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ABSTRACT: Three chromophores of the general form [Ru(bpy′)2(4,4′-(PO3H2)2-2,2′-
bipyridine)]2+, where bpy′ is 4,4′-(C(CH3)3)2-2,2′-bipyridine (Ru(dtb)2P); 4,4′-
(CH3O)2-2,2′-bipyridine (Ru(OMe)2P), and 2,2′-bipyridine (RuP) were anchored to
mesoporous thin films of TiO2 nanocrystallites at saturation surface coverages to
investigate lateral self-exchange RuIII/II intermolecular hole hopping in 0.1 M LiClO4/
CH3CN electrolytes. Hole hopping was initiated by a potential step 500 mV positive of the
E1/2 (Ru

III/II) potential or by pulsed laser (532 nm, 8 ns fwhm) excitation and monitored
by visible absorption chronoabsorptometry and time-resolved absorption anisotropy
measurements, respectively. The hole hopping rate constant kR extracted from the
potential step data revealed self-exchange rate constants that followed the trend: TiO2|Ru(OMe)2P (ket = 1.4 × 106 s−1) > TiO2|
RuP (7.1 × 105 s−1) > TiO2|Ru(dtb)2P (6.5 × 104 s−1). Analysis of the anisotropy data with Monte Carlo simulations provided
hole hopping rate constants for TiO2|RuP and TiO2|Ru(dtb)2P that were within experimental error the same as that measured
with the potential step. The hole hopping rate constants were found to trend with the TiO2(e

−)|RuIII → TiO2|Ru
II charge

recombination rate constants. The atomic layer deposition of an ∼10 Å layer of Al2O3 on top of the dye-sensitized films was
found to prevent hole hopping by both initiation methods even though the chromophore surface coverage exceeded the
percolation threshold and excited-state injection was efficient. The dramatic hole hopping turnoff was attributed to a larger
outer-sphere reorganization energy for self-exchange due to the restricted access of electrolyte to the redox active
chromophores. The implications of these findings for solar energy conversion applications are discussed.
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■ INTRODUCTION

Storage of solar energy in chemical bonds through the
photocatalytic conversion of inexpensive and abundant feed-
stocks to what have been termed “solar fuels” represents a
promising strategy.1−10 One approach to solar fuel production
is the dye-sensitized photoelectrosynthesis cell that utilizes
wide band gap semiconducting metal oxide nanocrystallites
interconnected in a mesoporous thin film with surface-
anchored dyes and catalysts.11−14 In this approach, the excited
state of the chromophore injects charge into the semi-
conductor and then subsequently transfers a redox equivalent
to the catalyst that ultimately drives the multielectron transfer
reactions necessary for solar fuel production.15 Dye-sensitized
photoelectrosynthesis cells for splitting water16−18 or hydro-
halic acids19−21 have been reported as well as for CO2
reduction.22 In some of these reports, the chromophore and
catalyst were covalently linked, providing an intramolecular
transfer pathway for the redox equivalents.15,23 In others, the
chromophore and catalyst were coanchored to the same
surface and the redox equivalents were hence transferred
intermolecularly.24−26 Although the coanchored assembly of
chromophores and catalysts is often more straightforward, it
was recently shown that the same intermolecular pathways that
activate the catalyst can also provide a pathway for unwanted

charge recombination reactions.27 In this report, insulating
oxide overlayers are shown to be a useful tool for controlling
lateral intermolecular electron transfer that is often called hole
hopping.
After excited-state injection into anatase TiO2, it was often

thought that the oxidizing equivalent remained fixed at the
injection site.28 Time-resolved absorption anisotropy measure-
ments later showed that this was not the case.27,29,30 An
anisotropic subpopulation of oxidizing equivalents, or holes,
can be generated by photoselection of the randomly oriented
chromophores on nanocrystallites with linearly polarized light.
In the absence of chromophore or nanoparticle diffusion, as is
the case with sintered nanoparticles and surface-bound
chromophores, the anisotropic distribution should experience
little change. However, when chromophores undergo hole
hopping across the surface of the nanocrystallites, polarization-
dependent absorbance changes can reveal anisotropy decays,
which provides information on the self-exchange dynamics
across the nanocrystallite surface. These studies revealed that
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the oxidizing equivalent can be transported laterally by hole
hopping, Scheme 1 (top panel).
Related hole hopping processes have been initiated with an

applied potential in a standard electrochemical cell,31 as shown
in Scheme 1 (lower panel). Remarkably, all chromophores
within the mesoporous thin film can be reversibly oxidized
provided that the surface coverage exceeds a percolation
threshold of about 60% of the saturation value.31−33 An
advantage of hole hopping is that it provides a means for
transporting charge without loss in free energy. Hole hopping
has been exploited to transfer redox equivalents directly to the
counter electrode in dye-sensitized solar cells that do not
contain a redox mediator34 and for activation of water
oxidation catalysts.29 Hole hopping has also been found to
be deleterious in some cases. Chromophores that participated
in fast hole hopping recombined with injected electrons more
rapidly, presumably because hole hopping enhanced encoun-
ters between the oxidized chromophore and the injected
electron.27,35−37 In addition, the activation of a water oxidation
catalyst to the Ru(IV)O state only occurred when the
chromophore surface coverage was below the percolation
threshold for hole hopping. At higher surface coverages, the
high valent metal oxo Ru(IV)O was not produced due to
charge recombination mediated by lateral hole hopping
reactivity.23 Hence, there is good reason to identify the factors
that control hole hopping, particularly at anatase TiO2

interfaces.
Recently, atomic layer deposition (ALD) of insulating oxide

overlayers has emerged as a powerful technique to inhibit
desorption of molecular chromophores and catalysts from
metal oxide surfaces.38−44 The enhanced stabilization is
particularly noteworthy under neutral and alkaline aqueous
conditions. Interestingly, the chromophores buried under the
oxide overlayers are known to inject electrons into TiO2 when
illuminated with light.39,44 Previous results had demonstrated a
decrease in the electrochemical diffusion rate with increasing
ALD overlayer thickness.38 However, a direct comparison
between the effects of overlayers on photo- and electrochemi-
cally induced hole hopping had not been explored previously.

Herein, a series of three RuII polypyridyl chromophores
surface-immobilized on mesoporous TiO2 nanocrystallite thin
films were investigated with and without Al2O3 overlayers, as
shown in Scheme 2. These chromophores were chosen for

their high molar absorption coefficient absorption bands in the
visible region, high excited-state injection yields, tunable
formal reduction potentials competent for mediated water
oxidation, high stability in adjacent redox states, and known
self-exchange behavior.45,46 Systematic studies of hole hopping
were conducted with chronoabsorptometry and transient
anisotropy measurements. It was revealed that the insulating
overlayers inhibited potential- and light-induced hole hopping
but still allowed for excited-state electron injection.

■ EXPERIMENTAL SECTION
Materials. The following solvents and reagents were obtained

from the indicated commercial suppliers and used without further
purification: acetonitrile (CH3CN, Burdick and Jackson, Spectropho-
tometric grade), lithium perchlorate (LiClO4, Sigma-Aldrich,

Scheme 1. Hole Hopping Mechanisms on TiO2 Nanocrystallites
a

aThe top panel shows lateral hole hopping between an oxidized (green) and ground-state chromophore (orange) after excited-state injection into
TiO2. The lower panel shows that a potential applied to the fluorine-doped tin oxide (FTO) substrate of a saturation surface coverage mesoporous
thin film in a standard electrochemical cell can result in complete oxidation of all chromophores within the film by lateral hole hopping.

Scheme 2. Three RuII Chromophore Structures that
Differed Only in the Substituents in the 4 and 4′ Positionsa

aWhen R = H, the chromophore was abbreviated as RuP, R = OCH3
was likewise Ru(OMe)2P, and R = C(CH3)3 was Ru(dtb)2P. Note
that when these chromophores were anchored to TiO2, this was
abbreviated with |, i.e., TiO2|RuP, and the abbreviation when an oxide
overlayer was present was TiO2|RuP|Al2O3.
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99.99%), methanol (CH3OH, Fisher, Optima), perchloric acid
(HClO4, Alfa Aesar, 70%), titanium(IV) isopropoxide (Ti(i-OPr)4,
Aldrich, ≥97.0%), trimethylaluminum (TMA, 97%, Sigma-Aldrich),
fluorine-doped tin(IV) oxide-coated glass (FTO, Hartford Glass Co.,
Inc., 2.3 mm thick 15 Ω/sq), nitrogen (N2, Airgas, Ultra High Purity),
oxygen (O2, Airgas, ≥99.998%), and argon (Ar, Airgas, ≥99.999%).
All other reagents and solvents were ACS grade and used without
additional purification. The chromophores utilized were available
from previous studies:46 [Ru(bpy′)2(4,4′-(PO3H2)2-2,2′-bipyri-
dine)]2+, where bpy′ is 4,4′-(C(CH3)3)2-2,2′-bipyridine (Ru(dtb)2P);
4,4′-(CH3O)2-2,2′-bipyridine (Ru(OMe)2P), and 2,2′-bipyridine
(RuP).
Sensitized Metal Oxide Thin Film. Transparent TiO2 nano-

crystallites (anatase, ∼20 nm in diameter) were prepared by
hydrolysis of Ti(i-OPr)4 using a previously described sol−gel
technique.47,48 Mesoporous thin films were prepared by doctor
blading on a methanol-cleaned FTO glass substrate using Scotch tape
(∼50 μm thick) as a spacer to ensure uniform thickness. The doctor-
bladed films were covered and allowed to dry at room temperature for
30 min, then sintered under an O2 atmosphere (∼1 atm) for 30 min
at 450 °C, resulting in ∼3 μm thick films. These films were stored in a
∼70 °C oven until use.
The thin films were placed into ∼1 mM aqueous chromophore

solutions with 0.1 M HClO4 (aq) to allow for surface functionaliza-
tion. Films reacted for at least 48 h to ensure that uniform, saturation
surface coverages were achieved. Prior to use, films were rinsed with
neat CH3CN, then soaked in 0.1 M LiClO4 CH3CN solution for at
least 1 h to remove any weakly adsorbed molecules from the surface.
Atomic Layer Deposition. Atomic layer deposition (ALD) was

performed in a commercial reactor (Savannah S200, Cambridge
Nanotech). Aluminum oxide (Al2O3) was deposited using trimethy-
laluminum (TMA). The reactor temperature was held at 130 °C,
whereas the TMA reservoir was kept at room temperature. The TMA
was pulsed into the reactor for 0.02 s and then held for 30 s before
opening the pump valve and purging for 35 s. ALD coating conditions
were 130 °C with a 20 sccm N2 carrier gas flow rate with a sequence
of 0.02 s TMA dose, 30 s hold, 35 s N2 purge, 0.02 s H2O dose, 30 s
hold, 35 s N2 purge for 10 cycles, with ∼1.1 Å Al2O3 deposited per
cycle.49

Spectroscopy. UV−Visible Absorption. All steady-state UV−
visible spectra were obtained on an Agilent Cary 60 spectropho-
tometer at room temperature in 1.0 cm path length glass cuvettes with
the functionalized thin films placed along the diagonal at a 45° angle
to the incident probe light.
Nanosecond Transient Anisotropy. Nanosecond transient aniso-

tropy measurements were obtained with an apparatus similar to that
previously described.50 Briefly, samples were pumped with a Q-
switched, pulsed Nd:YAG laser [Quantel USA (BigSky) Brilliant B;
5−6 ns full width at half-maximum, 1 Hz, ∼10 mm in diameter]
directed 45° to the film surface and tuned to 532 nm light with the
appropriate nonlinear optics. A 150 W xenon arc lamp (Applied
Photophysics) served as the probe and was aligned orthogonal to the
laser pump excitation light. The probe was directed through a 1/4 m
monochromator (Spectral Energy Corp., GM 252) before arriving at
the sample. For detection on sub-100 μs time scales, the lamp was
pulsed with 100 V at 1 Hz. Detection was achieved in a T format with
a monochromator (Spex 1702/04) optically coupled to a R928
photomultiplier tube (Hamamatsu). Transient data were acquired on
a computer-interfaced digital oscilloscope (LeCroy 9450, Dual 350
MHz). The instrument response was ∼10 ns. Typically, 60 laser
pulses were averaged at each observation wavelength and 5−10
identical measurements were taken and averaged to help increase the
signal-to-noise ratio of the anisotropy data.
All measurements utilized a Glan−Taylor polarizer (Thorlabs, GL

10-A) for the excitation light before the sample (Pex) and a second
Glan−Taylor polarizer (Pdet) for the probe beam. For anisotropy
measurements, Pex was set to vertical, the same polarization as the
laser, and Pdet was set to either vertical (V) or horizontal (H). Magic
angle and anisotropy values were calculated via eqs 1 and 2,30

respectively

Δ = +VV VH
Abs

( 2 )
3magic angle (1)

= −
Δ

r
VV VH( )

3 Absmagic angle (2)

where VY is the change in absorbance observed with excitation
polarization V and detection polarization Y = V or H and r is the
anisotropy value.

Chronoabsorptometry. Chronoabsorptometry was performed
using a BASi Epsilon potentiostat coupled to an Agilent Cary 60
spectrophotometer. A standard three-electrode setup was used with
the functionalized thin films as the working electrode, a Pt mesh
counter electrode, and an Ag/AgCl pseudoreference electrode. A
nonaqueous Ag/AgCl pseudoreference electrode (Pine Research
Instrumentation, Inc., AKREF0033) was filled with 0.1 M LiClO4/
CH3CN solution, and the applied potential was referenced to the E1/2
(RuIII/II) of the surface-bound chromophore. To quantify DCA, the
absorbance at the metal-to-ligand charge-transfer (MLCT) maximum
was monitored while a potential of E1/2 (RuIII/II) + 500 mV was
applied, with data points collected every 12.5 ms. All chronoabsorp-
tometry studies were performed in a 0.1 M LiClO4/CH3CN solution.

Computation. Data Analysis. Data fitting was performed in
OriginPro 2017, with least-squares error minimization achieved using
the Levenberg−Marquardt method. The errors reported for fitting
parameters are the standard errors.

Simulations of Anisotropy Data. Monte Carlo simulations were
employed to simulate the random-walk anisotropy decay observed
after vertically polarized light excitation. The simulation utilized a 20
nm spherical nanocrystallite with chromophores spaced at approx-
imately the intermolecular distance, δ, extracted from surface coverage
(Γ0) measurements, vide infra. The simulated chromophores were
distributed across the surface of the sphere through an iterative
Coulomb’s law force minimization, which produced a nearly even
chromophore distribution. To simulate the low laser power utilized
experimentally,36 one hole was generated per nanocrystallite for each
simulation. The probability of an initial hole being generated at a
specific location was proportional to cos2 φ, where φ is the inclination
angle of the vertical plane, i.e., vertically polarized light has φ = 0. For
each initialization, the excited-state chromophore generated after
vertically polarized excitation was assumed to quantitatively inject an
electron. After formation of the oxidized chromophore, or hole, a
random-walk simulation was performed. For each chromophore, 10
000 random walks consisting of 1000 iterations were averaged to
determine the simulated anisotropy decay as a function of the
iteration step. Self-exchange electron transfer was modeled with an
exponential distance dependence for the probability of transfer with
βtransfer = 1.2 Å−1, as previously determined.46 The anisotropy, r, at any
time during the random walk was calculated via eq 3, where ⟨cos2 φ⟩
was the average of the square of the cosine of the inclination angle of
the position of the hole.

φ= ⟨ ⟩ −
r

3 cos 1
2

2

(3)

With the time per iteration step as the only adjustable parameter, the
experimentally determined anisotropy decays were modeled directly
with the simulated anisotropy decays. The best fit with respect to time
per iteration was then utilized to determine the resulting self-exchange
rate constant, kMC, for each chromophore. The Monte Carlo
simulations were performed with Wolfram Mathematica 11.0.1.0 on
a PC running an Intel Core i7-4720HQ CPU at 2.60 GHz.

■ RESULTS
The three chromophores were synthesized through a standard
microwave procedure consistent with a previous publication.51

Upon surface binding to TiO2, the chromophores retained
their characteristic metal-to-ligand charge-transfer (MLCT)
absorption features centered around 460 nm (Figure 1). After
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10 cycles of Al2O3 were deposited by atomic layer deposition
(ALD), the absorption features were largely preserved, with
some broadening of the absorption band displayed beyond 500
nm, as has been previously observed.39,41 Herein, the oxide
interfaces are abbreviated with |; for example, RuP anchored to
TiO2 is abbreviated TiO2|RuP, and if an Al2O3 overlayer is
present, TiO2|RuP|Al2O3.
The surface coverage, Γ0, was calculated from eq 4, where

AMLCT is the absorbance maximum measured at the
corresponding wavelength, λMLCT, and εMLCT is the molar
extinction coefficient (M−1 cm−1), which was assumed to
retain its value after surface binding. The results are
summarized in Table 1.

ε= × Γ ×A 1000MLCT 0 MLCT (4)

To investigate self-exchange hole hopping rates, chronoabsorp-
tometry experiments were conducted utilizing a 100 mM
LiClO4/CH3CN electrolyte solution. In these experiments, an
applied potential step 500 mV more positive than the
chromophore E1/2 (RuIII/II) potential was applied while the
spectral changes were monitored as a function of time. Kinetics
were monitored at the λMLCT and were plotted as the
normalized absorbance change, ΔA, versus the square root of
time, t1/2. Typical data is shown in Figure 2. Absorbance
decreases were observed, consistent with oxidation of the
surface-bound chromophores. These data were fit to the Anson
equation (eq 5), where DCA is the apparent diffusion
coefficient and d is the film thickness. The Anson equation
was previously derived using semi-infinite diffusion boundary
conditions for molecules undergoing diffusion at electrode
surfaces.31,32,45 Here, because the chromophores are bound to
TiO2 thin films of a finite thickness, the data deviate from the
predicted linear relationship. However, previous results have
shown that a linear relationship is maintained for approx-
imately the first 60% of the total absorbance change.31,32,45

Therefore, only the first 60% of the total absorbance change
was fit, as shown in Figure 2.

π
Δ =A

D t
d

2
MLCT

CA
1/2 1/2

1/2 (5)

Remarkably, for the sensitized thin films with the ALD Al2O3

overlayer, no significant absorption changes attributed to
chromophore oxidation were observed upon application of
potentials sufficient to oxidize the chromophores (Figure 2).
Conversion of the measured diffusion coefficients to a first-

order self-exchange “hopping” rate constant, kR, required an
estimation of the intermolecular distance, δ, between the
chromophores on the surface. It was assumed that the
chromophores were evenly distributed within the pore volume
of the TiO2 thin film from the measured Γ0. The
“concentration,” c0, was determined using eq 5, where Γ0 ×
104 is the surface coverage converted to concentration in mol
cm−3, N is Avogadro’s number, d is the film thickness, and p is
the porosity, which was assumed to be 60%.52 This c0
concentration was then converted to an intermolecular
distance with the assumption that the chromophores were in
a cubic lattice arrangement using δ = (c0)

−1/3, as has been
previously done;45,46,53 see eq 6. With the δ value, kR was
calculated for each chromophore using the Dahms−Ruff
relation,33,45,54 eq 7. The results are summarized in Table 1
with kR found in Table 2.

Figure 1. Visible absorption spectra of the indicated mesoporous dye-sensitized TiO2 thin films in 0.1 M LiClO4/CH3CN for (a) RuP, (b)
Ru(OMe)2P, and (c) Ru(dtb)2P without (blue) and with (red) an Al2O3 overlayer.

Table 1. Electrochemical and Photophysical Characterization of TiO2|Ru(bpy′)2P in CH3CN Electrolyte

chromophore λMLCT (nm)a (ε 104 M−1 cm−1) E1/2 (Ru
III/II)b (V vs NHE) DCA (10−9 cm2 s−1) Γ0 (10

−7 mol cm−2) δ (nm)

RuP 458 (1.20) 1.44 2.1 ± 0.2 1.3 ± 0.2 1.33 ± 0.06
Ru(OMe)2P 477 (1.18) 1.24 3.7 ± 0.4 1.5 ± 0.1 1.26 ± 0.03
Ru(dtb)2P 460 (1.40) 1.37 0.21 ± 0.03 1.1 ± 0.1 1.40 ± 0.07

aMeasured for chromophores dissolved in fluid 0.1 M HClO4 (aq).
bRef 46.

Figure 2. Absorption changes monitored at the MLCT absorption
maximum after an applied potential step 500 mV more positive than
the chromophore E1/2 (Ru

III/II) potential with and without an Al2O3
overlayer. Overlaid in yellow are fits to the Anson equation (eq 5).
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= Γ × ×
×

c
N

d p
( 10 )

0
0

4

(6)

δ=D
k
6CA
R

2

(7)

Nanosecond transient absorption anisotropy measurements
were performed after vertically polarized 532 nm pulsed-light
excitation (500 μJ/pulse) on TiO2 thin films sensitized to
saturation surface coverage with each chromophore with and
without an Al2O3 overlayer. Immediate bleaching of the
MLCT absorption band was observed, consistent with
instrument response limited electron injection, kinj > 108 s−1,
from the excited state of the chromophore to the TiO2
acceptor states. Kinetics were monitored at 485 nm for
TiO2|RuP and TiO2|Ru(dtb)2P and 510 nm for TiO2|
Ru(OMe)2P with Pdet set to either vertical (V) or horizontal
(H). Anisotropy was indeed observed for all three
chromophores as VV differed significantly from VH. Aniso-
tropy decays were evident as the temporal data coalesced
beyond 100 μs for all three chromophores prior to the
complete recovery of the bleach.
Sensitized TiO2 thin films with an Al2O3 overlayer were

similarly characterized by time-resolved anisotropy measure-
ments. More rapid recovery of the bleach on time scales <100
ns was also evident for all three chromophores, as well as
photoluminescence, consistent with the presence of the MLCT
excited-state and nonquantitative excited-state injection. In the
absence of an Al2O3 overlayer, anisotropy decay was present
for all three chromophores, whereas in the presence of an
Al2O3 overlayer, anisotropy was independent of time.
The kinetic data were nonexponential under all conditions

studied and were instead modeled with the Kohlrausch−
Williams−Watts (KWW) stretched exponential function, eq 8,
where A0 is the initial amplitude, k is the characteristic rate
constant, and β is inversely proportional to the width of an

underlying Lev́y distribution. β values in the range of 0.15−0.2
provided the best fit for all decays. A comparison of the kinetic
data for TiO2|Ru(dtb)2P and TiO2|Ru(dtb)2P|Al2O3 is shown
in Figure 3, with the corresponding data for the other
chromophores in Figures S1 and S2. A comparison of the
initial Δ absorbance amplitudes with TiO2|RuP in 0.1 M
HClO4 as an actinometric standard20,55 indicated an excited-
state electron injection quantum yield of ∼0.6 when the Al2O3
overlayer was present.

= − β
t AAbs( ) e kt

0
( )

(8)

The resulting fits of VV and VH to the KWW function were
substituted into eqs 1 and 2 to calculate the magic angle
absorption change (see the SI) and the anisotropy decay, as
shown in Figure 4. Note that the minor increase in anisotropy
observed at longer times in Figure 4 is likely an artifact that
results from the very poor signal-to-noise ratios on the
millisecond and longer time scales. The magic angle kinetic
data were well-modeled by eq 8. Measurements at the magic
angle (Figure S3) provided information on charge recombi-
nation of the injected electron and oxidized chromophore, and
an average lifetime, τ, was calculated as the first moment of the
underlying Lev́y distribution in eq 9, where k and β are the
same from eq 7 and Γ is equal to the gamma function. An
average rate constant, kMA, was taken as the reciprocal of τ,
such that kMA = 1/τ. The results are summarized in Table 2.

τ
β β

= Γ
k
1 1

(9)

The transient absorption data, calculated anisotropy with the
resulting Monte Carlo simulation overlaid, and the KWW fit
anisotropy data with the Monte Carlo simulation overlaid for
RuP are given in Figure 5. The data for the other
chromophores are found in Figures S4 and S5. The resulting
calculated self-exchange rate constants (kMC) for each
chromophore are summarized in Table 2.
A rotational hole-transfer correlation time, θ, was

determined, which corresponds to the anisotropy loss due to
lateral hole hopping across the spherical nanocrystallite, eq 10,
where r(t) is the anisotropy as a function of time an r0 is the
initial anisotropy. An averaged hole-transfer correlation time,
θh+, was again taken as the first moment of the underlying Lev́y
distribution, in eq 11. The results are summarized in Table 2
with the overlaid fits in Figure 6.

Table 2. Calculated Rate Constants and Hole-Transfer
Correlation Times

chromophore kMA (s−1)a kMC (105 s−1) kR (105 s−1) θh+ (ms)

RuP 5000 7 ± 2 7.1 ± 0.7 2.3
Ru(OMe)2P 44 000 5 ± 1 14 ± 1 1.3
Ru(dtb)2P 420 0.5 ± 0.1 0.65 ± 0.06 4.0

akMA = 1/τ from eq 9.

Figure 3. Absorption changes monitored at 485 nm after 532 nm pulsed-light excitation (500 μJ/pulse) of TiO2|Ru(dtb)2P measured with vertical
excitation and horizontal (VH) or vertical (VV) detection without (a) and with (b) an ALD Al2O3 overlayer. Overlaid in yellow are fits to the
KWW function.
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= θ− β
r t r( ) e t

0
( / ) KWW

(10)

θ θ
β β

= Γ+
1

h
KWW KWW (11)

■ DISCUSSION
Lateral hole hopping, or equivalently intermolecular self-
exchange electron transfer, across nanocrystalline oxide
surfaces has been shown to be of value to some solar energy
conversion schemes and detrimental to others. Kinetic control
of hole hopping has been realized to some extent through the
introduction of bulky substituents on the redox active
molecules,46 but greater control is needed. In a recent
communication, the apparent diffusion coefficient for hole
hopping was found to decrease by a factor of 40 when an Al2O3
overlayer was deposited.38 The authors suggested that the

slower hole hopping resulted from decreased electronic
coupling between the chromophores. In this report, it was
found that an ∼10 Å thick Al2O3 overlayer dramatically
impacts lateral hole hopping with a much smaller impact on
the excited-state injection yield. Below, we discuss the
observations that led to these conclusions, first with dye-
sensitized TiO2 and then with the Al2O3 overlayer. The
discussion concludes with a description of why the overlayer
inhibits hole hopping and some speculation as to how it might
be exploited for practical energy applications.

Dye-Sensitized TiO2. The sensitized TiO2 thin films
investigated were typical of those reported in the vast dye-
sensitized solar cell literature.56 Surface coverages of ∼1 × 10−7

mol/cm2 were measured, values that many interpret as
monolayer coverage.57 When utilized as a working electrode
in a standard electrochemical cell with a 100 mM LiClO4/
CH3CN electrolyte, the application of a potential 500 mV

Figure 4. Time-dependent anisotropies obtained from fits to the KWW function for (a) RuP, (b) Ru(OMe)2P, and (c) Ru(dtb)2P without (blue)
and with (red) an Al2O3 overlayer. The black dotted line represents the expected anisotropy when no lateral hole hopping occurs.

Figure 5. (a) Absorption changes monitored at 485 nm after 532 nm pulsed-light excitation (500 μJ/pulse) of TiO2|RuP measured with vertical
excitation and horizontal (VH) or vertical (VV) detection. (b) Experimentally determined anisotropy data with the resultant Monte Carlo
simulation overlaid in red. (c) Calculated anisotropy from KWW fits with the Monte Carlo simulation overlaid in red.

Figure 6. Calculated anisotropy traces from KWW fits (blue) with fits to eq 10 overlaid (red) for (a) TiO2|RuP, (b) TiO2|Ru(OMe)2P, and (c)
TiO2|Ru(dtb)2P.
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positive of the chromophore E1/2 (RuIII/II) value resulted in
oxidation of the surface-anchored chromophores. Anson plots
of the corresponding absorption change enabled the apparent
diffusion constants to be abstracted, DCA, which, with some
assumptions, provided the self-exchange rate constant for hole
hopping, kR. The rate constant kR decreases from TiO2|
Ru(OMe)2P having the largest (kR = 1.4 × 106 s−1), followed
by TiO2|RuP (7.1 × 105 s−1), and TiO2|Ru(dtb)2P (6.5 × 104

s−1). The slower hole hopping for TiO2|Ru(dtb)2P < TiO2|RuP
has been previously reported and was attributed to weaker
electronic coupling induced by the bulky tertiary butyl
groups.46

Light excitation of the chromophores in the same electrolyte
resulted in excited-state injection with a quantum yield of unity
and kinj > 108 s−1, which is consistent with previous literature
reports.58 The excitation light was vertically polarized resulting
in an expected preferential creation of oxidized chromophores
at the north and south poles of each spherical anatase
nanocrystallite in the mesoporous thin film. Observations
made with polarizers oriented vertical, VV and horizontal, VH,
to the excitation provided anisotropy decays. A larger
absorbance change was measured for VV, consistent with an
anisotropic distribution of oxidized chromophores. The initial
anisotropy was less than the 0.4 value expected theoretically,59

a behavior which has been observed previously for this class of
chromophores in fluid solution and at TiO2 interfaces, which
has been attributed to excitation of multiple charge-transfer
transitions.60−62 The transient VV and VH data coalesced prior
to the complete recovery of the ground state, which indicated
that the rate constant for hole hopping was greater than that
for charge recombination.
Monte Carlo simulations were performed to simulate the

expected random-walk nature of isoenergetic, self-exchange
hole hopping and to extract self-exchange rate constants, kMC.
This was accomplished by a previously described method with
the assumption of a 20 nm spherical nanocrystal and
chromophores arranged at a minimum distance δ that reflected
the slightly different surface coverage measured for each
chromophore.30 With the hopping time as the only adjustable
parameter, the measured anisotropy decays were well-modeled
by the resulting Monte Carlo simulations. The self-exchange
rate constants kMC obtained in this way followed a similar trend
as that measured after a potential step: TiO2|RuP having the
largest (kMC = 7 × 105 s−1), followed by TiO2|Ru(OMe)2P (5
× 105 s−1), and TiO2|Ru(dtb)2P (5 × 104 s−1). It is sometimes
useful to consider an average hopping time of (1.5 μs)−1, (2
μs)−1, and (20 μs)−1 for RuP, Ru(OMe)2P, and Ru(dtb)2P,
respectively.
Alternatively, in the biophysics fluorescence literature, a

correlation time is considered. Fluorescence anisotropy has
been widely utilized as a rotational probe in biophysical
assays.59 However, in the case of surface-bound chromophores,
it is not rotational diffusion in solution, rather lateral self-
exchange translating charge around the spherical nano-
crystallite that can be probed through an anisotropy assay.
Thus, the average hole-transfer correlation time, θh+, is taken as
the average time for a hole to move one radian from the
inclination angle along the surface of the spherical nanocrystal,
rather than the time to rotate one radian in solution. The θh+
values were in good agreement with the calculated electro-
chemically induced self-exchange rate constants (kR), with
smaller θh+ values: Ru(OMe)2P (θh+ = 1.3 ms), RuP (2.3 ms),
and Ru(dtb)2P (4.0 ms), corresponding to larger kR values.

The values for the self-exchange rate constants obtained by
pulsed-light excitation and a potential step were in poor
agreement for TiO2|Ru(OMe)2P. However, this chromophore
showed the fastest charge recombination rate constants,
providing a smaller time period for monitoring hole hopping
by anisotropy, which led to a less robust rate constant. On the
other hand, the values for TiO2|Ru(dtb)2P and TiO2|RuP were
within reasonable error independent of the method in which
the hole hopping was initiated. This is a surprising result in
itself. Since the light-initiated reactions reported on self-
exchange on a single nanocrystallite and the potential step data
reported on hole hopping through the entire mesoporous thin
film, one might have anticipated that the values would be quite
different. For example, hole hopping at the necking regions
between the nanocrystallites might be slower, resulting in
vastly different rate constants. As this was not the case, the
kinetic data suggests that hole hopping is relatively uniform on
a single nanocrystallite and throughout the mesoporous film.
Absorption measurements at the magic angle, which

mathematically eliminates anisotropic contributions from the
observed absorbance changes, provided kinetic information on
TiO2(e

−)|RuIII → TiO2|Ru
II charge recombination. The

extracted charge recombination rate constants kMA trend with
the hole hopping rate constants. This correlation has
previously been reported in the literature with other
chromophores where those that underwent the fastest hole
hopping also recombined to ground-state products fastest.36

Taken together, this data indicates that the established
mechanism for charge recombination, wherein the oxidized
chromophore remains fixed at the injection site and the
injected electron alone is mobile, is incorrect. In fact, it may be
just the opposite, where the injected electron traps at a
localized site and recombination occurs when the oxidized
chromophore approaches this site by lateral hole hopping.

Dye-Sensitized TiO2 with an Al2O3 Overlayer.When an
insulating Al2O3 overlayer was deposited on the dye-sensitized
TiO2 thin films, there was vanishingly little evidence for hole
hopping. Application of an electrochemical bias 500 mV
positive of the chromophore E1/2 (Ru

III/II) potential resulted in
negligibly small absorbance changes (<5%) attributed to some
hole transfer near the fluorine-doped tin oxide (FTO)
substrate that supports the mesoporous thin film, even though
the chromophores surface coverages greatly exceeded the 50−
60% percolation threshold. Although the lack of a significant
response to a potential step might be explained by a blocking
layer at the FTO interface, transient anisotropy measurements
also revealed no evidence for hole hopping. Pulsed-light
excitation resulted in significant excited-state injection, which
decreased by about 40% from that observed without the
insulating overlayer. However, kinetics measured at the magic
angle and with polarizers were within the same experimental
error and provided no evidence of hole hopping.
The question that then arises is why is lateral hole hopping

inhibited with an insulating Al2O3 overlayer? An unambiguous
answer to this question remains unknown, but previous studies
of photoinduced electron transfer in rigid media provide a
reasonable explanation: the outer-sphere reorganization energy
for electron transfer increases when ion and solvent motion are
restricted.63 Indeed, electron transfer quenching is inhibited in
the solid state and experiments with a series of porphyrin−
quinone complexes revealed that an additional 800 meV of
driving force was needed to initiate electron transfer in a frozen
glass relative to fluid solution.64 Photoinduced electron transfer
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in a rigid polymer matrix at room temperature has also shown a
similar behavior.63 Hence, it is likely that the Al2O3 overlayer
inhibits solvent and/or ions from accessing the chromophores,
thereby increasing the reorganization energy and preventing
hole hopping.
The proposed increase in outer-sphere reorganization energy

would not necessarily inhibit excited-state injection because
the free-energy change is very different. Hole hopping occurs
with ΔG° = 0, whereas excited-state injection is activationless
when the excited-state reduction potential is more than twice
the reorganization energy above the semiconductor con-
duction band edge. The ∼40% decrease in injection yield
may be due to those chromophores where injection does have
a barrier. In principle, chromophores that are more potent
photoreductants could show excited-state injection yields near
unity when the insulating overlayer is present.
Implications for Practical Solar Energy Conversion

Applications. Uncovering a strategy to allow for photo-
induced electron injection from a chromophore without
subsequent self-exchange processes is expected to allow for
greater site isolation of chromophores and catalysts at the high
surface coverages needed for efficient light harvesting. Catalytic
reactions like water oxidation require the accumulation of
multiple redox equivalents on a catalyst, which often occurs in
kinetic competition with unwanted lateral self-exchange-
mediated recombination chemistry.65,66 Although decreasing
catalyst surface coverage below percolation thresholds has been
shown to inhibit this self-exchange chemistry,23 this strategy
can limit catalysis at high light intensities. Hence, an insulating
overlayer may be a promising strategy as it allows for saturation
surface coverages that preserve excited-state injection and
inhibit unwanted recombination pathways.
An idealized model for how an insulating overlayer could

enhanced water oxidation photocatalysis is shown in Scheme 3
with chromophore-catalysts compounds depicted as the
orange-blue spheres. Water oxidation requires four oxidizing
equivalents to be transferred from the oxidized chromo-
phores.11 For simplicity, only two oxidations are shown on the
catalysts in this simplified schematic and are depicted as green
(1+) and pink (2+) spheres. Light absorption results in
excited-state injection into TiO2 followed by intramolecular
electron transfer from the oxidized chromophore to the
catalyst. At saturation surface coverages, lateral hole hopping
provides a means to equilibrate all catalysts to a common
formal oxidation state. For example, a catalyst in the formal
oxidation state of 0 (blue) next to a catalyst in the 2+ (pink)
state would reduce it by electron transfer (or hole hopping in
the other direction) to generate two catalysts in the 1+ (green)
state. When such equilibration is rapid, all of the catalysts
would be present on one formal oxidation state or a Nernstian
mixture of two states at any given time. It has been previously
shown that such a large surface coverage of oxidized catalysts
increases the probability for recombination with a TiO2
electron trapped near the surface.23 In contrast, an insulating
overlayer would enable each chromophore-catalyst compound
to go through the entire catalytic cycle without equilibration
with neighboring compounds. It is important to note that the
Al2O3 overlayer thickness must afford access of the catalyst to
the aqueous solution and allow reorganization through all
mechanistic steps in the catalytic cycle. Hence, ALD or other
deposition techniques must be carefully controlled to prevent
lateral hole hopping without deactivation of the catalysts.
Future research will test the validity of this approach.

■ CONCLUSIONS

Three RuII polypyridyl chromophores anchored to mesopo-
rous TiO2 semiconductor thin films enabled the rate constants
for intermolecular self-exchange electron transfer, also called
lateral hole hopping, to be quantified after a potential step or
pulsed-light excitation. The rate constants extracted from the
electrochemical and spectroscopic data were in good agree-
ment for two of the chromophores and showed more sluggish
hole hopping when bulky tert-butyl substituents were present,
consistent with previous results. Monte Carlo simulations
revealed average hole hopping rates that ranged between 2 and
20 microseconds per hop. In pulsed-light experiments, more
rapid hole hopping also led to faster charge recombination
with the injected electron, as has been previously reported.27

When the sensitized thin films were covered with an Al2O3

overlayer, the excited-state injection yield decreased from unity
to about 0.6; more dramatically, hole hopping was absent. This
behavior was attributed to exclusion of the electrolyte from the
chromophores by the overlayer which increased the reorgan-
ization energy for electron transfer. The results indicate that
insulating overlayers provide a potential strategy for site
isolation of chromophores or catalysts, where excited-state
interfacial electron transfer is largely preserved but unwanted
lateral self-exchange electron transfer is inhibited.

Scheme 3. Idealized Model Depicting a TiO2
Nanocrystallite with Surface-Anchored Chromophore-
Catalyst Compoundsa

aThe orange chromophores and blue catalysts, after light excitation,
electron injection, and intramolecular electron transfer, result in
catalysts that are oxidized by one electron (green spheres). When the
same process occurs a second time, catalysts that are oxidized by two
electrons are formed (pink spheres). In the absence of an Al2O3
overlayer (top), hole hopping provides a means for all catalysts to
equilibrate to a common oxidation state or a Nernstian mixture of
two. Introduction of an Al2O3 overlayer (bottom) provides site
isolation of the catalysts by preventing lateral hole hopping.
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