pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Intramolecular and Lateral Intermolecular Hole Transfer at the
Sensitized TiO, Interface

Ke Hu," Kiyoshi C. D. Robson, Evan E. Beauvﬂhers, Eduardo Schott,® leena Zarate,®
Ramiro Arratia- Perez,*' Curtis P. Berhnguette,*’ and Gerald J. Meyer*’

"Departments of Chemistry and Materials Science and Engineering, Johns Hopkins University, 3400 North Charles Street, Baltimore,
Maryland 21218, United States

*Department of Chemistry and Center for Advanced Solar Materials, University of Calgary, 2500 University Drive NW, Calgary,
Alberta, Canada T2N-1N4

$Laboratorio de Bionanotecnologia, Universidad Bernardo O’Higgins, General Gana 1780, Santiago, Chile
IDepartamento de Ciencias Quimicas, Relativistic Molecular Physics Group, Universidad Andres Bello, Republica 275, Santiago,
Chile

© Supporting Information

ABSTRACT: Characterization of the redox properties of TiO, interfaces
sensitized to visible light by a series of cyclometalated ruthenium polypyridyl ) ST Qr)
compounds containing both a terpyridyl ligand with three carboxylic acid/ @“‘) @;)

carboxylate or methyl ester groups for surface binding and a tridentate h
cyclometalated ligand with a conjugated triarylamine (NAr;) donor group is (:;‘“\ ‘ Ru /:/\
described. Spectroelectrochemical studies revealed non-Nernstian behavior with % H\_”
nonideality factors of 1.37 + 0.08 for the Ru"™" couple and 1.15 + 0.09 for the Ti0
NAr;**° couple. Pulsed light excitation of the sensitized thin films resulted in .
rapid excited-state injection (kinj > 10% s71) and in some cases hole transfer to
NAr; [TiO,(e”)/Ru™—NAr; — TiO,(e”)/Ru"~NAr,"*]. The rate constants for charge recombination [TiO,(e”)/Ru""—NAr;,
— TiO,/Ru~NAr; or TiO,(e”)/Ru"~NAr,** — TiO,/Ru”~NAr;] were insensitive to the identity of the cyclometalated
compound, while the open-circuit photovoltage was significantly larger for the compound with the highest quantum yield for
hole transfer, behavior attributed to a larger dipole moment change (Ay = 7.7 D). Visible-light excitation under conditions where
the Ru™ centers were oxidized resulted in injection into TiO, [TiO,/Ru™~NAr, + hv — TiO,(e”)/Ru™~NAr;**] followed by
rapid back interfacial electron transfer to another oxidized compound that had not undergone excited-state injection [TiO,(e™)/
Ru"—NAr; — TiO,/Ru"—NAr;]. The net effect was the photogeneration of equal numbers of fully reduced and fully oxidized
compounds. Lateral intermolecular hole hopping (TiO,/Ru"—NAr; + TiO,/Ru"~NAr;** — 2TiO,/Ru""—NAr,) was observed
spectroscopically and was modeled by Monte Carlo simulations that revealed an effective hole hopping rate of (130 ns)™".

H INTRODUCTION Scheme 1. Excited-State Electron Injection and
Intramolecular Hole Transfer for a Sensitizer—Linker—

Molecules with two or more redox-active groups have provided Donor Compound Anchored on a TiO, Surface.

insights into interfacial electron transfer reactions at semi-
conductor interfaces that could not have been obtained from

molecules with a single redox-active group.'™® A relatively e ¥ W

common motif used for solar energy conversion in dye- m‘ /\

sensitized solar cells is shown generically in Scheme 1. A ‘ ’

sensitizing dye molecule S absorbs a photon to create an ’ wm ]

excited state that initiates two charge transfer reactions: (1) -

electron transfer to a TiO, nanocrystallite, and (2) intra-

molecular hole transfer to a covalently linked donor.” The net

result is an interfacial charge-separated state comprising an

injected electron and an oxidized donor. Here we report a study hole transfer comes at the expense of a significant loss in free

of 10 electron donor—acceptor compounds where the quantum energy for which the longer lifetime does not always

yield for intramolecular hole transfer was systematically compensate. It is therefore of interest to examine whether the

controlled. driving force for hole transfer can be reduced without a loss in
Previous studies have shown that intramolecular hole transfer

can lead to a dramatic enhancement of the lifetime of the Received: October 18, 2013

electron that was injected into the semiconductor."* However, Published: December 24, 2013
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lifetime. Under such conditions, an “equilibrium” like that
shown in Scheme 2 would be expected. This is not a true

Scheme 2. The Interfacial Redox Equilibrium under Study
DO=q= PO=g
D = D

equilibrium, as recombination of the injected electron with the
dye molecule is necessarily thermodynamically favored. Never-
theless, this recombination reaction is known to require
milliseconds for completion’ while intramolecular electron
transfer occurs on a sub-nanosecond time scale,” so a quasi-
equilibrium is expected on intermediate time scales and under
steady-state illumination. Quantification of such a redox
equilibrium is further complicated by the nonideal behavior
of molecules anchored to conductive surfaces.'”'' To our
knowledge, with the one exception described below, no
previous studies have characterized such interfacial equilibria
and examined how they influence recombination or the free
energy stored in the interfacial charge-separated state as
reported by the open-circuit ghotovoltage.

In a recent communication,” electron transfer studies of three
ruthenium terpyridyl compounds with a tridentate cyclo-
metalated ligand conjugated to a triaryl amine donor located
at TiO, interfaces were reported (Scheme 3). Light excitation
of these sensitized materials led to rapid excited-state injection
with hole transfer yields that could be qualitatively predicted on
the basis of the solution reduction potentials. Surprisingly, the
charge recombination rates were insensitive to the location of
the oxidizing equivalent (i.e., Ru™ or NAr;*"), while the open-
circuit photovoltages were consistently larger for the compound
that had undergone hole transfer. The coincidence of redox
potentials and charge recombination kinetics suggested that the
interfacial dipole moment contributed to the measured open-
circuit photovoltage. Herein, DFT calculations have been
employed to quantify the dipole moments before and after light
excitation. A total of 10 donor—acceptor compounds with a
broad range of Ru™" and NAr;**/® reduction potentials have
been characterized so that the redox equilibrium in Scheme 3

could be systematically probed. In situ spectroelectrochemical
results showed non-Nernstian behavior that provided new
insights into the factors that control nonideality at semi-
conductor interfaces. In addition, a novel remote excited-state
injection from a NAr; donor was observed under conditions
where the ruthenium center was in the formal +III oxidation
state. This excited-state injection was followed by rapid back
electron transfer that was fast enough to compete with iodide
oxidation. A lateral intermolecular hole hopping process was
identified and modeled by Monte Carlo simulations.

B EXPERIMENTAL SECTION

Materials. Acetonitrile (Burdick & Jackson, spectrophotometric
grade), methanol (Sigma-Aldrich, spectrophotometric grade, >99.9%),
tert-butanol (Fisher Scientific), lithium perchlorate (Aldrich, 99.99%),
tetra-n-butylammonium hydroxide (TBAOH) (1 M in methanol,
Sigma-Aldrich), argon gas (Airgas, >99.998%), oxygen gas (Airgas,
industrial grade), titanium(IV) isopropoxide (Sigma-Aldrich, 97%),
fluorine-doped SnO, (FTO)-coated glass (Hartford Glass Co., Inc,
2.3 mm thick, 15 ©/sq), and glass microscope slides (Fisher Scientific,
1 mm thick) were used. The sensitizers in this study (C1—CS$ in
Scheme 3) and their methyl ester derivatives (abbreviated similarly as
E1-ES) were available from previous studies.'>

Sensitized Metal Oxide Thin Films. Mesoporous nanocrystalline
TiO, thin films were prepared as previously described.'* The films
were then immersed in C1—CS$ dye solutions in methanol with 1 equiv
of TBAOH to help solubility or in E1-ES dye solutions in 50:50 (v/
v) acetonitrile/tert-butanol. Films were then washed with neat CH;CN
and diagonally positioned in a standard 1 cm® quartz cuvette
containing LiClO, solution (0.5 M in acetonitrile). The electrolyte
solutions were purged with argon gas for at least 30 min prior to
experimentation.

Spectroscopy. UV—Vis Absorption. Steady-state UV—vis absorp-
tion spectra were obtained on a Varian Cary 50 spectrophotometer.
The experiments were performed at room temperature unless
mentioned otherwise.

Transient Absorption Spectroscopy. Nanosecond transient ab-
sorption measurements were obtained with an apparatus similar to that
previously described."® Samples were photoexcited by a frequency-
doubled, Q-switched, pulsed Nd:YAG laser [Quantel USA (formerly
Big Sky Laser Technologies) Brilliant B, 532 nm, 5—6 ns full width at
half-maximum (fwhm), 1 Hz, ~10 mm in diameter] directed 45° to
the film surface. A 150 W xenon arc lamp coupled to a 1/4 m
monochromator (Spectral Energy Corp., GM 252) served as the probe
beam (Applied Photophysics), which was aligned orthogonally to the
excitation light. For detection at sub-100 s time scales, the lamp was
pulsed with 80 V. Detection was achieved with a monochromator

Scheme 3. Molecular Structures of the Compounds with the Indicated Ru"™" (blue) and NAr,"*/° (red) Reduction Potentials
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Figure 1. Visible absorption spectra of the indicated sensitized thin films immersed in 0.5 M LiClO,/CH;CN solutions.
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Figure 2. UV—vis—NIR absorption spectra of (a) C1/TiO, and (b) C5/TiO, measured at variable applied potentials in 0.5 M LiClO,/CH;CN
solutions. The arrows indicate the direction of absorption changes with increased positive applied potential. The insets show the fraction (x) of dye
molecules present in the C1/TiO, or C5/TiO, (black solid squares), C1*/TiO, or C5*/TiO, (red solid squares), and C1**/TiO, or C5**/TiO,
(green solid squares) states. Overlaid on the data are fits to a modified Nernst equation.

(Spex 1702/04) optically coupled to an R928 photomultiplier tube
(Hamamatsu). Transient data were acquired on a computer-interfaced
digital oscilloscope (LeCroy 9450, dual 350 MHz). Typically 30—50
laser pulses were averaged at each observation wavelength over the
range 380—800 nm for full spectrum generation, and 120—200 laser
pulses were averaged for single-wavelength measurements. For the
low-temperature studies (—4S °C), the sample temperature was
maintained to +0.1 °C using a liquid nitrogen cryostat (UniSoku
CoolSpek USP-203-B).

Infrared Absorption Spectroscopy. Attenuated total reflectance
(ATR) spectra were obtained using a Thermo Scientific Nicolet Nexus
670 spectrophotometer. The measurements were made under a flow
of N, gas, and the spectra were averaged over 128 scans with 1 cm™
resolution.

Electrochemistry. A potentiostat (BAS model CV-50W) was
employed for measurements in a standard three-electrode arrangement
with a sensitized TiO, thin film deposited on an FTO substrate
working electrode, a platinum disk counter electrode, and a Ag/AgCl
reference electrode (Bioanalytical Scientific Instruments, Inc.) in
acetonitrile containing 0.5 M LiClO,. All potentials are reported versus
the normal hydrogen electrode (NHE). The ferrocenium/ferrocene
(Fc*/Fc) half-wave potential was measured at room temperature
before and after each experiment and was used as an external standard
to calibrate the reference electrode. A conversion constant of —630
mV from NHE to Fc'/Fc was used in acetonitrile at 25 °C.**

Spectroelectrochemistry. Steady-state UV—vis absorption spectra
were recorded in concomitant with bulk electrolysis of a standard
three-electrode cell. External biases were applied to the sensitized TiO,
thin film deposited on an FTO substrate working electrode positioned
diagonally in a 1 cm cuvette. Each potential step was held for around 2
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to 3 min until the spectrum was invariant with time and the next
potential was applied.

Computations. Data Analysis. Kinetic data fitting was performed
in Origin 8.5, and least-squares error minimization was accomplished
using the Levenberg—Marquardt iteration method. For the transient
absorption spectral modeling and spectroelectrochemical determina-
tion of concentrations of redox-active states, a method for the standard
addition of known spectra, written in Wolfram Mathematica 8.0, was
implemented to realize least-squares error minimization.

Intermolecular Hole Hopping Kinetics Simulation. Monte Carlo
simulations to model the lateral hole hopping process for C1*/TiO, at
variable laser fluences were performed with Wolfram Mathematica 8.0
and 9.0 on a personal computer (PC). Monte Carlo runs were
repeated 1000 times for a single TiO, particle simulation (S/N >
1000) while 50 runs were implemented for TiO, particle arrays (S/N
> 1350). The TiO, particle arrays were set to be 2 X 2 X 2 or 3 X 3 X
3, as larger arrays could not be minimized in a reasonable time period
with a PC equipped with 16 GB of RAM.

DFT Calculations. The geometry optimizations and properties
calculations of the ground-state and oxidized complexes were
performed using the ADF2010.01 code.'® The calculations were
carried out using the ZORA Hamiltonian incorporating scalar (sc.)
relativistic corrections'®™® and the triple-{ Slater basis set plus one
polarization function (STO-TZP)."**® The molecular structures were
fully optimized without symmetry constriction via analytical energy
gradient techniques as implemented by Versluis and Ziegler,”!
employing nonlocal correction of exchange and correlation (XC)
incorporated via the general gradient approximation (GGA) within the
BP86 functional, which is composed of the exchange functional of
Becke®” and the correlation functional of Perdew.*® Solvation effects
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Figure 3. Calculated dipole moment vectors for (a) C2, (b) C4, (c) CS, (d) C2*, (e) C4%, and (f) CS*. The table in each image shows the
percentage contributions of ruthenium (Ru), the terpyridine (Tp), and the triarylamine (NAr;) to the HOMO and LUMO.
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Figure 4. Absorption difference spectra measured at 100 ns delay time after pulsed 532 nm excitation of (a) C1/TiO,—C5/TiO, and (b) E1/TiO,—
ES/TiO, immersed in 0.5 M LiClO,/CH,;CN solution. Regions highlighted in pink are where NAr;** absorbs light strongly.

were modeled by the conductor-like screening model for real solvents
(COSMO)**?* using acetonitrile as the solvent for all of the
calculations.

B RESULTS

The carboxylic forms of the compounds anchored to
mesoporous anatase TiO, thin films with high surface coverages
(>3 X 10™® mol/cm?) within reaction times of 1 h in methanol
solutions at room temperature. The ground-state absorption of
these sensitized thin films immersed in 0.5 M LiClO,/CH;CN
are shown in Figure la. The methyl ester forms of the
compounds (E1-ES) displayed much slower kinetics for
surface binding, requiring tens of hours to achieve the same
surface coverage. The visible absorption spectra of the TiO,
thin films sensitized with the ester forms of the compounds
measured in 0.5 M LiClO,/CH;CN are shown in Figure 1b. In
both cases, the visible absortion spectra of the sensitized thin
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films, abbreviated C#/TiO, or E#/TiO,, were very similar to
those observed for the compounds in neat acetonitrile,
indicating that the molecules anchored to the surface without
measurable degradation.

Cyclic voltammetry of the sensitized thin films showed
significant overlap of two redox waves with peak-to-peak
splittings greater than 200 mV at a scan rate of 100 mV/s.
Therefore, spectroelectrochemistry was carried out to estimate
the reduction potentials and assign the redox processes. Figure
2 a,b shows representative UV—vis—NIR spectral changes upon
oxidation for C1/TiO, and C5/TiO,. Other data are shown in
Figure S1 in the Supporting Information. Initial oxidation of
C1/TiO, to C1"/TiO, showed an absorption increase at 470
nm. Bleaches of the metal-to-ligand charge transfer (MLCT)
bands at 433 and 531 nm indicated that oxidation occurred at
the ruthenium metal center. The weak absorption band in the
red and near-infrared region was attributed to ligand-to-metal

dx.doi.org/10.1021/ja410647c | J. Am. Chem. Soc. 2014, 136, 1034—1046
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charge transfer (LMCT). Further oxidation beyond 1035 mV
vs NHE resulted in the loss of the initial isosbestic points and
the formation of new ones at 423 and 526 nm. A marked
absorption band around 980 nm characteristic of NAr;**
absorption was observed that served as a probe of hole transfer
in transient absorption studies. In the case of C5/TiO,, the
order of the redox chemistry was reversed. The immediate
appearance of a strong absorption band from ~580 nm to the
near-infrared region indicated that the first oxidation was NAr;-
centered.”> This was followed by the ruthenium-centered
oxidation at more positive potentials. The standard addition
method based on global modeling was used to calculate the
fraction of each species present at each applied potential, and
representative values are shown as the insets in Figure 2.
Overlaid on the data are sigmoidal fits, given by « = 1/[1 + 10
exp(Eapp — E°)/a X 59 mV], where x is the fraction of
molecules present at a given applied potential, a is the
nonideality factor, and E° is the formal reduction potential of
Ru"™" or NAr,**/°, taken as the applied potential where the
concentrations of the oxidized and reduced forms were equal.
These data are summarized in Table 1.

Theoretical characterization of three representative com-
pounds (C2, C4, and CS) by density functional theory (DFT)
was completed for the compounds in the ground and one-
electron-oxidized states in the fully protonated form and with
one of the carboxylic acid groups deprotonated. These
calculations were performed to assess the molecular orbitals
involved in the electron transfer chemistry and to quantify the
change in dipole moment accompanying sensitizer oxidation.
The frontier molecular orbitals are shown in Figures S2 and S3
in the Supporting Information. The HOMOs of the oxidized
compounds are located over the phenyl rings of the NAr;
donor, while the LUMOs are composed of orbitals on the
terpyridyl rings with contributions from the Ru d orbitals.
Shown in Figure 3 are the calculated dipole moment vectors for
the ground and one-electron-oxidized states of C2, C4, and CS
in the diprotonated form. The calculated dipole moment (u)
components are reported in Table S1 in the Supporting
Information. It was found that the magnitudes of y for the
ground states of C2, C4, and CS were 27.4, 28.1, and 30.1 D,
and after one-electron oxidation the dipole moments increased
to 46.3, 50.8, and 55.5 D, respectively. The 9.2 D larger value
for CS* relative to C2* resulted from the “hole” in CS* being
localized on the NAr; donor group rather than the metal
center.

Nanosecond transient absorption spectroscopy was used to
quantify the interfacial charge recombination between
TiO,(e”) and the oxidized compound. Figure 4 shows
absorption difference spectra of the sensitized materials in an
acetonitrile electrolyte at 100 ns delay time after 532 nm laser
excitation. A single product was observed after laser excitation,
consistent with excited-state injection and hole transfer
occurring on a sub-10 ns time scale. At early observation
times, evidence of a faster component was observed for CS/
TiO,, and measurements at —45 °C revealed a ~$ ns rise time
for the appearance of the oxidized NAr;** (Figure S4 in the
Supporting Information). This process was within the instru-
ment response time but indicated that hole transfer occurs on a
time scale from hundreds of picoseconds to a few nanoseconds.
A progressive increase in the absorption band in the red region
attributed to NAr;** was observed in going from C1 to CS or
from E1 to ES that was correlated with the increase in the value
of [E°(Ru™™) — E°(NAr;**/%)]. The kinetics measured for
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charge recombination between the injected electrons and the
oxidized dye molecules were in good agreement with the results
for C2*/TiO,(e™), C4*/TiO,(e”), and C5*/TiO,(e”) reported
in an earlier communication.” In the present work, with an
additional two sensitized films, it was again found that within
experimental error there was no difference in the charge
recombination rate constants, indicating that recombination
was insensitive to the identity of the compound (Figure SS in
the Supporting Information). The influence of surface coverage
was also quantified (Figure S6 in the Supporting Information).
Decreasing the surface coverage from the saturation value (6 X
107® mol/cm?) to values of ~1/$ saturation resulted in only a
very minor change in the charge recombination kinetics.
Addition of sulfuric acid at concentrations as low as 1.0 X
10~ M to a C4/TiO, thin film immersed in 0.5 M LiCIO,/
CH;CN induced a noticeable bathochromic shift and increase
in the MLCT absorption band throughout the visible region
(Figure S). The spectral changes were preserved even after the
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Figure S. UV—vis absorption spectra of C4/TiO, immersed in 0.5 M
LiClO,/CH,CN (black) and immersed in 0.5 M LiClO,/1.0 X 10~* M
H,SO,/CH;CN (red). The upper inset shows the absorption
difference spectra measured 45 ns after pulsed 532 nm excitation of
C4/TiO,, and the lower inset shows the same data for an H,SO,-
treated C4/TiO, thin film; overlaid in solid curves are simulations, and
regions highlighted in pink are where NAr;** absorbs strongly.

C4/TiO, thin film was reimmersed in fresh 0.5 M LiClO,/
CH,CN. Laser excitation of the acid-exposed C4/TiO, thin
film in 0.5 M LiClO,/CH;CN resulted in rapid excited-state
electron injection to TiO, (kim- > 10° s7'). A significant
absorption increase in the red region indicated a larger extent of
intramolecular hole transfer relative to that for untreated C4/
TiO, (Figure S insets). Spectral modeling indicated that the
sulfuric acid treatment increased the hole transfer yield from
0.25 to 0.51. The ATR-FTIR spectra showed that the acid
treatment resulted in the appearance of an intense carbonyl
stretch at 1712 cm™ that was at the same energy as that
measured for a C4 powder in the solid state (Figure S7 in the
Supporting Information).

The presence of two stable oxidation states enabled studies
where the Ru" or NAr; group was oxidized prior to light
excitation. Because of the proximity of the Ru"™™ and NAr;**/°
reduction potentials for C2—CS5, C1 was chosen for the study
as the reduction potentials were the most separated. The
absorption difference spectra of C1/TiO, displayed in Figure
6a,c,e were acquired in 0.5 M LiClO,/CH;CN at applied
potentials of 890, 960, and 1035 mV after 532 nm excitation. At
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Figure 6. (a, ¢, ) Absorption difference spectra measured after pulsed laser excitation (4, = 532 nm) of C1/TiO, biased to (a) 890 mV vs NHE
(C1/Ti0,:C17/TiO, = 50:50), (b) 960 mV vs NHE (C1/TiO,:C1*/TiO, = 15:85), and (c) 1035 mV vs NHE (C1/Ti0,:C1*/TiO, = 0:100) at
the indicated delay times. Overlaid in solid lines are simulations based on the absorption profiles of C1/TiO,, C1*/TiO,, and C1**/TiO, (shown in
Figure S8 in the Supporting Information) and the first-derivative spectrum of C1*/TiO, using the corresponding fractional concentrations of C1/
TiO, (black squares), C1*/TiO, (red circles), and C1>*/TiO, (green triangles) as functions of time, shown in (b), (d), and (f).

these potentials, the ratios of sensitizers present prior to light
excitation were calculated from the spectroelectrochemical data.
Spectral modeling based on the measured absorption spectra of
Cl1, C1%, and C1** (Figure S8 in the Supporting Information)
and TiO,(e™) were necessary to simulate the measured spectra.
Spectral shifts due to an underlying Stark effect were also
evident, and inclusion of the first-derivative absorption
spectrum of C17/TiO, improved the spectral modeling as has
been previously described.”**” The fractions of C1, C1*, and
C1*" generated after 532 nm light excitation over the total
number of molecules (C1 + C1* + C1**) as functions of the
delay time were deconvoluted from the time-resolved spectral
data and are shown in Figure 6b,d,f. Because the concentration
of each oxidation state was determined, the injection yield of
C17/TiO, was calculated to be ~0.1 at a delay time of 20 ns
(Figure 6b).
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A single wavelength of 507 nm was chosen to monitor the
interfacial charge recombination of TiO,(e™) with the oxidized
sensitizers (Figure 7). The absorption changes as a function of
time were satisfactorily described by the Kohlrausch—
Williams—Watts (KWW) model (eq 1)*** with a fixed

AAbs = A exp[— (kt)Poww] €))

Prww value of 0.17 under all bias conditions. The rate of this
process was found to be dramatically increased when more
oxidized compounds (i.e, more positive potentials) were
generated on TiO, surfaces.

Shown in Figure 8 are time-resolved absorption data
measured after pulsed laser excitation of a C1/TiO, thin film
held at an applied bias of +1035 mV vs NHE. At this applied
potential, the ruthenium center was oxidized to the formal
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Figure 7. Absorption changes monitored at 507 nm after pulsed light
excitation at the indicated applied potentials (4., = 532 nm, 1.4 mJ/
cm?). Overlaid in yellow are the fits to the KWW model (Biyw =
0.17).

oxidation state of +III and is therefore better formulated as
C1%/TiO,. Excited-state injection was rapid and efficient (kinj >
10% s7! and Ginj = 0.1). The data were recorded at five different
irradiances from 0.3 to 1.5 mJ/cm® Two different Monte Carlo
simulation methods were used to understand the lateral
intermolecular hole hopping process that occurred after
interfacial electron transfer to a second dye molecule. In the
first method, 536 dye molecules were evenly distributed on a
single 15 nm diameter sphere with an average intermolecular
distance of 11.5 A. The second method took 27 similar spheres
and packed them into a2 X 2 X 2 or a 3 X 3 X 3 cubic array
with nearest-neighbor center-to-center interparticle distances of
14.8 nm. In these arrays, dye molecules in the necking regions
between spheres were removed. In both methods, after excited-
state electron injection, the injected electron quantitatively
recombined with a different molecule to yield equal numbers of
C1 and C1** randomly positioned on the surface. The random
walk of each C1 or C1** was controlled by a pseudorandom
number generator either to the six adjacent C1" sites with equal
probability for one sphere or weighted exponentially (8 = 0.35
A71)3%3! by the distance to every other site. The Ru™™ and
NAr,**/? hopping rates were assumed to be the same, such that
an “effective” hopping rate was calculated. This assumption was
supported by the spectroelectrochemical data, which showed
that the time required to oxidize 40% of the NAr; donors in
C5/TiO, was only about 1.5 times shorter than that required to

oxidize the same percentage of Ru" sites in C1/TiO,, implying
that the hopping rates were indeed very similar. Hole transfer
from C1** to C1 to yield two C1* compounds was assumed to
be quantitative when the two were adjacent. For both methods,
the initial number of C1 and C1** molecules created with light
was an important parameter that influenced the kinetic
behavior for lateral hole hopping. Hole-hopping simulations
for cases where one, two, three, four, or five charge-separated
pairs were created on each TiO, particle as well as 27, 54, 81,
108, or 135 pairs for each 27 particle array were performed.
The best fits of the simulation data to the experimental data as
determined by y* analyses (Figure S12 in the Supporting
Information) are shown as the solid curves overlaid on the
transient data in Figure 8. Hopping rates of (160 ns)™" for the
single-particle case and (130 ns)™' for the particle arrays were
found. Simulations based on the nanoparticle arrays gave rise to
a more well-defined minimum and were found to be in better
agreement with the experimental data, particularly those data
measured on the longer time scales (Figures S11 and S12 in the
Supporting Information).

B DISCUSSION

The redox and photoinduced electron transfer properties of
TiO, thin films sensitized with five different cyclometalated
ruthenium compounds with conjugated triarylamine donor
groups were quantified. The presence of two redox-active
portions of these compounds, Ru™" and NAr;**"°, provided
new insights into interfacial redox reactions that could not have
been obtained with a single chromophoric sensitizer. In the
discussion below, emphasis is placed on published literature on
solar energy conversion that relates to (1) the non-Nernstian
nature of the interfacial redox chemistry, (2) intramolecular
hole transfer, (3) dipole moment contributions to the stored
Gibbs free energy, and (4) lateral intermolecular hole transfer
across the TiO, surface.

Non-Nernstian Redox Chemistry. The Nernst equation
predicts that for a one-electron transfer process at room
temperature, a 59 mV shift in potential should arise when the
ratio of the concentrations of the reduced and oxidized forms
are changed by a factor of 10.*> This relation has been
phenomenally successful in fluid electrolyte solutions, partic-
ularly when activities are used in place of concentrations.*>
However, non-Nernstian behavior has been noted at chemically
modified electrode surfaces and has been quantified by

a)
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1E-5 1E-4 1E-3 0.01

Time (s)

L L
1E-7 1E-6

Figure 8. Absorption changes monitored at 540 nm after pulsed light excitation with five irradiances (1, = 532 nm and 0.3—1.5 m]J/cm?) of C1/
TiO, immersed in 0.5 M LiClO,/CH;CN and biased at 1035 mV vs NHE. Overlaid as solid lines are absorption profiles abstracted from Monte

Carlo simulations of (a) 1 and (b) 27 nanoparticles.
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inclusion of a nonideality factor, a, into the Nernst
equation.'”"**7> When a = 1 in eq 2, the Nernst equation

. aRT
E=+%" 1
nF

[Ox]
[Red]

)

results. Nonideality results when a > 1, behavior most often
attributed to intermolecular interactions accompanying the
redox chemistry as described by Frumkin.*®*” The availability
of two redox-active groups in these compounds, namely, the
Ru™" center and the NAr;""/° group, which is expected to be
further from the TiO, surface, enabled interrogation of the
origin of the nonideality by spectroelectrochemistry.

It was found that in order to achieve a factor of 10 change in
concentration, more than 59 mV of applied potential was
needed, and hence, nonideality factors had to be introduced to
model all of the interfacial electrochemical data. For instance, a
nonideality factor @ = 1.45 was measured for Ru"™" of C1/
TiO,, indicating that an ~90 mV potential step was required for
a factor of 10 change in concentration. Interestingly, the Ru™/"
redox reactions for all five compounds revealed higher
nonideality factors than those of the covalently linked
NAr,**? groups (1.37 + 0.08 vs 1.15 + 0.09, respectively).
The Ru™" nonideality factors were larger than those of
NAr;"*/° regardless of which redox center was oxidized first in
the compound. For example, the ruthenium center was oxidized
first in C2 and second in CS, yet both displayed nonideality
factors of ~1.32. As counterions and solvent reorganize as a
consequence of the redox chemistry, the insensitivity of the
nonideality factors to the total oxidation state of the molecule
implies that such interfacial reorganization was not the cause of
the nonideality. It could well have been the case that the second
group oxidized displayed the larger nonideality factors due to
the higher charge on the molecule, but this was not observed.

The origin of the nonideality is instead consistent with either
intermolecular interactions, as proposed by Frumkin,***” or a
surface electric field model.>® The former seems less likely, as
space-filling models indicate that the rigid thiophene linker
results in similar Ru—Ru and NAr;—NAr; intermolecular
distances. Therefore, the surface electric field experienced by
the redox-active group is most likely the origin of the
nonideality, as such fields are known to decrease with distance
from the semiconductor surface.****** The only previously
related literature report was a recent study of a cobalt porphyrin
anchored to TiO,, where both Co™" and Co™" reactions were
quantified.*> While this chemistry was complicated somewhat
by coordination number changes that accompany this redox
chemistry, larger nonideality factors were observed for Co'!
relative to Co™™ Like the Ru™" and NAr,"*/° redox
chemistry reported herein, the Co™" redox potentials occurred
within the forbidden band gap of TiO, and hence required a

percolation pathway from the transparent conductive substrate
to the molecules (see Intermolecular Hole Hopping below),
while the direct reduction of TiO, accompanied the conversion
of Co" to Co". Electrons injected into TiO, produce a large
electric field, E = 3 MV/cm, that has been observed by
electroabsorption spectroscopy (i.e., Stark spectroscopy) and
reported to be distance-dependent.****~*' Hence, the
enhanced nonideality factors reported for Co'!' redox
chemistry were also attributed to a surface electric field,
consistent with the conclusions drawn here.

The appearance of nonideal redox chemistry raises the issue
of what the true reduction potentials of the surface-anchored
compounds are. This question is particularly relevant to
operational solar cells when an electric field mechanism for
nonideality is operative, as the reduction potentials would no
longer be fixed values and would instead change with the solar
flux. For the purposes of this study, the formal reduction
potential was taken as the potential where the equilibrium
concentrations of the oxidized and reduced forms were equal,
with the understanding that these potentials likely do shift to
more negative values with the TiO, quasi-Fermi level under
solar illumination. Comparisons of these “dark” potentials with
those measured for the free compounds in fluid electrolytes
were difficult because the carboxylic acid forms of the
compounds were nearly insoluble in CH;CN. However, the
ester derivatives were soluble, and the NAr,"*’® reduction
potentials measured were in good agreement with the
interfacial values. In contrast, the Ru™" potentials were
generally 70—90 more positive than those measured at the
TiO, interface. This shift is consistent with an inductive effect
where the electron-donating carboxylate binding groups yield
less positive Ru"™" potentials than do the electron-withdrawing
ester groups. Thus, the formal reduction potentials do not
appear to be significantly altered upon surface binding once the
change from carboxylic acid (or ester) to carboxylate that
accompanies surface binding is taken into account. Never-
theless, the nonideality of the molecular redox chemistry at the
TiO, interface perturbs the equilibrium for intramolecular hole
transfer in a quantifiable manner as described below.

Intramolecular Hole Transfer. It was of interest to
calculate the extent of hole transfer from the oxidized
ruthenium center to the covalently linked triarylamine moiety
on the basis of the spectroelectrochemical data, as these values
can be compared to those measured experimentally after pulsed
laser excitation. To account for the nonidealities and to be
consistent with the spectroelectrochemical results, the Ru™"
and NAr;"*/® redox reactions were considered to be
independent of each other even though these moieties were
covalently linked (eq 3).** The equilibrium constants and hole
transfer yields were calculated with eqs 4 and S, respectively.
The hole transfer yields without and with the inclusion of

Table 1. Electrochemical and Photophysical Data for the Sensitized Thin Films

Ef/z(Rum/n)a (“1)b E?/Z(NAIBH/O)Q (“z)b Keqc
Cl1 890 (1.4S + 0.04) 1155 (1.22 + 0.04) 3.31x 1078
Cc2 945 (1.30 + 0.04) 1150 (1.21 + 0.04) 342 x 1073
C3 1010 (1.44 + 0.03) 1150 (1.24 + 0.02) 430 x 1073
C4 870 (1.33 + 0.03) 960 (1.11 + 0.03) 3.01 x 1072
Cs 1060 (1.33 = 0.04) 940 (1.04 + 0.03) 1.07 x 10*

“E{/, given in mV vs NHE. ba, and a, are the nonideality factors in eqs 3 and 4. °K,

Dpcate
<0.01
0.02
0.06
0.15
091

@y Pupes ESpRu™™) (V) AG, (eV)?  abs max (nm)
0.02 <0.02¢ —0.76 1.65 435, 534
0.04 <0.02° —-0.72 1.65 431, 529
0.12 0.05°¢ —0.67 1.68 427, 519
0.19 0.25 —0.81 1.68 439, 532
0.88 0.74 —0.62 1.68 431, 520

q is defined in eq 4. 9AG,, was estimated from the corrected

photoluminescence spectrum measured for sensitized ZrO,. “Estimated from the absorption amplitude at 720—750 nm relative to C5/TiO,.
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Scheme 4. Chemical Capacitance of (a) C3/TiO, and (b) CS5/TiO, as a Function
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“The solid curves represent best fits to the experimental data with the indicated nonideality factors. The dashed curves represent ideal Nernstian
behavior. The overlap of the chemical capacitance represents potentials where both triarylamine and ruthenium redox chemistry occurs.

nonideality factors (®. and @, respectively) were
calculated, where a; and a, represent the nonideality factors
for Ru™" and NAr;**/°, respectively. The results are
summarized in Table 1.

KQ
' 4 NAr, = Ru" + NAg**

Ru 3)
_ |:RuII:|a1 [NAr3o+]uz
eq [Rum]“‘ [NAr30]az (4)
. 1/(ay+a,)
(Dh ale — [NAr3 +:| = Keq
t,calc . a,+a
[NAG'] + [NAG™] 14 Kt ()

The inclusion of nonideality factors in essence broadens the
potential range over which Ru"™" and NAr;"*/® redox
chemistry occurs. This is conveniently depicted through the
chemical capacitance as first suggested by Murray (Scheme
4).> Three different scenarios are possible for the hole transfer
reaction under study. In the first, the driving force for hole
transfer is small and K,y << 1. This is the case for C3/TiO, (Keq
= 4.3 X 107%), and the inclusion of nonideality factors increases
the overlap region and hence the fraction of Ru™ that can
oxidize the NAr; group (Scheme 4a). Hence, nonideality is
expected to increase the yield of hole transfer after excited-state
injection when K., < 1. For C3/TiO, the magnitude of the
effect was about a factor of 2. The second scenario occurs when
K.y = 1, where little change in the yield of hole transfer is
expected provided that the nonideality factors are similar. The
third scenario occurs when the driving force for hole transfer is
large and K, > 1, as was found to be the case for C5/TiO,
(K. = 1.1 X 10%). Here the inclusion of nonideality factors
results in a larger fraction of NAr; groups that cannot be
oxidized by Ru"" (Scheme 4b). As a result, the expected hole
transfer quantum yield decreases, by about 16% in the case of
C5/TiO,.

The quantum yields for hole transfer measured after pulsed
laser excitation of the sensitized thin films were in better
agreement with the calculated values when the nonideality
factors were included, particularly for C4/TiO, and C5/TiO,,
which displayed hole transfer yields greater than 0.25.
Therefore, as shown through steady-state equilibrium measure-
ments and transient kinetic studies, nonideal redox behavior is
detrimental for hole transfer when the Gibbs free energy
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change for the reaction is favorable. It should be kept in mind
that the hole transfer yields were calculated from data measured
in the absence of injected electrons while the experimental data
were measured after excited-state electron transfer, where the
injected electron itself was expected to give rise to nonideal
behavior. Had the nonideality resulted from intermolecular
interactions (i.e,, Frumkin-like behavior), one might anticipate
that it would be absent in the photoinduced charge separation
studies, where the number of oxidized dye molecules is small,
on average less than five per nanocrystallite. Therefore, this
suggests that nonidealities need to be taken into account for
prediction of hole transfer yields and that the nonideality is
likely due to the surface electric field.

The yield for photoinduced intramolecular hole transfer
measured experimentally was highly sensitive to the interfacial
conditions, as both increased proton concentration and the
presence of ester groups resulted in enhanced hole transfer
yields. The methyl ester derivatives of the sensitizers were
found to anchor to the TiO, surface with a pronounced ATR-
FTIR absorption peak at 1730 cm™" indicative of unhydrolyzed
methyl ester groups. Enhanced hole transfer yields were
measured for thin films sensitized with these compounds
relative to the corresponding carboxylic acid derivatives. This
can be rationalized by the inductive -electron-withdrawing
nature of the unhydrolyzed ester groups relative to the electron-
donating carboxylate groups present on the TiO, surface.
Indeed, the same behavior was observed after protonation of
free carboxylate groups by a dilute H,SO,/CH;CN solution.
For example, light excitation of acid-treated C4/TiO, resulted
in a factor of 2 increase in the hole transfer yield. These data
show that the hole transfer yield was highly sensitive to
environmental conditions such as the interfacial pH.

The Role of Dipole Moments. Charge recombination
from TiO,(e”) to the oxidized compounds was insensitive to
whether the hole was localized on Ru™ or NAr;**. Therefore,
for these compounds there was no kinetic advantage gained by
hole transfer from Ru to the NAr; group. An explanation for
this behavior remains unknown, but it may emanate from the
conjugated thiophene bridge that links the triarylamine to the
cyclometalated ligand, which provides a delocalized LUMO
with metal d and NAr; orbital character for all of the
compounds studied. Back electron transfer to the Ru center
may hence always occur. This would also be expected to occur
when the redox equilibrium shown in Scheme 2 is established
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on the electron transfer time scale: the injected electron
reduces Ru'l, shifting the equilibrium to the left, and hence
more Ru" is generated. Kinetic evidence that the quasi-
intramolecular redox equilibrium was established on the time
scale before back interfacial electron transfer comes from the
fact that the hole transfer rate constant for Ru™ — NAr,
occurred on a time scale shorter than k;, > 1 X 10® s™ for all of
the sensitized materials while recombination required milli-
seconds.

Regardless of the mechanism, charge recombination of the
injected electron with the oxidized sensitizer was remarkably
insensitive to the sensitizer employed. At the same time, the
open-circuit voltage (V,.) measured in the absence of a redox
mediator was approximately 100 mV larger for C5/TiO,, which
displayed the highest quantum yield for hole transfer to the
amine donor. This was unexpected, as the spectroelectrochem-
ical data showed that the acceptor states in TiO, were
insensitive to the identity of the dye molecules present on the
surface and hole transfer results in a loss in free energy.
Therefore, if anything, hole transfer should have given rise to a
smaller V. for C2/TiO, than for C5/TiO,. In many previous
studies, a decrease in the charge recombination rate constant
compensated for this loss in free energy, as predicted by the
diode equation.9 However, an ~100 fold diminution of this rate
constant would be needed to account for the measured V.
values, and this simply was not observed. Other factors such as
inefficient sensitizer regeneration,”*”** acid—base chemistry,**
and/or interfacial dipole moments of the ground-state dyes are
also known to influence V, . *7%

It is asserted that the enhancement in V. reported here
results from the increased dipole moment that accompanies
hole transfer. This assertion comes in part from an elimination
of all other possibilities such as the recombination kinetics
described above. Furthermore, spectroelectrochemical studies
showed that the TiO, density of acceptor states was insensitive
to the identity of the dye molecule and hence that specific
sensitizer effects, such as the protonation state of the dye
molecule as reported by Nazeeruddin and co-workers,** were
not operative in this homologous series of dye molecules. In
addition, it has previously been shown that the orientation of
molecular dipole moments at the TiO, surface influences V.
through the electrostatic field generated.**** Dipoles oriented
toward the surface increase V. because of the upshift of the
quasi-Fermi level of the TiO, nanoparticle, while those directed
away decrease V. Before comparing these experimental data to
the results of previous studies, it is important to point out a key
experimental detail: the open-circuit photovoltage data
reported here was measured against a pseudoreference
electrode in the absence of redox mediators, while most
other literature reports are for an operational solar cell with a
redox mediator present, typically I"/I;". For this reason,
previous workers used the inherent dipole of the surface-
anchored dye molecule, or coadsorbed nonchromophoric
dipolar molecules, and attributed the measured V. to the
ground state, that is, the nonilluminated thin film.®~*® This
was reasonable as the steady-state concentrations of excited and
oxidized sensitizers were thought to be vanishingly small and
hence would not contribute to the measured V. values. In
contrast, the data reported here were very sensitive to the
concentration of the oxidized dye molecules as no regenerator
was present. When the sensitized thin films were illuminated in
such a nonregenerative cell, oxidized dye molecules were
formed along with injected electrons that raised the TiO, quasi-

1043

Fermi level toward the vacuum level. These oxidized states had
dipole moments that were almost twice as large as those of their
ground states, as shown by DFT calculations. In addition, the
calculated dipole moments were largest when the hole was
predominantly localized on the NAr, group. For example, Ru™
— NAr; hole transfer in C§*/TiO, gave rise to a 9.2 D increase
in dipole moment relative to C2*/TiO,, where the hole was
predominantly localized on the Ru™ center.

The dipole moment data can be used to calculate the dipole-
moment-induced electrostatic potential drop (Adgpo), €q 6.

NA(u cos 0)
Aqﬁdipole = ce
0

(6)
This equation predicts that the V. should be dependent on the
change in the surface dipole moment that accompanies excited-
state injection, A(u cos 8), and the surface coverage of oxidized
molecules, N, assuming that the permittivity of the molecular
layer £ = 5.*® At most about 10% of the dye molecules injected
electrons at the highest irradiance employed, so N would be ~7
X 10'¢ molecules/m2 When the full range of tilt angles and
dipole moments of different protonation states of the dye
molecule were considered (see Table S1 in the Supporting
Information), a Agipole range of 40—60 mV was calculated to
accompany hole transfer, which is in reasonable agreement with
the value of 100 mV measured experimentally.

One could rightly argue that the V. data reported here have
little relevance to an operational dye-sensitized solar cell, which
necessarily contains a redox mediator. With some organic dye
molecules, however, compelling evidence was found that
inefficient sensitizer regeneration lowers Voc.27 Hence, some
fraction of the injected electrons leak back to the oxidized dye
molecule under conditions where the number of injected
electrons is large. More recently, Wang and co-workers
reported clear evidence that this also occurs for highly
optimized dye molecules like Ru(dcbH,)(dnb)(NCS),
(2907), where dcbH, is 4,4'-(CO,H),-2,2"-bipyridine and
dnb is 4,4’-dinonylbipyridine.* In one previous comparative
study of donor—acceptor-sensitized thin films where the charge
recombination kinetics was correlated with the kinetics for back
interfacial electron transfer to the oxidized donor, the enhanced
V.. that accompanied hole transfer was measured in the
presence and absence of the redox mediator.' Taken together,
these results indicate that one cannot rule out the possibility
that dipole moment measurements made without a redox
mediator do have some relevance to operational solar cells. In
any event, measurements of V_. in the absence of redox
mediators are the most useful for fundamental studies of the
interfacial dipole moment changes that follow excited-state
injection.

Intermolecular Hole Hopping. It has long been known
that molecules with formal reduction potentials that lie within
the forbidden band gap, where TiO, is expected to be an
insulator, can be reversibly oxidized in these mesoporous thin
films.>® The established mechanism is that oxidation is initiated
at the transparent conductive oxide (TCO) substrate and
proceeds by lateral intermolecular hole hopping throughout the
film provided that a percolation threshold has been
achieved.’"** Recently, lateral hole hopping has also been
observed to occur after excited-state injection by time-resolved
anisotropy spectroscopic measurements.>’ The sensitized
interfaces under study here enabled lateral hole hopping
reactions to be induced with light and monitored by transient
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absorption spectroscopy (Scheme S). Such reactions are
important in photoelectrosynthetic cells as they provide a
means for translating oxidizing equivalents to a catalyst after
excited-state injection.

Scheme S. Electron Transfer and Hole Hopping Processes
Observed after 532 nm Laser Excitation of C1*/TiO,: (a)
Excited-State Electron Injection; (b) Interfacial Charge

Recombination; (c) Lateral Intermolecular Hole Hopping

hvlf
b) \

e

NAr,;

NAr,

When the Ru" center in C1/TiO, was electrochemically
oxidized to yield C1*/TiO, (ie, Ru™—NAr,), a new visible
absorption band centered at 470 nm was observed that was
assigned to be an intraligand charge transfer band from the
triarylamine donor to the substituted terpyridine ligand (NAr,
— terpy*). This band is very similar in energy and bandwidth
to that observed for organic D—7—A molecules with triaryl-
amine donors.”” In addition, DFT calculations of the one-
electron-oxidized forms of these compounds revealed that the
HOMO is largely centered on the NAr; group and the LUMO
on the terpyridyl ligand (Figure S3 in the Supporting
Information). Light excitation into this band resulted in the
immediate appearance of the doubly oxidized sensitizer (i.e.,
where both Ru and NAr; were oxidized), confirming excited-
state electron injection into TiO, from C1* (Scheme Sa and eq
7). The interfacial electron injection yield measured by

TiO,Ru"~NAr, -5 TiO,(e”)Ru~NAr,"* )
comparative actinometry on a 50 ns time scale was 0.1. It
was unclear whether this low yield resulted from rapid back
electron transfer or from intramolecular reductive quenching by
the proximate Ru" center followed by rapid back electron
transfer.

Excited-state electron injection was followed by interfacial
back electron transfer to a neighboring C1* molecule (eq 8).

TiO,(e”)IRu"~NAr; > TiO,Ru"'~NAr, (8)

This process was investigated as a function of applied bias,
which created different concentrations of singly oxidized C1. It
was found that charge recombination rates were much larger
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when oxidized compounds were present. Kinetic modeling did
not show a simple relationship between the rate constants
abstracted from a KWW analysis and the concentration of the
oxidized dye molecules. However, at one extreme where all of
the compounds were oxidized, the KWW rate constants were 3
orders of magnitude larger than those under the conditions
where no dye molecules had been electrochemically oxidized.
The increased charge recombination was due to a higher
probability of the injected electron to encounter a C17/TiO,.
Quantitative interfacial back electron transfer in principle
yielded C1/TiO, and C1?*/TiO, in equal concentrations.
Hole transfer from C1**/TiO, to C1/TiO, (eq 9) was
favored by 270 mV of Gibbs free energy and occurred after

TiO,Ru"'—NAg"* + TiO,|Ru"~NAr,

— 2(TiO,/Ru""~NAr,) 9)

lateral intermolecular Ru™"™ and NAr,**/® hole hopping across
the TiO, surface brought the two reactants close to each other.
A significant absorption change accompanied this recombina-
tion reaction process that could not be adequately described by
first- or second-order kinetic models. Instead, the data were fit
to a random walk model based on Monte Carlo simulations.
Scheme 6a shows a representative Monte Carlo simulation of

Scheme 6. Monte Carlo Simulations of Lateral
Intermolecular Hole Hopping on Spherical TiO,
Nanocrystallites: (a) Single TiO, Particle; (b) Array of 27
TiO, Particles”

a)

“Black dots represent the C17 sites that are evenly distributed on the
surface. Red spheres are C1%* and blue spheres are C1. Thirty steps of
random walks are shown.

three C1 molecules (small blue spheres) and three doubly
oxidized C1** molecules (small red spheres) randomly
positioned on a 15 nm diameter TiO, nanocrystal (large
sphere). Time-dependent concentrations were calculated as the
intermolecular hopping rate was varied, and the results were
compared to experimental data measured at five different
excitation irradiances. The simulations agreed with experiment
when an effective intermolecular hole hopping rate of (160
ns)”! was used. The experimental and simulated data were in
best agreement on the microsecond and shorter time scales that
represented greater than 70% of the recombination. The poor
agreement on longer time scales might arise from cases where
interparticle hopping occurred.>® The necking regions could
allow lateral hole hopping from one TiO, nanoparticle to
another, thus decreasing the recombination rate. To test this
hypothesis, an array of eight or 27 particles was used in a similar
simulation that allowed for interparticle hopping (Scheme 6b).

dx.doi.org/10.1021/ja410647c | J. Am. Chem. Soc. 2014, 136, 1034—1046



Journal of the American Chemical Society

The best fit of the simulation data to the experiment was
achieved with an effective hopping rate of (130 ns) ™. A y* error
analysis of the respective fits showed significant improvement
of the multiparticle simulation over the single-particle
simulation, and the residuals revealed that it was the longer-
time-scale data where the fit to experimental data was most
improved (Figure S12 in the Supporting Information). On
average, the hole hopped about 16 nm before encountering a
reduced compound. Because of the random nature of the walk,
a total distance of ~1800 nm would be reached if the path
could be directed in a single direction.

The (130 ns)™' hopping rate recovered has relevance to
photoelectrosynthetic water-splitting cells where accumulation
of oxidizing equivalents at catalytic sites is required.>*~>” In one
embodiment of such cells, the hole must hop to an oxidation
catalyst after excited-state injection. This hole hopping is
kinetically competitive with back electron transfer. At the
lowest irradiance conditions studied, and with an average
charge recombination rate constant of 2 X 10° s74 a single
oxidizing equivalent could circumnavigate a single nano-
crystallite once in search of a catalyst before recombination.
Unfortunate for this goal was the finding that charge
recombination occurred on the same time scale as did hole
hopping when every sensitizer had been oxidized by one
electron. In this case, back electron transfer and efficient
accumulation at a catalyst would not be expected. This finding
emphasizes the need to isolate the catalyst from the TiO,
surface for the realization of efficient photoelectrosynthetic
cells.

B CONCLUSIONS

The characterization of TiO, sensitized to visible light with
molecules possessing two redox-active groups has provided new
insights into the kinetics and thermodynamics of interfacial
electron and hole transfer reactions. The redox chemistry was
non-Nernstian, behavior reasonably attributed to the electric
field present at the interface, and accounted for the hole
transfer yields measured after pulsed laser excitation. The
charge recombination kinetics and the density of TiO, acceptor
states were the same for all of the sensitized materials that were
characterized, while the open-circuit photovoltage was largest
for the sensitizer that displayed the highest yield for hole
transfer, demonstrating the importance of the dipole moment
of the oxidized sensitizer. Finally, a novel photoinitiated
intermolecular hole transfer process occurred with a hole
hopping rate of (130 ns)™" that was sufficient to translate the
hole a considerable distance from the site of excited-state
injection, provided that the concentration of holes was small.

B ASSOCIATED CONTENT

© Supporting Information

Additional spectroelectrochemical data, molecular dipole mo-
ments, frontier molecular orbitals, charge recombination data,
ATR-FTIR results, V,. data, and y* analysis/residuals plot of
Monte Carlo simulations for lateral hole transfer reactions. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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