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ABSTRACT: Three Ru(Il) dipyrrinate complexes, [Ru(bpy),(3-TDP)](PF;) (1),
[Ru(H,dcbpy)(Hdcbpy)(3-TDP)] (2), and [Ru(H,dcbpy)(Hdcbpy)(TPADP)] (3)
(bpy = 2,2'-bipyridine; dcbpy = 4,4'-dicarboxylato-2,2"-bipyridine; 3-TDP = 3-thienyl-
dipyrrinate; TPADP = triphenylamino-dipyrrinate), have been synthesized and
characterized by electrochemical and photophysical methods as well as by theoretical
electronic structure calculations on the DFT level. The complexes exhibit panchromatic
light harvesting due to complementary ligand-based absorption around 450 nm and metal-
to-ligand charge transfer (MLCT) absorption around 530 nm. Complexes 2 and 3 have
been investigated as potential sensitizers for the dye-sensitized solar cell (DSSC). Time-
dependent DFT calculations reveal the preferential localization of an excited-state electron
on the H,dcbpy ligands, leading to a favorable scenario for electron injection from these
anchoring ligands into TiO,. Solution-phase transient absorption spectroscopy was used to
follow the excited state dynamics of methyl-ester derivatives of 2 and 3. Excitation with a

400-nm laser pulse resulted in two bleaches centered at 460 and 540 nm and corresponding to the ligand-based and MLCT
transitions, respectively. A rapid 2 ps loss of the ligand based bleach corresponded with a growth of the MLCT bleach that were
interpreted as the result of vibrational relaxation between metal-centered and ligand-centered frontier orbitals. The electron-
injection kinetics were studied on dyes 2 and 3 anchored on the TiO, surface. The excited state electron-injection yield and
incident photon-to-current efficiency were dramatically suppressed by addition of tert-butylpyridine (TBP), indicating that the
lowest excited state was positioned close in energy to the TiO, acceptor states. Nevertheless, the injection yield measured with
416-nm excitation was less sensitive to the TBP concentration than that measured with 532-nm excitation, thus suggesting the
possibility of hot-electron injection from the upper excited states generated by the ligand-based excitations. Based on the findings
of this study, a pathway is proposed for improving the electron-injection yield of Ru-dipyrrinate dyes and increasing the power-

conversion efficiency of the DSSC incorporating these dyes.

B INTRODUCTION

The growing energy demand of mankind and depletion of fossil
fuels stipulate the need for environmentally friendly and
sustainable energy technologies. In this vein, solar energy has
been the focus of extensive research efforts for many years. In
particular, dye-sensitized solar cells (DSSCs) have been
explored as a promising technology to provide robust energy-
conversion solutions adaptable to various rigid and flexible
substrates."* The key component in the DSSC device is the
dye that harvests sunlight, injects electrons into wide-band gap
semiconductor (usually TiO,), and then oxidizes a redox
mediator present in electrolyte solution.” Ru—polypyridyl
complexes incorporating thiocyanate ligands, such as [Ru-
(H,dcbpy),(NCS),] (N3; dcbpy = 4,4'-dicarboxylato-2,2'-
bipyridine),® (Bu,N),[Ru(Hdcbpy),(NCS),] (N719),” and
(BuyN);[Ru(Htctpy) (NCS);] (N749; tctpy = 2,2:6',2"-
terpylridyl-4,4/,4’-tricarboxylate),8 are among the most widely
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used DSSC dyes due to their strong absorptivity in the visible
range and favorable redox potentials that facilitate the charge
injection.9 A number of recent studies, however, have focused
on developing alternative NCS-free Ru dyes'®™'* to address
stability problems associated with the lability of the NCS™
ligands."® In particular, chelating ligands, such as phenyl-
pyridine,'® phenyl-bipyridine,'” and pyridine-pyrazole,'® have
been shown to act as effective alternatives to the monodentate
NCS™.

We have recently reported a detailed investigation of Ru
complexes with chelating dipyrrinates and demonstrated their
viability as DSSC sensitizers."”*° Dipyrrins themselves are
strongly absorbing molecules that are well-known as precursors
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to porphyrins and components of widely used BODIPY
complexes.”’ Their Ru complexes exhibit two strong (and
complementary) absorption bands in the visible range.””** The
higher-energy band has been attributed to a combination of
intramolecular ligand-to-ligand charge-transfer and dipyrrin
m—n* transitions, herein referred to as ligand-localized
transitions (LLT), while the lower-energy band was assigned
as metal-to-ligand charge-transfer (MLCT) transitions. Thus,
one can expect that these complexes will act as panchromatic
DSSC sensitizers with excellent light-harvesting properties.
Increasing the molar absorptivity of the sensitizer should allow
the use of thinner layers of mesoporous TiO, or other
morphologies, such as nanowires, that have inherently low
surface areas. This advance, in turn, will facilitate the
exploration of fast outer-sphere redox mediators, such as
Co™/Co" and Fc*/Fc (Fc = ferrocene), as alternatives to the
ubiquitous I;7/I” redox couple.

Thus far, the efficiency of the DSSC prepared with Ru—
dipyrrinate dyes turned out to be quite low, despite their
excellent absorptivity."” Nevertheless, we achieved appreciable
photocurrent densities, which suggest thermodynamically
favorable electron injection from the excited state(s) of the
dye into TiO,. Further studies are necessary to understand the
fundamental mechanism underlying the excitation and electron-
injection processes in these dyes and improve their DSSC
performance.

Herein we report detailed optical and electron-injection
studies of Ru dipyrrinates, [Ru(bpy),(3-TDP)](PFs) (1),
[Ru(H,dcbpy)(Hdcbpy)(3-TDP)] (2), and [Ru(H,dcbpy)-
(Hdcbpy)(TPADP)] (3) (bpy = 2,2'-bipyridine; 3-TDP = 3-
thienyl-dipyrrinate; TPADP = triphenylamino-dipyrrinate)
(Scheme 1). Complexes 1 and 2 bear a 3-thienyl substituent

Scheme 1. Molecular Structures of Ru(II) Dipyrrinates
Studied in This Work
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at the meso-position of dipyrrin (DP), and 3 contains a
triphenylamine (TPA) substituent at the same position. Time-
resolved spectroscopic studies in solution and investigation of
dyes on TiO, surface, supplemented by DFT calculations,
elucidate the influence of substituents on the dipyrrinate and
bipyridine ligands on the light-harvesting properties and
excited-state dynamics of these complexes and identify
pathways to the successful implementation of Ru—dipyrrinate
dyes in the DSSC.

B EXPERIMENTAL SECTION

Physical Measurements. "H NMR spectra were measured
on Bruker 600 MHz spectrometer. Chemical shifts were
referenced to the signals of residual protons in deuterated
solvents (7.26 ppM in CDCl; and 3.31 ppm in CD,OD).**
Electrospray ionization mass spectra (ESI-MS) were acquired
on a Beckman Coulter System Gold HPLC BioEssential with
Binary Gradient 125S pump and a UV/vis 166 analytical
detector. Electronic absorption (UV-—vis) spectra were
collected in the 250—800 nm range on a Varian Cary S0

spectrophotometer. A steady-state photoluminescence (PL)
spectrum was obtained with a Spex Fluorolog fluorimeter
consisting of a single excitation monochromator (1681)
optically coupled to a 450 W Xe arc lamp. Detection was
achieved by a double detection monochromator (1682) with a
GaAs photomultiplier tube (Hamamatsu). For 77 K PL
measurement, an argon prepurged solution sample was put
into an NMR tube and immersed in liquid nitrogen in a
coldfinger. The PL response was detected at a right angle to the
excitation beam.

Electrochemistry. Cyclic voltammograms (CV) were
recorded on a CH Instruments 600D electrochemical analyzer
at the sweep rate of 0.100 V-s~, with 0.100 M (Bu,N)PF
electrolyte solution, Pt working electrode, and Ag*(0.010 M
AgNO;)/Ag reference electrode. All of the potentials initially
were referenced to the standard Fc*/Fc couple (Fc =
ferrocene). Fc was added as an internal standard upon
completion of each CV experiment. The redox potentials
reported in this work have been converted to the normal
hydrogen electrode (NHE), assuming that the Fc*/Fc cousple
has a redox potential of +0.630 V vs NHE in acetonitrile.”

Syntheses. All reactions were performed in an inert N,
atmosphere using standard Schlenk techniques, unless noted
otherwise. All reagents were purchased from Aldrich and used
as received, except for pyrrole (Alfa Aesar) which was distilled
prior to use. 5-(2-Thienyl)-4,6-dipyrromethane,”® 4,4'-bis-
(methoxycarbonyl)-2,2'-bipyridine (dcmb),”” [(p-cymene)-
RuCl,],,*® N,N-(diphenglamino)benzaldehyde,29 [Ru-
(bpy),(3-TDP)]PF4 (1), and [Ru(demb),(3-TDP)]PF,
(2a)*® were prepared according to reported procedures.
Anhydrous commercial solvents were additionally purified by
passing through a double-stage drying/purification system
(Glass Contour Inc.).

[Ru(H,dcbpy)(Hdcbpy)(3-TDP)] (2). A solution contain-
ing 2a (41 mg, 0.040 mmol), 3 mL of Et;N, 3 mL of H,O, and
9 mL of DMF was heated at reflux for 18 h. After cooling to r.t,,
the solvent was evaporated to dryness under reduced pressure,
and 30 mL of CH,Cl, was added to dissolve the unreacted
starting material which was removed by filtration subsequently.
The obtained filter cake was washed with diethyl ether (3 X 10
mL) and dried under vacuum to afford 28 mg of black solid.
Yield = 85%. "H NMR (CD,0D, 600 MHz), 8, ppm: 9.02 (d, J
= 5.4 Hz, 4H), 8.08 (d, J = 5.9 Hz, 2H), 7.96 (d, J = 5.8 Hz,
2H), 7.89 (dd, ] = 5.9, 1.7 Hz, 2H), 7.79 (dd, ] = 5.8, 1.7 Hz,
2H), 7.55 (dd, J = 3.0, 1.3 Hz, 1H), 7.51 (dd, J = 5.0, 3.0 Hz,
1H), 7.25 (dd, J = 5.0, 1.2 Hz, 1H), 6.78 (dd, ] = 4.4, 1.3 Hz,
2H), 6.39 (t, ] = 1.5 Hz, 2H), 6.30 (dd, ] = 4.4, 1.5 Hz, 2H).
HR-ESI-MS: m/z = 815.05070 (calcd. for [Ru(H,dcbpy),(3-
TDP)]*: 815.04981). Elem. analysis: caled. (found) for
RuSO;;,N4Cy;H;, (1-4H,0), %: C, 50.17 (49.84); H, 3.64
(3.75); N, 9.49 (9.71).

TPA—dipyrromethane. Freshly distilled pyrrole (6 mL)
was added to 1.00 g (3.66 mmol) of N,N-(diphenylamino)-
benzaldehyde in a 50-mL Schlenk flask. The solution was
degassed for 15 min, and 84 uL of trifluoroacetic acid (TFA)
was added. The mixture was stirred at r.t. for 2 h, and then 0.5
mL of Et;N was added to quench the reaction. After addition of
30 mL of CH,Cl,, the mixture was washed with water (3 X 30
mL). The organic phase was collected and dried over
anhydrous MgSO,. The solvent and excess pyrrole were
removed under reduced pressure, and the crude product was
charged on a silica gel column (4 cm X 18 cm). Using
CH,Cl,:hexanes (1:1, v/v) as eluent, the first colorless band
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was collected and evaporated to dryness under vacuum to
produce 1.20 g of brownish oil. Yield = 84%. '"H NMR (CDCl,,
600 MHz), 8, ppm: 7.93 (s, 2H), 7.29—7.20 (m, 4H), 7.12—
7.05 (m, 6H), 7.05-6.97 (m, 4H), 6.74—6.66 (m, 2H), 6.22—
6.13 (m, 2H), 5.95 (s, 2H), 5.42 (s, 1H). “C NMR (CDCl,
151 MHz), &, ppm: 147.89, 146.78, 13626, 132.82, 129.37,
129.25, 124.40, 124.05, 122.93, 117.32, 108.58, 107.29, 77.16,
43.57.

[(p-Cymene)Ru(TPADP)CI]. A solution of p-chloranil (260
mg, 1.06 mmol) in 10 mL of anhydrous THF was added
dropwise to a solution of TPA—dipyrromethane (400 mg, 1.03
mmol) in 10 mL of anhydrous THF. The mixture was stirred
for 6 h at r.t. The solvent was removed under reduced pressure,
and the crude product was added to a 100 mL Schlenk flask
containing 315 mg (0.520 mmol) of [(p-cymene),RuCl,],.
After addition of 1 mL of Et;N and 30 mL of anhydrous
MeCN, the mixture was heated at reflux for 12 h. The reaction
was cooled to r.t. and filtered through Celite, and the filtrate
was evaporated to dryness under reduced pressure. The crude
product was loaded on a silica gel column (2.5 cm X 20 cm)
and washed with CH,Cl,:MeOH eluent (50:1, v/v). A bright-
red band was collected and evaporated to dryness to afford 345
mg of red powder. Yield = 51%. '"H NMR (CDCl,;, 600 MHz),
5, ppm: 8.03—7.99 (m, 2H), 7.33—=7.25 (m, 6H), 7.20—~7.15
(m, 4H), 7.10—7.04 (m, 4H), 6.76 (dd, 2H, J = 4.3, 1.3 Hz),
6.50 (dd, 2H, ] = 4.3, 1.4 Hz), 5.32—5.25 (m, 4H), 2.43 (hept,
1H, J = 6.9 Hz), 2.22 (s, 3H), 1.07 (d, 6H, ] = 7.0 Hz). *C
NMR (CDCly, 151 MHz), §, ppm:154.7, 148.4, 147.6, 146.8,
13S8.5, 131.7, 131.1, 129.5, 125.1, 123.5, 121.3, 118.3, 102.2,
1004, 85.0, 84.7, 30.7, 29.7, 22.2, 18.7. HR-ESLMS: m/z =
622.17974 (calcd. for [(p-cymene)Ru(TPADP)]*: 622.17962).

[Ru(demb),(TPADP)IPF, (3a). A mixture of [(p-cymene)-
Ru(TPADP)CI] (190 mg, 0.29 mmol), dcmb (236 mg, 0.87
mmol), AgNO; (53 mg, 0.31 mmol), and 30 mL of anhydrous
MeOH was heated at reflux for 16 h in the dark. After cooling
to r.t., the reaction mixture was concentrated to ~5 mL under
reduced pressure and filtered through a fine porosity frit to
remove the excess of demb and the AgCl byproduct. To the
filtrate was added a solution of NH,PF4 (110 mg, 0.67 mmol)
in 2 mL of MeOH, and the mixture was stirred vigorously for 1
h to complete the anion exchange. The precipitated product
was recovered by filtration, washed with diethyl ether (3 X 10
mL), and dried under vacuum to afford 206 g of 3a as black
powder. Yield = 61%. 'H NMR (CDCl;, 600 MHz), §, ppm:
8.90 (d, 2H, J = 1.6 Hz), 8.88 (d, 2H, J = 1.6 Hz), 8.01—7.96
(m, 4H), 7.93—7.86 (m, 4H), 7.33—7.28 (m, 4H), 7.25-7.21
(m, 2H), 7.19-7.15 (m, 4H), 7.10~7.05 (m, 4H), 6.81 (dd,
2H, ] = 44, 1.5 Hz), 6.30 (dd, 2H, ] = 4.4, 1.5 Hz), 6.26—6.24
(m, 2H), 4.04 (s, 6H), 4.01 (s, 6H). *C NMR (CDCl,, 151
MHz), 5, ppm: 164.2, 158.3, 157.5, 152.6, 152.4, 148.7, 148.3,
147.5, 137.6, 137.0, 136.2, 133.2, 132.6, 131.9, 131.7, 129.6,
126.8, 125.9, 125.2, 123.8, 123.2, 122.8, 121.1, 118.7, 77.2, 53.6,
53.5. HR-ESI-MS: m/z 1032.22912 (caled. for [Ru-
(demb),(TPADP)]*: 1032.22948). Elem. analysis: calcd.
(found) for RuPF,OgN,CsH, (32:0.5H,0), %: C, 55.70
(55.44); H, 3.82 (3.88); N, 8.27 (8.39).

[Ru(bpy),(TPADP)](PFs) (3b). Complex 3b was prepared
in the same fashion as 3a using bpy instead of dcmb as the
starting material. Yield = 64%. '"H NMR (CDCl;, 600 MHz), 6,
ppm: 8.33 (dd, 4H, J = 7.9, 3.6 Hz), 7.89—7.85 (m, 6H), 7.70
(d, 2H, J = 5.4 Hz), 7.31-7.27 (m, 10H), 7.17 (d, 4H, ] = 8.0
Hz) 7.09—7.06 (m, 4H), 6.79 (d, 2H, ] = 4.2 Hz), 6.38 (s, 2H),
632 (d, 2H, J = 44 Hz). 3C NMR (CDCl,, 151 MHz), 5,

17401

ppm: 158.1, 157.4, 151.9, 150.9, 148.9, 148.3, 147.5, 136.2,
136.1, 135.6, 131.8, 129.5, 126.9, 126.3, 125.0, 123.6, 1234,
121.4, 118.2. HR-ESI-MS: m/z 800.20780 (calcd. for
[Ru(bpy),(TPADP)]*: 800.20757).

[Ru(H,dcbpy)(Hdcbpy)(TPADP)] (3). This complex was
prepared starting from 3a (40 mg, 0.034 mmol), in the manner
similar to that described for the preparation of 2. Yield = 80%
(26 mg). 'H NMR (CD,0D, 600 MHz), 5, ppm: 9.06—9.01
(m, 4H), 8.11 (d, 2H, J = 5.8 Hz), 7.98 (d, 2H, J = 5.9 Hz),
7.90 (dd, 2H, J = 5.9, 1.7 Hz), 7.81 (dd, 2H, J = 5.9, 1.7 Hz),
7.34—7.26 (m, 6H), 7.16—7.12 (m, 4H), 7.11-7.03 (m, 4H),
6.74 (dd, 2H, | = 4.4, 1.1 Hz), 6.41—6.37 (m, 2H), 6.31 (dd,
2H, ] = 4.4, 1.5 Hz). HR-ESI-MS: m/z = 976.17041 (calcd. for
[Ru(H,dcbpy),(TPADP)]*: 976.16688). Elem. analysis: calcd.
(found) for RuO;;N,C,,H,; (2-3H,0), %: C, 59.53 (59.26);
H, 4.02 (3.83); N, 9.53 (9.39).

Theoretical Calculations. Density functional theory
(DFT) calculations were performed with the Gaussian 09
package,® using the B3LYP hybrid functional®”** and the
DZVP basis set” for Ru and the TZVP basis set>* for the other
elements, within spin-restricted molecular orbital (MO) model.
The starting geometry for complex 1 was taken from the
refined crystal structure parameters.”® Calculations for com-
plexes 2 and 3 were performed by adding carboxylic acid
functionalities (—COOH) to bpy ligands of 1 as well as the
TPA substituent in the case of 3. All geometries were optimized
in the ground state, without symmetry restraints, using the
polarizable continuum model of solvation (PCM) with
acetonitrile as a solvent to include solute—solvent interaction
effects. Time-dependent (TD) DFT calculations in solution
(using the same PCM model) were carried out on the
optimized geometries. The UV—vis spectra were simulated with
the SWizard program, revision 46,3536 using the Gaussian
functions with the half-bandwidths, A,/ of 3000 cm™".
Atomic/fragment contributions to the molecular orbitals were
calculated using the AOMix software.”>*’

Solution-Phase Transient Absorption Spectroscopy.
Femtosecond time-resolved transient absorption (TA) pump—
probe experiments were performed using a 1-kHz regener-
atively amplified Ti:sapphire laser system that delivered 800-4]
pulse energies centered at 800 nm. The duration of the
amplified pulse was typically ~90 fs, and the pulse was
characterized by frequency-resolved optical gating pulse
diagnostics. The amplified laser output was frequency doubled
to generate 400-nm light (200 uJ/pulse), which was attenuated
and used as the excitation pump pulse. Excitation pulse energies
used here ranged from 300 nJ/pulse to 1.0 yJ/pulse. A small
portion (4%) of the fundamental laser output was passed
through a sapphire plate to generate the continuum probe pulse
that typically extended from 450 to 850 nm. The pump—probe
time delay was controlled using a retroreflecting mirror
mounted on a motorized linear translation stage (Newport).
Both pulses were spatially overlapped in the sample—laser
interaction region. Differential absorption of the probe was
measured as a function of the time delay between the pump
and probe by mechanically chopping the pump pulse at 500 Hz.
Here, the probe was spectrally dispersed on a silicon diode
array to generate a wavelength-resolved differential absorption
spectrum that spanned from 450 to 800 nm. Data were
acquired for 2 s at each pump—probe delay. The instrument
response time (~150 fs) was determined from the nonresonant
response of the pump and probe pulses in solvent. The full
dynamic range of the measurements extended from 10 ps
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Scheme 2. Synthesis of Complexes 1—3: (a) [(p-cymene)RuCl,],, Et;N, MeCN, Reflux, 12 h; (b) bpy, AgNO,, NH,PF, MeOH,
Reflux, 16 h; (c) demb, AgNO,, NH,PF;, MeOH, Reflux, 16 h; (d) Et;N/H,0/DMF = 1:1:3 (v/v/v), Reflux, 18 h
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before to 3.2 ns after time zero. Data fitting used in this work
was similar to previously published methods.*® Temporal
integration of bleach and excited state absorption peaks
measured in the TA spectrum provided electronic relaxation
kinetic traces. The transient data were fit with an in-house
program that uses an iterative least-squares approach. The best
fits were obtained using either single- or multiexponential decay
function, which accounted for relaxation time constants

$() = G()* ¥ 4, xp[—t)

T (1)
where G(t) is a Gaussian function that accounts for the
instrument response, ¢ is the pump—probe delay time, A, is the
amplitude coefficient that describes the relative contribution
from the nth relaxation component to the total time-dependent
signal, and 7, is the corresponding time constant.

Studies of Dyes on TiO, Surface. Substrate Preparation.
Mesoporous nanocrystalline TiO, thin films were prepared as
previously described.® Briefly, TiO, was prepared by acid
hydrolysis of Ti(i-OPr), (Aldrich, 97%) using a sol—gel
technique. The TiO, was cast onto the transparent FTO
(fluorine-doped tin oxide) conductive substrate (Hartford Glass
15 ©/cm?) by a doctor blade (~5 um thick; Scotch tape was
employed as the spacer) and annealed at 450 °C for 30 min
under constant oxygen flow. The films obtained were immersed
in 40 mM TiCl, aqueous solution at 70 °C for 30 min and
rinsed with deionized water. The TiO, thin films were sintered
again under the same conditions as described above. The films
as prepared were immersed in an EtOH solution of the dye (~3
X 10~* M) for time periods of hours to days, then rinsed with
EtOH and MeCN, and diagonally positioned in a standard 1

cm® quartz cuvette containing 0.5 M solution of LiClO, in
MeCN. The electrolyte solutions were purged with Ar gas for at
least 30 min prior to experiments.

Spectroelectrochemistry. Spectroelectrochemistry was car-
ried out in a standard three-electrode cell with a TiO, thin-film
working electrode, a Pt disk counter electrode, and an Ag/AgCl
reference electrode (Bioanalytical Scientific Instruments, Inc.)
in a 0.5 M solution of LiClO, in MeCN, at variable
concentrations of fert-butylpyridine (TBP). UV-—visible ab-
sorption measurements were obtained on a Varian Cary 50
spectrophotometer at room temperature. A potentiostat (BAS
model CV-SOW) was employed, and the applied potential was
held until a steady state absorption that was invariant in time
was achieved. The typical waiting time was 2—3 min. The Fc'/
Fc half-wave potential was measured at room temperature
before and after each experiment and used as an external
standard to calibrate the reference electrode. All reported
potentials have been converted to the NHE scale as described
above.

Transient Absorption Spectroscopy. Nanosecond TA
measurements were obtained with an apparatus similar to the
one previously described.*” The samples were excited by a Q-
switched, pulsed Nd:YAG laser (Quantel USA (BigSky)
Brilliant B; 5—6 ns full width at half-maximum, 1 Hz, ~10
mm in diameter) at 532 nm (frequency doubled) or 416 nm
(H, Raman shifter with 355 nm laser light) directed at 45° to
the film surface. A Glan-Taylor polarizer was employed in the
laser path to attenuate the pulse fluence. A 150 W xenon arc
lamp coupled to a 1/4 m monochromator (Spectral Energy,
Corp. GM 252) served as the probe beam (Applied
Photophysics) that was aligned orthogonally to the excitation
light. For detection at sub-100 ps time scales the lamp was
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Figure 1. Selected frontier molecular orbitals of 1, 2, and 3. Isosurface contour values are 0.05 a.u. H atoms are omitted for clarity except for the ones
on carboxylic acid groups. Color scheme: Ru = green, S = yellow, O = pink, N = blue, C = gray, and H = cyan.

pulsed. Detection was achieved with a monochromator (Spex
1702/04) optically coupled to an R928 photomultiplier tube
(Hamamatsu). Transient data were acquired on a computer-
interfaced digital oscilloscope (LeCroy 9450, Dual 350 MHz)
with 2.5 ns resolution terminated at 50 Q for sub-100 us; for
longer time scales, the signal was terminated with a 10 kQ
resistor and bandwidth limited at 80 MHz. Approximately
150—250 laser pulses were typically averaged for each single
wavelength measurement to achieve satisfactory signal-to-noise
ratios. Kinetic data fitting and spectral modeling were
performed in Origin 8, and least-squares error minimization
was accomplished using the Levenberg—Marquardt iteration
method.

Incident Photon to Current Efficiency (IPCE). A two-
electrode cell was employed with sensitized TiO,/FTO as the
working electrode and Pt wire as the counter electrode. The
working electrode was illuminated through the backside of the
FTO slide using a 150 W xenon arc lamp (Spectra-Physics)
coupled to a 1/4 m monochromator (Oriel Cornerstone). The
light intensity was calibrated by a photodiode (UDT 260) at
each measured wavelength. The photocurrent was measured by
a Keithley 617 electrometer.

B RESULTS AND DISCUSSION

Synthesis. The synthetic procedures are shown in Scheme
2. Dipyrromethanes were converted to the corresponding
dipyrrins by oxidation with p-chloranil. Without further
purification, the crude product was reacted with a dinuclear
precursor [(p-cymene)RuCl,], to form the neutral mono-
nuclear complex [(p-cymene)Ru(R-DP)Cl] (R-DP = 3-TDP or
TPADP), at which point the product purification was
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performed. Complexes 1, 2a, and 3a were obtained by refluxing
[(p-cymene)Ru(R-DP)Cl] with bpy or demb in MeOH in the
presence of AgNO;. Ester derivatives 2a and 3a were
hydrolyzed to form 2 and 3 by refluxing with Et;N in a
H,0—DMF solvent mixture for 18 h.

Electronic Structure. To establish the electronic structure
of the complexes and aid in the subsequent assignment of
optical transitions and electrochemical events, we performed
DEFT calculations using the B3LYP hybrid functional and TZVP
basis set (DZVP for Ru). The energy diagram and selected
MOs of 1, 2, and 3 are shown in Figure 1.

In 1, the highest occupied molecular orbital (HOMO),
HOMO-1, and HOMO-3 are primarily based on the Ru d
orbitals, with a small contribution from the dipyrrinato or bpy 7
orbitals, while the HOMO=-2 is purely dipyrrinato-based (see
Table S1 in the Supporting Information). The lowest
unoccupied molecular orbital (LUMO) and LUMO+1
correspond to a mixture of dipyrrinato and bpy 7* orbitals,
while the LUMO+2 and LUMO+3 reside mostly on bpy. The
Ru contribution to these four LUMOSs ranges from 0.7% for the
LUMO to 5.9% for the LUMO+2, indicating a rather weak Ru-
to-ligand back-donation in this complex (Table S1).

The addition of electron-withdrawing carboxylic substituents
in 2 changes the order of frontier orbital energies by stabilizing
the Ru d orbitals and dcbpy 7* orbitals. As a result, the
dipyrrinato-centered 7 orbital becomes the HOMO. The
mixing between z* orbitals of dcbpy and dipyrrinate is also
eliminated, giving rise to bpy-centered LUMO/LUMO+1 and
dipyrrinato-centered LUMO+2. The Ru contribution to these
three orbitals is 6.5%, 5.4%, and 1.5%, respectively (Table S1).
Thus, Ru-to-ligand back-donation in 2 remains weak.
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In 3, the HOMO resides on the TPA moiety, while the order
and nature of other frontier MOs are similar to those observed
in 2, suggesting that the meso substituent interacts only weakly
with the dipyrrin unit. The latter finding is explained by the lack
of coplanarity between the two aromatic fragments.*’

Optical Spectroscopy. The absorption spectra of 1, 2, and
3 are similar (Figure 2) and exhibit three major bands around

T . A,nm (210, M'em™)
Complex — —
MLCT dipyrrin n-m* bpy n-m*

— 516(1.3) 462 (5.3) 295 (5.4)
540(L.7) 460 (3.7) 312(5.0)

540(1.9) 458 (4.4) 311(7.0)

—2
—3

£x10™ (M"em™)

1 ) T T
300 400 500 600 700 800
Wavelength (nm)

Figure 2. Optical absorption spectra of 1 in MeCN and of 2 and 3 in
MeOH at room temperature.

300, 450, and beyond 500 nm. The latter band in the spectra of
2 and 3 is red-shifted by 24 nm relative to the analogous band
in the spectrum of 1. The absorption spectra simulated from
the TD-DFT calculations reproduce the main features of the
experimental spectra quite well (Figure 3) and thus can be used
for the assignment of the observed absorption bands (see Table
S2 in Supporting Information for the complete list of assigned
excitations).

The lower-energy absorption band in Ru(II) polypyridyl
complexes can be empirically assigned as the metal-to-ligand
charge transfer (MLCT) transition. Indeed, the TD-DFT
calculations confirm that the lower-energy band in each
complex corresponds to excitations from the Ru d orbitals to
the set of three (in 1) or two (in 2 and 3) ligand-centered 7*
orbitals (Figure 1). Since the stabilization of the bpy-centered
7% orbitals upon addition of the carboxylic groups exceeds the
stabilization of the Ru d orbitals, the MLCT transitions in 2 and
3 have lower energy and hence longer wavelengths. The low-
energy band in 3 also contains an admixture of an intraligand
charge-transfer (ILCT) excitation from the TPA-centered
HOMO to the dipyrrinate-centered LUMO+2. In the case of
2, the calculated oscillator strength for the excitation from the
3-TDP-centered HOMO to the dcbpy-centered LUMO/
LUMO+1 is low, and this transition does not contribute
significantly to the optical absorption spectrum.

The intermediate-energy absorption band appears at about
the same energy in all three complexes, with the maximum
around 460 nm, although the band in 2, and especially in 3, is
broadened relative to the one observed in 1. Nevertheless, in all
complexes, this band mainly arises from the ligand-to-ligand
(LLT) excitations from the dipyrrinato-centered z-orbitals to
bpy or dipyrrinato-centered z* orbitals (Table S2). Although
the DFT calculations suggest that there is some mixing of LLT
and MLCT transitions, they do support the notion that the
intermediate-energy band around 460 nm is predominantly
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Figure 3. Experimental (solid line) and simulated (dashed line)
absorption spectra of 1 (blue), 2 (red), and 3 (purple). The gray bars
indicate the energy and oscillator strength of electronic excitations.
The asterisk marks the excitation in the simulated spectrum that
corresponds to the 400-nm absorption in the experimental spectrum
(see the “Transient Absorption Spectroscopy” section for further
details).

composed of LLT excitations and the low-energy band at 540
nm corresponds to MLCT excitations.

At room temperature, no measurable photoluminescence
signal could be detected in solutions of all three complexes.
Nevertheless, at 77 K, a significant photoluminescence was
observed from a solution of 3 in EtOH:MeOH glass (4:1 v/v),
with the maximum at 760 nm (Figure S1).
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Electrochemistry. The cyclic voltammogram (CV) of 1
reveals a quasi-reversible process at E, , = 0.90 V, attributed to
the Ru™" redox couple, and three quasi-reversible ligand-based
redox processes at —1.16, —1.45, and —1.77 V (Figure 4).

Current (pA)

' 115 ' 1:0 | 015 | 0{0 ' -OI.S ' -1I.D ' -1I.5 ' -2I.D
Potential (V vs. NHE)
Figure 4. Cyclic voltammograms of 1 (black), 2a (red), and 3a (blue)
recorded in 0.1 M solutions of (BuyN)PF4 in MeCN, CH,Cl,, and
MeCN, respectively.

Similar to 1, only one oxidation was observed for 2 at 1.07 V,
while the CV of 3 exhibited two successive quasi-reversible
processes at E;,, = 1.05 and 1.26 V in DMF electrolyte. The
reductions of 2 and 3 were not well resolved. Therefore, the
electrochemical behavior of their ester derivatives, 2a and 3a,
was examined. In comparison to 1, both 2a and 3a were more
resistant to oxidation and more susceptible to reduction (Table
1). Such behavior is in accord with the electron-withdrawing

Table 1. Electrochemical Properties of Complexes 1-3, 2a,
3a, and 3b*

half-wave potentials, V

complex solvent Ef//zo E%{ Ef/zz’
1 MeCN 0.90 -1.16 —1.45
2a CH,CL 121 —1.78 —1.14
3a MeCN 1.12, 1.27 —0.83 —1.06
3b MeCN 0.90 -1.17 —1.44

1.27

DMF 1.07

3 DMF 1.05, 1.26

“The potentials are referenced to NHE.

nature of the ester substituents, which stabilize both Ru d
orbitals and bpy #* orbitals. Similar to 3, complex 3a exhibits
two redox events at E;/, = 1.12 and 1.27 V in MeCN solution.
To assign these oxidation processes, a CV of the ligand,
TPADP, was acquired in MeCN, and one quasi-reversible
oxidation at 1.26 V was observed. In addition, a model complex
3b was prepared, in which the dcbpy ligands were replaced by
unsubstituted bpy ligands. In this complex, the second
oxidation potential remained unchanged while the first
oxidation potential was shifted to much lower value of 0.90 V
(Figure S2). This is in agreement with the assignment of the
first process to the Ru'/Ru" redox couple, as the absence of
the electron-withdrawing ester substituents makes the Ru
center more prone to oxidation. In turn, taking into account the

coincidence of the second redox potential in 3a and 3b and the
aforementioned lack of electronic communication between the
TPA and dipyrrinate fragments, this redox process can be
assigned as the TPA-centered oxidation.

The excited-state redox potential for 3 was calculated
through a free-energy cycle as E,,(37%*) = E;,(3"°) —
AGygg, where the latter term corresponds to the free energy
stored in the excited state. The value AGgg = 1.72 eV was
abstracted from an intersection of the tangent line drawn on the
high-energy side of the 77-K photoluminescence spectrum with
the horizontal wavelength axis (Figure S1). Using this value and
the electrochemical data for 3, the value of E, /2(3+/ *) was
calculated to be —0.67 V vs NHE. Despite our inability to
detect photoluminescence from 2, we anticipate that it has a
similar excited-state redox potential based on the similarity of
electrochemical and optical properties of 2 and 3.

Solution-Phase Transient Absorption Spectroscopy.
To study the excited-state dynamics, we carried out ultrafast
pump—probe experiments on 1, 2a, and 3a in MeCN solutions.
The experiments were conducted by exciting sample solution
using a 400-nm laser pulse and probing the time-dependent
response using a broad bandwidth continuum pulse. Generally,
the differential transient absorption spectra of the samples
exhibited two major bleach components, one below and the
other above 500 nm.

In the case of 1, excitation by 400-nm light generated
ground-state bleaches at 470 and 520 nm (Figure Sa), which
corresponded to the ground-state linear absorption bands
observed at 462 and 516 nm, respectively. The recovery of the
transient bleach signal at 520 nm was best fit using a single-
exponential rate law, which yielded a time constant of 4.5 ns.
The bleach recovery kinetics of the signal at 470 nm were
nonexponential, and required the inclusion of a faster (25 ps)
component (Figure Sc). The major recovery channel for the
470-nm bleach was characterized by a time constant of 4(1) ns.
The pre-exponential constants of 0.03 and 0.97, respectively,
indicate that the slower process made the most significant
contribution to the total amplitude of the time-resolved TA
signal. In addition, a positive transient signal was observed at
650 nm, indicating excited-state absorption. Placing the results
of TA experiments in the context of electronic structure
calculations, one can establish that the 400-nm pump resulted
in a HOMO—3 — LUMO+3 excitation (Table S2) to the bpy-
based n* orbital (Figure 1). This excited state, most likely,
undergoes internal conversion to the next bpy-based 7*-orbital,
LUMO+2, followed by vibrational relaxation that delocalizes
the electron density over all three ligands, populating nearly
degenerate LUMO and LUMO+1. We attribute the 25-ps
component in the transient signal to this vibrational relaxation.

Excitation of complexes 2a and 3a using 400-nm light also
resulted in bleaches at 450 and 550 nm (Figure Sb),
corresponding to the LLT and MLCT absorption bands at
460 and 540 nm, respectively. Time-resolved TA measure-
ments, however, revealed significant differences for complexes
2a and 3a as compared to 1. In the case of 3a, the transient
signal monitored at 540 nm exhibited an initial growth with a
time constant 7 = 2(1) ps, while the signal monitored at 460
nm exhibited an initial recovery at 7 = 9(3) ps (Figure 5d). A
similar initial growth of the 540-nm signal (z = 6(2) ps) was
observed in the TA spectrum of 2a. (Unfortunately, we could
not follow the evolution of the signal around 460 nm in 2a, due
to a low signal-to-noise ratio, and therefore only complex 3a
will be discussed below.) Both 460- and 540-nm transient
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Figure S. Transient absorption spectra (a and b) and single-wavelength absorption changes monitored at two different wavelengths (c and d) for
MeCN solutions of 1 (a and c¢) and 3a (b and d), under 400 nm pulsed laser excitation. Overlaid in red on the experimental data are best fits to the

decay function described by equation (1).

signals observed for 3a also showed a longer decay component
with a characteristic lifetime of ~13 ns that were within
experimental error the same at these observation wavelengths.
These states were also independently measured for 3 by
nanosecond absorption spectroscopy with a lifetime of 13 ns at
—30 °C in ethanol (Figure S3).

The differences in the excited-state dynamics of 3a and 1 can
be rationalized by considering the results of electronic structure
calculations and assignments of absorption bands in the spectra
of these complexes. In contrast to 1, the LUMO and LUMO+1
in 3a are localized 7* orbitals of demb and do not exhibit any
DP-based character. The 400-nm laser pulse results in
promotion of electrons to the dcmb-centered LUMO and
LUMO+1 in 3a, which leads to bleaching of both LLT and
MLCT bands. In other words, the bleaches observed at 460 and
540 nm correspond to transitions from the (dcmb/dcmb)-Ru'-
DP-TPA ground state to (dcmb/decmb®”)-Ru"-DP*-TPA
(LLT) and (demb/demb®”)-Ru™-DP-TPA (MLCT) excited
states, respectively (Scheme 3). Importantly, the 540-nm band
in 3a also includes a large contribution from the (demb/
demb®”)-Ru"-DP-TPA* charge-separated LLT (CS-LLT) state
(Table S2). Considering these excited states, we attribute the
initial growth of the 540-nm bleach to the vibrational relaxation
process,40 which decreases the contributions from the Ru —
demb (MLCT) and TPA — dcmb (CS-LLT) transitions with
the concomitant increase in the LLT-type DP — dcmb and DP
— DP transitions. Hence, a growth of the 540-nm bleach at the
expense of the 460-nm bleach is observed, suggesting energy
redistribution from the excitation manifold generated by the
LLT absorption to the excited states generated by the MLCT/
CS-LLT absorption.

Behavior on TiO, Surface. Recently, we have reported the
first use of Ru dipyrrinates as DSSC sensitizers."” We observed
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Scheme 3. Energy Level Diagram Illustrating Excited State
Dynamics of 3a

demb/demb® -Ru'-DP*-TPA

demb/demb®--Ru'-DP-TPA* 5
CS-LLT

demb/demb® -Ru''-DP-TPA
A | MLCT

GS (demb/demb) -Ru''-DP-TPA

that substantial current densities (J,. >10 mA cm™) could be
achieved, but only if the electrolyte contained a large (~1 M)
concentration of Li* ions. Nevertheless, the open-circuit voltage
remained low (V. &~ 0.30 V). Addition of t-butylpyridine
(TBP), which is a common DSSC electrolyte additive for
improving V,, not only failed to produce the desired change in
V., but also led to a dramatic decrease in J,.. To understand the
origins of such behavior, in the current work we investigated
the electron-injection behavior of complexes 2 and 3 deposited
on the TiO, surface.

Dyes 2 and 3 were found to bind strongly to mesoporous
nanocrystalline TiO, thin films. A surface coverage of ~1 X
1077 mol cm ™ was obtained after keeping the films for 24 h in
a ~3 X 107* M solution of the dye in EtOH. The films were
subsequently immersed into MeCN, and their ground-state
absorption spectra were found to be similar to those recorded
for free complexes 2 and 3 in solution, although some
broadening of the absorption bands was observed. The addition
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Figure 6. Ground-state absorption spectra of 2 (a) and 3 (b) on the TiO, surface immersed in a 0.5 M MeCN solution of LiClO, at variable TBP

concentrations.
a) 1.0 b) 1.0
0.4
408 0.8
0.3
06 9 06 8
c c
- : 8 g
o 0.2 3 o =
= 04 9 = 04 9
-1 K-
< <
0.1 0.2 0.2
0.0 0.0 0.0

600 700 800
Wavelength (nm)

400 500

400 500 600 700 800

Wavelength (nm)

Figure 7. Incident photon-to-current efficiency of 2 (a) and 3 (b) in dye sensitized solar cells with 0.5 M Lil/0.05 M I, acetonitrile solution and the
0 (black), 0.1 (red), and 0.5 M (blue) TBP content. Also shown in olive green is the absorptance spectrum of the sensitized thin film.

of 0.5 M LiClO, causes a bathochromic shift of the MLCT
band as compared to the spectra recorded on the films
immersed in neat MeCN (Figure S4). In contrast, the addition
of TBP resulted in a hypsochromic shift of the MLCT band
that offset the bathochromic shift induced by the LiClO,
solution (Figure 6). The hypsochromic shift increased from
170 to 300 cm™" when the TBP concentration was increased
from 0.1 to 0.5 M. The addition of TBP, however, did not
induce a measurable shift of the ligand-based absorption band
at intermediate energies but did slightly increase the
absorptivity of this band.

The incident photon-to-current efficiency (IPCE) measure-
ments were performed for 2/TiO, and 3/TiO, under variable
excitation wavelengths, with the dye-covered thin films
immersed in 0.5 M Lil[/0.05 M I, acetonitrile solution as
electrolyte. The IPCE spectra showed two maxima that
corresponded to the intermediate-energy LLT band and
lower-energy MLCT band (Figure 7), with the maximum
observable IPCE values of ~40% for 2 and ~50% for 3. The
addition of 0.1 and 0.5 M TBP led to a dramatic decrease in
IPCE by more than 50% and 70%, respectively (Table 2).

Shown with the olive-green line in Figure 7 are the
absorptance spectra of 2/TiO, and 3/TiO, that represent the
fraction of incident light absorbed by the sensitized thin films
used in these experiments. The fine structure in the
absorptance spectra at long wavelengths was attributed to the
interference by the thin film. The absorptance at wavelengths
below 600 nm was essentially 1 for both sensitizers, indicating
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Table 2. IPCE and Comparative Actinometry of Dyes 2 and
3 on the TiO, Surface

electron inlection
ield'

IPCE“ yie
concentration of

dye TBP (M) 470 nm 550 nm 416 nm 532 nm
2 0 044 (1) 0.38 (1) 1 1

0.1 017 (039) 0.1 (029) 043 034

05 010 (023) 007 (0.18) 028 021
3 0 0.54 (1) 0.48 (1) 1 1

0.1 026 (048) 0.8 (038) 048 047

0.5 016 (030) 0.1 (023) 033 028

“The values were measured as the maxima of the IPCE data that
appear at 470 and 550 nm. Shown in parentheses is the ratio of the
specific IPCE value to the value measured in the absence of TBP. The
wavelengths correspond to the pulsed laser excitations.

quantitative light-harvesting. Therefore, if the injection and the
collection yields were quantitative, the photocurrent action
spectra would be structureless over this wavelength range and
would only be attenuated by reflection losses and the weak
absorption of the FTO substrate and the electrolyte. If
quantitative injection occurred from the Franck—Condon
excited state, the action spectra would also be structureless.
Nevertheless, well-defined bands were observed (Figure 7), the
energies of which coincide with the absorption maxima of the
dyes on the TiO, film (Figure 6). Interestingly, the 470 nm
absoption band was less sensitive to the presence of TBP than
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Figure 8. Absorption changes monitored at 542 nm for 2 and 3 anchored to the TiO, surface after pulsed-laser excitations with 532 (a and b) and
416 nm (c and d) light. Overlaid on this data are the best fits to the KWW function. The inset displays the first 0.5 us of data, with dashed lines
showing the amplitudes assigned to charge-separated states, which were used to measure the relative injection yield.
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redox potentials of dye 3.

was the lower energy MLCT band. For example, in the case of
3/Ti0,, the addition of 0.5 M TBP decreased the photocurrent
measured at 470 nm by 70% while that at 550 nm was
decreased by 77% (Table 2).

To gain further insight into the effect of TBP additive on the
photocurrent action, comparative actinometry measurements of
2/TiO, and 3/TiO, were performed in the absence of Lil/I,
redox mediator. The transient actinometry measurements were

performed with a 542 nm observation wavelength that
corresponds to an isosbestic point in the presence and absence
of TBP (Figure 6) and a 65 ns delay time to exclude possible
excited state contributions (Figures S3 and S4). Dyes 2 and 3
thus served as actinometers, and their relative injection yields
were taken to be 1 in the absence of TBP. The addition of TBP
was found to decrease the injection yield under both 416 and
532 nm excitations (Figure 8 and Table 2). The decreased
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injection vyields are correlated with the appearance of a fast
component that is due to the excited state, Figure 8.
Importantly, the injection yield achieved with 416 nm
excitation was higher than that measured with 532 nm
excitation at both TBP concentrations. Similar to the
photocurrent action spectra, TBP had a more significant
influence on the injection yields when 532 nm excitation was
utilized relative to 416 nm. For example, with 3/TiO, the
addition of 0.5 M TBP decreased the injection yield by 72%
with 532 nm excitation and by only 67% with 416 nm
excitation (Table 2).

Kinetics of the absorption signal at 542 nm were
nonexponential at all TBP concentrations but could be well
fitted to the Kahlraush-William-Watts (KWW) function (eq 2)

AAbs = A exp[—(kt)”] )

The best fits (yellow curves in Figure 8) were obtained with the
value of f between 0.08 and 0.35. Higher S values were
abstracted from data obtained when TBP was present in the
solution.

To rationalize the changes in the IPCE and injection yield,
spectroelectrochemistry was utilized to investigate the net effect
of TBP on the reduction of TiO, in the absence of the dye.
Application of a negative external bias to a mesoporous
nanocrystalline TiO, thin film immersed in a 0.5 M LiClO,/
MeCN solution in a standard three-electrode configuration
resulted in the well-known absorption spectrum that has been
attributed to reduction of TiO, acceptor states, abbreviated
TiO,(e”) herein.*"** The characteristic featureless absorption
spectrum was observed across the entire visible to near-IR
region (Figure SS) and its magnitude at 800 nm was monitored
as a function of the applied potential (Figure 9a). The presence
of 0.1 M TBP shifted the absorption onset to more negative
potentials by approximately 0.2 V, while 0.5 M TBP induced an
additional 0.05 V shift. These absorption data were converted
to chemical capacitance as was previously described.*’ Super-
imposing the excited-state reduction potential of 3 on the
capacitance data clearly shows that the excited state overlap
with the TiO, acceptor states decreases as TBP concentration
increases. As indicated by the dotted line in Figure 9b, the
capacitance decreased by a factor of 2 upon addition of TBP.
This drop in capacitance of TiO, explains the decrease in the
IPCE and injection yield observed in the presence of TBP
(Table 2).*%

The IPCE and comparative actinometry clearly demonstrate
the decrease in the electron injection yield upon addition of
TBP (Figures 7 and 8). Notably, both measurements indicate
that the suppression of electron injection into TiO, is
consistently larger for the 532 nm excitation than for the 416
nm excitation at the same TBP concentration (Table 2). These
observations suggest more efficient excited state injection from
the 460-nm absorption, which could be explained by electron
injection from the upper excited states. This so-called hot
injection was also previously demonstrated for some other
dyes.**™*® Nevertheless, it must be noted that vibrational
relaxation, which is described by a time constant of 2 ps in
solution of 3, can kinetically compete with the hot electron-
injection process. The overall consequence is that the electron
injection yield decreases at all excitation wavelengths upon TBP
addition, but less so for the higher-energy excitations. The
acceptor states shift in energy toward the vacuum level upon
the addition of TBP (Figure 9b). This results in a smaller

overlap of the excited state with the TiO, acceptor levels that in
turn decreases the electron injection yield.

B CONCLUSIONS

The electrochemical and photophysical characteristics of Ru
dipyrrinates 2 and 3 render them viable candidates for DSSC
sensitization. The TD-DFT calculations indicate the prefer-
ential localization of the excited electron on the anchoring
H,dcbpy ligands, which results in a favorable scenario for
photoinduced electron injection into TiO,. Nevertheless, as was
demonstrated in our earlier contribution, the performance of
Ru dipyrrinates as DSSC sensitizers is subpar to their excellent
light-harvesting properties."” The studies of the excited-state
and electron-transfer dynamics reveal that these excited states
are weak photoreductants that do not transfer electrons to TiO,
efficiently under many experimental conditions. This was
particularly evident when tert-butyl pyridine (TBP) was present
and the injection yields measured spectroscopically or inferred
from photocurrent action spectra decreased markedly.
Importantly, the injection yields with ligand-localized excitation
were less sensitive to the TBP concentration than the yields
obtained with the lower energy MLCT excitation. This suggests
that dyes 2 and 3 are capable of hot injection from upper
ligand-localized excited states.

The most obvious target for improving the performance of
Ru(II) dipyrrinates as DSSC dyes is to make them stronger
photoreductants. This goal can be achieved by introducing
electron-donating substituents into the pyrrolic rings of the
dipyrrinate ligand or by substituting one of the anchoring
H,dcbpy ligand with a bpy that contains electron-donating
groups. We are currently exploring both of these approaches,
and the properties and DSSC performance of the modified Ru
dipyrrinate dyes will be reported in due course.
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Cyclic voltammogram of 3b, detailed electronic transition
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