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Synthesis and Characterization of Novel Heteroleptic Ruthenium
Complexes for Dye-Sensitized Solar Cells
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We report three novel heteroleptic ruthenium complexes, RD1: Ru[(dcbpy)(1-methyl-2-(pyridin-
2-yl)-1H-benzimidazole)(NCS),, RD2: Ru [(dcbpy) (2-(pyridine-2-yl) benzothiazole) (NCS),, and RD3:
Ru[(dcbpy)(2-(pyridin-2-yl) benzoxazole) (NCS),, for dye-sensitized solar cell applications. We found
that RD1 exhibits a dye loading amount two times higher than that of N719, which gives a broad IPCE ac-
tion spectrum for the spectral response beyond 800 nm. This series of dyes can be easily synthesized in
three steps with the best dye (RD1) reaching 80 % cell performance of N719.
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INTRODUCTION

Dye-sensitized solar cells (DSSC) based on meso-
porous nanocrystalline TiO, films have attracted much at-
tention for scientific and industrial applications owing to
their high photon-to-electricity conversion efficiency and
low production cost. Ruthenium complexes, such as N3,
N719 and black dyes, have been extensively utilized as
photosensitizers, and high power conversion efficiencies
over 10 % were reported in the devices based on these
dyes.? Moreover, the color tunable, high absorption coeffi-
cient metal-free organic dyes,’ non-ruthenium metal center
dyes,* and porphyrin-based green sensitizers® have been
widely discussed and reported in recent years. In addition
to the polypyridine-based ruthenium complexes being
widely investigated, the heterocyclic ligands have also
been applied to make ruthenium complexes.® In the present
study, we have designed new ruthenium dyes by replacing
one of the 2,2'-bipyridine-4,4'-dicarboxylic acid (dcbpy)
ligands of N3 with three easily synthesized heterocylic lig-
ands, namely oxazole, thiazole, and imidazole derivatives,
for which they were used to make corresponding ruthenium
complexes for DSSC applications.

EXPERIMENTS
Materials
All reagents and solvents were obtained from com-

mercial sources and used without further purification un-
less otherwise noted. DMF used for electrochemistry was
dried over MgSO, and freshly distilled before use. CH;CN
was dried over CaH, and freshly distilled before use.
Tetra-n-butylammonium hexafluorophosphate (TBAPF)
was recrystallized twice from absolute ethanol and further
dried for two days under vacuum. Column chromatography
was performed on silica gel (70-230 Mesh ASTM, Merck).
Sephadex LH-20 column was obtained from GE.
Instrumentation

Absorption spectra were recorded on UV-vis spec-
trometer (Varian, Cary 50). NMR data were obtained on a
Bruker DRX-300 Spectrometer. The measurements of PL
spectra were performed by using a Spex Fluorolog-3 spec-
trofluorometer (Instruments S.A., Edison, N.J., USA). Ele-
mental analyses were carried out on an Elemental analyzer
(Foss Heraeus, CHN-O-RAPID). Mass Spectroscopy mea-
surements were performed on a Mass Spectrometer (MI-
CRO- MASS, TRIO-2000). For certain cyclic voltammetry
experiments were measured by a potentiometer (poten-
tiosatate/Galvan model 273, EG&G).
Synthesis of ligands
1-methyl-2-(pyridin-2-yl)benzimidazole (L1)’

Under nitrogen atmosphere, picolinic acid (2.46 g,
0.02 mol), N-methylbenzene- 1,2-diamine (2.44 g, 0.02
mol), and polyphosphoric acid (PPA, 10 g) were heated to
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150 °C for 2 h. After cooling, the solution was poured into
cool water with stirring, and tune the pH to 7-8 by addition
of NaOH, and the resulting gray/pink precipitate was fil-
tered, wash with water, and air dried. The crude product
was purified by column chromatography (silica gel) using a
mixture of ethyl acetate and hexane (1/3) as an eluent (2.15
2,55 %).
2-(pyridin-2-yl)benzothiazole (L2)®

Under nitrogen atmosphere, picolinic acid (2.46 g,
0.02 mol), 2-aminothiophenol (2.5 g, 0.02 mol), and PPA
(10g) were heated to 150 °C for 2 h. After cooling, the solu-
tion was poured into cool water with stirring. The resulting
gray/white precipitate was collected by filtration, washed
with water and dried, re-crystallized from ethanol (2.63 g,
62 %).
2-(pyridin-2-yl)benzoxazole (L3)°

Under nitrogen atmosphere, picolinic acid (2.46 g,
0.02 mol), 1,2-benzenediol (2.2 g, 0.02 mol), and PPA
(10g) were heated to 150 °C for 2 h. After cooling, the solu-
tion was poured into cool water with stirring, and tune the
pH to 7-8 by addition of NaOH, and the resulting gray/pink
precipitate was filtered, wash with water, and air dried. The
crude product was purified by column chromatography
(silica gel) using a mixture of ethyl acetate and hexane
(1/1) as an eluent (2.33 g, 59.4 %).
Synthesis of complexes
[Ru(4,4'-carboxylicacid-2,2'-bipyridine) (1-methyl-2-
(pyridine-2-yl)-1H-benzoimidazole)NCS,] — RD1

In a typical one-pot synthesis,'’ [RuCl, (p- cymene)],
(108 mg, 0.176 mmol) was dissolved in DMF (20 mL) and
the precursor ligand L1 (73.6 mg, 0.352 mmol) was added.
The reaction mixture was heated at 80 °C under argon for 4
h and then dcbpy (86 mg, 0.352 mmol) was added. The re-
action mixture was refluxed at 140 °C for another 4 h in
dark to avoid the photoinduced cis-to-trans isomerization.
Excess KNCS was added to the reaction mixture and
heated at 140 °C for 5 h. After the reaction, the solvent was
removed by using a rotary evaporator. Water was added to
the resulting mixture to remove any excess KNCS. The wa-
ter-insoluble product was then collected on a sintered-glass
crucible by suction filtration, washed with distilled water,
followed by diethyl ether, and dried in air. The crude prod-
uct was dissolved in methanol then passed through
Sephadex LH-20 column using methanol as the eluent. The
main band was collected and concentrated. The same puri-
fication was repeated for five times. A few drops of 0.01M
HNOs; (aq) were added to precipitate the brown red prod-
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uct (71 mg, 33.9 %).
[Ru(4,4'-carboxylic acid-2,2’-bipyridine)(2-(pyridine-2-
yDbenzothiazole) NCS,] — RD2

Same procedure as preparing RD1 but the ligand L2
(75mg, 0.352 mmol) instead of L1 was used, resulting in
dark purple powder (61 mg, 25.8 %).

[Ru(4,4'-carboxylic acid-2,2'-bipyridine)(2-(pyridine-2-
yl) benzoxazole) NCS;] —RD3

Same procedure as preparing RD-1 but the ligand L3
(69 mg, 0.352 mmol) instead of L1 was used, resulting in
red purple powder (55 mg, 23.7 %).

Product characterizations
Ligands

L1: "H-NMR(DMSO-dc) & 8.76 (d, J = 4.0 Hz, 1H),
8.31 (d, J = 7.6 Hz, 1H), 8.01 (ddd, J = 8.0, 8.0, 1.6 Hz,
1H), 7.73 (d, J = 8.0 Hz, 1H),7.65 (d, J = 8.0 Hz, 1H), 7.53
(ddd,J =7.6,4.8,0.8 Hz, 1H), 7.34 (ddd, J = 7.6,7.2, 1.6
Hz, 1H) 7.28(ddd, J = 7.5, 6.8, 0.8 Hz, 1H) 4.24(s, 3H),
Mass, EI-mass: calcd m/z: 209.10; Found: 208.

L2: "H-NMR(DMSO-dg) & 8.70 (d, J = 4.4 Hz, 1H),
8.30 (d,J =8.4 Hz, 1H), 8.14 (d,J =7.2 Hz, 1H), 8.08 (d, J
= 8.0 Hz, 1H), 8.05 (ddd, J = 8.0, 8.0, 2.0 Hz, 1H), 7.63-
7.56 (m, 2H), 7.51 (ddd, J = 7.6, 7.2, 1.2 Hz, 1H), Mass,
El-mass: caled m/z: 212.04; Found: 212.

L3: 'H-NMR (DMSO-d) & 8.81 (d, J = 4.8 Hz, 1H),
8.36 (d, J = 8.0 Hz, 1H), 8.08 (ddd, J =9.0, 6.8, 1.6 Hz,
1H), 7.89 (d,J=7.2 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H) 7.65
(dd, J =17.2,4.8 Hz, 1H), 7.53-7.45 (m, 2H), Mass, EI-mass:
calcd m/z: 196.06; Found: 196.

Complexes

RD1: Elemental analysis (%) calcd for Cy;H;9N5-
0,4S,Ru-H,0-2CH;0H: C 46.27, H 3.88, N 13.02; Found:
C46.10, H 3.87, N 12.78. Mass, LRMS (FAB): calcd m/z:
671.0; Found: 671.0 (m).

RD2: Elemental analysis (%) calcd for CpcH ¢Ng-
04S;Ru-H,O-2CH;0H: C 43.73, H 3.41, N 10.96; Found:
C43.72, H 3.26, N 11.33. Mass, LRMS (FAB): calcd m/z:
673.94; Found: 674.0 (m).

RD3: Elemental analysis (%) calcd for Cp¢H;Ng-
05S,Ru-H,0-2CH;0H: C 45.46, H 3.54, N 11.36; Found:
C 45.30, H 3.51, N 11.60. Mass, LRMS (FAB): calcd m/z:
657.97; Found: 658.0 (m).

Electrode preparation and device fabrication

The photoanodes composed of nanocrystalline TiO,
were prepared using the sol-gel method reported else-
where.!" A paste composed of ~15-nm TiO, particles for
the transparent nanocrystalline layer was coated on a



Novel Heteroleptic Ruthenium Complexes

TiCly-treated FTO glass substrate (FTO, 8 Q/Y) by repeti-
tive screen printing to obtain the required film thickness.
To improve the performance of DSSC, one additional scat-
tering layer (particle size 200-600 nm) was screen-printed
on the transparent nanocrystalline layer. The TiO, working
electrodes were gradually heated according to a pro-
grammed procedure: (1) heating at 80 °C for 15 min; (2)
heating at 135 °C for 10 min; (3) heating at 325 °C for 30
min; (4) heating at 375 °C for 5 min; (5) heating at 450 °C
for 15 min; (6) heating at 500 °C for 15 min. The resulting
layer was composed of 12-pum thickness of transparent
layer and 4-um thickness of scattering layer, which were
treated again by TiCl, at 70 °C for 30 min and sintered at
500 °C for 30 min. After cooling in air, the sintered TiO,
films were immersed in dye solutions (0.3 mM in anhy-
drous CH;CN/t-BuOH (1:1 v/v) at 25 °C for 3 h) contain-
ing CDCA 0.3 mM for dye loading onto the working elec-
trodes. The counter electrode was made by spin-coating the
H,PtClg¢/isopropanol solution onto an FTO glass substrate
(FTO, 8 Q/Y) (typical size 1.0 x 1.5 cm®) through thermal
decomposition at 380 °C for 30 min. The two electrodes
were assembled into a cell of sandwich type and sealed
with a hot-melt film (SX1170, thickness 25 um). The elec-
trolyte solution for devices contains 1.0 M 1-butyl-
3-methyl- imidazolium iodide (BMII), 0.1 M guanidinium
thiocyanate, 0.05 M Lil, 0.03 M L,, and 0.5 M 4-tertbutyl-
pyridine(TBP) in a solvent mixture containing acetonitrile
and valeronitrile (volume ratio 85:15).'
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Dye-loading examination

To determine the dye-loading amount of RD1-RD3 and
N719 on TiO, films, the dye was desorbed in tetrabutyl-
ammonium hydroxide (0.1 M, TBAOH, Fluka) in DMF (3
mL). The absorption spectrum of the solution was recorded
with a UV-vis spectrometer. A calibration curve for dyes in
0.1 M TBAOH in DMF was derived to obtain the absorp-
tion coefficient. The amounts of dye coverage on TiO,
films were obtained from the measured absorbances in the
spectra (cuvette thickness 2 mm) and the calibrated absorp-
tion coefficient of dyes according to Beers’ law.
Photovoltaic characterization

The current-voltage characteristics were determined
with a digital source meter (Keithley 2400, computer-con-
trolled) with the device under one-sun AM 1.5 irradiation
from a solar simulator (SAN-EI, XES-502S) calibrated
with a standard silicon reference cell (VLSI standards,
Oriel PN 91150V). When the device is irradiated with the
solar simulator, the source meter sends a voltage (V) to the
device, and the photocurrent (/) is read at each step con-
trolled with a computer via a GPIB interface. The effi-
ciency (1) of conversion of light to electricity is obtained
with these relations, n = Js¢ Voc FF / Py, in which Jgc /mA
cm™ is the current density measured at short circuit, and
Voc /V is the voltage measured at open circuit. Py, is the in-
100
mW cm™) and FF is the fill factor. For all measurements,
the DSSC devices were covered with a black mask of aper-
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Fig. 1. (a) The synthesis flow chart for RD1-RD3; (b) "HNMR spectrum (7~10 ppm) of RD3.



1154  J. Chin. Chem. Soc., Vol. 57, No. 5B, 2010

Huang et al.

Table 1. Absorption coefficients (e/cm™'M™"), absorption maxima (A,/nm, in parenthesis) and electrochemical data

of RD1-RD3, and N719

Dyesa 81[-1[*(}"max) Exnx O EMLCT (}"max) EMLCT (A-max) on /Vb EO-O V¢ ELUMO /Vd
N719 49154 (310 nm) 13400 (384 nm) 13610 (524 nm) - - -
RDI 30704 (317nm) 6324 (403nm) 7560 (539nm) 0.93 1.92 0.9
RD2 26168 (315nm) 5354 (381nm) 6850 (549nm) 0.98 1.85 0.87
RD3 30686 (314nm) 5795(382nm) 7383 (537nm) 1.00 1.86 -0.86

* Absorption spectra were measured in DMF.

® Oxidation potential Eox (V vs F/Fc") of dyes were measured in dry DMF with 0.1M (n-C4Hy),NPF, with a scan rate of 50 mV s™

(vs NHE).

¢ Eo.0 was determined from the intersection of absorption and emission spectra in DMF.

4 E Lumo was calculated by Eox — Eou,

Table 2. Photovoltaic parameters of RD1-RD3 and N719
sensitized solar cells under AM1.5 illumination (power
100 mW cm ) with an active area of 0.16 cm® with a
black mask

Dyes Jsc/Macm? Voc/V. FF 1 (%) Dye Loading/nmol cm™

N719 14.157  0.783 0.69 7.69 154
RD1 13.137 0.701 0.68 6.22 300
RD2 10.107 0.731 0.70 5.19 275
RD3 9.105 0.741 0.70 4.71 236
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Fig. 2. Absorption spectra of (a) RD1-RD3 and N719
in DMF (2 x 10°°M) and (b) RD1-RD3 and
N719 absorbed onto 2-pum TiO, films.

ture area 0.16 cm? to ensure the measured photocurrent not
being exaggerated. The spectra of the incident photons-
to-current conversion efficiency (IPCE) of the correspond-
ing devices were obtained with a system comprising a Xe
lamp (PTi A-1010, 150 W), a monochromator (Dongwoo
DM150i, 1200 gr/mm blazed at 500 nm), and a source me-
ter (Keithley 2400)."

RESULTS AND DISCUSSION

Synthesis

As indicated in Fig. la, we synthesized three novel
ruthenium complexes, RD1, RD2, and RD3, with hetero-
cyclic ligands of imidazole, thiazole, and oxazole deriva-
tives, respectively. We found that the final complexes with
unsymmetric ligands have two isomers (A and B, see Fig.
la) and they cannot be separated by using the silica, alumi-
num oxide, and Sephadex LH-20 column chromatography
methods. Fig. 1b displays the '"H-NMR spectrum of RD3
showing the groups of doublet/multiple peaks in the 7-10
ppmregion. The integration of the peak areas indicates that
the isomer ratio of A/Bis 1:1.

Absorption Spectra and dye-loading

Fig. 2a shows the UV-Visible absorption spectra of
RD1, RD2, and RD3 in DMF, compared with that of N719.
We found that the molar absorption coefficients of the
lower energy MLCT bands of RD1 (¢ /M 'em™ = 7560),
RD2 (¢ /M'em™ = 6850) and RD3 (¢ /M 'em™ = 7383) are
significantly lower than that of N719 (¢ /M'em™ = 13610),
but the absorbances of RD1-RD3 absorbed on TiO, films
are much higher than those of N719 (Fig. 2b). As a result,
the amounts of dye loading of RD1-RD3 are in general two
times higher than that of N719 (Table 2). Even though the
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molar absorption coefficient of RD1 was not so great, the
substantial dye loading enhancement of RD1 (300 nmol
cm™) led to a high photocurrent density (13.137 mA cm™).

Electrochemistry

To evaluate the possibility of electron transfer from
the excited state of the dye to the conduction band of TiO,
electrode, we have performed cyclic voltammetry measure-
ments for RD1, RD2, and RD3 in DMF with TBAPF,. The
oxidation potentials (E.,) of RD1, RD2, and RD3 were
measured to be 0.93, 0.98, and 1.00V versus NHE, respec-
tively. The uphill energy offset of the HOMO in those dyes
relative to that (+0.5 V) of the triiodide/iodide couple could
lead to fast dye regeneration. The LUMO potentials (E;ymo)
of RD1, RD2, and RD3 calculated from the oxidation po-
tentials and the band gaps (E_o) determined from the inter-
section of absorption and emission spectra'* are -0.99V,
-0.87V, and -0.86V, respectively (Table 1). The downhill
energy offset of the LUMO in all dyes compared to the con-
duction band level of TiO, ensures enough driving force for
charge separation.
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Fig. 3. (a) I-V characteristics of RD1-RD3 and N719
sensitized solar cells under AM 1.5 one-sun ir-
radiation (100 mW c¢m) and an active area of
0.16 ¢cm? with a black mask; (b) The corre-
sponding IPCE action spectra of RD-1-RD3
and N719.
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Photovoltaic Measurements

In comparison with N719, the current-voltage char-
acteristics of RD1-RD3 under 1.5G illumination (100 mW
cm) are shown in Fig. 3a and the corresponding photovol-
taic parameters are listed in Table 2. The open-circuit
photovoltage of RD1-RD3 are Voc /V =0.701, 0.731, and
0.741 respectively, showing the effect of different substi-
tute of the five-member ring (N-CHj3, S, or O) of the ligand.
This might be explained by their oxidation potentials,
which show the increasing order for RD1 (0.93 V) > RD2
(0.98 V) > RD3 (1.00 V). The incident photon-to-current
conversion efficiencies (IPCE) of RD1-RD3 are presented
in Fig. 3b. The IPCE spectrum of RD1 exhibits a red shift
spectral feature beyond 800 nm, which might be due to the
enhanced dye loading of RD1 that boosts up the photo-
current response in the Near-IR region for higher photo-
current density (Jsc = 13.137 mA cm-2) being observed.
On the other hand, both RD2 and RD3 show much lower
Jsc values due to their much lower IPCE values. We expect
that the imidazole ligand with stronger electron donating
property might lead to better charge separation so that the
charge-collection efficiency of RD1 becomes much larger
than those of RD2 and RD3. Further time-resolved investi-
gations are underway to understand the electron lifetimes
and charge-transport kinetics of the system.

CONCLUSION

In summary, we have synthesized three novel hetero-
leptic ruthenium dyes (RD1, RD2, and RD3) for DSSC ap-
plications. Compared with the decbpy ligand used in N3
dye, these unsymmetrical ligands were easy to synthesize
with larger dye loading on TiO, surface than that of N719.
RD1 reaches 80 % cell performance of N719, and it is the
best among these three dyes due to its larger dye loading
and broader IPCE action spectrum. However, the molar ab-
sorption coefficients of this series of dyes are much lower
than that of N719. Therefore, future work aiming at the de-
sign of new series of heteroleptic Ru dyes with higher mo-
lar absorption coefficient is underway.
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