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New Family of Ruthenium-Dye-Sensitized Nanocrystalline TiO,
Solar Cells with a High Solar-Energy-Conversion Efficiency**
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By Kung-Shih Chen, Wei-Hsin Liu, Yu-Hsiu Wang, Chin-Hung Lai, Pi-Tai Chou,* Gene-Hsiang Lee,
Kellen Chen, Hsing-Yi Chen, Yun Chi,* and Fu-Ching Tung

A new type of ruthenium complexes 6-8 with tridentate bipyridine—pyrazolate ancillary ligands has been synthesized in an
attempt to elongate the n-conjugated system as well as to increase the optical extinction coefficient, possible dye uptake on
TiO,, and photostability. Structural characterization, photophysical studies, and corresponding theoretical approaches have
been made to ensure their fundamental basis. As for dye-sensitized solar cell applications, it was found that 6-8 possess a larger
dye uptake of 2.4 x 10”7 molcm™2, 1.5 x 107" mol cm™, and 1.3 x 10~ mol cm ™, respectively, on TiO, than that of the commercial
N3 dye (1.1 x107”7 molcm™). Compound 8 works as a highly efficient photosensitizer for the dye-sensitized nanocrystalline
TiO, solar cell, producing a 5.65 % solar-light-to-electricity conversion efficiency (compare with 6.01 % for N3 in this study), a
short-circuit current density of 15.6 mA cm™, an open-circuit photovoltage of 0.64 V, and a fill factor of 0.57 under standard
AM 1.5 irradiation (100 mW cm2). These, in combination with its superior thermal and light-soaking stability, lead to the
conclusion that the concomitant tridentate binding properties offered by the bipyridine-pyrazolate ligand render a more stable
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complexation, such that extended life spans of DSSCs may be expected.

1. Introduction

Owing to their versatility and low cost in view of their manu-
facturing,!"! dye-sensitized solar cells (DSSCs) have long been
considered as a feasible alternative to conventional amorphous
silicon solar cells. Typical DSSCs consist of a TiO, semiconduc-
tor electrode chemisorbed with sensitizers, a Pt-doped counter
electrode, and an I'/I5” redox mediator immersed in an electro-
lyte. The resulting devices have displayed not only high photo-
energy conversion efficiency but also low fabrication costs,
showing good prospect for future commercialization. For rea-
lizing these designs, many different dyes have been synthesized
and tested. The most efficient sensitizers are cis-dithiocyanato
bis(4,4’-dicarboxy-2,2"-bipyridine)ruthenium(II) and trithio-
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cyanato-4,4’ 4”-tricarboxy-2,2":6" 2" -terpyridine ruthenium(II)
complexes, known as the N3 and black dye, respectively.m
They are frequently employed in the fabrication of DSSCs due
to their intense and wide-range absorption of visible light. They
also have suitable ground- and excited-state energy levels with
respect to the nanocrystalline TiO, conduction-band energy
and they match the redox properties of the iodine/triiodide re-
dox couple. However, these ruthenium(II) dyes still suffer from
limitations especially in light-harvesting efficiency. Particularly,
a higher response in the red and infrared spectral region and
high dye uptake on TiO, are still demanded. Most attempts
made to improve these shortcomings have unfortunately not
all been significantly successful,’! except for the case where
two bithiophene fragments were incorporated into the dye and
for which the reported incident-photon-to-current conversion
efficiency (IPCE) is 10 % higher than that of its parent N3 dye
under AM 1.5 simulated sunlight.m

We report here a new design of organometallic sensitizers in
an attempt to gain more understanding about the chemical and
physical nature of the molecular functionality on solar-energy-
conversion efficiency. To simplify the parameters, we have
maintained the aforementioned bipyridine framework and at
the same time have succeeded in fine-tuning the spectral prop-
erties of ruthenium polypyridyl complexes. To do this we have
designed a novel tridentate bipyridine pyrazolate ligand, for
which the preparation and chemistry are reminiscent to that of
pyridyl pyrazolate ligands reported in the literature.! Our
main focus lies in the possible extension of absorption in the
far-visible region as well as an increase of the optical extinction
coefficient. An increase in the uptake quantity of sensitizers is
also required, such that dye-sensitized solar cells could be
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made thinner and thus more efficient because of reducing the
transport losses in the nanoporous environment. Moreover, the
strong o-donor property of the pyrazolate unit, together with
the good m-accepting ability of the second pyridyl fragment,
provides a synergism of the electron delocalization over the
whole ligand © conjugation as well as the metal d,; orbitals. As
a result, the concomitant tridentate binding properties offered
by the bipyridine pyrazolate ligand, thermodynamically, may
render a more stable complexation than that of the terpyridine
moiety on a similar ruthenium basis.”! Thus, extending the life
span of DSSCs may be expected. In this article, we report the
strategic design, synthesis, and characterization of these newly
designed ruthenium sensitizers as well as their potential appli-
cation in DSSCs. These results should be complementary to
those of the polyene-diphenylaniline dye or other rutheniu-
m(IT)-based sensitizers, which were recently documented in the
literature.!

2. Results

2.1. Strategic Design

As depicted in Scheme 1, in view of facile adsorption onto
TiO,, we consider our target ruthenium sensitizers to be those
possessing carboxyl function groups, namely compounds 6-8.
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Scheme 1. Structures of the ruthenium compounds.

Three compounds are coordinated with at least one tridentate
bipyridine pyrazolate chelate, which consists of the chelating
bipyridine ligand linked to an anionic pyrazolate pendent. The
introduction of the tridentate bipyridine pyrazolate chelate is
expected to have certain advantages. First, the tridentate coor-
dination mode makes the complex more stable against ligand
dissociation on the coordination framework versus those com-
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plexes possessing only monodentate and bidentate ligands or
even terpyridine ligands (see above). Second, the extended
n-conjugation over the tridentate ligand may induce a batho-
chromic shift of the ligand-centered bands as well as an in-
crease in the molar extinction coefficients for the correspond-
ing absorption signals; the latter is essential for showing high
solar-absorption efficiency in the visible region. Moreover, the
strong electron-donating nature of the negatively charged pyra-
zolate segment would destabilize the metal-centered d-orbital
energy level, enhancing the participation of metal-ligand
charge transfer (MLCT) transitions and possibly lowering the
transition energy. Finally, the anionic nature of the pyrazolate
fragment would allow it to be shared with the central rutheni-
um atom and/or the remaining auxiliary ligand in forming the
highest occupied molecular orbital (HOMO) frontier orbital.
The pyrazolate fragment, which is also pointed away from the
TiO, surface, may act in a similar way to the thiocyanate li-
gand!" and may facilitate the redox reaction with iodide in the
surrounding electrolyte, promoting a faster electron transfer to
the photoexcited metal complex.

Complex 8 possesses one typical 4,4’-dicarboxy-2,2’-bipyri-
dine ligand, together with a tridentate bipyridine pyrazolate
chelate and one thiocyanate (NCS) as the ancillary ligand. As a
counterpart, complex 7 was synthesized, in which the NCS li-
gand was replaced by a chlorine atom, to examine the effect of
NCS in this system regarding the performance of the DSSC. To
extend the versatility, the homoleptic complex 6 was designed
to investigate symmetry restriction which may significantly al-
ter the photophysical properties, such as, absorption features,
photostability, etc. Also, in comparison to compounds 7 and 8,
a substantial difference in physical properties, especially the
adsorption cross section on TiO,, is expected for 6 because of
its dual carboxylic groups attached at each terminal pyridine
site of the tridentate bipyridine-pyrazolate chelate. Note that
similar to complex 7, no auxiliary ligand, such as, NCS, was in-
troduced in complex 6. We unfortunately failed to grow single-
crystal complexes for 6-8, possibly because of the attachment
of carboxylic groups that inhibited crystal formation. Alterna-
tively, single crystals of analogues of 6 and 8, namely, 6a and
8a, in the absence of carboxylic groups, have been successfully
prepared, such that valuable structural information can be ex-
tracted to mimic the structures of 6-8.

2.2. Preparation of Tridentate Ligands

As depicted in Scheme 2, synthesis of the tridentate ligands
1a, 1b, and 2 required the prior preparation of 6-acetyl-2,2’-bi-
pyridine derivatives (3a) and (3b) as the intermediates. These
intermediates were prepared by the lithiation of 6-bromo-2-(2’-
methyl-1",3’-dioxolan-2"-yl) pyridine (4), followed by nucleo-
philic addition of the lithio compound to ethyl 2-pyridyl sulfox-
ide compounds (5a) and (5b) according to the method docu-
mented in the literature.[®! Finally, acidic hydrolysis afforded
the anticipated bipyridine derivatives 3a and 3b in good yield
(see Scheme 2). Furthermore, compound 4 was obtained by
treatment of 2-acetyl-6-bromopyridine with ethylene glycol in
the presence of a catalytic amount of p-toluenesulfuric acid.
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Scheme 2. Synthesis of tridentate ligands. a) CF3CO,Et, NaOEt, THF, reflux; b) NoH,, EtOH, reflux;
c) n-Buli, Et,0, ~78°C; d) THF, 25°C; &) 2m HCl, 60°C, 2 h; f) K,Cr,07/H,SO0,.

The sulfoxide Sa was obtained via a two-step protocol, involv-
ing a prior treatment of 2-mercaptopyridine with ethyl iodide
to produce 2-(ethylmercapto)pyridine, followed by addition of
magnesium monoperoxyphthalate. Accordingly, its 4-methyl
substituted sulfoxide derivative Sb was best prepared by selec-
tive lithiation of 4-picoline in the presence of 2-(dimethylami-
no)ethanol at 0 °C. This was followed by treatment with diethyl
disulfide at -78°C to afford 4-methyl-2-(ethylmercapto)pyri-
dine and, finally, sulfide-to-sulfoxide conversion using the
same procedure involving magnesium monoperoxyphthalate
reagent.

After this, the bipyridine-substituted pyrazole derivatives 1a
and 1b were prepared by a Claisen condensation employing
compounds 3a (or 3b) and ethyl trifluoroacetate, followed by
treatment of the resulting f-diketone compounds with an
excess of hydrazine monohydrate in refluxing ethanol. The
"H-NMR spectra of 1a and 1b reflect their inherent low molec-
ular symmetry. This is indicated by distinctive signals for all of
the proton signals on both terminal and internal pyridyl frag-
ments, while the unique N-H signal of pyrazole in CDCl; sol-
vent appeared as a broad band centered at approx. ¢ 12.0 and
11.9, respectively. Finally, the carboxylic derivative 2 was ob-
tained from dichromate oxidation of 1b in a solution of conc.
H,S0,.1"" The '"H-NMR spectrum of 2 in de-DMSO did agree
with the proposed structure, showing seven aromatic protons
in the region 0=9.17-7.48, while both of the carboxylate and
pyrazolate protons were not detected under this condition.

2.3. Preparation of Ruthenium Complexes

The synthesis of the Ru" complexes 6a and 6 was performed
following standard procedures. Refluxing [RuClL(DMSO),]
with two equiv. of ligand 1a in ethanol gave, after chromatogra-
phy on silica gel (ethyl acetate/acetone =9:1), the correspond-
ing complex 6a, [Ru(bpypz),] (bpypz: 5-(2,2’-bipirydin-6-yl)-3-
(trifluoromethyl)-1H-pyrazole). The related carboxy-substi-
tuted derivative 6 was prepared in an analogous way using
ligand 2, followed by repeated recrystallization from hot
acetone to purify the product. Both complexes were character-
ized by fast-atom-bombardment mass spectrometry (FABMS),

A AN R
c ‘ d d,e
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N Br — N Li + ‘ N -
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'"H-NMR, and elemental analyses, the

results of which were in accordance
cF;  with the assigned structures. Single-
crystal X-ray analysis on 6a was con-
ducted to confirm the proposed mo-
lecular structure.

The complex 6a crystallized in the
monoclinic space group C2/c with eight
formula units per unit cell, showing the
anticipated, mutually orthogonal
meridional coordination mode for the
tridentate bpypz ligand (Fig. 1). The
Ru-N(bpy) bond lengths range from
1.991 to 2.068 A, compare with the
average length for Ru-N=2.056 A in
the cationic complex [Ru(bpy)s]**,!!
whereas the Ru-N bond lengths of the
middle pyridyl substituents are notably shorter (1.991 A). This
can probably be attributed to the internal strain exerted by the
chelate bonding.m] Moreover, the Ru—N,yrazolate) bond lengths
span from 2.063-2.065 A, which is in the range that has
been observed in neutral ruthenium complexes, for instance,
Ru-N;,,) =2.046 A in [Ru(ibpz),(PPhMe,),], where ibpz = 3-
tert-butyl-5-(1-isoquinolyl) pyrazolate,') and 2.047 and
2.071 A in [Ru(ibpz).(dpp=)], where dpp = cis-1,2-bis-(di-
phenylphosphino)ethylene."¥ The N-Ru-N bite angle of
the tridentate bpypz ligands is also remarkable; that is,
N(1)-Ru-N(3)=157.0(1)° and N(5)-Ru-N(7)=157.1(1)°. De-
spite of the presence of a slightly smaller pentagonal pyrazolate
ring skeleton, which may give rise to larger chelating angles,

/)
HN—

2, cbpypzH

R=H, 3a
R = Me, 3b

Figure 1. ORTEP diagram of 6a with thermal ellipsoids shown at
30% probability level; selective distances: Ru—N(1)=2.065(2),
Ru-N(2)=1.991(3), Ru-N(3)=2.063(2), Ru-N(5)=2.068(2), Ru-
N(6)=1.991(3), Ru-N(7)=2.065(2) A and bond angles: N(1)-Ru—
N(3) =157.0(1), N(5)-Ru-N(7) = 157.1(1)".

Adv. Funct. Mater. 2007, 17, 2964-2974



FUNCTIONAL

K.-S. Chen et al./Ruthenium-Dye-Sensitized Nanocrystalline TiO, Solar Cells

the detected bite angles are comparable to those of the various
ruthenium terpyridine complexes, showing N-Ru-N angles of
157-159°.1)

In an alternative approach to the required Ru" sensitizers,
that is, 7 (7a) and 8 (8a), both bipyridine- and bipyridine-substi-
tuted pyrazole ligands were used together. This approach al-
lowed not only the use of one highly conjugated, tridentate li-
gand to improve its absorption in the visible spectral region,
but also the introduction of two carboxylic acid linkers on the
bipyridine chelate, showing stronger bonding and good elec-
tronic communication to the TiO, surface. Complexes 8a and 8
were synthesized using the multi-step protocol developed by
Gritzel and co-workers.'! It involves the prior treatment of bi-
pyridine pyrazole bpypzH or cbpypzH with ruthenium reagent
[RuCly(p-cymene),] in dimethylformamide (DMF) solution,
followed by addition of bipyridine or 4,4’-dicarboxy-2,2’-bipyri-
dine at higher temperatures to produce the chloride-substi-
tuted intermediate complexes 7a and 7, respectively. Finally,
replacement of chloride with a thiocyanate ligand afforded the
N-coordinated thiocyanate complexes 8a and 8 in moderate
yields.

Complex 8a was also subjected to X-ray structural determi-
nation. As shown in Figure 2, its overall coordination geometry
is best described as a distorted octahedron. It is noted that one
bpypz ligand serves as a typical tridentate chelate with a signifi-
cantly shorter Ru-N bond at the middle pyridyl fragment

Figure 2. ORTEP diagram of 8a with thermal ellipsoids drawn at 30 % prob-
ability level; selective distances: Ru—N(1) =2.069(4), Ru—-N(2)=1.972(4),
Ru-N(3)=2.049(4), Ru-N(5)=2.036(4), Ru-N(6)=2.060(4), Ru-
N(7)=2.053(4) A and bond angles: N(1)-Ru-N(3) =158.5(2), Ru-N(7)—
C(25)=163.1(4), N(7)-C(25)-S(1) = 178.4(4)°.

(Ru-N(2)=1.972(4) A) compared to the outer chelate bonding
distances of Ru-N(1)=2.069(4) and Ru-N(3)=2.049(4) A.
The second bpy ligand adopts the unusual bidentate mode
with slightly different bond distances Ru-N(5)=2.036(4) and
Ru-N(6)=2.060(4) A. The remaining sixth coordination site,
which is located perpendicular to the tridentate ligand, is occu-
pied by the N-coordinated thiocyanate with the Ru-N(7) dis-
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tance being 2.053(4) A. The bonding of thiocyanate ligand is
reminiscent of that observed in [Ru(HP-terpy)(Me2-
bpy)(NCS)],l”! for which the bent R-N-C angle and linear
N-C-S arrangement are an indication of the efficient transfer
of the Ru" d, electron density to the m-accepting thiocyanate
ligand."¥ Finally, this gross coordination geometry around
the Ru" metal atom is akin to that of the ionic complexes
[Ru(tpy)(bpy)(HO)]**  and  [Os(tpy)(bpy)(H.0)I*"  (tpy:
2,26’ 2"-terpyridine),'”) which showed the simultaneous coor-
dination of tridentate and bidentate chelates as well as a mono-
dentate ligand.

2.4. Photophysical Characteristics and Device Properties

Figure 3 reveals the absorption spectra of 6, 7, and 8 in
DMF. For comparison, the absorption spectrum of N3 is also
depicted in Figure 3. With the same bipyridine chelate and
NCS ligands, 8 and N3 show a similar absorption profile at the
lowest transition (>550 nm), which can be tentatively ascribed
to the MLCT in the singlet manifold ("MLCT). This transition
incorporating bipyridine as a lowest unoccupied molecular or-
bital (LUMO) provider is ascertained by the similar absorption

Extinction Coefficient x10°

T T T T T T T T T T T T T T T T T
400 450 500 550 600 650 700 750 800 850
Wavelength [nm]

Figure 3. The absorption spectra in terms of the molar extinction coeffi-
cient for 6-8 and N3 in DMF solution.

extinction coefficient and the threshold wavelength of
ca. 760 nm with respect to that of N3. Further support is given
by the theoretical approach elaborated in the discussion sec-
tion. The spectral range of 450-550 nm is tentatively assigned
to the 'n—m* character mixed, in part, with 'MLCT. In this re-
gion, the absorption extinction coefficient for 8 (520 nm,
13056 M~ cm™) is slightly higher than that of N3 (533 nm,
12706 M~ cm™), manifesting the contribution of the extending
n-conjugation from the tridentate bipyridine pyrazolate ancil-
lary ligands. Substituting NCS by Cl, forming 7, results in a
slight red shift of the spectral onset toward ca. 820 nm. This
can be tentatively rationalized by the stronger m-electron do-
nating Cl atom compared to NCS, causing a net effect of lifting
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the d, electron and hence decreasing the lowest energy gap in
7. Upon anchoring the carboxylic groups to each of the termi-
nal pyridine of the tridentate bipyridine pyrazolate ligands,
complex 6 exhibits a threshold wavelength at ca. 800 nm, the
result of which, in comparison to 8, may be rationalized by the
extending m-electron delocalization throughout the tridentate
bipyridine—pyrazolate, resulting in a decreased energy of the
LUMO. In these cases, the lower lying transitions are expected
to be manifested by a m—r* transition mixed, in part, with
MLCT in character. These viewpoints will be further verified
via the theoretical approaches. Unfortunately, as shown in Fig-
ure 3, the associated molar extinction coefficient for both 6
and 7 is somewhat lower than that of 8 in the visible region.
Figure 4 depicts the absorption spectra of 6-8 and N3 ad-
sorbed on an opaque TiO; film (15 pum thick). The solid-state
absorption spectrum was obtained by an absorption spectrome-
ter equipped with an integrating sphere (Jasco V-570 UV-vis
spectrophotometer with integrating sphere attachment Model
ISN-470) to prevent reflection loss. The absorbance (A) was

1.0

0.8+ - N3

.- -8

Normalized Solid-state Absorption

0.0

T T T T T
400 500 600 700 800
Wavelength [nm]

Figure 4. The absorption spectra of 6-8 and N3 adsorbed on TiO,. For
clarity, the spectra were normalized at 800 nm.

calculated from the transmittance (7 [%]) and reflectance (R
[%]) by the following equation:

A=1-(T+R)% 1)

In comparison to the threshold wavelength of 820 and
760 nm in solution, the absorption spectra of 7 and 8 adsorbed
on a TiO, film further shifts to ca. 850 and 800 nm, respective-
ly. Similar to that reported for N3, the results may simply in-
dicate a good electronic coupling between 8 (or 7) and TiO,.
Intriguingly, in comparison to 7 and 8, negligible changes of the
absorption profile compared to that in solution (DMF) were
observed for 6 adsorbed on the TiO, film. This seems to imply
that there is a weak electronic coupling between 6 and TiO,. It
should be noted, however, that weak electronic coupling does

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

not necessarily imply low dye uptake on TiO,. The dye
uptake of 6, 7, and 8 onto a TiO, film (15 pm thick) was
determined to be 2.4x 107 molem™, 1.5x 10~ molem™, and
13x107 molem™, respectively; these values are notably larger
than that of the commercial N3 dye (1.1x 107" molcm™) con-
ducted in this study. Moreover, despite its presumably weak
electronic coupling with TiO,, 6 possesses the highest dye up-
take and hence the highest coverage percentage; see Table 1.
We then fabricated DSSCs using the above complexes (see
Experimental section for the detailed procedure). Prior to
making the solar devices, cyclic voltammetry was performed to
ensure that the LUMO of 6-8 were suited for injecting elec-
trons into the conduction band of TiO,, and the electrochemi-
cal data of 6-8 are listed in Table 2. It is apparent that the re-
dox potential of I/I;” (ca. 0.4 V versus the normal hydrogen
electrode (NHE)) is more negative than the HOMO of 8 (or 6
and 7) at 0.86 V (or 0.65 Vand 0.54 V versus NHE) and is able
to regenerate the dyes from electron donation. The lowest un-
occupied molecular orbital (LUMO) of 8 (or 6 and 7) at
-1.02 V (or -1.16 V and -1.18 V versus NHE) is also energeti-
cally favorable to inject electrons into the conduction band of
the TiO, electrode (-0.5 V versus NHE). Furthermore, the fab-
rication of DSSCs, composed of 0.25 cm? dye-adsorbed TiO,
film and 0.05Mm I/0.1 M Lil, 0.5m t-butylpyridine (tBPy)/0.6 m

Table 1. Calculations for dye molecule cross-sectional area and experimen-
tally determined coverage percentage.

Single molecular  Cross-sectional Dye Uptake [c] Coverage
volume [a] area [b] percentage
[nm?] [nm?] [mol/cm?] 9]
N3 0.7753 1.020 1.1x107 87%
0.7643 1.010 2.4x107 184%
7 0.6059 0.866 1.5x107 99%
0.7167 0.968 1.3x107 96%

[a] Theoretical calculation results using a Hartree—Fock model can be used
to derive molecular van der Waal radii, it is recommended, however, to
add 0.5 A when applied in solvent model calculations using Gaussian 03.
[b] Estimated by assuming these dyes are ball-shaped with volume 4n/*/3.
[c] Measured by a colorimetric method using NaOH solution to wash
these dyes off the TiO;, layer.

Table 2. Electrochemical data of ruthenium complexes 6-8 in DMF.

EFOMO ) EXOMO [a] Eg[d] Eg [d]
[V] (vs. Fc/ Fc*) V] (vs. Fc/Fc*) V] V]
0.35 (0.65) [b] -1.16 (-0.86) [b] 1.51 1.61
7 0.24 (0.54) [b] -1.18 (-0.88) [b] 1.42 1.51
8 0.56 (0.86) [b] -1.02(-0.72) [b] 1.58 1.66

[a] Values obtained with 1.0x10>m solutions of complexes 6-8 in DMF
using 0.10m tetrabutylammonium tetrafluoroborate (TBABF,) as the sup-
porting electrolyte. The redox potentials were calibrated using Fc/Fc*.
[b] The values in the parentheses are the redox potentials versus NHE, which
could be deduced from the equation: EHOMO/MUMO (ys NHE) = gHOMO/tUMO
(vs. F¢/Fc) + 0.3 (Fc/Fc” redox potential vs. NHE). [c] Energy gap calculated
from the difference of the HOMO and the LUMO energy level. [d] Energy
gap calculated from the onset of the S; band of each complex.
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butylmethylimidazolium iodide (BMII) in 1:1 methylcyanide
(acetonitrile)/1-butyl cyanide (valeronitrile) solvent and 10 %
3-methyl-2-oxazolidinone (NMO), was optimized for each
complex, such that its maximum performance, at least in this
study, was achieved under the optimized conditions. Figure 5
depicts the current-voltage curves for 6-8 and N3. Under stan-
dard AM1.5 G irradiation, the maximum efficiency for the
8-sensitized TiO, solar cell was calculated to be 5.65 %, with a
short-circuit current (Ji) of 15.6 mAcm™, an open-circuit

Current density [mA/cm?’]

Voltage [V]

Figure 5. Photocurrent-density—voltage characteristics under AM 1.5 sun-
light (100 mW cm™) for N3, 6, 7, and 8-based dye-sensitized solar cells.

photovoltage (V,.) of 0.64 V, and a fill factor (FF) of 0.57. To
be able to make a fair comparison, the DSSC performance of
N3 was also optimized in the current study. As a result, the effi-
ciency for the N3-sensitized TiO, solar cell was 6.01 %, with a
Jo. of 15.9 mAcm™?, a V,. of 0.65 V, and a fill factor (FF) of
0.58. In another approach, the conversion efficiency of the
6-sensitized solar cell was apparently lower, with a Jg. of
111 mAcm™>, a Vo, of 042V, a fill factor (FF) of 0.43,
and consequently an energy-conversion efficiency of only
0.19% was deduced. The performance of the 7-sensitized
solar cell was in between that of 6 and 8, with a J, of
413 mAcm™>, a V,. of 0.52 V, and an energy-conversion effi-
ciency of 1.14 %.

Figure 6 shows the typical IPCE spectra obtained from
nanocrystalline TiO, solar cells sensitized by compound 8 as
well as N3 in this study. Visible light (400-800 nm) can be con-
verted to a current with a maximum of 55% efficiency at
515 nm by the solar cell composed of 8, producing a prominent
photocurrent. Taking into account the light-absorption loss by
fluorine-doped tin oxide (FTO)-coated glass, the IPCE of 8
and N3 is close to 60 % from 500 to 650 nm (maximum 64 % at
520 nm for 8 and 66 % at 535 nm for N3). On the other hand,
for 6 and 7, the maximum IPCE was only 8 % and 30 %, re-
spectively (not shown here). In comparison to that of com-
plex 8, the smaller # value found in 7 manifests the key role
played by NCS in DSSCs. It has been proposed that the neces-
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Figure 6. Incident-photon-to-electron efficiency (IPCE) of N3 and 8-based
dye-sensitized solar cell. Note that the loss-of-light source resulting from
reflection of the FTO glass substrate has been taken into consideration.

sity of NCS lies in its contribution to the HOMO, such that,
upon excitation, NCS acts as a hole acceptor that can subse-
quently contact with the outside redox couple, for instance,
I'/137, and fulfill the cycle on the reduction part. On the other
hand, the much inferior performance for 6 can qualitatively be
attributed to the low electronic coupling between 6 and the
TiO, molecules in combination with possibly an improper ori-
entation of the carboxylate group, see the discussion section.
Finally, it is also worthy to note that for 6a, 7a, and 8a that have
a lack of carboxylic substituents, the current output for solar
cells based on these compounds is <0.1 mA, resulting in a neg-
ligible external quantum efficiency.

2.5. Thermal Properties and Light-Soaking Stability

Thermal and photostability were also key concerns in this
study. For a comparative study between N3 and complex 8,
thermogravimetric analysis (TGA) measurements were carried
out up to 800 °C. The decomposition temperatures of N3 and 8
were in the range of 330 to 400 °C, as shown in Figure 7, and
the residue was considered to be char. The weight loss could be
ascribed to ligand—-dcbpy decomposition and was consistent
with literature reports. The lower degree of weight loss in the
lower temperature region for 8 versus that of N3 suggests that
the replacement of one dcbpy ligand with the more stable tri-
dentate ligand does effectively enhance its relative thermal sta-
bility.

As for the photostability, a complex 8-sensitized cell was
carefully sealed in a dry box and submitted to an aging test.
Photocurrent versus voltage measurements were carried out at
regular intervals, and the cell showed a good stability over a
period of 500 h of light soaking at 55 °C. During the aging pro-
cess, only a small fluctuation (<5%) in efficiency was ob-
served, supporting its high performance in view of DSSC appli-
cations.
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Figure 7. TGA results of N3 and 8 under N, atmosphere.

3. Discussion

In this section, we attempt to rationalize the above experi-
mental results using a theoretical basis. To gain more insight
into the differences in photophysical and hence perhaps DSSC
properties among the complexes studied, theoretical approach-
es (time-dependent density functional theory (DFT), see Ex-
perimental) on corresponding molecular orbitals involved in
the transition were carried out. For complexes 6-8, the descrip-
tions and the energy gap of each transition as well as the corre-
sponding features of the unoccupied and occupied frontier or-
bitals mainly involved in the lower transitions are depicted in
Figures 8-10, respectively. Among all complexes studied, the
lowest transition in both singlet and triplet manifolds are in
fact dominated by MLCT mixed with ligand n—n* transition in

state  assignment E.[eV]  Aey[nm] f
S, HOMO—LUMO (+97%) 1.81 684.2 0.0391
T, HOMO—LUMO (+88%) 162 767.0 ~0

HOMO

LUMO

Figure 8. Theoretical calculations of the lower transition and the asso-
ciated frontier orbitals of complex 6.
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state  assignment EcaleV] e [nM] f
S, HOMO—LUMO (+83%) 143 869.2 0.0184
T, HOMO—LUMO (+100%) 1.16 1070 ~0

363,
JL.;_; Ny s lL
(4 ", {

HOMO

LUMO

Figure 9. Theoretical calculations of the lower transition and the asso-
ciated frontier orbitals of complex 7.

state  assignment EcaleV]l  Aca[nm] f
S HOMO—-LUMO (+84%) 1.64 754 .2 0.032
T, HOMO—LUMO (+91%) 1.27 9731 ~0

HOMO

LUMO

Figure 10. Theoretical calculations of the lower transition and the asso-
ciated frontier orbitals of complex 8.

character, in which the MLCT solely incorporates the Ru'!
d, — p-carboxylic pyridine transition. However, upon close ex-
amination, one can perceive a great difference between 6 and 8
(or 7) as well as a subtle variation between 7 and 8 in view of
the n—n* (or n—n*) transition. For 6, the n—n* transition mainly
originates from the pyrazolate to the terminal p-carboxylic pyr-
idine, that is, an intraligand type of charge transfer (ILCT)
within the tridentate pyridine pyrazolate. In sharp contrast, for
both 7 and 8, the n—n* transition is ascribed as a ligand-to-li-
gand (interligand) type of charge transfer (LLCT) from the
pyridine pyrazolate of the tridentate bipyridine pyrazolate to
the p-dicarboxylic bipyridine. The ILCT in 6 can be viewed as
a delocalization of the n-electron upon transition, rationalizing
the lower energy gap observed experimentally. Moreover, com-
paring 7 and 8, as expected, the density of the -NCS lone pair
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electrons in 8 substantially contribute to the HOMO that is
mainly involved in the lowest transition, that is, the n — *
transition. It should be noted that Gritzel and co-workers?>”!
have conducted INDO/S and DFT studies of the electronic and
optical properties of their N3 derivative dye. The calculation
pointed out that the top-three filled frontier orbitals are mainly
composed of Ru 4d orbitals with a sizable contribution from
the NCS ligand orbitals, whereas photoexcitation was directly
charged into the carboxy bipyridine ligand bound to the TiO,
surface. Our calculated results on complex 8 essentially follow
a similar trend as that obtained by Gritzel and co-workers.
Thus, in view of a similar light-to-electricity efficiency, inde-
pendent of one thiocyanate group (8) or two (e.g., N3), the
thiocyanate ligand can always couple with the Ru" d, orbital,
such that upon HOMO — LUMO excitation, the hole carrier
migrates to NCS and carries out the subsequent reduction in a
very efficient manner. This explains well the superior DSSC
performance of 8 over that of 7. As listed in Figures 9 and 10,
both S¢-S; and Sy-T; energy gaps were calculated to be lower
in 7, which is consistent with the experimental results as well as
the empirical approach in that the chlorine atom (in 7) is a
stronger m-electron-donating group with a net result of pushing
up the Ru" d,; electron and hence decreasing the energy gap.
The fact that compound 6 had the worst performance can be
explained as follows: one obvious obstacle surely lies in having
just a single carboxy pendent on each chelating ligand, as op-
posed to the dual carboxylic groups on 8 (or 7), which is sup-
ported by the much weaker coupling between 6 and TiO, ob-
served experimentally. Furthermore, as depicted in Figure 8, in
contrast to the resonant delocalization of the LUMO electrons
between two carboxylic groups for the bipyridine in 7 and 8,
each carboxylic substituent acts as an individual part with
negligible cross talk in 6. Such a configuration drastically di-
minishes the efficiency of electron injecting into the bound
TiO,, if there is any coupling, rationalizing the much inferior
DSSC performance in 6. Finally, as shown in Figures 8-10, the
theoretically predicted absorption wavelength in either singlet
and triplet manifold is largely red shifted in comparison to that
of the experimental results. As for the origin of this deviation,
in addition to having neglected the solvation effect in the calcu-
lation, other possible resources must be considered at the
current stage. In this study, a nodeless relativistic effective po-
tential was used, the method of which has raised skepticism be-
cause of its limited reliability.”!] Moreover, due the molecular
complexity, the current applied method is limited to PBEO
and 6-31G* basis sets, which may not be high enough to
warrant the required precision. Nevertheless, the theoretical
level adopted here is suitable for interpreting the trend of
photophysical and device properties for the complexes con-
cerned.

4. Conclusions
In summary, a new family of ruthenium complexes has been

designed and synthesized, in which 8 successfully acts as an ef-
ficient photosensitizer for DSSCs, with light-to-electricity con-
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version efficiencies () up to 5.65% (versus 6.01 % for N3 ob-
tained in this study). Supplemented by spectroscopic data and
theoretical approaches, in comparison to N3, the increase of
absorptivity at 450-550 nm in 8 can be rationalized by the
n-electron delocalization spread over the tridentate bipyridine
pyrazolate ligand. The ILCT (6) versus LLCT (8) for the low-
est transition causes a lower energy gap in 6, emphasizing the
importance of the elongation of n-conjugation in tuning the en-
ergy gap. Although a higher dye uptake and extended absorp-
tion tail in the lower energy region were found, negligible cou-
pling interaction with TiO, for 6 and the lack of a hole-
transport ligand (NCS) for 7 (6 as well) are believed to be key
factors to account for their inferior DSSC performance com-
pared to that of 8. Although the # value and IPCE performance
of 8 are more or less equal to N3 under the current DSSC con-
figuration, its higher dye uptake on TiO, may warrant future
design of thinner cells and thus more conversion efficiency be-
cause of possibly reducing the transport losses in the nano-
porous environment. This, in combination with its superior
thermal and light-soaking stability (see above), leads us to con-
clude that the concomitant tridentate binding properties of-
fered by the bipyridine—pyrazolate ligand may render a more
stable complexation, such that extending the lifespan of DSSCs
is expected.

5. Experimental

5.1. General Information and Materials

Elemental analyses and mass spectra (operating in either FAB or
ESI modes) were carried out at the NSC Regional Instrument Centre
at the National Chiao Tung University, Taiwan. 'H- and ?C-NMR spec-
tra were recorded on a Varian Mercury 400 or an Inova-500 MHz in-
strument; chemical shifts were quoted with respect to the internal stan-
dard Me,Si. All synthetic manipulations were performed under N,
atmosphere, while solvents were used as received. RuCl; hydrate was
purchased from Precious Metals Online, Australia, while [Ru(DM-
S0),4CL] and [RuCl(p-cymene),] were prepared by heating of RuCly
hydrate in dimethylsulfoxide (DMSO) and with 2-methyl-5-(1-methyl-
ethyl)-1,3-cyclohexadiene (a-phellandrene) in ethanol according to
previously published methods [22].

5.2. Preparations

Preparation of 1a and 1b. To a stirred mixture of NaOEt (1.04 g,
15.6 mmol) and THF (50 mL) at 0°C was added a 20 mL solution of
6-acetyl-2,2"-bipyridine (3a, 2.0 g, 10.1 mmol) in THF, followed by
addition of ethyl trifluoroacetate (1.5 mL, 11.4 mmol). The mixture
was refluxed for 12 h and the reaction was quenched with 2m HCl
until pH8-9. Then the mixture was extracted with ethyl acetate
(2% 100 mL) and combined. The extracts were then washed with deion-
ized water, dried over anhydrous MgSQO,, and concentrated in vacuum
to give the diketone (2.7 g).

Without further purification, the hydrazine monohydrate (98 %,
4.2 mL, 86.0 mmol) was added into a solution of diketone reagent in
EtOH (60 mL). After heating under reflux for 12 h, the solvent was re-
moved under vacuum. The residue was dissolved in CH,Cl, (100 mL),
and the solution was washed with water, dried over anhydrous MgSO,,
and concentrated. Finally, the product was purified by silica-gel column
chromatography using a 1:1 mixture of hexane and ethyl acetate, giving
1a as colorless solid (1.2 g, 40 % ). The methyl derivative 1b was pre-
pared using similar procedures.
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Spectral data of 1a: '"H-NMR (400 MHz, dg-DMSO): ¢ [ppm]: 8.88
(d, Jun=8.0 Hz, 1H), 8.69 (d, Jun =4.8 Hz, 1H), 8.39 (d, Jun=7.6 Hz,
1H), 8.06 (t, Jun =7.6 Hz, 1H), 8.01-7.97 (m, 2H), 7.49-7.46 (m, 2H).

Spectral data of 1b: MS (EI): m/z 304 (M*). "H-NMR (400 MHz, d¢-
DMSO): ¢ [ppm]: 8.76 (s, 1H), 8.54 (d, Jun=4.8 Hz, 1H), 8.38 (d,
Jun=8.0 Hz, 1H), 8.06 (t, Jun=="7.6 Hz, 1H), 7.99 (d, Jun=7.6 Hz,
1H), 7.53 (s, 1H), 7.32 (d, Jun =4.8 Hz, 1H), 2.47 (s, 3H).

Preparation of 2. A solid sample of 1b (0.7 g, 2.30 mmol) was slowly
added to a vigorously stirred solution of sulfuric acid (98 %, 16 mL).
Next, 1.6 g of K,Cr,O; was added in small portions, keeping the tem-
perature below 80 °C. The mixture was stirred until the temperature
gradually decreased back to RT. The deep green mixture was poured
into 100 mL of ice-water mixture, and left overnight at 5°C. The pre-
cipitate was filtered and washed with water. This solid was transferred
into 16 mL of 1:1 water and 98 % nitric acid and refluxed for 5 h. The
solution was allowed to cool to RT and was poured into 200 mL of ice
water and kept at 5 °C overnight. The precipitate was filtered, washed
with water (2 x 10 mL) and Et,0 (2 x5 mL), giving 0.51 g of a colorless
solid 2 (cbpypzH, 67 %), cbpypzH: 5-(4’-carboxy-2,2’-bipyridin-6-yl)-3-
(trifluoromethyl)-1H-3-pyrazole.

Spectral data of 2: MS (EI): m/z 334 (M*). "H-NMR (400 MHz, d¢-
DMSO): ¢ [ppm]: 9.17 (s, 1H), 8.89 (d, Juu=4.8 Hz, 1H), 8.44 (d,
Jun=7.6 Hz, 1H), 8.11 (t, Juu=38.0 Hz, 1H), 8.03 (d, Juu=8.0 Hz,
1H), 7.90 (d, Jun =4.8 Hz, 1H), 7.48 (s, 1H).

Preparation of 6. A solution of 2 (50 mg, 0.15 mmol) and
Ru(DMSO),Cl, (36 mg, 0.074 mmol) in ethanol (20 mL) was heated
under reflux for 12 hr. After cooling the solution to RT, the solvent was
removed and the residue was recrystallized from hot acetone
(3x5 mL), giving analytical pure [Ru(cbpypz),] as a dark brown solid
(6,21 mg, 40 %).

Spectral data of 6: MS (FAB, 'Ru): m/z 768 (M"). '"H-NMR
(400 MHz, CD;OD, 298 K): ¢ [ppm]: 8.94 (s, 1H), 8.78 (d, 1H,
Jun=8.0 Hz), 8.52 (d, 1H, Juyn=28.0 Hz), 8.36 (t, 1H, Jyu=38.0 Hz),
7.65 (d, 1H, Juu=06.0 Hz), 7.62 (s, 1H), 7.49 (d, 1H, Juyu=5.2 Hz).
Anal. Calcd. for C50H sFsNgO4Ru-6H,O: C, 40.32; H, 3.38; N, 12.54.
Found: C, 40.42; H, 3.19; N, 12.32. The resulting analytical sample may
contain 6 equivalents of water solvates.

Preparation of 6a. A solution of la (100 mg, 0.35 mmol) and
Ru(DMSO),Cl, (80 mg, 0.17 mmol) in anhydrous ethanol (25 mL)
was heated under reflux for 12 hr. After cooling the solution to RT, the
solvent was removed and the residue was subjected to silica-gel column
chromatography (ethyl acetate/acetone =9:1), giving [Ru(bpypz),] as a
dark brown solid (6a, 50 mg, 43 % ). Crystals suitable for X-ray diffrac-
tion study were obtained from a slow diffusion of diethyl ether into a
saturated methanol solution at RT.

Spectral data of 6a: MS (FAB, '®Ru): m/z 680 (M*). 'H-NMR
(400 MHz, CD;0D, 298 K): ¢ [ppm]: 8.38 (d, 1H, Jun=4 Hz), 8.36 (d,
1H, Jup=4.0 Hz), 8.13 (d, 1H, Juu=28.0 Hz), 8.04 (t, 1H, Jyu=_8.0 Hz),
7.69 (td, 1H, Jyu=8.0 and 2.0 Hz), 7.19 (d, 1H, Jun=>5.0 Hz), 7.09
(s, 1H), 7.02 (td, 1H, Jyu=6.6 and 1.2 Hz). Anal. Calcd. for
CosH6NgFgRu: N, 16.49; C, 49.49; H, 2.37. Found: N, 15.89; C, 49.04; H,
2.74.

Crystal data for 6a: Cs;sH3FeNgO4sRu, M =809.72, monoclinic,
space group C2/c, T=150K, a=322734(3) A, b=15.4469(1) A,
c=14.0513(1) A, B=104.4789(6), U=6782.43(9) A3, Z=8, 1 (Mo-
Ka)=0.7107 A, £=0.547 mm™, 45334 reflections collected, 7783
unique (Riy =0.0470), goodness-of-fit (GOF)=1.076, final wR,(all
data) =0.1320. Ry[/>2a(1)] = 0.0424.

Preparation of 7. In a typical synthesis, bpypzH (190 mg, 0.66 mmol)
and [RuCl(p-cymene),] (200 mg, 0.33 mmol) were dissolved in a
DMEF solution (15 mL). The reaction mixture was heated to 60 °C for
4 h under constant stirring. After that, 4,4’-dicarboxy-2,2"-bipyridine
(H,-dcbpy) (160 mg, 0.66 mmol) was added and the mixture was
heated to 150 °C for another 4 h. After cooling the mixture to RT, the
solvent was removed under vacuum. The resulting dark brown residue
was suspended in a mixture of DMF (ca.2 mL) and acetonitrile
(7 mL) and then sonicated for 20 min. Finally, the precipitate was col-
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lected by centrifugation and washing with acetonitrile and diethyl ether
in sequence, giving a dark brown solid [Ru(bpypz)(H,-dcbpy)Cl] (7,
200 mg, 46 % ).

Spectral data of 7: MS (ESIL, '“Ru): m/z 670 (M*). 'H-NMR
(400 MHz, d6-DMSO): ¢ [ppm]: 10.33 (d, Juu=5.6 Hz, 1H), 9.10 (s,
1H), 8.83 (s, 1H), 8.56 (d, Jun = 8.4 Hz, 1H), 8.43 (d, Jun="7.6 Hz, 1H),
829 (d, Juu=5.6 Hz, 1H), 8.09 (d, Jun=8.0 Hz, 1H), 8.03 (t,
Jun=7.6 Hz, 1H), 7.87 (t, Jun=6.0 Hz, 1H), 7.55 (d, Jun=6.4 Hz,
1H), 7.46 (d, Jun=6.0 Hz, 1H), 7.43 (d, Juu=6.0 Hz, 1H), 721 (m,
2H). Anal. Calcd. for C,sH6CIF;NgO4Ru-1.5 DMF: C, 46.95; H, 3.40;
N, 13.47. Found: C, 47.22 H, 3.20; N, 13.29. This analytical data showed
the possible incorporation of 1.5 DMF solvate molecules.

Preparation of 7a. The procedures were identical to that of 7 but
using bpypzH (610 mg, 2.10 mmol), [RuClL(p-cymene),] (600 mg,
0.99 mmol), and 2,2"-bipyridine (330 mg, 2.1 mmol) as the starting ma-
terials. After the removal of solvent, purification by silica-gel column
chromatography (ethyl acetate/acetone =1:1) gave a dark brown solid
[Ru(bpypz)(bpy)Cl] (7a, 843 mg) in 69 % yield.

Spectral data of 7a: MS (FAB, 'Ru): m/z 582 (M*). 'H-NMR
(400 MHz, de-DMSO, 298 K): § [ppm]: 10.14 (d, 1H, Juu=8.0 Hz),
8.72 (d, 1H, Juu=8.0 Hz), 8.47 (dd, 2H, Juu=12.0 and 8.0 Hz), 8.35
(d, 1H, Jyu=80Hz), 815 (d, 1H, Jyu=8.0 Hz), 8.02(d, 1H,
Jun =8.0 Hz), 7.94-7.88 (m, 2H), 7.79 (t, 1H, Juu =8.0 Hz), 7.59 (t, 1H,
Jun=8.0Hz), 722 (t, 2H, Juu=8.0 Hz), 7.16 (s, 1H), 7.00 (t, 1H,
Jun=8.0 Hz). Anal. Calcd. for C,yH;4CIF3NgRu-1H,O: C, 48.05; H,
3.02; N, 14.01. Found: C, 47.87; H, 3.40; N, 13.41. This analytical data
showed the association of one water solvate.

Preparation of 8. A mixture of [Ru(bpypz)(H,-dcbpy)Cl] (100 mg,
0.15 mmol) and NH4NCS (340 mg, 4.5 mmol) in 15 mL of DMF was
heated to 140 °C for 5 h under constant stirring. After cooling the mix-
ture to room temperature, the volatile was removed under vacuum and
the residue was suspended in deionized water (10 mL) and sonicated
for 10 min. The precipitated solid was collected by centrifugation fol-
lowed by washing with acetonitrile and diethyl ether. Finally, the dark
brown thiocyanate complex [Ru(bpypz)(H,-dcbpy)NCS] (8) was dried
under vacuum, yield: 80 mg, 77 %.

Spectral data of 8 MS (ESI, '“Ru): m/z 693 (M"). "H-NMR
(400 MHz, d6-DMSO): ¢ [ppm]: 9.74 (d, Jyg=6.0 Hz, 1H), 9.16 (s,
1H), 8.91 (s, 1H), 8.63 (d, Jun = 8.0 Hz, 1H), 8.51 (d, Jun="7.6 Hz, 1H),
8.37 (d, Jun=5.6 Hz, 1H), 8.16 (m, 2H), 7.96 (t, Jun = 8.0 Hz, 1H), 7.60
(d, Jup=4.8 Hz, 1H), 7.51 (m, 2H), 7.29 (m, 2H). Anal. Calcd. for
C,7H6F3N;04RuS-1H,0: C, 45.64; H, 2.55; N, 13.80. Found: C, 45.42;
H, 2.88; N, 13.80. This analytical sample showed the association of one
water solvate.

Preparation of 8a. Similar to the procedures reported for 8, treat-
ment of [Ru(bpypz)(bpy)Cl] (7a, 120 mg, 0.21 mmol) with NH,;NCS
(150 mg, 2.1 mmol) in 25 mL of DMF gave a dark-brown thiocyanate
complex [Ru(bpypz)(bpy)NCS] (8a, 99 mg, 0.16 mmol) in 80 % yield.
Single crystals of 8a suitable for X-ray diffraction study were obtained
by a slow diffusion of diethyl ether into the saturated methanol solu-
tion at RT.

Spectral data of 8a: MS (FAB, '“Ru): m/z 605 (M*). "H-NMR
(400 MHz, ds-DMSO, 298 K): ¢ [ppm]: 9.56 (d, 1H, Jyu =6.0 Hz), 8.80
(d, 1H, Jyn=8.0Hz), 859 (d, 1H, Juyu=8.0 Hz), 854 (d, 1H,
Jun=8.0 Hz), 845 (d, 1H, Juu=8.0 Hz), 8.23 (t, 1H, Juu=8.0 Hz),
8.02 (d, 1H, Juyun=8.0Hz), 812-8.04 (m, 2H), 8.00 (t, 1H,
Jun=6.0 Hz), 7.94-7.90 (m, 2H), 7.72 (t, 1H, Juu=8.0 Hz), 7.58 (d,
1H, Jun=6.0 Hz), 7.31 (t, 1H, Juu =6.0 Hz), 7.24 (s, 1H), 7.19 (d, 1H,
Juu=4.0Hz), 7.09 (t, 1H, Jyu=6.0Hz). Anal. Calced. for
C,sHi6F3N7RuS-1H,0: C, 48.90; H, 3.47; N, 15.35. Found: C, 49.06; H,
3.20; N, 15.29. This analytical sample showed the association of one
water solvate.

Crystal data for 8a: C,sH;cFsN;RuS, M=604.58, orthorhombic,
space group Pben, T=150 K, a=21.9073(8) A, b=14.5021(5) A,
c=16.8249(6) A, U=53453(3) A3, Z=8, 1 (MoKa)=0.7107 A,
1=0.713 mm™, 33271 reflections collected, 6136 unique (Rjy = 0.0494),
GOF =1.187, final wR,(all data) =0.1924. Ry[I>24(I)] =0.0587.
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5.3. X-ray Diffraction Studies

Single crystal X-ray diffraction data were measured on a Bruker
SMART Apex CCD diffractometer using (MoKa) radiation
(2=0.71073 A). The data collection was executed using the SMART
program. Cell refinement and data reduction were performed with the
SAINT program. The structure was determined using the SHELXTL/
PC program and refined using full-matrix least squares. It was observed
that single crystals of 6a and 8a possessed two DMSO molecules
and 3.5 methanol plus one water hydrate in the unit cell, respectively.
Their crystallographic data (excluding structure factors) have been de-
posited at the Cambridge Crystallographic Data Centre with the de-
position numbers 624672 and 624673, respectively. These data can
be obtained free of charge by applying to the CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44) 1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk)

5.4. Fabrication of DSSC

TiO, nanoparticles were purchased in a 25 % rutile and 75 % anatase
mixture from Degussa. TiO; thin films were prepared by a doctor-blade
method on a transparent conducting oxide (F-doped SnO,, FTO)
and then sintered at 450°C for 30 min. Nanocrystalline TiO,
films (14-15 pm thick) were coated with dyes by dipping the film in
3x107*Mm dye solutions in DMF overnight. The dye-coated TiO, elec-
trode was incorporated into a thin-layer sandwich-type cell with a
Pt-coated FTO as counter electrode, a spacer film, and an organic elec-
trolyte solution to measure the solar cell performance. The Pt counter-
electrode was prepared by spin-coating a 5 mm H,PtClg in isopropyl
alcohol solution on FTO glass followed by sintering at 385°C for
15-30 min [23]. The electrolyte contained 0.05m I,, 0.1 m Lil, 0.5 m t-bu-
tylpyridine (tBPy), and 0.6 M butylmethylimidazolium iodide (BMII) in
1:1 acetonitrile/valeronitrile solvent and 10% 3-methyl-2-oxazolidi-
none (NMO) was used (in volume ratio) [24]. Light-to-electricity con-
version efficiency values were measured using a standard AM 1.5 solar
simulator-Oriel 66924 Arc lamp source with a 6266 450 W Xe lamp,
and Oriel 81088 Air Mass 1.5 Global Filter and a digital source meter
which was purchased from the Keithley company.

5.5. Adsorption Cross Section on TiO,

In this study, the adsorption cross sections for complexes 6-8 and the
N3 dye were determined by dipping the TiO, film into each dye solu-
tion. After soaking for more than 16 h for complete adsorption, un-
bound dye molecules on TiO, films were washed off by absolute etha-
nol. Then the bound dye molecules were desorbed by dipping into an
ethanol solution of NaOH, and the number of dye molecules remaining
in the basic solution was determined by UV-vis absorbance. It should
be noticed that TiO, films were made by the same protocol as above
and the roughness factors of the films, determined by Brunauer-Em-
mett-Teller (BET) experiments, were ca. 800. The molecular cross-sec-
tional areas were calculated directly from the molecular radii, which
were obtained by the Hartree-Fock method. The adsorption cross sec-
tion was then derived by the ratio of the number of dye versus the real
surface area of the TiO; film. The latter was deduced by the multiplica-
tion of the geometric area of the TiO, film and the roughness factor.

5.6. Theoretical Approaches

All calculations were performed with the Gaussian 03 package [25].
Geometrical optimization of the electronic ground state was carried
out by the hybridized DFT functional, PBEO and the basis set 6-31G*
was used for all atoms except for the Ru atom [26]. For Ru, the “dou-
ble-(” quality basis set consisted of the effective core potential SBKJC
[27]. Time-dependent DFT (TDDFT) calculations were then per-
formed with the same functional and basis set at the optimized geome-
try to obtain electronic transition energies. Oscillator strengths were
deduced from the dipole transition matrix elements (for singlet states
only). The Hartree-Fock method with the same basis set was applied to
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calculate the molecular volume, which is defined as the electron density
inside a contour of 0.001 electrons/bohr’. Furthermore, as recom-
mended by the Gaussian 03 package, the radius was selected to be
0.5 A larger than that deduced from the computed volume.
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