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ABSTRACT: Intermolecular self-exchange energy and electron-
transfer reactions occur without a loss of free energy. This behavior

iy "

can be exploited for energy-transport applications when molecules /DN EnT &
that undergo self-exchange transfer reactions are immobilized on a YN
solid support. This Article focuses upon lateral self-exchange 9 9
reactions and the relevant interfacial chemistry that occurs on the Q

mesoporous nanocrystalline (anatase) TiO, thin films that are e TiO,

commonly used in dye-sensitized solar cells. It has been known for

some time that all of the dye molecules (termed sensitizers) within

such thin films can be reversibly oxidized and reduced by lateral self-exchange electron transfer provided that the sensitizer
surface coverage exceeds a percolation threshold. Under conditions where excited-state electron injection into TiO, is unfavored,
lateral intermolecular energy-transfer reactions are also known to occur. The self-exchange rate constants have been quantified by
electrochemical, absorption, and/or time-resolved anisotropy techniques and understood within the framework of Marcus theory.
Such analysis reveals that the reorganization energy and the electronic coupling are sensitive to the identity of the molecular
compound. Time-resolved anisotropy measurements have shown that lateral charge and energy-transfer reactions across the
TiO, surface occur in kinetic competition with charge recombination and excited-state relaxation, respectively. The extent to
which lateral self-exchange reactions might be exploited for solar energy conversion applications is discussed, as are critical

fundamental issues that remain unresolved.

I. INTRODUCTION

Materials that transport charge or excited-state energy without
a loss in the Gibbs free energy are of considerable interest to
the growing scientific community that hope to identify
practically useful materials for solar energy conversion. Self-
exchange reactions transfer charge or excited-state energy from
one compound to another and yield products that are
equiva{er%t to the reactants, hence AG® = 0 for reactions 1
and 2.

Ru(bpy);>* + Ru(bpy);** — Ru(bpy);** + Ru(bpy);”*
(1)

Ru(bpy);™*" + Ru(bpy);™* — Ru(bpy),™" + Ru(bpy),™*"

@)
When related compounds have been linked to a solid oxide
surface, the corresponding self-exchange transfer reactions
provide a molecular basis for the transport of electrons, holes,
or excited-state energy laterally across the surface without free-
energy losses. For example, it was recently shown that after
excited-state dye-sensitized electron injection into TiO, the
oxidized dye that is formed “hops” away from the injection site
to neighboring dye molecules by self-exchange electron-transfer
reactions commonly referred to as “hole hopping” (Figure
1A)." When excited-state injection into TiO, is unfavored, the
excited state can instead transfer energy to a neighborin%
sensitizer providing a basis for energy transport (Figure lB).é’
While clear precedence for both reactions has been available for
some time, the full extent to which they can be exploited for
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Figure 1. (A) Excited-state electron injection by a sensitizer followed
by S*/° self-exchange hole hopping and (B) excited-state S*/° energy
transfer across the TiO, surface.

solar energy conversion remains unclear. What we think we
know, what we do not know, and what we would like to know
about such self-exchange reactions and the interfacial molecular
oxide chemistry relevant to them are the focus of this Invited
Feature Article.
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Self-exchange electron-transfer reactions such as that given in
eq 1 are now understood in considerable detail in
homogeneous fluid solution. Marcus theory for electron
transfer has been successfully utilized to quantify self-exchange
data and to predict the rate constants for cross-reactions that
involve a chemical and free-energy change.” The expressions
derived by Marcus are expressed in terms of energies rather
than free energies; however, this is not an issue for self-
exchange reactions because AS° (and AG®) are equal to zero. A
simplified one-dimensional diagram for a self-exchange reaction
is given in Figure 2. The self-exchange rate constant, k, is

Free Energy —»

Reaction Coordinate

Figure 2. One-dimensional free-energy surfaces for adiabatic (solid
lines) and nonadiabatic (dashed lines) self-exchange electrons or
energy transfer. The reorganization energy, 4, and the donor—acceptor
electronic coupling, H,p, are indicated. The Gibbs free energy change
for the reaction is zero as the reactant R and product P are equivalent.

dependent upon the temperature (T), the reorganization
energy (1), and the donor—acceptor electronic coupling

(Hap) (eq 3).

k= 2P exp| -
T Tkt P\ kT 3)

Immobilization on an oxide surface would be expected to
restrict molecular motions and the formation of the “encounter
complex” that precedes electron transfer in fluid solution.
Hence nonadiabatic electron transfer with even weaker
electronic coupling is expected for electron self-exchange of
molecules immobilized and site isolated on oxide surfaces, Hyg
< kT Adiabatic pathways may become operative under
conditions when the molecules aggregate.m One would also
anticipate that H,p could be controlled experimentally and
systematically by varying the surface coverage and hence the
intermolecular distance R over which self-exchange occurs.
While some evidence for this exists,"' systematic studies that
would enable the determination of a damping factor S are
unavailable; H,y = Hyp.exp[—f(R — R,)], where H,p, is the
electronic coupling at van der Waals separation R,. Almost all
studies to date have been performed at saturation surface
coverages where the sensitizers are generally assumed to be in
van der Waals contact.

The semiconducting nature of an oxide such as TiO, could
enhance H,y relative to sensitizers anchored to an insulating
oxide support, such as Al,O; or ZrO,. Comparative studies of
this type reveal that hole hopping is not grossly different yet is
not exactly the same, behavior that may result from the
experimental challenge of preparing mesoporous thin films of
different oxide materials that enable meaningful comparisons or
an indication that the oxide itself can mediate hole hopping." "'
It is simply unknown for mesoporous oxide materials that are

insulating in the dark. For highly doped intrinsic oxide materials
that are utilized as transparent conductive oxides (TCOs), such
as fluorine-doped tin oxide (FTO), there is no question that the
oxide itself can mediate electron transfer. Under conditions of
forward bias (negative applied potentials), TiO, becomes more
highly conductive and may indeed mediate self-exchange
reactions.’> However, most hole-hopping studies to date have
not been performed under such conditions. Indeed the state-of-
the-art data for hole hopping in mesoporous TiO, nanocrystal-
line (anatase, 10—20 nm diameter) thin films is completely
consistent with the conclusion that the S and S* charges (or $*
for energy transfer) remain confined within the molecular
frontier orbitals of the sensitizer.'* Testing this conclusion and
developing a better understanding of how doping and oxide
conductivity influence hole hopping represent areas ripe for
future research.

The normal partitioning of the reorganization energy as a
sum of inner- and outer-sphere contributions, 4 = 4, + 4,
requires further evaluation when sensitizers are anchored to
oxide surfaces. The surface atoms that interact with the
sensitizer could be viewed as part of the inner molecular sphere
(4;) or the outer sphere (1,). The asymmetry of the sensitizer—
TiO, interface also complicates the evaluation of A, The
sensitizer may be partially “solvated” by surface titanol groups,
water, and adsorbed surface ions as well as the external solvent/
electrolyte present in the mesopores. A recent study con-
strained /; to include only the sensitizer;'> everything else was
considered part of the outer sphere. Interestingly, these same
authors concluded that both Hyp and 4 for lateral hole hopping
were dependent upon the orientation of the frontier orbitals
and the chemical nature of the sensitizers."®

In this Feature Article, lateral intermolecular charge- and
energy-transfer self-exchange reactions that occur within the
mesoporous nanocrystalline (anatase) TiO, thin films
commonly used in dye-sensitized solar cells (DSSCs) are
highlighted. The Article is not meant to be an exhaustive review
but rather to provide an introduction to the field with some
illustrative examples that demonstrate their potential utility in
solar energy conversion and the need for continued
fundamental study. As the invitation from Langmuir demands,
the Article is focused mainly upon research from our own
laboratories; however, considerable effort was made to
appropriately cite the relevant literature. We begin with the
early observations that led researchers to conclude that lateral
self-exchange reactions were indeed occurring on the TiO,
surface along with some speculation about the interfacial
chemistry. A detailed summary of the current state of the art in
this field that reveals new directions for future research follows.
We conclude with unanswered questions important for
fundamental and applied research.

Il. EARLY EVIDENCE FOR SELF-EXCHANGE ENERGY
AND ELECTRON TRANSFER IN MESOPOROUS TIO,

Interfacial Chemistry. Our research at Johns Hopkins
University began in 1991, the same year that a key paper
appeared reporting the sol—gel synthesis of mesoporous TiO,
nanocrystalline (anatase, 10—20 nm diameter) thin films (5—10
um) for solar energy conversion applications.'® This sol—gel
chemistry differed from previous synthetic approaches in that
the titanium alkoxide hydrolysis and polycondensation
reactions were completed in fluid solution before (rather than
after) deposition on fluorine-doped tin oxide (FTO)
conductive substrates.'” The preparation of a colloidal solution

DOI: 10.1021/acs.langmuir.5b02129
Langmuir 2015, 31, 11164-11178


http://dx.doi.org/10.1021/acs.langmuir.5b02129

Langmuir

Invited Feature Article

that could later be deposited onto conductive substrates
provided reproducible mesoporous thin films with high
transparency in the visible and near-IR regions. Closely related
materials are now commercially available.

The TiO, thin films were sensitized to visible light with
Ru(Il) polypyridyl compounds that possess carboxylic acid
functional groups. A sensitizer that has been studied in
considerable detail is [Ru(bpy),(dcb)]**, where dcb is 4,4’
(CO,H),-2,2'-bipyridine. The surface functionalization is
performed at room temperature in organic solvents, most
commonly CH;CN or CH;CH,OH. Goodenough first
proposed that a dehydrative coupling reaction between the
carboxylic acid groups and surface titanol groups yields surface
ester linkages (Figure 3).'® It is worthwhile yet very humbling
to reflect upon what truly is known about this surface chemistry
and the molecular nature of the sensitized interface.
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Figure 3. Goodenough’s proposed dehydrative surface reaction for
anchoring a ruthenium sensitizer with a dcb (4,4'-(CO,H),-2,2'-
bipyridine) ligand to TiO,. Adapted with permission from ref 18.
Copyright 1979 Nature Publishing Group.

The identity of the surface linkage has been revealed most
successfully by attenuated total reflection infrared spectroscopy
(ATR-FTIR)."”*° Raman experiments performed in resonance
with the Ru — dcb MLCT absorption have failed to show
enhancements of the carboxylate groups, presumably because
they are orthogonal to the 7 system of the pyridine ring.”" Early
FTIR studies of Degussa P-25"* and acid-pretreated TiO,""
revealed an asymmetric CO stretch at 1730 cm™" attributed to
the presence of surface ester linkages or simply unreacted
carboxylic acids. In addition, a broad and more intense band
was observed at 1603 cm™, consistent with a C—O bond order
of 1.5 and the presence of carboxylate groups. It is clear from
many studies that carboxylate binding is the operative motif
with the DSSC processing conditions used today. The fate of
the carboxylic acid proton remains uncertain. In principle, the
energy separation between the symmetric and asymmetric C—
O stretches can provide more detailed information on the exact
nature of carboxylate coordination;*® however, at TiO,
interfaces it is not even possible to conclude confidently that
the carboxylates are coordinated to Ti metal centers.”' Indeed
the ATR-FTIR spectrum of the sensitizer is often found to be
insensitive to the identity of the oxide material. The
translational mobility and fluxionality of sensitizers anchored
to TiO, through carboxylates or other surface linkages remain
largely unknown and require more detailed study that is of

particular importance to understanding the self-exchange
reactivity. The observation of a percolation threshold and
anisotropy responses described below indicate that the
sensitizers do not reorient on a 107 to 10' s time scale
under some specific conditions.

Goodenough did not consider the surface functionalization
chemistry to be reversible. However, adsorption isotherm data
reported since for Ru(bpy),(dcb) /TiO, and related Ru(II)
compounds clearly demonstrated that the surface coverage
reached a limiting value when the solution concentration was
>3 x 107t M.21? ~26 Fits to the Langmuir adsorption isotherm
model provided estimates of the equilibrium constants that
ranged from K, = 10° to 10® M~! with saturation surface
coverages of 2 X 1078—8 X 107® mol/cm?. These coverages are
often asserted to correspond to that of a molecular monolayer;
however, such an assertion is difficult to prove experimentally
since the oxide surface area available to sensitizers is poorly
defined within these mesoporous thin films. Although the
sensitizer aggregation has been very well documented for
neutral organic dye molecules such as coumarins,”” there has
been vanishingly little spectroscopic evidence for this with Ru
polypyridyl sensitizers. We therefore speculate that [Ru-
(bpy),(dcb)]** (and other Ru(Il) sensitizers) are present on
TiO, in a monolayer or lower surface coverages. The average
number of Ru compounds on each anatase nanocrystallite can
be estimated through Beer’s law and gravimetric analysis of the
mesoporous thin films, typically providing values of about 400
+ 200 sensitizers per nanocrystallite with variations in porosity
and shape of the nanoparticles.”®”” Even with such a large
uncertainty, establishing the approximate stoichiometry is
useful in developing molecular-level descriptions of the
interface.

A curious aspect of the equilibrium binding was discovered
very early on. When sensitized thin films were placed back in
neat CH;CN, little to no surface desorption occurred over
periods of days. Such behavior was inconsistent with the
envisioned dynamic equilibrium implied by good fits of the
isotherm data to the Langmuir model. Our rationalization at
the time was that an initial equilibrium was established between
the protonated form of the sensitizer and the surface followed
by subsequent acid—base chemistry that yielded the carboxylate
form of the sensitizers. We now suspect that the entire interface
may reconstruct after sensitizer functionalization. The analo-
gous reactions with mesoporous ZnO thin films are known to
yield soluble Zn(II) carboxylate compounds,™ and it is
reasonable to believe that the less labile Ti(IV) ions remain
associated with the bulk solid. Studies where the TiO, was
pretreated with aqueous acid or base solution prior to
characterization in organic solvents, suggested the presence of
a hydrated surface layer wherein the TiO, acceptor states could
be tuned in energy'* much like the conduction band edge of
single-crystal rutile TiO, in aqueous solution.’’ In addition, a
recently discovered electroabsorption signature induced by
electrons injected into TiO, has provided new insights into the
dynamics of ion exchange at the interface that are most
consistent with cations inserting themselves between the
sensitizer and the crystalline TiO,.”>*> Taken together, this
data suggests the presence of a hydrated soft gel-like layer
between the molecular sensitizers from the hard ceramic bulk.

In summary, there exists precious little direct information on
the molecular nature of sensitizer—TiO, interfaces, but there is
growing, albeit indirect, evidence of an amorphous layer where
ions and solvent molecules can rapidly reorganize in response
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to external stimuli such as changes in the light intensity, applied
potential, or electrolyte composition. Therefore, although
Goodenough’s proposed surface chemistry and idealized
“cartoons” (such as that shown in Figure 3) imply a sharp
and well-defined TiO,—molecule interface, this may in fact
convey the wrong conceptual image. New in situ analytical
techniques that provide direct structural information on the
molecular interface are critically needed.

Electron Self-Exchange. In 1996, sensitized Ru-
(dmb),(LL)/TiO, films, where dmb is 4,4’-(CH,),-2,2'-
bipyridine and LL is 4-(CH;)-4'-(COOH)-2,2"-bipyridine, 4-
(CH,)-4'-((CH,);COOH)-2,2"-bipyridine, or 4-(CH;)-4'-
((CH,);-COCH,COOC,H;)-2,2'-bipyridine (bpy-acac), were
employed as the working electrodes in standard three-electrode
electrochemical cells. Surprisingly, quasi-reversible waves were
observed in cyclic voltammograms that were reasonably
assigned to the Ru"™" reductions.”* The electroactive surface
coverage at moderate 20—200 mV/s scan rates were at least a
factor of 10 larger than what could reasonably be attributed to
sensitizers anchored to the conductive FTO substrate. The
measured Ru™" reduction potentials were energetically within
the forbidden band gap of TiO,. Taken together, these
observations suggested that the high electroactive surface
coverages resulted from electron transfer initiated at the FTO
substrate that continued across the nanocrystalline TiO,
surface(s) by lateral self-exchange hole hopping. At the scan
rates employed only about 10% of the sensitizers were oxidized.

Quite independent of our own efforts, a landmark paper in
this area was reported by Bonhéte and co-workers in 1998.""
Remarkably, these scientists showed that within reasonable
experimental error all of the triaryl amine sensitizers within a
mesoporous TiO, thin film could be reversibly oxidized within
a few seconds after an applied potential step provided that the
sensitizer surface coverage exceeded a percolation threshold of
about 50% of the saturation value. Such a three-dimensional
percolation model is shown in Figure 4 for the first few

Figure 4. Charge percolation from the FTO substrate across the
surface of nanocrystalline oxide materials (light- and dark-blue
spheres) that comprise a mesoporous thin film. The red dots
represent surface-anchored sensitizer molecules. The yellow arrows
show one possible charge percolation pathway from the FTO substrate
to sensitizers at the top of the thin film.

sensitized ~20-nm-diameter TiO, nanocrystals on an FTO
substrate. The nanocrystals were sensitized to approximately
half the saturation surface coverage. The yellow arrows indicate
a hole-hopping percolation pathway from the FTO up though
the thin film. Note that the number of nearest-neighbor
hopping pathways was limited, demonstrating that the surface

coverage was just above the percolation threshold. At higher
surface coverages, additional pathways become operative.
Measurements in different electrolytes and as a function of
surface coverage revealed that self-exchange was dependent on
both the electron-transfer rate and the density of conducting
paths. Similar redox behavior was observed with insulating
AlO; nanoparticles providing evidence that the oxide band
structure was not an important variable for the self-exchange
reactions. These self-exchange reactions were quantified by
spectroelectrochemistry. Upon application of a potential step,
the color change that accompanied the sensitizer redox
chemistry was monitored spectroscopically on millisecond
time scales. An apparent diffusion rate constant D, was
abstracted from analysis with the Cottrell equation (eq 4),

0.5,0.5
24Dt

dn®® 4)

where AA is the time-dependent absorbance change, AA; is the
final absorbance change, and d is the film thickness. As is often
done today, the absorption (or current) change measured after
a potential step is plotted versus the square root of time in an
Anson plot. A typical Anson plot is shown in Figure 5. D
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Figure 5. Typical Anson plot of the potential induced absorption
change as a function of the square root of time. The red line is a linear
fit to the initial absorption change. The dashed black line indicates the
final absorbance change that reaches a steady state value.

abstracted from the slope of the initial linear region. Bonhote
and others since have found that it is generally possible to fit
more than two-thirds of the measured AA vs /% plot for
mesoporous TiO, thin films, although this likely depends upon
experimental details. As eq 4 is based upon a semi-infinite
diffusion boundary approximation and the mesoporous thin
film has a finite thickness, this model is valid only until the
“front” of oxidized molecules approaches the outer edge of the
thin film, after which time all of the sensitizers are completely
oxidized and the absorption change becomes time-independent.
The D, values have been directly related to the first-order
self-exchange rate constants, ky,, and the second-order rate
constant, k., with eq 5, where & is the equilibrium
intermolecular separation and hence the effective length of
the hop between sensitizers in the mesoporous thin film.>***

D = Kiog” K, C8
w5 6 (s)

Concentration C within the mesoporous thin films is ill-defined
as the sensitizers are surface confined on the TiO, nano-
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particles. The number of moles of redox-active sensitizers can
be determined experimentally through visible absorption or
coulometry measurements; however, the volume occupied is
uncertain due to the mesoporous structure of the thin film.
Some experimentalists utilize the entire volume of the thin film
to calculate an approximate concentration, and although these
values are of debatable use, they do enable comparisons with
solution self-exchange data that are typically reported in units of
M—l S_l.ll

Energy Self-Exchange. We were initially surprised to find
that visible light illumination of a Ru(bpy),(dcb)/TiO, thin
film immersed in neat CH3;CN resulted in intense photo-
luminescence (PL) from long-lived metal-to-ligand charge
transfer (MLCT) excited states.’® Ultrafast excited-state
injection was well documented and expected in the late
1990s”” but clearly did not occur efficiently at the sensitized
Ru(bpy),(dcb)/TiO, interface under these experimental
conditions. Later studies revealed that Li* cations present in
the external acetonitrile electrolyte promoted excited-state
injection with yields close to unity for [Li*] > 0.1 M.** Other
alkali and alkaline earth cations displayed similar behavior in a
manner consistent with the size-to-charge ratio of the cation. In
the absence of these so-called potential-determining ions the
MLCT excited state of Ru(bpy),(dcb)*/TiO, was remarkably
similar to that of the carboxylate form of the sensitizer in fluid
solution. However, the relaxation mechanism was dramatically
different on TiO,, particularly at high surface coverages when a
large number of excited states were present.

At low excitation irradiances the Ru(bpy),(dcb)***/TiO,
excited-state decay followed a first-order kinetic model with
lifetimes that were very comparable to that measured in fluid
CH;CN, 7 = 0.8 & 0.2 ps. At higher irradiances where greater
than one excited state was formed on each TiO, nanocrystallite,
excited-state relaxation was second-order, consistent with a
triplet—triplet excited-state annihilation reaction. With inter-
mediate irradiances, excited-state relaxation was well described
by a parallel first- and second-order kinetic model.® While a
distribution of rate constants might have been expected in such
a heterogeneous environment, dispersive excited-state relaxa-
tion kinetics were not required to accurately model the data.
Taken together, the kinetic data indicated that the close
proximity of the molecular sensitizers promoted rapid
intermolecular energy transfer self-exchange until excited-state
relaxation occurs or two excited states encounter one another
and annihilate. Interestingly, the second-order pathway was not
observed for Os(bpy),(dcb)*/TiO, under the same exper-
imental conditions,”” presumably because nonradiative decay
from the relatively short-lived (7 = 50 ns) excited-state lifetime
competed kinetically with self-exchange, thereby lowering the
number of hops and the likelihood that two excited states
would encounter one another. This observation provided some
qualitative insights into energy-transfer dynamics, and the
kinetic data provided the first evidence that lateral self-exchange
energy transfer was operative in these mesoporous thin film
materials.

As the second-order annihilation reaction occurred in parallel
with first-order radiative and nonradiative decay, it was not
obvious how one would quantify the fraction of excited states
that decayed through each pathway. A visual inspection of the
temporal data revealed that the second-order pathway was most
prevalent at short observation times (when the number of
excited states was large) and unimolecular relaxation was
dominant when the number of excited states was small (at long

observation times). An analytical model was derived that
enabled the fraction of excited states that relaxed through each
pathway to be determined from the time-resolved absorption
data.’® As would be intuitively expected, the fraction of excited
states that followed the second-order pathway increased with
the sensitz(er surface coverage and with the number of excited
states formed by pulsed light excitation.

Studies with sensitized films that contained both Ru-
(bpy),(dcb)** and Os(bpy),(dcb)** provided the first direct
spectroscopic evidence that lateral energy transfer occurred in
these sensitized thin films (Figure 6).”? Energy transfer from
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Figure 6. Excited-state electron injection (left) was favored in 0.1 M
Li*, and lateral energy transfer (right) was favored in TBA* acetonitrile
electrolytes. Adapted with permission from ref 7. Copyright 1999
American Chemical Society.

Ru(bpy),(dcb)*/TiO, to Os(bpy),(dcb)/TiO, was energeti-
cally favored by about 400 meV and occurred with quantum
yields near unity when thin films were sensitized with 1:1 Os/
Ru sensitizer ratios at saturation surface coverages. The energy-
transfer yields were not particularly sensitive to the identity of
the solvent that surrounded the thin films (THF, CH,CN,
hexanes, or CCl,), implying a small contribution from the
outer-sphere reorganization energy.”” When the number of
Os(bpy),(dcb)** compounds was much less than that for
Ru(bpy),(dcb)*", the appearance of energy-transfer product
Os(bpy),(dcb)*/TiO, was rate limited by lateral Ru-
(bpy),(dcb)*/TiO, + Ru(bpy),(dcb)/TiO, — self-exchange.
Dexter energy transfer occurs by a double-electron-exchange
mechanism, and Marcus theory predicted a self-exchange rate
constant of 2 X 10" s7' at saturation surface coverages. The
reorganization energy was abstracted from a Franck—Condon
line shape analysis of the corrected photoluminescence spectra,
A = 0.34 eV, under the assumption of an optimal frequency
factor of 10" s7%,

Simulations of lateral self-exchange reactions are inherently
complicated by necessary assumptions about packing densities,
intermolecular distances, and heterogeneity. Initial simulations
were based on an ideal 32 X 32 planar array of close-packed
sensitizers with four (primitive) or six (hexagonal) nearest
neighbors with a circular boundary condition that translated
excited states that hopped “off” the array to the opposite side
where they continued their random walk.** The modeling
suggested that the hexagonal packing of sensitizers gave better
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fits to the experimental data than did the primitive arrange-
ment. The agreement between simulated and experimental data
was poor when >10% of the ground states were converted to
excited states, behavior attributed to the finite probability that
the laser pulse created two excited states adjacent to one
another that could annihilate without first undergoing lateral
self-exchange.”

The Monte Carlo simulations utilized today employ spherical
TiO, nanocrystallites with sensitizers arranged at van der Waals
separation.” The initial distribution of excited states (or
oxidized sensitizers for hole-hopping self-exchange) is ran-
domly selected, and the probability for hopping to any other
sensitizer is calculated using the degeneracy of each hop with an
exponential decrease in Hyy with 8 equal to 1 A™". After each
hop the sensitizers are repacked in a hexagonal array, and this
process is repeated for a given number of iterations,
corresponding to the amount of time until a simulated decay
is generated. Minimization of synthetic decays with respect to
experiment is then performed with the nearest-neighbor
hopping rate constant as the only adjustable parameter. Such
modeling has provided an energy-transfer hopping rate of (120
ns) " that includes the nearest-neighbor degeneracy and hence
ke = (710 ns)™"' for a single self-exchange energy-transfer
reaction such as that depicted in eq 2.°

lll. DIRECT EVIDENCE FOR SELF-EXCHANGE ENERGY
AND ELECTRON TRANSFER IN MESOPOROUS TIO,

Thermal Self-Exchange Electron Transfer. An unex-
pected cation dependence for Ru™" self-exchange was
observed for Ru(bpy),(dcb)/TiO, (or ZrO,) under conditions
where the oxide thin film had been pretreated with aqueous
acid or base solutions prior to surface functionalization and
characterization in CH;CN electrolytes."* Cyclic voltammo-
grams showed negligible Ru™" redox chemistry for base-
pretreated Ru(bpy),(dcb)/TiO, in 0.1 M TBACIO, CH;CN
electrolyte. Interestingly, these same materials displayed
significant self-exchange when LiClO, was used in place of
TBACIOQ, as the electrolyte. The presence of Li* cations led to
some surface desorption, suggesting that translational mobility
across the TiO, surface accounted for the enhanced self-
exchange. More recent anisotropy studies described below
provide an alternative explanation: Lewis acid cations lower the
work terms for electron-transfer self-exchange.” In bimolecular
redox chemistry in fluid solution the work terms are
predominately Coulombic when charged molecules are brought
together to form a precursor complex before self-exchange. The
restricted translational mobility of sensitizers on mesoporous
oxide thin films certainly alters the structure of the precursor
complex, and the work terms may involve the motion of surface
atoms and/or ions as well as the sensitizer.

Tripodal ruthenium polypyridyl compounds developed by
the Galoppini group provided an outstanding opportunity to
investigate whether the proximity of the metal center with
respect to the interface influenced lateral Ru"™" self-
exchange.”® In one particular study, a tripodal ligand fixed the
ruthenium centers about 17 A from the surface-anchoring
carboxylic acid groups (Figure 7). A comparative self-exchange
study with Ru(bpy),(dcb)/TiO, revealed D,,, values that were,
within experimental error, the same as that measured for the
tripodal sensitizer. Hence there was no evidence that the
tripodal structure influenced Ru™" self-exchange. As the
footprint of the tripod on the TiO, surface was expected to
be about the same size as the Ru trisbiypridyl chelate, the Ru—

>N--Ru(bpy), (PFg);

Figure 7. Molecular structure of a tripodal ruthenium compound.

Ru intermolecular distance was expected to be approximately
the same for both sensitizers, and this probably underlies the
observed behavior. The data indicate that the proximity of the
redox-active Ru"™" to the oxide surface was not an important
experimental consideration and suggested that the TiO, surface
did not contribute significantly to the total reorganization
energy for self-exchange. Recent theoretical calculations suggest
otherwise.*’

Self-exchange studies of Ru(bpy),(dcbq)/TiO,, where dcbq
is 4,4’-(CO,H),-2,2"-biquinoline, were of particular interest as
two separate redox equilibria could be quantified."”*' One was
a Ru"™" exchange localized on the d orbitals (ty/ty). The
second was [Ru(bpy),(dcbq”")]**/* reduction that involved
the 7 and 7* orbitals of the coordinated dcbq ligand. Note that
the corresponding reduction with dcb-containing sensitizers
was not easily observed experimentally due to the presence of
the large currents and absorption changes associated with the
direct reduction of TiO,. The dcbq ligand is considerably more
easily reduced and occurred before significant TiO, reduction
provided that no potential-determining cations were present in
the CH;CN electrolyte. Chronoabsorptometry studies revealed
that DaPP(Ru(dcbqO/_)) = (3.3 £ 0.3) X 10™® cm?/s was more
than 10-fold larger than D,,,(Ru"™""(dcbq)) = (2 + 1) x 10~°
cm?/s. The very different self-exchange rate constants for the
two processes were attributed to the fact that the dcbq #*
orbitals were energetically proximate to the redox active states
in TiO, while the Ru"™" reduction potentials were over 1 eV
more positive. It was therefore concluded that the conduction
band of TiO, mediated the Ru(dcbq” ™) self-exchange reaction.
In retrospect, the term “conduction band” was unfortunate as it
was unclear whether the redox active states in TiO, were
conduction band electrons or electrons trapped in surface states
(perhaps as localized Ti(IIl) states) residing energetically
within the forbidden energy gap; however, a more recent study
indicated that conduction band electrons were indeed
involved.” In any event, the data provided evidence that the
redox active states in TiO, were important to the Ru(dcbq” ™)
self-exchange. The reduction of the coordinated dcbq ligand
occurred at more positive potentials than does TiO, reduction
such that electrons injected into TiO, from vibrationally hot
excited states were trapped on ground-state sensitizers,
producing long-lived states that recombined through self-
exchange reactions that are described further below.

Interestingly, the reduction of [Ru(bpy),(dcbq)]**/TiO, was
kinetically much slower than was the subsequent oxidation of
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Table 1. Summary of TiO, Surface-Immobilized Dye Self-Exchange Data Available in the Literature

sensitizer” electrolyte”
[Os(dcb) (bpy),]1** 0.1 M TBAPF¢/CH;CN
[Ru(dcb)(bpy),]** 0.1 M TBAPF;/CH,;CN
[MeOTPA-PO;Na,]* EtMeIm*Tf2N"/CH,CN (1:1)
[PMI-T2-TPA-COOH] EMITESI
Ru(dcb)(dnb)(NCS), 0.1 M EMITESI/CH,CN
EMITESI
Ru(dcb)(dmb)(NCS), 0.1 M TBAPF¢/CH,CN
EMITESI
Ru(dcb)(dmb)(CN), 0.1 M TBAPF,/CH;CN
EMITESI
[Ru(dcb)(dmb),]* 0.1 M TBAPF/CH,CN
[Ru(dcb),(dtdbpy)]** 0.1 M EMITESI/CH,CN
[Ru(bpy),(dcbq)]* 0.1 M TBACIO,/CH,CN

N621 (Ru(dcb)(dtdbpy)(NCS),)
HW456 (Ru(dcb)(BVTPAbpy)(NCS),)
C1 (Ru(OMeTPA-OMepbpy)(H,tctpy))
CS (Ru(OMeTPA-CF;pbpy)(H,tctpy))
Ru(dcb)(dnb)(NCS),
Ru(dcb)(dmb)(NCS),

D131 (organic indoline)

D149(organic indoline)

TT-1(ZnPc)

TT-35(RuPc)

A2(RuPc)

AS(RuPc)

0.1 M TBACIO,/CH,CN
0.5 M LiClO,/CH,CN

0.1 M TBAPF,/CH,CN

redox center D, (ecm®/s) technique® reference
Os'Vt 14 x 107° CA 42
Ru™I 8 x 107 CA 43
MeOTPA*° 1.1 x 1077 CA 11
TPA™? 22 %1078 CA 12
Ru(NCS)"/1 4.1 % 107 cC 44

1.5 x 107° Ccv
Ru(NCS)™ 114 x 107° IS

3.8 x 107 Ccv
Ry 1.9 x 107° IS

0.09 x 107~° Ccv

Ru!/1t 0.3 % 107 Ccv
Ryt 0.02 X 107° Ccv
Ru'/1t 33%x 1078 CA 41
Ru(dcbq”") 2% 107°
Ru'V/1t 12 x 107° CA 45
TPA*® 26 % 1078
RuV! 63 x 107° CA 46
MeOTPA*/® 1.3 x 1078
Ru!! 2.0 x 107¢ Ccv 15
RuIII/II 35 X 10—8
indoline*/® 2.8 X 1078
indoline*/® 27 X 1078
pct/0 0.39 x 1078
pet/o 3.9 % 107°
pct/° 1.7 x 1078
pct/o 1.3 x 107°

“Sensitizer studied where dcb is 4,4’-(CO,H),-2,2"-bipyridine, dmb is 4,4’-(CH,),-2,2-bipyridine, dnb is 4,4’-(nonyl),-2,2'-bipyridine, dtdbpy is
4,4’ -ditridecyl-2,2'-bipyridine, TPA is triphenyl amine, PMI is perylenemonoimide, T2 is bithiophene, dcbq is 4,4'-dicarboxylic acid-2,2'-biquinoline,
BVTPAbpy is 2,2'-bipyridyl-4,4'-bis(vinyltriphenylamine), pbpy is 6-phenyl-2,2’-bipyridine, H,tctpy is 4,4',4'-tricarboxy-2,2":6',2"-terpyridine, and
Pc is phthalocyanines. “Electrolyte used where TBA is tetra-n-butyl ammonium, EtMelm*Tf2N~ is 1-ethyl-2-methylimidazolium
bis(trifluoromethylsulfonyl)imide, and EMITFSI is 1l-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide. “Techniques employed
include chronoabsorptometry (CA), chronocoulometry (CC), cyclic voltammetry (CV), and impedance spectroscopy (IS).

[Ru(bpy),(dcbq™)]*/TiO,. Similar rectification was observed
for an unsensitized thin film where the blue-black color that
accompanied TiO, reduction appeared slowly yet disappeared
quickly when the potential was stepped to more positive
values."” This observation suggested that the reduction of the
dcbq ligand was rate-limited by electron transport in TiO, and
occurred only after some fraction of the TiO, had already been
reduced.

Later studies utilized a naturally occurring hemin that
displayed an Fe™" reduction potential about 300 mV more
positive than that of [Ru(bpy),(dcbq®”™)]**/*."> The large
extinction coeflicient of hemin enabled spectroscopic measure-
ments at ~1/100 the saturation surface coverages, yet no
percolation threshold was observed, indicating that the redox
chemistry was indeed mediated by the TiO,. It was found that
the reduction of Fe™ to Fe' was much faster than the
subsequent oxidation of Fe back to Fe'. Hence the
rectification was in the opposite direction to that observed
for [Ru(bpy),(dcbq”~)]***. Since it was thermodynamically
downhill for the electrons in TiO, to reduce Fe'™ to Fe'!, unlike
the reduction of [Ru(bpy),(dcbq)]**, the kinetics were not
limited by the need to build up a concentration of trapped
electrons. When the potential was stepped back to oxidize
heme back to hemin (Fe'' — Fe), the electrons in TiO, were
quickly abstracted, and since the Fe™™ reduction potential was
sufficiently below that of the unfilled TiO, acceptor states, they
remained trapped in their oxidized forms. In principle, if all of
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the TiO, surface states energetically proximate to the Fe™"

reduction potential were absent and the surface coverage was
below the percolation threshold, then the oxidized hemes
would remain trapped on TiO, indefinitely. In practice, the
redox chemistry took minutes to complete.

The rectification behavior appears to be limited to cases
where the semiconductor mediates charge transfer through the
direct involvement of TiO, trap and/or conduction band states
and is absent for those that have formal reduction potentials of
>0.5 V vs NHE."” Spectroelectrochemical studies have revealed
no evidence of surface states within the anatase TiO, thin films
at these positive potentials. Presumably if one were able to
control the self-exchange reactivity at very positive applied
potentials the valence band states could be accessed. With
amorphous TiO, thin films deposited by atomic layer
deposition, a recent study indicates that surface states can
mediate hole transfer reactions at the potentials relevant to
water oxidation, > 1.23 V vs NHE.* High levels of n-type
doping can produce degenerate oxide materials, where the
Fermi level is within the metal oxide conduction band, resulting
in metal-like behavior utilized as transparent conductive oxides,
TCOs, for a variety of applications."”*’ In single-crystal rutile
photoelectrochemistry under forward bias conditions, it is well
documented that the partially reduced TiO, begins to behave
very much like a metallic electrode, and at a negative applied
potential, the mesoporous anatase TiO, thin film appears to
behave similarly. Reversible redox chemistry has been reported
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in cyclic voltammograms for example.”" Collectively, this data
shows that different TiO, preparations, doping levels, and/or
applied potentials can produce redox active states in the
material that must be taken into account for self-exchange
studies.

Self-exchange reactions that have been reported in the
literature are given in Table 1. The range of Dy, values for hole
hopping is from 3 X 10~ to 1 X 1077 cm?/s. The tabulated data
are for cases where self-exchange is the only mechanism
involved; i.e., there was no evidence of mediation by the oxide
material itself. While comparison between different references
should be done with caution, it appears that TPA*/® self-
exchange is 1 to 2 orders of magnitude faster than Ru"™" self-
exchange.

An issue that concerns lateral hole hopping is the assertion in
the Introduction and throughout the text that self-exchange
electron transfer occurs with AG® = 0 in these mesoporous
TiO, thin films. Heterogeneity may induce a distribution of
sensitizer environments with a corresponding distribution of
reduction potentials that could provide a free-energy gradient
for self-exchange. The factors that control redox equilibrium at
molecular oxide interfaces remain relatively poorly understood.
Indeed molecular redox chemistry at these interfaces often does
not obey the Nernst equation. The same spectroelectrochem-
ical measurements that provide kinetic information on lateral
hole hopping have also been performed under steady-state
conditions to quantify this redox equilibria. In such experi-
ments, the quasi-Fermi level of the mesoporous film is
controlled with an applied bias, and absorption spectra are
measured in the visible and near-infrared regions. The spectral
data is reformulated as a chemical capacitance. An example is
shown in Figure 8 for the indicated sensitizer that has a Ru/!
and a triphenyl amine, TPA*/?, redox reactivity.52 The peak of
the distributions corresponds to the equilibrium potential at
which equal concentrations of the two redox states are present
and is taken as a measure of the formal reduction potential.

Chemical Capacitance / mF cm?
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Figure 8. Interfacial energetics for the indicated sensitized mesoporous
TiO, thin film. Note that this sensitizer displays Ru/"! and TPA*/°
redox activity. Adapted with permission from ref 52. Copyright 2012
American Chemical Society.
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While the capacitance distributions corresponding to the
Ru"™" and TPA*"° redox equilibria appear to be Gaussian, they
are not.”” A useful analytical expression introduces a nonideality
factor into the Nernst equation that is given in eq 6, where 6 is
the cumulative fraction of molecules in a given redox state, E° is
the formal reduction potential, and a is the nonideality factor.
When a is unity, Nernstian behavior results, and a 59 mV
change in applied potential, E,,,, will give rise to an order-of-
magnitude change in concentration for a single electron transfer
at room temperature.

1
—E°/ax59 mV

o(E

o) 1+ 10" (6)
For the data shown in Figure 8, a = 1.3 & 0.1 for the Ru//1
process and a = 1.1 + 0.1 for the triphenyl amine redox
chemistry.>* The TPA group is expected to be further from the
surface, and its more ideal redox behavior gives credence to the
idea that the nonideality originates from the TiO,. In a recent
study with a cobalt porphyrin, the Co™" redox chemistry
behaved more ideally than did Co™.>* Such behavior was not
easily rationalized with a model wherein intermolecular
interactions influence the reduction potentials of catalysts that
have not yet been reduced, ie., Frumkin behavior. This was
further corroborated by the fact that both the ideality factors
and the formal reduction potentials were practically surface-
coverage-independent. Furthermore, while an underlying
Gaussian distribution of energy states may induce a normal
distribution of redox potentials and hence nonunity ideality
factors, this would require very different distributions for the
same compound. Cobalt porphyrins prefer coordination
numbers of 4, 5, and 6 when in the formal oxidation states of
I, II, and III, respectively; however, this coordination chemistry
was not believed to be the main contributor to the nonideality.
Analysis in LiClO, provided fractional potential drops of only
~15% for Co™™ which was noticeably larger for the Co™"
equilibrium, ~ 45%. The Co"™' redox chemistry occurred at
potentials where TiO, reduction also occurred, and this was
thought to be the origin of the large potential drop. The ideality
factors and hence applied potential drops were found to be
invariant with the surface coverage.

In summary, the close inspection of redox equilibrium at
sensitized TiO, interfaces often reveals non-Nernstian behavior
that raises significant questions about the true formal reduction
potentials and the origin(s) of the nonideal behavior. Models
based on distributions of formal reduction potentials,”*
intermolecular interactions (i.e., Frumkin-like behavior),” and
electric field effects®® have been broadly invoked to model the
observed data with a variety of electrode materials. At TiO,
interfaces, the electric field contributions appear to be most
significant; however, the number of experimental studies
remains quite limited and deserves further study.***®

Light-Driven Self-Exchange. There have been several
occasions where lateral self-exchange reactions were initiated
with light. An early example occurred when Ru(bpy),(dcbq)/
TiO, (and related biquinoline-containing sensitizers) was
excited with pulsed light*”” A very longlived transient
species was discovered that returned to ground-state products
on a tens of seconds time scale. Indeed, the return to ground-
state products was so slow that it could be monitored in a
standard UV—vis spectrometer. Spectral analysis revealed that
the long-lived transients were due to the presence of
Ru™(bpy),(dcbq)/TiO, and Ru(bpy),(dcbq™)/TiO, in equal

concentrations. A model was proposed wherein excited-state
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Figure 9. Lateral Ru" and dcbq"/~ self-exchange reactions of Ru"(bpy),(dcbq)/TiO, after light excitation: (1) electron injection, (2) electron
trapping, and (3) self-exchange hole hopping to form a close encounter of Ru(bpy),(dcbq) and Ru"(bpy),(dcbq™). Adapted with permission from

ref 41. Copyright 2006 American Chemical Society.

injection occurred with a rate constant of k;; > 10% s7! from
vibrationally hot (upper) excited states followed by rapid
trapping of the injected electron by a ground-state sensitizer
with a rate constant of ky,, (Figure 9). Recall that in the
absence of potential-determining cations the dcbq ligand is
reduced before TiO, such that it is thermodynamically
favorable for an injected electron to reduce a ground-state
sensitizer. The recombination mechanism was asserted to be
rate-limited by lateral self-exchange until a close encounter with
the oxidized and reduced forms enabled electron transfer to
yield ground-state products. The kinetics were well modeled by
a stretched exponential function that yielded a rate constant of
ke = (8 +5) X 10°s™" and f = 0.25 + 0.0, corresponding to a
Levy distribution of rate constants that was so broad that they
were of questionable value. The Ru™(dcbq) (bpy),/TiO, +
Ru(dcbq™) (bpy),/TiO, reaction occurred with a driving force
larger than that stored in the thermally equilibrated excited
state. Hence, the rapid trapping of electrons injected from
upper excited states is relevant toward exceeding the well-
known Schockly—Queisser limit. Intermolecular electron trans-
fer formally occurs from an electron localized on a dcbq ligand
to the Ru™ d orbitals. This could yield two ground-state
sensitizers. However, for Ru(bpy);*"* the corresponding
reaction occurs so deeply in the Marcus kinetic inverted region
that instead an MLCT excited state and a ground state are
formed, providing the basis for many electroluminescence
assays.”* " Efforts to observe the delayed photoluminescence
that would result from self-exchange charge transfer followed
by electron transfer to yield an MLCT excited state are
continuing yet remain elusive at these TiO, interfaces.

While the above example produced charge-separated states
that stored more free energy than did the excited state and was
hence of relevance to the Shockley—Queisser limit, the
quantum yields for their formation were very low, ¢ < 0.0S.
Under the conditions where this behavior was observed, the
thermally equilibrated excited state did not inject electrons, and
the low yields were due to inefficient injection from upper
excited states. Bignozzi and his group circumvented this issue
by identifying conditions under which the equilibrated excited
state of sensitizer [Ru(dcb),(CN),] was quantitatively injected
into TiO,.°" A mixed-valence electron acceptor [(ina)-
Ru™(NH;),(NC)Ru"(CN),]™, where ina is pyridine-4-carbox-
ylic (isonicotinic) acid, was coanchored to the surface at about
25% of the saturation surface coverage. After steady-state
illumination, recombination of the oxidized sensitizer and the

reduced acceptor required around 80 min. Maintaining the
mixed-valence acceptor’s surface coverage below the percola-
tion threshold helped to ensure that the predominant self-
exchange pathway was by [Ru™(dcb),(CN),]*° hole
hopping. There was some evidence that superoxide acted as a
mobile electron shuttle that facilitated charge recombination.
When the sensitized thin film was coated with poly(methyl
methacrylate) (PMMA), recombination was inhibited and
required more than 36 h. The intense color changes that
accompanied this redox chemistry may have application as
photochromic materials.

The previously described Ru carbene sensitizers with a
pendent triphenyl amine (TPA) group have provided new
opportunities for the study of light-driven self-exchange
reactions.”® The Ru™" and TPA*/° reduction potentials can
be independently tuned such that either the metal center or the
TPA group was oxidized more easily. Light excitation of a
sensitized thin film where the ruthenium center of every
sensitizer within the thin film was completely oxidized, TPA-
Ru™/TiO,, resulted in rapid “remote” excited-state injection,
kin > 10% 57! to yield TPA*-Ru™/TiO,(e”). The large number
of Ru™ acceptors on the surface resulted in rapid back electron
transfer to yield a fully reduced sensitizer, i.e., TPA-Ru"/TiO,,
that was present in equal numbers with the fully oxidized
sensitizers. This state stored about 120 meV of free energy and
recombined by lateral self-exchange on a 1073—107° s time
scale. Computational modeling of self-exchange reactions was
accomplished with a 3 X 3 X 3 array of anatase nanocrystallites
with saturation sensitizer surface coverage. Monte Carlo
simulation was carried out to model the kinetics of the lateral
self-exchange reaction of TPA-Ru"/TiO, + TPA*-Ru"/TiO,
— 2TPA-Ru™/TiO,. The excitation intensity was varied so that
the average number of electron (TPA-Ru'/TiO,) and hole
(TPA*-Ru"/Ti0,) pairs per TiO, nanoparticle created by the
laser pulse was one to five (Figure 10). An average hopping rate
of (130 ns)™' was abstracted, indicating that on average an
electron or hole could circumnavigate a single TiO, nanocrystal
once before charge recombination.

In a light-driven electron self-exchange reaction on a p-type
semiconductor, NiO was also observed by Gardner and co-
workers in an attempt to accumulate two reducing equivalents
on a catalyst.”” An excited coumarin-343 dye was injected into a
hole in NiO upon visible-light excitation. The reduced
coumarin transferred electrons to neighboring dye molecules
until it encountered a coadsorbed catalyst where reduction was
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Figure 10. Monte Carlo simulations of a 3 X 3 X 3 nanocrystal array
of absorption transients corresponding to hole hopping at five different
initial concentrations (A) and experimental data with overlaid array
simulations (B). Adapted with permission from ref 46. Copyright 2014
American Chemical Society.

favored by ~500 meV. The charge-separated state that was
formed had a lifetime of up to 100 ys. Rapid hole hopping away
from the injection site was hypothesized to be critically
important for eflicient catalyst activation.

Transient Anisotropy. Excited-state injection from a
sensitizer into TiO, is known to occur on ultrafast time scales
under many different experimental conditions.”> The question
of whether the oxidized sensitizer remained “glued” to the
injection site or could hop away by lateral self-exchange was
addressed recently by time-resolved absorption anisotropy. The
anisotropy experiment is most easily described with the aid of
an idealized TiO, nanocrystallite with the surface-anchored Ru
polypyridyl sensitizer’s lowest-energy charge-transfer transition
dipole moment depicted by singly degenerate vectors (blue
arrows) (Figure 11).° An anisotropic molecular subpopulation
is generated by photoselection of the surface-anchored
sensitizers with vertically polarized laser excitation. The
magnitude of the overlap between the molecular transition
dipole moments and the polarization vector of the excitation
light (polarized vertically and propagating in the plane of the
page) is depicted as thick brown arrows, where £ is the
extinction coefficient measured in isotropic fluid solution. This
figure illustrates that sensitizers positioned closer to the north
and south poles of each nanocrystallite are preferentially
photoexcited relative to those near the equator. The photo-
selected transition dipole moments in the laboratory frame of
reference are expected to move little due to molecular or
nanocrystallite diffusion; however, the detected transition
dipole moments will change for sensitizers that participate in
lateral self-exchange reactions.

Significant anisotropy was observed in the time-resolved
absorption and photoluminescence of Ru(dcb) (dtb),/TiO,,
where dtb is 4,4’-(tert-butyl),-2,2'-bipyridine, due to lateral self-

Figure 11. Depiction of the anisotropy experiment with a sensitized
TiO, nanocrystallite under vertically polarized light excitation. The
blue arrows indicate the sensitizer’s lowest-energy charge-transfer
dipole moment, and the magnitude of the overlap between the dipole
moment and the excitation polarization vector is given with dark-
brown arrows, where ¢ is the absorption coefficient measured in fluid
solution. Adapted with permission from ref 5. Copyright 2011
American Chemical Society.

exchange reactions across the TiO, surface.” The assignment to
lateral self-exchange was supported by surface coverage and
temperature studies, but the following observation was the
most compelling. Under conditions where the excited-state
injection yield was less than unity, the anisotropy decays
associated with energy and hole hopping on the same sensitized
thin film occurred at drastically different rates. If the anisotropy
changes were due to translation/rotation of the sensitizers, then
one would expect that the excited state and the oxidized state
would do so at nearly identical rates, contrary to what was
observed experimentally. An approximate order-of-magnitude
difference in the correlation time () between self-exchange
energy- and hole-transfer reactions was measured. For example,
after light excitation of Ru(dcb) (dtb),/TiO,, Oy = 3.3 us and
0y, = 17 us. The temperature dependence for energy transfer
self-exchange was negligibly small over a 77—-283 K range,
further indicating that translational mobility of the sensitizers
did not underlie the observed loss in anisotropy.

With pulsed-laser excitation, anisotropy measurements
provide kinetic information on self-exchange dynamics on
very short time scales. An advantage of the anisotropy
measurements over the electrochemical methods is that an
external electrolyte is not needed and lateral hole-hopping
dynamics can therefore be quantified for a wider range of
experimental conditions. A difference between the two methods
is that the spectroscopic approach reports on self-exchange
under conditions where competitive TiO,(e”) — S* back
electron transfer is operative. The presence of injected electrons
polarizes the interface, and this may significantly influence the
lateral self-exchange reactivity from that measured in the dark.
The anisotropy approach is also amenable to all sensitizers
capable of excited-state injection, including organic dyes and
transition-metal compounds based on Cu! Ru"™" and FeI
as well as the newly discovered Co"! compounds.®*
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Interestingly, the anisotropy decay for Ru(dtb),(dcb)/TiO,
was absent in neat CH3;CN but was clearly observed when the
concentration of LiClO, in acetonitrile exceeded about 10 mM.
In contrast, significant self-exchange was evident for cis-
Ru(dnb) (dcb) (NCS), (Z907), where dnb is 4,4'-dinonyl-
2,2'-bipyridyl, whether an electrolyte was present or not. It was
postulated that ion compensation was necessary for dicationic
[Ru(dtb),(dcb)]*" whereas it was not as important for neutral
7907 even though it was appreciated that the carboxylic acid
groups were present as carboxylates on the TiO, surface.

Time-resolved anisotropy data for two widely studied
sensitizers, Z907/TiO, and cis-Ru(dcb),(NCS), (N3/Ti0,),
were quantified and are shown in Figure 12. Density functional
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Figure 12. Transient absorption difference magic-angle (left axis) and
anisotropy (right axis) changes for cis-Ru(dnb) (dcb) (NCS),/TiO,
(black, solid) and cis-Ru(dcb),(NCS),/TiO, thin films immersed in
neat acetonitrile monitored at 465 nm after pulsed laser excitation.
Overlaid in green on the anisotropy kinetics are fits to a stretched
exponential function. Reprinted in part with permission from ref S.
Copyright 2011 American Chemical Society.

theory provided evidence that the highest occupied molecular
orbital (HOMO) had both Ru and NCS™ character such that
significant electron density was lost from the sulfur atom when
these sensitizers were oxidized.”> Within the charge recombi-
nation time window, Z907/TiO, showed complete anisotropy
decay with highly skewed kinetics that were well described by
the stretched exponential function from which an average hole-
hopping correlation time of 9.6 us was abstracted. However,
little to no anisotropy decay was observed for N3/TiO, over
the same time. A faster hole-hopping rate for Z907/TiO,
relative to that for N3/TiO, was consistent with reports by
Wang and co-workers, who implicated the surface orientation
of the cis-Ru(NCS), core as a key parameter.”* Computational
studies combined with FTIR data indicated that N3 was
anchored to TiO, through one carboxylate group from each
dcb ligand; such surface binding resulted in poor intermolecular
alignment for self-exchange."** In contrast, both carboxylate
groups on the dcb ligand of Z907/TiO, were anchored to the
surface, and this provided a stacking configuration that
promoted rapid intermolecular hole transfer. Interestingly, the
coordination of Hg** to the ambidentate NCS™ ligands was also
shown to slow hole hopping. As the time-resolved anisotropy
measurements were made on nanosecond and longer time
scales and the chronoabsorptometry data were acquired on
much slower milliseconds time scales that required interna-

nocrystallite hopping, it was not at all obvious that these two
techniques would provide self-consistent data. Nevertheless, the
agreement here suggests that the spectroscopic and electro-
chemical techniques can provide complementary information
on hole hopping on very different time scales.”

IV. CONCLUSIONS AND FUTURE PERSPECTIVES

Lateral charge and energy-transfer reactions between molecules
anchored to mesoporous oxide thin films have been known to
occur for about 20 years. The most recent studies have revealed
that both the reorganization energy and the intermolecular
electronic coupling are acutely sensitive to the molecular details
of the interface. The use of time-resolved anisotropy techniques
enables lateral self-exchange reactions to be probed on short
time scales and in a wide variety of environments. Taken
together, these advances provide new opportunities for the
characterization of fundamental aspects of the self-exchange
reactions. Key questions that remain to be addressed for energy
and electron self-exchange in mesoporous oxide thin films
include the following: (1) What role does outer-sphere
reorganization truly play? Can self-exchange occur efficiently
in the absence of solvent or electrolyte? Does oxide surface
chemistry contribute to the reorganization energy, and if so, can
this be understood on a molecular level? (2) To what extent
can the sensitizer structure be used to tune intermolecular
electronic coupling Hug? Do bulky ligands lower electronic
coupling? Can theory and/or the orientation of frontier orbitals
be utilized to predict Hug? (3) Does electron spin play a role?
Are spin conservation rules relaxed at oxide interfaces? (4)
How do highly doped metal oxide materials, localized trap
states, and/or the valence and conduction bands mediate self-
exchange? (5) Does translational mobility on an oxide surface
enhance self-exchange? Will nonrigid spacer groups between
the surface anchors and the sensitizers influence self-exchange?
Do surface linkages that allow hopping and diffusion follow
predicted mechanisms?*® (6) Can protons, ions, atoms, or
molecules be translated across metal oxide surfaces by similar
self-exchange pathways?

Whether intermolecular self-exchange reactions occurring on
oxide surfaces can be exploited for practical applications
remains unknown. The dramatic color changes that often
accompany the redox chemistry may have application in
electrochromic and/or photochromic devices. However, the
application that has garnered the most attention and motivated
most of the described studies is in solar energy conversion that
includes both electrical power generation in DSSCs and related
hybrid organic—inorganic photovoltaics as well as solar fuel
prouction in what have been termed dye-sensitized photo-
electrosynthesis cells (DSPEC).?”

Dye-Sensitized Solar Cells (DSSCs). The high-surface-
area mesoporous nanocystalline TiO, (anatase) thin films first
reported by Gritzel and O’Regan represented the first time in
which an interpenetrating network of electron acceptors
(mesoporous TiO,) and donors (iodide-containing electrolyte)
was successfully employed for solar cell applications.'® Today
many classes of interpenetrating networks have been tested in
so-called hybrid solar cells,” yet these mesoporous TiO, thin
films remain unrivaled in their ability to quantitatively accept
excited-state electrons and transport them over large micro-
meter distances without significant recombination.

The weak link continues to be the hole-transport material. In
DSSCs, these represent the redox mediators in an electrolyte
that regenerate the dye after excited-state injection and
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subsequently diffuse through the mesopores to a metallic
electrode where they are reduced to complete the electrical
circuit. The redox mediators identified to date either waste
significant free energy (e.g, Lil/I, electrolytes), undergo
efficient unwanted recombination with TiO, electrons (e.g,
inorganic solids such as CuSCN and NiO, organic donors
(Spiro-OMeTAD), and polymeric hole conductors (polythio-
phene, PEDOT, etc.)), or suffer from poor solubility with
resultant mass-transport limitations at high irradiances (e.g.,
[Co™(bpy),;]**/* solutions).”” A potentially transformative
idea would be to translate the oxidized sensitizers (i.e., holes) to
the counter electrode by lateral intermolecular self-exchange
electron transfer within the molecular layer by hole hopping. In
other words, remove the redox mediator altogether and collect
the oxidizing equivalents from sensitizers that undergo hole
hopping to the metallic electrode. The lack of systematic
studies under conditions where unwanted charge recombina-
tion reactions with injected electrons are operative makes it
difficult to determine whether efficient solar cells could be
fabricated in this way. Success may ultimately require covalent
links or controlled aggregation between the sensitizers to
increase electronic coupling and turn on adiabatic hole-hopping
pathways. If successful, such DSSCs would be expected to
produce larger open-circuit photovoltages that would not
necessarily require a liquid junction and hence represent an
area ripe for future studies.

Dye-Sensitized Photoelectrosynthesis Cells (DSPEC).
After excited-state injection occurs, the oxidized sensitizer that
is formed can transfer an oxidizing equivalent to a catalyst
capable of driving multi-electron-transfer reactions to provide
solar fuels that can be stored and utilized at another time. Such
cells have been termed dye-sensitized photoelectrosynthesis
cells or DSPECs, and the quintessential example would
efficiently split water into molecular oxygen and hydrogen
gases. Water oxidation requires that four oxidizing equivalents
be transferred to a single catalyst capable of driving the
reaction. The holes have been delivered to the catalyst by lateral
hole hopping from oxidized sensitizers, and preliminary data
indicates that this can be accomplished. Indeed, there is some
evidence that multiple redox equivalents can be collected on a
single catalytic site.”>”" This too represents a research area ripe
for future research.

Lateral energy transfer may be exploited in either DSSCs or
DSPECs in a fashion similar to nature’s antenna effect.”””
Intermolecular energy transfer would enable thinner meso-
porous films to be utilized. In addition, materials with
inherently low surface areas, such as nanotube and nanowire
arrays, could be efficiently sensitized to visible light. As the
reorganization energies associated with energy-transfer self-
exchange are expected to be much smaller than that for electron
transfer, it may ultimately be more efficient for an excited state
to find and activate a catalyst than for an oxidized molecule.
When energy-transfer self-exchange is rapid relative to excited-
state relaxation, a very small number of catalytic sites may be
capable of completely quenching the excited state in a manner
somewhat akin to the superquenchin7g mechanisms that have
been exploited for chemical sensing. * Taken together, there
exist many exciting opportunities to exploit lateral self-exchange
reactions for energy applications.
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