Dyes and Pigments 84 (2009) 88-94

journal homepage: www.elsevier.com/locate/dyepig

Contents lists available at ScienceDirect

Dyes and Pigments

The synthesis and characterization of 2-(2’-pyridyl)benzimidazole heteroleptic
ruthenium complex: Efficient sensitizer for molecular photovoltaics

Cigdem Sahin*®, Mahmut Ulusoy¢, Ceylan Zafer?, Cihan Ozsoy?, Canan Varlikli %~

Thomas Dittrich 9, Bekir Cetinkaya ¢, Siddik Icli®

2Solar Energy Institute, Ege University, 35100 — Bornova, Izmir, Turkey

b Chemistry Department, Art & Science Faculty, Pamukkale University, Denizli, Turkey

€ Chemistry Department, Science Faculty, Ege University, 35100 - Bornova, Izmir, Turkey
d Helmholtz Centre Berlin for Materials and Energy-Berlin, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 4 February 2009
Received in revised form
23 June 2009

Accepted 24 June 2009
Available online 5 July 2009

The novel ligand 1-(2,4,6-trimethylbenzyl)-2-(2’-pyridyl)benzimidazole and its heteroleptic ruthenium
(I1) complex were synthesized. The complex was characterized using spectroscopic methods and cyclic
voltammetry. Charge-separation was investigated within nanoporous titanium dioxide employing
surface photovoltage spectroscopy. The performance of the ruthenium complex as a charge transfer
photosensitizer in nanocrystalline, titanium dioxide-based, dye sensitized solar cells was studied under
standard AM 1.5 sunlight using an electrolyte consisting of 0.6 M 1-butyl-3-methyl-imidazolium iodide,
0.1 M lithium iodide, 0.05 M iodine and 0.5 M 4-tert-butyl pyridine in 3-methoxy propyonitrile. The
novel complex had a photocurrent density of 9.47 mA cm 2, 600 mV open circuit potential and 0.60 fill
factor yielding an efficiency of 3.4%. The photovoltaic performance of the colorant was compared with
that of cis-bis(isothiocyanato)(2,2’-bipyridyl-4,4’-dicarboxylato) (2,2’-bipyridyl-4,4’-di-nonyl) ruth-
enium(Il); both compounds exhibited similar efficiency, while the fill factor value was higher for the
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1. Introduction

Nanocrystalline titanium dioxide (nc-TiO;) based dye sensitized
solar cells (nc-DSCs) convert sunlight to electricity and has enjoyed
much interest recently [1]. The advantages of these devices include
high photoelectrical conversion efficiency over a large part of the
visible light spectrum under direct sunlight and low manufacturing
costs compared to traditional solid state, crystalline silicon solar
cells [2,3]. The working principle of nc-DSC’s is based on photo-
electrochemistry: the photosensitizers are excited by incoming
photons at the TiO;/electrolyte interface and the ensuing, excited
charge carriers (i.e. electrons) are injected into the TiO, conduction
band; the dye is reduced by electrolyte including a redox couple
which is usually iodine/triiodide regenerated [4].

Ruthenium (II) complexes that contain a benzimidazole ligand
have important applications in optoelectronic devices because of
their chemical and physical properties [5,6]. These compounds
enjoy usage in electrogenerated chemiluminescence (ECL)
systems [7], nc-TiO, based dye sensitized solar cells (nc-DSCs) [6],
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and organic light-emitting diodes (OLEDs) [5]. In recent years,
among T-conjugated molecules, those containing electron-defi-
cient benzene-fused five-membered heteroaromatic rings with
nitrogen atom(s), benzimidazole derivatives as ligand have been
widely employed as acceptor moieties in various optoelectronic
materials [8]. Such ligands also demonstrate conjugated character
to explore efficient electron or energy transfer. The benzimidazol
ring is connected to the CgHy(CH3)3 arene by a methylene bridge,
which leads to a system with very little apparent strain [9]. The
strain in coordination compounds may influence the stability,
reactivity, spectroscopic and electrochemical properties [10].
Furthermore, the group of 2,4,6-trimethylbenzyl increases the
solubility of the ruthenium complex. Our aim in synthesis of
a heteroleptic ruthenium (II) complex containing benzimidazole
ligand and investigating its photoelectrochemical activity is to
enhance the spectral response over a wide wavelength region,
maintain a sufficient thermodynamic driving force for electron
injection from LUMO level of dye molecules to conduction band
of TiO2 and electron transfer from electrolyte to the oxidized
sensitizer [11,12].

The present paper concerns the synthesis and characterization
of a novel, heteroleptic ruthenium (II) complex that contains
a benzimidazole ligand; the compound’s photovoltaic properties
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are compared to those of cis-bis(isothiocyanato) (2,2’-bipyridyl-
4,4’-dicarboxylato) (2,2’-bipyridyl-4,4’-di-nonyl) ruthenium(ll), i.e.
7907, as photosensitizer in nc-DSC’s.

2. Experimental
2.1. Materials

Dichloro(p-cymene) ruthenium(ll) dimer (caution: irritant;
incompatible with oxidizing agents, halogens and active metals),
ammonium thiocyanate, tetrabutyl ammonium hexafluorophosphate
(TBAPFg) (caution: corrosive to skin, eyes and respiratory tract;
incompatible with oxidizing agents and active metals), nitric acid and
acetic acid were purchased from Fluka. Hydrogen hexachloroplatinate
(IV) solution (caution: may decompose when exposed to light;
moisture sensitive; incompatible with light, moist air or water, strong
oxidizing agents and bases), ethyl cellulose, LH-20 Sephadex gel
(crosslinked dextran-based resin) and 4,4'-dimethyl-2,2'-bipyridine
were obtained from Aldrich. Titanium tetra iso-propoxide [Ti(OPr')4]
(caution: moisture sensitive, forming low flash point mixture;
incompatible with many acids, bases, aliphatic amines) was obtained
from Acros. Z907 and nc-TiO, porous anatase paste was purchased
from Solaronix. All reactions and manipulations of air-sensitive
materials were carried out under nitrogen atmosphere using standard
Schlenk techniques. Solvents were dried and freshly distilled prior to
use. All other chemicals were used as received. The summary of
synthetic procedure and open structure of the synthesized complex,
namely CS23 is given in Fig. 1.

2.2. Analytical measurements
UV-Vis spectra were recorded in a 1 cm path length quartz cell
by using Analytic Jena S 600 UV spectrophotometer. Infrared

spectra were obtained with a Perkin Elmer, Spectrum BX-FTIR
spectrophotometer, electrochemical data were obtained by using

PhMe

a CH Instrument 660 B Model Electrochemical Workstation. NMR
spectra were recorded at 297 K on a Varian Mercury AS 400 NMR
instrument at 400 MHz (1H), 100.56 MHz (3C). Coupling constants |
are given in Hz. Melting points were determined using an Elec-
trothermal 9100 melting point detection apparatus. The thickness
of the TiO, films that were used in surface photovoltage (SPV)
measurements was obtained by using Scanning electron micro-
scope (SEM), LEO 1530 with Gemini column. While the thickness of
the nc-TiO; layers used in nc-DSC preparation were measured with
the use of a surface profilometer, Ambios XP-1. Photovoltaic data
were obtained by using Keithley 2400 source-meter and Labview
data acquisition system.

2.3. Surface photovoltage spectroscopy

nc-TiO, layers were prepared by spin coating nc-TiO, porous
anatase paste at 2000 rpm for 30 s on SnO;:F coated glass. Coated
electrodes were sintered at 450 °C for 30 min. The thickness of the
TiO, film was about 100 nm TiO, layers were soaked in dye solu-
tions of Z907 and CS23 [3 x 10~> M in N,N-dimethylformamide
(DMF)] for 30 min.

SPV spectra were measured in the capacitor arrangement with
a semitransparent Cr electrode deposited on a quartz cylinder and
mica as a spacer using by light chopped at a frequency of 5 Hz. Dye
adsorbed TiO, layers were investigated with a halogen lamp
(250 W) and a quartz prism monochromator. The measurements
were performed in Argon (600 mbar) atmosphere at room
temperature.

2.4. Synthesis of 4,4'-dicarboxy-2,2'-bipyridine (L;)

Starting from 4,4’-methyl-2,2’-bipyridine, L; was synthesized
according to literature [13]. The yield was 96%. FTIR (KBr, cm™'):
3449, 3114, 2442, 1719, 1366, 1290, 1268, 1244, 766, 682. 'H NMR
(D20 + NaOH) 6 ppm: 7.73 (d, J = 5.2, 2H, CCHCH); 8.24

a) KOH

b) 2,4,6-trimethylbenzyl bromide
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Fig. 1. Synthetic route followed in the synthesis of CS23.
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(s, 2H, CCHC); 8.64 (d, J 5.2, 2H, NCHCH). 3C NMR
(D20 + NaOH) ¢ ppm: 121.5; 123.5; 146.6; 149.9; 155.9; 173.2.

2.5. Synthesis of 1-(2,4,6-trimethylbenzyl)-2-
(2'-pyridyl)benzimidazole (Ly)

KOH (616 mg, 11.0 mmol) was added to a solution of 2-pyr-
idylbenzimidazole (1.95 g, 10.0 mmol) in toluene (10 mL) and
stirred at reflux for 8 h. 2, 4,6-trimethylbenzyl bromide (2.13 g,
10.0 mmol) was added into this reaction mixture and then heated
under reflux for 12 h. The volatiles were evaporated in vacuum to
dryness. The residue was dissolved in CH)Cl, and filtered via
cannula on celite. The solution was concentrated to 15 mL and then
the desired product was precipitated in 30 mL hexane. The off-
white solid was obtained with 85% yield. M.p. 170-172 °C. 'TH NMR
(CDCl3) 6 ppm: 2.15 (s, 6H, mes-(CH3);); 2.26 (s, 3H, mes-CH3); 6.22
(s,2H, N-CH;); 6.76 (d, ] = 8.0 Hz, 1H); 6.83 (s, 2H, mes(CH),); 7.03-
7.07 (m, 1H); 7.20-7.35 (m, 2H); 7.85-7.89 (m, 2H); 8.44-8.46 (dd,
J=8.0,8.4Hz, 1H); 8.70-8.72 (m,1H). 3C NMR (CDCl3) § ppm: 20.4;
21.1; 46.1; 112.0; 120.1; 122.8; 123.6; 124.1; 125.7; 129.6; 129.9;
136.4; 137.3; 137.5; 137.7; 142.4; 148.6; 150.7; 151.0.

2.6. Synthesis of [Ru(Ly)(p-cymene)Cl][Cl] (MU610)

Ru-p-cymene dimer (306 mg, 0.5 mmol) was added to a THF
solution (8 mL) of L, ligand (327 mg, 1.0 mmol). The color of
mixture immediately turned from red to yellow. The reaction
mixture was stirred at room temperature for 2 h. The precipitate
was filtered off, washed with THF and filtered off again, to remove
un-reacted Ly. The residue was dissolved in CH,Cl, (5 mL) and then
precipitated with diethyl ether (10 mL) to give the yellow solid with
87% yield. M.p. 183-187 °C. 'TH NMR (CDCl3) ¢ ppm:1.01-1.05 (m,
6H, cym-CH(CH3),); 2.08 (s, 6H, mes-(CH3)3); 2.27 (s, 3H, cym-CH3);
2.31 (s, 3H, mes-CH3); 2.58-2.61 (m, 1H, cym-CHCH3); 5.80-5.83
(m, 2H, cym); 5.86-6.00 (m, 2H, cym); 6.11 (d,J = 6 Hz, 1H); 6.22 (d,
J=5.6Hz,1H); 6.63 (d, ] = 8.8 Hz, 1H); 6.91 (s, 2H, N-CH>); 7.23 (d,
J = 7.6 Hz, 1H); 748 (t, ] = 7.4 Hz, 2H); 7.76-7.82 (m, 2H); 8.11 (t,
J =76 Hz, 1H); 8.39 (d, ] = 8.8 Hz, 1H); 9.71 (d, ] = 5.2 Hz, 1H). 13C
NMR (CDCl3) 6 ppm: 15.5; 19.4; 20.1; 22.5; 34.5; 48.2; 66.1; 80.6;
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83.7; 84.3; 86.9; 104.9; 105.1; 113.9; 118.2; 125.3; 125.9; 126.1;
128.3; 130.4; 136.0; 137.8; 139.8; 140.9; 145.9; 149.8; 158.6.

2.7. Synthesis of [RuL;Ly(NCS),] (CS23)

MU610 (108 mg, 0.17 mmol) was dissolved in DMF (40 ml) and
L; (41.6 mg, 0.17 mmol) was added into this solution. The reaction
was refluxed under nitrogen for 6 h. Then NH4NCS (404 mg,
5,3 mmol) addition was performed and the solution was heated at
140 °C for 6 h. Afterwards DMF was evaporated, the resulting
residue was suspended in water and the insoluble product was
collected on a sintered glass crucible by suction filtration. The solid
was washed with distilled water and diethyl ether. The crude
complex was purified on Sephadex LH-20 column using methanol
as an eluent and then recrystallized from methanol: diethyl ether
(5:10) mixture. The yield of C523 was 45%. FTIR (KBr, cm~!) (Fig. 3):
3447, 3349, 3062, 2919, 2110, 1977, 1714, 1608, 1544, 1479, 1445,
1406, 1232, 750. "H NMR (CD30D) ¢ ppm (Fig. 2): 1.28 (s, 3H); 2.06
(s,3H); 2.22 (s, 3H); 6.01 (s, 2H), 6.78 (s, 2H), 6.91 (d, ] = 8.4 Hz, 1H);
710 (t,] = 8, 7.6 Hz, 1H); 7.23 (t,] = 7.6, 7.2 Hz, 1H); 749 (t,] = 7.6,
4.8 Hz, 1H); 7.56 (d,J = 5.2 Hz, 1H); 7.64 (d, ] = 5.6 Hz, 1H); 7.70 (d,
J=8.0Hz, 1H); 7.96 (t, ] = 8.0 Hz, 1H); 8.05 (d, J = 7.2 Hz, 1H); 8.21
(d,J=6.0Hz, 1H); 8.74 (d, ] = 4.8 Hz, 1H); 8.83 (s, 1H); 8.99 (s, 1H);
9.49 (d, ] = 6 Hz, 1H).

2.8. Synthesis of TiO, nanoparticles and electrode preparation

TiO, nano-particles were synthesized by sol-gel method and
growth to the 20-25 nm by Ostwald ripening in autoclave. The
synthesis was done by modification of procedure reported by
Graetzel et al. [14]. 58.6 g Ti(OPr'); was injected into 12 g glacial
acetic acid. The solution was added dropwise in to the 290 ml
cooled deionized water under vigorous stirring. 5.4 ml nitric acid
(65% HNOs3) was added to the colloidal suspension to adjust the pH:
1-2. The sol was peptized at 78 °C for 75 min in oven. Water was
added to adjust the colloidal sol volume to 370 ml and than sol was
transferred to the Teflon baker equipped autoclave and heated at
235 °C for 12 h for hydrothermal growth of the particles. 2.4 ml
nitric acid (65% HNOs3) was added to autoclaved suspension and
than concentrated to 16.5% (w/w) TiO,. All of the remaining water

|

I I

il

i H

M i L .
Vsl Iy U el N‘)"-'-“"""*“-‘v‘v

9.5 9.0 8.5

8.

0 TE 7.0 “opm

Fig. 2. "H NMR spectrum of CS23 complex in CD30D.
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was exchanged with ethanol by centrifuging and 40% (w/w) TiO;
paste was obtained. 4.5% ethyl cellulose in ethanol and 79 g
anhydrous a-terpineol were added and paste was sonicated by
ultrasonic horn at 200W power for 10 min. Obtained homogeneous
paste was placed to the rotary evaporator to remove ethanol.

The TiO, paste was coated on transparent conductive oxide
coated glass electrodes (SnO2:F, TEC15, Rsheer: 15 ohm/ 1) by screen
printing technique. TiO, electrodes first dried at room temperature
and than sintered at 450 °C for 1 h with 10 °C/min heating rate.
After sintering, aqueous TiCl4 solution was applied on the TiO; film
and left under water vapor for 30 min at room temperature to
obtain a better electrical contact between the nano-particles.
Finally TiO; electrodes sintered again at 500 °C for 30 min with
10 °C/min heating rate. At the end of the process nano-crystaline
mesoporous TiO; film with 4 um thickness was obtained.

2.9. Sensitization with dye and DSC assembly

Sintered electrodes were allowed to cool down slowly. While
electrode temperature was around 100 °C, TiO; electrodes were
immersed in dye solution containing 0.3 mM Z-907 and CS23 dye in
acetonitrile:tert-butanol (1:1) and DMF overnight. Sensitized TiO,
electrodes were rinsed with acetonitrile and kept in desiccator.
Counter electrode was prepared by thermal reduction of hexa-
chloroplatinic acid to the platinum. 1% (v/v) solution in 2-propanol
was used for platinization of FTO coated electrode. Drop casted
electrodes annealed at 400 °C for 20 min.

The nc-DSCs were prepared by putting the electrodes on top of
each other in sandwich geometry and in the middle and 50 pm
thick thermoplastic polymer frame Surlyn® 1702 (DuPont) was
placed. The electrodes were sealed by heating around 100 °C and
pressing slightly. Electrolyte consisting iodide/triiodide redox
couple was filled into cell via pre-drilled small hole by vacuum. The
used electrolyte composition was 0.6 M 1-butyl-3-methy-imida-
zolium iodide (BMII), 0.1 M lithium iodide (Lil), 0.05 M iodine (I)
and 0.5 M tert-butyl pyridine (TBP) dissolved in 3-methoxy pro-
pyonitrile (MPN). The active area of the prepared solar cells was
adjusted to 1.0 cm>.

The photovoltaic characterizations of the nc-DSCs were done
under the dark and standard conditions (AM 1.5 global radiation
with 100 mW/cm? light intensity) without using a mask.

The photovoltaic parameters of nc-DSC solar cells were obtained
from the following equations.

Vinlm
FF = 1
Voclse (1)
and
_ IscVacFF
= “p.A (2)

Where FF is filling factor, V, is the open circuit voltage, I is the
short current. I, and Vi, are current and potential at maximum
power point, respectively. Pj, is the intensity of incident light, A is
the cell active area and 7 is the efficiency. The efficiency of the
photoelectrochemical conversion of absorbed photons was judged
by measuring the IPCE % values and by the use of following
equation:

1240(eV.nm)xI(mA/cm?)
A(m)XPy,. (MmXA/cm?)

IPCE = 100 (3)
where Pj,c is the incident light power, which was measured by Nova
Il versatile laser power energy display at the specific wavelength
(4), and I is the produced photocurrent.

3. Results and discussion
3.1. Structural characterization

The compounds are fully characterized by FTIR, 'H and *C NMR
spectroscopy. The 'H NMR (CDCls) spectra of the L, show proton
signals for the protons from the aryl rings and proton signals at ca
2 ppm indicates the presence of the methyl substituents on the aryl
rings at 2, 4 and 6 positions. Characteristic signals of benzyl
substituents are observed as singlets at 6.22 ppm. The 3C NMR data
for ligand is consistent with the proposed structure. In the >C NMR
(CDCl3), methyl and benzylic carbons resonances at 20, 21 and
46 ppm, respectively. In the '"H NMR (CDCl3) spectra of complex
MUG610, characteristic signals of cymene aromatic protons are
observed as multiplets ca 5.80-6.00 ppm. The 'H NMR (CDOD3)
spectra of complex CS23 contain 16 resonance peaks in the
aromatic region, and 3 methyl resonance peaks in the aliphatic
region (Fig. 2). The singlet peak at 6.00 ppm is due to the benzyl
substituent.

Further structural characterization of CS23 was carried out by
FTIR spectroscopy. The high resolution spectrum (Fig. 3) exhibits
two bands centered at 2110 and 1977 cm™ ! which are characteristic
of the cis-configuration for the two thiocyanate ligands [11,15].
Furthermore, the N-coordination of the thiocyanate group is
confirmed by the presence of vibrational band at 750 cm~. The
spectra shows strong band at 1714 cm~! due to carboxylic acid
groups. The intense peak at 1232 cm™! is assigned to the (C-0)
stretching [16,17]. The bands at 1607, 1544, 1479, 1445, 1406 cm !
are due to the ring stretching of the ligands.

3.2. Absorption studies

The absorption spectra of CS23 in DMF and on nc-TiO; film are
shown in Figs. 4a and b, respectively, and maximum absorption
wavelengths and the absorption coefficients are summarized in
Table 1. The lowest metal-to-ligand charge transfer (MLCT)
absorption band is at 531 nm [18] with a molar extinction coeffi-
cient of 4.2 x 10> M~! cm~. The absorption bands at 267, 336 and
311 nm are assigned to the intra ligand - transition of L, and L;
ligands, respectively. When compared with Z907, a red shift of 7 nm
in the lowest energy MLCT absorption and a decrease in molar
extinction coefficient is obtained in CS23. This situation is attrib-
uted to the more extensive m-back donation on the L, ligand [11].

The absorption spectrum of CS23 anchored on a 4 um thick nc-
TiO; electrode gives the low-energy MLCT maximum at 535 nm,
which is 4 nm red shifted when compared to the solution phase.
This is due to the fact that, on the electrode, the carboxylate groups
bind to the TiO, surface, in which Ti** acts as an electron acceptor,
which causes a decrease in the LUMO of L [1].

3.3. Electrochemical measurements

The electrochemical studies were performed in a cell containing
Ag wire quasi reference electrode, glassy carbon working electrode,
Pt wire counter electrode and the used supporting electrolyte
consists of 0.1 M TBAPFs in DMF. The redox potentials are
summarized in Table 1. Fig. 5 shows cyclic voltammogram of CS23
in DMF. It shows one irreversible oxidation and two irreversible
reduction peaks at +-0.99, and —1.29, —1.86 V vs. Ag/Ag", respec-
tively. The peak at 0.65 V vs. Ag/Ag ™" is due to ferrocenium/ferrocene
couple, which was used as an internal standard. Oxidation and
reduction peaks are assigned to Ru (II) couple and Lj, L, ligand,
respectively [16]. Several consecutive voltammograms are per-
formed and no significant change in peak currents is observed.
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Fig. 3. FTIR spectrum of CS23 complex.

The cyclic voltammogram of CS23 dye anchored on a 4 um thick
TiO, shows that the quasi-reversible metal-centered oxidation
potential is shifted to anodic area (0.07 V) when compared to the
solution phase. This situation is attributed to the interaction of
carboxylate groups with the TiO, surface [19].

3.4. SPV measurements
Surface photovoltage spectroscopy is a useful technique to

investigate charge-separation in porous metal oxide layers that
contain dye [20]. Fig. 6 shows the spectra of photovoltage (PV)
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Fig. 4. a) UV-Vis absorption spectra of 4 x 10~> M CS23 solution in DMF b) UV-Vis
absorption spectra of CS23 dye adsorbed on 4 pum thick nc-TiO, film.

amplitude of the TiO; layers with adsorbed dye for CS23 and Z907.
The SPV signals are positive. This points out electron injection from
the adsorbed dye molecules into the TiO, layer and positive
charging of the surface. The onset of electron injection from CS23
dye molecules into TiO, layer is identical with Z907. The onset of
electron injection is 1.3 eV.

The PV amplitude spectra are very similar for CS23 and Z907.
The signal at photon energy around 2.3 eV is larger by about 1.5
times for the TiO, layer with adsorbed Z907. This result indicates
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Fig. 5. a) 4 consecutive cyclic voltammograms of CS23 and b) differential of CS23
voltammogram measured in DMF solutions. The couple at 0.65 V vs. Ag/Ag" is due to
ferrocenium/ferrocene couple, which was used as an internal standard. c) cyclic vol-
tammograms of the CS23 dye adsorbed on 4 pm thick nc-TiO, film; scan rate is
100 mv—".
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Table 1

Absorption and electrochemical data of the complexes in DMF.

Complex Amax, (nm) (¢/10*° M~ cm™1) Eredi Ereaz Eox
- dmont » ®m W

CS23 267 (1.93) 311 (2.38) 336 (1.58) 531 (0.42)
7907 267 (1.58) 300 (3.48)

~1.29 —1.86 0.99
374 (0.90) 524 (0.93) —1.41 —1.72 0.98

a slightly enhanced electron injection from Z907 dye molecules
into TiO.

3.5. Photovoltaic performance

Fig. 7 shows the incident photon to current conversion effi-
ciency (IPCE) spectra of nc-DSC based on Z907 and CS23 adsorbed
from two different solvents, acetonitrile:tert-butanol (MeCN:tert-
BuOH)(1:1) and DMF. Both of the dyes exhibit a maximum at
530 nm. IPCE values of Z907 at 530 nm are 89% and 88% for the cells
prepared from MeCN:tert-BuOH and DMF solvents, respectively,
while for CS23 these values are 79% and 78%, respectively. About
10% IPCE difference between Z907 and CS23 is due to the better
electron injection capacity of Z907. The onset wavelength of the
IPCE spectrum of CS23 is 750 nm. This value is almost the same
with nc-DSC based on Z907. These results are confirmed by SPV
measurements. As seen from Fig. 6, SPV spectra exhibit maxima at
2.3 eV which corresponds to 539 nm for both of the dyes and at this
wavelength the electron injection from Z907 dye molecules into
TiO, is slightly higher when compared with CS23.

Current density-Voltage (I-V) curves of nc-DSC sensitized with
7907 and CS23 from their acetonitrile: tert-BuOH (MeCN) and DMF
solutions are given in Fig. 8 and the photovoltaic performance data
are summarized in Table 2. Open circuit voltages (V,c) are almost
the same for both dyes adsorbed from the same solvents. nc-DSCs
prepared from TiO, electrodes sensitized with dye from DMF
solution exhibits 10 mV higher V,. than that of sensitized from
MeCN: tert-BuOH (1:1) solution. This should result from better
solubility of the Z907 and CS23 in DMF. Better solubility prevents
the formation of aggregates on TiO, surface which increases charge
recombination and decreases short circuit current and open circuit
voltage [21,22]. The energy level of the dye may shift incase of
agglomerates on the TiO,-surface and this may result in different
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Fig. 6. a) Spectra of the PV amplitude of np-TiO, layers with CS23 dye (A) and Z907
dye (J) molecules. b) SPV spectra were measured in the capacitor arrangement under
chopped light illumination for TiO, layer with CS23 dye in Ar atm.
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Fig. 7. Incident photon to current conversion efficiency (IPCE) spectra of Z907 and
CS23 adsorbed from acetonitrile:tert-BuOH (MeCN) and dimethyl fomamide (DMF).

electronic properties of the ground and/or the exited state that may
affect the charge injection efficiency [23,24].

7907 exhibits higher photocurrent than CS23 due to larger IPCE.
The I, obtained from nc-DSC sensitized with Z907 is 11.49 mAcm 2
and 11.15 mAcm 2 for the cells prepared from MeCN: tert-BuOH
(1:1) and DMF solutions, respectively, while these values are
9.47 mAcm~2 and 9.04 mAcm~?, respectively for CS23. Higher
electron injection yield from dye LUMO to TiO, conduction band
(CB) in DSSC sensitized with Z907 yield in higher IPCE. Whereas, fill
factor values (FF) are higher in the case of CS23. The FF increases
from 0.5 to 0.6 when the sensitizer is changed from Z907 to CS23.
The fill factor is strongly affected by charge recombination rate
which results in charge transfer resistance in TiO,/dye/electrolyte
interface. Higher charge transfer resistance and higher recombi-
nation rate lowers the fill factor. Therefore it may be concluded that
charge recombination rate is lower with CS23 sensitizer. This
statement is also supported by the SPV spectroscopy results as
shown in Fig. 6. With CS23 sensitized TiO, electrodes, SPV values
are slightly lower when compared with Z907, which indicates
slower charge recombination rate [20,25-27].
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Fig. 8. Current Density-Voltage (I-V) curves of nc-DSC sensitized with Z907 and CS23
from acetonitrile:tert-BuOH (MeCN) and DMF.
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Table 2
Photovoltaic performances of the DSSCs under 100 m Wcem™2 light intensity and AM
1.5 global radiation.

Dye Voc (mV) Isc (mA/cm?) FF M (%)
Z907-MeCN 600 11.49 0.49 3.40
Z907-DMF 610 11.15 0.50 3.44
(CS23-MeCN 600 9.47 0.60 3.40
CS23-DMF 610 9.04 0.61 3.37

4. Conclusion

Simple method is now available for the preparation of Ru(Il)
bipyridine analogous complex that is coordinated by 1-(2,4,6-tri-
methylbenzyl)-2-(2'-pyridyl)benzimidazole ligand. nc-DSC, sensi-
tized with CS23 exhibits 3.40% electrical conversion efficiency
which is nearly the same with reference ruthenium complex Z-907
under the same conditions. When compared with Z907, higher fill
factor values are obtained with CS23.
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