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bstract

Interfacial electron transfer (ET) between molecular adsorbates and semiconductor nanoparticles has been a subject of intense re
n this paper, we review our recent work in understanding ultrafast photoinduced electron injection from ruthenium and rhenium p
omplexes to metal oxide nanoparticles. Electron injection rates were measured using femtosecond IR spectroscopy, which prov
robe of adsorbate vibrational spectra and IR absorption of injected electrons in semiconductor. The consequence of competiti
ltrafast electron injection and intramolecular relaxation in these transition metal complexes was carefully examined. A two-stat
odel was proposed to account for biphasic kinetics, allowing a comparison of injection rate in different systems. The compon

hromophore(donor)–bridge–nanoparticle (acceptor) complexes were systematically varied to examine their effect on ET rate. Th
rends were discussed by considering the change in the strength of electronic coupling and density of accepting states in semico
ompared with Marcus theory of interfacial electron transfer.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

Interfacial electron transfer (ET) between molecular ad-
sorbates and semiconductor nanoparticles has been a subject
of intense recent interest [1–6], because of their applications
in solar energy conversion [7–9], photocatalysis [5,10], and
nano-scale and molecular electronics [11–16]. An interesting
application enabled by the large surface area of semiconduc-
tor nanoparticles is novel hybrid solar cells based on compos-
ites of molecular and nanostructured semiconductor compo-
nents, such as dye-sensitized nanocrystalline thin film [7,8]
and quantum dot/conjugated polymer [9,17,18] and related
composites [19,20]. These cells may provide cost-effective
alternatives to traditional semiconductor-based cells. In
these devices, the interface between semiconductor and the
molecule forms a photoactive junction and the incident
photon-to-current conversion efficiency (IPCE) depends crit-
ically on its area and charge separation dynamics. Presently,
the most efficient cells of this type, dye-sensitized solar cells
based on Ru(dcbpy)2(NCS)2 [dcbpy= (4,4′-dicarboxy-2,2′-
bipyridine)] (RuN3)-sensitized nanocrystalline TiO2 thin
films, can achieve a solar-to-electric power conversion ef-
ficiency of about 10% [7,21].

A cartoon of photoinduced electron transfer in molecule-
semiconductor composites is shown in Scheme 1. Typically,
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as we will discuss later, it is common for interfacial ET to
occur on the time scale of vibrational relaxation (VR) and in-
ternal vibrational energy redistribution (IVR), necessitating
consideration of competition between ET and intramolecular
relaxation pathways.

Unlike its homogeneous counterpart [29–31], a detailed
understanding of interfacial electron transfer is still lacking
because of experimental, theoretical and computational dif-
ficulties. In addition to practical importance in device ap-
plications, semiconductor nanoparticles form non-scattering
media with large surface area, enabling direct measurement
of interfacial electron transfer rate [2–6] as well as other
properties [5,22,26,32–41] using transient absorption or flu-
orescence techniques. In recent years, many research groups
have investigated the dependences of electron transfer rate
on the donor, spacer, anchoring group and semiconductor
nanoparticles. In this article, we review our recent work in un-
derstanding photoinduced electron transfer from Ru and Re
polypyridyl complexes to metal oxide nanocrystalline thin
films. Related works by other groups will only be briefly
discussed, since more in-depth reviews can be found in other
contributions of this special issue. Readers are referred to ear-
lier reviews for works prior to 1995 [2–4,42]. The rest of the
article is organized as follows. The theoretical background
for interfacial electron transfer is introduced in Section 2.
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he system can be described as a donor–bridge–accept
ith a chromophore (electron donor) anchored on the su
f semiconductor nanoparticle (electron acceptor) throu
olecular spacer and anchoring group (bridge). Optica

itation of the chromophore to its excited states initiates
ron injection (forward ET) from the molecular excited sta
nto the semiconductor conduction band via the media
ridge. The injected electron can recombine with the ad
ate cation (back ET), in competition with electron relaxa
nd diffusion processes in and between the nanoparticl

Fundamentally, the injection process involves elec
ransfer between a discrete molecular state and a conti
f delocalized bulk states. Although the semiconductor s
lso become discrete when the particle size approach
uantum-confined regime [22–28], the effect of this on
ate has not been extensively studied. If the ET proce
lower than intramolecular relaxation within the excited s
anifold, then the optical excitation process need not be

idered explicitly in understanding this problem. Howe

cheme 1. Photoinduced electron transfer from molecules to semicon
omplex is shown on the left panel and the corresponding energetics
t

nanoparticles. A cartoon of a molecule donor–bridge–anchor–nanopale accepto
right panel.

xperimental details are described in Section 3. Compe
f ultrafast electron injection and intramolecular relaxa
rocess is discussed in Section 4. Section 5 summarize
tudy of the dependence of injection rate on electronic
ling. The dependence of injection on relative energetic
dsorbate and semiconductor is discussed in Section
ummary and future outlook is presented in the final sec

. Theoretical model of ET from adsorbate to
emiconductor

Electron transfer between molecular adsorbates and
emiconductors (or metals) involves electron transfer
ween discrete molecular states and a dense manifo
ighly delocalized electronic levels in the solid. The
ic theoretical framework for describing electron tran
n bulk solid/liquid interfaces was developed by Mar
43], Gerischer [44], and Levich and Dogonadeze [45
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Scheme 2. (a) Marcus picture of interfacial electron injection. ET occurs
from a reactant state to a continuum of product states, corresponding to
different k states in the semiconductor. In the nonadiabatic limit, the total
rate is a sum of ET to all possible states. (b) Schematic illustration of the
dependence of total ET rate on semiconductor density of states and the
reorganization energy.

the 1960s. For photo-induced electron injection from adsor-
bate excited state to semiconductor, shown in Scheme 2, the
reactant-state corresponds to the electron in the excited state
of the dye and the product states correspond to the electron
in the semiconductor conduction band. The discrete reactant
state connects to a continuum of product states, each corre-
sponding to the injected electron at a different electronic level
in the semiconductor.

The ET rate to a state in the semiconductor depends on
its electronic coupling with the donor orbital and molecu-
lar Franck–Condon overlap weighted density of states. Due
to the existence of a continuum of accepting states in the
semiconductor, interference of different reaction pathways
presents a nontrivial problem in the strong coupling limit
[46–48]. In the nonadiabatic limit, the total ET rate can be ex-
pressed as the sum of ET rates to all possible accepting states
in the semiconductor [43,46–48]. Adopting an approach sim-
ilar to Marcus and co-workers [46–48], the total ET rate from
adsorbate to semiconductor is given by:

kET = 2π

h̄

∫
dEρ(E)(1 − f (E, EF))|H̄(E)|2 1√

4πλkBT

exp

[
− (λ + ∆G0 + E)2

4λkBT

]
(1)
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Fig. 1. Calculated density of states (dashed curve) of and electron transfer
rate (solid curves) to SnO2 as a function of driving force (difference between
excited state potential and band edge) under different reorganization energy
according to Eq. (1).

To obtain some insight into the qualitative behavior of ET
rate, it is useful to evaluate Eq. (1) for some simple cases. For
nanocrystalline semiconductors not in the quantum confined
size regime, the electronic structure of the bulk material still
applies, but there is a significant contribution from surface
and defect states. For a defect-free semiconductor, the density
of states near the band edge of a simple conduction band is
described by [157]:

ρ0(E)dE = (2m∗)3/2

2π2h̄3

√
EdE (2)

wherem* is the effective mass of electrons in the conduc-
tion band. The existence of defects introduces states below
the band edge. For metal oxide nanocrystalline thin films, an
exponentially decaying defect state density below the band
edge is often assumed [49,50] on the basis of photoelectro-
chemical measurements of carrier absorption and transport
in thin film [51–54]. Assuming that the effective electronic
coupling is independent of the energy, the injection rate,kET,
as a function ofEcb−Eox(s*) can be calculated as shown in
Fig. 1. The injection rate increases when the adsorbate ex-
cited state is further above the conduction band edge (more
negative value ofEcb−Eox(s*)). The change is small high
above the band edge, but is nearly exponential near the band
edge, reflecting the variation of conduction band density of
s
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e ,56].
n equation 1,
G0 = Ecb−Eox is the energy difference b
ween the conduction band edge and the oxidation poten
dsorbate excited state;ρ(E) the density of states at energyE
elative to the conduction band edge, which can contain
ulk states and surface states.H̄(E) the average electron
oupling between the adsorbate excited state and diff
states in the semiconductor at the same energyE; andλ

he total reorganization energy. The Fermi occupancy fa
(E,EF) assures that electron injection occurs only to unfi
tates. For wide bandgap semiconductors under no ex
ias voltage, negligible electron population in the conduc
and may be assumed prior to injection, allowing this fa

o be omitted.
l

tates.
It should be noted that the dependence on density of s

an be much more complicated than the simple case sho
ig. 1. The ET rate depends on not the total density of st
ut only on those coupled to the adsorbate electron don
rbital. The coupling strength likely varies for different ba
tates (bulk versus surface, d versus sp bands). This poin
llustrated in a recent computational study of nonadiabati
n metal surfaces [48]. Furthermore, there exists an inh
eneous distribution of adsorbate/semiconductor interac
crystal surfaces, adsorption site, adsorption geometry,
iving rise to a distribution of electronic coupling matrix
ments,H, and hence injection rates. Therefore, non-si
xponential injection kinetics are to be expected [6,55
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Furthermore, the expression in Eq. (1) is only valid for the
high temperature limit, although full quantum mechanical
treatments of interfacial ET have also been reported [57–60].
Despite these limitations, this simple model does contain the
basic features of interfacial ET and should serve as a good
starting point to examine the qualitative dependence on ET
rate on properties of semiconductor, adsorbate and the inter-
facial environment.

3. Experimental section

3.1. Techniques for studying interfacial ET

Much previous understanding of interfacial electron trans-
fer was derived from cyclic voltammetry and chronoamper-
ometry measurements in an electrochemical cell [1,2,61–76].
When interfacial electron transfer is the rate limiting step, a
direct correspondence between current and ET rate can be ob-
tained and ET rate can be readily derived [62,77,78]. These
approaches have been used extensively and successfully for
investigating slow electron transfer through self-assembled
monolayers of alkanethiol or other chemical species on metal
and semiconductor electrodes [65,66,69]. Indirect laser in-
duced temperature jump technique has pushed the limit of
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tification of all the species (ground and excited states and ox-
idized and reduced forms) of the donor and acceptor present
at a given time delay [100]. The technique may be used for
charge transfers occurring over a wide range of timescales.
Vast improvement in ultrafast laser technology has rendered
transient absorption spectroscopy the most commonly used
technique for investigating semiconductor/molecule electron
transfer dynamics, particularly fast electron injection. There
are two distinct types of transient absorption spectroscopy
that are used, probing in the visible/near-IR and probing in
the mid-IR.

Transient absorption spectroscopy in the visible/near-IR
region has been used by many groups to study interfacial
electron transfer [101–140]. This technique detects electronic
transitions of the adsorbate in ground, excited and oxidized
forms, as well as a small contribution from injected electrons
in the semiconductor [111,117,120,121]. This technique af-
fords excellent time resolution (substantially shorter than
100 fs is presently attainable, even allowing investigation of
wavepacket motion during electron transfer) [112,135]. The
primary drawback to the technique is spectral overlap be-
tween broad absorption bands of different states of the ad-
sorbate (ground, singlets, triplets and oxidized form). As a
result, it is often necessary to probe over a wide spectral
range to separate the dynamics of different absorbing species
[ d to
s ipole
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s

d-IR
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The interfacial nature of these processes has hind

heir direct time-resolved spectroscopy studies in the
he study of dynamics on bulk surfaces often demand
histicated surface science methods for samples in
hambers [80–87]. Efforts to develop in situ, direct
nterface-specific spectroscopic techniques for studying
olid/liquid interfaces have resulted in some elegant yet
licated techniques, such as sum frequency (SFG) and s
armonic (SHG) generation [88–90], and surface restr
rating techniques [42].

Time-resolved fluorescence has long been used
easuring interfacial ET rate [91–96]. In these meas
ents, changes in fluorescence lifetime is measured,
hich electron transfer rate is determined. With mod

echniques, excellent time resolution (sub-100 fs) [97]
ensitivity (single molecule detection) [98,99] can be
ained. However, clear determination of charge transfe
ometimes be complicated by other fluorescence qu
ng pathways such as energy transfer between adso

olecules.
In recent years, transient absorption techniques have

idely used to directly measure electron transfer rate in n
aterials. Colloidal particles, nanoporous films and o
anostructures are amenable to this type of study becaus
rovide non-scattering media with large surface area
ence high adsorbate concentration). Transient abso
pectroscopy provides the opportunity to directly interro
harge transfer dynamics, since it allows spectroscopic
111,120,121]. Anisotropy of the signal can also be use
eparate overlapping species with different transition d
oment direction [120,121,123,124]. In some well-cho
ye molecules [117], clean separation of different absor
pecies can be achieved.

Transient absorption spectroscopy probing in the mi
as also been used to study interfacial electron trans
emiconductor nanoparticles [6,55,56,141–156]. The
ique probes the vibrational transitions of the adsorba
round, excited and oxidized forms, as well as strong IR
orption of injected electrons in the semiconductor [1
he IR absorption of electrons results from free carrier
orption, intrasubband transitions and trap absorption [
t has been used to study carrier dynamics in semicond
uantum dots [23,37,158–161]. For free carrier absorp
cattering with phonons is also required for momentum
ervation, leading to an absorption coefficient that incre
s a power (generally 2–4) of the wavelength [157]. Its
orption coefficient is strong in the mid-IR and becomes
igible in the visible region. Because the electron sign
resent in all semiconductors, this technique can be us
tudy any adsorbate/semiconductor composite. The IR
orption signal of electrons depends on both the popul
nd absorption strength of the injected electrons. The
epends on the energetics of the electron and its chan
ects relaxation dynamics. Relaxation dynamics can be
ated from electron population change by monitoring the
ibrational spectrum or electronic absorption in additio
R absorption of electrons [143,148]. They can also be i
endently determined in an IR-pump/IR-probe measure
f electrons.
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3.2. Femtosecond tunable spectrometer

The tunable femtosecond infrared spectrometer used for
our studies was based on a regeneratively amplified femtosec-
ond Ti:Sapphire laser system (1 kHz repetition rate at 800 nm,
100 fs, 900�J/pulse) and nonlinear frequency mixing tech-
niques. A detailed description of this setup has been presented
previously [149,154].

The 800 nm output pulse from the regenerative ampli-
fier was split into two parts to generate pump and probe
pulses. One part, with 300�J/pulse, was frequency doubled
and tripled in BBO crystals to generate pump pulses at 800,
400 or 267 nm, or alternatively, to pump an optical paramet-
ric amplifier (OPA) to generate tunable pulses in the visible.
The remaining 600�J of the 800 nm pulse was used to pump
a Clark IR-OPA to generate two tunable near IR pulses from
1.1 to 2.5�m. These signal and idler pulses were combined in
an AgGaS2 crystal to produce mid-IR pulses tunable from 3
to 10�m by difference frequency generation. When desired,
visible probe pulses were generated using continuum gener-
ation by focusing the fundamental into a sapphire window.

The mid-infrared probe pulse was spectrally dispersed us-
ing an imaging spectrograph and imaged onto a 32 element
infrared HgCdTe(MCT) array detector [149]. The amplified
outputs of the 32 elements were measured for every laser
s y av-
e to-
t m
W obtain
b ser
fl ulse
w odel
3 ulated

S N−) an n
o cited s ts
w etics (s ited state
( ntials a 00 meV l
t excita

with two adjacent probe pulses (pump blocked and pump un-
blocked). Transient kinetics at 32 wavelengths were collected
simultaneously, from which transient spectra at different de-
lay times were constructed.

The zero delay time and instrument response for a 400 nm
pump/mid-IR probe experiment were determined using a thin
silicon wafer or thin film of CdS nanoparticles, in which ab-
sorption of 400 nm photons leads to the instantaneous gen-
eration of charge carriers that absorb strongly in the mid IR
region [157]. The typical instrument response, which was de-
termined in every experiment, could be well represented by a
Gaussian function with FWHM ranging from 150 to 320 fs.

3.3. Materials

Synthesis of nanoparticles and preparation of thin films
were carried out according to published procedures. We will
only describe briefly the preparation of RuN3 dye-sensitized
nanocrystalline TiO2 thin films. Similar procedures were
used to prepare films of other semiconductor materials and
sensitizer molecules [21,149,152,155,162].

The TiO2 nanocrystalline thin films were prepared by a
method similar to that used by Zaban and co-workers [163].
Briefly, the TiO2 nanoparticle colloid was synthesized by the
controlled hydrolysis of titanium(IV) isopropoxide in a mix-
t ◦
s d
a ted
t and
b the
T ain-
i re-
s ace.
hot at a 1 kHz repetition rate. Each element of the arra
raged a 5 cm−1 slice of the infrared spectrum so that the

al spectral region covered by the array was about 160 c−1.
hen necessary, a more dispersive grating was used to

etter spectral resolution. To minimize low frequency la
uctuations, the main noise source, every other pump p
as blocked with a synchronized chopper (New Focus m
500) at 500 Hz, and the absorbance change was calc

cheme 3. Schematic structures of (a) Ru535 (2X = 2NCS−), Ru505 (X = C
f two-state injection model. Electron injection (k1) from unthermalized ex
ith a rate constantk′

1. The competition leads to biphasic injection kin
unrelaxed and relaxed) of dyes are shown to the right. Oxidation pote
han Ru505 [170]. Values for the1MLCT∗ state are calculated based on
d Ru470 (2X = dcbpy) and (b) ReCn (n= 0–5) and (c) schematic illustratio
tate competes with intramolecular relaxation (k2) and the relaxed state injec
ee Eq. (4) in main text). The oxidation potentials for the ground, exc
re adopted from a [132], b [170], and d [171]; and c estimated to be 2ess

tion by a 400 nm photon (3.1 eV).

ure of glacial acetic acid and water at 0C. The resulting
olution was heated to 80◦C for 8 h and then autoclave
t 230◦C for 12 h. The resulting colloid was concentra

o 150 g/L and spread onto polished sapphire windows
aked at 400◦C for 36 min. Immersion and storage of
iO2 films in a room temperature ethanol solution cont

ng 200�M Ru535 and 20 mM chenodeoxycholic acid
ulted in adsorption of the RuN3 to the porous film surf
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The amount of dye coverage was controlled by the immersion
time. High purity Ru(dcbpy)2(X)2 [X2 = 2SCN (called RuN3
or Ru535), 2CN (Ru505), and dcbpy (Ru470)] compounds,
shown in Scheme 3, were purchased from Solaronix (Lau-
sanne, Switzerland). Re(dcbpyCn)(CO)3(Cl) [called ReCn,
dcbpy Cn = 2-2′-bipyridine-4,4′-(CH2)n–COOH,n = 0–5]
were synthesized in our and collaborator’s laboratories
[56,144,164]. During the experiment, thin films were either
exposed to air in ambient conditions or submerged in a solu-
tion. Film samples were moved rapidly during measurement
to avoid long-term photoproduct buildup.

4. Competition between electron injection and
molecular relaxation processes

4.1. Two-state injection model

Many groups have reported biphasic electron injec-
tion kinetics from Ru535 to TiO2 with a < 100 fs fast
component and slower ps components [6,105,108,111,116,
119–121,132,143,146,151,152]. Similar ultrafast injection
on the 100 fs or less time scale has been reported for many
organic dyes [91,117,153] and other Ru and Re polypyridyl
complexes (Scheme 3) [6,132,143,146]. The rapidity of
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[120,121,139]. In this model, photoexcitation of the adsor-
bate prepares an unrelaxed excited state (1MLCT∗), from
which it can undergo electron injection to semiconductor
with a rate constant ofk1, or relaxation in the excited state
manifold with a rate constant ofk2. The latter includes both
intersystem crossing and subsequent vibrational relaxation.
Electron injection can also occur from the relaxed state with a
rate constant ofk′

1. When the potential for the relaxed excited
state is near the conduction band edge and significantly
lower than that of the unrelaxed state,k′

1 is expected to be
significantly slower thank1 due to a rapid decrease in density
of conduction band states near the band edge. Assuming
k′

1 	 k1, k2, the injection kinetics are given by [143]:

Ne(t) = N0

[
k1

k1 + k2
(1 − e−(k1+k2)t)

+ k2

k1 + k2
(1 − e−k′

1t)

]
(3)

whereNe(t) is the time dependent population of injected elec-
trons andN0 the population of the initially excited molecules.

Eq. (3) predicts biphasic injection kinetics, consisting of
a fast component with rate constantk1 + k2 and a slower
component with rate constantk′

1. Sincek2 is on the order of
1/75 fs [120], the fast component will have a <100 fs rise time
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harge transfer suggests the importance of injection fro
rationally and electronically unrelaxed excited states. I
ent years, advances in ultrafast spectroscopy have facil
umerous experiments that have clearly demonstrated
etition between injection and adsorbate intramolecula

axation [56,112,120,121,139,143]. For example, Willig
o-workers observed that in perylene/TiO2, the motion of the
ave packet in the neutral excited state generated by
itation continued in the ionized adsorbate, providing c
vidence of electron transfer from an unrelaxed vibrati
opulation and prior to vibrational dephasing [112]. Our
ent study of study of Re(dcbpy)(CO)3Cl (ReC0)/TiO2 also
howed injection occurred prior to vibrational relaxation
dsorbate and produced hot electrons in the semicond
see discussion below) [56,143].

For the Ru and Re polypyridyl complexes, photoexc
ion prepares a1MLCT state with a manifold of3MLCT
tates lying substantially lower in energy [165]. As sho
n Scheme 3, at 400 nm excitation, the energy differenc
ween the initially excited single state and the relaxed tr
tate ranges from 1.0 to 1.6 eV. Intersystem crossing an
axation within the excited state manifold has been sh
o occur on the <100 fs time scale in related Ru(bpy)3 due
o strong spin-orbit coupling [166–169]. For RuN3/TiO2,
ransient absorption and stimulated emission measurem
howed that ISC occurs on a 75 fs timescale while ET f
he1MLCT state occurs on a 50 fs timescale [120].

We have proposed a two-state injection mo
Scheme 3c) to account for the competition betw
dsorbate relaxation and electron injection processes [6
46]. Similar models have been used by other gro
egardless of the injection time. Therefore, variations ik1
ay not be apparent in the rise time of the fast compone

he instrument response time of a pump probe measure
s over 100 fs. However, the amplitude of the observed
njection is determined by ratio of the rate constantsk1/k2,
hich may serve as a more sensitive indication ofk1.
The model predicts two extreme cases. In the case

lectron injection from unthermalized state is much slo
han intramolecular relaxation,k1 	 k2, the fast injection
omponent is negligible and injection is dominated by
low components.

e(t) = N0(1 − e−k′
1t) (4)

n this case, the photoexcited molecule undergoes relax
ithin the excited states before electron injection, a no

hat was commonly accepted before recent observation
ection from unrelaxed excited states. On the other extr
hen injection from the relaxed state is not energeticall
orable, the fast component dominates injection kinetic

e(t) = N0
k1

k1 + k2
(1 − e−(k1+k2)t) (5)

.2. Injection from the relaxed excited state

Selecting a molecule with reduced injection rate from
nitially populated state should decrease the amplitude o
ast injection component and lead to kinetics dominate
low components. ReCn (n ≥ 1, see Scheme 3) serve
xamples of this case [56,143]. For ReC1 and ReC3
itized TiO2, we observed only slow injection compone
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Fig. 2. Comparison of electron injection dynamics from ReC0 and ReC1 into TiO2 nanocrystalline thin films. (a) Transient spectra of ReC0 CO stretching
mode and broad IR absorption of injected electrons as a function delay time after 400 nm excitation. The peaks at 2040, 2060 and 2090 are assigned to ground,
excited and oxidized form of ReC0, respectively. (b) Comparison of kinetics probed by IR absorption of injected electron absorption (open circles) and CO
stretching band intensity of oxidized adsorbate (full circles). The oxidized peak trace shows <50 fs electron injection and negligible subsequent change within
1 ns. The decrease of the IR absorption of injected electrons is attributed to the relaxation of injected hot electrons in TiO2. Analogous transient spectra and
kinetics for ReC1/TiO2 are shown in (c) and (d) (reproduced with permission from J. Phys. Chem. B, 2000, 104, 11957–11964 and [143], Copyright 2000 and
2003 American Chemical Society).

characterized by a 20 and 190 ps stretched exponential rise
[56]. The slower injection rate can be attributed to the re-
duced electronic coupling introduced by the addition of CH2
groups between the bipyridine and the carboxylate anchoring
group.

Injection dynamics from ReC1 to TiO2 are shown in
Fig. 2c and d. The peaks at 2040, 2060 and 2090 in the
transient spectra (panel c) are assigned to the ReC1 ground,
excited and oxidized form, respectively. The spectra are fit-
ted with Gaussian line shapes (solid line) from which the
integrated area of the oxidized peak (at 2090 cm−1) is calcu-
lated to obtain the population of injected electrons. Shown
in frame d is a comparison of the magnitude of the oxidized
peak and the IR absorption of electrons, showing identical
traces for these signals. The amplitude of the fast (<100 fs)
injection component is negligible. The kinetics are dominated
by a slow stretched exponential rise with a time constant of
about 20 ps, suggesting that injection occurs from its relaxed
3MLCT state at−0.7 V (SCE), near the conduction band edge
[56]. Its slow rate can be attributed to the reduced electronic
coupling strength resulting from the CH2 spacer group, as
well as to the lower density of accepting states near the band
edge.

4.3. Injection from the unrelaxed excited state

-
t nent
a tion

from the unrelaxed excited state. ReC0 on dry TiO2 film is
an example of this case [56,143,146]. The ReC0 relaxed ex-
cited state is estimated to be at−0.35 V (SCE). The band
edge of TiO2 of a dry film is not known but expected to be
more negative than−0.5 V, its position at pH 2.

Injection dynamics from ReC0 to TiO2 are shown in
Fig. 2a and b. Similar to ReC1, the peaks at 2040, 2060 and
2090 in the transient spectra (panel a) are assigned to ReC0
ground, excited and oxidized form, respectively. The injec-
tion dynamics are very different. As shown in Fig. 2b, the
oxidized peak is formed within the instrument response limit
and shows negligible subsequent change, indicating an ap-
parent rise time of <50 fs and no slow injection components.
The lack of slow component indicates that in this system,
injection from the relaxed state does not occur on the <1 ns
time scale, consistent with the low density of accepting states
for injection from the relaxed excited state. The electron sig-
nal, which is also formed within 50 fs, shows a decay on the
100 ps time scale that was not observed in ReC1. This decay
is attributed to the relaxation of hot electrons injected high
above the band edge [143]. Similar hot electron relaxation
has also been demonstrated in molecule-to-nanoparticle CT
complexes, Fe(CN)6/TiO2, in which photoexcitation of the
CT band injects an electron instantaneously to a TiO2 state
high above the band edge [143,148,154]. A shift of excited
s also
o ional
r 0 fs
r st in-
Selecting an adsorbate with relaxed3MLCT state substan
ially below the band edge suppresses the slow compo
nd results in injection that is dominated by fast injec
tate CO stretching peak on the few ps time scale was
bserved in Fig. 2a and can be attributed to the vibrat
elaxation of the hot excited molecule [6,149]. The <5
ise of electron signal in ReC0 demonstrated that the fa
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Fig. 3. Comparison of electron injection kinetics in Ru535, Ru505 and
Ru470 sensitized TiO2 thin films measured at 2045 cm−1 after 400 nm exci-
tation. All samples have same OD at 400 nm and were measured under the
same laser conditions. The amplitude of the fast component decreases from
Ru535 to 470. Also shown as a dotted line is the signal from an unsensitized
film under the same excitation power (reproduced with permission from [6],
Copyright 2001 American Chemical Society).

jection occurred prior to vibrational energy relaxation in the
excited state.

4.4. Biphasic injection

For the Ru polypyridyl complexes shown in Scheme 3,
the relaxed3MLCT states are near the band edge of TiO2
and the Franck–Condon states at 400 nm excitation are about
1 V higher. For these systems on TiO2, the two-state injec-
tion model predicts biphasic injection kinetics. In addition to
Ru535 [6,105,108,111,116,119–121,132,143,146,151,152],
biphasic injection in other Ru complexes to TiO2 have also
been observed [6,143,146]. A comparison of injection kinet-
ics from Ru535, Ru505, Ru470 to TiO2 is shown in Fig. 3.
A < 100 fs injection component was observed for all dyes
but the amplitude of fast component and the rates of slow
components vary. These films have the same optical density
at 400 nm, corresponding to the same number of absorbed
photons. The comparison indicates that the amplitude of the
fast component decreases and the rate of slow component be-
comes slower, correlating with the decreasing potential (less
negative) of1MLCT and3MLCT excited states in these com-
pounds. As will be discussed in the next section, a less nega-
tive potential leads to a decrease ofk1 andk′

1 because of the
reduced density of accepting states in TiO2. A similar trend
h iO
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Fig. 4. Comparison of electron injection dynamics from Ru535 to TiO2,
SnO2 and ZnO. All samples were excited at 400 nm and probed at
2000 cm−1. The inset shows the same data on a shorter time scale. Injection
kinetics are biphasic in all systems, although the amount of fast component
and the rate of slow component differ.

[143]) for TiO2, 15% for SnO2 and <15% for ZnO. The slow
injection component is non-exponential in all three semicon-
ductors. The average time constant is 150 ps in ZnO, 10 ps
in SnO2, and 9–20 ps for TiO2 films (under different condi-
tions) [108,121,143]. The relative value of rate constantk1
can be determined from the amplitude of fast component us-
ing Eq. (3). Assuming that the intramolecular relaxation rate,
k2, is independent of the substrate, we estimate >10 times
fasterk1 for TiO2 than ZnO.

Different injection rates to these semiconductors may be
caused by differences in band structure, electronic coupling
strength and density of semiconductor states [46,47]. The
TiO2 conduction band is composed primarily of empty 3d
orbitals of Ti4+ [172–174], while the ZnO conduction bands
are largely derived from empty s and p orbitals of Zn2+ [173].
One effect of the different band structures is a higher density
of states in TiO2. From the effective mass of the conduction
band electron in TiO2 (5–10me) and ZnO (0.3me) [175,176],
the density of conduction band states near the band edge is
predicted to be as much as two orders of magnitude higher
in TiO2 [176]. Another possible factor is the electronic cou-
pling between the dye excited state (donor) and conduction
band (acceptor). Clearly, a more quantitative comparison of
injection rates in different semiconductors needs to consider
both factors, which likely requires high level quantum chem-
i vant
d
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p
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t cted
as also been observed for these three complexes on T2 in
H 2 buffer [143].

Biphasic injection to other semiconductor nanoparti
as also been observed [6,55,119,137,139,156]. Sho
ig. 4 is a comparison of injection dynamics (probed
000 cm−1) from Ru535 to TiO2, ZnO and SnO2 after 400 nm
xcitation. Electron injection kinetics to all three semic
uctors are biphasic, consisting of a fast (<100 fs) compo
nd slower components. The amplitude of fast compone
0% (after correction for cross-section decay of hot elec
cal calculation of electronic coupling strength and rele
ensity of states in semiconductor.

Direct spectroscopic evidence for distinct singlet
riplet electron injection pathways have been obtained fo
olypyridyl complexes on SnO2 [139] and TiO2 [120,121].

n these studies, stimulated emission from the singlet
as observed, providing a direct measure of the redu
f singlet lifetime caused by electron injection pathway

he detailed study of Ru535/TiO2 by Sundstrom and co
orkers [120,121] transient spectral evolution from 40
000 nm was observed to clearly resolve absorption ban

he ground, excited, and oxidized form, as well as inje
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Fig. 5. Normalized comparison of electron absorption dynamics of Ru535-
sensitized TiO2 films in ethylene/propylene carbonates (1:1) after excitation
at different wavelengths. Inset: the same data plotted on a shorter time scale.
The solid lines are fits using the two-state injection model. The fast compo-
nent is well described by a <100 fs rise and the slow component is fit by a
stretched exponential function with a 50 ps time constant (reproduced with
permission from [143], Copyright 2003 American Chemical Society).

electrons. With 30 fs laser pulses, stimulated emission of sin-
glet state and formation times of triplet state and cation were
directly measured, showing biphasic injection attributable to
injection from singlet and triplet states.

Other studies of metal polypyridyl-sensitized metal ox-
ides have suggested the broader applicability of the two-
state injection model. For example, comparison of ruthenium
polypyridyl complexes on TiO2 with their osmium counter-
parts demonstrated that the fast injection had larger relative
amplitude for the ruthenium complexes [132]. This suggests
a decrease of the ratiok1/k2 for the osmium complexes, a pre-
diction that may be rationalized on the basis of increased spin-
orbit coupling relative to the ruthenium complexes [177]. The
fasterk2 for the osmium complexes thus reduces fast injec-
tion. Biphasic injection kinetics were also observed on SnO2
for Ru470 [139], Ru535 [6,119], and other Ru derivatives [6].

4.5. Dependence on excitation wavelength

To provide further support for injection from unthermal-
ized excited states, we studied the excitation wavelength de-
pendence of injection dynamics from RuN3 to TiO2. If the
fast component of electron injection occurs from the unre-
laxed excited state, then by varying the excitation wavelength
(the energy of the hot excited state), we should be able to
c tion
c

535-
s ne
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T nd to
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o by a

fast (<100 fs) injection component with cross-section decay
and slow component on the 50 ps time scale [143]. Clearly,
the contribution of the fast injection component decreases at
longer excitation wavelengths. By increasing the excitation
wavelength, we prepare the unrelaxed state at closer energy to
the conduction band edge. As a result, the density of electron
accepting states in TiO2 decreases, which reduces the electron
injection rate from the unthermalized state,k1. The smaller
energy difference between the relaxed and unrelaxed state
may also increase the rate of relaxation out of the fast injection
region,k2. Both factors lead to a decrease of the amplitude of
the fast injection component. This trend was also observed
by other groups for Ru535/TiO2 [120,121,132,143]. We have
also recently observed similar wavelength dependence of the
fast injection component for Ru535/ZnO [156].

Evidence for injection from unrelaxed excited state was
also observed by microsecond time resolved spectroscopy
of dye sensitized films [178–182]. On the microsecond time
scale, all photoexcited Ru535 molecules or derivatives have
either formed cations through electron injection or returned
to ground state, while no significant back ET has occurred yet
[178–182]. The amplitude of ground state bleach (or cation
absorption) of the sensitizer reflects the quantum yield of
electron injection. Using this approach, it was found that
electron injection yield for Ru535 on Nb2O5 decreases at
l t
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The measured transient IR absorption kinetics of Ru
ensitized TiO2 films soaked in an 1:1 ethylene/propyle
arbonate mixture (referred to as EC/PC) are shown in F
he main panel shows the kinetics traces that correspo
00 nm (open circles), 530 nm (open triangles) and 63
open squares) excitation wavelengths. These kinetics t
ave been normalized to have the same signal magnitu
50 ps. The inset to the figure shows the same data p
n a shorter time scale. The kinetics are well described
onger excitation wavelength while that on TiO2 does no
178,179]. It indicates that for Nb2O5, injection occurs onl
hrough the unrelaxed excited state, which is consistent
ts higher band edge position than TiO2. Meyer and co
orkers [180–182] have shown that the injection quan
ield depends on the cation and proton concentrations i
ample, which affects the band edge position. These ind
easurements are consistent with wavelength and pH
endent injection kinetics directly resolved using femto
nd lasers [120,121,143]. Electron injection from the u

axed state has also been used to explain wavelength d
ent absorbed-photon-to-current conversion efficiency
ured in solar cells [183,184]. Ferrere and Gregg [184
erved that in an Fe(dcbpy)2(CN)2 sensitized TiO2 solar cell
he photocurrent action spectrum differs from the absorp
pectrum of the sensitizer showing higher conversion
iency in higher energy absorption bands. In this case
elaxed (lowest) excited state is a ligand field state b
he band edge, from which electron injection is not lik
nd only injection from the unrelaxed state is possible.
bservation of photocurrent indicates that injection oc

rom unrelaxed excited states and its band selectivity
ects the dependence of injection kinetics on excitation w
ength, as predicted by the two-state model and observe
uN3/TiO2 [143].
It should be noted the two-state injection model is

implest model that can take into account the compet
f intramolecular relaxation and electron injection pa
ays. A more complete model should include injection f
ll possible states between the initially prepared1MLCT
rank–Condon state and final relaxed3MLCT state. Despit
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the simplifications, the two-state electron injection model ap-
pears to be a useful tool for describing electron injection from
metal polypyridyl complexes to semiconductor nanoparti-
cles. This model emphasizes the importance of separating
injection from the non-thermalized and thermalized excited
states in comparing electron injection rates. Due to the fast in-
tramolecular relaxation and generally slower injection from
the relaxed state in metal polypyridyl complexes, separation
of timescales is usually possible and necessary. In systems
with slower intramolecular relaxation processes and smaller
difference between thermalized and unthermalized states, the
separation of time scales become difficult and the two-state
model may no longer be adequate.

5. Dependence on electronic coupling

A well-established method of modifying coupling be-
tween adsorbate and semiconductor is the insertion of bridg-
ing units between the chromophore and the binding group
[64–76]. In principle, introduction of successive numbers of
units allows a systematic investigation of the dependence of
ET rate on bridge length. Many studies of this type have
been performed for slower electron transfer reactions, par-
ticularly exploring electron transfer through self-assembled-
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Fig. 6. Comparison of electron injection from ReCn (n = 1–5) to SnO2
film at pH 2. (a) Injected electron traces probing at 2120–2150 cm−1 for
ReC1 (circles), ReC2 (triangles), ReC3 (diamonds), ReC4 (inverted trian-
gles), and ReC5 (squares). The solid lines are two-exponential fits to the
data. The dashed line is the signal from an unsensitized SnO2 film, which
has already been subtracted from the other traces. (b) Plot of the natural log-
arithm of injection rate versus number of methylene bridging groups. The
relative rates (with respect to ReC1/SnO2) were determined using the time
scaling technique described in [144]. The absolute rate was then obtained
by multiplying these scaling factors by the ReC1τeff = 44 ps from the two
exponential fit. ReC1 and ReC2 exhibited nearly identical rates, but ReC3
to ReC5 show a linear trend, withβn = 0.99 (reproduced with permission
from [144], Copyright 2003, American Chemical Society).

tron injection from a rhenium complex withn = 0–5 methy-
lene groups inserted between the bipyridine ligand and the
carboxylate binding group. Reduction of injection rate with
bridge distance was observed in a subset of these adsorbates
(n = 0, 1, 3) on TiO2 [56]. More recently, we examined the
distance dependence of electron injection rate from the com-
plete series of adsorbates to SnO2 [144]. As shown in Fig. 6a,
a decrease of injection rate with increasing number of methy-
lene spacer units was clearly observed. A plot of average rate
constant versus number of spacer units is shown in Fig. 6b.
Exponential rate decrease withβn = 1, congruent with that
seen for long bridges [65,66], was observed extending down
to n = 3. Forn = 2 andn = 1, similar rates (1/40 ps) were
obtained. The reason for deviation from exponential depen-
dence atn < 3 remains to be further investigated.

ET through short conjugated bridges has also been in-
vestigated. Kilsa utilized 0–2 xylyl bridging groups for a
ruthenium terpyridine dye on TiO2 [133]. Unfortunately, the
injection step was not clearly resolved and the distance de-
pendence of injection rate remains unclear. Very little dis-
tance dependence was observed in the back ET process.
onolayer on metal [65,66] or semiconductor electro
69,70]. These studies have shown that electron transfe
or longer bridges (r > 10Å) generally varies exponential
ith the length of the bridger [65,66]:

ET(r) = k0e−βrr (6)

herek0 is the extrapolated rate constant forr = 0, andβr the
xponential decay coefficient. For bridges with repeat sp
nits, the exponential dependence can also be expres

erms of the number of spacer units and a correspondin
fficientβn.

Theoretical studies predict the dependence of couplin
he number of spacers in short alkyl chains to deviate
xponential [30,185–188] and to oscillate between odd
venn [189,190]. This behavior is expected to be genera
ridge assisted electron transfer processes [30,191]. In

he odd-even effect in ET rates has been observed in
ethylene bridged molecular donor–acceptor complex

olution, [192] but not all [193–196]. For interfacial ET, t
henomenon is even less well understood. In a recent stu
T through short chain (n= 2–8) alkanethiol self-assemble
onolayers (SAMs), thendependence was found to level
tn= 2, which was attributed to the solvent viscosity dep
ence of ET in the adiabatic regime [197]. Similar reduc
f distance dependence at even longer distance has als
bserved for alkanethiol [65,66] and oligophenyleneviny
ridges [198].

To study electron transfer in the strong coupling limit,
ect time resolved techniques are needed. Using femtos
ime-resolved infrared spectroscopy, we investigated
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Some uncertainty may be introduced into these studies of
bridge-dependent coupling by flexibility of the bridge and/or
variations in binding geometry. Recently Galoppini and co-
workers [140,199–201] have developed a tripodal adsorbate,
with rigid bridge, to help avoid these uncertainties. This an-
choring may prove extremely useful in eliminating unwanted
factors from investigation of coupling-dependent electron in-
jection. Although a systematic study of bridge-length depen-
dence has not yet been performed on this system, a prelim-
inary study indicates ultrafast injection over long distance
[140].

Another method of modifying coupling between adsor-
bate and semiconductor is by changing the binding group
on the adsorbate. Many linkages (phosphonate, carboxylate,
acetylacetonate, etc.) have been successfully used to bind ad-
sorbates to TiO2 [7,202–204] However, relatively few studies
have yet investigated the dependence of injection rate on bind-
ing groups. Our recent study shows that there is significant
difference in injection rate to SnO2 from ReC1 complexes
with –COOH, –PO3H2 and –SH anchoring groups [205].

6. Density of accepting states

Eq. (1) suggests that in the nonadiabatic limit, injection
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Fig. 7. Comparison of electron injection kinetics in Ru(dcbpy)2X2 [X2 =
2SCN− (full circles), 2CN−, (open circles) and dcbpy (full triangles)] sen-
sitized SnO2 thin film measured at 2088 cm−1 after 400 nm excitation. Solid
curves are stretched exponential fits to the data. The signal from an unsen-
sitized film under the same excitation power is shown as the dotted line
(reproduced with permission from [6], Copyright 2001 American Chemical
Society).

change in the semiconductor band edge position for metal-
oxide semiconductors [44,206–208]:

V (pH) = V (pH = 0) − 0.06× pH (7)

Other small potential-determining cations (Li+, Na+) may
alternatively be used in aprotic solvents to shift the band po-
sitions, with their potential-determining ability related to the
ability of the cations to intercalate into the semiconductor
lattice [175,181,209,210].

We have examined the pH dependence of electron injec-
tion rate from Ru535 and 470 to TiO2 [143]. A comparison of
electron injection rate from Ru470 to TiO2 at pH 2, 4, 6, 8 is
shown in Fig. 8. The injection dynamics are biphasic witha
< 100 fs fast component and slower components. The ampli-
tude of the fast component decreases and the rate of the slow
components become slower with increasing pH. Similar pH
dependence was observed for Ru535.

F itized
T e fits.
I

ate depends on the density of electron accepting sta
he semiconductor. As illustrated in Scheme 2, near the
uction band edge, the density of states increases at h
nergy, leading to a higher density of accepting state

njection from an adsorbate with more negative oxida
otential, As a result, faster injection is predicted for a la
ifference between the adsorbate excited state potentia
onduction band edge, as shown in Fig. 1.

One method of tuning the relative energetics is chan
he adsorbate excited state oxidation potential. A system
rend is observed when comparing electron injection f
u535, 505 and 470 to TiO2 [143] or SnO2 [6]. These dye
re attached to the semiconductor through the dcbpy lig
ut they differ in the third pair of coordination ligands, wh

eads to lowering of ground and excited state oxidation
ential from Ru535, to 505, to 470, as shown in Scheme 3
ection kinetics from these dyes to TiO2 films were compare
reviously [6,143] and are shown in Fig. 3. The amplitud

ast component and rate of slow component become sm
onsistent with the trend of their decreasing excited po
ials and corresponding density of electron accepting sta
iO2. This trend is even more clearly demonstrated for t
yes on SnO2 film, shown in Fig. 7. In this case, electr

njection is dominated by slow components and the rate
ome slower from Ru535 to Ru470. While the observed t
s consistent with change of adsorbate energetics, it is un
hether there is significant difference in electronic coup
mong these adsorbates.

An alternative approach is modifying the conduction b
dge energy by varying pH or potential-determining ion c
entration. Changing the sample pH affects a Nernstian
ig. 8. Comparison of electron absorption dynamics of Ru470 sens
iO2 films at different pHs. Open symbols are data and solid lines ar

nset: the same data plotted on a shorter time scale.
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The dependence of injection dynamics on pH and cation
concentration in solution have also been examined by other
groups [105,181,182]. Durrant and co-workers [105] found
that injection for Ru535/TiO2 proceeds faster in solution
with Li+ cation present than when it was absent. Meyer and
co-workers [181,182] examined the dependence of lumines-
cence quantum yield on cation concentration and pH in Ru
dye-sensitized TiO2 film. At higher cation or proton con-
centration, they observed decreased sensitizer luminescence
quantum yield, which suggests faster electron transfer rates.
These dependences were attributed to the shifting of empty
electron accepting states in semiconductor as a function of
proton or cation concentration, consistent with our observa-
tion.

Change of pH or cation concentration may also affect the
adsorbate energetics and its binding with the nanoparticle
[163,211,212], both of which affect the injection rate. A bet-
ter way of controlling electron accepting state density may be
to change external bias [105,139]. Application of a more neg-
ative potential raises the Fermi level in the semiconductor, de-
creasing the availability of accepting states at a given energy,
thus retarding the injection. Tachibana and co-workers [105]
observed a retardation of injection rate from Ru535 to TiO2
at more negative bias, consistent with the expected change
in the number of accepting states. Iwai and co-workers [139]
a ation
r

am-
i tion
p par-
i tion
b ation
c on-
d sity
o sfer
r
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nam-
i r ad-
s spec-
t ibra-
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j e di-
r igu-
o this
t e re-
g ence
o ular
( epen
d ry of
i

iO
w nent

and slower components. This behavior was attributed to the
competition of ultrafast electron injection from unthermal-
ized excited state and intramolecular relaxation within the
excited state manifold. To account for this behavior, a two-
state injection model was proposed. Evidence for injection
from unthermalized state was obtained by choosing sensitiz-
ers that were not capable of injecting from the relaxed excited
state. ReC0 on dry TiO2 film served as an example. Evidence
of the competition of the injection and relaxation pathways
was demonstrated in ReC1/TiO2 by slowing down the injec-
tion rate so that it is no longer competitive with intramolecu-
lar relaxation, which leads to injection kinetics dominated by
slow injection components from the relaxed state. Excitation
wavelength dependent injection kinetics were observed to
provide further evidence for injection from unrelaxed excited
state. In addition to TiO2, biphasic injection kinetics were also
observed from Ru535 to SnO2 and ZnO, although these ki-
netics showed much smaller fast components and dominating
slower components. We suggest that the biphasic injection is
a consequence of the large energetic separation and fast relax-
ation between the Franck–Condon state and the thermalized
excited state in these transition metal complexes.

The dependence of ET rate on electronic coupling was
studied in SnO2 films sensitized by a series of modified
Re(dcbpy)(CO)3Cl complexes: ReCn (n = 0–5). These com-
p and
c ronic
c ed
e y
c er
m re
s rigin
o ies
a rs and
u ling
d acer
g mod-
i

ctor
( con-
t e de-
p ds on
t band
e ed by
v band
e ed in
T
( r-
e r for
a sis-
t pting
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R H,
i ction
b pting
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lso observed a similar trend in interfacial charge separ
ate in Ru(bpy)2(dcbpy)/SnO2.

It appears that same trend of change in injection dyn
cs is observed by lowering the dye excited state oxida
otential down towards the conduction band edge (com

ng different dyes at the same pH), by raising the conduc
and edge (comparing same dye at different pH or c
oncentration), or by raising the Fermi level in the semic
uctor. This provides support of the important role of den
f accepting states in determining interfacial electron tran
ate.

. Summary and future work

We have demonstrated that the electron transfer dy
cs between semiconductor nanoparticles and molecula
orbates can be studied using femtosecond mid-IR
roscopy. With this technique, both the adsorbate v
ional spectral change and the mid-IR absorption of
ected electrons can be simultaneously monitored. Th
ect observation of injected electrons allows for unamb
us assignment of electron transfer processes. Using

echnique and complementary techniques in the visibl
ion, we have started to systematically examine depend
f electron injection rates on the components of molec
donor)–bridge–anchor–nanoparticle systems. These d
encies are understood by comparing with Marcus’ theo

nterfacial electron transfer.
Electron injection from Ru535 and derivatives to T2

ere found to be biphasic, with the <100 fs fast compo
-

lexes have n CH2 spacer groups between the bipyridine
arboxylate groups, corresponding to decreasing elect
oupling to TiO2. We found that forn= 3–5 the rate decreas
xponentially with the number of CH2 spacers with deca
onstantβn = 1, consistent with earlier studies for long
ethylene spacers. However, forn = 1 and 2, ET rates a

imilar, deviating from exponential dependence. The o
f the deviation is still under investigation. Ongoing stud
re examining these sensitizers on other semiconducto
nder different solvent environment. Furthermore, coup
ependence study will be carried out with other short sp
roups. Other approaches to change coupling, such as

fying the anchoring group, are also explored.
One significant difference between ET to semicondu

or metal) and intramolecular ET is the existence of a
inuum of electron accepting states. As a result, ET rat
ends on the density of accepting states, which depen

he relative potential of adsorbate versus conduction
dge in a semiconductor. This dependence was examin
arying both the adsorbate potential and the conduction
dge position. Electron injection dynamics were compar
iO2 and SnO2 films sensitized by a series of Ru(dcbpy)2X2
X2 = 2SCN−, 2CN−, and dcbpy) dyes, which have diffe
nt excited state redox potentials. The ET rate is slowe
dsorbates with lower redox potential, qualitatively con

ent with the corresponding decrease of electron acce
tate density. The pH dependence of electron injection
u535 and 470 to TiO2 was also examined. At higher p

njection rate decreases, consistent with a higher condu
and edge position and therefore lower electron acce
tate density.
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Our studies have revealed some qualitative trends for in-
terfacial ET dynamics. Systematic studies designed to quan-
titatively test interfacial ET theory are ongoing. A quantita-
tive comparison of experimentally measured ET rates with
theoretical predictions will require much better character-
ization of density of states of the nanomaterials and their
electronic coupling with the adsorbate. Sophisticated sur-
face science techniques may be needed to characterize these
nanoparticles. Advanced computational studies of ET be-
tween nanoparticle and adsorbate will most likely be neces-
sary [46–48,213–217]. The dependence of ET rate on other
parameters will also be investigated. The dependence on sol-
vent reorganization energy can also be examined by perform-
ing similar studies on films in contact with different solvents.
Another potentially fruitful direction is to combine this tech-
nique with electrochemical studies, which allows control of
the energetics of the semiconductor. A very challenging and
yet very important direction is the dependence of injection
rate on the nature of semiconductor. Although not completely
understood, preliminary results indicate significant differ-
ence in injection rate from Ru535 to TiO2, SnO2 and ZnO,
which likely caused by both the changes of state density and
electron coupling strength. The effect of quantum confine-
ment [22,32,218] on electron transfer dynamics in quantum
dots should also be examined.
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