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Abstract: The influence of thermal fluctuations on the dynamics of interfacial electron transfer in sensitized
TiOz-anatase semiconductors is investigated by combining ab initio DFT molecular dynamics simulations
and quantum dynamics propagation of transient electronic excitations. It is shown that thermal nuclear
fluctuations speed up the underlying interfacial electron transfer dynamics by introducing nonadiabatic
transitions between electron acceptor states, localized in the vicinity of the photoexcited adsorbate, and
delocalized states extended throughout the semiconductor material, creating additional relaxation pathways
for carrier diffusion. Furthermore, it is shown that room-temperature thermal fluctuations reduce the
anisotropic character of charge diffusion along different directions in the anatase crystal and make similar
the rates for electron injection from adsorbate states of different character. The reported results are
particularly relevant to the understanding of temperature effects on surface charge separation mechanisms

in molecular-based photo-optic devices.

1. Introduction

Interfacial electron transfer in semiconductor materials plays
a central role in a variety of photoinduced reactions in
electrochemistry;, > photocatalysi§;’ imaging® as well as in
practical applications to photo-optic devices for solar energy
conversion celfs 12 and artificial photosynthesis. The elemen-

tary reaction step involves electron transfer from an adsorbate
molecule into the semiconductor host substrate, a process thal

remains poorly understood despite significant research effort
reported in recent years, including experimeatat? com-
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Figure 1. Density of states of Ti@anatase functionalized with catechol.
The diagram shows the energy level of the adsorbate surface complex, th

lower frequencies, leading to photoinduced interfacial electron

transfer when there is a suitable energy match between the
photoexcited state and the manifold of electronic states in the
conduction band of the semiconductor. The efficiency of photon-

to-current conversion thus relies upon optimal conditions for

the underlying electron transfer mechanism as well as on the
rational design of dyes and linker photosensitizers.

Catechol has raised significant experimental interest as a
prototype of an aromatic linker upon which a wide range of
molecular structures can be attached for specific functionalities,
including applications to photovoltaic devices with high incident
photon-to-current conversion efficienci¥s® As a model
sensitizer, catechol lowers the Ti@bsorption threshold from
370 to 600 nm, with a shoulder peaking around 420 nm due to
a direct charge transfer excitation from the catechol HOMO to

Jhe conduction barfé31:3444455860 (see arrow 1 in Figure 1).

TiO, valence and conduction bands, and a schematic representation of three  “Vertical” transitions to higher-energy electronic states of the

possible injection processes: direct adsorbatébstrate charge transfer
excitation (arrow 1); vertical photoexcitation process (arrow 2) and sub-
sequent electron injection into the conduction band of the host material
(curved arrow); and population of the LUMO as part of a MLCT state
(arrow 3).

injection time scale and relaxation mechanism has yet to be
understood at the quantitative levéR1.22373%.47 This paper
addresses the effect of thermal nuclear motion on the interfacial
electron transfer dynamics in Ti@natase semiconductors
functionalized with catechol, an aromatic linker of great
interestt*~56 which has been the subject of experimefitat°

and theoreticdh4+43 studies.

TiOz-anatase is an inexpensive, nontoxic, and photostable
semiconductor material. However, its wide band gaB.g eV)
limits the efficiency of the native semiconductor in direct
applications to solar energy phototransduction devices, a limita-
tion commonly overcome by surface sensitization. Surface
complexes, formed upon adsorption of organic or inorganic
molecules, often introduce additional electronic states within

the semiconductor band gap (see energy diagram in Figure 1).
t

Such states sensitize the host material for photoabsorption a
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surface complexes are also allowed transittéfs®%and cor-
respond closely to the catechol HOMQUMO and HOMO-
(LUMO+1) states (see arrow 2 in Figure 1). As pointed out by
Grazel, Nozik, Lian, and others!4:15.28.5%fficient photoinjec-
tion mechanisms from larger organometallic dye molecules
involve reaction pathways via these higher electronic states of
the aromatic linker (i.e., metal-to-ligand charge transfer states
(MLCTSs) involving thes* levels; see arrow 3 in Figure 1).
Thus in focusing on photoinjection mechanisms from the excited
electronic states of catechol (arrows 2 and 3), this paper
examines the process of electron injection through catechol in
its likely application to the design of an efficient phototrans-
ductive device. In particular, this work addresses the influence
of thermal nuclear motion on the time scales and mechanisms
of interfacial electron transfer, complementing previous studies
of catechol/TiQ-anatase semiconducté¥s*® and recent theo-
retical and experimental work addressing the nature of interfacial
electron transfer in other functionalized semiconductor ma-
terials1721.22.28,33,3739 However, the reported results are expected
to stimulate the development of femtosecond-pulse spectroscopic
measurements that might directly probe the electron injection
dynamics from the native excited states of catechol (arrow 2),
even in the presence of competing direct cateefi@D, charge
transfer excitations (arrow 1) and possibly stronger (depending
on substrate surface coverage) semiconductor band-to-band
transitions.

Interfacial electron transfer in functionalized semiconductors
is typically completed within the subpicosecond time scale, as
reported for various different systern¥.2022252Reaction times
as short as a few femtoseconds have also been reported for
systems, such as TiOfunctionalized with (bi-)isonicotinic
acid?%21 alizarin1°33 and catechat! There is also substantial
experimental evidence that the primary electron transfer event
in dye-sensitized semiconductors occurs much faster than
vibrational relaxation of the photoexcited chromophgré, 24,27
suggesting electron injection mechanisms driven by electronic
coupling rather than by nuclear reorganizational motfgi#20.22:46
The quantitative description of interfacial electron injection thus
seems to be beyond the capabilities of the traditional electron
transfer theories, based on weak coupling schemes, where
electron transfer rates are determined by the time scale of nuclear
reorganizational motioft 63 Theoretical extensions to the

(61) Newton, M. D.Chem. Re. 1991, 91, 767—792.
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strong electronic coupling (adiabatic) limit, typically based on been studied in similar composite models where a quantum
the Andersor-Newns Hamiltonian, have been developed and subsystem (electronic state) is coupled to a buffer subsystem
applied to the description of metal electrodes and semiconductor/(nuclear coordinates) which is directly coupled to a thermal bath.
liquid interfaces's~50 While these models have provided valu- It has been shown that the applicability of these mixed quantum-
able insight, applications to electron transfer in dye-sensitized classical approaches, where the buffer subsystem is treated
semiconductor nanostructures rely upon simplifying assumptions classically, is valid so long as the quantum subsystem decoheres
with regards to the description of the electronic structure and slowly and the buffer quickly® In the catechol/anatase system
coupling modeP32440 |deally, however, one would like to  studied here, it is found that the most relevant degrees of
implement more rigorous theoretical descriptions facing the freedom to the underlying electronic relaxation are those of the
challenge of modeling both the electronic structure and the ionic coordinates in the semiconductor crystal. In contrast to
nuclear relaxation explicitly in terms of fully atomistic simula- vibrational states of the adsorbate chromophore, which may be
tions of the underlying electron transfer dynamics. prepared in coherent superposition states, the ionic degrees of

Previous computational studies of interfacial electron transfer freedom are presumed to be initially at equilibrium with a
in catechol/TiQ-anatase nanostructures were focused on the thermal bath and possess no particular phase relation, that is, a
analysis of ultrafast interfacial electron transfer under vacuum classical approximation for their dynamics is valid.
and cryogenic temperature conditidhg hese studies found that The paper is organized as follows. The Methods section
the primary charge separation event is completed 4 6 fs, (section 2) describes the preparation of the catecholf@itatase
even when there is negligible participation of thermal nuclear model system and the computational methodology. Details of
fluctuations at cryogenic temperature. The ultrafast charge the molecular dynamics simulations are discussed in section 2.1.
separation process is followed by an anisotropic delocalization A description of the electronic Hamiltonian is included in section
of the injected charge throughout the nanostructure, a diffusional 2.2. Section 2.3. describes the simulations of electronic injection.
process that can be up to an order of magnitude slower alongResults are presented in sections 3.1. and 3.2. A discussion of
the [-101] direction than along the [010] or the [101] the results is presented in section 3.3. Finally, section 4
crystallographic directions in the anatase crystal. Furthermore, summarizes and concludes.
the overall electron injection rates were found to be strongly 2 Methods
dependent on the character of the initially populated electronic ="
state of the adsorbate molecule since the nodal planes of the 2.1. Computational Model. This section outlines only briefly the
native catechol molecular orbitals determine their respective methodology and the models implemented for the present study of
coupling strengths with host substrate states and, consequentlyfunctionalized TiQ nanostructures. A more thorough description of
the nature of the electron injection reaction p#th. the quel, |nclgd|ng _detalls concerning the ab initio Molecular_

. . ) . Dynamics (MD) simulations and the analysis of structural and electronic
The main focus of this paper is to address the influence of

| fl . he el ..~ 7" properties of the models, can be found in previous wWérk
room-temperature nuclear fluctuations on the electron |nject|on The unit cell model system is composed of 32 [ZiGnits arranged

dynamics in catechol/Tiganatase semiconductors, with em-  4ccording to the anatase crystalline strucfsehere the (101) surface
phasis on the potential effect of nuclear motion on both the of the crystal is functionalized with catechol (see Figure 2). The surface
reaction rates and electron injection mechanisms found earlierdangling bonds are saturated with hydrogen capping atoms in order to
at lower temperaturé. The reported simulations show that quench the formation of surface statésavoiding unphysical low
room-temperature thermal fluctuations create new pathways for coordination numbers. Periodic boundary conditions are imposed with
electron relaxation at the sensitized semiconductor interface. Thea vacuum spacer between slabs, making negligible the interaction
resulting effect is a net speed-up of electron injection and a between distinct surfaces in the infinitely periodic model system.

manifestly isotropic diffusion of the injected charge along the Geodr_r:'etry reflaxatlont as welltas ther?allzattlontanc: equmbratlonfunde;
semiconductor host substrate. conditions of room temperature and constant volume are performe

The imol d hodol d ixed by using the Vienna ab initio Simulation Package (VASP/VAMPY.
e implemented methodology adopts a mixed quantum- The resulting structural relaxation next to the adsorbate describes the

classical approach based on Ehrenfest dynamics, with a classica,ngeriying surface reconstruction due to functionalizatiha process

description of the nuclear motion evolving on an effective mean that is partially responsible for quenching the formation of surface states
field potential. Electronic degrees of freedom are described by deep within the semiconductor band gap.

a time-dependent extended ¢kel Hamiltonian? which is The VASP/VAMP package implements the Density Functional
particularly suited to investigate nonadiabatic dynamics in a Theory (DFT) in a plane wave basis set, making use of the Perdew
dense manifold of electronic states, providing insight on the Wang' generalized gradient approximation for the exchange-correlation
role that electronic state symmetry and chemical bonding play ) _
in the underlying relaxation mechanistConditions under E?gg E',t;';ﬁgcf'OF?'VT‘,’QSSL‘g’kny'pJ,'B%*;iT"%F_’ “3’;133395031?&28?3;337_
which quantum relaxation dynamics can be approximated by (;%g ggggtfa D\) FS-: .Xé%?(,e'FJngenghFe’gySé?gl égé igg_folgéﬂom
such quantum-classical treatments have been investigated fon% ) V.S 'D. AL. Phy '

)

73) Batista, V. S.; Coker, D. R. Chem. Phys1997 106, 7102-7116.
many year§_7,38,42,43,6475 In particular, quantum coherences have (74) Elola, M. D.; Estrin, D. A.; Laria, DJ. Phys. Chem. A999 103 5105

5112.
(75) Shiokawa, K.; Kapral, R]. Chem. Phys2002 117, 7852-7863.
(62) Barbara, P. F.; Meyer, T. J.; Ratner, M. A. Phys. Chem1996 100, (76) Vittadini, A.; Selloni, A.; Rotzinger, F. P.; Gizel, M. J. Phys. Chem. B
13148-13168. 200Q 104, 1300-1306.
(63) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265-322. (77) Monch, W.Semiconductor Surfaces and Interfac&pringer Series in
(64) Joos, E.; Zeh, H. D.; Kiefer, C.; Giulini, D.; Kupsch, J.; Stamatescu, I.-O. Surface Sciences Springer: Berlin, 1993; Vol. 26.
Decoherence and the Appearance of a Classical World in Quantum Theory (78) Kresse, G.; Furthmuller, hys. Re. B 199654, 11169-11186 (http://
Springer-Verlag: Berlin, Heidelberg, 1996. cms.mpi.univie.ac.at/vasp/).
(65) Tully, J. C.; Preston, R. KI. Chem. Physl971, 55, 562-572. (79) Kresse, G.; Furthmuller, Comp. Mat. Sci1996 6, 15-50.
(66) Tully, J. C.J. Chem. Phys199Q 93, 1061-1071. (80) Diebold, U.Surf. Sci. Rep2003 48, 53—229.
(67) Hammes-Schiffer, S.; Tully, J. @. Chem. Physl994 101, 4657-4667. (81) Perdew, J. P. Ilfelectronic Structure of Solids 9Ziesche, P., Eschrig,
(68) Hammes-Schiffer, S.; Tully J Q. Chem. Phys1995 103 8528-8537. H., Eds.; Akademie Verlag: Berlin, 1991.
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catechol

Figure 2. Local geometry of the relaxed nanostructure next to the catechol
adsorbate. The four types of atoms included in this simulation (Ti, O, C,

H) are represented by the colors green, red, turquoise, and white,
respectively. The capping hydrogen ions and oxygen ions of the semicon-
ductor lattice are indicated, as is the hexacoordinatéd ifin near the Figure 3. TiOz-anatase nanostructures extended along-tH@1] (upper
adsorbate, and the nearest of the two pentacoordinafeéddfis directly structure) and [010] directions (lower structure).

anchoring the catechol adsorbate.

The electronic structure of these extended 3 nm particles can be
functional (PW91) and ultrasoft Vanderbilt pseudopotentials for model- described according to a tight binding model Hamiltonian gained from
ing the core electron®:#3 The Kohn-Sham (KS) Hamiltonian is the extended Hekel (EH) approack®#® Advantages of this method
projected onto a plane-wave basis set, and high-efficiency iterative are that it requires a relatively small number of transferable parameters
methods are used to obtain the KS eigenstates and eigenvalues. Selfand is capable of providing accurate results for the energy bands of
consistency is accelerated by means of efficient charge density mixing elemental materials (including transition metals) as well as compound
schemes. Thermal configurations and nuclear trajectories of ab initio bulk materials in various phas&sln addition, the EH method is
MD simulations are computed by taking full advantage of the applicable to large extended systems and provides valuable insight on
parallelized version of the code with a parallel SP2 supercomputer. the role of chemical bondin®.It is therefore most suitable to develop

The phonon spectral density, obtained as the Fourier transform of a clear chemical picture of the underlying relaxation dynamics at the
the ionic velocity autocorrelation function, is consistent with previous Semiquantitative level, in an effort to provide fundamental insight on
calculationd! as well as with the experimentally determined normal the role played by initial electronic state spatial distribution and

modes of the Ti@anatase semiconductor in the 26276 cnt! range?* symmetry under conditions of inhomogeneous broadening in the
Higher-frequency resonances of the combined catecahiconductor underlying injection mechanism.
crystal complex are mostly localized in the 860600 cn1? range, the The EH Hamiltonian is computed in the basis of Slater-type orbitals

highest (at 3100 cnt) corresponding to the €H stretching modes of x for the radial part of the atomic orbital (AO) wave functidh&®

the adsorbed catechol. Most relevant for the study of interfacial electron including the 4s, 4p, and 3d atomic orbitals of Tions, the 2s and 2p
transfer is the low-frequency portion of the phonon spectrum, which atomic orbitals of @ ions, the 2s and 2p atomic orbitals of C atoms,
is assigned to vibrational modes of the adsorbate in good agreementand the 1s atomic orbitals of H atoms. The AQgi(t)J form a

with earlier studies of the isolated catechol molecil&hese earlier mobile (nonorthogonal) basis set due to nuclear motion, wjth) S

ab initio studies also found that the ground state vibrational frequencies [#i(t)|y;(t) ] the corresponding time-dependent overlap matrix elements.
of the catechol molecule are only slightly affected by photoexcitation The overlap matrix is computed using periodic boundary conditions
of the molecule to the S1 electronic stéteézurther, the delocalized along the [010] or{101] directions for the+101] and [010] extended
vibrational modes of Ti@anatase are expected to be only marginally systems, respectively. Diagonalization of the EH Hamiltonian predicts
affected by photoexcitation of the adsorbate molecule or electron a 3.3 eV band gap for the 3.0 nm model system in its relaxed
injection into the conduction band (i.e., same vibrational frequencies). configuration (see energy diagram in Figure 1). Considering that the
Therefore, it is reasonable to assume that nuclear motion is quite semiconductor band gap is larger for smaller nanoparticles, the 3.3 eV
insensitive to changes of distinct electronic character during the ultrafast band gap is consistent with the experimental band gap of 3.2 eV for
interfacial electron transfer, an approximation successfully applied in bulk TiO,-anatase, 3.4 eV for 2.4 nm particBsand 3.7 eV for the
previous studies of functionalized semiconductsrs. 1.2 nm model systertt:*

2.2. Electronic Structure. Realistic simulations of interfacial 2.3. Simulations of Electron Injection. We confine ourselves to
electronic relaxation face the challenge of modeling quantum dynamics an approximate mixed quantum-classical method in which the electrons
in rather extended model systems since finite size effects or even are treated quantum mechanically and the nuclei classically. The nuclei
periodic boundary conditions can produce inaccurate results due to€volve on an effective mean-field Potential Energy Surface (P&S),
artificial recurrences of electronic populatinTo address these  according to classical trajectori& = R(t), with initial conditions
challenges, electronic relaxation is simulated in 3 nm particles specified by indext. The actual calculation dfes, or equivalently of
constructed by the juxtaposition of three of the complex units described the set of trajectorieR4(t), is a difficult problem® However, in the
in section 2.1., extended along the]01] and [010] crystallographic
directions of the TiG@anatase structure (see Figure 3). Periodic (85) McGlynn, S. P.; Vanquickenbome, L. G.; Kinoshita, M.; Carrall, D. G.

" . . Introduction to Applied Quantum Chemistitfolt, Rinehart, and Winston
boundary conditions are applied along the unextended crystallographic Inc.: New York, p1%72_ Q Sty

direction in each case. (86) Cerdal.; Soria, FPhys. Re. B 2000 61, 7965-7971.
(87) Hoffmann, RRev. Mod. Phys.1988 60, 601—628.
(88) For a numerical implementation of the method: Landrum, G. A; Glassy,

(82) Vanderbilt, D.Phys. Re. B 199Q 41, 7892-7895. W. V. The YAeHMOP project, http://yaechmop.sourceforge.net.

(83) Laasonen, K.; Pasquarello, A.; Car, R.; Lee, C.; VanderbilBlys. Re. (89) Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. @hem. Re.
B 1993 47, 10142-10153. 1995 95, 69-96.

(84) Gonzalez, R. J.; Zallen, R.; Berger, Ahys. Re. B 1997 55, 7014~ (90) Bredow, T.; Geudtner, G.; Jug, K. Chem. Physl996 105 6395-6400.
7017. (91) Pechukas, FPhys. Re. 1969 181, 166-174.
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present application, both the ground and excited electronic PESs involve %  ;
bound nuclear motion of similar frequencies. Theref&tg,is nearly 8
parallel to the ground state PES, and nuclear traject&ig} are thus
well-approximated according to ab initio DFT MD simulations. _od

Propagation of the time-dependent electronic wave function is &
performed for each nuclear trajectoB+(t) by numerically exact
integration (vide infra) of the Time-Dependent Sdirger Equation
(TDSE)

=

0 10 TIME (fs) 20 3 0 10 TIME (fs 30

{2 + 1y (t)} (Wit =0 Q) Figure 4. Ensemble average adsorbate populatieftsin functionalized
a h catechol/TiQ nanostructures extended along thelp1] (left panel) and

) ) o ) ) ) [010] (right panel) crystallographic directions, after instantaneous population
Here,H(t) is the electronic EH Hamiltonian described in section 2.2., of a catechol-LUMO state. The room-temperature electron injection

which depends implicitly on time througR4(t). Results reported in dynamics (black squares) is compared to simulatidr® & (solid lines);
section 3 are obtained by sampling initial conditichgor nuclear that is, nuclei coordinates are fixed at their fully relaxed configuration, as
motion, integrating the TDSE over the corresponding ab initio DFT well as simulations where nuclear positions are fixed in the individual

. - . . - embers of the ensemble at their initial room-temperature configurations
nuclear trajectories, and averaging expectation values over the resultin hroughout the injection time (red triangles). Error bars represent the standard

time-evolved wave functions. Converged results are typically obtained geyiation resulting from the ensemble average. Broken blue lines are
by averaging over fewer than 50 initial conditions, representing the exponential fitting curves characterizing the relaxation timess 38 fs
system thermalized under conditions of room temperature and constant(dotted),r = 6 fs (dashed), and = 2.5 fs (dot-dashed).

volume. However, all results are reported for averages over 100 initial

conditions. with pz the probability of sampling initial conditions, specified by index
The TDSE, introduced by eq 1, is numerically integrated by &, associated with the thermal ensemble of nuclear configurations.
expanding the time-dependent electron wave function The time-dependent survival probability of an initial electronic state,
or transient populations of individual ions, is then determined by
WO 0= ZBq(t)Wq(t)D @) computing the time-dependent populatiBt) as follows:
q A
P(t) = Tr{p(t)Pg} )

in the instantaneous eigenstaggt)C= YiCi o(t)|xi(t)Cof the general-
ized eigenvalue problert(t)C(t) = S(t)C(t)E(t), with eigenvalues where Ris the projection operator onto the subSetf atomic orbitals

Eq(D). of interest. In particular, computations of the transient population in
The propagation scheme is based on the recursive application of the initially photoexcited catechol molecul(}), is defined according
the following short-time approximation: to eq 7 with
£ —IRE(t)T/2 - -
(Wt + /20y Byl " g (D €) Py = Z 6 0S Yy Bl 8)
q

jecat
where the evolution of the expansion coefficients
where the sum over atomic orbitals includes only atoms of the initially

By(t+1) = ZBp(t)efi/h[Ep(t)+Eq(t+r)]r/2 x [yt + 1) g0 (4) photoexcited catechol adsorbate.
P

3. Results
is approximated as follows Results are presented and discussed in three subsections.
E 2 Section 3.1. presents simulations of electron injection from the
By(t +7) = By(t)e ’ ©) catechol LUMO into TiQ-anatase nanostructures extended

along the ~101] and [010] crystallographic directions. Section
3.2. presents analogous results for electron injection from the

native catechol LUMO or catechol (LUM®BL) of the photoexcited _catech_ol (LUM@;)' A d|scu_SS|on of the results is prgsented
surface complex. Considering that the LUMO and LUMODstates of in section 3.3., W_'th emphasis _on th_e role [_)I_ayeq by inhomo-
catechol anchoring molecules are important components of the excited9€N€0US broadening and nonadiabatic transitions in the underly-
electronic states of dyes with high photo-to-current conversion ef- ing relaxation dynamics.
ficiencies (e.g., catechol para-substituted with Reffiplypyridyl 3.1. Electron Injection from the Catechol-LUMO. Figure
complexes), the results presented in sections 3.1. and 3.2. are expected compares the evolution of time-dependent electronic popula-
to provide fundamental insight on the effect of temperature on surface tions, associated with the initially photoexcited surface complex,
charge separation mechanisms in molecular-based photo-optic devicesin functionalized semiconductors at room temperature (squares)
As discussed in the Introduction, however, the reported results are alsogng 0 K (solid line). The comparison shows that room-
relevant to the electron injection dynamics from the native excited states temperature thermal fluctuations significantly speed up the
of catechol, even n th? presence of competing direct catedhol, underlying electron injection dynamics. The overall relaxation
charge transfer excitations. f . . .

The relaxation dynamics is quantitatively described in terms of dynamlcs_ atroom te_mperature IS I_ar_gel_y described by a_ single

exponential decay with a characteristic time: 2.5 fs, reaching

expectation values of observables computethas= Tr{ 5(t)A}, where o ) ) ) )
5(t) is the reduced density operator associated with the electronic COmMPplete transfer within 10 fs in both functionalized semicon-

in the limit of sufficiently thin time slicess.
The initial electronic state is chosen to correspond closely to the

degrees of freedom ductors extended along the-101] and [010] directions. In
contrast, electron injection at low temperature involves a primary
p(t) = Zp§|lP5(t)D]HI’§(t)| (6) charge separation step with a characteristic time: 6 fs,
: followed by slower charge delocalization through the FiO
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Figure 5. Ensemble averaged transient populations df Td orbitals
constituting the anatase conduction band of nanostructures extended alonc
the [-101] (left) and [010] (right) crystallographic directions,aK (top)

and room temperature (bottom).

) Figure 6. Analysis of electronic population at 2.4 fs of dynamics,
anatase crystal (e.g., a process characterized by a time constanisualizing the most populated 3d orbitals of Tions & 0 K (left panels)

7= 385 in nanostructures extended along theq1] direction, & R 0 Ol iabels seight along the horzontal
as shown in Figure 4, left panel). frame lines;z down along the vertical frame Iinégs; aﬁxcbgt of the page.
Considering that the 10 fs injection time is small compared
to the periods of most nuclear vibrations in the functionalized injection process and therefore not considered in the analysis.
nanostructure (e.g., Tianatase normal modes are inthe 262  Figure 5 compares simulations @ K (top panels) and room
876 cnt!rangé?), there is the nontrivial question as to whether temperature (bottom panels) for nanostructures extended along
thermal nuclear fluctuations speed up the underlying interfacial the [-101] (left panels) and [010] (right panels) crystallographic
electron transfer simply by introducing inhomogeneous broad- directions.
ening (i.e., broadening of the distribution of energy levels and  Figure 5 shows that, at low temperature (upper panels), the
electronic couplings), or whether nuclear motion plays a early time dynamics is determined by rapid injection into the
significant role (e.g., inducing additional nonadiabatic transi- Ti** dy, and dz orbitals (acceptor states), followed by an
tions). To address this question, Figure 4 also shows results ofincreasing population of the,dand dy orbitals. Note that the
electron injection considering the effect of inhomogeneous population of the ¢ and dy orbitals governs the dynamics at
broadening but excluding nonadiabatic effects due to nucleart > 5 fs, as the initially populatedigand g2 orbitals appear to
motion (red triangles). These results are obtained by computingquickly “saturate” at a certain level of equilibrium population.
ensemble averaged adsorbate populations, keeping fixed theéAt room temperature (bottom panels), the rate of population
nuclear positions throughout the whole injection time for each transfer to the g and dy is significantly enhanced. This results
member of the thermal ensemble. The comparison of thesein an increased rate of delocalization since theadd dy states
results (red triangles) to time-dependent electronic populationsare the primary constituents of delocalized states at the middle
obtained &0 K (solid line) and room temperature (squares) and bottom of the conduction band. These results are consistent
indicates that nuclear motion is most responsible for the with a speed-up mechanism based on the enhanced rate of
underlying speed-up mechanism. It is therefore concluded that, population transfer from acceptor statgsahd g, in the vicinity
although electronic states are perturbed and mixed in individual of the photoexcited adsorbate, to the manifold dftTd, and
members of the thermal ensemble, additional relaxation path- dyy States constituting delocalized MOs in the Ti&@nduction
ways become active only in the presence of nonadiabatic band.
transitions driven by nuclear motion. The underlying relaxation mechanism, after photoexcitation
To analyze the molecular origin of the observed speed-up ©f the central catechol adsorbate, becomes evident from a simple
mechanism, Figure 5 presents the decomposition of the elec-Population analysis in the STO basis showing the spatial
tronic population injected in the semiconductor host substrate distribution of injected charge associated with thé& Tirbitals
into individual populations of the ¥ dy, dz, dy, and dy comprising the conduction band. Figure 6 presents the detailed

orbitals, the main constituent states of the Fi@nduction distribution of injected charge at a specific time (e.g., 2.4 fs),
band4192-95 The de_y2 orbitals are relatively uninvolved in the considering only atomic orbitals with population above a certain

cutoff, for nanostructures extended along thd. Q1] direction.
(92) Burdett, J. K.; Hughbanks, T.; Miller, G. J.; Richardson, J. W., Jr.; Smith, Instantaneous isodensity surfaces of injected charge projected

J. V.J. Am. Chem. S0d.987, 109, 3639-3646. i ;
(93) Mo, 5. D.. Ching. W, ¥Phys. Re. B 1995 51 13023-13032. onto the different T 3d orbitals are shown for nanostructures
(94) Asahi, R.; Taga, Y.; Mannstadt, W.; Freeman, APBys. Re. B 200Q at 0 K (left panels) and room temperature (right panels). The
61, 7459-7465. ) !
(95) Béltrm, A Sambrano, J. R.: Calatayud, M. Sensato, F. R.: Adie comparison shpws that the_net effec@ of t_hermal nuclear motion
Surf. Sci.2001 490, 116-124. on the underlying electronic relaxation is an enhancement of
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Figure 7. Comparison of time-dependent adsorbate populations in func- — _ —
tionalized catechol/Ti@ nanostructures extended along thelp1] (left (C) T 300K’ [ 101] (d) T 300K’ [010]
panel) and [010] (right panel) crystallographic directions, after instantaneous 45 S R [010]
population of a catechol-(LUM®1) state in a surface catechol complex. B
Black squares represépft), corresponding to simulations including thermal 02 B 02 . .
fluctuations and nuclear motion averaged over 100 initial condioffed = I - , =i
triangles depict the analogous ensemble average over simulations conducted = Rl /, -
with nuclear positions frozen at their initial configurations throughout the o o= i
injection time. Error bars represent the standard deviation from the thermal - %
ensemble average. The green line corresponds to simulations at 0 K, with 0 T Fie o T Eia
. . . TIME (fs) TIME {fs)
nuclear positions frozen at fully relaxed configurations. The dot-dashed blue ) ) )
line is an exponential fitting curve characterizing the relaxation time Figure 8. Ensemble-averaged transient populations df Bd orbitals
2.5 fs (dot-dashed). constituting the anatase conduction band of nanostructures extended along

the [-101] (left) and [010] (right) crystallographic directions,&aK (top)

N L . and room temperature (bottom).
delocalization of injected charge among, énd d, orbitals P ( )

(panels a and b). In contrast, little difference is observed when strong coupling mechanism of electron injection from the
comparing the distributions of population among thé*Td, catechol-(LUMGCH1).
and ¢z atomic orbitals 80 K and room temperature (see Figure The comparison of relaxation curves corresponding to room-
5 panels ¢ and d). These results, which are consistent with Figuretemperature electron injection from the catechol-(LUMO) and
4, show that the underlying speed-up mechanism is based oncatechol-(LUMGCH1) states (see black squares in Figures 4 and
the enhancement of population transfer from acceptor states?, respectively) shows that thermal fluctuations give rise to a
localized in the vicinity of the photoexcited adsorbate to generic 2.5 fs time scale for injection from either the catechol-
delocalized MOs in the host substrate. Analogous results areLUMO or catechol-(LUMCF1) in nanostructures extended
obtained from the population analysis of nanostructures extendedalong either the+101] or [010] crystallographic directions.
along the [010] crystallographic direction. The similarity in time scales, for room-temperature electron
3.2. Electron Injection from the Catechol (LUMO+1). This injection from the catechol-(LUMO) and catechol-(LUMAQ),
section analyzes the effect of thermal nuclear fluctuations on INvites the question of whether thermal fluctuations also lead
the electron injection dynamics from the catechol (LUMO to a correspondingly generic injection mechanism. To address
state. The comparison of the results presented in this sectiontiS question, Figure 8 presents the decomposition of electronic
and the analysis of electron injection from the catechol LUMO, Population, injected from the catechol-(LUME) state into
presented in section 3.1., shows that both the electron injectiontn® Populations of the ¥t orbitals dz dz, d and d.

mechanism and the relaxation time scales are sensitive to theS'm”kjltlons 80 K (top panels) are compared to simulations at

spatial symmetry properties of the donor state, even under room-'20M tempe(;a:jurel (bott(r)]m pglrlells)fror seTlconciljuc(t)cironar_\oEtruc-
temperature conditions. tures extended along the-101] (left panels) and [010] (right

. . anels) crystallographic directions. Figure 8 shows that thermal
Figure 7 shows results of time-dependent adsorbate popula—p )ery drap g

. fer i lati  th hol (LUA nuclear motion does not significantly affect the rate of electron
tlons,a_ e;mstgntar;eogs population of the catechol ( P transfer into the different ¥t 3d orbitals, indicating that the
state, in functionalize na.lnostructure.s at room ten,”maratureunderlying electron injection mechanism is not significantly
(black squares) K (green lines), and simulations that include

) ; affected by thermal motion. Moreover, comparing the orbital
rqom-t_emperature inhomogeneous bro_ademng bu_t exclude NoNay, 0 jjations across Figures 5 and 8 supports the general
diabatic effects due to nuclear motion (red triangles). The

N ) X o ) conclusion that the mechanisms for electron injection from the
exponential flt_tln_g curve (blue line), included in Flgur_e 7 d_eflnes catechol-LUMO and catechol-(LUM®L) remain significantly
the characteristic time scale € 2.5 fs) for electron injection. different, even at room temperature, although with similar

In contrast to electron injection from the catechol LUMO, characteristic times.

the similarity between the injection dynamics at room temper- 3.3 DiscussionThe comparison of time-dependent adsorbate
ature (black squares) dif) K (green lines), depicted in Figure  populations, resulting from electron injection dynamics from
7, indicates that nuclear motion does not significantly affect different initial states and under different conditions (see Figures
the time scale for electron injection from the catechol- 4 and 7) indicates that electron injection from catechol-LUMO
(LUMO+1). Also in contrast to the injection dynamics from and LUMO+1 into anatase semiconductors is accelerated by
the catechol-LUMO, Figure 7 shows that considering only the room-temperature thermal fluctuations, proceeding according
effect of inhomogeneous broadening (i.e., without nuclear to ultrafast mechanisms characterized by a single relaxation time
motion) (red triangles) slows down the underlying interfacial 7 = 2.5 fs. The computed time scale is comparable to the sub-
electron transfer dynamics from the catechol-(LUMOD state. 3-fs time scale reported by Schnadt et’4br interfacial electron

It is therefore concluded that broadening the distribution of transfer from other excited electronic states (e.g., the LUMO
energy levels into nonoptimal states detrimentally affects the and LUMO+2) of aromatic adsorbates such as (bi)isonicotinic
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nism with rapid delocalization, is not so significantly affected
by thermal fluctuations.

The main conclusion suggested by the analysis of distribution
of injected charge, shown in Figures g, is that thermal nuclear
motion is largely responsible for speeding up the electron
injection mechanism in the presence of inhomogeneous broad-
ening. These effects serve to accelerate the overall interfacial
electron transfer process without affecting the dependence of
the underlying mechanism on the particular symmetry properties
of the photoexcited state in the donor adsorbate molecule.

Figure 9. Isodensity surface describing the electronic density of the We continue with a comparison to a valuable series of recent
catechol-LUMO (left panel) and catechol-(LUMEL) (right panel) states.  theoretical studies, based on the Andershiewns Hamiltonian,
including a description of dyesemiconductor electron transfer
due to Ramakrishna, Willig, and M&#7 and recent work by
Thoss, Kondov and Wangon the behavior of similar models.
Both studies involve general theoretical treatments of a single
electronic donor state coupled to a quasi-continuum of semi-
conductor acceptor states, with coupling to a bath of quantum
harmonic oscillators.

The study of Ramakrishna and co-workers indicates that
electron transfer from an excited dye state is essentially
independent of vibrational modes, under conditions of either

electron transfer in catechol/anatase semiconductors at lowCONStant (strong) electronic coupling between donor and acceptor
temperature limit? Under such conditions, the differences in the wide-band limit or in the zero-reorganization energy limit.

between injection mechanisms from the catechol-LUMO and In this fastest case, electronic injection will be independent of
LUMO++1 are ultimately attributed to the significantly different temperatur_e and_vv_lll not be_ rr_lodu_lated by vibrational wave
character of the LUMO and LUM®1 states of the catechol ~Packet motion. Itis judged within this study that a temperature
adsorbate (see Figure 9). Although both states have an equafl€Pendence of injection will, however, be observable in most
number of nodes, the injection mechanism from the catechol- realistic systems, where the density of states or the electronic
LUMO is mainly “through space” since the injected electron coupling between donor and acceptor states varies significantly.

must tunnel from the catechol-LUMO to the hexacoordinated |nerefore, injection rates computations based solely on elec-
Ti4+ ion (see Ti(6) ion in Figure 2) due to the lack of conjugated (rOnic coupling are expected to be overestimated.
7 system electron density near the linking oxygen atoms (see 1he study of Thoss, Wang and co-workers presents a similar
Figure 4). The T4 ion thus becomes a bottleneck for charge analysis, concluding that in cases where vibrational degrees of
injection in nanostructures extended along th@(1] direction. ~ freedom have a significant effect on the electronic dynamics
In contrast, injection from the catechol-(LUMEL), in which nuclear wave packets will modulate the electronic injection,
a nodal plane in the electron density bisects the catechol often leading to slower or incomplete injection. These results
molecule (see Figure 7), proceeds through chemical bonds@r€ consistent with electron injection occurring much faster than
associated with the two pentacoordinated*Tions directly vibrational relaxation. This analysis is therefore consistent with
anchoring the adsorbate (see Ti(5) ions in Figure 2) and quickly previous experimental studies, reporting the footprint of nuclear
delocalizes along the [010] crystallographic direction on the Wave packet motion on electron injection in other functionalized
surface of the Ti@anatase, before separating from the surface TiO2 semiconductors>2*
by delocalization along the [101] direction (i.e., further intothe ~ As pointed out by Thoss, Wang and co-work&rshese
semiconductor). related theoretical studies are expected to be most relevant to
The results reported in this paper indicates that inhomoge- Systems where the donor state is energetically situated close to
neous broadening partially breaks the nodal symmetry of the the bottom of the conduction band, where the electronic coupling
donor state, slightly mixing the two injection pathways. between adsorbate and semiconductor is weak, or where the
However, such a perturbation only marginally alters the Systemis prepared significantly displaced from the equilibrium
underlying mechanism and time scales, as shown in Figures 4geometry of the donor state. It is therefore important to note
and 7, slightly speeding up or slowing down the transfer process. that such conditions are partially incompatible with the catechol/
However, room-temperature thermal fluctuations enhance nona-TiOz-anatase system, where donor states are energetically
diabatic processes between those MOs involved in the primaryémbedded in the Ti©conduction band and strongly coupled
injection process (composed of thg, dnd d2 AOs of Ti*") to the semiconductor acceptor states. Furthermore, the donor
and those responsible for electronic delocalization (composedadsorbates are prepared close to their nuclear equilibrium
of the d, and dy AOs of Ti*"). Therefore, the resulting effect ~geometries since the equilibrium positions and vibrational
on electron injection from the catechol-LUMO is a net speed frequencies are only slightly affected by photoexcitation to
up of interfacial electron transfer since the acceptor state in the bound excited states (e.g., HOMQUMO excitations)?’
hexacoordinated ¥i ion is no longer a bottleneck for charge The treatment of electronic relaxation, presented in this paper,
injection, as it is at low temperature. In contrast, injection from implicitly assumes negligible reorganization energypf the
the LUMO+1, relying primarily on a “through-bond” mecha-  surface complex during the injection time. This approximation

acid to TiQ, semiconductors. The analysis of the detailed
distribution of injected charge (see Figures 5 and 8) indicates
that, although possessing similar characteristic times, electron
injection mechanisms remain sensitive to the particular spatial
charge distribution of the donor state, even under room-
temperature conditions.

Considering the significant amount of research effort reported
in recent years, it is important to place the results reported in
this paper within the context of related studf@g?#33.3941.,46.47
We begin with a comparison to our earlier study of interfacial
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is consistent with the wide-band limit, implying thais small dynamics in TiQ-anatase semiconductors functionalized with
relative to the width of the conduction band (i.2.< 5 eV) catechol. Our results are noteworthy since catechol is a prototype
and agrees with the fact that the internal reorganization energiesof aromatic anchoring ligands upon which a wide range of
associated with aromatic organic molecules are typically of the molecular structures can be attached for specific functionalities.
order of a tenth of an electron Volt. However, in contrast to the This work has been accomplished by implementing a methodol-
general formulations, we compute the electronic structure at the ogy developed in previous wofk; 43 combining ab initio DFT
atomistic level, allowing for an explicit description of the density molecular dynamics simulations and quantum dynamics propa-
of states and electronic couplings. Thus it is not by design that gation of transient electronic excitations based on a time-
our simulations explore the strong coupling limit, but rather as dependent extended kel model Hamiltonian.

a characterization of the electronic structure of the catechol/ We have shown that interfacial electron transfer in catechol/

anatase system. The explicit treatment of electronic coupllngs.l.ioz at room temperature can be described by a single

"’."59 a_IIows one to investigate _aspec_ts that mlgh_t be beyond theexponentlal decay, with a characteristic time= 2.5 fs that

limitations of model systems, including the detailed molecular - . : . .
- . - . - guantitatively describes the relaxation of electronic population
origin of the speed up mechanism. This process is attributed to. o . S
) : o . ... ~in the initially photoexcited catechol adsorbate. In addition, it
nonadiabatic transitions between acceptor states in the vicinity. . . .
. is reported that thermal fluctuations reduce the anisotropic
of the molecular adsorbate and states delocalized throughout

the host substrate. The explicit atomistic model also allows one cha:acter oftcTar%e dlf:uspn_lalotﬂg dllffetrent_ d_we:tlonstm :che
to predict a minimal effect of nuclear dynamics on the primary anatase crystal and make simiiar the electron injection rates from

electron transfer event that populates acceptor states in theadsorbate states of different spatial charge distribution. It is also

vicinity of the photoexcited adsorbate since high injection rates Shown that, despite this apparent homogenization of the time
are predicted for catechol/anatase systems even under lowscales of|nje9t|on, the |nt§rfaC|aI electron transfgr mec;hamsms
temperature conditions. The explicit atomistic simulations also from electronic states of different character remain d|§t|nct even
suggest that the experimental detection of a vibrational imprint I the presence of room-temperature thermal fluctuations. These
on the underlying electronic dynamics would be unlikely in the results complement and contrast earlier studies of electron
catechol/TiQ system since the overall injection is completed injection under cryogenic temperature conditiinand lend
within 10 fs under room-temperature conditions. support to the interpretation of experimental data suggesting
Finally, it is important to compare the results reported in this Ultrafast (sub-10-fs) electron injection in similarly strongly
paper with a recent series of studies by Prezhdo and co-coupled semiconducteidye system$?-2! The longer time
workers3337:3%reporting a thermal nuclear motion component behavior of the injected electron in large systems, and its
to the electron injection rates of interfacial electron transfer in possible correlation with the hole in the adsorbate monolayer,
alizarin/rutile semiconductors. The mechanism by which nuclear is a subject of current study.
thermal fluctuations speed up the overall electron injection  We have shown that, in contrast to the influence of nuclear
dynamics in that system, however, seems to be significantly motion on the interfacial electron transfer in other functionalized
different from the catalytic effect of nuclear motion in catechol/  semiconductors, the catechol/anatase system involves donor
anatase semiconductors. This is not surprising, however, sinCestates embedded in the conduction band of the host substrate.
the donor states in the alizarin/rutile system are off-resonanceTherefore, thermal nuclear fluctuations simply speed up the
relative to the conduction band. Nuclear motion opens previously interfacial electron transfer by creating additional nonadiabatic
forbidden electron injection channels by bringing these off- rejaxation pathways between electron acceptor states, localized

resonant donor states of alizarin surface complexes in resonance, he vicinity of the adsorbate, and delocalized states extended
with the conduction band. In contrast, the donor states of throughout the semiconductor material.

catechol surface complexes are already in resonance with the
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