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Abstract: In this paper we address the dependence of the charge recombination dynamics in dye-sensitized,
nanocrystalline TiO2 films upon the properties of the sensitizer dye employed. In particular we focus upon
dependence of the charge recombination kinetics upon the dye oxidation potential E0(D+/D), determined
electrochemically, and the spatial separation r of the dye cation HOMO orbital from the metal oxide surface,
determined by semiempirical calculations. Our studies employed a series of ruthenium bipyridyl dyes in
addition to porphyrin and phthalocyanine dyes. A strong correlation is observed between the recombination
dynamics and the spatial separation r, with variation in r by 3 Å resulting in a more than 10-fold change in
the recombination half-time t50%. This correlation is found to be in agreement with electron tunneling theory,
t50% ∝ exp(-âr) with â ) 0.95 ( 0.2 Å-1. In contrast, the recombination dynamics were found to be relatively
insensitive to variations in E0(D+/D), indicative of the recombination reaction lying near the peak of the
Marcus free energy curve, ∆G ∼ λ, and with λ ∼ 0.8 eV. A correlation is also observed between the
recombination half-time and the temporal shape of the kinetics, with faster recombination dynamics being
more dispersive (less monoexponential). Comparison with numerical Monte Carlo type simulations suggests
this correlation is attributed to a shift from fast recombination dynamics primarily limited by dispersive electron
transport within the metal oxide film to slower dynamics primarily limited by the interfacial electron-transfer
reaction. We conclude that the primary factor controlling the charge recombination dynamics in dye-
sensitized, nanocrystalline TiO2 films is the spatial separation of the dye cation from the electrode surface.
In particular, we show that for the Ru(dcbpy)2NCS2 dye series, the use of X ) NCS rather than X ) CN
results in a 2 Å shift in the dye cation HOMO orbital away from the electrode surface, causing a 7-fold
retardation of the recombination dynamics, resulting in the remarkably slow recombination dynamics
observed for this sensitizer dye.

Introduction

Supramolecular electron-transfer complexes have received
extensive attention over the past 15 years.1-4 Such studies have
addressed the correlation between the structure and redox
properties of such complexes and the electron-transfer dynamics
observed following optical excitation. These dynamics have been
shown to be in good agreement with nonadiabatic electron-
transfer theory.5 Attention is now increasingly focusing on
heterogeneous electron-transfer complexes, involving interfacial

electron-transfer processes between molecular redox species and
inorganic nanoparticles or electrode surfaces.6-8 A system of
particular interest is dye-sensitized, nanocrystalline metal oxide
electrodes, of importance due to their technological applications
in for example dye-sensitized solar cells and electrochromic
windows.9-11 The high surface and optical transparency of these
electrodes make them ideally suited to spectroscopic studies of
interfacial electron-transfer dynamics. Moreover the theoretical
framework for such interfacial electron-transfer dynamics was
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established by Gerischer and co-workers in the 1960s.12-14

However, the practical application of this theory to dye-
sensitized, nanocrystalline metal oxide electrodes remains to date
relatively limited.

In this paper we are concerned with influence of the molecular
sensitizer dye design upon the interfacial electron-transfer
dynamics of dye-sensitized nanocrystalline TiO2 films. The
design of new sensitizers which combine strong visible light
absorption with favorable electron-transfer dynamics is a key
issue in the development and optimization of dye-sensitized solar
cells.15-17 The charge separation process in such dye-sensitized
films is based upon electron injection from the excited state of
the dye into the conduction band of TiO2. We focus here upon
the charge recombination reaction between photoinjected elec-
trons and the dye cations, which follows this light-driven charge
separation. This recombination reaction is of particular interest
due its potential importance in limiting the performance of dye-
sensitized photoelectrochemical solar cells.

Following nonadiabatic electron-transfer theory,12-14 the rate
of electron transfer between donor and acceptor states is given
by

whereHAB
2 is the electronic coupling between the donor and

acceptor states,∆G0 is the reaction free energy, andλ is the
reorganization energy. For reactions involving molecular species
absorbed at electrode surfaces, it is necessary to integrate eq 1
over all possible donor or acceptor states of the electrode, as
has been discussed previously.18 It is apparent from eq 1 that
molecular design may be employed to modulate the electron-
transfer dynamics by varying the following parameters: the
electron coupling (HAB

2), the reaction free energy (∆G0), and
the reorganization energy (λ). Of these three parameters, the
reorganizational energy is largely controlled by the polarity of
the surrounding solvent and is therefore less amenable to control
by design of the redox molecule. The termHAB

2 corresponds
to electron tunneling through a potential barrier and therefore
shows an exponential dependence upon spatial separationr of
the donor and acceptor states:

whereâ is a function of the barrier height of the intervening
media and is again less amenable to molecular control. It can
be concluded that the two key parameters which can be varied
by molecular design to modulate the interfacial electron-transfer
dynamics are ther and∆G0. For charge recombination in dye-
sensitized electrodes,r effectively corresponds to the spatial
separation of the dye cation HOMO orbital from the electrode
surface, while∆G0 corresponds to the difference in free energy

between the dye oxidation midpoint potentialE0(D+/D) and the
electrode Fermi levelEF.

The experimental strategy employed in this study is based
upon employing transient absorption spectroscopy to interrogate
the interfacial recombination dynamics in dye-sensitized, nanoc-
rystalline TiO2 films as a function of the sensitizer dye
employed. The primary objective of our study is to elucidate
the relative importance of distancer and free energy∆G0 in
controlling these interfacial recombination dynamics. The
dependence of this recombination reaction upon both of these
parameters has been addressed in several previous studies.19-24

Such studies have typically reported a significant dependence
of the recombination kinetics upon dye oxidation potential (E0-
(D+/D)) and therefore upon∆G0. Experimental fits of such
dependencies to eq 1 have yielded estimates for the reorgani-
zational energy for the recombination reaction of 1-1.4 eV,
with most experimental data lying in the Marcus “inverted
region”.20,22 This inverted-region behavior, resulting in a
retardation of the recombination dynamics, has been suggested
to be important in minimizing recombination losses in dye-
sensitized solar cells.25 In contrast studies of the distance
dependence have, to date, been more limited and less conclusive.
In general, studies employing smaller, more tightly bound
sensitizer dyes exhibit faster recombination kinetics, while larger
dyes, where the dye cation can be expected to lie further from
the electrode surface, exhibit slower kinetics. We have recently
reported two studies where a change of the design of the
molecular dye has been shown to result in significant retardation
of the recombination dynamics; in both cases this retardation
was attributed to an increase of separation of the dye cation
from the TiO2 surface.19,26 In contrast, in a study employing a
tripodal dye-binding motif as a “molecular bridge” to control
the orientation of the sensitizer dye relative to the electrode
surface, the recombination dynamics were found to be inde-
pendent of the spatial separation of the sensitiser dye from the
electrode surface.24

The recombination reaction can most simply be expected to
exhibit second-order kinetics (first order in both electron and
dye cation concentrations) and has indeed been analyzed as
such.20 Our own studies have however focused more on the
influence of the electron-transport dynamics within the metal
oxide film on the recombination dynamics.27,28 We have
demonstrated that the temporal form of the recombination
dynamics, and their dependence upon the bias applied to the
metal oxide electrode, can be successfully simulated by a model
based upon electron transport through an energetic distribution
of trap sites within the TiO2 particles.27 More recently, we have
demonstrated, by employing two different sensitizer dyes, that
it is possible to move between regimes of transport-limited and
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interfacial electron-transfer-limited recombination,19 as illus-
trated in Scheme 1. In this paper we extend the studies to a
range of different sensitizer dyes in order to address separately
the importance of free energy and distance in controlling the
recombination dynamics and discuss the implications of these
studies for the optimization of dye sensitized photoelectro-
chemical solar cells.

Materials and Methods

The structures of the sensitizer dyes employed in this study are shown
in Chart 1. The synthetic procedure to obtain the polypyridyl dyes1-4
has been published previously.29,30 Porphyrin complexes5-8 were
purchased from Porphyrin Products Inc. and used as received. Phtha-
locyanine (9) was synthesized by methods analogous to those described
by Long et al.31

Nanocrystalline TiO2 films were fabricated as detailed elsewhere
on conducting glass slides.32 The resulting films comprised 10-15 nm
diameter anatase TiO2 particles. The film thickness was 4µm, with a
surface area determined by BET analysis of 94 m2/g. Sensitization of
TiO2 films with dyes1-7 was achieved by immersing the electrodes
in 1 mM solutions of these dyes in ethanolic solvents overnight,
followed by rinsing in ethanol to remove unadsorbed dye. TiO2 films
were also sensitized with dye8 in 1 mM solutions, but in dimethyl-
formamide. This dye is prone to aggregate on the surface of TiO2 over
time, so immediately after the correct optical density is obtained, the
transient kinetics was recorded. No coadsorbants were used to minimize
aggregation, such as 4-tert-butylpyridine, as these were found to slow
the lifetimes of the charge recombination reaction. All samples were
stored, and experiments conducted, at room temperature. Following
sensitization, films were covered with a 1:1 ethylene carbonate:
propylene carbonate solution and glass cover slide. UV/vis absorption
spectra were measured using a Shimadzu 1601 UV-vis spectrometer.

Nanosecond-Millisecond Laser Transmittance Spectroscopy.
Transient absorption experiments were conducted using the apparatus
reported previously.33 Samples were excited at 610 nm for all dyes
except5 and 6 (595 nm) and dye3 (520 nm), employing excitation
densities of 20µJ cm-2 (0.8 Hz repetition rate;<1 ns pulse duration),
thereby ensuring similar densities of absorbed photons per nanoparticle
for all dyes (∼0.5 absorbed photons per TiO2 nanoparticle per laser
pulse). The resulting photoinduced changes in optical density were
monitored by employing a 100 W Tungsten lamp, with 20 nm
bandwidth monochromators before and after sampling, a home-built
photodiode-based detection system, and a TDS-220 Tecktronic DSO
oscilloscope. Optical absorption measurements performed before and
after each transient experiment indicated negligible desorption/degrada-
tion of the sensitizer dyes during any of the transient absorption
experiments. Experiments were conducted without added redox couple
and without externally applied bias.

Electrochemistry. The ground-state oxidation (E0(D+/D)) values for
dyes 1-7 were obtained from previously published electrochemical
data.30,31,34,35 The E0 value for dye 8 was determined by cyclic
voltammetry. The electrolyte used was 0.1 M tetrabutylammonium
perchlorate in dimethylformamide (DMF). The working and counter
electrodes consisted of platinum wire, and the reference electrode used
was Ag/AgCl based (converted to SCE for the purposes of this paper).
The scan rate employed was 10 mV s-1, and the voltammetry displayed
fully reversible behavior.

ZINDO Calculations. ZINDO calculations were performed on
polypyridyl dyes1-4 using HyperChem 7 run on a PC AMD Athlon
XP 2000+ 1.25 GHz. The calculations were implemented using the
default parameters in the program with the exception that the charge
on each complex was altered from 0 to+1 in order to examine the
HOMO orbitals of the cation of each complex. The overlap-weighting
factors σ∠σ and π∠π were set at 1.265 and 0.585, respectively,
following previous papers in the literature.34

Charge Recombination Model Calculations.Numerical simulations
of the recombination dynamics followed the continuous-time random
walk (CTRW) model as applied previously to dye-sensitized, nano-
crystalline TiO2 films.27,28In this Monte Carlo model, electrons (which
may be optically or electrically injected) perform a continuous-time
random walk on an energetically disordered lattice, characterized by
an exponential distribution of site energies,E, of the formg(E) ) N/kT0

exp(-(Ecb - E)/kBT0), whereN is the density of sites, Ecb represents
the conduction band edge, andT0 is the characteristic temperature of
the distribution, withT0 ) T/γ. Electrons move from site to site by
thermal activation via the conduction band, as illustrated in Scheme 1.
To simulate the transient absorption experiment, equal numbers of dye
cations and electrons (ninj) are introduced to the lattice at timet ) 0
to represent cation-electron pairs generated by the laser pulse. These
photoinjected electrons diffuse, together with a populationnd of
conduction electrons already present in the dark. Charge recombination
occurs as soon as an electron reaches a site occupied by a dye cation.
Physically this “reactive site” may represent the site on the metal oxide
lattice that is closest to the adsorbed dye cation, and the prompt
recombination represents a much faster rate for electron transfer to the
dye cation than to any neighboring lattice site. Thus the recombination
process isdiffusion-limited. For an excess of electrons relative to dye
cations (nd g ninj), the dye cation population evolves such as a stretched
exponentialD(t) ) D(0) exp(-(t/t0)R). To allow for variation in the
rate of electron transfer to the dye cation (see Scheme 1), we introduce
a fractional probability,Pet, for recombination once an electron reaches
a reactive site. This represents a first-order recombination process of
rateket ) νPet which competes with electron release from the site of
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Scheme 1. Schematic Representation of Electron-Transfer
Dynamics for Dye-Sensitized, Nanocrystalline TiO2

a

a This scheme illustrates how the charge recombination reaction observed
following photoinduced electron injection may be rate-limited by either
electron transport dynamics within the TiO2 nanoparticles or by the electron-
transfer rate constant at the dye/metal oxide interface. In this paper we are
concerned with the dynamics of charge recombination as a function of dye
oxidation potentialE0(D+/D) and the spatial separationr of the dye cation
from the metal oxide surface.

Dye-Sensitized Nanocrystalline TiO2 Films A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 16, 2004 5227



rateν, whereν is the attempt-to-jump frequency. If recombination does
not occur, the electron continues its random walk and the simulation
continues. In the limit of fast electron transfer (Pet ) 1), the
recombination process is again diffusion-limited and the stretch
parameterR is equal to the trap density of states parameterγ, R ) γ,
resulting in dispersive (non-monoexponential) dynamics. AsPet is
reduced, the recombination rate increases and the kinetics becomes less
dispersive. The recombination time, as defined from the dye cation
half-life t50%, increases slightly superlinearly withPet

-1 because of the
changing shape (R) of the kinetic curve. In the limit wherePet tends to
0 (slow electron transfer), the recombination becomes reaction-limited
and the recombination rate tends toPet/τ, whereτ is the average time
to visit all sites on the system and is a function of the system size and
the depth of the density of states. In this limit the kinetics are
monoexponential, as observed in our previous studies.19,26

Results

In all cases, UV-visible absorption spectra of the dye-
sensitized TiO2 films exhibited dye absorption maxima indis-
tinguishable from those observed in solution, indicating minimal
dye aggregation and, as expected, relatively weak electronic

coupling to the TiO2 surface. Dye oxidation potentials, deter-
mined from solution-phase electrochemistry, are shown in Table
1. It is apparent that ground-state oxidation potentialsE0(D+/
D) of these dyes vary by up to 0.5 V.

For the series of Ruthenium bipyridyl dyes (1-4), the spatial
separation of the dye cation state from the electrode surface
was determined by semiempirical ZINDO/1 calculations as
detailed above. Figure 1 shows the HOMO orbitals resulting
from ZINDO/1 calculations performed on these complexes in
their cation state. These data show a pseudooctahedral arrange-
ment of ligands around the metal atom with different angles
depending on the apical ligands, with the structural data (bond
angles and distances) being in good agreement with previous
studies by other groups of the charge neutral dyes (for example,
our calculations yield Ru-N distances for the cation state of
Ru(dcbpy)2(NCS)2 of 1.97 and 1.98 Å, similar to the distances
of 2.036 and 2.058 Å reported previously for the neutral dye35).
It is apparent from Figure 1 that for dye1 the cation wave
function is metal-localized, whereas for dye4 the cation is

Chart 1. Structures of Dyes Employed in the Present Paper, Where 1 Corresponds to Ru(dcbpy)2Cl2, 2 to Ru(dcbpy)2DTC, 3 to
Ru(dcbpy)2(CN)2, 4 to Ru(dcbpy)2(NCS)2, 5 to Zinc-meso-Porphyrin IX, 6 to Zinc-Coproporphyrin 1, 7 to H2TCPP, and 8 to
ZnPc(CH2COOH)4
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localized on the NCS ligands, consistent with previous calcula-
tions.36 Dyes 2 and 3 lie intermediate between these two
extremes.

The ZINDO/1 calculations provide us with the spatial
distribution of the HOMO orbital of each dye, with the square
of this distribution corresponding approximately to the dye
cation electron density. All dyes in this series (dyes1-4) have
the same structural components for achieving binding to the
metal oxide surface (two dicarboxy bipyridyl groups) and are
therefore expected to bind to the electrode surface with a similar
orientation. The dye cation/TiO2 electrode spatial separation was
therefore estimated by calculating the geometric distance
between the carboxylic groups and each atom of the dye and

by weighting this value with the square of the percentage
contribution of the atom to the HOMO orbital.37 The resulting
distances are also given in Table 1. It is apparent thatr of the
dye cation from the electrode surface is in the order1 < 2 ∼
3 < 4, as is also apparent from the HOMO orbitals shown in
Figure 1.

ZINDO/1 calculations were also performed on dyes5-8. In
all cases the HOMO orbital was delocalized over the conjugated
macrocycle of the dye. However, for these dyes, determination
of a reliable donor/acceptor separation is prevented by uncer-
tainty over the orientation of these molecules on the surface on
TiO2 as we discuss in more detail below.

Recombination dynamics for the dye-sensitized nanoporous
TiO2 films were determined by following the decay of the
photoinduced absorption of the e-

TiO2/dye+ state observed
following photoinduced charge separation initiated by pulsed
laser excitation of the film. Excitation densities were adjusted
to ensure matched densities of absorbed photons for all sensitizer
dyes, in all cases corresponding to∼0.5 absorbed photons/TiO2

particle. Photoinduced absorption changes were monitored at
probe wavelengths between 600 and 900 nm. In the case of
dye 4, Ru(dcbpy)2(NCS)2 a strong absorption maximum was
observed at 800 nm, assigned as discussed previously33 to a
LMCT transition resulting from the ligand-localized nature of
the dye cation state. This absorption band is superimposed upon
a relatively weak, broad e-

TiO2 absorption. For dyes1-3, no
such cation band was observed, with only a relatively small

(36) Rensmo, H.; Lunell, S.; Siegbahn, H. J.J. Photochem. Photobiol., A1998,
114, 117.

(37) The electronic couplingHAB should correctly be determined by calculating
the electronic coupling for each atom contributing to the dye HOMO orbital
and then summing over all atoms. However, given the small spatial extent
of the dye HOMO orbitals relative to their separation from the electrode
surface, the method employed gives a good approximation to the variation
in r and thereforeHAB between the different dyes.

Figure 1. Graphical representation for the HOMO of Ru(dcbpy)2Cl2 (1), Ru(dcbpy)2DTC (2), Ru(dcbpy)2(CN)2 (3), and Ru(dcbpy)2(NCS)2 (4) cation
states.

Table 1. Comparison of Electrochemical, Structural, and
Recombination Kinetics Data for Nanocrystalline TiO2 Films
Sensitized by Dyes 1-8

dye E0(D+/D)a/V rb/Å t50%
c/ms Rd

Ru(dcbpy)2Cl2 (1) 0.56 7.4 <0.06 0.11
Ru(dcbpy)2DTC (2) 0.8 8.3 0.11 0.21
Ru(dcbpy)2(CN)2 (3) 1 8.4 0.29 0.24
Ru(dcbpy)2(NCS)2 (4) 0.85 10.2 0.79 0.25
Zn-meso-porphyrin IX (5) 0.5 2.23 0.3
Zn-coproporphyrin 1 (6) 0.57 2.82 0.36
H2TCPP (7) 1 4.38 0.33
ZnPc(CH2COOH)4 (8) 0.49 6.23 0.30

a Ground-state oxidation potentials determined from electrochemical data
and shown versus SCE.b Spatial separation of the dye cation HOMO orbital
from the electrode surface, detemined from semiempirical calculations.
c e-

TiO2/dye+ charge recombination half-time, determined from transient
absorption studies.d Stretch parameter,R, as defined in eq 3, determined
from numerical fits to the transient absorption data.
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absorption being observed, increasing monotonically toward
longer wavelengths. In accordance with previous observations,
this is attributed to e-TiO2 absorption. For dyes5-8 the transient
signal contained contributions from both the dye cation band
and e-TiO2 absorption. For all dyes, the decay dynamics of their
red/near-infrared photoinduced absorption were found to be
independent of the probe wavelength, except near isosbestic
points of the transient spectra.

Typical transient absorption kinetics, assigned to charge
recombination of e-TiO2 with dye cation species, are shown in
Figure 2, plotted on a logarithmic time scale. These experiments
employed probe wavelengths of 900 nm for dyes1-4, 700 nm
for dyes5 and7, 750 nm for dye6, and 800 nm for dye8. It
is apparent that the recombination dynamics vary in time scale
by at least 2 orders of magnitude, depending upon the sensitizer
dye employed.t50% for the recombination dynamics for all
sensitizer dyes determined from such data are shown in Table
1. For dye 1, it is apparent that significant recombination
probably occurs prior to instrument time resolution (∼1 µs);
the t50% determined for this dye should therefore be regarded
as a longer limit for the recombination time.

It is apparent from Figure 2 that the e-
TiO2/dye+ recombination

dynamics are dispersive, extending over a broad range of time
scales for each dye. For all dyes, the transient absorption decay
showed an excellent fit to a stretched exponential function (eq
3) as shown by the smooth gray lines in Figure 2.

Values forR obtained from these numerical fits are also shown
in Table 1, with low values ofR corresponding to more
dispersive kinetics.

It is apparent from Figure 2 that there is a clear correlation
between the recombination half-time and the degree of disper-
sion of the kinetics, with the faster recombination dynamics
being more dispersive. This correlation can be quantified by
plotting the decay half-time against stretched exponential
dispersion parameterR, as shown in Figure 3.

Figures 4 and 5 address the correlation between the recom-
binationt50% and the reaction∆G0 (Figure 4) and betweent50%

and the dye cation/electroder (Figure 5). Figure 4 shows a plot
of the logarithm of 1/t50% against the dye cation ground-state
oxidation potentialE0(D+/D). The upper axis shows the corre-
sponding∆G0 determined assuming a quasi-Fermi level within
the TiO2 electrode following laser excitation of-0.1 V vs SCE.
The latter value was determined by comparison with recombina-
tion data collected under electrochemical bias control of the
electrode Fermi level in a photoelectrochemical cell,33 with the
Fermi level rise induced by the laser excitation being determined
to be∼0.1 eV by transient photovoltage studies.38 It is apparent
from this figure that there is remarkably little correlation
between the reaction half-time and free energy. For example,
the reaction free energies for dyes7 and8 differ by 500 meV,
yet their recombination half-times are essentially indistinguish-
able. Similarly, dyes1, 6, and8 have the same reaction free
energies but exhibit recombination half-times varying by over
2 orders of magnitude.

Figure 5a addresses the correlation between the recombination
half-time and spatial separation of the dye cation from the
electrode surface determined from the ZINDO calculations. Due
to the uncertainty over the orientation of dyes5-9 on the
electrode surface, data are only shown for dyes1-4. A clear

(38) Green, A.; Palomares, E. J.; Durrant, J. R. Manuscript in preparation.

Figure 2. Transient absorption data monitoring the charge recombination
kinetics for 8 µm TiO2 films sensitized with (a) bipyridyl dyes1
(Ru(dcbpy)2Cl2), 2 (Ru(dcbpy)2DTC), 3 (Ru(dcbpy)2(CN)2), and 4 (Ru-
(dcbpy)2(NCS)2) and (b) the dyes7 (H2TCPP) and8 (ZnPc(CH2COOH)4).
Experiments employed excitation conditions resulting in matched densities
of absorbed photons (see text for details). The solid lines are the fits to the
stretched exponential function∆OD ∝ exp(-(t/τ)R). For ease of comparison,
the data for dye4 is reduced in amplitude by a factor of 2.5, necessary due
to the strong cation absorption for this dye at the probe wavelength (900
nm).

∆OD(t) ) ∆OD0e
-(t/τ)R (3)

Figure 3. Plot ofR, the stretched exponential dispersion parameter, versus
the half-timet50% for charge recombination for dyes1-8, determined from
numerical fits of the transient absorption data shown in Figure 2 to eq 3.

Figure 4. Plot of the logarithm of 1/t50% for charge recombination versus
the ground-state oxidation potential of each dyeE0(D+/D) (lower x-axis)
for nanocrystalline TiO2 films sensitized by dyes1-8. The upperx-axis
shows the corresponding estimated free energy driving force∆G0 for the
charge recombination process. The smooth line shows the free energy
dependence of 1/t50% expected from eq 1, assumingket ∝ 1/t50%, with λ )
0.8 eV and constantHAB.
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linear correlation is apparent between the logarithm of the
electron-transfer half-time and the spatial separation. Making
the simple approximation thatket ∝ 1/t50% (see Discussion
below), it is apparent that this linear correlation is in good
agreement with theoretical expectations, as detailed in eq 2.

Discussion

We have addressed the charge recombination dynamics of
dye-sensitized, nanocrystalline TiO2 films for a range of different
sensitizer dyes. Charge recombination dynamics have been
determined by transient laser spectroscopy, employing low-
intensity excitation pulses, with the intensity adjusted to ensure
equal densities of absorbed photons (∼0.5 adsorbed photons
per pulse per nanoparticle) for all sensitizer dyes. These
dynamics have been correlated with differences in the∆G0

estimated from dye oxidation potentials determined from
solution-phase electrochemistry and ther of the dye cation
orbital from the electrode surface determined by semiempirical
ZINDO/1 calculations.

ket versus∆G0. The data we present here show remarkably
little correlation between the recombination dynamics and the
reaction free energy. At first sight, this observation appears
contrary to eq 1. This apparent contradiction can however be
understood by quantitative consideration of the free energy
dependence expected from eq 1. The variation in reaction half-
time predicted by eq 1, assumingλ ) 0.8 eV,39 is therefore
shown as the smooth line in Figure 4. It is apparent that over

the range of reaction free energies considered in this study, eq
1 predicts only a modest dependence of reaction half-time upon
∆G0. This modest dependence can be readily understood in
terms of the relatively large value ofλ, with all the data lying
in the range of∆G0 ∼ λ, where the dependence ofket upon
∆G0 is expected to be minimal.

The recombination data we report here do not lie significantly
in the Marcus inverted region (∆G0 > λ), and indeed lie closer
to ∆G0 ∼ λ. We note that∆G0 depends on both the dye
oxidation potential and the Fermi level of the metal oxide film.
Under the conditions of our experiment, we estimate an effective
TiO2 Fermi level following laser excitation of-0.1 V vs SCE.
Under device operating conditions, the Fermi level is expected
to be in the range of-0.3 to-0.6 V vs SCE (i.e., cell voltages
versus I-/I2 of 0.5 to 0.8 V), resulting in a 0.2 to 0.5 V increase
in ∆G0 compared to the experimental conditions employed here.
Depending upon the dye employed, such an increase will result
in a modest shift of the reaction into the Marcus inverted region
and therefore an increase in the dependence of the recombination
dynamics uponE0(D+/D).

We note that the free energy analysis discussed above does
not take into consideration integration of eq 1 over all occupied
electronic states of the electrode. The TiO2 electrodes employed
in this study exhibit an exponential density of states extending
into the material band gap (g(E) ) N/kT0 exp(-(Ecb - E)/kBT0)),
with injected electrons occupying this density of states up to
the effective quasi-Fermi level. Previous studies have yielded
values for kBT0 in the range 60-200 meV.40 Due to this
exponential density of states, and the low density of photoin-
jected electrons employed in the studies reported here, the
majority of injected electrons will occupy states with energies
close to the quasi-Fermi level; under such conditions calculation
of ket using eq 1 with a single value for∆G0 ) EF - E0(D/
D+), and using eq 1 including integration over all occupied
donor states of the electrode yielded rather similar results.
Integration over all occupied donor states in fact resulted in a
reduced dependence ofket uponE0(D/D+), further emphasizing
the weak dependence of the recombination dynamics upon dye
oxidation potential.

ket versus r. Figure 5a shows a direct comparison between
the experimentally determinedt50% and r. The approximately
linear behavior observed in this figure is in agreement with
theoretical expectations for electron tunneling, as expressed in
eqs 1 and 2. It can therefore be concluded thatr is a key
parameter in determining the kinetics of charge recombination.

Figure 5b provides a more precise analysis of the distance
dependence of the charge recombination dynamics, in which
the ∆G0 dependence of the dynamics, as predicted from eq 1,
is also factored into the data by using

where the exponential term in this equation corresponds to the
retardation of the recombination dynamics expected for each
dye as the reaction free energy moves away from the ideal
(activationless,∆G0 ) λ) case. The plot of log(1/t50%

#) versus
r therefore allows a direct analysis of the distance dependence

(39) Previous studies have reported values ofλ in the range of 1-1.4 eV.20-23

These values have however been obtained with the assumption that the
electrode Fermi level can be equated with reported conduction band edge
for the bulk metal oxide. Our own studies have included studies in which
the Fermi level of the nanocrystalline film is controlled directly by an
application of applied potential in a three-electrode photoelectrochemical
cell.40 These studies suggest that the value ofEF assumed in the studies by
other groups may be too negative, resulting in an overestimate ofλ. Taking
into account these considerations, we therefore assume a value forλ of 0.8
V.

(40) Willis, R. L.; Olson, C.; O’Regan, B.; Lutz, T.; Nelson, J.; Durrant, J. R.
J. Phys. Chem. B2002, 106, 7605-7613.

Figure 5. Plots of the logarithm of 1/t50% versus the spatial separationr of
the dye cation from the TiO2 surface for dyes1-4 estimated from ZINDO/1
calculations: (a) direct comparison of the experimentalt50% data againstr;
(b) plot of free-energy-optimized 1/t50%

#, as defined in eq 4, againstr. The
straight lines are linear fits to the experimental data, following eq 2. From
plot b we obtain a value for the slope of this line,â, of 0.95( 0.2 Å-1.

t50%
# ) t50% exp((∆G0 - λ)2

4λkBT ) (4)
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of the reaction dynamics alone. A linear behavior is again
observed, in agreement with eq 2. It is furthermore apparent
that the fit to this linear behavior is significantly better when
employing the free-energy-optimizedt50%

# (Figure 5b) compared
to that employing the unoptimized datat50% (Figure 5a),
consistent with the reaction dynamics, indeed following the∆G0

dependence given by eqs 1 and 4. However, we emphasize that
the improvement in the fit to linear behavior is marginal,
indicating that the primary factor influencing the reaction rate
is r, with ∆G0 being of only secondary importance. We note
that a similar conclusion has also been reached for biological
electron-transfer dynamics, where extensive studies have dem-
onstrated that the primary factor influencing the rate constants
for electron transfer between redox sites in proteins is their
spatial separation, with the reaction free energy again being of
only secondary importance.5

Evaluation of the gradient of the straight-line fit in Figure
5b allows determination ofâ, indicative of the barrier height to
electron tunneling. From this linear fit to the data, we obtain a
value for â of 0.95 ( 0.2 Å-1. This value ofâ is in good
agreement with previous studies of through-bond electron
coupling for both homogeneous and interfacial electron trans-
fer.5,18,41This observation clearly demonstrates the importance
of spatial separation in controlling the interfacial recombination
dynamics and provides a quantitative ruler for this dependence.
We note that such a quantitative relationship has not been, to
our knowledge, reported previously for this experimental system,
with the only previously detailed study of this dependence
reporting distance-independent recombination dynamics.24 This
distance dependence is however in agreement with electro-
chemical studies of interfacial electron-transfer dynamics be-
tween flat electrode surfaces and redox molecules adsorbed as
self-assembled monolayers as a function of spacer separation.42

Dyes5-8, comprising porphyrins and a phthalocyanine, all
exhibited slower recombination dynamics compared to the
ruthenium bipyridyl dyes1-4. Dyes5-8 are all bound to the
electrode surface through peripheral carboxylate ligands with
the dye cation orbital delocalized over the conjugated macro-
cycle (as determined from semiempirical ZINDO/1 calculations),
consistent with relatively weak electronic couplingHAB

2 being
the origin of the slower recombination dynamics. However,
uncertainty over the orientation of these dyes on the metal oxide
surface prevents quantitative analysis of this behavior.

The strong distance dependence reported here has significant
implications for the design of sensitizer dyes for dye-sensitized
solar cells. It suggests that small, strongly bound sensitizer dyes,
while favoring ultrafast electron injection, will also exhibit rapid
recombination dynamics, which may ultimately limit device
performance.25

ket versusr. Figure 3 shows a clear correlation between the
recombination half time and the degree of dispersion of the
kinetics, as defined by the stretched exponential dispersion
parameterR defined by eq 3. It is apparent that as the
recombination half-time is reduced, the dynamics become
increasingly dispersive (smallR). This observation is consistent
with our previously reported comparison of recombination
dynamics for two free base porphyrins.19 The addition of

triphenylamine groups to the periphery of the porphyrin
macrocycle was observed to result in 20-fold retardation of the
recombination dynamics, assigned to an increased spatial
separation of the dye cation from the metal oxide surface.
Concomitant with this retardation, the recombination dynamics
shifted from stretched exponential behavior (R ) 0.31) to a
monoexponential decay. This transition was assigned to a shift
from electron-transport-limited recombination in the limit of
strong electronic coupling to interfacial electron-transfer-limited
recombination in the limit of low electronic coupling, as
illustrated in Scheme 1. Following this analysis, the correlation
betweent50% and R shown in Figure 3 can be attributed to a
shift from more transport-limited recombination (for faster, more
dispersive recombination dynamics) to more interfacial electron-
transfer-limited dynamics (for slower, less dispersive dynamics).

Monte Carlo simulations of the recombination dynamics were
conducted to allow a more quantitative analysis of this model.
Calculations were based upon the continuous-time random walk
model we have reported previously, corresponding to electron
transport in the TiO2 film being controlled by thermally activated
detrapping from an exponential distribution of trap sites. Our
previous calculations have assumed that charge recombination
occurs once the electron reaches a reactive site (i.e., a site
adjacent to a dye cation). The calculations reported here are
distinct in that they include a branching for electrons in the
reactive sites between recombination with the dye cation (with
a probability Pet proportional to the rate constantket) and
thermally activated detrapping and transfer to an adjacent trap
site.

The effect ofket, on recombination dynamics, was simulated
using the Monte Carlo model modified as explained above. The
model system was similar to that used previously by Nelson et
al.,27 consisting of a spherical shell of radius 17 and thickness
3 lattice units, representing a TiO2 nanoparticle of 15 nm
diameter. The room-temperature density of states parameterγ
was 0.3, and simulations were carried out with 1 dye cation
and 3 electrons, allowing for dark conduction electrons in the
film. Pet was varied between 1, representing prompt recombina-
tion, and 0.001. Simulated kinetic curves are presented in Figure
6. It is clear that the curve evolves from a stretched exponential
of dispersion parameterR ) 0.3 toward more monoexponential
behavior asPet is reduced. In the limit ofPet ) 1 (ket f ∞), the
recombination dynamics are limited by the first passage time
to the reactive sites, resulting in dispersive recombination

(41) Miller, R. J. D.; McLendon, G. L.; Nozik, A. J.; Schmickler, W.; Willig,
F. Surface Electron Transfer Processes; VCH: New York, 1995.

(42) Miller, C.; Cuendet, P.; Gratzel, M.J. Phys. Chem.1991, 95, 877.

Figure 6. Model calculations for the dependence of the charge recombina-
tion dynamics upon a 1000-fold reduction in the electron-transfer rate
constantket. Calculations based on the CTRW model, with the addition of
kinetic competition for electrons in the reactive sites between recombination
with the dye cation (with a rate constantket) and thermally activated
detrapping and transfer to an adjacent trap site.
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dynamics as we have reported previously. In the limit ofPet f
0 (slow ket), electrons must visit the reactive site many times
before recombination occurs, resulting in a more monoexpo-
nential decay. The value ofket at which the process becomes
monoexponential depends on the time needed for the electron
to freely explore the film and will be longer for deeper
distributions of trap states.

A rigorous comparison of this theoretical model with
experimental observations would require the collection of
experimental data for each dye under conditions of electro-
chemically applied external bias. Such studies are beyond the
scope of this paper. Nevertheless, the model calculation results
shown in Figure 6 are in good qualitative agreement with the
experimentally observed shift between fast, dispersive dynamics
to slower, less dispersive dynamics observed for different
sensitizer dyes, consistent with a transition from electron
transport limited to interfacial electron-transfer-limited dynam-
ics.

We have assumed above that the electron-transfer rate
constant is related to the experimentally observed reaction half-
time by ket ∝ 1/t50%. This assumption needs to be qualified in
two respects. First,t50% is dependent on not only the interfacial
ket but also the electron transport dynamics with TiO2. In the
simulations we have restricted explicit attention to cases where
ket is no faster than the attempt-to-jump frequency for charge
transport. Typically that means restrictingket to less than 1011

or 1012 s-1, which is well-justified by observation. Faster values
of ket would result in a regime where the kinetics are identical
to the case ofPet ) 1 and are limited only by charge transport.
However, there is no evidence that this regime is relevant for
the systems studied here, so it is not considered. Second, it
would appear that a small change in the probability of
recombination once an electron reaches a reactive site should
result in the same relative change in the net recombination
kinetics, yet simulations show that the dependence onPet

-1 is
slightly stronger, such thatt50% ∝ ket

-1.2 (see Supporting
Information). This deviation from proportionality is due to the
variation in the dispersion parameterR. However, the deviation
is sufficiently small, as we discuss in the Supporting Informa-
tion, that our assumption ofket ∝ 1/t50% is indeed a reasonable
approximation, allowing us to relate our experimental observa-
tions to the electron-transfer rate constant.

Implications for Device Optimization. The development of
sensitizer dyes for dye-sensitized photovoltaic cells requires

consideration of a range of distinct, and often conflicting,
constraints. One of these constraints is the minimization of
interfacial recombination dynamics. We have considered two
possible means by which to control these interfacial dynamics,
namely, the dye oxidation potentialE0(D+/D) and the spatial
separation of the dye cation from the electrode surface. We find
the recombination dynamics are only weakly dependent upon
E0(D+/D). Given that the ability to modulateE0(D+/D) is in
addition constrained by the need to achieve favorable energetics
for the electron injection and dye cation regeneration reactions,
we conclude that the recombination dynamics cannot be usefully
modulated by variation ofE0(D+/D). In contrast we find that
variation of the spatial separation of the dye cation from
electrode surface results in significant variations in recombina-
tion dynamics and is indeed an attractive route to modulating
these dynamics.

Ru(dcbpy)2(NCS)2 (dye 4) is widely acknowledged as one
of the most promising sensitizer dyes reported to date. Compar-
ing this dye with a series of structurally analogous ruthenium
bipyridyl dyes, we indeed find this dye exhibits the slowest
recombination dynamics of this series. Recombination dynamics
for this dye lie in the intermediate regime between electron-
transport-limited and interfacial electron-transfer-limited re-
combination and can be expected to be sensitive to both the
electron mobility with the TiO2 film and the interfacial electron-
transfer rate constant. The slow recombination dynamics for
this dye do not result primarily from the reaction free energy
lying in the Marcus inverted region. Rather these slower
dynamics result from an increased spatial separation of the dye
cation from the electrode surface.
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