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ABSTRACT: A series of cis-[Ru(LL)(dcbH,)(NCS),] compounds,
where dcbH, = 2,2'-bipyridine-4,4’-dicarboxylic acid and LL = 1,10-
phenanthroline (Ru(phen)), 4,7-dipyrrole-1,10-phenanthroline (Ru-
(pyr)), 4,7-diindole-1,10-phenanthroline (Ru(ind)), or 4,7-dicarbazole-
1,10-phenanthroline (Ru(cbz)), was investigated for application as

sensitizers in mesoporous TiO, dye-sensitized solar cells (DSSCs). A

systematic increase in the number of rings of the aromatic substituents at
the 4,7-positions of the 1,10-phenanthroline allowed tuning of the
molecular size of the sensitizers and the energy stored in the excited state
while maintaining the same ground-state Ru*"/?** reduction potentials.
These small structural changes had a significant influence on the rates
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and/or efficiencies of electron injection, back-electron transfer, recombination to oxidized mediators, lateral self-exchange
electron transfer, and regeneration through iodide oxidation that were reflected in distinct photoelectrochemical performance of
full operating DSSCs. The global efficiencies, open-circuit voltages, and short-circuit current densities of the DSSCs consistently
followed the trend Ru(pyr) < Ru(ind) < Ru(phen) < Ru(cbz), and the most optimal performance of Ru(cbz) was ascribed to
dramatically slower recombination to the oxidized redox mediators. Transient photovoltage and transient absorption
experiments both revealed significantly slower recombination as the size of the aromatic substituents increased with Ru(cbz)

providing the most promising behavior for application in dye sensitization.
KEYWORDS: DSSC, recombination, hole-hopping, regeneration, electron transfer, steric effects

B INTRODUCTION

Understanding and controlling the forward and backward
electron transfer processes involved in the light-initiated energy
conversion are the key points for the development of highly
efficient dye-sensitized solar cells (DSSCs). After dye
excitation, electron injection into the semiconductor oxide
must be faster than excited state relaxation to the ground state.
Additionally, collection of the injected electron at the back-
contact and the regeneration of the oxidized dye must be fast
enough to avoid energy losses due to electron transfer to the
oxidized dye molecules or to the electrolyte.'

One possibility to tune the rates of these electron transfer
reactions is through the molecular engineering of the dye
sensitizer. It has been extensively shown that modifications in
the structure of the polypyridyl ancillary ligands, LL, in cis-
[Ru(LL)(dcbH,)(NCS),] dyes, dcbH, = 2,2'-bipyridine-4,4'-
dicarboxylic acid, change the electron transfer dynamics and,
ultimately, the efficiencies of the DSSCs. The presence of
electron donating or withdrawing groups in these ligands may
change the electronic energy levels of the compounds, the
recombination and regeneration rates, and also the injection
quantum yields.”* More recently, evidence that the molecular
size of the sensitizer plays an important role in the rates of
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lateral self-exchange electron transfer and consequently affects
the dynamics of back-electron transfer has been provided.” ~*

In this study, four cis-[Ru(LL)(dcbH,)(NCS),] dye
sensitizers, LL = 1,10-phenanthroline (Ru(phen)), 4,7-
dipyrrole-1,10-phenanthroline (Ru(pyr)), 4,7-diindole-1,10-
phenanthroline (Ru(ind)), or 4,7-dicarbazole-1,10-phenan-
throline (Ru(cbz)), Figure 1, were investigated. A systematic
increase in the number of aromatic rings at the 4,7 positions of
1,10-phenanthroline allowed tuning of the molecular size of
the sensitizers while maintaining the same ground-state Ru**/%*
reduction potential for all of the complexes. These small
structural changes resulted in significant effects in the rates
and/or efficiencies of electron injection, back-electron transfer,
recombination to oxidized mediators, lateral self-exchange
electron transfer, and regeneration of the oxidized dyes that
were reflected in distinct photoelectrochemical performance of
full operating DSSCs. The results herein presented provided
useful insights into the role of steric effects on the electron
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Figure 1. Molecular structures and abbreviations of the cis-[Ru(LL)(dcbH,)(NCS),] dyes investigated in this study.

transfer dynamics that drive energy conversion in these
devices.

B EXPERIMENTAL SECTION

Materials. The following materials and reagents were used as
received from the indicated commercial suppliers: N,N'-dimethylfor-
mamide (DMF; Vetec, >99.8%), methanol (Synth, 99.8%), ethanol
(Merck, LiChrosolv, >99.9%), acetonitrile (Sigma-Aldrich, HPLC
grade, >99.9% or Burdick & Jackson, spectrophotometric grade),
tetrahydrofuran (THF; Sigma-Aldrich, HPLC grade, >99.9%),
toluene (Synth, 99.5%), ethyl acetate (Synth, 99.5%), ethyl ether
(Synth, 98.0%), isopropanol (Synth, 99.5%), valeronitrile (Aldrich,
99.5%), DME-d, (Aldrich, >99.5%), D,O (Aldrich, 99.96%), NaOD
(Aldrich, 99.5%), HCI (Synth, 36.5%), H,S0, (Merck, 95—97%),
HNO; (Synth, 65.0%), NaOH (Sigma-Aldrich, > 98%), methanolic
solution of tetrabutylammonium hydroxide (TBAOH; Sigma-Aldrich,
1 mol L"), [Ru(p-cymene)CL ], (Strem, 98%), 4,4'-dimethyl-2,2’-
bypyridine (Aldrich, 99%), 1,10-phenanthroline (phen; Strem, 99%),
4,7-dichloro-1,10-phenanthroline (E-novation, 97%), indole (Aldrich,
>99%), carbazole (Aldrich, >95%), potassium tert-butoxide (Aldrich,
>98%), Na,Cr,O; (Synth, 99.5%), Na,SO, (Synth, anhydrous,
99,0%), NaH (Aldrich, 60% dispersion in mineral oil), NaNCS
(Merck, 98.5%), H,PtCl, (Acros, 99.9%), I, (Sigma-Aldrich,
>99.9%), guanidine thiocyanate (Sigma-Aldrich, >97%), 4-tert-
butylpyridine (Aldrich, 96%), 1-butyl-3-methylimidazolium iodide
(Aldrich, 98%), tetra-n-butylammonium hexafluorophosphate
(TBAPF; Fluka, >99.0%), tetra-n-butylammonium iodide (TBAL;
Sigma-Aldrich, >99.0%), ferrocene (Aldrich, 98%), silica gel (Sigma-
Aldrich, >98%), Sephadex LH-20 (Sigma), transparent 20 nm TiO,
anatase nanoparticles paste (18NR-T, Dyesol), titanium(IV) isoprop-
oxide (Sigma-Aldrich, 97%), In,04:Sn (ITO) nanoparticles (Evonik
Industries, TC8 DE, 20 wt % dispersion in ethanol), Carbowax
(Sigma-Aldrich), hydroxypropyl cellulose (Sigma-Aldrich, average
My, = 80000, 20 mesh particle size), fluorine-doped SnO,-coated
glass (FTO; Aldrich, 3.2 mm thick, 8 Q []™" or Hartford Glass Co,
Inc, 2.3 mm thick, 15 Q []™"), glass coverslip (Microscope Cover
Glass 12-542-B, Fischer Scientific), low temperature sealant - Surlyn
(30 mm - Dyesol), and argon gas (Airgas, >99.998%). Pyrrole
(Aldrich, 98%) was freshly distilled using a Vigreaux column prior to
use.

Syntheses. 2,2"-Bipyridine-4,4'-dicarboxylic Acid. The ligand
2,2'-bipyridine-4,4'-dicarboxylic acid (dcbH,) was syntl1e51zed
according to the procedure previously reported in the literature.”
Yield = 89%. (Anal Caled for C,HgN,O,: C, 59.02; H, 3.30; N,
11.47%. Found: C, 58.67; H, 3.38; N, 11.12%. NMR 'H (D,0/
NaOD, 500 MHz, §/ppm): 861 (d, 2H, | = 4.9 Hz); 8.19 (s, 2H);
773 (d, 2H, ] = 4.9 Hz)).

4,7-Substituted-1,10-phenanthrolines. The ligands pyr and ind
were prepared by adding 4.5 mmol of pyrrole (0.32 mL) or indole
(0.53 g) and 10 mL of THF to a 50 mL round-bottom flask under
argon atmosphere. Then, 4.0 mmol of NaH (0.19 g) was added, and
the mixture was heated to reflux. After 2 h, the heating was
interrupted, and after the flask reached room temperature, 1.0 mmol
of 4,7-dichloro-1,10-phenanthroline (025 g) was added. The mixture

was then heated under reflux and argon atmosphere for 48 h. The
reaction was quenched by adding water (25 mL), and the products
were extracted with toluene and ethyl acetate. The organic layers were
dried over anhydrous sodium sulfate, and the solvent was distilled off
under reduced pressure. To the solid, 10 mL of ethyl ether was added,
and the suspension was sonicated for 1 min, stirred for 10 min, and
filtered. The resulting solid was rinsed with 5 mL of ethyl ether and
dried in a desiccator under vacuum with silica gel.

pyr (Yield = 73%. Anal. Caled for C,0H,,N,: C, 77.40; H, 4.55; N,
18.05%; Found: C, 77.60; H, 4,52; N, 17.98%. NMR 'H (CDCl,, 500
MHz, 5/ppm): 9.24 (d, 2H, ] = 47 Hz); 8.00 (s, 2H); 7.59 (d, 2H, J
= 4.7 Hz); 7.09 (t, 4H, ] = 2.1 Hz); 6.48 (t, 4H, ] = 2.1 Hz)).

ind (Yield = 59%. Anal. Calcd for C,gH,N,: C, 81.93; H, 4.42; N,
13.65%; Found: C, 81.78; H, 4.28; N, 13.31%. NMR 'H (CDCl,, 500
MHz, §/ppm): 931 (d, 2H, ] = 4.7 Hz); 7.83 (d, 2H, ] = 4.7 Hz);
7.74 (m, 2H); 7.56 (s, 2H); 7.54 (d, 2H, J = 3.3 Hz); 7.19 (m, 6H);
6.86 (d, 2H, | = 34 Hz)).

The h%amd cbz was prepared according to the procedure previously
reported.”'” Yield = 54% (Anal. Caled for Cy4H,,N,: C, 84.68; H,
4.34; N, 10.97%; Found: C, 84.45; H, 4.54; N, 11.17%. NMR 'H
(CDCl,, 500 MHz, 5/ppm): 9.54 (d, 2H, | = 4.7 Hz); 8.14 (m, 4H);
7,91 (d, 2H, ] = 4.8 Hz); 7.41 (s, 2H); 7.32 (m, 8H); 7.07 (m, 4H)).

cis-[Ru(LL)(dcbH,)(NCS),] Dyes. The cis- [Ru(LL)(dchz)(NCS)Z]
dye sensitizers were prepared based on the one-pot procedure. 1t
Briefly, the ruthenium p-cymene dimer, [Ru(p-cymene)CL],, was
dissolved in DMF, and 2 equiv of ancillary LL ligand was added. The
mixture was kept at 80 °C for 2 h under argon atmosphere. After this
period, 2 equiv of dcbH, was added to the mixture, and the
temperature was increased to 160 °C and kept at these conditions for
4 h. After that, a 10-fold excess of NaNCS was added to the mixture,
and the temperature was decreased to 140 °C, keeping the reaction
under these conditions for 4 h. Most of the solvent was distilled off
under reduced pressure, and cold deionized water was added to yield
a precipitate that was filtered and washed with water. The crude
product was dissolved in a methanolic TBAOH solution, centrifuged
to remove any residual particles, and loaded on a liquid column
chromatography containing Sephadex LH-20 as the stationary phase
and methanol as the eluent. The purification process was repeated
three times. For Ru(pyr), an additional liquid column chromatog-
raphy step was performed, employing silica as the stationary phase
and methanol:acetonitrile 1:1 as the eluent. The pure fractions were
concentrated, precipitated by adding HNO,, filtered, washed with
cold deionized water and ethyl ether, and dried in a vacuum oven.
The compounds were isolated as their monodeprotonated tetrabuty-
lammonium (TBA) salts.

Ru(phen) (Yield = 35%. Anal. Caled for (TBA)C,¢H,N,O,RuS,-
3H,0: C, 53.83; H, 6.13; N, 10.46%; Found: C: 54.26; H, 6.07; N,
10.24%. NMR 'H (DMF-d, + HNO;, 500 MHz, 6/ppm): 9.78 (d,
1H, J = 5.8 Hz); 9.74 (d, 1H, ] = 5.1 Hz); 9.25 (s, 1H); 9.06 (s, 1H);
8.97 (d, 1H, J = 8.3 Hz); 861 (d, 1H, J = 82 Hz); 8.45 (dd, 1H, J =
5.8 and 1.7 Hz); 8.43 (d, 1H, J = 8.9 Hz); 8.39 (dd, 1H, J = 8.3 and
5.2 Hz); 831 (d, 1H, J = 89 Hz); 820 (d, 1H, J = 53 Hz); 7.98 (d,
1H, ] = 5.9 Hz); 7.68 (dd, 1H, J = 8.1 and $3 Hz); 7,59 (dd, 2H, ] =
5.9 and 1.8 Hz)).
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Ru(pyr) (Yield = 35%. Anal. Caled for (TBA)C,,H, NgO,RuS,-
4H,0: C, 55.33; H, 6.04; N, 11.62%; Found: C: 55.33; H, 6.02; N,
11.55%. NMR 'H (DMF-d, + HNO,, 500 MHz, §/ppm): 9.81 (d,
1H, ] = 5.8 Hz); 9.80 (d, 1H, J = 5.5 Hz); 926 (s, 1H); 9.07 (s, 1H);
8.55 (d, 1H, ] = 9.5 Hz); 8.47 (dd, 1H, ] = 5.8 and 1.7 Hz); 843 (d,
1H, ] = 3.9 Hz); 8.42 (s, 1H); 833 (d, 1H, J = 5.9 Hz); 8;10 (d, 1H, |
= 5.9 Hz); 7.70 (d, 1H, ] = 5.9 Hz); 7.68 (t, 2H, ] = 2.1 Hz); 7.60
(dd, 1H, ] = 60 e 1.7 Hz); 7.41 (t, 2H, J = 2.2 Hz); 667 (t, 2H, ] =
2.1 Hz); 653 (t, 2H, J = 2.1 Hz)).

Ru(ind) (Yield = 43%. Anal. Caled for (TBA)C,,H,NgO,RuS,-
4H,0: C, 58.77; H, 5.87; N, 10.63%; Found: C: 58.40; H, 5.84; N,
10.59%. NMR 'H (DMF-d, + HNO,, 500 MHz, §/ppm): 9.94 (d,
1H, ] = 5.7 Hz); 9.87 (d, 1H, ] = 5.7 Hz); 929 (s, 1H); 9.11 (s, 1H);
8.58 (d, 1H, J = 5.7 Hz); 8.50 (dd, 1H, ] = 5.8 and 1.7 Hz); 844 (d,
1H, J = 5.8 Hz); 8.21 (d, 1H, J = 5.5 Hz); 8.15 (d, 1H, J = 9.4 Hz);
8.02 (d, 1H); 7.86 (dd, 1H, J = 7.1 and 1.3 Hz); 7.85 (d, 1H, ] = 6.0
Hz); 7.76 (dd, 1H, ] = 6.7 and 1.4 Hz); 7.75 (d, 1H, ] = 7.7 Hz); 7.70
(d, 1H, ] = 7.6 Hz); 7.62 (dd, 1H, J = 6.0 and 1.7 Hz); 7.27 (m, 6H);
708 (d, 1H, J = 3.3 Hz); 6.94 (d, 1H, ] = 3.4 Hz)).

Ru(cbz) (Yield = 55%. Anal. Caled for (TBA)C,,H,oNzO,RuS,-
4H,0: C, 61.66; H, 5.72; N, 9.81%; Found: C: 61.71; H, 5.83; N,
9.67%. NMR 'H (DME-d, + HNO,, 500 MHz, 5/ppm): 10.09 (d,
1H, ] = 5.6 Hz); 991 (d, 1H, ] = 5.7 Hz); 932 (s, 1H); 9.15 (s, 1H);
875 (d, 1H, J = 5.6 Hz); 8.60 (d, 1H, J = 5.8 Hz); 8.52 (d, 1H, J = 5.8
Hz); 8.41 (d, 2H, ] = 7.6 Hz); 8.31 (m, 4H); 8.01 (d, 1H, J = 5.8 Hz);
7.80 (d, 1H, ] = 9.3 Hz); 7.69 (d, 1H, J = 9.1 Hz); 749 (m, 12H)).

Thin Film Preparation. Transparent mesoporous nanocrystalline
TiO, thin films for electrochemical and spectroscopic measurements
were prepared over transparent FTO conductive substrates as
previously described in the literature. " Mesoporous thin films of
tin(IV) indium-doped oxide nmogarticles (oxidized nanoITQ) were
prepared as previously described.'* The as-prepared films were dyed
by immersing them in 0.1 mmol L~! sensitizer solutions in acetonitrile
for at least 24 h to ensure saturation surface coverage. Prior to use, the
films were soaked in neat acetonitrile for at least 1 h to remove any
weakly adsorbed molecules from the surface to minimize dye
desorption during the course of the experiments. Sensitized thin
films were positioned at 45° angle in glass cuvettes filled with the
desired acetonitrile solutions and purged with argon gas for a
minimum of 30 min prior to electrochemical or spectroscopic studies.

Methods. Nuclear magnetic resonance spectra (NMR) were
obtained using a Varian (500 MHz) spectrometer at 300 K. Residual
solvent signals were used as the internal standard. The Fourier
transform infrared (FTIR) spectra were recorded from 4000 to 500
cm™! on a PerkinElmer Spectrum Two 160000A spectrometer using
an attenuated total reflectance (ATR) accessory. Electronic
absorption spectra were recorded using an Agilent 8453 diode-array
spectrophotometer. Photoluminescence (PL) spectra were recorded
in quartz cuvettes (1.000 cm path length) using a Cary Eclipse
spectrofluorometer after the samples were purged with argon for 30
min.

Electrochemistry. Cyclic voltammetry and differential pulse
voltammetry of the compounds dissolved in 0.1 mol 1! TBAPE,/
acetonitrile solution were performed using a pAutolab III
potentiostat/galvanostat (Autolab) using a standard three-electrode
arrangement comprised of a glassy carbon working electrode
(Metrohm), a Pt rod counter electrode (Metrohm), and a Ag wire
as a pseudoreference electrode.

For the sensitized thin oxide films, data were obtained using a
WaveNow potentiostat (Pine Research Instrumentation, Inc.)
coupled to an AvaSpec UL2048 UV-—visible spectrometer and an
AvaLight deuterium/halogen light source (Avantes), all controlled by
the AfterMath software (Pine Research Instrumentation, Inc.). The
electrochemical setup consisted of a standard three-electrode cell with
sensitized thin films as the working electrodes, a Pt mesh as the
counter electrode, and nonaqueous Ag/AgCl as the pseudoreference
electrode. Experiments were performed in a 0.1 mol Lt TBAPE,/
acetonitrile electrolyte. For spectroelectrochemical measurements,
nanoITO films were used as the working electrodes, and applied
potentials were held for ~30 s before the UV—vis absorption

spectrum was recorded. Concentration curves of the redox species,
Ru* and Ru®, were analyzed as a function of the applied potential,
from which formal reduction potentials, E°(Ru**/?*), were obtained.
For chronoabsorptometry experiments, TiQ, films were employed as
working electrodes. To measure the apparent diffusion coefficients
D, a potential step 500 mV more positive than E°(Ru**/>") was
applied for several minutes, and full UV—visible spectra were taken at
fixed time intervals.

The ferrocene/ferrocenium pair was used as the standard in all
electrochemical experiments. All potentials were converted to the
normal hydrogen electrode (NHE) through the use of the Fc'/Fc
half-wave potential, +630 mV vs NHE."

Transient Absorption. The apparatus for nanosecond transient
absorption has been previously described.'® The laser fluence was
adjusted to 1 mJ cm™? for all experiments. Relative excited-state
electron injection yields were measured by comparative actinometry'”
on the nanosecond time scale using a sensitized RuPITiO,, RuP =
[Ru(44'-(PO;H,),-2,2' -bipyridine)(bpy),]**, thin film immersed in
pl;lS 1 HCIO, aqueous solution as the reference actinometer, @, =
1.

DSSCs. Preparation. Mesoporous thin films of 0.196 cm? area and
11.6 & 0.5 um height were prepared by screen-printing the TiO, paste
onto clean FTO glasses (8  [J7"), followed by equilibration under
an ethanol saturated atmosphere for 6 min. The thin films were then
dried at 125 °C for 6 min. The deposition process was repeated three
times. After TiO, depositions, the films were sintered for 5 min at 325
°C, § min at 375 °C, 15 min at 450 °C, and 15 min at 500 °C." Films
thicknesses were measured by using a Tencor P-7 profiler. After
sintering, the films were sensitized by immersing TiO, electrodes into
0.1 mmol L™! ethanolic sensitizer solutions for 24 h. The Pt counter-
electrodes were fabricated by the deposition of hexachloroplatinic acid
on FTO and heating to 450 °C for 30 min. The two electrodes were
sealed together with a Surlyn film heated to 110 °C in a custom-built
sealing apparatus.g The mediator was placed between the electrodes
through a hole drilled on the counter-electrode. The mediator was
prepared by dissolving 38 mg of iodine, 59 mg of guanidinium
thiocyanate, 0.38 mL of 4-tert-butylpyridine, and 0.80 mg of 1-butyl-3-
methylimidazolium iodide in 85:15 v:v acetonitrile:valeronitrile to
yield a 5§ mL solution.

Characterization. For all DSSC measurements, at least four
identical devices were prepared. Photocurrent action spectra and
current—voltage curves were measured using a previously described
Newport system.3 The devices were illuminated through the
photoanode side.

Optoelectronic transient and charge extraction measurements were
tested on an in-lab built system, termed “STRiVE” (Sequential Time-
Resolved current(i)-Voltage Experiments) with illumination through
the counter-electrode side’**' Cell current was measured by the
voltage drop across a 1 Ohm resistor in series with the external circuit.
This voltage was amplified by an instrument amplifier (INA 128,
Texas Instruments). The amplified voltage as well as the operating
voltage between the working and counter electrode could be
simultaneously measured by a 16-bit data acquisition board (NI-
6251) with a maximum sampling rate of 1.25 MHz. The cell was held
at open or short circuit by fast solid-state switches (MOSFETs).
Hlumination was provided by an array of white LEDs (not a solar
spectrum) and/or an array of colored LEDs controlled by fast solid-
state switches with switching times of ~250 ns. Potentials were
applied to the cell using a PAR 362 scanning potentiostat. For
transient photovoltage decay measurements, the cell voltage was set
by the intensity of the white background LEDs, at open circuit. After a
45 s equilibration time, a pulse of blue LED light was superimposed
on the background light. The voltage perturbation was recorded, and
the decay could be easily fit to a single exponential decay. The
magnitude of the perturbation was kept at ~4 mV, controlled by the
duration of the colored LED pulse, which was typically 10—500 ps.
For charge extraction measurements, the cell was held at open circuit
for 45 s under a given light intensity. The light was then turned off,
and the cell was short circuited. The resulting current transient was
recorded for 4 s and integrated to give the charge.
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B RESULTS

Characterization of Ru(ll) Dye Sensitizers. The UV—vis
absorption spectra of all cis-[Ru(LL)(dcbH,)(NCS),] sensi-
tizers in DMF, Figure 2, exhibited two broad and intense
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Figure 2. Absorption spectra of the cis-[Ru(LL)(dcbH,)(NCS),]
sensitizers in DMF, pH,,, 1.5.

absorption bands between 400 and 700 nm attributed to
dar(tzg)nu = ¥ poiypyridyl liganas Metal-to-ligand charge transfer
(MLCT) transitions.”””* The molar extinction coefficients of
these bands were higher for the compounds containing N-
heterocyclic substituents at the 4,7-positions of the phenan-
throline ring in comparison to Ru(phen), Table 1, as described
in literature for similar compounds having z-conjugated
substituents.””* ™ In the UV region, the spectra also exhibited
absorption bands ascribed to 7 — #* and n — #* intraligand
transitions from the LL and dcbH, polypyridyl ligands.”® Upon
excitation of the low-energy MLCT absorption bands, the
compounds displayed weak photoluminescence in acetonitrile
with maxima around 805 nm. The PL spectra were broad and
nonstructured, as typically observed in the emission from the
lowest lying SMLCT excited state for similar ruthenium tris-
heteroleptic compounds.”” >’

Spectroelectrochemical experiments using nanoIlTO thin
films sensitized by cis-[Ru(LL)(dcbH,)(NCS),] immersed in
0.1 mol L™' TBAPF¢/CH,CN electrolyte, in which absorbance
changes were monitored after the application of an increasingly

positive electrochemical potential, provided information on
Ru**’/?* mol fraction as a function of the applied potential.
Electrochemical oxidation of the dyes resulted in a bleach of
the MLCT bands and growth of weak, broad absorption bands
at longer wavelengths (>600 nm), indicative of the one-
electron oxidation of the compounds from Ru* to Ru**. The
potential where equal concentrations of Ru** and Ru®** were
observed was taken as the formal reduction potential,
E°(Ru**/*).° The E°(Ru**’/**) values determined this way
were 1.05 + 0.02 V vs. NHE for all compounds and were the
same, within the experimental error, in comparison to the
values measured by cyclic and differential pulse voltammetry
for the complexes dissolved in acetonitrile electrolyte solution.

The excited-state reduction potentials E°(Ru**/2**) of the
sensitizers were estimated through a free-energy cycle,
E°(Ru**/**) = E°(Ru**/**) — AGgs, in which AGg is the
Gibbs free energy stored in the MLCT excited-state
determined from the emission onsets, Table 1. AGgg decreased
with the increase on the size of the aromatic substituent and
resulted in less negative E°(Ru>*/>"*) potentials.

Kinetics: Chronoabsorptometry and Transient Ab-
sorption. Lateral self-exchange intermolecular Ru*/?* elec-
tron transfer on nanocrystalline TiO, surfaces, referred to as
“hole-hopping”, was quantified by chronoabsorptometry.”>%*!
In contrast to the spectroelectrochemical experiments, a single
potential step 500 mV more positive than E°(Ru**’/**) was
applied to the films, and the oxidation rates were quantified
spectroscopically. Single-wavelength kinetics were monitored
at the low-energy MLCT maxima (530 nm) and were plotted
as the Ru®* mole fraction, that corresponds to the normalized
absorbance change, AA, versus the square root of time, 72,
Figure 3.

The first 60% of the oxidation®®*""** was fit to the Anson
equation, eq 1, in which d is the film thickness, and provided
the apparent diffusion coefficient D,,, Table 2. The D,
values followed the trend Ru(phen) > Ru(pyr) > Ru(ind) >
Ru(cbz) and are on the order of 10™® cm? s™', in agreement
with the values published for other tris-heteroleptic cis-
[Ru(NN)(dcbH,) (NCS),]-type dyes.>**** The D,,, values
were also used to estimate the first-order effective rate
constants for intermolecular hole-hopping, ky;, by using the
Dahms—Ruff equation,”***° eq 2, in which & is the
intermolecular distance between the molecules on the surface
that was estimated based on the saturation surface coverage

Table 1. Selected Photophysical and Electrochemical Properties of the cis-[Ru(LL)(dcbH,)(NCS),] Compounds

absorption” A,,,,/nm (£/10* L mol™' cm™)

compound ligand-based MLCT

Ru(phen) 269 (44) 429 (1.1)
318 (24) 541 (0.94)

Ru(pyr) 279 (42) 455 (1.3)
319 (4.0) 543 (L.4)

Ru(ind) 270 (59) 451 (1.5)
318 (3.7) 541 (L.5)
359 (14)

Ru(cbz) 277 (64) 473 (1.3)
319 (3.6) 545 (1.5)
392 (12)

AGgs/ eVb E°( Rn&r.-'h)c,d,e E°( Rn““'ﬂ**) de
19 1.05 —0.85
1.88 1.05 —0.83
187 1.05 -0.82
1.81 1.05 -0.76

“Measured in DMF solution. ®AGgg is the Gibbs free energy stored in the *MLCT excited-state, estimated from the emission spectra in acetonitrile
solutions. “Measured for sensitized nanoITO thin films. “E°(Ru*/>*) and E°(Ru**/>**) are given in V versus NHE. “Standard deviations are +0.02

V.
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tﬂ! I sﬂ!

Figure 3. Changes in the mole fraction of the Ru?* species as a
function of the square root of time after the application of a potential
step sufficient to oxidize the sensitizers Ru(phen) (black), Ru(pyr)
(green), Ru(ind) (orange), or Ru(cbz) (red) anchored to TiO, thin
films. The films were immersed in a 0.1 mol L™! TBAPF,/acetonitrile
electrolyte. The absorption changes were monitored at 530 nm. Inset:
Ru**/?* lateral self-exchange rate constants, ky,, versus the difference
in intermolecular distance AS = § — Sp,(phen)- Error bars are given for

the In(ky,).

T, > accordingly to the method detailed in ref 5. The results
are summarized in Table 2.

1/241/2
ap o Dt
dr'/? (1)
D = kg6
PP 6 (2)
The ki, values followed the same trend as D, Ru(phen) >

Ru(pyr) > Ru(ind) > Ru(cbz), and are of the same order of
magnitude that was determined for similar cis-[Ru(LL)-
(dcbH,) (NCS),]-type dyes.” The increase in the steric bulk
of the 4,7-substituents resulted in a decrease in the surface
coverage caused by longer intermolecular distances that was
tracked by the slower lateral Ru*"/?* self-exchange electron
transfer. A similar trend was re?orted for bipyridine-based
Ru(11) polypyridyl compounds™®**

Excitation of sensitized mesoporous TiO, films by pulsed
532 nm laser resulted in a bleach of the MLCT ground-state
absorption bands and growth of a long-wavelength absorption.
This observation is characteristic of the oxidized form of the
dyes and have been previously assigned to NCS™ — Ru(III)
ligand-to-metal charge transfer (LMCT) transitions,”®’
Figure 4. These absorption changes are consistent with the
formation of an interfacial charge-separation state character-

ized by surface-bound oxidized sensitizers and photoinjected
electrons in the acceptor states of the mesoporous thin film.
Relative injection quantum yields (®,,) were quantified by
comparative actinometry 20 ns after 532 nm pulsed light
excitation and probed at the low-energy MLCT bleach
maxima, with eq 3, where AA(4,) is the absorption change
at the probe wavelength 4, Ae is the molar extinction
coeflicient difference between the ground and oxidized states,
determined by spectroelectrochemical experiments, and 1-
107#(Aex) is the absorptance calculated from the absorbance at
the excitation wavelength A(4,)."”**"*' A sensitized RuPl
TiO,, where RuP = [Ru(4,4'-(PO;H,),-2,2"-bipyridine)-
(bpy),]**, thin film immersed in pH 1 HCIO, aqueous
solution (Ae (450 nm) = —10000 L mol™ em™) was
employed as an actinometric standard as previously described
with @,; = 1.'* The AA magnitude was taken 20 ns after the
laser pulse to ensure signal was acquired beyond the rise time
of the instrument, and only 7—11% of the initial amplitude was
lost. The calculated @, values are summarized in Table 3 and
were sensitive to the identity of the aromatic substituents.

Ajasample (AP) A'E"ref ("11))
Mmf(’lp) ASsample (’1?)

sample __
oo |

1 — lO_Amf(j'!n:)

ref
X 1- 10"*sample(im)] X Py o)

Back-electron transfer kinetics of the injected electron with
the oxidized dye were monitored at 470 nm after pulsed 532
nm excitation of sensitized TiO, mesoporous films immersed
in neat acetonitrile at open-circuit conditions, Figure 5. The
transient data were nonexponential but were well-modeled by
the Kohlraush—William—Watts (KWW ) stretched exponential
function,*** eq 4, where A, is the initial transient absorption
amplitude, k is the characteristic observed rate constant, and #
is inversely proportional to the width of an underlying Lévy
distribution of the rate constants, 0 < f < 1.

Representative average back-electron transfer rate constants,
kper, calculated as the first moment in the distribution,** were
obtained from eq S, where I' is the gamma function and f =
0.2 for all measurements, and are summarized in Table 3. The
back-electron transfer reaction was significantly faster for
unsubstituted Ru(phen) and slower for Ru(cbz).

A(t) = Agexp(—kt)’ (4)

Lr[l]

k6 \p (5)
Regeneration of the oxidized dye by iodide (E°(1,"~/2I") =

0.93 V vs NHE)" was investigated by the recovery kinetics of

kye =

Table 2. Relevant Surface and Electrochemical Properties of the cis-[Ru(LL)(dcbH,)(NCS),] Compounds Anchored to TiO,

Films“
compound Dyp/107 cm? 57! I,/107% mol cm™ pm™
Ru(phen) 51+ 05 31+03
Ru(pyr) 25 +02 24 +02
Ru(ind) 2.1 +02 22 +02
Ru(cbz) 1.7 + 0.1 2.1 +02

&/nm Jop /108 71 Hp,/meV
148 + 0.05 14+ 2 3.8
161 + 0.06 5707 2.4
1.66 + 0.06 44+ 04 21
1.67 + 0.05 3.7+03 19

“D,pp = apparent diffusion coefficient; I'y = saturation surface coverage; § = intermolecular distance between the molecules on the surface; kyy, =
first-order effective rate constants for intermolecular hole-hopping; Hp, = intermolecular electronic coupling matrix element.
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Figure 4. Transient absorption difference spectra after pulsed 532 nm excitation of TiO, thin films sensitized by (a) Ru(phen), (b) Ru(pyr), (c)
Ru(ind), and (d) Ru(cbz), immersed in neat acetonitrile at open-circuit conditions.

Table 3. Rate Constants and Efficiencies of Some Electron
Transfer Processes for Sensitized Ti0Q, Films®

kyeg/ 10°
compound Dy, Kper/ 10° 571 kst L mol™! 57!
Ru(phen)  0.84 + 0.03 12 + 03 5+1 401 + 004
Ru(pyr) 0.79 + 0.02 07 £ 0.1 13+£2 104 + 0.02
Ru(ind) 058 + 0.04 031 + 007 9+1 0.56 + 0.02
Ru(cbz) 054+ 001 018 +£003 23+09 034 + 001

“®,,; = relative injection quantum yields; ki, = average back-electron
transfer rate constants; k, = average TiO,(e”) — I;” charge
recombination rate constants; kms = second-order rate constants for
dye regeneration.

the oxidized compound after pulsed 532 nm excitation of the
dye-sensitized TiO, films immersed in 0.1 mol L' TBAPF/
acetonitrile electrolyte at different TBAI concentrations. The
kinetic data were fitted by the KWW function with § = 0.2.
The observed rate constants, k,,, exhibited a linear depend-
ence on the I” concentration, Figure 6. The second-order rate
constants for dye-regeneration, were taken as the slopes
and followed the trend Ru(cbz) < Ru(ind) < Ru(pyr) <
Ru(phen).

Recombination of injected electrons with I;~ was monitored
at 375 nm™* after $32 nm excitation of dye-sensitized TiO,
films immersed in 0.3 mol L™ TBAI/acetonitrile solution and
was found to be well-modeled by the KWW function with f§ =
0.4S. Charge recombination rate constants k. followed the
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Figure 5. Absorption changes after pulsed 532 nm excitation of the
sensitized TiO, films immersed in neat acetonitrile (4 = 470 nm).
Overlaid traces in yellow are the best fits to the KWW kinetic model,
B =02.

trend Ru(cbz) < Ru(phen) < Ru(ind) < Ru(pyr) and are in
Table 3.

Photoelectrochemical Performance and Optoelec-
tronic Measurements. The photoelectrochemical perform-
ance of full-operating DSSCs was investigated to establish
correlations between molecular structure, kinetics of electron
transfer processes, and efficiency of the devices. Current—
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Figure 6. Observed rate constants (k) as a function of the
concentration of I” after pulsed 532 nm excitation of dye-sensitized
TiO, films immersed in 0.1 mol L™ TBAPF/acetonitrile electrolyte.

voltage curves are shown in Figure 7-a, and the extracted
photoelectrochemical parameters are in Table 4. Short-circuit
current densities (Jsc), open-circuit voltages (Vpc), and overall
conversion efficiencies (1) followed consistently the trend
Ru(cbz) > Ru(phen) > Ru(ind) > Ru(pyr). Photocurrent
action spectra determined for the solar cells, Figure 7-b,
resembled the absorption spectra of the photoanodes. The
maximum IPCE values followed the same trend observed for
the other photoelectrochemical parameters.

Electron lifetimes as a function of total charge within the
TiO, films were investigated by transient photovoltage decay
(TVD) experiments using a custom-built instrument termed
STRIVE.””*' The experiments were carried out at open-circuit
conditions and in the small perturbation regime,"” in which the
kinetic responses of the DSSCs were monitored as they
returned to steady state conditions following an external
perturbation. The devices were illuminated through the
counter electrode, so the highest electron concentration was
generated at the TiO,lelectrolyte interface.

Because the electron lifetime is a function of the incident
light intensity, the measurements were repeated under a wide
range of light intensities, Figure 8, and the measured lifetimes
were evaluated as a function of the charge extracted from the

device under matched conditions, Figure 9. The electron
lifetimes were determined by fitting the photovoltage decay to
a single exponential decay, eq 6, in which AV, is the initial
amplitude and 7, is the electron lifetime. The electron lifetimes
at any electron concentration exhibited a clear dye-dependence
that followed the trend Ru(pyr) < Ru(ind) < Ru(phen) <
Ru(cbz) and displayed essentially the same sensitivity to the
TiO, electron concentration.

V(t) = AVe™/® (6)

B DISCUSSION

The main goal of this study is to understand how aromatic
substituents present in the 4 and 7 positions of the
phenanthroline moiety can influence the electron transfer
reactions that promote and inhibit light-to-electrical energy
conversion with highly optimized sensitizers of the type cis-
[Ru(LL)(dcbH,)(NCS),]. Remarkably, these substituents had
a significant influence on all the interfacial electron transfer
processes even though the ground-state Ru®*’/?* reduction
potentials were held at parity. Photoelectrochemical character-
ization of DSSCs revealed that the small, systematic changes
resulted in significant changes in the global power conversion
efficiencies.

From a practical point of view, the Ru(cbz) dye was the
most efficient, exhibiting the highest V5 and Jsc in the series.
To understand this behavior, below we discuss comprehen-
sively the kinetics and efficiency of excited state electron
injection (1), lateral hole-hopping (2), back-electron transfer
to the oxidized sensitizer (3), regeneration through iodide
oxidation (4), and recombination to the acceptors present in
the electrolyte, I, = I;” or I, (5) shown in Figure 10 with
correlation to the structure of the dyes.

Excited State Electron Injection (1). Excited state
electron injection was rapid under all conditions investigated
and could not be time-resolved with the apparatus that was
utilized, k;,; > 10® s7*. The relative quantum yields for excited
state injection, ®,,, were quantified 20 ns after pulsed light
excitation in neat CH;CN. The values range from 0.54 to 0.84
and were correlated with the excited state reduction potentials.
The most potent photoreductant Ru(phen)* had the highest
yield, and Ru(cbz)* as the weakest displayed the lowest yield.

80
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Figure 7. a) Current—voltage curves under 1 Sun (AM. 1.5G) illumination (—) or in the dark (---) and (b) photocurrent action spectra measured
for DSSCs sensitized by Ru(phen) (black), Ru(pyr) (green), Ru(ind) (orange), and Ru(cbz) (red).
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Table 4. Photoelectrochemical Parameters Determined for DSSCs Sensitized by cis-[Ru(LL)(dcbH,)(NCS),]“

compound Jsc/mA cm™ Voc/V i3 /% IPCE/% (Ayq/nm)
Ru(phen) 10.8 + 09 074 + 002 0.65 + 0.03 54 + 04 54 (510)
Ru(pyr) 74 + 06 0.70 + 0.02 0.65 + 0.01 35+03 41 (520)
Ru(ind) 87 £ 08 071 + 002 0.67 + 0.03 42 + 04 49 (510)
Ru(cbz) 124 + 04 0.76 + 0.02 0.64 + 001 6.1 + 02 68 (520)
“Jsc= short-circuit current density; Vo = open-circuit voltage; ff = fill factor; 7 = global conversion efficiency; IPCE = incident photon-to-current
efficiency.
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Figure 8. Transient photovoltage decay measurements for DSSCs sensitized by (a) Ru(phen), (b) Ru(pyr), (c) Ru(ind), and (d) Ru(cbz). The

arrows indicate a Vioc increase approximately from 500 to 750 mV.

The presence of iodide in the ionic liquid electrolyte used for
solar-to-electrical power generation precluded quantification of
®,,;, yet it is likely that the injection yields were higher under
the conditions used for the operational solar cell High
injection quantum yields are necessary for quantitative
photocurrent yields and for high photovoltages in DSSCs.****’

Hole-Hopping and Back-Electron Transfer (2 and 3).
After dye-sensitized electron injection into the TiO, acceptor
states, the surface-immobilized oxidized Ru** species can be
translated away from the injection site by lateral self-exchange
electron transfer without a loss of free energy. Marcus theory
for nonadiabatic electron transfer was used to model the
Ru’*/2* self-exchange on the surface of TiO,, eq 7, where Hp,
is the intermolecular electronic coupling matrix element
between electron donor Ru®** and electron acceptor Ru**, kg
is the Boltzmann constant, # is the reduced Planck constant, T
is the absolute temperature, and A is the total reorganization
energy. 5%

43230

ky, = [E] IHDAI e(—leﬂT)
h N \J4rik,T (7)
At constant 4 and T, ky;, depends only on the coupling matrix
Hp,, which often decreases exponentially with intermolecular
distance, eq 8, in which & is the intermolecular distance
between the donor and acceptor, f is an attenuation factor, and
HY, is the electronic coupling at van der Waals separation,
8,>' " The ky;, values, determined experimentally after a
potential step was applied to TiO, electrodes with known
sensitizer surface coverages, were used to quantify # values, eq
8, where A§ is the difference between the calculated § and the
smallest § in the series and ki, is the hole-hopping rate
constant for the reference compound Ru(phen).®
Hp, = Hgae_(ﬁﬂ)(a_an)

(8
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Figure 9. Electron lifetimes measured from the single-exponential
decay in transient photovoltage measurements of DSSCs sensitized by
Ru(phen) (black), Ru(pyr) (green), Ru(ind) (orange), or Ru(cbz)
(red)
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Figure 10. Schematic representation of electron transfer processes
occurring after dye excitation.

ki = kg ©)

The experimental ky;, values displayed a good correlation with
the intermolecular distances estimated from the measured
saturation surface coverages. The exponential distance depend-
ence suggests that the variation in ky, for the different cis-
[Ru(LL)(dcbH,)(NCS),] complexes resulted mostly from a
distance effect mduced by the different steric bulk of the
aromatic groups ¢ The attenuation factor was found to be f§ =
0.82 + 0.07 A%, Values previously reported for Ru**/2* self-
exchange for polypyridyl complexes anchored to a TiO, surface
were f =12 + 02 A1°

The electronic coupling Hp, was estimated from the
measured ky;, rate constants and eq 7 with the assumption
that A = 1 eV.>”° The Hy,, values so obtained were found to
increase from 1.9 to 3.8 meV in going from Ru(cbz) to
Ru(phen), reflecting the effect of the intermolecular distance,
Table 2. These values were significantly higher than those
reported for [Ru(bpy’),(dcbH,)]-type dyes, where bpy’ is a
4,4"-dialkyl substituted bpy ligand, anchored to nanocrystalline

TiQ,, that ranged between 0.02 and 0.10 meV.” The stronger
coupling likely arises from the isothiocyanate groups in cis-
[Ru(LL)(dcbH,)(NCS),] dyes whose geometric orientation
enhances frontier orbital overlap of neighboring ruthenium
complexes.“ For cis-[Ru(4,4'-(CH,),-2,2'-bipyridine)-
(debH,)(NCS),], a Hp, = 130 meV value, estimated by ab
initio Hartree—Fock calculations, was reported for intermo-
lecular hole exchange over a TiO, surface.”

Recent reports revealed that the hole-hopping rates are
correlated to the back-electron transfer rate constants.””®
Rapid hole-hopping promotes the formation of an encounter
complex between the injected electron and the oxidized dye
sensitizer TIOQ(E ) + S— TiO,(e")I-S* prior to charge
recombination.”” Indeed, the sensitizer trend in Ky, and kg
values were the same, Ru(phen) > Ru(pyr) > Ru(ind) >
Ru(cbz). The results demonstrate that it is possible to control
back-electron transfer through control of the Ru**/* self-
exchange kinetics. Using the Ru(cbz) sensitizer with the
slowest hole-hopping resulted in the most sluggish kinetics for
the unwanted back-electron transfer reaction.

Regeneration through lodide (4). It has previously been
shown that the sensitizer ground-state reduction potential is a
good indicator of the regeneration rate constant, %_3,56,57 All
four sensitizers investigated in this work exhibited the same
E°(Ru**/?*) and hence the same thermodynamic driving force
for regeneration by iodide.*> Regeneration was first-order in
the iodide concentration. Surprisingly, a 12-fold increase in k
for Ru(phen) was observed in comparison to Ru(cbz). The
other sensitizers showed intermediate values with a trend that
followed the number of aromatic rings on the phenanthroline
ligand. Therefore, the steric hindrance imparted by these
aromatic rings is envisioned to have a deleterious role in
sensitizer regeneration. Density functional theory (DFT)
calculations demonstrated that Ru(cbz) has a molecular
volume about two times larger than that of Ru(phen) that
may restrict access of iodide to the metal center in accordance
with the experimental results presented herein.*® Furthermore,
it has been demonstrated that fast intermolecular hole- hopp s%
results in higher regeneration yields in solid-state DSSCs.””

A correlation between ky;, and also exists for this series of
dyes, suggesting that hole hopping may also facilitate dye
regeneration in liquid electrolyte based DSSCs.

It is important to note that for all four sensitizers k., was
much larger than k. In the operational solar cells, in which
high iodide concentrations are present, regeneration yields @,
of unity are expected at short-circuit conditions. At the
maximum power-point, charge recombination is faster, and
back-electron transfer may become a competitive pathway

Recombination to |, (5). Recombination of the injected
electrons with the oxidized form of the redox mediator, I, was
also sensitive to the sensitizer molecular structure. The k,
values measured after pulsed light excitation where I;~ was the
predominant acceptor followed the trend Ru(pyr) > Ru(ind) >
Ru(phen) > Ru(cbz). This trend indicates that increased
sensitizer steric bulk inhibits the approach of I;~ to the TiO,
surface, suppressing charge recombination, in a similar fashion
to what was observed for regeneration.’’ Despite Ru(phen)
being the smallest dye in the series, the absence of substituents
resulted in a more compact, densely packed dye layer on the
TiO, surface,”® highlighted by the significantly higher surface
coverage and smaller intermolecular distance, Table 2,
resulting in the second smallest k., value in the series.
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Additionally, the electron lifetimes, i.e., the average time an
electron remains in the TiO, film before recombination
processes, were investigated in operational DSSCs by transient
photovoltage decay. The trend in electron lifetimes with each
sensitizer at a fixed electron concentration were the same as
those measured after pulsed light excitation. The sensitizer
Ru(cbz) provided the longest lifetime of the injected electrons
that emanates from this slow recombination with the oxidized
redox mediator.

Energy Conversion Efficiencies and Electron Transfer.
The short circuit photocurrent density, Jsc, is equal to the
fraction of light that is absorbed, the quantum yield for excited
state injection, and the fraction of injected electrons that reach
the extemnal circuit. The Ji trend Ru(pyr) < Ru(ind) <
Ru(phen) < Ru(cbz) tracked the relative contributions from
the excited state injection yield and the charge recombination
kinetics. Injection yields and electron lifetimes also directly
influence the maximum voltage output of a DSSC. The diode
model predicts a 59 mV decrease in V¢ for every order of
magnitude increase in charge recombination.* %% Results
extracted from the current—voltage curves reveal: Vo Ru(pyr)
< Ru(ind) < Ru(phen) < Ru(cbz). The most optimal
photoelectrochemical performance of the Ru(cbz) sensitizer,
that contains the bulkiest aromatic substituent, originates
mainly from slow recombination that overcomes even the most
sluggish regeneration and least efficient injection in the series.

B CONCLUSIONS

A series of cis-[Ru(LL)(dcbH,)(NCS),] compounds was
investigated as dye sensitizers for DSSCs. The use of different
N-heterocyclic aromatic substituents at the 4,7-positions of the
1,10-phenanthroline moiety allowed modification of the
molecular size of the sensitizers and the energy stored in the
excited state, while maintaining the same ground-state Ru?*/2*
reduction potentials. The injection quantum yields tracked the
stabilization of the excited state by the presence of aromatic
groups. Through increase of the intermolecular distance
between the dye molecules on the TiO, surface, the lateral
self-exchange and back-electron transfer reactions were
retarded. Dye regeneration and recombination of the injected
electrons to oxidized mediators were sensitive to the steric bulk
and packing of the molecules on the oxide surface. The global
efficiencies, V¢, and Jsc of full operating solar cells followed
consistently the trend Ru(pyr) < Ru(ind) < Ru(phen) <
Ru(cbz). The most optimal performance of Ru(cbz) was
ascribed to the significantly smaller recombination losses that
overcome even the most sluggish regeneration and least
efficient injection in the series. Transient photovoltage and
transient absorption experiments both revealed significantly
slower recombination to oxidized mediators as the size of the
aromatic substituents increased. We believe that the results
presented herein can help to guide the molecular engineering
to the discovery of new and more efficient dyes, avoiding
energy losses by competitive electron transfer processes.
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