destabilizes the mo-
lecular sz-system and requires additional energy. The present
study uses bidentate binding (Figure 2). The bonds are formed
by the loss of a water molecule from the saturated surface
(Scheme 1). The redox mediator can accept the electron from
the TiO, surface in both neutral I, and ionic I~ forms following
the reaction shown in Scheme 1. In order to closely approach
the surface, the I, molecule must displace a water molecule
(Scheme 2), keeping the overall system neutral. Since the
titanium atoms are more deeply buried below the surface than
are the oxygen atoms, the I, molecule has a better chance of
interacting with the oxygens (Figure 2b). Indeed, the iodine that
is closest to the surface is located 2.50 A from the bridging

(96) Redfern, P. C.; Zapol, P.; Curtiss, L. A.; Rajh, T; Thurnauer, M. C. J.
Phys. Chem. B 2003, 107, 11419.
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oxygen from which the hydrogen was removed to form the water
molecule—black 3 arrow in Figure 2b insert—and 3.21 A from
the titanium that is missing the hydroxyl group—green 2 arrow.
The I,—surface interaction is further enhanced by a hydroxyl
group hydrogen that is 2.53 A from the iodine atom—blue 1
arrow. The I—1I distance is 2.80 A, and the bond axis is pointed
toward the oxygen. The iodine atom that is farther from the
surface is tilted in the direction of the titanium, making an angle
of around 50° between the I—1I bond and the surface.

The anionic form of the mediator I~ reaches the surface by
replacing a hydroxyl group (Scheme 3). Here the I—I distance
is 325 A (Figure 2c), substantially longer than in neutral I,.
This increase is to be expected, since the extra electron occupies
a st antibonding orbital. The distance to the closest titanium,
the one with the missing hydroxyl group, is 3.36 A—green 4
arrow in Figure 2c¢ insert—which is larger than that for neutral
I,. The stronger interaction between I,~ and the surface is
facilitated by the surface hydrogens; the iodine atom closest to
the surface simultaneously interacts with three separate hydro-
gens: the one connected to the bridging oxygen—2.43 A, black
3 arrow—and two from surface bound hydroxyl groups—2.75
A, brown 5 arrow and 2.88 A, blue 1 arrow. The I—1 bond is
substantially tilted toward the surface, such that the iodine atom
that is farther from the surface is close to two hydroxyl
hydrogens—2.46 A, orange 2 arrow—and 2.64 A, not marked,
since it is in the neighboring image of the simulation cell. The
closer one is attached to the Ti with the missing hydroxyl group.
The association of I,~ with the hydrogens on the surface is to
be expected, since the I, molecule is too big to fit inside the
space vacated by the hydroxyl group, and since the I,™ negative
charge interacts with the partial positive charges of the
hydrogens.

In the combined system, I,~ interacts with both the TiO,
surface and alizarin (Figure 2d). The I—1I bond is 3.23 A, which
is similar to the bond length in the I, that is attached to the
bare surface (Figure 2¢). The distance between the iodine atom
that is closest to the surface and the titanium atom that is missing
the hydroxyl group is 3.28 A. The closest hydrogen attached to
a bridging oxygen is 3.46 A away from I,~. Again, two hydroxyl
hydrogens have close associations with the surface iodine, 2.44
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Figure 3. Energy diagrams involving the key states in the alizarin/TiO,,
1,/TiO,, I,7/TiO;, and alizarin/I, /TiO; systems with optimized geometries,
Figure 2. The doubly and singly occupied and vacant states are denoted by
red, green, and blue bars (gray, light gray, and black in black-and-white),
respectively. The alizarin excited-state is located slightly below the TiO,
CB, while the alizarin ground state is well inside the band gap and is closer
to the TiO, VB. The lowest energy vacant state of I,-neutral is also slightly
below the TiO, CB edge, while the I, ground state is inside the VB. The
I, anion singly occupied state is in the middle of the TiO; band gap. The
TiO; surface state energies are notably perturbed in the combined system,
such that the CB edge moves down, closer to the alizarin excited state.
Room-temperature fluctuations in the atomic coordinates have a significant
effect on the state energies, as illustrated below in Figure 6.

A and 2.98 A. The iodine that is farther away is associated with
hydrogens from surface hydroxyl groups; the distances are 2.39
A and 2.67 A. The interaction between I~ and alizarin occurs
through the upper iodine atom, which is attracted by the
positively charged chromophore hydrogens and approaches
within 3.24 A of them.

3.2. Electronic Structure of the Interface at 0 K. The
electron injection, relaxation, and back-transfer dynamics depend
on the energies of the electronic states and the coupling between
the donor and acceptor levels. The strength of the coupling is
directly reflected by the amount of mixing between the donor
and acceptor orbitals. The energies of the electronic states for
the four interfacial systems in their optimal geometric structures
(Figure 2) are presented in Figure 3. Note that the TiO, CB
edge is at slightly different positions in each system. While
further calculations could determine the common zero point,
we were interested only in the relative energies within each sys-
tem, since the relative energies are what determine the electron
dynamics. The calculated energy gaps are notably smaller than
the experimental values; in the I,7/TiO, system the calculated
TiO, band gap is 2.1 eV, and in the combined system the energy
difference between the alizarin HOMO and LUMO is 1.31 eV,
while the experimental values are 3.2 eV for bulk TiO, and
2.46 eV for the alizarin first excitation energy > This is expected
with Kohn—Sham energy gaps and DFT functionals that do not
include exact exchange interaction. Since the evolution of the
PE electron depends on the relative state energies, these errors
could potentially give us overly fast transfer times. We address
this issue by comparing the time scales of electron relaxation
and back transfer in systems with these artificially small energy
gaps, as well as in systems where the energy gaps have been
changed to match the experimental values.

The excitation energies can be evaluated more rigorously
when using the same set of KS orbitals by promoting an electron

between the corresponding pair of orbitals, computing the total
energy of the system with the promoted electron, and subtracting
the total ground state energy. This procedure gives better
agreement with experiment, in particular the calculated TiO,
band gap, which in I,7/TiO; is 2.58 eV, while the alizarin first
excitation energy in the combined system is 1.54 eV. Although
the more rigorous approach improves the energies, it requires
an additional calculation for each of the 40 excited states and
is therefore not computationally feasible to perform over a
several picosecond MD trajectory. The NA coupling between
the many-electron states that produce the total energies are
determined by the NA coupling between the corresponding pair
of orbitals.”! Therefore, the values of the coupling are computed
at the same level of rigor as the total energies. Since the
excessive computational cost make it impractical to obtain the
total energy differences, we chose to scale the energy gaps based
on the experimental data, as described below.

In comparing the electronic structure of the I, /TiO; and 1,7/
TiO; systems, we note that the singly occupied I, orbital that
accepts the PE electron from the semiconductor is lower in
energy than the corresponding vacant orbital of neutral I,. This
is because the I~ orbital already contains an electron, which
lowers its energy. Additional stabilization takes place by the
interaction of I~ with a number of positively charged surface
hydrogens. In the system with just alizarin, the alizarin excited
state is located slightly below the TiO, CB, while the alizarin
ground state is well inside the band gap and is closer to the
TiO, VB. Whether or not the first excited state of alizarin is
just below or just above the edge of the TiO, CB has not been
determined unambiguously. Calculations using different DFT
functionals produce a range of results 5270 while the experimental
red shift>? of the spectrum of surface-bound alizarin relative to
free alizarin indicates only that there are significantly more TiO,
states above than below the alizarin excited state. The experi-
mentally observed®® efficient electron injection from alizarin
into TiO,, together with the strong chromophore—semiconductor
coupling and the predominantly adiabatic injection mecha-
nism,®’:%8 show that the alizarin excited state is within kg7 of
the TiO, CB at room temperature.

Including both alizarin and I, ™ in the combined system affects
the states for both surface-bound species; the I,~ state moves
closer to the CB, and while the alizarin HOMO—LUMO gap
remains the same, both alizarin states are also pushed upward
relative to the CB. By bringing the energies of the adsorbed
species close to the CB, this cooperativity effect can be expected
to speed up the electron injection from alizarin to TiO,, the
back-ET from TiO, to alizarin, and the ET from TiO, to the
redox mediator. Since all of the systems have a net zero charge,
the effect is real, rather than due to some spurious charge that
is built up in the simulation cell.

As we have discussed in previous articles®’ 8 the HOMO and
LUMO orbitals of the alizarin/TiO, system in the optimized
structure do not mix appreciably with the semiconductor states,
because they are in the TiO, band gap (Figure 4). They are,
therefore, very similar to the orbitals for free alizarin and lead
to very similar optical excitation energies.”” The HOMO and
LUMO of alizarin as computed by DFT are also very similar
to the corresponding Hartree—Fock orbitals,”® which have a
better defined physical interpretation and a more rigorous
relationship to the optical excitation energies.”” The HOMO is
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Figure 4. HOMO and LUMO of the alizarin/TiO, and LUMO of the
combined alizarin/I,/TiO, system. The top part of each panel shows the
electron density, while the bottom part depicts the projection of the density
onto the normal to the surface. The s-electron HOMO and s*-electron
LUMO of bound alizarin are very similar to the free alizarin HOMO and
LUMO because the dye states are in the semiconductor band gap, Figure
3, and do not mix appreciably with the TiO, states. The LUMO in the
system that includes both alizarin and I~ is also similar to the free dye
orbital. However, there is a significant amount of mixing with the TiO,
CB states that are formed by Ti d-orbitals, as should be expected due to
the energetic proximity of the alizarin excited state to the TiO, CB.

a 7t orbital localized toward the hydroxyl end of the molecule
with a small amount of density on the surface titanium to which
the dye is attached. The LUMO is evenly delocalized over the
molecule, again with a very small amount on the semiconductor
surface. Even though the orbitals obtained for the optimized
geometry are well localized on the dye, the degree of delocal-
ization onto the surface changes during the course of the
dynamics simulations, since thermal fluctuations can move the
orbital into the CB, where it spreads over a series of CB states.
In the I, /alizarin system, the alizarin LUMO state is already
relatively delocalized into the TiO; slab, even in the geometry-
optimized configuration, since the alizarin LUMO is pushed
into the CB. The semiconductor states with which it mixes are
made up of Ti d-orbitals. The integrated charge density that is
shown below the orbital has two peaks for the second and fourth

(97) Szabo, A; Ostlund, N. S. Modern Quantum Chemsitry, 1st revised ed.;
McGraw-Hill, Inc.: New York, 1989.
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titanium layers because of the alternating orientation of the
orbitals that maximizes their overlap.

The combined system also exhibits more interaction between
the I, state and the semiconductor than that in I,7/TiO, (Figure
5). This can be seen from the fact that there is more density on
the surface near the I, in the combined system. The integration
of the charge density also shows a shift of density toward the
surface along the I—1I bond.

3.3. Electronic Structure of the Interface at Room Tem-
perature. The thermal energy of vibrational motion has a
dramatic effect on the electronic and even on the geometric
structure of the interface at room temperature. First, the binding
energy between neutral I, and the TiO, surface is smaller than
kgT, and as a result, the I, molecule dissociates from the surface.
At the same time, the I, state energy, which is close to the CB
when I, is attached to the surface, drifts downward, away from
the CB edge. Second, thermal fluctuations in the atomic
positions increase the energies of the alizarin excited state and
of the I, orbital that accepts the electron, relative to the CB
edge; compare Figure 6 with Figure 3. The effect is surprising,
since a priori one can expect fluctuations around the zero
temperature values, and can be rationalized by considering the
qualitative dependence of the electronic state energies on the
atomic coordinates. The energies are at their lowest in the opti-
mized geometry and tend to increase due to thermal distortions
of the optimized geometry. Since the TiO states are delocalized
over many atoms, they are less sensitive to the displacement of
the atoms than the I, I,~, and alizarin states, which are localized
over a finite number of atoms. Therefore, thermal vibrational
fluctuations do not appreciably affect the TiO, CB but do raise
the energy of the molecular electronic states.

The increase of the alizarin and of the I, state energies has
important implications for the electron dynamics. The alizarin
state is now inside the CB more often, and therefore, it has a
chance to interact and mix with the TiO; states, increasing the
degree of delocalization of the PE state onto the semiconductor.
The thermal oscillations of the alizarin state energy move this
state across the CB edge and dictate the injection dynamics.®0~8
The approach of the I,” state energy to the edge of the TiO,
CB can be expected to facilitate ET onto the mediator. The state
energy fluctuation of I, is slower than that of alizarin, 400 fs
vs 50 fs, and proceeds with a large amplitude, about 0.5 eV. In
the combined system, instead of moving closer to the CB, the
I~ state moves further away. In all cases, the thermal fluctua-
tions have a much smaller effect on the TiO, states, as is
expected for orbitals that are delocalized over a large volume.

3.4. Vibrational Motions Driving Electron Dynamics. The
frequencies of the atomic vibrations that determine the oscil-
lations of the electronic energies are detailed in Figure 7, which
shows the spectral densities—the Fourier Transforms (FTs) of
the autocorrelation functions—for the PE state—HOMO(alizarin)
gap in alizarin/TiO,, the CB edge—HOMO(alizarin) gap in
alizarin/TiO,, the CB edge—HOMO(I, ™) gap in I,7/TiO,, and
the HOMO(I,7)—HOMO-1(alizarin) gap in alizarin/I, /TiO5.
The alizarin PE state—HOMO gap fluctuations reflect the
vibrations that participate in the intramolecular relaxation. They
have a stronger dependence on the higher frequency C—C
stretches and bends than do the fluctuations of the PE state
energy alone, which influence the injection process.®® The
difference in energy between the two states has a stronger
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Figure 5. HOMO of the I,7/TiO, and alizarin/I,"/TiO, systems. The top part of each panel shows the electron density, while the bottom part depicts the
projection of the density onto the normal to the surface. The HOMOs are formed by p-electrons of the iodine atoms. The density is higher on the outside
iodine atom in the I,7/TiO, system and on the inside iodine atom in the combined system, as evidenced by the density projections. The I~ state of the

combined system shows more mixing with the TiO, surface states.

oscillation at higher frequencies than does either state alone,
and it has weaker oscillations at lower frequencies than the
individual states because the energy fluctuations of the PE state
and the HOMO are more out of phase for high-frequency
motions than they are for low-frequency motions.

In general, the fluctuations of the CB edge—alizarin HOMO
energy gap reflect the vibrations that participate in back-ET to
the chromophore. Because the TiO, state energy oscillations
are so small relative to alizarin’s, the FT of the CB edge—
alizarin HOMO energy gap essentially represents a single state
energy fluctuation; it is very similar to the spectral density of
the alizarin HOMO state, which is not shown in the figure. It
is also much more similar to the PE state FT than it is to the
alizarin PE state—HOMO gap FT; the dominant frequencies are
at midrange energies with the largest peak corresponding to 690
cm™!. These midrange frequencies dominate because the alizarin
HOMO state is more delocalized across the dye than the PE
state, which occupies only a third of the chromophore. In the
alizarin system, the PE state is often below the CB edge, and
therefore the fluctuations of the PE state—HOMO gap also play
a role in the back-ET to the dye. There are fewer midrange
frequencies present, but high-energy and low-energy oscillations
have large amplitudes.

The spectral density of the CB edge—HOMO(I,™) gap in I,/
TiOy, third panel in Figure 7, highlights the vibrations that play
an active part in the ET from the semiconductor to the
electrolyte. The only significant peaks are at frequencies below
100 cm ~! and are due to I,~ bends relative to the surface and
the I—1 stretch.”® The largest peak at 85 cm™! corresponds to
the 400 fs oscillation in the I,~ energy, which is prominent in

(98) Zanni, M. T.; Greenblatt, B. J; Neumark, D. M. J. Chem. Phys. 1998, 109,
9648.

the trajectory shown in Figure 6b and is due to the I~ stretching
mode. In comparing the back-ET from TiO, to the chromophore,
the CB edge—alizarin HOMO gap FT, and the electrolyte to
the chromophore, the CBedge—HOMO(,”) gap FT, one
observes that the back-ET to the electrolyte is promoted by much
slower modes. Therefore, one may expect that the NA coupling
between the TiO, and I,~ states should be weaker than that
between TiO, and alizarin. In either case, vibrations of the
semiconductor have little influence on the relevant energy gaps,
since the TiO; electronic states are delocalized over many atoms
and the electron—phonon coupling in bulk TiO, is weak. Note
that, in contrast to the bulk modes, the surface hydroxyl groups
can play an important role in the ET. Our earlier studies of the
electron injection®® showed that the hydroxyl modes modulate
the localization of the PE state and therefore change the electron
donor—acceptor coupling.

When considering the ET between the electrolyte mediator
and the chromophore, one wonders whether the low-frequency
I,™ modes or the high frequency alizarin vibrations are more
important. Interestingly, the HOMO(I,”)—HOMO-1(alizarin)
energy gap in the alizarin/I,~/TiO; system is much more strongly
modulated by the slow I~ vibrations (bottom panel of Figure
7). The alizarin peaks are visible, but they are very small. The
electronic state localization argument applies here as well. The
I, state localized over only two atoms is much more sensitive
to the interatomic distances than the alizarin state that spreads
over 18 carbon and oxygen atoms (Figure 4).

Lower frequency motions of the chromophore molecule are
generally more important than the high-frequency modes. The
lower frequency modes induce larger scale changes in the
geometric structure and, therefore, are able to affect the energies
of the delocalized molecular orbitals more strongly. This
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Figure 6. Evolution of the state energies in the alizarin/TiO,, I,7/TiO,,
and alizarin/I, /TiO, systems. Distortions in the optimal geometries, Figure
2, caused by thermal fluctuations have a significant effect on the state
energies, compared to the corresponding values at zero temperature, Figure
3. The TiO; states are affected least, as expected for delocalized states in
a large system. Both alizarin and I, states exhibit significant energy
fluctuations. The alizarin excited state often crosses into the TiO, CB, while
the I~ state closely approaches the band.

observation is true even for the PE state—HOMO(alizarin) gap
that is primarily determined by the chromophore alone and,
therefore, depends only on intramolecular vibrations, top panel
of Figure 7. Additionally, intermolecular vibrations involving
alizarin appear in the dynamics of the electron injection,®®
recombination, and transfer from the electrolyte to the chro-
mophore. Figure 8 shows a bending mode of alizarin with
respect to the TiO, surface in the combined system. This
substantial movement of the chromophore has the potential to
significantly change the nature of the alizarin/TiO, and alizarin/
I,™ interactions, again showing the need to include dynamics
in the characterization of a system’s properties.

3.5. Electronic Relaxation Inside the TiO, CB. Following
the photoinduced electron injection from a chromophore to the
TiO, CB, which we studied in our previous work,%~72 the
injected electron relaxes to the bottom of the CB. This process
is detailed in Figure 9, using the I,7/TiO, simulation cell (Figure
2) and restricting the electron dynamics to the TiO, CB states.
While in the alizarin/TiO; system the electron injection occurs
near the bottom of the CB, and the intraband electron relaxation
is not needed; in the majority of dye-sensitized semiconductor
systems the electron is injected well inside the CB. Part (a) of
Figure 9 shows the DOS of the TiO, CB, with the arrows indi-
cating the four different electron injection energies considered
in the present study. The blue arrow 4 corresponds to the band
edge where alizarin typically injects, while the other three arrows
represent hypothetical chromophores injecting around the DOS
local maxima. The insert in Figure 9a gives the hopping
probability distribution as a function of the energy difference
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Figure 7. Fourier transforms of the autocorrelations of the following energy
gaps, from top to bottom: PE state—HOMO(alizarin) in alizarin/TiO,, CB
edge—HOMO(alizarin) gap in alizarin/TiO,, CB edge—HOMO(I,™) in I,/
TiO,, and HOMO(I,")—HOMO-1(alizarin) in alizarin/I,"/TiO;. The fre-
quencies identify the vibrations that facilitate the electron back-transfer.
The back-transfer from TiO, to alizarin occurs by coupling to high- and
low-frequency modes, while the back-transfer to I,™ occurs by coupling
only to low-frequency modes. Both types of modes are available during
the transfer between alizarin and I, but the low-frequency modes of I~
dominate. The large amplitude seen with the I~ modes agrees with the
substantial fluctuation of the I, energies in parts (b) and (c) in Figure 6.

between the initial and final states. The data shows that many
hops induce small energy changes; some hops occur upward in
energy, and large negative hops make a strong contribution to
the energy relaxation.

Figure 9b shows the population of the CB edge as a function
of time for the different injection energies that are shown in
part (a). The data indicate that the movement of charge to the
band edge happens at approximately the same rate regardless
of the position of the PE state. This supports the idea that
transfers between energetically separated states make a contribu-
tion to the movement of the electron downward through the
band; otherwise the HOMO population rise would be faster for
PE states low in the band (green 3) than for those high in the
band (black 1). The fast transfer from the upper regions of the
DOS to the band edge is due to the fact that there are states
throughout the CB that have large spatial overlaps with the band
edge states. Because the DOS is larger at higher energies, the
transfer between the high energy states is fast, and one of the
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Figure 8. Two different positions of alizarin in the alizarin/I,/TiO; system
illustrating the extent of the thermally induced fluctuations modulating the
electronic state energies, Figure 6. The atoms are denoted the same as those
in Figure 2.

states with strong coupling to the band edge is usually populated
quite quickly. Since there are a number of states close to each
other in energy at the bottom of the band, the relaxation creates
a quasi-equilibrium set of populations of these states, corre-
sponding to room temperature. This quasi-equilibrium is
responsible for the large fluctuations in the band edge population
that persist after 300 fs. Larger numbers of initial conditions
and SH trajectories lead to better averaging and smoother band
edge populations. In the presence of electron harvesters, such
as a chromophore or an electrolyte, the electron can relax further,
and the population of the band edge state will decrease. This
process is considered in the later sections.

The movement of the electron immediately after injection is
detailed in part (c) of Figure 9. Shown are the evolution of the
populations of the PE state and its nearest neighbors up (+1)
and down (—1, —2) in energy. As represented by the simulation

cell, these states are separated from each other by about 10 meV.
As the PE state occupation decreases, the occupation of the state
below it, PE state-1, increases; the occupation of the state above
it, PE state+1, increases as well, but not as much due to the
Boltzmann factor. The population of the state that is two states
below, PE state-2, also increases. It reaches a maximum after
PE state-1, indicating that some transfer to PE state-2 occurs
through PE state-1. But since its maximum is much smaller,
almost by a factor of 2, there is substantial transfer from PE
state-1 to lower states that bypasses PE state-2. It is possible
that the transfer from PE state-2 to PE state-3 is faster than the
transfer from PE state-1 to PE state-2, and that is why the
maximum is smaller, but this pattern of smaller occupation
bumps is seen for each successive state; this is additional strong
evidence for the importance of transfers between energetically
separated states.

Interestingly, the CB edge state population increases faster
than the CB edge+1 and CB edge+2 state populations (Figure
9d). This suggests that a fraction of the electrons are transferring
to the edge state and then moving upward in energy to the
neighboring states.

3.6. Electron Recombination with Electrolyte. The presence
of the I, species does not significantly affect the initial stages
of the electron relaxation inside the TiO, CB (cf. Figures 9 and
10). The DOS of the combined I,7/TiO, system shown in part
(a) of Figure 10 contains a new component originating from
the I,™ state (see also Figures 3 and 6), but only at low energies.
The transfer of the electron between the band states directly
after injection from the PE state is almost exactly the same
(Figure 10c) which is to be expected, since the two simulations
differ only in the presence of the I, state below the band edge.
A minor difference during the initial time period is seen in the
population of the lowest energy states in each system. The CB
edge in the system with no I, is populated at a slightly faster
rate than the population rate of the I, state in the other system.
There is no obvious relationship between the rate increase of
the population of the I, state (Figure 10b) and the position of
the PE state in the CB (Figure 10a). In each case it is populated
by an exponential time constant of approximately 190 fs.

The longer time dynamics with and without I,” differ
significantly however (Figure 10d) since the electron leaves the
CB and transfers onto the electrolyte mediator. The CB edge
state is populated only transiently. The buildup of the electron
density at the CB edge is appreciable, about 20% (this is due
to the fact that the transition from the edge state to the I, state
is not as fast as the transitions between the neighboring
semiconductor states), but this buildup is short-lived. Eventually
the electron moves to the I, state, which is far enough below
the CB that the Boltzmann factor makes upward transitions very
unlikely. This is why the I, state population approaches 1, part
(b), and the edge populations decrease to 0, part (d). Note that
the I,~ population rises substantially even before the CB edge
state reaches its maximum, part (d). This is because there are
transitions from states higher in the CB directly to the I, state.

As discussed above, the energy differences between the KS
orbitals in the DFT calculations seriously underestimate the size
of the gaps between the states. In particular, the experimental®
redox potential of the I7/Is~ mediator is 0.5 eV lower relative
to the TiO, CB than the gap between the TiO, band edge and
I~ orbitals reported in Figure 3. In order to test the significance
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Figure 9. Electron relaxation in the TiO, CB following electron injection at different energies; see Figure 1. (a) Density of states for the CB; the arrows
mark the electron injection energies; the insert plots hopping probability as a function of hop energy. Hops down in energy are more probable than hops up
in energy, causing overall energy relaxation. (b) Dynamics of the population of the lowest energy CB state for different injection energies, specified by the
arrows in part (a). Line 4 describes the situation, in which the electron is injected to the CB state. Nearly independent of the injection energy, electrons reach
the band edge within 100 fs and are distributed among several band edge states with Boltzmann probabilities. (¢ and d) Short and long time dynamics of the
populations of states near the photoexcited (PE) and CB edge states after the high energy injection described by arrow 1 in part (a). The injected electron
spreads over many states, relaxes down in energy, and eventually localizes at the CB edge.
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Figure 10. Electron relaxation in the I, /TiO, system. (a—d) Analogous to the corresponding parts in Figure 9. The differences arise due to the presence
of the I~ state located inside the TiO, band gap; see Figures 3 and 6. Notice the extra density of states in part (a) below —5.5 eV. The I, state is populated
by 90% or more within 0.5 ps independent of the injection energy. The time constant shown in part (b) is derived from the exponential fit of the data.

of the discrepancy between the experimental and theoretical
energy gaps, we shifted the I, state energy down by 0.5 eV in
the I,7/TiO, system and repeated the calculations. In this case,
the repopulation of the I, state time scale increased from 190
to 230 fs and none of the above conclusions changed. Either
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result indicates that the electrolyte can efficiently scavenger the
photoinjected electron, provided that both the electron and the
electrolyte mediator approach each other near the TiO, surface.

3.7. Back-ET to the Dye. The rate of the back-ET from the
TiO, surface to the alizarin chromophore is reported in Figure
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Figure 11. Electron relaxation in the alizarin systems. (a) Population
dynamics of the photoexcited electron in the alizarin/TiO; system. Initially,
the electron occupies the alizarin excited state, which is the system’s LUMO
70% of the time, the system’s LUMO-+1 10% of the time, etc.; see Figure
6. The electron relaxes to the alizarin ground state on the 660 fs time scale,
as determined by the exponential fit of the alizarin ground state population.
(b) Population dynamics of the photoexcited electron in the alizarin/I,”/
TiO, system. As in part (a), the electron occupies the alizarin excited state
at time zero. The I, state is energetically between the alizarin ground state
and the TiO, CB (see Figures 3 and 6) and actively participates in the
relaxation. The electron reaches the alizarin ground state on the 590 fs time
scale, slightly faster than in the absence of I,”. (c) Regeneration of the
neutral dye by electron transfer from the I,~ redox mediator to alizarin.
The rate of the dye regeneration is strongly dependent on the dye—I,~
distance, which is not fixed by chemical binding, and is generally smaller
than the rate of the back-transfer of the electron trapped at the TiO, surface
to alizarin, parts (a) and (b). The distance dependence is evident in the
stepwise character of the transfer, which accelerates when I, approaches
the dye.

11a, which plots the time-dependent populations of the alizarin
HOMO and three unoccupied orbitals above it, calculated for
the alizarin/TiO, system (Figure 2). Following the photoexci-
tation and the ultrafast injection that were studied in our earlier
work "7 the electron returns to the chromophore on a
significantly slower time scale. The initial populations of the
LUMO, LUMO++1, and LUMO+2 are determined by the
location of the PE state relative to the CB edge. Since the PE
state is often below the CB edge and therefore is the LUMO,
the LUMO population is about 60% at the beginning of the
dynamics run. The portion of the electron that is in higher states
moves down to the edge states in approximately 100 fs; this
can be seen in the slight initial increase in the populations of
the edge states.

The value of the time constant for back-ET depends on
whether the orbital energy gap (Figure 3) or the experimental
value®? is used for the alizarin photoexcitation energy. The 660
fs time reported in Figure 1la is obtained using the orbital
energies. Repeating the NA dynamics with the gap scaled to
the experimental value gives 1100 fs. The difference is
substantial; it falls, however, well within the range of the
experimental values3033434349=55 The back-ET to the chro-
mophore is substantially slower than the transfer from the CB
to the electrolyte (Figure 10) indicating that if the electrolyte
mediator is able to approach the surface, it becomes a more
efficient electron acceptor than the chromophore.

3.8. Electron Relaxation in the Presence of Both Chro-
mophore and Electrolyte. In the combined system (Figure 11b)
the electron can leave TiO; by going either to the chromophore
or to the electrolyte mediator. Since the PE state extends further
into the band in the combined system than it does in the system
with just alizarin, part (a), the initial occupation of the LUMO
is substantially lower, around 20%. The electron dynamics
involve multiple components, the fastest of which represents
electron relaxation to the LUMO, which is the bottom of the
CB. Simultaneously with the relaxation inside the band, the
electron starts transferring to I~ and then to alizarin. The
maximum values of the transient occupations of the CB edge
(LUMO) and I,~ are around 40%. The time constant for
populating the alizarin ground state is 590 fs, which is on the
same order as the corresponding time constant in the absence
of I,~ (Figure 11a). It is important to realize that a large amount
of the transfer to the alizarin ground state, 33%, derives directly
from states in the CB and, therefore, bypasses the I,™ state
entirely. As with the alizarin/TiO, system, scaling the energy
levels to the experimental values slows down the back-ET. The
transient occupations of the LUMO and I, states reach higher
values. However, the overall qualitative picture of the electron
relaxation remains the same.

An additional complication in the combined system arises
because the I, orbital that is above the alizarin ground state is
already occupied by an electron before the photoexcitation.
Therefore, as soon as the PE electron leaves the dye on the 6 fs
time scale 36798 the I, electron can transfer to the dye; it cannot
move up to the TiO, because of the large energy gap between
the I, state and the TiO, CB (Figures 3 and 6). When the
excited alizarin state in the combined system is the PE state,
the transfer to I,™ is on the same order as the rate of transfer
from I~ to the alizarin HOMO. The presence of the extra
mediator electron, therefore, increases the rate of overall back-
ET to the chromophore. When the I,™ state in the combined
system is the initial state of the simulation, however, the rate
of transfer to the alizarin HOMO is significantly slower (see
Figure 11c analyzed below). We believe that this slower rate
represents the actual rate of transfer between the mediator and
the chromophore ground state, in which case the PE electron
reaches I, faster than an electron from I,” moves to the
chromophore, and the presence of the extra electron in the I~
state cannot change the overall sequence of electron relaxation
events.

The reason why the transfer rate between two states is
dependent on the initial state of the simulation is rooted in the
FSSH procedure. In his 1990 paper on FSSH, Tully suggested
that the coefficients that are used to determine the probability
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of a hop, eq 8, should be integrated continuously to retain
electronic quantum coherence effects;®” they are not reset after
a hop between states. In our simulations this leads to the
following: when the electron is initially placed in the excited
alizarin state and the electron density is evolved, the coefficients
associated with the I,™ state and the alizarin HOMO increase
relatively quickly. This rapid increase is due to the fact that the
PE state is usually spread across both the chromophore and the
semiconductor surface and, therefore, has a relatively strong
coupling to both the alizarin HOMO and the I, state, which is
slightly delocalized onto the TiO,. By the time an electron has
hopped to the mediator, the coefficient a;; in eq 9, where k is
the alizarin HOMO and j is the I, state, is large enough that
the probability of a hop between the states is large. The situation
is very different when the electron is initially placed in the I~
state and the electron density is evolved. In this case the
coefficient corresponding to the alizarin HOMO state rises much
more slowly, because the coupling between the alizarin HOMO
and the I, ™ state is so small. This means that the probability of
transfer between the I,~ state and the alizarin HOMO remains
small throughout the SH trajectory, and the ET is slow.

Periodically resetting the coefficients after hops take place
would cause the probability of a hop to be independent of the
initial state of the simulation. In the system with the mediator,
this would cause the transfer from the PE state to the alizarin
HOMO to be slightly slower, because the transfer through the
I,” state would take longer. The effects of quantum deco-
herence®” % on the ET processes at the chromophore—
semiconductor interface require further investigation. We expect
that back-ET will be slightly slowed down by the loss of
quantum coherence.

3.9. ET from the Electrolyte to the Dye. In a solar cell, the
positive charge created in the chromophore by the photoexci-
tation and interfacial electron injection is quenched by the
negative charge that is brought in by the redox mediator. The
two species carry opposite charges and are therefore electrically
attracted. Since the chromophore is chemically attached to the
semiconductor surface, the electrolyte—chromophore interaction
occurs at the surface, as represented by the alizarin/I,”/TiO,
simulation cell (Figure 2). Figure 11c considers the dynamics
of this ET process. An electron placed in the I,~ state moves
down in energy to the alizarin state relatively slowly. It may
seem surprising that this transfer is so slow, since the two states
are closer in energy than, for instance, the TiO, CB and alizarin
states, between which the relaxation is faster (see parts (a) and
(b) in Figure 11). The reason is that the rate of the ET between
I,~ and alizarin is determined by the electron donor—acceptor
coupling, which must be substantially weaker for the spatially
separated molecules than for the alizarin—TiO, surface donor—
acceptor pair, which is chemically bound. Indeed, the nonex-
ponential rise of the occupation of the alizarin ground state that
can be seen in Figure 11c indicates that the ET strongly depends
on the chromophore—mediator distance. The step in the state
occupations seen in the figure is due to the change in the relative
positions of the donor and acceptor species, involving notable
fluctuations of the location of the I,™ and the slow frequency
wagging motion of alizarin relative to the surface (Figure 8).
The electron coupling between alizarin and I,™ may occur not
only through space but also through bonds involving the TiO,
surface, as indicated by delocalization of both alizarin and, to
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a lesser extent, I~ states onto the surface, Figures 4 (top panel)
and 5. Further evidence supporting the through-bond contribu-
tion to the electrolyte—chromophore ET is provided by the
increased delocalization of the I,™ state onto the surface in the
combined system; cf. the lower and upper panels of Figure 5.

4. Conclusions

In this paper we have analyzed the electron dynamics at the
alizarin—TiO; interface separately and in the presence of an
electrolyte mediator. The system represents the interface in a
Gritzel type solar cell and is also a good general model for
studying the electron dynamics in systems with molecular/bulk
components. We described the electron injection from the
molecule to the semiconductor in an earlier paper;*® here we
have concentrated on the dynamics that occur after the initial
transfer, including the relaxation of the injected electron inside
the TiO, CB, recombination of the injected electron with the
chromophore—cation, electron loss from the semiconductor to
an electrolyte mediator, and regeneration of the neutral chro-
mophore by ET from the mediator. The relaxation inside the
CB is a source of voltage loss in the solar cell. The transfer
back to the dye cation and to the electrolyte is particularly
important, as it represents a short circuit in the Gritzel cell that
leads to a loss of current.

By including dynamics in the simulations, we have been able
to demonstrate the differences between the geometric and
electronic structure of the system at O K and at ambient
temperature. Having characterized the electronic properties of
the interface in its optimal geometry, we have detailed the
vibrational modes that contribute to the ET processes, all of
which proceed by strong coupling to vibrations via the NA
mechanism. Thermally activated atomic motions not only affect
the system geometry, in one case resulting in a dissociation of
an adsorbed species, but also greatly change the electronic
properties, such as donor—acceptor coupling, state energies, and
localizations. A rich and sometimes unexpected interplay
between the electronic and vibrational dynamics has been
observed.

We have simulated the NA MD in real time and at the
atomistic level using a mixed quantum-classical approach that
combines TD DFT with SH in the KS representation. This
method, unlike the Ehrenfest and classical path techniques used
previously, maintains detailed balance and allows us to model
electron relaxation. The simulation carried out for the entire
system that contains many electronic states have shown that
the relaxation to the edge of the CB occurs on an ultrafast time
scale, with the rate independent of the energy of the injected
electron relative to the CB edge. This occurs because, as
electrons progress down the band, they populate states that have
strong coupling with band edge states. Large downward hops
in energy between these states and the band edge states make
a significant contribution to the dynamics.

The electron loss to the chromophore and the electrolyte
mediator has been investigated under the assumption that the
electron is already trapped near the surface. Our earlier
simulations have shown that the injected electron rapidly
delocalizes into the bulk. Nevertheless, in the presence of trap
states the electron is less likely to leave the surface, and it can
always return due to its attraction to the chromophore—cation,
the electrolyte, or simply because of the large surface area of
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the dye-sensitized semiconductor. We have found that the back
transfer of the electron trapped near the surface to the electrolyte
can occur on a picosecond time scale, regardless of the electron
injection energy. This assumes that the mediator can closely
approach the surface, which is reasonable since the electrolyte
is attracted to the oxidized chromophore and must remain near
the surface in order to reduce the chromophore. Our simulations
that model the back-ET from the semiconductor to the chro-
mophore have shown that this transfer occurs on a picosecond
or longer time scale, in agreement with the experimental
values 3033434549755 'We also showed that, in the presence of
the electrolyte mediator, the back transfer from the semiconduc-
tor to the dye occurs on a similar time scale. Even with the
presence of the mediator close to the dye and the surface, the
electron often transfers directly from the CB edge back to the
dye.

We have shown that an electrolyte molecule can approach
the surface near the attached chromophore and then transfer an
electron onto the chromophore, preparing it for the next
photovoltaic cycle. The simulation results indicate that the
electrolyte—chromophore coupling can occur both through space
and with the help of the surface states. Once the electrolyte
species passes its charge to the dye, it is no longer strongly
attracted to the surface and will diffuse away.

The unique perspective provided by the atomistic simulation
indicates that the rates and mechanisms of the interfacial ET
processes depend on the molecular structure of the chromophore
and the bridge connecting the chromophore to the surface. If
the bridge is short, as in the case of alizarin and catechol, the
chromophore—semiconductor coupling is strong and the electron
injection proceeds by the adiabatic mechanism 79870 The back-
ET is also fast; however, it necessarily proceeds by the NA
mechanism, since the energy gap between the bottom of the
TiO, CB and the chromophore ground state is large. The high
back-ET rate seen in the alizarin system is due to strong NA
coupling. The latter depends on both the overlap between the
initial and final electronic states and the velocity of the
vibrational motions, see eq 7.

The dependence of the NA coupling on the electronic overlap
suggests that back-ET can be reduced by choosing chro-
mophores with ground states localized away from the surface.
Alizarin in particular presents a poor choice from this point of
view, since its ground state (top panel of Figure 4) is localized
toward the surface. Additional electron withdrawing groups to
the other end of the molecule can be expected to shift the ground
state electron density and reduce back-ET. The return of the
electron to alizarin is rapid also because it is facilitated by
relatively fast vibrational modes (top panel of Figure 7). The
frequency of the vibrational modes that couple electronic states
is generally lower in chromophores containing heavier atoms,

especially if the electronic states are localized on those atoms,
as well as in chromophores with more delocalized states, as in
perylene 3’ Somewhat surprisingly, the rate of back-ET is not
particularly sensitive to the exact value of the energy gap
between the TiO, CB and the chromophore ground state, as
long as the gap remains large.

Transition-metal-based chromophores that are most com-
monly used in Gritzel cells take advantage of the dependence
of the NA coupling on both the electronic overlap and the
vibrational velocity. In such chromophores the ground state is
localized away from the surface and on the transition metal.
The latter is a heavy element, and therefore, the frequency of
the vibrational motions that couple the ground state localized
on the transition metal is low.

Longer bridges will slow down both electron injection and
recombination. Due to the decrease of the chromophore—
semiconductor coupling, the mechanism of the injection will
change from adiabatic to NA, as seen already when the
hydroxylic group is replaced with the carboxylic group.%°% Even
though longer bridges slow down back-ET and, therefore current
loss, efficient injection by the NA mechanism requires a high
density of acceptor states. As a result, the injection must occur
relatively high inside the TiO, CB, such that the ensueing
relaxation inside the band will result in voltage loss.

As we pointed out earlier,”’ electron injection from alizarin
into the edge of the CB can be used to decrease loss of energy
and voltage in the Gritzel cell. At the same time, back-ET and
current loss are increased. Our simulations show, however, that
an electron injected into a defectless TiO, surface delocalizes
into the bulk significantly faster than it transfers back onto
alizarin. Surface defects and unsaturated dangling bonds present
the real problem, since they will trap the injected electron,
allowing back-ET to occur. Surface annealing as well as the
reduction of the NA coupling by proper choice of the chro-
mophore properties as discussed above can be used to reduce
back-ET, while minimizing energy relaxation losses.

The results reported here and in our earlier publications®?.68.70
agree quantitatively with the available experimental data’>—>*
and create a complete, real-time, atomistic picture of the electron
dynamics at the alizarin—TiO; interface.
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