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Correlated electron-nuclear dynamics in ultrafast photoinduced electron-transfer reactions
at dye-semiconductor interfaces
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The correlated electron-nuclear dynamics in ultrafast photoinduced electron-transfer processes at dye-
semiconductor interfaces is investigated, employing accurate quantum dynamical calculations. It is shown
that—depending on the relative time scale of electronic and nuclear dynamics—electronic-vibrational coupling
in dye-semiconductor systems may result in electron transfer driven by coherent vibrational motion, nuclear
dynamics induced by ultrafast electron-transfer processes, as well as localization of the electron at the dye

molecule.
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Electron-transfer (ET) reactions play a fundamental role
in many physical, chemical, and biological processes.!"> Im-
portant examples include ET in photosynthetic reaction cen-
ters of bacteria and plants,>3 photoinduced ET reactions in
donor-acceptor complexes in solution,* as well as electron
transport through single molecules covalently bound to metal
leads in molecular electronics.” Among the great variety of
different types of ET reactions, the process of electron injec-
tion from an electronically excited state of a dye molecule to
a semiconductor substrate has received much attention in
recent years both experimentally®~'® and theoretically.!4-2°
This interfacial ET process represents a key step for
photonic-energy conversion in nanocrystalline solar cells.®2!

Employing femtosecond spectroscopy techniques, it has
been demonstrated that electron-injection processes at dye-
semiconductor interfaces often take place on an ultrafast time
scale.®~!2 Electron injection as fast as 6 fs has been reported,
e.g., for alizarin adsorbed on TiO, nanoparticles.!! Studies of
other dye molecules with electron-injection time scales of a
few tens to a few hundred femtoseconds indicate that the
coupling of the electronic dynamics to the nuclear (i.e., vi-
brational) motion of the chromophore may have a significant
impact on the injection process.”!> As a result of this corre-
lated electronic-nuclear dynamics, electron injection in these
systems is not a simple exponential decay process and thus
cannot be characterized by a single rate constant.

The theoretical study of interfacial ET processes requires
a quantum mechanical description of the electron-injection
dynamics including the coupling to the nuclear degrees of
freedom. This has so far only been possible for models con-
taining a single reaction coordinate' or within ab initio mo-
lecular dynamics simulations'>!7!8 employing classical ap-
proximations for the dynamics of the nuclei. In this Brief
Report, we report results based on an accurate quantum me-
chanical treatment of the correlated electronic-nuclear dy-
namics including the multitude of nuclear degrees of free-
dom of the chromophore as well as the solvent environment.
Furthermore, in extension of previous studies,'®!” the inter-
action with the laser pulse is taken into account in a nonper-
turbative way, which allows an explicit description of the
photoexcitation process that triggers the ET reaction. The
explicit inclusion of the photoexcitation process in the theo-
retical description is particularly important for the systems
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considered here because of the ultrafast time scale of the
interfacial ET process.

To study the dynamics of ultrafast photoinduced electron
injection from the electronically excited state of a chro-
mophore into the conduction band of a semiconductor sub-
strate, we consider a generic model of heterogeneous ET at
surfaces based on an Anderson-Newns-type Hamiltonian.'®%2
The Hamiltonian is represented in a basis of the following
diabatic (charge localized) electronic states: the electronic
ground state of the overall system |¢g), the donor state of the
ET process |¢,) (which, in the limit of vanishing coupling
between chromophore and semiconductor substrate, corre-
sponds to the product of the first electronically excited state
of the chromophore and an empty conduction band of the
semiconductor), and the (quasi)continuum of acceptor states
of the ET reaction |¢;) (corresponding in the zero coupling
limit to the product of the cationic state of the chromophore
and an electron with energy ¢, in the conduction band of the
semiconductor substrate). Thus, the Hamiltonian describing
the material reads

H, = |bp) € bl + | ) el bl + % | el oyl

+ 2 (b Val dl + 16 Vil ) + H,, (1)
k

where H,, denotes the part of the Hamiltonian which involves
the nuclear degrees of freedom.

The electronic coupling matrix elements V and the dis-
tribution of energies ¢, of the conduction band of the semi-
conductor can be specified by the energy-dependent decay
width of the donor state I'(E) =27, |Vu|> S(E-¢,). In the
studies below, we have adopted a parametrization developed

2 2(E-Ey) 5
recently by Petersson er al.,” I'(E)= = {1-[(E-E,)
—£2-217]/(2v%)}"?. The parameters describing the semicon-
ductor substrate have been chosen to resemble injection into
the lower 3d conduction band of TiO, (E,=—1.6 eV, v
=2 ¢V, and £=1.6 eV). The overall coupling strength be-
tween chromophore and substrate v, depends on the specific
chromophore under consideration. For the system considered
below (coumarin 343), a value of 1,=0.5 eV has been deter-
mined based on experimental absorption spectra.'®

To investigate the influence of the nuclear degrees of free-
dom on the ET reaction, we consider both the chromophore
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and a solvent environment surrounding the dye-
semiconductor system, H,=H_.+H,. The nuclear degrees of
freedom of the chromophore are characterized using the nor-
mal modes of the electronic ground state as well as the gra-
dients of the potential-energy surfaces of the first optically
excited state and the ground state of the cation,

1
He=2 2 (Pl +0700) + 2 |60l
1 1

+ 2 |¢k>2 K?Qz<¢k|- (2)
k !

The vibrational frequencies (); as well as the electronic-
vibrational coupling constants «¢ and ¢ have been deter-
mined by electronic structure calculations employing density
functional theory.?*

To account for the influence of the surrounding solvent on
the ET dynamics, we employ a standard (outer sphere) linear
response model'> where the Hamiltonian of the dye-
semiconductor system is coupled to a bath of harmonic os-
cillators,

1
H, = 52 (P2 + ) +d) > chx(hal + 2 | bl
J J k j
(3)

The parameters of the solvent part of the Hamiltonian are
(c)?
characterized by the spectral densities Jd(w)=7572 iwOw
(e)? , ’
- w;) and J“(w):%TZjT d(w-w)) in the donor and acceptor
J
states,? respectively.
The photoexcitation process is described by coupling the
material to a laser field with Gaussian envelope function e(z),
carrier frequency w; and full width at half maximum width

7. The overall Hamiltonian thus reads H=H,,+H({t), with

HAD)=g(0)(| g )X bal+|baXbel). g(D)=goe™ 207 cos(ay1).
The strength of the laser field g has been chosen to photo-
excite 10% of the population of the ground state.

The electron-injection dynamics is described by the popu-
lation of the donor state,

P (1) = tr{p,| XS U (1) X S U D)}, (4)

where p, denotes the initial state of the nuclear degrees of
freedom (described by the respective Boltzmann operator at
T=300 K), and U(r) is the time evolution operator corre-
sponding to the Hamiltonian of the overall (material +field)
system H(z).

The dynamical simulations have been performed employ-
ing the multilayer formulation?® of the multiconfiguration
time-dependent Hartree method.?’ This rigorous variational
approach allows an accurate (in principle, numerically exact)
description of the quantum dynamics of systems with many
degrees of freedom. In the calculation, the continuum of
electronic band states as well as the continuous distribution
of solvent modes are discretized and represented by a finite
number of states and modes, respectively.'®?® The dynamics
of the thus obtained finite system is treated numerically ex-
actly.

As a representative example of interfacial ET processes,
we consider electron injection in the dye-semiconductor sys-
tem coumarin 343 (C343)-Ti0,.” The results of the dynami-
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FIG. 1. (Color online) Photoinduced ET dynamics of the
C343-TiO, system. Shown is the population of the donor (thick
solid line) and acceptor (dashed line) states induced by a 5 fs laser
pulse (lower panel). The thin solid line depicts the results of a
purely electronic calculation. The upper panel gives a schematic
illustration of the process.

cal simulation, depicted in Fig. 1, exhibit an ultrafast injec-
tion process. The photoexcitation of the donor state, induced
by the ultrashort laser pulse (7=5 fs), is followed by a decay
into the conduction band of the semiconductor on a time
scale of =20 fs. This time scale is at the lower boundary of
experimental results for the C343-TiO, system, where injec-
tion times in the range of 20—200 fs have been found using
different techniques.®!'%3% In addition to the dominating ul-
trafast injection component, the simulation results also ex-
hibit a small component with slower injection dynamics and
a weak oscillatory structure superimposed on the decay. The
comparison with a purely electronic calculation (where the
coupling to the nuclear degrees of freedom has been ne-
glected) reveals that both the slowly decaying component
and the oscillatory structures are caused by the coupling of
the electron to the nuclear degrees of freedom. Thereby, due
to the ultrafast time scale of the injection, the major effect is
caused by the intramolecular modes of C343.

To elucidate the underlying mechanism, we consider a
simpler model case where only a single nuclear mode
couples to the electronic degrees of freedom, schematically
illustrated by the potential-energy surfaces in Fig. 2. The
photoexcitation induced by the laser pulse prepares a nuclear
wave packet in the Franck-Condon region of the potential-
energy surface of the donor state. Because there are many
crossings to the acceptor states in this region, the electron
dynamics exhibits an ultrafast initial injection process. Due
to the nonstationary preparation, however, the nuclei start to
move along the gradient of the potential energy (illustrated
by the nuclear wave packet in Fig. 2) and enter regions of
configuration space with negligible overlap between donor
and acceptor states, thus resulting in a small effective donor-
acceptor coupling which causes a temporary trapping of the
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FIG. 2. (Color online) Photoinduced ET dynamics of a model
system with potential-energy curves depicted in the upper panel.
The middle panel depicts the population of the donor state induced
by a 5 fs laser pulse. In addition to the results of accurate calcula-
tions (thick solid line), approximate results employing a mean-field
method (thin dashed line) as well as purely electronic results (thin
solid line) are shown. The lower panel depicts the vibrational wave
packet in the donor state.

electron at the donor state. Upon return of the wave packet to
the Franck-Condon region, the next ultrafast injection oc-
curs, resulting in an overall steplike characteristics of the
electron-injection dynamics. Thus, the correlated electronic-
nuclear dynamics can be characterized as ET driven by co-
herent vibrational motion which results in slower electron-
injection dynamics due to temporary trapping of the electron
at the donor site.

In a real dye-semiconductor system, such as C343-TiO,,
the dynamics is significantly more complex. A detailed
analysis shows that different time scales of the vibrations
may result in different electronic-nuclear dynamics for the
C343-TiO, system. As in the one-dimensional model prob-
lem, the oscillatory structures superimposed on the electronic
decay dynamics are caused by coupling to high-frequency
vibrations. Such modes can influence the electronic dynam-
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FIG. 3. (Color online) Wave-packet dynamics of a low-
frequency vibrational normal mode of C343 after photoexcitation.
Shown is the reduced density in the donor state (upper panel) and
averaged over the acceptor states (lower panel), respectively.

ics directly because the vibrational period is similar to the
electron-injection time scale. Low-frequency (slow) modes
exhibit another interesting effect, as illustrated in Fig. 3, for
the wave-packet motion of the vibration of the nitrogen
group in C343 (=133 cm™'). This mode has negligible
changes in equilibrium geometry with respect to photoexci-
tation but shows a rather large displacement with respect to
the ET process, i.e., the transition from the photoexcited state
to the cation. As a result, the photoexcitation prepares an
(with respect to this mode) essentially stationary wave
packet in the donor state. On the other hand, the wave packet
in the acceptor states shows pronounced oscillatory motion.
This motion is induced by the ultrafast ET process, the time
scale of which (=20 fs) is more than one order of magnitude
faster than the vibrational period of the mode (t=2w/{)
~251 fs). Thus, the ultrafast ET process prepares a coherent
wave packet on the potential-energy surface of the acceptor
states, which then starts to oscillate. This process of ET-
induced vibrational motion is beyond the traditional Marcus
theory of ET,! which assumes that vibrational relaxation is
faster than ET so that ET proceeds from a vibrationally re-
laxed initial state. Here, ET is so fast that it can induce co-
herent vibrational motion.

The details of the ET dynamics depend on the specific
dye-semiconductor system. A particularly important param-
eter is the energetic location of the donor state relative to the
conduction band edge €,. In the C343-TiO, system, the en-
ergy of the donor state is 0.53 eV above the conduction band
edge, thus facilitating an ultrafast and complete injection
process. To illustrate the influence of this parameter, Fig. 4
shows the results of calculations for situations where the en-
ergy of the donor state is closer to the conduction band edge.
The lower energy of the donor state results in qualitatively
different dynamics. In particular, the decay into the conduc-
tion band of TiO, becomes slower and, for a sufficiently low
value of €;, incomplete; i.e., there is a finite probability that
the electron is trapped at the chromophore, which has impor-
tant consequences for the injection yield. The comparison
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FIG. 4. (Color online) Influence of the location of the donor
state (relative to the conduction band edge) on the injection dynam-
ics. Shown is the population of the donor (thick solid lines) and
acceptor (thick dashed lines) states for €;=0.41 eV (red and/or gray
lines) and €,=0.29 eV (black lines), respectively. All other param-
eters are the same, as in Fig. 1. In addition, results of approximate
calculations for the population of the donor state are shown for the
case €;=0.29 eV. Thin solid lines depict results neglecting
electronic-vibrational coupling, and thin dashed-dotted lines show
results employing a mean-field approximation.

with results of purely electronic calculations indicates that
this effect is induced by nuclear motion. A more detailed
analysis reveals that the localization is caused by nuclear
relaxation from the initial geometry (i.e., the equilibrium ge-
ometry of the ground state) into regions of configuration
space close to the equilibrium geometry of the donor state,
where the electronic Hamiltonian possesses bound eigen-
states, and is thus a combined electronic-nuclear effect. This
is further corroborated by the results of a mean-field calcu-
lation, which demonstrate that this localization effect can
only be described correctly if electronic-nuclear correlation
is properly taken into account.

The results of accurate quantum dynamical calculations
presented above demonstrate the entanglement and mutual
influence of electronic and nuclear dynamics in photoin-
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duced heterogeneous ET reactions at dye-semiconductor in-
terfaces. Depending on the relative time scale of electronic
and nuclear dynamics, electronic-nuclear coupling may re-
sult in ET driven by coherent vibrational motion (for high-
frequency modes) or vibrational motion induced by ultrafast
ET (for low-frequency modes). These effects are particularly
pronounced for dye-semiconductor systems with not too
strong chromophore-substrate interaction and donor states
close to the conduction band edge. In this case, electronic-
nuclear coupling may, furthermore, cause localization of the
electron at the chromophore, thus resulting in an incomplete
electron-injection process. These findings may be instrumen-
tal for the optimization of the electron-injection process in
nanocrystalline solar cells.

Finally, it should be noted that in the present Brief Report,
we have used a simple semiempirical modeling of the semi-
conductor substrate and the chromophore-semiconductor
coupling. This modeling is well suited for the study of ge-
neric mechanisms in interfacial ET processes. A more de-
tailed atomistic description requires first-principles electronic
structure calculations. Using atomistic models would also al-
low us to investigate the influence of the adsorption geom-
etry of the chromophore on the ET dynamics. It is also noted
that the dynamical methodology employed in the present
Brief Report can also be used to study the influence of the
shape of the laser pulse on the ET process. Both extensions
of the present Brief Report will be the subject of future work.
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