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Synthesis of cis-Dithiocyanato bis(4,4'-Dicarboxylic
acid-2,2'-bipyridine)ruthenium and its Application
in Dye-Senstized Solar Cells
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cis-Dithiocyanato bis(4,4'-dicarboxylic acid-2,2'-bipyridine)
ruthenium was synthesized from 4-methylpyridine by the
reactions of cross-coupling, oxidation, conjugating reaction
and ligand substitution reaction. The product and its inter-
mediates were characterized with IR spectrum, GC-MS, NMR
and elemental analysis. TiO, films were obtained by sol-gel
method and these films were sensitized by cis-RuL,(SCN),
(L = cis-2,2"-bipyridine-4,4'-dicarboxlic acid). UV and IR
absorption spectroscopy of the sensitized film indicated that
the cis-Rul,(SCN), has attached to the surface of the TiO,
particles. In addition, cis-RuL,(SCN),-2H,O applications in
dye-sensitized solar cells were demonstrated. From the I-V
curves, the open-circuit voltage (Voc) and short-circuit current
(Isc) were also measured.
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INTRODUCTION

In recent years, there had been a growing interest in photoelectro-
chemical devices based on nanocrystalline TiO, sensitized with transition
metal complexes'. Although the considerable progress made in the past
decade towards improving of the photoelectricity properties, comparatively
less work on the progress of synthesizing the sensitizers. Among of all
kind of known sensitizers, the performance of the cis-Rul,(SCN),-2H,O
was found to be outstanding. At present, most of the methods use 2,2'-
bipyridine-4,4'-dimethyl as the initial material. But the cost of 2,2"-bipyridine-
4.4'-dimethyl is relatively expensive. So in order to decline the cost, we
synthesized 2,2'-bipyridine-4,4'-dimethyl from 4-methylpyridine and then
synthesized cis-RuL,(SCN),-2H,0.

2,2'-Bipyridine-4,4'-dimethyl is an important intermediate used to syn-
thesize cis-Rul,(SCN),-2H,O in the area of nanocrystalline photovoltaic
cells (NPC)*. 2,2'-Bipyridine-4,4'-dimethyl is a compound that belongs to
2,2'-bipyridine series, so the methods of synthesizing 2,2'-bipyridine-4,4'-
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dimethyl is as the same as the methods used to synthesize 2,2'-bipyridine.
In the recent years, researchers had tried to use catalysts such as nickel
complexes and palladium complexes, which are widely used in the area of
coupling reaction*’ hydrogenation reaction® and dehydrogenation reaction’.
But these methods couldn't be used to synthesize 2,2'-bipyridine-4,4'-dim-
ethyl directly, because the material they used was halopyridine. So we have
to adopt another method to prepare 2-aryl-4-methylpyridine, which results
in low yield, time-wasting and high cost. Herein according to our former
work, we found the way of synthesizing cis-RuL,(SCN),.

EXPERIMENTAL

Synthesis of cis-Rul.,(SCN),: cis-Rul,(SCN), was prepared in four
steps using 4-methyl-bipyridine. 'H NMR and "HMR were obtained on a
Brucker AV 300, 300 MHz spectrometry, using TMS as an internal standard.
IR spectra were performed on an Avatar 360 FT-IR Spectrometry and the
elemental analyses were recorded using a Thermo Finnigan Eager 300.
GC-MS spectrum was obtained on 5973N GC/MSD (Agilent Technologies,
U.S.A).

Synthesis of 4,4'-dimethyl-2,2'-bipyridine: The 4-methylpyridine was
redistilled in order to eliminate the pigments and other impurities. 25.0 g
of 4-methylpyridine (268 mmol) and 0.5 g palladium-catalyst were mixed
together and heated at reflux for 3 d. Then, the reaction mixture was filtered
by suction filtration in order to filter off the palladium-catalyst. The recovery
ratio of palladium-catalyst is 90 % and it can be used repeatedly. The filtrate
was evaporated to dryness on a rotary evaporator, which can obtain 18.5 g
of 4-methyl-pyridine and the pale-yellow solid (4,4'-dimethyl-2,2'-
bipyridine). The filter cake was washed with hot acetic ester. The obtained
4.4'-dimethyl-2,2'-bipyridine was transferred into the hot washing liquid
and then was recrystallized affording the 4.6 g (24.9 mmol) of product
4.4'-dimethyl-2,2'-bipyridine as a white solid. In this way, the purity is
higher than 99 % and the yield is 70.8 %.

2,2'-Bipyridyl-4,4'-dicarboxylic acid: It was prepared according to a
previously described procedure®. 4.6 g of 4,4'-dimethyl-2,2'-bipyridine was
dissolved in 50 mL of conc. sulfuric acid with vigorous stirring using a
magnetic stirrer. After the solution was cooled at 0 °C and 15 g of CrO; was
added in small portions during 0.5 h. The mixture turned dark green was
heated to 75 °C for 4 h, stirred for 10 h at room temperature and finally
poured into a mixture of ice/water. The dark green precipitate was separated
by centrifugation and washed several times with water. This green powder
was then suspended in water and KOH was added under vigorous stirring
until the solution was basic. The green insoluble residual powder was filtered
and washed with water. The aqueous solution was acidified with dilute
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hydrochloric acid to precipitate the diacid i.e., 2,2'-bipyridyl-4,4'-dicarbo-
xylic acid which was filtered, washed with water, ethanol followed by ether
and dried to give the pure diacid 2 as a white powder (5.8 g, 92.1 % yield
and purity 95.7 %).

Synthesis of cis-Ru"L,Cl,-2H,O: It was obtained by refluxing under
reduced light and N,, 2.9 g (11 mmol) of RuCl;-3H,O and 5.8 g (23.94
mmol) of 2,2'-bipyridyl-4,4'-dicarboxylic acid in 200 mL of DMF for 12
h’. After cooling, trace of RuCl;-2H,O was filtered. Most of DMF solvent
was evaporated under vacuum and cis-Ru"L,Cl, was precipitated with ac-
etone. The crystals were filtered off and dried in vacuum at 55 °C. In this
way, 6.5 g of the brown product was obtained (6.5 g, 79.3 % yield and
purity 96.0 %).

Synthesis of cis-RuL,(SCN),-2H,0": 6.5 g (9.3 mmol) of cis-
Ru"L,Cl,-2H,0 was dissolved in 30 mL DMF under reduced light and nitrogen
atmosphere. To this solution was added aqueous NaOH (20 mL 0.1 M) in
order to deprotonate the carboxy groups. Sodium thiocyanate (0.35 g) was
separately dissolved in 2 mL of H,O and subsequently added to the above
solution. The reaction mixture was then heated to reflux for 6 h under
nitrogen atmosphere, while magnetic stirring was maintained. After this
time, the reaction mixture was allowed to cool and the solvent was removed
on a rotary evaporator. The resulting solid was dissolved in H,O and filtered
through a sintered glass crucible. The pH of this filtrate was lowered to 2.5
by adding dilute HCIO, and the filtrate was placed in a refrigerator over-
night. After reaching room temperature, the microcrystalline solid was isolated
by suction filtration, washed well with water/acetone-ether solution (1:10)
followed by ether and dried under vacuum. 5.3 g (7.15 mmol) of purple
solid was obtained (78.5 % yield and purity 97.4 %).

Preparation of the TiO, films: The TiO film was obtained by sol-gel
method®. The conducting glass substrate was covered on four edges with
transparent adhesive tape to determine the film's thickness and size. TiO,
sol was distributed with a glass rod sliding over the tape-covered edges.
The obtained paste was spread over the conducting glass substrate. The
film was then allowed to dry in air. After a few minutes, the tape was care-
fully removed and the film was heated to 450 °C in air for 1 h. TiO, film
was sensitized by cis-Rul,(SCN),-2H,0 in anhydrous ethanol (3 mmol/L)
at 35 °C for 3 h. Then the thin film was withdrawn from the solution and
washed in anhydrous ethanol for testing. The sensitized TiO, film was
charactered by IR and UV spectral studies.

Assemble device and determine output characteristics: The nano-
crystalline photovoltaic cell (NPC) solar cell was assembled with dropping
the electrolyte (a solution of 0.5 M potassium iodide and 0.05 M iodine in
a mixture of ca. 80 % acetonitrile and 20 % glycol) into the space between
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TiO, electrode and platinum mirror and connecting the external circuit.
The dye-sensitized TiO, films were illuminated through the conductive
glass support using a 500 W high pressure Xe lamp as the simulating sun-
light. The short-circuit photocurrent and the open-circuit photovoltage were
determined by photoelectricity parameter determination instrument.

RESULTS AND DISCUSSION

In the first step, 4-methylpyridine is both the solvent and reactant. A
large amount of 4-methylpyridine did not participate in the reaction and
can be reused in the coupling reaction again. The recovery ratio of palladium-
catalyst is 90 % and it can be used repeatedly. This method largely
decrease the cost of synthesizing cis-RuL,(SCN),-2H,0. The catalysis
mechanism and the probable side-reaction of the first step were studied
using ab initio molecular orbital calculation (MO) method'?. 7 Electron
density of pyridine ring (Fig. 1) was caculated by MO method. The 7 electron
density at meta position is 1.022, which increases 0.02 more than that at
ortho position. It is well known that the nitrogen atom as a 7 electron
acceptor in pyridine can decrease T electron density of its ortho position,
whereas methyl group as a donating group can increase 7 electron density
of its ortho and meta positions. Moreover, the presence of 7 electron
donating group in a monosubstituted bipyridine increases the 1 electron
density at the ortho position more than meta position. As a result, the 7
electron densitiy at C, is less than that at C;. Since the main reaction of
2,2'-bipyridine series is mucleophilic substitution, it may expected that
substitution reaction at 2 position in 4-methylpyridine should be more fa-
vored than at the 3. So, the main product is 4,4'-dimethyl-2,2'-bipyridine
instead of 4,4'-dimethyl-3,3'-bipyridine or 4,4'-dimethyl-2,3'-bipyridine.

CH;

7~

1022
N 0-982
N
Fig. 1. Distribution of m-electron density of pyridine

MS-GC was used to analysis the structure of the product. It can be
seen from Fig. 2 that there is a single sharp peak in the GC patterns, which
indicated that there was mainly only one product. It is concluded from MS
spectra that m/z = 184 is molecular ion peak of substitutive bipyridine,
m/z = 169 is ion peak of the bibipyridine loss -CHs; m/z = 92 is the ion
peak after C-C between bipyridine breaking and m/z =77 is the ion peak of
the m/z = 92 which loss a -CHs. So, it is concluded primarily that the
product is 4,4'-dimethyl-2,2'-bipyridine.
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Fig. 2. GC result of the raw-product

Further studies on the structure of the product were based on 'HNMR,
IR and element analyse. m.p. 175-176 °C"2. 'H NMR (DMSO): 8.52 (d, J =
4.9 Hz, 2H), 8.23 (s, 2H), 7.27 (d, J = 4.9 Hz, 2H), § 2.41 (s, 6H, CH;). IR
(KBr, Vinax, cm’™): 1604, 1563, 1461, 1428, 1372, 766 cm™. Anal. calcd for
CpHpNy: C 78.26, H 6.52, N 15.22; found C 78.26, H 6.89, N 14.87. MS
(EI) m/z (rel. int.): m/z = 184, m/z = 169, m/z = 92, m/z = 77.

CrO; and H,SO, were selected as oxidants because this reaction has a
moderate condition, which can avoid 4,4'-dimethyl-2,2'-bipyridine to decom-
pose at high temperature. In IR spectra, there is a strong absorption peak at
1717 cm™, which indicates this compound has some same carbonyl groups.
Further structural characterization of 2,2'-bipyridine-4,4'-dicarboxylic acid
(2) was carried out by '"H NMR, “C NMR and IR: 1717, 2453, 604, 1563,
1461, 766 cm™. "H NMR (D,0): 8 8.47 (d, 2H); 8.05 (s, 2H); 7.57 (d, 2H).
BC NMR: 172.8, 155.4, 149.5, 146.0, 123.2, 121.1.

The compound cis-Ru"L,Cl,-2H,0 (3) is obtained in good yield by
heating the solution of 2,2'-bipyridine-4,4'-dicarboxlic acid and RuCl;-3H,0.
IR and "H NMR are consistent with the expected. The peak at the 3432 cm™
gives the evident of existing water in compound cis-Ru"L,Cl,-2H,0 (3).
The spectrum exhibits peaks at 1604, 1563 and 1461 cm™', which is charac-
teristic the pyridine rings. The peak at 1711 cm™ is caused by carbonyl
groups. Further structural characterization of compound 3 was carried out
by '"H NMR, which is exactly equal as a previous report. IR: 3432, 1711,
1630-1600, 1604, 1563, 1461, 767 cm™'. '"H NMR (D,O + NaOH): § 9.13
(d, 2H, He); 8.59 (s, 2H, Hs); 8.39 (s, 2H, H3); 7.84 (dd, 2H, Hs); 7.42 (d,
2H, H¢); 7.04 (dd,-2H, Hs).

The fourth step is a kind of exchange reaction. The reaction mechanism
shows in Scheme-1. At first, undersaturated reaction intermediate is synthe-
sized through decomposing the ligand, which usually is the rate-determining
step. Then, reaction intermediate reacts with another ligand very quickly.
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Scheme-I

Structural characterization of cis-RuL,(SCN),-2H,O (4) was carried
out by IR spectrum. The spectrum exhibits peaks at 2110 and 1990 cm',
which is characteristic the cis-configuration of two thiocyanate ligands.
The N-coordination of the thiocyanate group is confirmed by the presence
of the v(C=S) resonance at 769 cm™. Furthermore, the peak at 3430 cm™
gives the evident of existing water in cis-Rul,(SCN),-2H,O (4). Further
characterization is shown in "C NMR and 'H NMR spectra. The proton
decoupled *C NMR of the cis-Ru(dcbpy),(NCS), show 12 resonance peaks
consisting of six sets due to two different ligands. Besides these 12 peaks,
there is a single resonance peak at 131.850 ppm, which is assigned to the
carbon of the N-coordinated NCS. 'H NMR spectrum shows six peaks in
the aromatic region corresponding to two different pyridine ring protons,
which is exactly equal as previous report''. 'H NMR (D,O + NaOD) §:
9.55 (d, 2H, He); 8.94 (s, 2H, Hs); 8.77 (s, 2H, Hs); 8.22 (d, 2H, Hs); 7.82
(d, 2H, Hy); 7.52 (d, 2H, Hs). IR (KBr, Vi, cm™): 1720, 770, 2110, 2140.
PC NMR: 171.5, 171.1, 158.7, 157.5, 153.1, 152.1, 144.3, 143.6, 131.8,
125.6, 124.5, 122.1, 121.8.

Absorption properties of TiO, thin film before and after sensitizing:
The IR spectra of samples were recorded using KBr pellet in the region
4000-400 cm™ at room temperature. From Fig. 3 shows significant changes
in relative band intensities and band position. There are more peaks of the
sensitized TiO, film than that of the bare TiO, film at 1800-1200 cm™,
probable following the dye adsorption on titanium oxide. Concerning the
band around 1615 cm™ of the cis-RuL,(SCN),, it is important to note that a
band having exactly the same structure exists in the pure TiO./KBr spec-
trum. This suggests that this band could be partially related to the presence
of physics-adsorbed water and/or hydroxyl groups. Thus, the 20 cm™ peak
shift to higher frequencies of the C=0 stretching mode could be explained
by strong adsorption and binding of the dye to TiO,. The shift probable
arises from chemical adsorption of the dyes onto the oxide particles via
ester-like binding between the carboxylic acid groups and the hydroxyl
group on the TiO; particles.

UV-Visible absorption spectrums of the TiO, films before and after
sensitizing are compared in Fig. 4. The most notable feature in the UV-
Visible spectra is that the absorption in visible light region is significantly
enhanced of TiO, film after sensitizing. The spectrum of the sensitized
film exhibit one 7t-m* intra ligand transition in the UV region and two MLCT
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Fig. 3. IR spectrum of the TiO, thin film  Fig. 4. UV-Visible spectrum of the TiO, thin
before and after sensitizing film before and after sensitizing

(metal to ligand charge transfer transition) bands in the visible region. From
discussion mentioned above, it is concluded that the dye has attached the
surface of the TiO, particles, which is benefit to improve photoelectricity
efficiency greatly.

Output characteristics: Fig. 5 shows photocurrent-voltage charac-
teristics of the sell under white light illumination from 500W Xe lump
(Table-1). The solar to electric conversion efficiency were determined using
I-V curves. The result shows that the prepared cis-RuL,(SCN),-2H,O with
this process can be used as sensitizer efficiently. The reason for this is that
cis-Ru(dcbpy).(NCS), belongs to organic metal complex compound which
has a unique big 7 bond and transition element (Ru). This structure is benefit
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Fig. 5. Photocurrent-voltage characteristics of the sell

TABLE-1
SOLAR CELL PARAMETERS FOR THE RUTHENIUM COMPLEX

Vo (mV) Iy (mA) FF n (%)
550 8.1 0.552 0.733
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to deceasing energy of transferring electron and has strong absorption at
400-650 nm, which enlarge solar energy harvesting capacity. Ru(III/IT) has a
appropriate redox potential, which can supply driving force to transfer excitation
electron to the conduction band of TiO,. Moreover, cis-Ru(dcbpy)>(NCS),
posses several carbonyl groups capable of chelating to the Ti(IV) sites on
the titanium dioxide surface. The interaction between the carboxyl groups
and the surface Ti ions is formed through C-O-Ti bonds, which can
strengthen the couple between 3d orbit of conduction band of TiO, and ©*
orbitals of cis-Ru(dcbpy), (NCS),, which can transfer electron to conduction
band of TiO, successfully. So, solar energy converts to the electric energy.

Conclusion

In conclusion, cis-Rul,(SCN),-2H,O was prepared as an a photosensitizer
for the solar cell based on nanocrystalline TiO, semiconductor. There is
excellent agreement between the experimental and predicted spectra of
both the cis complex. In present studies, this efficient method has been
developed for the preparation of cis-RulL,(SCN),-2H,O with high yields,
moderate condition, simply purification, using recoverable and effective
catalyst. Results show that highly pure cis-Ru(dcbpy)>(NCS), is prepared
by this route and the total yield of the dye is 40.6 %. The recovered catalyst
could be reused without any treatment. The dye is found to be good light to
electricity converters on the TiO, surface through determining IR, UV-
Visible spectrum and photocurrent-voltage characteristics. This approach
provides a method to decrease the cost and be benefit to practical application
of the solar energy cells.
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