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Abstract: Ab initio DFT molecular dynamics simulations are combined with quantum dynamics calculations
of electronic relaxation to investigate the interfacial electron transfer in catechol/TiO.-anatase nanostructures
under vacuum conditions. It is found that the primary process in the interfacial electron-transfer dynamics
involves an ultrafast (z1 = 6 fs) electron-injection event that localizes the charge in the Ti*" surface ions
next to the catechol adsorbate. The primary event is followed by charge delocalization (i.e., carrier diffusion)
through the TiOz-anatase crystal, an anisotropic diffusional process that can be up to an order of magnitude
slower along the [—101] direction than carrier relaxation along the [010] and [101] directions in the anatase
crystal. It is shown that both the mechanism of electron injection and the time scales for interfacial electron
transfer are quite sensitive to the symmetry of the electronic state initially populated in the adsorbate
molecule. The results are particularly relevant to the understanding of surface charge separation in efficient

mechanisms of molecular-based photovoltaic devices.

|. Introduction ENERGY
Interfacial electron transfer between sensitizer molecular
adsorbates and semiconductor materials has been a subject of <€

intense research in recent ye&rsThis is a fundamental process

excited state

conduction band

in surface chemistry, relevant to a broad range of practical _oomreer o ho

applications, including effective mechanisms of solar energy

conversiorf” photoelectrochemist¥artificial photosynthesfs

and imaging® Despite its great technological significance,

interfacial electron transfer remains poorly understéambm-
pared to electron transfer in homogeneous solutiénd. In

particular, there is still considerable controversy about the time

ground state

valence band

scale and nature of the primary electron-transfer process in dye- semiconductor | surface

sensitized TiQelectrodes. In this paper, ab initio DFT molecular

Tio, complex

dynamics simulations are combined with quantum dynamics Figure 1. Energy diagram for dye sensitization of Tidhe diagram shows
calculations of electronic relaxation to investigate the interfacial the energy levels of the surface complex, the photoexcitation process (see

electron transfer in catechol/Ti&natase nanostructures.

vertical arrow), and the electron injection in the conduction band of host
material (horizontal arrow).

Surface sensitization involves the adsorption of an organic

molecule to a semiconductor surface and the formation of
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@ surface complex. Photoexcitation of the surface complex can
lead to interfacial electron transfer when there is suitable energy
match between the photoexcited electronic state in the surface
complex and the electronic states in the conduction band of the
semiconductor (see Figure 1). Injection times as short as a few
femtoseconds have been reported for various systeHis,
revealing that nuclear motion cannot be the rate-determining
factor in the underlying interfacial electron-transfer mechanisms.
The description of such ultrafast spectroscopic measurements
thus seems to be beyond the capabilities of the traditional
electron-transfer theory, where the nuclear reorganization plays

(15) Schnadt, J.; et aNature2002 418 620.
(16) Huber, R.; Moser, J. E.; Gmzel, M.; Wachtveitl, J.J. Phys. Chem. B
2002 106, 6494.
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a central role in determining the electron-transfer rates. It is, the systen?® These measurements also estimated a catechol
therefore, essential to combine experimental studies with realisticmonolayer density of 1.2bmol m=2 (i.e., 1 catechol molecule
theoretical simulations to develop a comprehensive understand-per =132 A?) from a Langmuir fit of the equilibrium constant

ing of the underlying electron-transfer dynamics.

Quantum chemistry calculations of small organic molecules

for the adsorption of catechol on Ti@natase.
Catechol has raised significant interest as a model sensitizer

adsorbed to semiconductor surfaces have been reported, includnot only because it significantly lowers the absorption threshold
ing studies of aromatic adsorbates on metal oxide substrates. of TiO, from 370 to 420 nm but also because it constitutes

Particularly, there have been studies of formic &tidr
bi-isonicotinic acid® anchored to the (110) surface of BHO
rutile and HCOORP or bi-isonicotinic acid® anchored to the

sensitizers with high incident photon-to-current conversion
efficiencies (e.g., photon-to-current conversion efficiencies of
up to 50% have been measured on F#datase surfaces

(101) surface of TiQanatase. However, the complexity of the sensitized by catechol para-substituted with Ru(ll)-polypyridyl
interface has limited the capabilities of quantum chemistry complexed)). These sensitizers thus show considerable promise
calculations to solve a number of fundamental aspects (e.g., itin the development of photovoltaic cells. Contrary to a direct
is still unclear how strongly intermediate excited-states in the charge-transfer excitation, these efficient photoinjection mech-
molecular adsorbate couple to the conduction band of &t anisms involve electronic excited states in the molecular
what is the role of these states in the photoinduced electron-adsorbate. The simulations of electron injection investigated in
injection mechanism). The complexity of the problem has also this work aim to gain a fundamental understanding of such
limited quantum dynamics simulations to the implementation excited-state electron-injection paths.
of approximate schemes. Smith and Nozik have investigated Realistic simulations of heterogeneous electron-transfer pro-
1-dimensional and 3-dimensional model systems in an effort cesses face the challenge of modeling quantum dynamics in
to understand the central aspects of interfacial electron transferlarge model systems, since finite size effects or even artificial
as well as the limitations of theoretical approaches such as theperiodic boundary conditions can produce inaccurate results
Landau-Zener approximatiof and the Anderson Hamiltonian  (e.g., recurrent electron-transient populations). In addition, to
approact?® Marcus and co-workers have extended the theoreti- account for the ultrafast electronic relaxation in the host material,
cal formalism originally developed for homogeneous reactions. a reliable description of the electronic couplings between the
These authors have explored electron transfer in sdilighid discrete molecular states in the anchored molecule and the dense
systems by using the Fermi Golden Rule in conjunction with manifold of highly delocalized electronic levels in the semi-
the tight-binding methcd or the free electron modélfor the conductor is required. In the event that the time scales associated
description of the electronic structure. Prezhdo and co-workers with the electronic relaxation are much faster than the nuclear
have recently implemented a surface hopping approach to themotion, it is possible to implement a simplified procedure to
description of nonadiabatic dynamics in the isonicotinic acid/ investigate the excited-state electron transfer at the detailed
TiO,-rutile complex?® In this paper we investigate the process molecular level, that is, assuming the decoupling of the
of electron injection in catechol/Tianatase nanostructures at electronic and nuclear dynamics.
the detailed molecular level. To investigate interfacial electron transfer in sufficiently
The photoinduced electron transfer in the catechol/anataseextended model systems, representative nuclear configurations
system has yet to be probed by ultrafast spectroscopic measureare obtained according to ab initio DFT molecular dynamics
ments. However, the charge-transfer effect has already beensimulations, and the time-dependent electronic wave function
assigned to the 420430 nm absorption band in UV/vis s propagated according to a model Hamiltonian gained from
transmittance measurements for nanometer-sized particle susthe semiempirical extended 'kkel (EH) approach. The role
pensions as well as in UV/vis differential diffuse reflectance that symmetry plays in the electron-injection mechanism is
measurements for dried 30-nm powders of F#datase with investigated by computing the time-dependent electron density
adsorbed catechél:28In addition, a semiempirical stuéhas after photoexcitation of the adsorbate chromophore to the
assigned the absorption band at 420 nm tdirect charge- catechol-LUMO and catechol-(LUM®1) in TiO, nanostruc-
transfer excitation from the catechmlorbital to the T# (3d) tures extended along different crystallographic directions.
levels at the bottom of the Tixonduction band. Furthermore, The simulation results described in this paper show the first
the charge-transfer band of catechol adsorbed omi.4ized direct evidence of an anisotropic electron-injection mechanism
TiO, (anatase) colloidal particles in aqueous suspensions hasand the origin of multiple time scales associated with the process
been observed at 456 nm, in the second-harmonic spectrum ofof carrier relaxation. The interfacial electron-transfer involves

(17) Persson, P.; Lunell, S.; Ojamae,Chem. Phys. LetR001, 364, 469.

(18) Ké&ckell, P.; Terakura, KSurf. Sci.200Q 461, 191.
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200Q 104, 1300.

(21) Persson, P.;Lunell, SteSol. Energy Mater. Sol. Cel800Q 63, 139.

(22) Smith, B. B.; Nozik, A. JJ. Phys. ChemB 1999 103 9915.

(23) Smith, B. B.; Nozik, AJ. Chem. Phys1996 205, 47.

(24) Gao, Y. Q.; Georgievskii, Y.; Marcus, R. A. Chem. Phys200Q 112,
3358.

(25) Gao, Y. Q.; Marcus, R. Al. Chem. Phys200Q 113 6351.

(26) Stier, W.; Prezhdo, O. \d. Phys. Chem R002 106, 8047.

(27) Moser, J.; Punchihewa, S.; Infelta, P. P.; GratzelLishgmuir 1991, 7,
3012.

(28) Rodriguez, R.; Blesa, M. A.; Regazzoni, E.Colloidal Interface. Sci.
1996 177, 122.

(29) Persson, P.; Bergstm R.; Lunell, SJ. Phys. Chem. B00Q 104, 10348.
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an ultrafast £ = 6 fs) primary electron-transfer event that
localizes the charge on the “Ti surface ions next to the
adsorbate molecule. This primary injection event is followed
by an anisotropic delocalization process, which can be up to an
order of magnitude slower along the 01] direction than along
the [010] or the [101] crystallographic directions in the anatase
crystal. It is shown that both the primary electron-injection event
and the anisotropic relaxation of the injected charge are quite
sensitive to the symmetry of the initially populated electronic

(30) Liu, Y.; Dadap, J. |.; Zimdars, D.; Eisenthal, K. B. Phys. Chem. B
1999 103 2480.

(31) Rice, C. R.; Ward, M. D.; Nazeeruddin, M. K.; Gzeal, M. New J. Chem.
200Q 24, 651.
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Figure 2. Unrelaxed configuration of the Ti@anatase model nanostructure
sensitized by a catechol molecule anchored on the (101) surface of the crystal

under vacuum conditions. Large gray spheres represéhtidis, black Figure 3. Nanostructure of Ti@anatase sensitized by catechol after
spheres are © ions, medium light-gray spheres are C atoms, and small geometry relaxation under vacuum conditions and electronic density in the
light spheres are H atoms. highest occupied molecular orbital. The blue, red, green, and white spheres

) ) o _ represent Tit ions, G~ ions, C atoms, and H atoms, respectively.
state in the molecular adsorbate, since electron injection is

primarily driven by the electronic couplings between the initially
populated electronic state in the molecular adsorbate and the
delocalized electronic states of similar energy in the semicon-
ductor. Since the electronic couplings are expected to be only
slightly perturbed by the interactions of the surface complex
with solvating molecules, the relaxation processes reported in
this paper are likely to be common not only to similar sensitized
nanostructures under vacuum conditions but also to sensitized
nanostructures in solutions.

The paper is organized as follows. Section Il describes the
catechol/TiQ-anatase model system in terms of the crystal-
lographic structure, the phonon spectral density, and the
electronic density of states. Section II.C describes the simula-
tions of electron injection and the calculation of transient
populations. Section IlIl.A presents the results of simulations
of electron injection. Section Il.B presents a discussion of the Figure 4. Local geometry of the relaxed nanostructure next to the catechol

results. Section IV summarizes and concludes. adsorbate. Ti(5) indicates one of the pentacoordinatét ibns directly
anchoring the catechol adsorbate. Ti(6) labels the hexacoordingtembii
Il. Model System next to the adsorbate.

The model system is initially defined according to the
unrelaxed anatase nanostructure depicted in Figure 2.

The nanostructure is composed of 32 [3]i0nits, with bond
lengths and angles initially defined according to ref 32. The
catechol molecule is adsorbed to the (101) surface of the-TiO

anatase crystal and forqr:]is_a surface complex with two neighbor-jq ¢ This electrostatic repulsion is also responsible for displac-
ing pentacoordinated 1 ions. Dangling bonds in both the 4 the 2 fold coordinated © ions and for stretching their

upper and lower surfaces of the slab are saturated with hydrogery, ;¢ \yith the hexacoordinated*Tions next to the molecular
atoms to avoid unphysical low coordination numbers and to adsorbate

make negligible the interaction between distinct slab surfaces In addition, both of the Ti* ions anchoring the catechol

in the infinitely periodic model system. The d?mensions of the molecule are displaced outward relative to the (100) plane of
nanostructure are 10.22 415.13 Ax 30.95 Ain the [-101], the crystal. The 3-fold coordinated?Q connected to both of

[010], and [101] directions, respectively. The cell dimensions these Tt* ions, is displaced inward relative to the (100) plane

correspond to a monolayer density of 1 catechol molecule PEr ot the crystal. Such rearrangement locates the displaded O
2 (ie.. ~ —2 i . s A .
t1)55 A (Lel.’b 1 umol m). A vacuum spacer is employed ion at a more equidistant position (i.e.,at.924 A) relative to
etween sfabs. its three nearest 11 ions. This G~ ion reaches such a position

F_iggr_e 3 shows the relaxed nanqstructure unit after fully by moving out of the plane defined by the three neare&t Ti
optimizing the energy of the system with respect to the geometry ions. The relaxed geometry is, therefore, significantly different

of the anchored catechol molecule and the six topmost layersg, the initial configuration where the corresponding bond

in the semiconductor surface, including the capping hydrogen

atoms in the upper layer. Figure 3 shows that, far from the (32) Burdett, J. K.; Hughbanks, T.; Miller, G. J.; Richardson, J. W.; Jr., Smith,
; [P J. V.J. Am. Chem. S0d.987 109 3639.

attachment site, the geometry of the anatase crystal iS in 5 Vitadini A Selloni, A Rotzinger, F. P.: Gizel, M. Phys. Re. Lett

agreement with previous theoretical calculations of FiO 1998 81, 2954.

anatasé? The largest conformational changes involve geometry
rearrangements associated with thé&"Tand G~ ions next to

the molecular adsorbate (see Figure 4) as well as the alignment
of the catechol adsorbate along the [100] direction due to its
electronic repulsion with the nearby row of dicoordinated O

J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003 7991
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The more prominent peaks in the total spectral density, at
3700 and 3100 crt, correspond to the ©H stretching motion
of H capping atoms on the Tieanatase surface and the-&
VWV N~ L stretching motion in the catechol molecule, respectively. The
catechol high-frequency €H mode involves thes bonding between the
hydrogen s orbital and the $hybridized orbital of the C atom.
Therefore, this mode is essentially uncoupled from the electron-
L injection mechanism where the-molecular orbitals of the
TiO, molecular adsorbate and the d orbitals of th& Tons play a
crucial role. The normal modes of Ti@natase are in the 262
N~ 876 cm! range, in agreement with experimental measure-
0 5 10 15 20 25 30 35 40 45 ments?® Therefore, the shortest period for vibrational ionic
FREQUENCY ( x 100 cm'1) motion is approximately 40 fs. These vibrational periods are
Figure 5. Upper panel: total phonon spectral density of the catechopTio ~ €xpected to be only marginally affected by photoexcitation of
anatase model system described in section Il. Middle panel: contributions the adsorbate molecule, or the injection of an electron into the
to :he IPhOL“O“ Spec"f}' de”ts_igy tfj”e EO tfr‘luc'elff motion it” I”(‘je Ca}tte%ho' conduction band. Note that even the vibrational frequencies of
molcul. Lower paner coribuons {0t pronon spectl densty S the catechol molecule are only sighty afected by photoexci-
O—H stretching model peak produced by the H capping atoms. tation of the molecule to the S1 electronic st#&ection Il
shows that this characteristic time of 40 fs is an order of
distances are 1.979 A (hexacoord-0) and 1.932 A (for both magnitude larger than the ultrafast time scale associated with
pentacoord T+0).32 Section 1l shows that the two Tf ions the primary electron-injection event, or carrier relaxation along
directly anchoring the molecular adsorbate as well as the the [010] or [101] crystallographic directions in the anatase
hexacoordinated i ion next to the adsorbate (refer to Figure crystal.

4) play crucial roles in the excited-state interfacial electron- B, Electronic Structure. The electronic structure of the
transfer mechanisms. model system introduced in section Il is described according
The geometry of the nanostructure has been optimized with to 3 model Hamiltonian gained from the semiempirical EH
the Vienna ab initio simulation package (VASP/VAMPY? approach. The EH method has been extensively implemented
implementing the density functional theory (DFT) to treat the jn calculations of the electronic structure of periodic systems.
Hartree and exchange-correlation electronic interactions. Thet has been shown that the method requires a relatively small
Perdew-Wang* generalized gradient approximation was imple- - nymber of transferable parameters and is capable of providing
mented for the exchange-correlation functional, in conjunction accurate results for the energy bands of elemental materials
with ultrasoft Vanderbilt pseudopotenti&lso describe the ionic  (including transition metals) as well as compound bulk materials

interactions. The KohaSham (KS) Hamiltonian was projected i yarious phase®. The EH method is applicable to large
onto a plane-wave basis set and high-efficiency iterative methodseytended systems and, contrary to plane-wave basis set ap-
were implemented to obtain the KS eigenstates and eigenvaluesygaches, provides valuable insight on the role of chemical
Self-consistency was accelerated by means of efficient chargeyondings2 The method is, therefore, most suitable to develop a
density mixing schemes. Calculations were performed in an SP2|e4r chemical picture of the interfacial electron-transfer mech-
supercomputer cluster to take full advantage of the parallelized gpigm at the semiquantitative level. Section Il shows that the

version of the code. _ _ EH approach provides fundamental insight on the role that
A. Phonon Spectral Density.The upper panel of Figuré 5 gy mmetry plays in the hybridization between excited-state
shows the total phonon spectral density of the catecho}TiO  qecular orbitals of the catechol adsorbate and the d orbitals

anatase mod'el system described in section II.. The phonon ihe nearby Ti* ions in the TiQ crystal. Such hybridization
spectral density has been computed as the Fourier transform ot responsible for the electronic couplings that drive the
the velocity autocorrelation function obtained from ab initio DFT ;- t4cial electron-transfer dynamics

molecular dynamics simulations at 100 K and constant volume. The EH Hamiltonian is comouted in the basis of Slater-tvpe
The middle and lower panels of Figure 5 show the contributions . . P . . yp
orbitals for the radial part of the atomic orbital (AO) wave

to the total spectral density due to nuclear motion associated 34 . . .
with the catechol molecule and the GiH@natase semiconductor, func_:tlons. . The basis set includes the_ 3d, z_ls, and 4_p atomic
orbitals of T#*" ions, the 2s and 2p atomic orbitals of Qons,

respectively. . . .
Note that the vibrational frequencies for both the catechol theIZS and 2p atom|c.orb|tals of C atoms, and the. 1s atqmlc
orbitals of H atoms. This amounts to a set of 596 basis functions

molecule and the Ti@anatase semiconductor are in good for th ati f the Hamiltoni i iated with
agreement with the experimental normal-mode frequencies or the representation ot the Hamiltonian matrix associated wi
the nanostructure shown in Figure 3. The diagonalization of

reported in refs 3840, respectively. ) ; - T . .
P P y this Hamiltonian matrix yields the density of states shown in

(34) http://cms.mpi.univie.ac.at/vasp/. Figure 6.

(35) Kresse, GPhys. Re. B 1996 54, 11169; Kresse, G.; Furthitier, J.
Comput. Mater. Scil996 6, 15.

(36) Perdew, J. liElectronic Structure of Solig&iesche, P., Eschrig, H., Eds.; (41) Cerda, J.; Soria, Rhys. Re. B 200Q 61, 7965.

total

PHONON SPECTRAL DENSITY (au)

Verlag: Berlin, 1991. (42) Hoffmann, RRev. Mod. Phys.1988 60, 601.
(37) Vanderbilt, D.Phys. Re. B 199Q 41, 7892. (43) McGlynn, S. P.; Vanquickenborne, L. G.; Kinoshita, M.; Carroll, D. G.
(38) Wilson, H. W.Spectrochim. Acta Part A974 30, 2141. Introduction to Applied Quantum Chemistiyolt, Rinehart and Winston
(39) Gerhards, M.; Perl, W.; Schumm, S.; Henrichs, U.; Jacoby, C.; Kleiner- INC.: New York, 1972.

manns, K.J. Chem. Phys1996 104, 9362. (44) For a numerical implementation of the method: Landrum, G. A.; Glassy,
(40) Gonzalez, R. J.; Zallen, Rhys. Re. B 1997, 55, 7014. W. V. The YAeHMOP projechttp://yaehmop.sourceforge.net.
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expansion coefficientB; .(t), introduced in eq 1, are computed
according to
5 B0 = Q. 'Ce " )
S E,.E, q
8 £ after solving the generalized eigenvalue problem
a F
q_
‘ HQ'=E,SJ (3)
_ v s whereH is the EH matrix andS is the overlap matrix in the
18 -16 -14 -12 -10 -8 -6 atomic orbital basis. The coefficien®, introduced in eq 2,

are defined by the expansion of the initial state in the

ENERGY (eV) orthonormal basis set of eigenvectggs]

Figure 6. Density of states for the relaxed nanostructure shown in Figure

3. The filled solid curve at the bottom of the graph represents the projected

density of states on the catechol basis functions. The Fermi energy E |<I)(O)D= Z Cq|qD (4)
indicates the HOMO of the system. Statesaid E represent the excited q

electronic states with a predominant contribution of the catechol LUMO . . . . .
and (LUMO+1), respectively. The distribution of eigenvalues has been 1he coefficient<d q, introduced in eq 2, are defined according

convoluted with a Gaussian function (FWH# 0.5 eV) to facilitate its to the expansion of the eigenvect¢g§ias a linear combination

visualization. of atomic orbitals,
Figure 6 shows that the EH Hamiltonian predicts a 3.7 eV = a;
o Lo 5
band gap for the 1.2 nm model system, introduced in section a ; Qo ©)

Il. This result is in good agreement with the 3.7 eV excitation
energy computed by Bredow and J¥gaccording to the The projection of the time-evolved electronic wave function
semiempirical SINDO1 method as implemented for the,fiO  onto the atomic orbitals of the molecular adsorbate is, therefore,
anatase nanoparticles,MsgH4(OH)12 and Th7O18 OH)16. The obtained according to the equation

computed band gap is also consistent with the experimental

MOL
values of 3.2 eV for the band gap in the bulk pi@natase and _ . i
3.4 eV in 2.4 nm particlé8 since the band gap for smaller PuoL(D) = | g Bia (t)BJ'ﬁ(t)S“ﬁ| )
nanoparticles is expected to be somewhat larger than the band - .
gap in larger systems. HereSo"ﬁ = [la] j,A0) where the indices. andj label specific

The filled solid curve at the bottom of the graph in Figure 6 orbitals in atoms andj, respectively. Note that the sum over
represents the projected density of states on the catechol basig includes all of the atoms in the nanostructure, whereas the
functions. This curve shows that the catechol molecule intro- sum oveii includes only atoms in the initially excited molecular
duces electronic states in the semiconductor band gap (i.e.,adsorbate.
sensitizes the semiconductor). Furthermore, Figure 6 shows that To avoid recurrences in electron-transient populations, due
the catechol molecule introduces excited electronic states (e.g.to the finite size of the nanostructure, it is necessary to add an
excited electronic states;&nd & with predominant contribu-  absorbing potential (i.e., an imaginary term to the diagonal
tions from the catechol-LUMO and catechol-(LUMQ), elements ofH that correspond to ¥i ions located at the
respectively) that overlap in energy with electronic states in the nanostructure boundary surfaces). Note that by adding this
conduction band of the Tifanatase semiconductor. The absorbing potentiald becomes non-Hermitian and the basis
electronic states at the bottom of the conduction band have aset|qCbecomes nonorthogonal. To compuig. (t), in accord
predominant projection onto the 3d3d,,, and 3d orbitals of  with eq 6, it is therefore necessary to work with the left and
Ti4* (see also refs 48 and 32). Section Ill shows that these 3dright eigenvectors oH, |g-Oand |qRL] respectively.
orbitals of T ions are responsible for delocalizing the charge
injected from the Eor E; electronic states.

C. Simulations of Electron Injection. The quantity of Section Il presents the comparison of electron injection from
interest is the survival probabilityuoL(t) defined as the the catechol-LUMO and the catechol-(LUMQ) into the TiQ-
probability that at timet, after excitation of the system, the anatase semiconductor. As mentioned in section I.B, these states
electron is still in the adsorbate molecule. Therefgigs. (t) are important components of the excited-electronic structure
can be computed by projecting the time-evolved electronic wave responsible for electron injection in larger dyes (e.g., catechol
function onto the atomic orbitals of the molecular adsorbate. para-substituted with Ru(ll)-polypyridyl complexes) since they

The time-evolved wave functiopb(t)Cis written as a linear match in energy with the lower manifold of electronic states in

1. Results and Discussion

combination of atomic orbitals the conduction band (see Figure 6).
A. Electron-Injection Mechanism. The nanostructure in-
[®(t)O= z B, (Dli,a] Q) troduced in section Il is expected to manifest finite size effects
ha in the description of electron transfer as soon as the injected

. . ) ) charge reaches the edges of the cluster. Itis, therefore, important
where |i,adrepresents the atomic orbital of atomi. The

(46) Korman, C.; Bahnemann, D. W.; Hoffman, M. R.Phys. Chem1998
(45) Bredow, T.; Jug, KJ. Phys. Chem1998 92, 5196. 92, 5196.
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Figure 7. Panels A, B, and C show nanostructures extended along the
[—101], [010], and [101] directions in the anatase crystal. The box in panels
B and C indicates the layer of 4 ions with an absorbing potential. In
addition, periodic boundary conditions are applied to all structures along
the nonextended direction, that is, the [010] for panel A and along the
[—101] for panels B and C.

0.81

£ 061
)
o

& 0.4+

0.2
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Figure 8. Time-dependent survival probability in sensitized nanostructures
extended along the{101], [010], and [101] crystallographic direction in
the TiQ, anatase crystal. The electronic excitation is initialized by populating
the catechol-LUMO. The dashed lines are exponential fitting curves to the
two elementary steps for electron transfer in the nanostructure extended
along the {~101] direction.

to analyze the convergence properties of the simulation results
with respect to the size of the system. This is accomplished by
checking convergence in the electron injection times in nano-
structures extended along theJ01], [010], and [101] crystal-
lographic directions with 1, 3, and 5 nanostructure units. Figure
7 shows extended structures generated by replicating nanostruc
ture units along the three crystallographic directions.

1. Electron Injection from the Catechol-LUMO. Figure 8
shows results for the survival probabilipyioL (t), as defined in
section II.C, obtained from simulations of electron injection in
nanostructures extended along thelp1], [010], and [101]
directions.
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The electronic excitation is initialized by populating the
LUMO of the catechol adsorbate anchored at the center of the
extended nanostructures. Convergence with respect to the size
of the system required extending the system with up to five
nanostructure units.

Exponential fitting curves twmoL(t) (see dashed lines in
Figure 8) define the approximate characteristic times for the
two electron-injection steps in nanostructures extended along
the [-101] direction. These results indicate that the early time
relaxation can be described by an ultrafast(6 fs) electron-
injection event that involves a population decay in the molecular
adsorbate to about 5@0% during the first 510 fs of
dynamics. At longer times the electron injection is much slower
and depends on the nanonstructure’s extension being along the
[—101], [010], and [101] crystallographic directions.

The analysis of the time-dependent charge distribution,
discussed later in this section, indicates that the population of
the catechol adsorbate decays during the firstl® fs of
dynamics due to a primary electron-injection event. This process
localizes the injected charge in the“Tiions next to the
adsorbate, including the hexacoordinateti"Tion (see Figure
4) and the T ions that anchor the photoexcited catechol
adsorbate. The characteristic time of the primary electron-
injection event is the same for all nanostructures simply because
it is independent of the extension of the nanostructure along
the three crystallographic directions. At longer times, however,
the electron-injection rate is limited by the process of charge
delocalization, i.e., the diffusion of the charge localized during
the primary electron-injection event. This diffusional process
is anisotropic and depends on the nanonstructure extension along
the [-101], [010], and [101] crystallographic directions. It is
important to note that nanostructures with distinct instantaneous
configurations sampled from molecular dynamics simulations
at 100 K and constant volume exhibit the same characteristic
time for the primary ultrafast injection event;(= 6 fs) and,
qualitatively, the same features observed for the slower diffusion
process.

Figure 9 shows the time-dependent charge distribution
projected onto the distinct atomic planes alongihe [—101]
andy = [010] directions of the anatase semiconductor substrate,
as defined by the expressions

Prio, ) = .Z prio(RD) 604 = X) 7
and
Prio,y:) = Z prio,(R.t) 0¥ — V) ®)
with
pro (RO =135 8,084l ()

where coordinat& indicates the position of atoiri.e., a T

or O% ion). The sum over indek in eq 9, includes all of the
atoms in the extended structure except for those belonging to
the initially excited catechol adsorbate. The ingileaccounts

for all of the atomic orbitals associated with atprithe excited
catechol adsorbate is locatedxat= 0 andy = 0.
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Figure 9. Time-dependent projection of the injected charge ontcktie
[—101] andy = [—010] directions (upper and lower panel, respectively)

for the first 50 fs of dynamics. The excited catechol adsorbate is located at

x =0 andy = 0.

Figure 10. Instantaneous charge distribution at 2.5 fs after photoexcitation
of the system to the catechol-LUMO. The electronic charge is partially
injected through direct coupling to the.rbital in the hexacoordinated
Ti** ion next to the adsorbate.

The upper panel of Figure $fo,(x,t)) shows that the charge

Figure 11. Evolution of time-dependent charge distribution during the early
time relaxation dynamics after instantaneously populating the catechol-
LUMO. The individual frames show snapshots of an electronic density iso-
surface at intervals of 2.5 fs.

adsorbate are also partially populated. A quantitative analysis
indicates that this cluster of ¥ ions localizes 15% of the
charge injected dt= 2.5 fs, with 10% of the charge localized

in the hexacoordinated i ion. A similar observation has been
made by Stier and Prezhtfan their study of electron injection

in the isonicotinic acid/rutile interface. It is important to note,
however, that both the electron-injection mechanism and the
time scales for electron injection are completely different when
the initial excitation is localized in the catechol-(LUMQ).

The analysis of electron injection from this electronic state is
presented in section I11.A.2.

Figure 11 shows the evolution of the time-dependent charge
distribution during the early time relaxation dynamics after
instantaneously populating the catechol-LUMO, including the
primary electron-transfer event within the first 5 fs of dynamics.
Note that the first three frames in Figure 11 describe the electron
injection at 0, 2.5, and 5.0 fs. In addition, Figure 11 shows the
nature of the subsequent relaxation mechanism, which involves

is injected within 6 fs into the anatase ions that are next to the surface charge separtion (i.e., diffusion along #we [101]
excited adsorbate molecule. The injected charge remains local-direction) before the injected charge diffuses alongythe[010]

ized within abot 5 A from the adsorbate for relatively long
times (i.e,t = 20 fs). In contrast, the lower panel of Figure 9
shows that the injected charge is only initially localized along

direction.
2. Electron Injection from the Catechol-(LUMO +1).
Figure 12 shows the time-evolution of the charge distribution

the [010] direction and quickly diffuses away to large distances during the early time relaxation dynamics after instantaneously
(i.e., more than 20 A away from the excited adsorbate molecule). populating the orbital (LUM@-1) in the adsorbate catechol

The initial charge localization, along both theJ01] and [010]
directions, indicates that the “Tiions directly anchoring the
excited adsorbate as well as the hexacoordinat&di®n next

molecule.
Figure 12 shows that the electron-injection mechanism from
the (LUMOH1) of catechol is completely different from the

to the adsorbate (see Figures 4 and 10) play an important rolemechanism discussed in section Ill.A.1. Figure 12 shows that

in the primary electron-injection event. Figure 10 shows a

very little charge is injected in the hexacoordinated"Tion,

snapshot of the instantaneous charge distribution at 2.5 fs afterin contrast to the injection mechanism from the catechol-LUMO.
photoexcitation of the system to the catechol-LUMO. Note that The electron injection proceeds through the twd'Tions

there is significant hybridization between the catechol-LUMO
and the ¢ orbital of the hexacoordinated “Tiion next to the
adsorbate. The two Ti directly anchoring the catechol

directly anchoring the adsorbate (see first three panels in Figure
12). Furthermore, the injected charge quickly delocalizes along
the §y = [010] direction, on the surface of the Ti@natase,

J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003 7995



ARTICLES Rego and Batista

The time for electron injection is approximately 10 fs even in

A nanostructures extended along the= [—101] direction, i.e.,
: much faster than electron injection after instantaneously popu-
ﬁ. Pt lating the catechol-(LUMO). Figure 13 shows that a single

oY W characteristic time = 3 fs describes the entire electron-transfer
process when the population is initialized in the catechol-
(LUMO++1) due to ultrafast relaxation of the injected charge
along they = [010] direction in the anatase surface.

B. Discussion.It has been observed in this work that an
accurate description of charge delocalization requires simulations
to be carried out in sufficiently extended model systems, since
simulations in smaller clusters (e.g., 1.2 nm nanostructures
without periodic boundary conditions) are affected by surface
states that speed up the electron-injection process while the
implementation of periodic boundary conditions may introduce
artificial recurrencies (i.e., artifical back-electron-transfer events).
Notice that a proper combination of extended structures and
periodic boundary conditions have been used for all calculations
throughout this work in order to obtain converged results. The
computational implementation thus required the preparation of
extended nanostructures with more than 600 atoms and the

) ) . ) description of the electronic structure according to a model
Figure 12. Evolutlon of_ tlme-dependent charge d|str|but|_0n during the early Hamiltonian gained from the semiempirical EH approach.
time relaxation dynamics after instantaneously populating the (LD ) ) o o )
of a catechol adsorbate molecule. The individual frames show snapshots ~ The anisotropic delocalization of the injected charge predicted
of an electronic density iso-surface at intervals of 2.5 fs. by our simulations has yet to be observed experimentally.
However, measurements of the electron mobility in large single
crystals of TiQ-anatase have already provided experimental
evidence of anisotropy between the [100] and [001] crystal-

a) ) b)

<}

0'8_ lographic directiong? In addition, calculations of the optical
= 064 properties of TiG-anatase near the bottom of the conduction
o) ] band have revealed anisotropy between parallel and perpen-
c;'_é 0.4- dicular components to the axis*® It is, therefore, expected
] that new experiments in the realm of sub picosecond mid-IR/
0.2 visible transient absorption spectroscépy? or time-resolved

terahertz spectroscopy,might be able to probe the transient
== - : : photoconductivity features evidenced by our calculations. We
0 10 20 30 40 50 expect that even measurements on nanoparticleolitions
TIME (fs) will show evidence of the time scales and reaction mechanisms
Figure 13. Time-dependent survival probability in sensitized nanostructures found in our simulations, since the electronic states in the
pended song e 101} 010), and 1101 coystaloqrapii drecton . catecholanatase. complex are_expected o be only Sighty
the catechol-(LUMG-1). perturbed by the interactions with the solvent molecules.
Finally, we have shown that the electron-injection mecha-
nisms from both the catechol-LUMO and the catechol-
HLUMO-+1) involve ultrafast interfacial processes where the

before separating from the surface by delocalization along the
2 = [101] direction (see panelsd in Figure 12). Note that in

this case the surface relaxation mechanism gives rise to a much -~ N X .
faster electron-injection process (i.e., the electron is completely initial population in the excited electronic state of the molecular

injected within 10 fs). This relaxation mechanism is, however, adsorbatg Qece_lys to about{zm_% in abou_t 510 _fs. This
less efficient than the mechanism discussed in section III.A.1 characteristic time for the excited-state interfacial electron

transfer in catechol/anatase complexes awaits experimental
verification. However, similar ultrafast electron injection times
fhave already been measured in T&2nsitized by small organic

at optimizing the process of surface charge separation.

The origin of the differences observed between the two
injection mechanisms can be traced back to the symmetry o
the initially populated electronic state in the molecular adsorbate. _ — — ;

The (LUMO+1) of catechol significantly couples to the.d “n Kg;ﬁ?'physig%iv% CG)§3_Em'n’ D-; Zuppirol, L. Berger, H.we F. J.
orbitals of the two Ti* ions directly anchoring the catechol (48) Mo, S.D.; Ching, W. YPhys. Re. B1995 51, 13023. Asahi; et aPhys.
)

Rev. B 200Q 61, 7459. Beltfa; et al. Surf. Sci.2001, 490, 116.

adsorbate. However, it has a noda plane aty = 0 and (49) Asbury, J. B.; Hao, E.; Wang, Y.; Gosh, H. N.; Lian,JT Phys. Chem. B
o . ; ; 2001 105, 4545.

therefore a ne_g“glble c_>\_/erlap with the .Jaitomic orbital of (50) Hao, E.; Anderson, N. A.; Asbury, J. B.; Lian, I..Phys. Chem. B002

the hexacoordinated i ion. 106, 10191.

Figure 13 shows a quantitative description of the survival 1) fgargvlz"é C.; Tumner, G. M.; Schmuttenmaer, CJAPhys. Chem. B00Z
probability as a function of time after instantaneously populating (52) Pan, J.; Benko, G.: Xu, Y.-H.: Pascher, T.; Sun, L. C.; Sundstrom, V.:
_ B Polivka, T.J. Am. Chem. SoQ002 124, 13949.
the catechol-(LUMG-1) m_nan_ostru_ctures (_:"Xtended along the (53) Hoertz, P. G.; Thompson, D. W.; Friedman, L. A.; Meyer, GJ.JAm.
[—101], [010], and [101] directions in the Ticanatase crystal. Chem. So0c2002, 124, 9690.
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molecules. Schnadt et ®have recently obtained experimental was found to be driven by the electronic couplings between
evidence that electrons are transferred from the bi-isonicotinic the catechol-LUMO and theygorbital of the nearest hexa-

acid excited states (e.g., the LUMQ and LUMO+2) to TiO,- coordinated Ti" ion. This process was followed by charge
rutile within 3 fs. In addition, Huber et &F have reported an  delocalization (i.e., carrier relaxation) through the anatase crystal,
interfacial electron-transfer time = 6 fs in the alizarin/TiQ an anisotropic process that involved surface charge separation

system. These authors also emphasized that the observedlong the [101] direction before delocalizing the charge distribu-
electron-transfer mechanisms are mediated by dkeited tion along the [010] direction of the anatase crystal. We found
electronic states of the dye, rather than the electron beingthat carrier relaxation along the-L01] direction can be much
injected into the semiconductor material directly from the ground slower than relaxation along the [101] and [010] directions.
electronic state of the adsorbate. We have shown that, in contrast to electron injection from
the catechol-LUMO, electron injection from the catechol-
(LUMO++1) involves couplings with the .d orbitals of the

We have shown how to combine ab initio DFT molecular pentacoordinated i ions directly anchoring the catechol
dynamics simulations with quantum dynamics calculations of adsorbate. We found that both the initial injection and the
electronic relaxation to investigate excited state interfacial subsequent delocalization processes are faster than the electron
electron-transfer dynamics in sensitized semiconductors. Theinjection from the catechol-LUMO. Furthermore, we found that
approach exploits the implicit simplicity of the early time carrier relaxation after photoexcitation to the catechol-(LU-
interfacial electron-transfer dynamics where nuclear motion is MO+1) is significantly different from the charge delocalization
much slower than carrier relaxation. process observed after electron injection from the catechol-

Our simulation results have shown that the reaction mecha- LUMO. Here, carrier relaxation involves charge diffusion along
nisms as well as the characteristic times for electron injection the semiconductor surface (i.e., along the [010] direction in the
in catechol/TiQ-anatase nanostructures are very sensitive to the anatase crystal) before the injected charge separates from the
symmetry of the electronic state initially populated in the surface by diffusing along the [101] direction.
adsorbate molecule, since the interfacial reaction dynamics is
driven by the electronic couplings between the initially populated
electronic state in the molecular adsorbate and the electronic
states of similar energy in the conduction band of the semi-
conductor.

We found that electron injection from the catechol-LUMO
involves a primary electron-transfer event that localizes the
injected charge in the 1T surface ions next to the photoexcited
adsorbate molecule within the first 5 fs of dynamics. The
injection dynamics, after photoexcitation to the catechol-LUMO, JA0346330

IV. Conclusions
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