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ABSTRACT: Excess electrons present in semiconductor
nanocrystallites generate a significant electric field, yet the
role this field plays in molecular charge transfer processes
remains poorly understood. Three ruthenium bipyridyl cis-
Ru(bpy)(LL)(NCS), compounds, where LL is a 4-substituted
bpy, with zero, one, or two phenylene ethynylene bridge units,
were anchored to mesoporous nanocrystalline TiO, thin films
to specifically quantify interfacial charge transfer with
chromophores designed to be set at variable distances from
the surface. Injection of electrons into TiO, resulted in a blue
shift of the metal-to-ligand charge transfer absorption
consistent with an underlying Stark effect. The electro-
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absorption data were used to quantify the electric field experienced by the compounds that decreased from 0.85 to 0.22
MV/cm as the number of OPE spacers increased from 0 to 2. Charge recombination on the 107°—107° s time scale correlated
with the magnitude of the electric field with an apparent attenuation factor f = 0.12 A™'. Slow components to charge
recombination observed on the 107*—107" s time scale that were unaffected by temperature, irradiance, or the bridge units
present on the molecular sensitizer were attributed to electron tunneling between TiO, acceptor states. The photocurrent
efficiencies of solar cells based on these compounds decreased markedly when the bridge units were present on the sensitizer.
Iodine was found to form adducts with all three compounds, K = 1.8 + 0.2 X 10* M7, but only significantly lowered the excited

state injection yield for those that possessed the bridge units.

B INTRODUCTION

The fundamental behavior of metal-to-ligand charge-transfer
(MLCT) excited states at conductive interfaces is relevant to
applications in dye-sensitized solar cells (DSSCs) and organic
light emitting diodes (OLEDs).'® In DSSCs, ruthenium
polypyridyl compounds, generically referred to as “sensitizers”,
anchored to nanocrystalline (anatase) TiO, have emerged as
the most successful.¥® Under most conditions, the MLCT
excited states are short-lived due to rapid electron transfer to
the TiO, acceptor states, $*/TiO, — S*/TiO,(e”)."'° Indeed,
electron injection on sub-picosecond time scales has been
reported for many sensitized TiO, interfaces.”'’ Under
conditions where the energetics for excited state electron
transfer are unfavorable, lateral intermolecular energy transfer
across the semiconductor surface has been observed.'>'* Since
MLCT excited states are often long-lived, ultrafast injection is
not necessarily required for high efficiency DSSCs. For many
sensitizers, injection on nanosecond time scales would still be
expected to occur with quantum yields near unity. A potential
advantage of slower injection is that the rate constant for the
unwanted charge recombination reaction between the oxidized
sensitizer and the injected electron, S*/TiO,(e™) — S/TiO,,
may also be retarded. Slow recombination allows more time for
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hole transfer from the oxidized sensitizer to a redox mediator,
behavior that is particularly important for sensitization to
infrared light, where S* is a weak oxidant and the driving force
for hole transfer is small.'* Here we describe studies where
charge recombination was inhibited by the presence of
phenylene ethynylene, or what are sometimes called oligo-
(phenylene ethynylene) (OPE), bridge units.

The introduction of a rigid bridge that controls the distance
between the donor and acceptor is one approach by which
electron transfer has been controlled in molecular com-
pounds."*~"” Quite often the influence of the bridge on the
electron transfer rate constants is quantified through eq 1,

ke = koexp(—fRp,) (1)

where k; is the rate constant at van der Waals separation, Rp, is
the donor—acceptor distance, and f is the attenuation factor.
The magnitude of § has been correlated with the molecular
details of the bridge in many literature reports.”~"" At
sensitized TiO, interfaces, distance dependencies are much
less well understood in spite of many studies designed to
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quantify them.'®™® Sensitizers with methylene bridges or rigid

OPE and phenyl bridges positioned between the sensitizer and
carboxylic acid surface binding groups have failed to provide
consistent f values. In a materials chemistry approach, core—
shell structures comprising spherical TiO, cores coated with
thin insulating metal oxide layers that electrons must tunnel
through have been sensitized to visible light, but have also failed
to show a systematic distance dependence for electron
transfer.”>">* Distance arguments have in fact been invoked
to rationalize interfacial charge recombination trends where the
“hole” was translated from the oxidized sensitizer to spatially
isolated molecular orbitals on a pendant electron donor, but
such behavior does not appear to be general.>>™>* In all these
molecular—semiconductor interfaces, the true charge transfer
distance remains speculative. Here we provide evidence that
electroabsorption spectroscopy can be used as a direct in situ
tool for the characterization of donor—acceptor distances at
molecular—semiconductor interfaces.

Electron transfer in molecular donor—bridge—acceptor
compounds is usually characterized when the concentration
of oxidized donors and reduced acceptors are equal. At
sensitizer—semiconductor interfaces, however, one is often
most interested in situations where this is not the case. For
example, in DSSCs under 1 sun illumination, the number of
electrons in each TiO, nanocrystallite at the power point
condition is about 20, while the steady state value for oxidized
dyes is much less than 1.° The excess electrons have been
quantified spectroscopically and by electrochemical means such
as the charge extraction method."”® These disparate concen-
trations of TiO,(e”) and oxidized sensitizers may change the
mechanism(s) of charge recombination from the second-order
kinetics expected when the numbers are equal. Furthermore,
the presence of excess electrons in TiO, generates an electric
field that can influence redox potentials and electron transfer
dynamics in a manner that is not well understood. This study
reports the first example of interfacial charge recombination
where the bridge and the number of TiO,(e™)s were
systematically varied.

A previous letter reported S*/TiO,(e”) — S/TiO, charge
recombination data for sensitizers AKO and AK1 shown in
Chart 1, under conditions where the number of injected
electrons and oxidized sensitizers were equivalent.”” The kinetic
data were complex and modeled by a distribution of rate
constants whose average value was larger for AKO/TiO,. Here

Chart 1. The Ru(II)-Isothiocyanate Compounds Studied in
This Work and Their Abbreviations

/\ \/
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we take advantage of a recently discovered electro-absorgtion
signature, similar to that observed in Stark spectroscopy,® and
correlate electric field strength to charge recombination rate
constants with the expanded series of sensitizers shown in
Chart 1 where the distance from the Ru metal center to the
anchoring oxygen atoms on the carboxylic acid groups are
estimated to be 7, 12, and 18.6 A. The data suggest that Stark
spectroscopy can provide information on the magnitude of
surface electric fields of molecular sensitizers positioned at
variable distances from a semiconductor surface. The
implications of these findings for solar energy conversion are
discussed.

B EXPERIMENTAL SECTION

Materials. The following reagents and substrates were used as
received, unless otherwise specified, from the indicated commercial
suppliers: acetonitrile (Burdick& Jackson, spectrophotometric grade);
toluene (OmniSolv, 99.99%); lithium perchlorate (Aldrich, 99.99%);
n-tetrabutylammonium perchlorate (TBAP; Fluka, >99.9%); n-
tetrabutylammonium chloride (TBACL; Sigma Aldrich, 98%); bis-
(triphenylphosphine)palladium(1I) chloride (PdCl,(PPh,),, Strem);
triphenylphosphine palladium (Pd(PPh,),, Strem); di-u-chlorobis( (p-
cymene)chlororuthenium(II)] (Strem); n-tetrabutylammonium iodide
(TBAL; Aldrich, >99% or Fluka, >98%); platinum(IV) chloride (Sigma
Aldrich); silver nitrate (Bioanalytical Scientific Instruments, Inc.);
hydrochloric acid (Fisher Scientific, 37.2% aqueous solution); argon
gas (Airgas, >99.999%); oxygen gas (Airgas, industrial grade);
dimethyl isophthalate (Sigma-Aldrich); N-bromosuccinimide (Sigma-
Aldrich); tetra-N-butylammonium fluoride (Sigma-Aldrich); [(4-
bromophenyl)ethynyl] (trimethyl)silane (Sigma-Aldrich); sodium
nitrite (Sigma-Aldrich), potassium iodide (Sigma-Aldrich); ammonium
thiocyanate (Sigma-Aldrich); copper(I)bromide (Sigma-Aldrich);
titanium(IV) isopropoxide (Sigma-Aldrich, 97%); zirconium(IV)
propoxide (Aldrich, 70 wt % solution in 1-propanol); SnO, colloidal
solution (Alfa Aesar, 15% in water); anhydrous sodium sulfate
(N2,SO, VWR); N,N-dimethylformamide (VWR); 2,2'-dipyridyl
(VWR); sodium hydroxide (NaOH, VWR); 10% Pd/C (Fisher-
Acros); sodium bisulfate (Fisher-Acros); potassium dichromate
(Fisher-Acros); tetra-N-butylammonium hydroxide (1.0 M in
methanol, Alfa Aesar); fluorine-doped SnO,-coated glass (FTO;
Hartford Glass Co., Inc,, 2.3 mm thick, 15 €/[]); and microscope
slides (Fisher Scientific, 1 mm thick); silica gel (230—400 mesh,
Sorbent Technologies); hexanes (Pharmco) were distilled prior to use
in column chromatography; diisopropyl amine (Pharmco) and
dichloromethane (Pharmco) were distilled over calcium hydride;
THF (Pharmco) was distilled with sodium and benzophenone;
deuterated NMR solvents were purchased from Cambridge Isotopes.

Sensitizer Synthesis. The ruthenium isothiocyanate compounds
AKO—2 were prepared according to Scheme 1, adapting a tandem
synthesis reported by Wang and co-workers for heteroleptic Ru
complexes.>" Compound AKO was prepared as a carboxylic acid by
using the dcb ligand (2,2’-bipyridine-4,4'-dicarboxylic acid) in the first
step. Ligands Sa and Sb were synthesized as previously reported >3
Rigid-rod complexes AK1 and AK2 were prepared as esters, 6a and
6b, respectively to improve their solubility in inorganic solvents for the
purification and characterization process, and were then hydrolyzed to
acids. Compounds AK1 and AK2 were present as stereoisomeric
mixtures since the isophthalic unit can be trans to the pyridyl unit or to
the isothiocyanate ligand.

General Procedure for the Synthesis of Complexes AKO,
AK1, and AK2.3'3738 Djy chlorobis[ (p-cymene)chlororuthenium
(4)] (1 equiv, 0.25—0.75 mmol) and the substituted dipyridyl ligand
Sa, Sb, or dcb (2 equiv) were dissolved in DMF (160 mL/mmol of 4)
under N, and heated to 85 °C for 4 h, forming an orange-red solution.
2,2'-Dipyridyl (2 equiv) was added, and the reaction mixture was
heated to 150 °C for an additional 4 h, upon which time the solution
darkened. An excess of ammonium thiocyanate (1S equiv) was then
added and the reaction mixture was maintained at 150 °C with stirring
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Scheme 1. Synthesis of Sensitizers AKO, AK1, and AK2
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for an additional 4 h. The reaction mixture was allowed to cool to
room temperature overnight and then the solvent was removed in
vacuum. Water was added to the purple crude product, and the
suspension was sonicated for 10 min. At this point, esters 6a and 6b
were collected via vacuum filtration and washed with water. For
carboxylic acid 1, the pH of the suspension was adjusted to
approximately pH 2 with 0.2 M HNO;(,,). The suspension was
refrigerated (S °C) overnight, then filtered, the purple solid washed
with water, and the precipitate was collected to afford 1.
Ru(NCS),[2,2’-Dipyridyl][2,2’-bipyridine-4,4’-dicarboxylic
acid], AKO (1). The complex was prepared from 4 (303 mg, 0.496
mmol), 4,4'-dicarboxylic acid-2,2"-bipyridine (248 mg, 1.00 mmol),
DMF (87 mL), 2,2-dipyridyl (158 mg, 1.00 mmol), and ammonium
thiocyanate (578 mg, 7.605 mmol) were used. Yield: 0.440 g, 71%. 'H
NMR (DMSO): §; 9.43 (d,] = 5.7, 1H), 9.27 (d, ] = 5.5, 1H), 9.07 (s,
1H), 8.91 (s, 1H), 8.77 (d, ] = 8.1, 1H), 8.62 (d, J = 8.1, 1H), 8.28 (t, ]
=73,2H),7.97 (t, ] = 6.7, 1H), 791 (t, ] = 8.2, 1H), 7.76 (d, ] = 5.6,
1H), 7.61 (d, J = 5.5, 1H), 7.52 (d, ] = 5.5, 1H), 7.29—7.18 (m, 1H).
ESI*: calculated, 640.9615 [M+Na]*; found: 640.9793 [M+Na]*.
Methyl Ester 6a. The complex was prepared from 4 (150 mg,
0.245 mmol), Sa (182 mg, 0.489 mmol), DMF (43 mL), 2,2'-dipyridyl
(78 mg, 0.489 mmol), and ammonium thiocyanate (250 mg, 3.2
mmol). Yield: 0.300 g, 82.12%. '"H NMR (DMSO): 6y 9.33 (d, J =
5.8),9.29 (d, ] = 4.7), 9.02 (s), 8.87 (s), 8.85 (d, J = 8.0), 8.79—8.73
(m), 8.71 (d, ] = 8.1), 8.65—8.58 (m), 8.54 (s), 8.48 (s), 8.46 (s), 8.33
(s), 8.30—8.19 (m), 8.10 (d, ] = 5.8), 7.99—7.91 (m), 7.91—7.84 (m),
7.67—7.62 (m), 7.59 (d, ] = 5.6), 7.57—7.51 (m), 7.37 (d, ] = 5.8),
7.32—7.22 (m), 3.95 (s), 3.91 (s). '"H NMR data shows an integration
ratio of 17.5:6 for protons in the aromatic region to protons on the
methyl ester, with the proton peak for the two stereoisomers occurring
at 3.95 and 3.91 ppm. *C NMR (DMSO): 5 164.54, 164.47, 162.27,
159.12, 158.35, 158.19, 158.13, 157.85, 157.63, 157.04, 156.96, 156.77,
156.56, 152.28, 151.53, 151.48, 136.77, 136.65, 136.49, 136.12, 136.02,
135.92, 135.77, 133.58, 133.39, 131.22, 131.11, 128.84, 128.02, 127.96,
127.29, 127.04, 126.92, 126.34, 126.33, 126.25, 125.36, 125.12, 123.79,
123.69, 123.52, 123.50, 123.43, 123.39, 123.35, 123.31, 122.50, 122.37,
93.49, 88.43, 87.98, 52.82 (2C, —methyl ester), 52.77 (2C’, —methyl
ester). The presence of stereoisomers results in splitting of the 52.82
and 52.77 methyl ester. Due to the low solubility and the presence of
stereoisomers, an accurate assignment of the NMR spectra is not
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possible. ESI*: calculated, 769.0244 [M+Na]*, 784.9983 [M+K]%;
found, 769.0328 [M+Na]*, 785.0070 [M+K]*.

Methyl Ester 6b. The complex was prepared from 7 (357 mg,
0.758 mmol), 4 (231 mg, 0.379 mmol), DMF (55 mL), 2,2'-dipyridyl
(116 mg, 0.757 mmol), and ammonium thiocyanate (432 mg, 5.69
mmol). Yield: 0.225 g, 33.6%. '"H NMR (DMSO): 6 9.31 (d, ] = 5.9),
9.28 (dd, J = 7.9, 5.7), 8.95 (s), 8.85 (d, ] = 8.4), 8.80—8.78 (m),
8.78—8.68 (m), 8.61 (dd, J = 13.2, 6.0), 8.46 (d, ] =9.8),8.34 (d,] =
12), 831 (d, ] = 1.2), 829-8.20 (m), 8.04 (dd, J = 6.1, 1.0), 7.99—
7.85 (m), 7.79 (s), 7.72 (4, J = 8.3), 7.69—7.61 (m), 7.60—7.49 (m),
7.32(dd, J = 6.0, 1.1), 7.31-7.23 (m), 3.93 (s), 3.91 (s). The '"H NMR
data shows an integration ratio of 22:6 for protons in the aromatic
region to protons on the methyl ester, with the protons from the
methyl ester appearing at 3.93 and 3.91 ppm for each stereoisomer.
Due to the splitting of peaks, isomerization, and the low solubility,
more accurate proton assignment was not possible. The C NMR
spectrum was not recorded due to the low solubility. ESI': calculated,
869.0559 [M+Nal*; found, 869.0550 [M+Nal".

General Procedure for Hydrolysis of Esters to Acids.®
Methyl esters 6a and 6b were dissolved in freshly distilled
dichloromethane (2500 mL/mmol complex), and 2 N solution of
NaOH in methanol (250 mL/mmol complex) was added; and the
mixture was stirred at room temperature for 4 days. Water was added,
and the mixture was extracted with water. Approximately 0.5 M HCI
was used to neutralize the aqueous solution to approximately pH 3 and
precipitate the product. The product was then filtered, and DMF was
used to recover the purple solid.

AK1 (2): Methyl Ester 6a. 6a (23 mg, 0.031 mmol), freshly
distilled dichloromethane (55 mL), and 2 N NaOH solution in
methanol (7 mL) were used. Yield: 0.013 g, 58.5%. ESI+: calculated,
740.9930 [M+Na+], 756.9669 [M+K+]; found, 741.0118 [M+Na+],
756.9857 [M+K+].

AK2 (3): Methyl Ester 6b. 6b (18 mg, 0.021 mmol), freshly
distilled dichloromethane (50 mL), 2 N NaOH solution in methanol
(6 mL) were used. Yield: 0.005 g, 29.3%. ESI*: calculated, 841.0245
[M+Na]*; found, 841.0250 [M+Na]*.

Sensitized Metal Oxide Thin Films. Anatase TiO, nano-
crystallites were prepared by hydrolysis of a Ti(i-OPr), precursor by
a previously described sol—gel technique.'® The sols were cast as
mesoporous thin films (~10 um thick) by doctor blading onto glass
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Table 1. Redox and Photoelectrochemical Properties of the Sensitized Thin Films

El/z(Rum/H) (mv)“

sensitized film TiO, FTO E,»(Ru™™*) (mV)©
AKO/TiO, x” 940 —660
AK1/TiO, 900 930 —700
AK2/TiO, 880 910 =730

i IPCE® o b
1.85 + 0.1 0.78 27+5 0.98 + 0.03
320 + 03 048 315 0.93 + 0.03
340 + 0.4 039 26+ 5 0.70 + 0.03

“The Ru™" reduction potential measured for the indicated sensmzer anchored to fluorine-doped tin oxide (FTO) and TiO,. YIrreversible redox
chemistry was observed. “The excited state reduction potential. Ideahty factor (i). “Incident photon-to-current efficiency measured at 525 nm in 0.5
M Lil/0.05 M L. /Excited state lifetime at room temperature in CH;CN. $Excited state injection yield quantified by comparative actinometry.
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Figure 1. (A) Visible absorption spectra of AK0O/TiO, (red), AK1/TiO, (green), and AK2/TiO, (blue) in 0.3 M LiClO,/CH;CN with a bias of
+300 mV (—) and —300 mV vs NHE (--). The inset shows the magnitude of the long wavelength absorption change measured from the data. (B)
The visible absorption spectra of the sensitized thin films measured without (—) and with 1.03 mM I, (---). Inset show the fraction of I,-adduct, 6,
as a function of the I, concentration with an overlaid fit to the Langmuir adsorption isotherm model, K = 1.8 + 0.2 x 10* M.

microscope slides for spectroscopic measurements and transparent
conductive substrates (FTO) for electrochemical measurements. The
thin films were annealed at 450 °C for 30 min under an atmosphere of
0,.

The sensitizers were anchored to the metal oxide film by reaction in
a 0.5—2 mM solution of acetonitrile/tert-butanol (50/50 mixture, v:v).
The sensitized metal oxide thin films were immersed in the solutions
and then kept at 25 °C until the desired surface coverage was achieved.
The cuvettes containing the thin film and electrolyte solution were
purged with Ar(g) for at least 30 min prior to experimentation. The
macroscopic surface coverage, I' in mol/ cm?, was determined from the
measured absorption with a modified Beer—Lambert law: Abs = 1000
X I' X & where ¢ was the molar decadic extinction (absorption)
coefficient, M~ cm™, that was assumed to be the same in solution and
on the surface The saturation surface coverages were typically I" ~ 4.4
x 107® mol/cm? Wthh corresponds to roughly S00 sensitizers per
TiO, nanocrystallite.® Sensitized films were stored in acetonitrile for at
least an hour before use.'”*°

Counter electrodes were prepared by deposition of PtCl, dissolved
in isopropanol onto FTO that was heated at 450 °C for 30 min under
an atmosphere of O,. The solar cell was completed by sandwiching the
sensitized TiO, thin film and the Pt electrodes together with a 100 ym
thick Surlyn film heated to ~70 °C. An electrolyte solution of 0.5 M
Lil and 0.05 M I, in acetonitrile was introduced between the
electrodes through a hole drilled in the Pt-counter electrode. The hole
was later sealed with Surlyn.

Absorption Spectroscopy. UV-—vis absorbance spectra were
collected using a Varian Cary 50 spectrometer or an Aviv
spectrophotometer model 14NT-UV—vis at room temperature in a
standard 1 cm path length quartz cuvette. Sensitized metal oxide slides
were positioned at a 45° angle in a 0.3 M LiClO,/CH;CN filled
cuvette. The solutions were purged with argon gas for at least 30 min
prior to absorption studies.

Nanosecond transient absorbance measurements were performed
with a 532 nm laser excitation (ca. 8 ns fwhm at the magic angle) from
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a frequency doubled Nd:YAG Brilliant B Blue Sky. A pulsed 150 W Xe
lamp coupled to a Spectral Energy GM-252 monochromator served as
the probe light. The excitation fluency was measured with a thermopile
power meter (Molectron). A Spex 1702/04 monochromator optically
coupled to a 928 Hamamatsu photomultiplier tube with a computer
interfaced LeCroy 9450 oscilloscope was employed for detection.
Typically the absorption change measured after 60—100 laser pulses
were averaged at each observation wavelength. For short time scales
(<90 ps), the Xe lamp was pulsed and the sample was protected with a
fast shutter, appropriate UV and heat absorbing glass, and solution
filter combinations that also prevented PMT fatigue. The instrument
response time was ~10 ns.

In some experiments, an external bias was applied to the sensitized
thin film in a spectroelectrochemical cell. In other experiments, the
514.5 nm line of an argon ion laser (Coherent) was used to illuminate
the sensitized film. Comparative actinometry with Ru"(bpy);>* and cis-
Ru"(dcb),(NCS),/TiO, was used to quantify the injection yields on
nanosecond and longer time scales as previously described.>"** Low-
temperature data were obtained with a liquid nitrogen CoolSpeK UV
USP-203 four window cryostat (Unisoku).

Photoluminescence. Steady-state photoluminescence measure-
ments were obtained with 514.5 nm excitation from an argon ion laser
(Coherent Innova) and a double monochromator (SPEX 1682)
optically coupled to a red sensitive Hamamatsu photomultiplier tube
(Hamamatsu 636-10) for detection.

Electrochemistry. A potentiostat (BAS model CV-SOW or Epsilon
electrochemical analyzer) was employed for measurements in a
standard three-electrode arrangement with a sensitized TiO, thin film
deposited on an FTO substrate working electrode or a sensitized FTO
slide working electrode," a Pt gauze counter electrode, and a
nonaqueous silver reference electrode (Bioanalytical Scientific Instru-
ments, Inc.). The ferrocenium/ferrocene (Fc*/Fc) half-wave potential
measured in a 0.3 M LiClO, acetonitrile electrolyte was used as a
standard to calibrate the reference electrode. Conversion to the normal
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hydrogen electrode (NHE) was achieved with a conversion constant
of —630 mV from NHE to Fc'/Fc in acetonitrile at 25 °C.*?

Photoelectrochemistry. Photocurrent action spectra were
measured in a two electrode configuration with a previously described
apparatus that consisted of a PhotoMax 100 W Xe-lamp optically
coupled to a 1/4 m Oriel Corner Stone monochromator.® Incident
irradiances were measured with a calibrated silicon diode. Photo-
currents were quantified with a Keithley 617 electrometer. The
incident photon-to-current conversion efficiency (IPCE) was calcu-
lated as the number of injected electrons measured in the external
circuit divided by the number of photons incident on the solar cell.

The open circuit photovoltages were measured as a function of
incident 514.5 nm irradiance with an Ar ion laser. A two electrode
configuration was employed with a sensitized TiO, thin film as the
illuminated electrode and a Pt coated FTO electrode as the reference.
Experiments with a Ag/AgCl reference electrode (Bioanalytical
Scientific Instruments, Inc.) in 0.3 M LiClO, acetonitrile solution
were conducted to ensure that the measured values were independent
of the reference electrode. The voltage difference was measured with
the Keithley electrometer before and after illumination. The incident
irradiance was attenuated with neutral density filters.

B RESULTS

The three cis-Ru(bpy)(LL)(NCS), coordination compounds
shown in Chart 1 were synthesized and characterized
spectroscopically. The visible absorption spectra of the
compounds measured in fluid CH3;CN were assigned to
metal-to-ligand charge transfer (MLCT) transitions. Intense
m-to-7* transitions were observed at 300 nm.** Both AK1 and
AK2 displayed an additional absorption band in the 340—360
nm range that was assigned to the OPE bridge.* Light
excitation into the MLCT absorption resulted in room
temperature photoluminescence, PL. The PL maxima were
770 nm for AKO and AK1, and the maximum was 750 nm for
AK?2. Excited state relaxation was first-order with lifetimes of 7
= 30 + 4 ns, Table 1.

The compounds were anchored to nanocrystalline (anatase)
TiO, thin films by immersing the films overnight in
acetonitrile/tert-butanol solutions of the sensitziers. Typical
surface coverages attained by this method were 4 X 107° mol/
cm?. Shown in Figure 1A are representative absorption spectra
of the sensitized thin films measured in a three electrode
configuration with a +300 and a —300 mV applied bias. The
spectra measured at +300 mV were within experimental error
the same as that measured in the absence of an applied
potential. With an applied bias of —300 mV, the characteristic
absorption spectrum of reduced TiO,, abbreviated TiO,(e”),
was observed and was subtracted from the data shown. The
MLCT absorption was found to blue shift in the presence of
TiO,(e7).

To help visualize the MLCT absorption changes that
accompanied TiO, reduction for all three sensitizers, the
absorption shift in wavenumbers measured between 0.30 and
0.35 absorbance units are shown as the Figure 1 inset. A 190
cm™" change was observed for AKO/TiO,(e”), and 100 and 40
cm™' change for AK1/TiO,(e”) and AK2/TiO,(e”), respec-
tively. These spectral shifts were reversible when the TiO,(e™)
were removed from TiO, with a positive bias of +300 mV.
Cathodic excursions negative of —350 mV resulted in
absorption changes that were irreversible and were therefore
avoided. Spectra that include contributions from TiO,(e”) as
well as unsensitized TiO, thin films are given in Figure S1 in
the Supporting Information. The ATR-FTIR spectra for the
sensitized thin films measured at open circuit revealed a broad
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band centered at 1630 cm™ assigned to the asymmetric v,
stretch.

The absorption attributed to TiO,(e”) increased exponen-
tially with an applied negative bias, behavior consistent with
many previous studies.*® The absorption data were converted
to a chemical capacitance using Faraday’s Law, the electrode
area, and the measured extinction coefficient of 1000 M~ cm™!
at 800 nm, as was previously described.*® We note that while
this extinction coefficient is in good agreement with previous
measurements,’ it differs from a value recently reported for
related materials.*’” The use of an alternative extinction
coefficient would quantitatively change the magnitude of the
capacitance, but would otherwise have no impact on the results
of this paper that is largely comparative in nature. The
capacitance as a function of applied potential is shown in Figure
S1, with an overlaid fit to eq 2,

S,
T

akg

C=2¢C, exp( @

where C is the measured chemical capacitance, C, is the
capacitance intrinsic to the materials, that is, the total
distribution of states that can store charge,48 T is the absolute
temperature, and kg is the Boltzmann constant. The best fit
gave o ® 6, a value that was within experimental error the same
for sensitized and unsensitized thin films. An a = 6 value was
extracted from data measured on an unsensitized TiO, thin film
that enabled characterization over a wider potential range.

The influence of 0 to 1.33 mM I, on the absorption spectra
of the sensitized thin films was quantified in 0.3 M LiClO,/
CH;CN, Figure 1B. The addition of I, to the external solution
surrounding the films resulted in a significant blue shift in the
MLCT absorption with the maintenance of an isosbestic point
near 500 nm. Concentrations of I, greater than 1.33 mM had
no further influence on the MLCT absorption. Shown in Figure
1B are the MLCT absorption spectra measured at 0 and 1.33
mM I, concentrations after contributions from I, were
subtracted. The inset shows a Langmuir adsorption isotherm
for the spectral changes observed at 450 nm with a best fit to eq
3

K[I,]
1 + K[I,]

(©)

where @ is the fraction of sensitizer present in the I,-adduct
form.*” The adduct formation constant, K, was estimated to be
1.8 + 02 X 10* M™! for all three sensitizers. The spectral
changes were found to be >90% reversible when CH;CN or
iodide were added to the external solution.

Cyclic voltammograms of the sensitizers anchored to TiO, or
to fluorine doped tin oxide (FTO) are shown in Supporting
Information Figures S2 and S3. The electrochemistry measured
on FTO was reversible as the cathodic and anodic currents
were equal, i,,/i,. = 1, and the peak-to-peak separation AE, <
59 mV at a scan rate of 100 mV/s. The formal reduction
potential for the three sensitized coordination compounds were
as follows: AKO"™! = 950 mV, AK1'"' = 940 mV, and AK2"/!
900 mV vs NHE. On TiO,, the electrochemistry was
irreversible for AK0/TiO, and quasi-reversible for the other
two sensitizers with i.,/i,. = 1, and AE,, > 100 mV. The excited
state reduction potentials E°(Ru™/"*) were calculated with eq
4,

EO(RuIH/H*) — EO(RuIII/II) _ AGES (4)
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Figure 2. Transient absorption data monitored at S00 nm after pulsed 532 nm laser excitation (0.2 mJ/pulse) of AKO/TiO, (black), AK1/TiO,
(red), and AK2/TiO, (green) in 0.3 M LiClO, CH;CN with an applied bias of (A) +150 mV, (B) —150 mV, and (C) —350 mV versus NHE.

Overlaid are fits to a KWW kinetic model (white).
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Figure 3. Transient absorption data monitored at 500 nm after pulsed 532 nm laser excitation (0.2 mJ/cm?) of AKO/TiO, (black), AK1/TiO, (red),
and AK2/TiO, (green) in 0.3 M LiClO,/CH,CN under (A) steady state illumination (180 mW/cm? of 514.5 nm light); the inset shows without
steady state illumination; (B) pulsed 1.4 mJ/cm? excitation irradiance while the inset shows 0.2 mJ/cm? The data in panel (C) was measured after
pulsed laser excitation (1.0 mJ/cm?®) of AKO/TiO, at +40 °C (black), AKO/TiO, at —20 °C (red), AK1/TiO, at +40 °C (green), and AK1/TiO, at

—20 °C (blue). The inset shows the first 80 us.

A Abs/10°
o

1E-6 1E-5 1E4 1E-3

Time /s

0.01 0.1

AAbs/10°

Nt at et amvlvlisd. d .ah o ‘--""" o
e oy
. L.- i by s U

i
\
L)

iy

124
A5
-18 - : T T
0 500 1000 1500 2000
Time / ns

Figure 4. (A) Transient absorbance monitored at 375 nm after pulsed 532 nm excitation of AKO/TiO, (black), AK1/TiO, (red), and AK2/TiO,
(green) in 0.5 M Lil/CH,;CN. Overlaid are solid line fits to the Kohlrausch—Williams—Watts model. (B) Transient absorbance monitored at 500 nm
after pulsed 532 nm excitation of AK0/TiO, (black), AK1/TiO, (red), and AK2/TiO, (green) in 0.3 M LiClO,/CH;CN in the absence (—) and

presence (--) of 0.11 mM L,

where AGgg is the free energy stored in the MLCT excited
state. A tangent line on the high energy side of the corrected PL
spectra, measured in solution, was used to obtain AGgg. The
electrochemical data is summarized in Table 1.

Nanosecond transient absorption data were measured after
pulsed laser excitation of the samples as the applied potential
was varied from +350 to —350 mV vs. NHE. Transient data
monitored at 500 nm with +150, —150, and —350 mV applied
bias are shown in Figure 2 on a log time scale. The insets of
Figure 2 show the first S ys of the same data plotted on a linear
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time scale. The ground state absorption and incident irradiance
at 532 nm were the same for this study. Data recorded at other
applied potentials are given in Figure S4 and Videos S1 and S2
in the Supporting Information. Overlaid on the data are best fits
to the Kohlrausch—Williams—Watts (KWW ) kinetic model, eq
5.

Abs(t) =4, eXP[_(t/To)ﬂ,] (5)
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Here A, is the initial absorption change, #' is inversely related
to the width of the underlying Lévy distribution of rate
constants, 0 < ' < 1, and 7, is a characteristic lifetime.>® Note
that the data measured with a —350 mV applied bias is shown
on a shorter time scale as recombination was much faster under
these conditions.

The influence of steady state illumination on charge
recombination was investigated with an argon ion laser (1 =
514.5 nm, irradiance =180 mW/cm?). This steady state
irradiance increased the open circuit photovoltage by ~200
mV relative to that measured with only the white light probe
beam of the transient absorption apparatus. The spectral
features observed after pulsed laser excitation were the same as
that measured without steady state illumination, but the
kinetics differed. This is shown by the comparison of Figure
3A and the inset. Significant increases in the charge
recombination rate with the steady state irradiance were
observed for AK0/TiO,, while AK1/TiO, showed a very small
increase with no measurable change for AK2/TiO,.

The influence of pulsed 532 nm excitation fluency on charge
recombination was also quantified at the open circuit condition.
Figure 3B shows data measured with 1.4 mJ/pulse (for a 1 cm®
area) and the inset show the same samples with an excitation
fluency of 0.2 m]/pulse. The higher fluency enhanced
recombination at short time scales, but had no measurable
influence on the long time scale data, see Supporting
Information Video S3. Transient absorption data for the
sensitized thin films was quantified from +40 to —20 °C, Figure
3C. The short time scale data was temperature dependent with
no or very little dependence on the long time scale.

Transient absorption changes monitored at 375 nm after
pulsed 532 nm excitation of the sensitized thin films immersed
in 0.5 M Lil/CH;CN are shown in Figure 4A. Note that the
data acquired on the sub 100 ys time were smoothed with a 20
data point average. The kinetic data was well described by the
KWW model with = 0.61 and k = 5.26 s~ for all three
sensitized materials. The experiment was also performed with
0.63 mM I, in place of the 0.5 M Lil, Figure 4B. The initial
amplitude of the absorption change was attenuated by about a
factor of 6 for AK1/TiO, and AK2/TiO, yet had a much
smaller ~20% effect on AKO/TiO,. In addition, kinetic data
were also collected at 400 and 700 nm, where L,*/I;~ and 1,*/
TiO,(e”) absorb light, respectively.”’ The presence of I, was
found to lower the excited state injection yield without the
formation of new chemical products.

The incident photon-to-current efficiency (IPCE) for the
sensitized thin films were measured in 0.5 M Lil and 0.05 M I,/
CH;CN, Supporting Information Figure S6A. With 525 nm
excitation, the IPCE values were as follows: AK0/TiO, = 0.78,
AK1/TiO, = 048, and AK2/TiO, = 0.39, Table 1. The open
circuit voltage (V,.) was measured in the absence of redox
mediator in 0.3 M LiClO,/CH;CN versus a reference
electrode. Plots of V. versus the log of the irradiance were
linear with slopes of i = 2, 3.2, and 3.4 for AKO/TiO,, AK1/
TiO,, and AK2/TiO,, respectively. This data is given in
Supporting Information Figure S6B and summarized in Table

B DISCUSSION

The goal of this work was to elucidate whether the kinetic rate
constant for interfacial charge recombination, k., was
influenced by the surface electric field when the oxidized
ruthenium compound was set at a variable distance from the
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TiO, surface. The sensitized interfaces were thus conceived
with the hope that the interfacial energetics would be
unchanged as the number of phenylene ethynylene bridge
units was increased. This was found to approximately be the
case. The Ru™! reduction potentials varied by only 30 mV and
the TiO, acceptor states were independent of the identity of
the molecular sensitizer. Similar to the prototypical “N3”
sensitizer,”® that is, cis-Ru(dcb),(NCS),, the excited states
characterized herein are potent reductants with favorable
overlap with the TiO, acceptor states for efficient excited
state injection, Figure S.
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!

Figure 5. Energetics for excited state injection and charge
recombination at the sensitized TiO, interfaces under study.
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Furthermore, Stark spectroscopic data suggested that the cis-
Ru(NCS),(bpy) core was on average further from the TiO,
surface when phenylene ethynylene spacer were present
between the bipyridyl ligand and the surface anchoring
carboxylic acid groups. The magnitude of the electric field
abstracted from such data was correlated with the S*/TiO,(e”)
— S/TiO, charge recombination rate constants with a bridge
length dependence indicating that the oxidized metal center
was also further from the surface. The photophysical data
measured in inert electrolytes indicated that sensitizers with
phenylene ethynylene bridges would yield high efficiencies
when utilized in a dye sensitized solar cell, yet this expectation
was not realized and an unwanted quenching pathway with
molecular iodine was identified. These behaviors are detailed
below in the broader context of the relevant literature.

I. Stark Effects. The visible absorption spectra of the Ru(II)
compounds are characteristic of metal-to-ligand charge-transfer
(MLCT) transitions in ruthenium polypyridyl compounds. The
spectra were specifically in agreement with expectations for cis-
Ru(NCS), polypyridyl compounds that display significant solar
light harvesting through the visible region to about 700 nm."
Reflectance infrared studies show that the sensitizers bind to
TiO, in their carboxylate form.>

The photoinduced or thermal transfer of electrons to TiO, is
known to induce a blue shift of the MLCT absorption
consistent with an underlying electric field, referred to as a
Stark effect.”* Here we found that the magnitude of the shift
was largest for the sensitizer without a phenylene ethynylene
bridge and smallest for that with two bridge units. When
measured as an absorption difference with and without the
presence of TiO,(e”), the spectral data were well modeled by a
first-derivative of the ground state absorption spectrum,
consistent with an antiparallel alignment of the surface electric
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field with the change in the sensitizer dipole moment vector, 6

= 180°. The magnitude of the spectral shift was directly related

to the field strength through the change in the dipole moment,
ss

eq 6.

IAZIE! cos 6
100hc

Av =

(6)

The change in dipole moment for these compounds is
unknown, however a value for cis-Ru(dcb),(NCS), of IAfl =
13.3 D was reported.*® Since the compounds under study all
have a cis arrangement of the isothiocyanate ligands and the
MLCT absorption is predominantly a Ru — bpy’ localized
transition, we assert that this value represents a reasonable
approximation for all three compounds. With this assumption,
electric fields of magnitude E = 0.85, 0.45, and 0.20 MV/cm
were calculated for these sensitized materials as the number of
OPE units was increased from zero to two. While some surface
heterogeneity and the presence of necking regions between the
TiO, nanocrystallites within the mesoporous thin film are
expected, the data indicates that the “average” field strength
experienced by the chromophoric portion of the sensitizers is
that expected when the sensitizers are oriented normal to the
TiO, surface. Abstraction of a true distance between the cis-
Ru(NCS),(bpy)-core and the TiO, interface was complicated
by the aforementioned heterogeneity, the unknown location of
the trapped electrons, and the unknown interfacial dielectric
constant. Nevertheless, the Stark data support the notion that
on average AK2 was further from the TiO, surface then was
AK1 than AKO.

The significant electroabsorption measured for AKO/
TiO,(e”) that decreased in magnitude by about 1/2 and 1/4
as the phenylene ethynylene bridge units were incorporated are
reminiscent of previous redox titrations reported by Gregg,
Zaban, and Ferrere.”” These investigators found that the
reduction potentials of molecules located within the electric
double layer were profoundly influenced by surface electric
fields, while molecules outside were far less sensitive.” This
raises the question of what the actual E°(Ru™") reduction
potentials are when electrons are injected into TiO, and the
electric field is large. The persistence of such large electric fields
indicates that the anatase TiO, and the acetonitrile electrolyte
do not quantitatively screen the field. A small distance between
the TiO,(e”) and the sensitizer would inhibit substantial
screening by the electrolyte while the bridge units enable more
substantial screening. Indeed the notion that AKO is within the
inner Helmholtz layer while AK1 and AK2 are outside the
double layer represents a simplified model in which much of
the electron transfer dynamics described below can be
understood.

Il. Interfacial Electron Transfer. Recombination of an
injected electron with an oxidized sensitizer represents an
unwanted reaction that wastes energy and yields ground state
products. This reaction has previously been studied by several
research groups, mainly by time-resolved absorption spectros-
copy."” The results described herein provide new insights into
this important reaction. Comparative experiments were
performed where the number of absorbed photons, the applied
potential (and hence the TiO,(e”) concentration), and the
temperature were controlled. In discussions of these results, it is
convenient to consider two separate time scales of charge
recombination: slow (i.e., 107*—=107" s) reactions and fast (i.e.,
1077—107* s) reactions.
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The slow charge recombination kinetics processes were
insensitive to the identity of the molecular sensitizer, the
temperature, and the incident irradiance. The data suggest a
temperature independent rate limiting electron tunneling step
as was proposed by Furube and Katoh.>® It was curious that this
slower tunneling process was insensitive to the number of
bridge units, given that the faster recombination processes were
(see below). A mechanism where electron tunneling between
acceptor states rate limits a more rapid electron transfer to the
oxidized sensitizer was therefore most consistent with this data.

The fast charge recombination dynamics were found to be
sensitizer dependent, behavior that was most pronounced when
the steady state illumination, TiO,(e”) concentration, and/or
the pulsed laser fluence were increased. Potentiostatic control
of the sensitized thin film was employed to increase the
concentration of TiO,(e”)s, a mechanistic approach first
reported by O’Regan and co-workers,>® that was later
effectively utilized by the Durrant group60 who found that an
increased TiO,(e”) concentration resulted in enhanced charge
recombination rates. Here we find similar behavior with the
extent of the enhancement being directly related to the number
of bridge units present in the sensitizer.

When the TiO,(e”) concentration was high, the slow
components for charge recombination were not observed,
presumably because the redox active states responsible for them
were filled and tunneling between them was therefore absent.
Under such conditions, the use of the KWW function, which is
a paradigm for modeling transport in disordered materials like
these TiO, thin films,®" was of questionable value even though
it did accurately model the experimental data. We therefore
utilized a simple t,/, analysis or considered the fraction of
charge recombination that occurred under specific conditions.
With low irradiances and at open circuit or with a forward bias
of +200 mV, change recombination over the first 85 ys was
negligible for all the sensitized materials under study. As the
quasi-Fermi level of the TiO, nanocrystallites was raised to +50
mV, about 20% of the electrons injected from AKO0/TiO, had
recombined while there was no measurable change for AK1 or
AK2. A forward bias of —50 and —150 mV were required to
promote the same 20% increase in charge recombination for
AK1 and AK2, Figure 6. Stark spectroscopy showed that the
field generated by TiO,(e™)s was strongly felt by AKO, but to a
much lesser extent by AK1 and AK2. Taken together, these

0.6 T T T T T

05¢

0.4}

0.3

0.2

Fractional Charge
Recombination

0.1

0.0p

00 0  -100
mV vs NHE

300 200 .200

Figure 6. Fraction of charge recombination that occurred over the first
85 ys after pulsed 532 nm laser excitation as a function of the applied
bias (black square, AKO/TiO,), (red circle, AK1/TiO,), and (green
up-triangle, AK2/TiO,).
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data indicate that charge recombination can be inhibited with
distance particularly when the number of injected electrons is
large. These conditions are relevant to the power point of
operational solar cells where over 20 electrons are expected to
reside in each TiO, nanocrystallite as well as the open circuit
condition where the number is even larger.’ Such behavior is
particularly evident with videos provided in the Supporting
Information, and this almost certainly contributes to the
unusually high irradiance dependence of the open circuit
pl;(g)tovoltage, Voo measured with ideality factors greater than
3.

Previous time-of-flight and intensity-modulated photocurrent
measurements have shown that the apparent diffusion constant
for charge transport through the TiO, thin films increased with
the number of TiO,(e”)s, behavior that has been rationalized
with trap filling models.”>”** Such transport also involves the
movement of ions, such as Li*, and is often termed ambipolar
diffusion. It is thus postulated that the observed rate constants
abstracted from data measured under forward bias represent
and hence high TiO,(e™) concentrations most accurately reflect
the true interfacial electron transfer rate constants for charge
recombination. The transient data measured at —350 mV were
thus fit to a distributional model based on a Levy distribution of
rate constants, or simply to the time required for half of the
charge separated states to recombine, t,/,. The latter analysis
revealed a significant distance dependence with an attenuation
factor of f ~ 0.12 A™". Note that the sensitizer AKO was not
included in this analysis as it did not contain a bridge unit and
hence was not homologous with the other two sensitizers.
While this value was abstracted from only the two bridged
sensitizers and is subject to a rather large uncertainty,
previously published data indicate that the mesoporous nature
of the TiO, thin films likely preclude analysis over larger
distances.%

The notion that the short time scale data measured at open
circuit reports predominantly on charge recombination to the
oxidized sensitizer while the slower time scale data reports on
the electron tunneling between acceptor states is consistent
with most previous literature reports at sensitized TiO,
interfaces,”> and helps rationalize why some investigators
have found that charge recombination was highly sensitive to
the thermodynamic driving force®® while others found
recombination to be essentially independent of driving
force.>*%” High injection fluxes and a low density of acceptor
states with short observation times reflect conditions relevant to
interfacial electron transfer while low injection fluxes, high
acceptor densities, and long observation times reflect electron
tunneling between acceptor states.

lll. Light-to-Electrical Energy Conversion. Rapid excited
state injection with slow microsecond recombination represents
kinetic behavior ideal for electrical power generation in dye
sensitized solar cells." However, when the sensitizers with OPE
bridge units were employed with standard I7/I;” redox
mediators, the incident photon-to-current efficiencies were
poor, less than 0.50. Under the same conditions, AKO/TiO,
gave nearly quantitative conversion -efficiencies, behavior
consistent with this class of cis-Ru(NCS), type sensitizers.>>
The ~30% lower excited state injection yield measured for the
longest sensitizer certainly contributes to the lower efficiency,
but cannot explain the magnitude of the decreased photo-
current. As the electron transfer kinetics were measured under
inert electrolyte conditions while the solar cells also contained
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redox active iodide—iodine mixtures, it was of interest to
quantify reactivity under these conditions.

The oxidized sensitizer was found to react with iodide to
yield di-iodide, I,*, as a product. The detailed mechanism by
which L,* was formed remains unknown at the TiO, interfaces,
but iodine atom and I,* intermediates have been proposed.”””*
Regardless of the I-I bond forming mechanism, I,*" is unstable
with respect to disproportionation chemistry that yields tri-
iodide and iodide. Reaction of the injected electrons with I3~
was quantified and found to be independent of the structure of
the sensitizer. Collectively, the data indicated that regeneration
and charge recombination to oxidized iodide acceptors were
within experimental error the same for all three sensitizers and
did not explain the poor energy conversion efficiency measured
with the OPE bridged sensitizers. The data do not support the
recent suggestion of a possible kinetic advantage to initiating
regeneration reactions further from the TiO, interface, at least
in polar CH;CN solution.”>

The standard redox mediator solutions of 0.5 M Lil and 0.05
M I, were utilized in this study. The equilibrium constant for eq
7 has been reported to be 5.6 X 10° M™' in acetonitrile.
Therefore, the equilibrium concentrations of the iodine species
present were 0.05 M 1,7, 0.45 M I and ~1077 M L,.**

I'+L, =14 (7)
Titration of 1 M iodide or tri-iodide into the acetonitrile
electrolyte surrounding a sensitized thin film had no measurable
influence on the MLCT absorption spectra of the sensitizers.
However, the addition of I, to the external acetonitrile
electrolyte surrounding a sensitized thin film resulted in
significant spectral changes could be reversed by dilution or
by addition of TBAI that decreased the I, concentration
through the equilibrium in eq 7. Taken together, these
observation are consistent with the formation of a sensitizer—
I, adduct as was recently reported by O’Regan and co-
workers.”? Adsorption isotherm data revealed an adduct
formation constant of about K = 1.8 + 0.2 X 10* M~! that
was in reasonable agreement with their data for similar cis-
Ru(NCS), sensitizers that possess an isothiocyante ligand for I,
coordination.”

Pulsed laser excitation of these adducts did not appreciably
change the injection yield for AKO*/TiO,, but decreased the
yield by about 80% for the phenylene ethynylene bridged
sensitized films. Molecular I, is an electron acceptor that could
reductively quench the excited state to yield the oxidized
sensitizer and L,*, thereby lowering the injection yield.”*”®
While the concentration of I, is expected to be quite low based
on the equilibrium in eq 7, the value might be larger within the
sensitized semiconductor mesopores and could account, at least
in part, for the low photocurrent efficiencies measured in
operational solar cells. Indeed, recent solid state studies indicate
that cis-Ru(dcb),(NCS), displays enhanced interactions with I,
relative to I,7.”° The data here reveal for the first time an
unwanted consequence of remote excited state injection in
redox active electrolytes: excited state quenching by redox
mediators that lowers the efficiency for electron injection.

The V. values measured for phenylene ethynylene bridged
sensitized TiO, in the absence of redox mediators displayed the
largest dependence on irradiance that has been measured. The
slopes abstracted from plots of V. versus the log of the incident
irradiance were greater than 180 mV/decade where “ideal”
behavior, based on a Schottky junction model of the
semiconductor electrolyte interface, is 59 mV/decade. As this
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model is inapplicable to these nanocrystalline thin films, the
origin of the open circuit photovoltage has been the subject of
many theoretical and experimental studies.”” One wishes to
understand how the quasi-Fermi level of the fluorine doped tin
oxide substrate is influenced by the number of electrons present
within the TiO, nanocrystallites. There exists significant
experimental and theoretical data that implicate the presence
of an exponential distribution of acceptor states in TiO,.”” The
data measured herein support this picture. The chemical
capacitance measured experimentally is proportional to the
number density of acceptor states per unit energy and reveals
that a factor of 10 increase in the injected charge corresponds
to a 360 mV increase in voltage. Therefore, ideal behavior at
these interfaces is not the 59 mV of an ideal Schottky junction,
but 360 mV, and deviations from this must be attributable to
charge recombination.

The more rapid charge recombination for AKO*/TiO,(e”)
results in the largest deviation from the expected 360 mV/
decade and hence the smallest ideality factor. To fully correlate
the V,. dependence on irradiance, one must quantify how
charge recombination rates depend on the quasi-Fermi level of
the TiO,. Qualitatively, the phenylene ethynylene bridges slow
down recombination particularly when the TiO,(e™) concen-
tration is large and the quasi-Fermi level is high which would
certainly give rise to the more ideal ~180 mV/decade change in
V,. measured with these sensitizers. This discussion under-
scores the importance of measuring ideality factors and charge
recombination rate constants over a wide range of irradiances
rather than a single V. value measured under one sun, that is,
100 mW/cm?, as is commonly done.>

B CONCLUSION

The photophysical properties of three polypyridyl compounds
varying in length, from ~6 to 18.6 A, that maintain a
Ru(NCS),(bpy) core with variable number of OPE bridge
units were characterized by spectroscopic and electrochemical
methods in fluid solution and when anchored to nanocrystalline
TiO, thin films immersed in CH;CN electrolyte. For the first
time, Stark spectroscopy was utilized as an in situ probe of the
average electric field experienced by sensitizers with variable
bridge lengths, and this data was correlated with a distance
dependence inferred from electron transfer kinetic measure-
ments. The bridge length dependence for charge recombination
was consistent with the attenuation factor of f = 0.12 A%
Inhibited S*/TiO,(e”) — S/TiO, charge recombination is
beneficial for solar energy conversion as larger steady state
concentrations of injected electrons can be realized. Slow
recombination is important in regenerative dye sensitized solar
cells when S* is a weak oxidant as well as for photo-
electrosynthetic water splitting cells where the rates of water
oxidation are generally small. Furthermore, the strong
irradiance dependence of the recombination rate constants
and V. values reveal the dangers of comparative studies
measured only at one irradiance and surface coverage. Finally,
an unwanted consequence of excited state injection from
sensitizers with long bridge units was identified, excited state
quenching by redox mediators present in the electrolyte, that
can possibly be avoided in the future through judicious choice
of the redox mediator.
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