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Photoinduced electron transfer processes in perylene-titanium dioxide dye-semiconductor systems
are studied. In particular, the influence of saturated and unsaturated aliphatic spacer groups inserted
between the chromophore and the semiconductor substrate is investigated. The study is based on a
recently developed method that combines first-principles electronic structure calculations to charac-
terize the dye-semiconductor systems and accurate multilayer multiconfiguration time-dependent
Hartree simulations to reveal the underlying nonadiabatic dynamics. The results show that, in
agreement with previous experimental studies, the spacer groups may affect the electron transfer
dynamics significantly. Furthermore, the influence of electronic-vibrational coupling on the elec-
tron transfer dynamics and absorption spectra is discussed. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4746768]

I. INTRODUCTION

Photoinduced electron transfer (ET) reactions at dye-
semiconductor interfaces represent interesting examples of
surface ET processes. In particular, the process of electron in-
jection from an electronically excited state of a chemisorbed
dye molecule into a semiconductor substrate has been stud-
ied in great detail experimentally in recent years.1–26 This
process represents a key step for photonic energy conver-
sion in nanocrystalline dye-sensitized solar cells.2, 7, 10, 27–29

Employing femtosecond spectroscopy techniques, which al-
low the observation of ultrafast photoreactions in real time,
it has been shown that electron injection processes at dye-
semiconductor interfaces often take place on an ultrafast sub-
picosecond timescale.3, 10, 11, 17–19, 30 Other aspects of ultrafast
interfacial ET reactions include the nonequilibrium character
of the process, the importance of electronic-nuclear correla-
tion, i.e., nonadiabatic dynamics, the influence of the anchor
group on the electron injection dynamics, recombination pro-
cesses, and the influence of intermediate states localized at the
chromophore-substrate interface.

Theoretical study of interfacial ET reactions requires
a quantum mechanical description of the overall processes,
which includes characterization of the electronic structure
of the systems and simulation of the ET dynamics.31–34

To this end, a variety of different methods have been
developed and employed.31, 35–69 The electronic structure
of dye molecules adsorbed at semiconductor substrates,
in particular titanium dioxide, has been studied employ-
ing cluster models of nanoparticles37, 52, 55, 62, 64, 65 or the

a)Present address: Center for Organic Photonics and Electronics, Georgia In-
stitute of Technology, Atlanta, Georgia 30332-0400, USA.

slab model with periodic boundary conditions to de-
scribe an extended surface.42–44, 47, 48, 54, 57, 58, 70–72 Informa-
tion from such electronic structure calculations has been
used to determine electronic interfacial coupling strengths.
They have provided estimates of femtosecond electron
injection rates that are in good agreement with re-
sults from ultrafast laser spectroscopy experiments.62, 71

The dynamics of electron injection at dye-semiconductor
interfaces has been studied employing first-principles
simulations42, 44, 47, 48, 52, 54, 56, 58 as well as models based on
parametrized Hamiltonians.35, 36, 38–41, 46, 49, 50, 53, 59–61, 63 While
the former class of dynamical methods typically use mixed
quantum-classical approaches to treat the nuclear dynamics,
such as the classical path or Ehrenfest method51, 58, 73 and the
surface-hopping approach,73–75 the model-based approaches
often allow a numerically exact, fully quantum mechanical
treatment of the ET dynamics.49, 60

Recently, we have developed an approach to study the
dynamics of ET in dye-semiconductor systems that com-
bines a first-principles characterization of the systems with
an accurate, fully quantum treatment of the dynamics.66 This
method employs a representation of the Hamiltonian in lo-
calized donor and acceptor states. The donor and accep-
tor states as well as other parameters of the ET Hamil-
tonian are determined using a partitioning method based
on electronic structure calculations. Based on this model-
ing procedure, the quantum dynamics of the ET process
is simulated using the multilayer multiconfiguration time-
dependent Hartree (ML-MCTDH) method.76 This approach
has been applied to investigate photoinduced interfacial ET
processes in different dye-semiconductor systems.66–68 Here,
we apply this methodology to study ET dynamics in com-
plexes of perylene adsorbed via a carboxylic-acid anchor
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group at titanium dioxide (anatase) nanoclusters. These sys-
tems allow a direct comparison with results from ultrafast
laser spectroscopy experiments.4, 23, 62, 77–79 Photoinduced ET
in these systems has also been studied in great detail theo-
retically employing a semiempirical model,50, 53, 59, 80 thus al-
lowing a comparison with results of our first-principles-based
simulations.

In our study, we will especially focus on the influence
of spacer groups on the ET dynamics. In particular, we
consider the effects of saturated and unsaturated aliphatic
spacer groups inserted between the perylene chromophore
and the carboxylic-acid anchor group. Employing spacer
groups allows to vary the electronic coupling between chro-
mophore and semiconductor substrate and thus to control
the ET dynamics. In addition, we investigate the influence
of electronic-vibrational coupling on the ET dynamics as
well as on the absorption spectrum of the dye-semiconductor
systems.

The remainder of this paper is organized as follows. In
Sec. II, we outline the theoretical approach including the
model Hamiltonian as well as the partitioning method em-
ployed to determine the electronic energies and the donor-
acceptor coupling matrix elements. Section III presents re-
sults for perylene-based dye-semiconductor systems with
different spacer group inserted between the perylene chro-
mophore and the carboxylic-acid anchor group. We discuss
the dynamics of the electron injection process, the influence
of the spacer group and the effects of electronic-vibrational
coupling on the ET dynamics and the absorption spectrum.
Section IV concludes with a summary.

II. THEORY AND METHODS

To study ET process in dye-semiconductor systems, we
have used a methodology developed recently, which com-
bines a first-principles-based model Hamiltonian and ac-
curate quantum dynamical simulations. The methodology
has been outlined in detail previously.66 Therefore, here we
only give a brief summary of the method and some de-
tails specific to the application considered in the present
work.

A. Electron transfer Hamiltonian

Within the first-principles-based model used here to
study ET dynamics in dye-semiconductor systems, the Hamil-
tonian is represented in a basis of the following localized elec-
tronic states which are relevant to the photoreaction: the donor
state of the ET process |ψd〉 (which, in the limit of vanishing
coupling between the adsorbate and the semiconductor sub-
strate, corresponds to the product of an electronically excited
state of the dye and an empty conduction band of the semicon-
ductor) and the (quasi-)continuum of acceptor states of the ET
reaction |ψk〉 (corresponding in the zero-coupling limit to the
product of the ground state of the adsorbate-cation and a con-
duction band state of the semiconductor substrate). Thus, the

ET Hamiltonian reads

H =Tnucl + |ψg〉Vg〈ψg| + |ψd〉Vdd〈ψd | +
∑

k

|ψk〉Vkk〈ψk|

+
∑

k

(|ψd〉Vdk〈ψk| + |ψk〉Vkd〈ψd |). (2.1)

Here, Vg , Vdd , and Vkk denote the energies of the electronic
ground, donor, and acceptor states, respectively. The off-
diagonal matrix elements Vdk characterize the donor-acceptor
coupling. Tnucl is the nuclear kinetic energy operator.

B. Determination of electronic energies and
donor-acceptor coupling matrix elements

The parameters of the ET Hamiltonian, Eq. (2.1), are
determined from first-principles electronic structure calcula-
tions employing a partitioning method. The details of this
method, which is motivated by the projection-operator ap-
proach of resonant electron-molecule scattering,81 have been
presented previously.66 The method employs a partitioning
scheme based on electronic structure, in particular, density
functional theory (DFT) calculations for a complex of the dye
molecule under consideration with a finite TiO2 cluster. The
scheme for defining the localized donor and acceptor states
|ψd〉 and |ψk〉 in the Hamiltonian, Eq. (2.1), is based on three
steps: (i) a partitioning of the Hilbert space in a donor and
acceptor group using a localized basis, (ii) a partitioning of
the Hamiltonian according to the donor-acceptor separation,
and (iii) a separate diagonalization of the donor and acceptor
blocks of the partitioned Hamiltonian. In the present paper,
we work within the mean-field single-electron picture. Thus,
we identify the effective Hamiltonian with the Fock (or Kohn-
Sham) matrix and use the orbitals and orbital energies to rep-
resent the corresponding system states and the energies in the
partitioning method.

In the first step, the set of (Gaussian-type-of) atomic or-
bitals of the overall system {|φj〉} is divided into two groups:
the donor group {|φd

j 〉}, which comprises the orbitals cen-
tered at the atoms of the dye molecule, and the acceptor
group {|φa

j 〉}, which includes the orbitals centered at the TiO2

cluster. Since it is advantageous to work with orthogonal
orbitals,82, 83 the set of atomic orbitals of the overall system
is orthogonalized according to Löwdin84, 85

|φ̃n〉 =
∑

j

(
S− 1

2
)
jn

|φj 〉, (2.2)

where S denotes the overlap matrix of atomic orbitals, with
matrix elements Sjj ′ = 〈φj |φj ′ 〉. The new basis functions ob-
tained (|φ̃n〉) exhibit a minimal deviation from the original
ones in a least-squares sense, and hence, their localization is
preserved. In particular, the classification with donor ({|φ̃d

n〉})
and acceptor ({|φ̃a

n〉}) orbitals is still valid.
The new set of orthogonal basis functions is then used to

partition the Fock (or Kohn-Sham) matrix from the converged
self-consistent field (or DFT) calculation into the two (donor
and acceptor) subspaces. The Fock matrix in the orthogonal
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basis is given by

F̃ =S− 1
2 FS− 1

2 , (2.3)

where F denotes the Fock matrix in the original atomic or-
bital basis. The Fock matrix can be arranged in the following
donor-acceptor block structure:

F̃ =
(

F̃dd F̃da

F̃ad F̃aa

)
. (2.4)

Separate diagonalization of the two (donor and acceptor)
blocks of the Fock matrix, F̃dd and F̃aa, and the correspond-
ing transformation of the off-diagonal parts, result in the fol-
lowing prediagonalized block structure:

F̄ =
(

F̄dd F̄da

F̄ad F̄aa

)
=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

εd1 0 · · ·
0 εd2 · · · F̄da
...

...
. . .

εa1 0 · · ·
F̄ad 0 εa2 · · ·

...
...

. . .

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(2.5)

The corresponding donor and acceptor orbitals, which
can be denoted as |φ̄d

n〉 and |φ̄a
n〉, are given as the eigenvec-

tors of F̃dd and F̃aa, respectively. The diagonal blocks of the
thus obtained Fock matrix contain the energies of the local-
ized adsorbate states and those of the semiconductor sub-
strate, respectively. The off-diagonal blocks contain the elec-
tronic coupling matrix elements between adsorbate and sub-
strate sites. Identifying the donor state |ψd〉 with one of the
states |φ̄d

n〉 (based, e.g., on the orbital energy or the transition
dipole moment to the ground state) and the acceptor states
|ψk〉 with the states |φ̄a

k〉, the electronic energies of donor and
acceptor states are given by the corresponding diagonal el-
ements of the prediagonalized Fock matrix (εdn and {εk}),
while the donor-acceptor coupling matrix elements are given
by Vdk = (F̄da)nk .

The partitioning method discussed above is not limited to
dye-semiconductor systems containing a finite semiconductor
cluster but can, in principle, also be applied to problems with
a dye molecule adsorbed on an extended surface. One possi-
bility is to employ a slab model and electronic structure calcu-
lations with periodic boundary conditions. Alternatively, the
effect of an infinite semiconductor substrate can also be de-
scribed using surface Green’s function techniques.86 Within
this method, the effect of the infinite substrate enters via the
self-energy. In this paper, we have used a simpler approximate
version of this method to mimic the effect of an extended sur-
face. Thereby a constant imaginary part is added to the atomic
orbital energies (in the orthogonal basis {|φ̄a

k〉}) at the outer
atoms of the TiO2 substrate. In the results presented in Sec.
III, a value of 1eV for the imaginary part has been used. Em-
ploying this approach, the interaction of the donor state with
the acceptor states is fully characterized by the continuous
function

Γ (ε) = 2π
∑

k

|Vdk|2δ(ε − εk), (2.6)

which is sometimes also called the energy-dependent decay
width of the donor state. It describes the density of states of
the semiconductor substrate weighted by the donor-acceptor
coupling strength. The details of this method and a practical
approach to calculate Γ (ε) are described in Ref. 66.

C. Characterization of nuclear degrees of freedom

To characterize the nuclear degrees of freedom, the parti-
tioning procedure outlined above has to be performed for each
nuclear geometry, thus resulting in diabatic potential energy
surfaces Vii(Q) and coordinate dependent donor-acceptor
coupling matrix elements Vdk(Q). Here, we use a compact
notation Q = {Q1, Q2, . . . } to represent the normal modes
of nuclear degrees of freedom. If many nuclear degrees of
freedom are important, as in the systems considered in this
work, such a global characterization of the potential energy
surfaces is not feasible. Therefore, in the present paper, we
adopt the strategy used in our previous work, where a local
low-order polynomial expansion of the diabatic potential ma-
trix elements Vij (Q) around the equilibrium geometry of the
neutral ground state is employed. The corresponding vibra-
tional parameters are determined based on electronic structure
calculations for the isolated dye, thereby neglecting the cou-
pling to the semiconductor substrate and to the phonons of the
semiconductor. Since the ET in the system considered in this
paper occurs on an ultrafast timescale, these approximations
are expected to be appropriate.

The approach has been described in detail in Ref. 60.
Briefly, we perform a vibrational analysis of the isolated dye
molecule in the electronic ground state and employ the har-
monic approximation for the corresponding potential energy
surface,

Vg(Q) = εg + 1

2

∑
l

Ω2
l Q2

l . (2.7)

Here, εg denotes the ground-state equilibrium energy (ob-
tained from an electronic structure calculation for the overall
dye-semiconductor system) and Ωl the frequency of the lth
normal mode (mass-scaled coordinates and atomic units are
used throughout this paper). We assume the donor-acceptor
coupling matrix elements Vdk to be approximately indepen-
dent of the nuclear geometry87 and expand the potential en-
ergy surface of each ET-related diabatic state around the equi-
librium geometry of the electronic ground state (denoted by
Ql = 0). Taking into account only linear terms in the expan-
sion, we obtain

Vjj (Q) = Vjj (0) +
∑

l

κ
j

l Ql + 1

2

∑
l

Ω2
l Q2

l . (2.8)

Thereby, we have approximated the frequencies by their
ground-state values and neglected Dushinsky rotation88 of the
normal modes. This approximation has been used success-
fully for describing Franck-Condon and resonance Raman
spectra.89 It is also employed in the linear vibronic coupling
model of conical intersections90 and in the Marcus theory of
ET.91
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Within the description of the nuclear degrees of freedom
employed here, the parameters of the diabatic potential energy
surfaces of the donor and acceptor states are obtained from the
potential energy functions of the excited state of the neutral
dye molecule and the ground state of its cation, respectively.
Accordingly, we have

Vdd (Q) = εd +
∑

l

κd
l Ql + 1

2

∑
l

Ω2
l Q2

l , (2.9a)

Vkk(Q) = εk +
∑

l

κa
l Ql + 1

2

∑
l

Ω2
l Q2

l , (2.9b)

where εd and εk denote the energy of the donor and accep-
tor states (at the equilibrium geometry of the ground state),
respectively, which are obtained from an electronic structure
calculation of the overall system. The electronic-vibrational
coupling constants κd

l and κa
l are obtained from the gradients

of the excited state of the neutral dye molecule (correspond-
ing to the donor state) and the ground state of the cation of the
dye (corresponding to the acceptor states) at the equilibrium
geometry of the ground state of neutral dye.

In the results presented below, we will also consider the
purely electronic dynamics that is obtained if the nuclear de-
grees of freedom are frozen at their equilibrium position. The
corresponding approximate electronic Hamiltonian is given
by

Helec = |ψd〉εd〈ψd | +
∑

k

|ψk〉εk〈ψk|

+
∑

k

(|ψd〉Vdk〈ψk| + |ψk〉Vkd〈ψd |). (2.10)

D. Observables of interest and dynamical method

Several observables are of interest to analyze heteroge-
neous ET reactions in dye-semiconductor systems. The ET
dynamics is most directly reflected by the time-dependent
population of the donor state

Pd (t) =Tr[e−βHnucl,g |ψd〉〈ψd |eiHt |ψd〉〈ψd |e−iHt ]

Tr[e−βHnucl,g ]
. (2.11)

Thereby, we have assumed that the system is initially prepared
by an ultrashort laser pulse in the donor state |ψd〉. The ini-
tial state of the nuclear degrees of freedom is specified by the
Boltzmann operator e−βHnucl,g of the nuclear Hamiltonian in
the electronic ground state

Hnucl,g =Tnucl + 1

2

∑
l

Ω2
l Q2

l . (2.12)

If the coupling to the nuclear degrees of freedom is ne-
glected, i.e., purely electronic dynamics is considered, the
time-evolution of the population of the donor state takes the
simpler form

Pd (t) =|〈ψd |e−iHelect |ψd〉|2. (2.13)

To analyze vibronic effects, we will also consider the ab-
sorption spectrum,

I (ω) ∼ ω

2π

∫ +∞

−∞
dt eiωtCμμ(t), (2.14)

which is given by the Fourier transform of the dipole correla-
tion function

Cμμ(t) = 1

Z
Tr[e−βĤ [μ̂(t), μ̂]]. (2.15)

Here, μ̂ denotes the transition dipole operator

μ̂ =|ψd〉μ0〈ψg| + |ψg〉μ0〈ψd | (2.16)

and we have used

μ̂(t) = eiĤ t μ̂e−iĤ t , Z = Tr[e−βĤ ]. (2.17)

In Eq. (2.16), we have assumed that the transition dipole oper-
ator depends only weakly on the nuclear coordinates (Condon
approximation) and direct excitations from the ground state of
the dye adsorbate to the conduction band of the semiconduc-
tor can be neglected. In the systems considered below, due to
the relatively large energy difference between the ground and
photoexcited donor states, we can invoke the approximation

e−βĤ ≈ e−βĤnucl,g |ψg〉〈ψg|, Z ≈ Tr[e−βĤnucl,g ], (2.18)

which corresponds to a factorized initial state. The extension
of the method to simulate quantum dynamics in the condensed
phase for a correlated initial state is described in Ref. 92.

To simulate the quantum dynamics, we use the ML
formulation76 of the MCTDH method93–97 in combination
with an importance sampling scheme92 to describe the ther-
mal initial conditions. The method as well as applications
to different reactions in the condensed phase have been de-
scribed in detail previously.49, 76, 97, 98 Here, we only briefly
introduce the general idea and give some details specific to
the application in this work.

The ML-MCTDH theory76 is a rigorous variational
method to propagate wave packets in complex systems with
many degrees of freedom. In this approach, the wave function
is represented by a recursive, layered expansion,

|�(t)〉 =
∑
j1

∑
j2

...
∑
jp

Aj1j2...jp
(t)

p∏
κ=1

∣∣ϕ(κ)
jκ

(t)
〉
, (2.19a)

∣∣ϕ(κ)
jκ

(t)
〉 =

∑
i1

∑
i2

...
∑
iQ(κ)

B
κ,jκ

i1i2...iQ(κ)
(t)

Q(κ)∏
q=1

∣∣v(κ,q)
iq

(t)
〉
,

(2.19b)

∣∣v(κ,q)
iq

(t)
〉 =

∑
α1

∑
α2

...
∑

αM(κ,q)

C
κ,q,iq
α1α2...αM(κ,q) (t)

M(κ,q)∏
γ=1

∣∣ξκ,q,γ
αγ

(t)
〉
,

(2.19c)

...

where Aj1j2...jp
(t), B

κ,jκ

i1i2...iQ(κ)
(t), C

κ,q,iq
α1α2...αM(κ,q) (t), etc., are the

expansion coefficients for the first, second, third layers,
etc., respectively; |ϕ(κ)

jκ
(t)〉, |v(κ,q)

iq
(t)〉, |ξκ,q,γ

αγ
(t)〉, etc., are

the single particle functions (SPFs) for the first, second,
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third layers, etc., respectively. The notations beyond the first
layer are as follows. In Eq. (2.19b) Q(κ) is the number of
(level 2) single particle (SP) groups for the second layer
that belong to the κth (level 1) SP group in the first
layer, i.e., there are a total of

∑p

κ=1 Q(κ) second layer SP
groups. Continuing along the multilayer hierarchy, M(κ , q) in
Eq. (2.19c) is the number of (level 3) SP groups for the third
layer that belong to the qth (level 2) SP group of the second
layer and the κth (level 1) SP group of the first layer, result-
ing in a total of

∑p

κ=1

∑Q(κ)
q=1 M(κ, q) third layer SP groups.

Such a recursive expansion can be carried out to an arbi-
trary number of layers. To terminate the multilayer hierar-
chy at a particular level, the SPFs in the deepest layer are
expanded in terms of time-independent configurations. For
example, in the four-layer version of the ML-MCTDH the-
ory, the fourth layer is expanded in the time-independent ba-
sis functions/configurations, each of which may still contain
several Cartesian degrees of freedom.

Applying the Dirac-Frenkel variational principle,

〈δ�(t)|i ∂

∂t
− Ĥ |�(t)〉 = 0 (2.20)

with the functional form in Eq. (2.19), the equations of motion
can be obtained as

i|�̇(t)〉L1 coefficients = Ĥ (t)|�(t)〉, (2.21a)

i|ϕ̇k(t)〉L2 coefficients = [1−P̂ (κ)(t)][ρ̂(κ)(t)]−1〈Ĥ 〉(κ)(t)|ϕ(κ)(t)〉,
(2.21b)

i|v̇(κ,q)(t)〉L3 coefficients = [
1 − P̂

(κ,q)
L2 (t)

][
�̂

(κ,q)
L2 (t)

]−1

×〈Ĥ〉(κ,q)
L2 (t)

∣∣v(κ,q)(t)
〉
, (2.21c)

i|ξ̇ (κ,q,γ )(t)〉L4 coefficients = [
1 − P̂

(κ,q,γ )
L3 (t)

][
�̂

(κ,q,γ )
L3 (t)

]−1

×〈Ĥ〉(κ,q,γ )
L3 (t)

∣∣ξ (κ,q,γ )(t)
〉
,

(2.21d)

...

where the mean-field operators, reduced densities, and pro-
jection operators are defined in Ref. 76. For clarity we refer
to the top layer as the level one (L1) SP space, the second
layer as the level 2 (L2) SP space, etc. The time derivatives in
Eq. (2.21), denoted by a overhead dot on the left-hand side of
each equation, are meant to be carried out only with respect
to the expansion coefficients of a particular layer appeared in
that equation. For example, the time derivative in Eq. (2.21a)
acts only on the L1 expansion coefficient Aj1j2...jp

(t); the time
derivative in Eq. (2.21b) is only on the L2 expansion coeffi-
cient B

κ,jκ

i1i2...iQ(κ)
(t); etc. Note that for an N-layer version, there

are (N + 1) levels of expansion coefficients because the SPFs
in the deepest layer need to be expanded in time-independent
basis functions/configurations. In this sense, the conventional
wavepacket propagation method is a “zero-layer” MCTDH
approach.

The inclusion of several dynamically optimized layers in
the ML-MCTDH method provides more flexibility in the vari-
ational functional, which significantly advances the capabili-
ties of performing wavepacket propagations in complex sys-
tems. This has been demonstrated by several applications to
quantum dynamics in the condensed phase including many
degrees of freedom.49, 66, 68, 76, 92, 98–101 Further development is
being pursued to incorporate more general forms of poten-
tial energy surfaces as well as to obtain a recursive imple-
mentation of the ML-MCTDH with an arbitrary number of
layers.102, 103 The method has also been implemented recently
in the Heidelberg MCTDH package.104

We note that the ML-MCTDH method, as the original
MCTDH method, is particularly well suited to accurately sim-
ulate the quantum dynamics of ultrafast processes. For longer
times more and more single particle functions have to be in-
cluded in the calculation to achieve convergence, thus making
the method less efficient. Considering, for example, electron-
ically nonadiabatic dynamics, where the smallest (electronic)
timescale is on the order of a femtosecond, the ML-MCTDH
method can be applied efficiently for timescales of a few hun-
dred femtoseconds up to about a picosecond.105 For processes
that take place on an even longer time scale, a rate (kinetic)
description is often more appropriate. In this case, one may
apply the ML-MCTDH method to calculate the reactive flux
correlation function and then obtain the rate constant. Exam-
ples for application of the ML-MCTDH method to such pro-
cesses include the calculation of rates for electron transfer106

as well as proton transfer107 reactions.

III. RESULTS AND DISCUSSION

A. Characterization of the systems

The methodology outlined in Sec. II has been applied
to study electron transfer reactions in three different dye-
semiconductor systems which are depicted in Figure 1. In
each system, a bulky (TiO2)60 cluster is used to model
the semiconductor substrate. All dye molecules investigated
contain a perylene chromophore group which is directly
or indirectly bound to the titanium dioxide substrate via
a carboxylic-acid anchor group. To study the influence of
spacer groups on the ET dynamics, two different groups,
–CH=CH– and –CH2–CH2–, were selected and inserted be-
tween the perylene chromophore and the carboxylic-acid
group, thus resulting in an acrylic-acid and a propionic-
acid anchor group. They represent examples for unsatu-
rated and saturated aliphatic spacer groups, respectively. The
thus obtained three different dyes are denoted by PeCOOH,
PeCH=CHCOOH, and PeCH2CH2COOH in the following.
The structure and stability of various binding motifs of car-
boxylic acid at TiO2 substrates have been studied, e.g., in
Refs. 57 and 70–72. Since the differences of the adsorption
energies between the different binding motifs are rather small,
it is expected that several binding motifs will coexist.69, 108 In
the present work, we have considered in all cases a biden-
tate dissociative bridge binding between the adsorbate and
the substrate. The proton detached from the carboxylic-acid
group is attached to a surface oxygen atom.
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FIG. 1. The three dye-semiconductor complexes investigated: (a) PeCOOH-(TiO2)60, (b) PeCH=CHCOOH-(TiO2)60, and (c) PeCH2CH2COOH-(TiO2)60.

The structures of the three investigated dye-
semiconductor systems were obtained according to the
following protocol:62 (i) The local structure of the interface
between the TiO2 cluster and the various sensitizers was
optimized using a smaller (TiO2)5(H2O)5 cluster model.

In this step, relaxation of the local surface environment
including the substrate atoms in the vicinity of the adsorbate
was allowed in the optimization. (ii) The (TiO2)60 cluster
was optimized. (iii) The structure of dye-semiconductor
interface obtained in step (i) is adopted at the surface of the
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optimized (TiO2)60 cluster. The geometry optimization was
performed using DFT with the PW86 exchange functional
and the PW91 correlation functional109 together with a
Slater-type orbital valence single-zeta basis set as well as
large frozen cores implemented in the ADF package.110 It is
noted, that the (TiO2)60 cluster employed in the present study
is considered as a model for a small nanoparticle and not
an extended surface. The dependence of the geometric and
electronic structure of TiO2 clusters on their size as well as
the difference to extended TiO2 surfaces is discussed in detail
in Ref. 65.

The electronic structure calculations of the investigated
dye-semiconductor systems were carried out with DFT using
the GAUSSIAN 03 package111 with the B3LYP functional112

and a split-valence basis set with large effective core
potentials113 describing the core electrons. Here, a Gaussian-
type orbital valence double-zeta (VDZ) basis set was used
to describe all atoms, except that an additional diffuse sp
shell for oxygen is included in the basis set in order to allow
a realistic description of the negative ions in the nanocrys-
tals with significant ionic character. This method, denoted by
B3LYP/VD(T)Z, has proved capable to give good results in
describing the electronic structure of systems comprising or-
ganic adsorbates on TiO2 surfaces.43

The characterization of the nuclear degrees of free-
dom of the isolated dye molecules, which includes geome-
try optimization in the electronic ground state of the neutral
molecule, determination of the corresponding normal modes
as well as the calculation of the energy gradients along the
normal modes in the first electronically excited state and the
ground state of the cation, were performed with DFT using
the TURBOMOLE package114 with the B3LYP functional and
the TZV(P) basis set.

B. Energy-level scheme, donor-acceptor separation,
and coupling matrix elements

To discuss the donor-acceptor partitioning, we first con-
sider the energy-level scheme. Figure 2 shows energies of the
molecular orbitals (MOs) of the overall dye-TiO2 complexes
as well as those of the donor and acceptor orbitals obtained
from the partitioning procedure for the three systems investi-
gated. For each system, the MO-energies (shown in the mid-
dle panel of the corresponding subfigure) exhibit a dense level
structure with a valence and a conduction band separated by
a bandgap. In addition, for each system there is one isolated
level in the bandgap, which is the highest occupied molec-
ular orbital (HOMO) of the overall complex. The calculated
value for the bandgap is 3.1eV, which is somewhat smaller
than experimental value (3.4 eV (Ref. 115)) for anatase TiO2

nanoparticles.
The partitioning procedure results in donor and acceptor

orbitals that are localized in the adsorbate and the (TiO2)60

substrate, respectively. The energy-level scheme of the accep-
tor orbitals shows a structure very similar to that of the iso-
lated (TiO2)60 cluster.62 In all systems considered, a single
energy level located in the bandgap is obtained. The orbital
of this energy level is localized in the adsorbate, and, there-
fore, results within the partitioning procedure in a donor or-

bital, which is associated with the HOMO of the correspond-
ing isolated dye molecule. The energy of this donor level is
very close to the energy of the HOMO in the complex, indi-
cating almost negligible interaction with the substrate. This is
corroborated by the fact that the overlap of this donor orbital
with the HOMO of the complex is larger than 0.99.

The energies of the orbitals that correspond to the lowest
unoccupied orbitals of the dye, on the other hand, are located
in the conduction band of TiO2 in all systems considered. As a
consequence, these levels are dissolved in the dense manifold
of conduction-band levels of TiO2. In the dynamical calcu-
lations discussed below, we have chosen the lowest donor or-
bital in the conduction band, which corresponds to the LUMO
of the isolated dye molecule, as the donor state |ψd〉. The TD-
DFT calculations for the isolated dye molecules indicate that
the first excited state of perylene corresponds almost exclu-
sively to the HOMO-LUMO excitation.62, 116 Therefore, the
use of the LUMO as a model for the excited state is well jus-
tified in these systems.

An important parameter for the ET process is the energy
of the donor state relative to the conduction-band minimum
of TiO2. For PeCOOH-TiO2 and PeCH=CHCOOH-TiO2, the
energy of the donor state is close to the conduction-band min-
imum, while it is well above the conduction-band minimum
in PeCH2CH2COOH-TiO2. This result can be rationalized by
the coupling strength between the chromophore and the sub-
strate for the different anchor groups (carboxylic acid, acrylic
acid, and propionic acid): The coupling via the propionic-acid
anchor group is significantly weaker and results in a higher
donor level as compared to both carboxylic-acid and acrylic-
acid bridge.

The local character of the frontier orbitals for the in-
vestigated systems and the resemblance between them and
the corresponding orbitals (HOMO and LUMO) of the iso-
lated dye molecules are illustrated in Figures 3 and 4, re-
spectively. The comparison shows that the localized orbital
associated with the HOMO is almost identical to the HOMO
of the corresponding isolated dye molecule and also to the
HOMO of the complex (data not shown), thus indicating that
this orbital has negligible interaction with the TiO2 substrate.
On the other hand, all acceptor orbitals are localized in the
TiO2 substrate (data not shown). For both PeCOOH-(TiO2)60

and PeCH=CHCOOH-(TiO2)60, the localized orbital asso-
ciated with the LUMO of the isolated dye molecule, which
constitutes the donor state of the ET reaction, shows notice-
able contribution at the anchor bridge. For PeCH=CHCOOH-
(TiO2)60, the localized orbital associated with the LUMO
of the isolated dye molecule shows also pronounced con-
tribution at the spacer group –CH=CH–. In contrast, in
PeCH2CH2COOH-(TiO2)60, the localized orbital which is as-
sociated with the LUMO of PeCH2CH2COOH is almost com-
pletely localized in the perylene chromophore.

Another key parameter for ET reactions is the strength
of the donor-acceptor coupling. Figure 5 shows the modu-
lus of the donor-acceptor coupling matrix elements Vdk for
the three systems (note that the scale of the Vdk-axis for
PeCH2CH2COOH-(TiO2)60 is different to that for the other
two systems). The first-principles-based models result in a
distribution of donor-acceptor coupling matrix elements Vdk
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FIG. 2. Energy-level schemes of the investigated dye-semiconductor complexes: (a) PeCOOH, (b) PeCH=CHCOOH, and (c) PeCH2CH2COOH adsorbed at
the (TiO2)60 substrate. From left to right in each subfigure: energy levels of the donor orbitals (obtained from the partitioning procedure) which are localized in
the adsorbate, energy levels of the overall complex, and energy levels of the acceptor orbitals (obtained from the partitioning procedure) which are localized in
the semiconductor substrate. The selected donor state |ψd〉 as well as the correlations among some energy levels relevant for the ET reaction are indicated.

that exhibits a rather complex structure. The overall strength
of the donor-acceptor coupling varies for the three systems.
Thereby, the major effect is caused by the spacer group. The
system with the perylene chromophore bound to the sub-
strate directly via the carboxylic-acid anchor group shows
the strongest donor-acceptor coupling, while the donor-
acceptor coupling for the system containing the unsaturated
–CH=CH– spacer group between the perylene chromophore
and the carboxylic-acid anchor group is slightly weaker. The
donor-acceptor coupling for the system containing the sat-
urated –CH2CH2– spacer group between the perylene chro-
mophore and the carboxylic-acid anchor group, on the other

hand, is significantly weaker than that of the other two sys-
tems. This is in accordance with previous studies53, 69 and the
different character of the donor orbitals in the various systems
as discussed above.

For an extended substrate, the donor-acceptor coupling
is characterized by the decay-width function Γ (ε) given by
Eq. (2.6). The results for Γ (ε), depicted by the solid blue
lines in Figure 5, show significant structures. For the system
without spacer group, the details of the structures of Γ (ε) are
somewhat different from the results of our previous study.67

In particular, in the previous study the maximum of Γ (ε) at
εk ≈ −2 eV was more pronounced and the maximum close to
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FIG. 3. Selected localized adsorbate orbitals (as obtained from the par-
titioning procedure) of the investigated systems (a) PeCOOH-(TiO2)60,
(c) PeCH=CHCOOH-(TiO2)60, and (e) PeCH2CH2COOH-(TiO2)60 that
are associated with the HOMO of corresponding isolated dye molecules
(b) PeCOOH, (d) PeCH=CHCOOH, and (f) PeCH2CH2COOH.

the energy of the donor state, εd , appeared only as a shoul-
der. This difference is presumably related to the different
binding mode considered (monodentate molecular versus
bidentate dissociative binding). The bidentate binding motif
results also in the additional peak at εk ≈ −4 eV, which is
caused by an orbital localized at a titanium atom bonded to the

FIG. 4. Selected localized adsorbate orbitals (as obtained from the par-
titioning procedure) of the investigated systems (a) PeCOOH-(TiO2)60,
(c) PeCH=CHCOOH-(TiO2)60, and (e) PeCH2CH2COOH-(TiO2)60 that
are associated with the LUMO of corresponding isolated dye molecules
(b) PeCOOH, (d) PeCH=CHCOOH, and (f) PeCH2CH2COOH.

dye molecule. The trend of the overall chromophore-substrate
coupling strength represented by Γ (ε) is in accordance with
previous studies,53 where the value of the coupling strength
was fitted to reproduce experimental results for the absorp-
tion spectrum. The results obtained from our first-principles
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FIG. 5. Modulus of donor-acceptor electronic coupling matrix ele-
ments Vdk (discrete lines) and the decay-width function Γ (ε) (continu-
ous line) of (a) PeCOOH-(TiO2)60, (b) PeCH=CHCOOH-(TiO2)60, and
(c) PeCH2CH2COOH-(TiO2)60. For each system, the red vertical line indi-
cates the energy of the donor state εd.

calculations are in very good agreement with these previous
semiempirical results for the systems PeCOOH-(TiO2)60 and
PeCH=CHCOOH-(TiO2)60 (note that there is a factor of two
difference in the definition of Γ (ε) between Eq. (2.6) and
Ref. 53). For the system PeCH2CH2COOH-(TiO2)60 with the
saturated anchor group, however, our first-principles results
are significantly smaller than the semiempirical results. This
results in a longer ET time, which is in better agreement with
experiment (see below).

C. Electron transfer dynamics and influence
of spacer groups

The ET dynamics of the three systems were simu-
lated based on the first-principles model outlined in Sec. II.
Thereby, the donor state and all localized acceptor states asso-
ciated with unoccupied orbitals of the isolated semiconductor
cluster were included in the simulation. We first consider the
influence of the spacer groups on the ET dynamics. To this
end, we employ a purely electronic model, Eq. (2.10), where
the nuclear degrees of freedom are frozen at their equilibrium
geometry.

Figure 6 shows the dynamics of the population of the
donor state for all systems. The decay of the population re-

FIG. 6. Population dynamics of the donor state after photoexcitation in the
investigated systems PeCOOH-TiO2 (black lines), PeCH=CHCOOH-TiO2
(red lines), and PeCH2CH2COOH-TiO2 (blue lines). Shown are results ob-
tained for the finite (TiO2)60 cluster (thick lines) and for the model of an infi-
nite TiO2 surface (thin lines). All results are obtained for a purely electronic
model, i.e., neglecting electronic-vibrational coupling.

flects the injection of the electron from the chromophore into
the (quasi-)continuum of acceptor states in the TiO2 substrate.
All systems exhibit an ultrafast initial decay of the population
of the donor state. The timescale of this initial decay as well
as the character of the long-time dynamics depend on the spe-
cific system. In PeCOOH-TiO2 and PeCH=CHCOOH-TiO2,
the population of the donor state decays within a few fem-
toseconds to a value of about 0.1, while the injection pro-
cess in PeCH2CH2COOH-TiO2 is significantly slower. These
findings can be rationalized by the energy-level structure and
the donor-acceptor coupling strength discussed in Sec. III B.
As shown in Figures 2 and 5, the position of the donor
level with respect to the conduction-band minimum and the
strength of the donor-acceptor coupling are both very sim-
ilar in the dye-semiconductor systems PeCOOH-TiO2 and
PeCH=CHCOOH-TiO2. This results in similar ET dynam-
ics in these two systems. In PeCH2CH2COOH-TiO2, on the
other hand, the donor-acceptor coupling is much weaker re-
sulting in a significantly slower injection dynamics.

Following the ultrafast decay, the results for PeCOOH-
TiO2 and PeCH=CHCOOH-TiO2 show pronounced oscilla-
tory structures. In PeCH2CH2COOH-TiO2, due to the smaller
chromophore-surface coupling, these oscillations are less pro-
nounced and occur on a longer time scale. The oscillatory
structures are a result of the finite TiO2 cluster considered and
are caused by the reflection of the electronic wavepackets at
the boundary of the TiO2 cluster. This is demonstrated by the
thin lines in Fig. 6, which show the corresponding results for
an extended TiO2 substrate modeled by including absorbing
boundary conditions as discussed in Sec. II B. The results for
the extended TiO2 substrate follow those for the finite TiO2

cluster for short times. For longer times, however, they do not
exhibit oscillation and decay to zero, thus reflecting a com-
plete electron injection process.

Traditionally, ET processes have been characterized by
a single rate constant. Thereby, different concepts can be
employed. In Table I, we compare the Golden-Rule rate
Γ (εd ) for the ET process to the long-time limit rate constant
k = − limt→+∞ Ṗd (t)/Pd (t) and to the τe−1 time, by which the
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TABLE I. Characteristic times of the electron injection processes in the in-
vestigated systems. The definition of the different time scales is given in the
text. All data are given in fs.

Adsorbate PeCOOH PeCH=CHCOOH PeCH2CH2COOH

Finite (TiO2)60

cluster
τe−1 5.2 6.4 43.2
Extended TiO2

surface
τe−1 5.8 6.4 47.4
k−1 5.0 5.9 47.2
(Γ (εd ))−1 5.3 5.8 47.3
Previous studies
finite TiO2 cluster
(Ref. 62)
τ̃ 5 6 33
Experiments 13 10 57
(Refs. 23 and 62)

population of the donor state has decayed to a value of e−1.
While the former rate concepts can only be defined for the
extended TiO2 substrate, the τe−1 time can also be obtained
for the finite TiO2 cluster. The results for the different rates
show very good agreement, indicating that for an extended
TiO2 substrate the ET process can be approximately charac-
terized by a single rate constant.

The ET dynamics is influenced by the adsorption ge-
ometry of the dye at the TiO2 cluster. This becomes appar-
ent when comparing the results of the present study, where a
bidentate binding motif is considered, to that of the monoden-
tate binding considered in our previous study67 for the system
PeCOOH-TiO2. The bidentate adsorption geometry facilitates
a faster ET process (τe−1 ≈ 6 fs) compared to the monodentate
binding (τe−1 ≈ 9 − 16 fs).67

The ET time constants obtained in the present work are
also in rather good agreement with previous studies,62 where
the electron injection rate for the investigated systems was
characterized based on the lifetime broadening of the donor
state (cf. Table I) as well as with the semiempirical studies
mentioned above53 and with first-principles studies of Troisi
et al.71 Significant deviations to the latter two studies occur
for the system with the longest ET time, PeCH2CH2COOH-
TiO2, where the present time-dependent studies based on a
first-principle description show a better agreement with ex-
perimental results.

We finally compare the ET time scales obtained in the
present study to experimental results from transient absorp-
tion spectroscopy in ultrahigh vacuum.23, 62 Table I shows that
the overall trend of the ET timescale

τ (PeCH2CH2COOH-TiO2) > τ (PeCOOH-TiO2)

≈ τ (PeCH=CHCOOH-TiO2)

is in agreement with the experimental results. However, for
all systems considered, the injection rates obtained from ex-
perimental studies are somewhat slower than the theoretical
results. In view of the fact that the details of the systems con-
sidered in the experimental and theoretical investigations dif-

fer, e.g., in the TiO2 substrate and additional side groups at
the chromophore, the agreement is rather good.

In summary, the theoretical simulations of the ET dynam-
ics for different spacer groups show, in agreement with exper-
imental results, that saturated aliphatic spacer groups result in
a slower ET dynamics and thus act as an insulator for elec-
tron transport from the chromophore to the substrate. Unsat-
urated aliphatic spacer groups, on the other hand, provide a
molecular wire for electrons and have little influence on the
ET time. This finding is in accordance with previous stud-
ies on photoinduced ET in self-assembled molecular layer
at surfaces117, 118 as well as electron transport in molecular
junctions.119

D. Influence of electronic-vibrational coupling
on ET dynamics and absorption spectrum

An important mechanism in ET reactions is the cou-
pling of the electron to the nuclear degrees of freedom.
Previous theoretical studies of heterogeneous ET in dye-
semiconductor systems show that electronic-vibrational cou-
pling may have a significant effect on the ET dynamics, in
particular, if the donor state is located close to the conduction
band minimum.48, 49, 60 Experimental studies for perylene-
based dye molecules bound via phosphonic acid anchor
groups to TiO2 revealed vibrational structures in femtosec-
ond pump-probe spectra, which were interpreted as a steplike
electron injection process.11

To study the influence of vibronic effects, we consider
as an example the system PeCH2CH2COOH-TiO2, which
among the systems considered has the longest ET time. The
other two systems investigated have electron transfer times of
less than 10 fs and, therefore, vibronic effects are expected to
be less important.

The vibrational frequencies Ωl and the correspond-
ing electronic-vibrational coupling constants κ

d/a
l in the

donor and acceptor states have been determined for all
117 vibrational normal modes of the isolated dye molecule
PeCH2CH2COOH as described in Sec. II C. For the lth nor-
mal mode, the electronic-vibrational coupling constants are
related to reorganization energies via

λd
l =

(
κd

l

)2

2Ω2
l

, (3.1a)

λa
l =

(
κa

l

)2

2Ω2
l

, (3.1b)

which are associated with transitions from the electronic
ground state to the excited state and the cation of
PeCH2CH2COOH, respectively. The reorganization energy
for the ET process for the lth normal mode, which corre-
sponds to the transition from the excited state of the chro-
mophore to the cation, is given by

λET
l =

(
κd

l − κa
l

)2

2Ω2
l

. (3.1c)
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FIG. 7. Reorganization energies of the intramolecular modes of
PeCH2CH2COOH associated with (a) the transition from the ground
to the electronically excited state and (b) the ET transition.

The corresponding total reorganization energies are given
by the sum Λd/a/ET = ∑

l λ
d/a/ET
l . The calculated frequen-

cies and reorganization energies for the donor state and the
ET transition are depicted in Figure 7. It is seen that the
electronic-vibrational coupling is distributed over a rather
large number of vibrational modes. The overall reorganiza-
tion energies obtained are Λd = 0.188eV, Λa = 0.096 eV,
and ΛET = 0.040 eV for the donor state, the acceptor state,
and the ET transition, respectively. These values for the reor-
ganization energies suggest a moderate electronic-vibrational
coupling with respect to excitation but rather weak coupling
to the ET process.

We first consider the influence of the vibrational degrees
of freedom on the absorption spectrum. The absorption spec-
trum of PeCH2CH2COOH-TiO2 at T = 300 K has been sim-
ulated according to Eq. (2.14) employing absorbing bound-
ary conditions and including all 117 vibrational normal modes
of PeCH2CH2COOH. The spectrum depicted in Figure 8 ex-
hibits pronounced vibronic structures. The first maximum of
the spectrum (marked “0”) corresponds predominantly to the
0 → 0 transition. The structures marked by “1,” “2,” and
“3” can be assigned to contribution from several vibrational
modes as described in Table II. These modes, which are de-
picted in Figure 9, have significant reorganization energies
for excitation, λd

l , while their reorganization energies with re-
spect to ionization and, in particular, to ET are rather small.
The structures at higher energies, e.g., the broad peak at about

FIG. 8. Absorption spectrum of PeCH2CH2COOH-TiO2.

25 000 cm−1, are due to 0 → n (n > 1) transitions of the above
mentioned modes as well as combinations of transitions in-
volving several modes.

The absorption spectra of similar perylene-based systems
adsorbed at TiO2 substrates in solution have been studied ex-
perimentally and analyzed in detail based on a semiempirical
model previously.53 Overall, the result of our first-principle
based calculations is in good agreement with the experimen-
tal results. In contrast to the simulated spectrum, however, the
experimental spectrum exhibits its maximal value not at the
0 → 0 transition but at higher energies. This difference is pre-
sumably related to the fact that the vibrational parameters for
our model have been obtained for the isolated dye molecule,
thereby neglecting the influence of the binding to the TiO2

substrate on the vibrational frequencies and vibronic coupling
constants. Furthermore, the experiments were carried out in
solution and the systems have additional side groups. In con-
trast to the previous analysis,53 which was based on a single
vibrational mode, our study indicates that the vibronic struc-
tures in the absorption spectrum are related to several vibra-
tional modes (cf. Table II).

Next, we analyze the influence of electronic-vibrational
coupling on the ET dynamics in PeCH2CH2COOH-TiO2.
Figure 10(a) shows the dynamics of the donor state (solid line)
in this system employing all 117 modes of PeCH2CH2COOH
and a finite cluster model for the TiO2 substrate. In addi-
tion, the results obtained within a purely electronic model
(dashed lines), i.e., neglecting electronic-vibrational cou-
pling, is depicted. The comparison shows that the cou-
pling to the vibrational degrees of freedom results in a

TABLE II. Classification of vibronic structures in the absorption spectrum
of PeCH2CH2COOH-TiO2 (Figure 8). Listed are the approximate energy dif-
ference between each vibronic structure and the 0 → 0 transition, the frequen-
cies of the corresponding vibrational modes as well as their reorganization
energies with respect to excitation, ionization and ET, respectively. All data
are given in cm−1.

�ω Ω λd λET

1 333 305 53 10
360 79 6

2 1390 1325 341 39
1389 171 19

3 1612 1602 486 65

Downloaded 07 Nov 2012 to 131.188.201.33. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



22A529-13 Li et al. J. Chem. Phys. 137, 22A529 (2012)

FIG. 9. Vibrational normal modes that are associated with the vibronic struc-
tures in the simulated absorption spectrum (Figure 8). The frequencies of the
modes are (a) 305 cm−1, (b) 360 cm−1, (c) 1325 cm−1, (d) 1389 cm−1, and
(e) 1602 cm−1.

shorter period and a damping of the amplitude of the oscil-
lations related to recurrences of the electronic wavepacket.
However, there is only little influence on the initial ET dy-
namics and the ET timescale. The results obtained for an ex-
tended TiO2 substrate, depicted in Figure 10(b), show even
less influence of the vibronic coupling on the dynamics of

FIG. 10. Population dynamics of the donor state after photoexcitation in
PeCH2CH2COOH-TiO2. Shown are results obtained for (a) a finite (TiO2)60
nanocluster and (b) for a model of an extended TiO2 substrate. Both results
with vibronic coupling (solid lines) and without vibronic coupling (dashed
lines) are depicted.

the ET process. These results indicate that vibronic cou-
pling in PeCH2CH2COOH-TiO2 has negligible direct influ-
ence on the ET dynamics. At first glance, this appears to be in
contradiction to the observed pronounced vibronic structures
in the absorption spectrum. However, as discussed above
(cf. Figure 7), the system exhibits significant reorganization
energies with respect to excitation but only small electronic-
vibrational coupling with respect to the ET transition, thus
resulting in significant vibronic effects in excitation but neg-
ligible influence on the ET dynamics.

To validate the stability of this finding with respect to
variations of the vibronic parameters, we have performed
studies where the first-principles-based reorganization ener-
gies were scaled to larger values as described in Table III.
The results depicted in Figure 11 demonstrate that the finding
of negligible vibronic effects on the dynamics of the donor
state holds true if the reorganization energies are increased
up to a factor of two. For even larger couplings, the results
exhibit oscillatory structures in the ET dynamics related to
electronic-vibrational coupling to high-frequency modes. An
example is the result obtained for model III (thick solid line in
Figure 11(b)), where the reorganization energy for excitation
was increased by a factor of four, while keeping the reor-
ganization energy for ionization constant. The thus obtained
model exhibits a rather large reorganization energy with
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TABLE III. Total reorganization energies with respect to excitation (Λd),
ionization (Λa), and ET (ΛET) of the first-principles-based model as well as
the models considered in Figure 11, where the reorganization energies were
increased by scaling factors. All data are given in eV.

Model Λd Λa ΛET Legend in Figure 11

First-principles- 0.188 0.096 0.040 Thin solid lines
based model in both (a) and (b)
I 0.376 0.192 0.079 (a) Thick dashed line
II 0.751 0.385 0.158 (a) Thick solid line
III 0.751 0.096 0.358 (b) Thick solid line
IV 0.188 0.385 0.084 (b) Thick dashed line

respect to ET. Since a difference of more than a factor of two
to the first-principles-based values of the reorganization en-
ergies is unlikely, we conclude that the finding of negligible
influence of electronic-vibrational coupling on the dynamics
of the donor state is robust.

FIG. 11. Population dynamics of the donor state after photoexcitation
in model systems for PeCH2CH2COOH-TiO2 with increased electronic-
vibrational coupling in comparison with the dynamics of the original, first-
principles-based model (thin solid lines). The models are defined in Table III.
Shown are (a) results, where reorganization energies with respect to excita-
tion, ionization, and ET for all modes are scaled by a factor of 2 (model I,
thick dashed line) and 4 (model II, thick solid line), respectively, and (b) re-
sults, where the excitation reorganization energy (model III, thick solid line)
and the ionization reorganization energy (model IV, thick dashed line) for all
modes are scaled by a factor of 4, respectively. All results are obtained for an
extended TiO2 substrate.

IV. CONCLUDING REMARKS

In this paper, we have studied the quantum dynam-
ics of heterogeneous ET processes in perylene-TiO2 dye-
semiconductor systems focusing on the influence of spacer
groups. In the investigated systems, different spacer groups
are inserted between the perylene chromophore and the
carboxylic-acid anchor group, resulting in dye-semiconductor
systems with perylene anchored to the TiO2 substrate via
carboxylic-acid, acrylic-acid, or propionic-acid anchor group.
The ET dynamics in these systems have been simulated em-
ploying a method developed previously, which combines a
model based on first-principles electronic structure (DFT) cal-
culations and accurate quantum dynamical simulations using
the ML-MCTDH method.

The results show that the electron injection in the three
systems investigated occurs on an ultrafast time scale which
ranges from a few femtoseconds to a few tens of femtosec-
onds. The dynamics is significantly influenced by the spacer
groups. In particular, carboxylic-acid and acrylic-acid anchor
groups provide a stronger donor-acceptor coupling, which ex-
tends the π -system of the planar perylene chromophore and
results in ET injection processes which are significantly faster
than in the system with the nonplanar propionic-acid anchor
groups. The time scales obtained in our theoretical study are
in rather good agreement with experimental results and are in
most cases in accordance with previous theoretical treatments
based on rate concepts or semiempirical models. In a more
general context, our findings obtained for a specific example
show that saturated aliphatic spacer groups result in a slower
ET dynamics and thus act as an insulator for electron transport
from the chromophore to the substrate. Unsaturated aliphatic
spacer groups, on the other hand, provide a molecular wire for
electrons and have little influence on the ET time.

We have also studied the influence of electronic-
vibrational coupling on the ET dynamics and the absorp-
tion spectrum of the dye-semiconductor system with the
longest injection time, PeCH2CH2COOH-TiO2. In the ab-
sorption spectrum, electronic-vibrational coupling results in
pronounced vibronic structures. Extending previous theoret-
ical studies on the basis of a semiempirical model with a
single reaction mode,53 our first-principles-based simulations
including all vibrational modes of the chromophore demon-
strate that the vibronic structures in the absorption spectrum
are caused by several vibrational modes. The nonadiabatic dy-
namical simulations show, on the other hand, only little direct
effect of electronic-vibrational coupling on the ET dynamics.
This is, in particular, the case for systems adsorbed on an ex-
tended TiO2 substrate. In simulations employing a finite TiO2

cluster, the coupling to the vibrational degrees of freedoms
results in a dephasing of electronic coherence effects. The mi-
nor importance of vibronic effects in the systems considered
are related to the fact that the reorganization energy of the
perylene chromophore with respect to ET, i.e., the transition
from the electronically excited state of neutral perylene to the
ground state of the perylene cation, is rather small.

In the present work, we have employed a model based
on a single-electron description, which captures electron-
electron interaction only on the mean-field level. The
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ML-MCTDH method, employed to simulate the dynamics,
has recently been extended to describe many-body electron
correlation effects using the second quantization represen-
tation of Fock space.120 This opens the possibility to study
charge transfer dynamics beyond the single-electron picture,
which is an interesting topic for future research. The inclu-
sion of electron correlation effects is expected to be particu-
larly important in systems where hole transport is involved121

or molecular adsorbates on metal surfaces.118, 122
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