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CIGDEM SAHIN*{, CANAN VARLIKLI{, CEYLAN ZAFER{, QI SHI§ and RICHARD
E. DOUTHWAITES§

tArt & Science Faculty, Department of Chemistry, Pamukkale University, Denizli, Turkey;
ISolar Energy Institute, Ege University, Izmir, Turkey; §Department of Chemistry,
University of York, York, UK

(Received 2 August 2012; in final form 17 January 2013)

The new heteroleptic ruthenium(II) complex containing a 1H-pyridin-(2E)-ylidene (PYE) ligand
was synthesized and characterized using UV/Vis, FTIR, and NMR spectroscopies, mass spectrome-
try, elemental analysis, and cyclic voltammetry. The photovoltaic performance of the ruthenium
complex as a charge transfer photosensitizer in nc-titanium dioxide based dye-sensitized solar cell
was studied and compared with cis-bis(isothiocyanato)(2,2"-bipyridyl-4,4'-dicarboxylato)(2,2'-bipyri-
dyl-4,4"-di-nonyl)ruthenium(Il) (Z907) under standard AM 1.5 sunlight. The complex CS90 gave a
photocurrent density of 1.80 mA cm ™2, 400 mV open-circuit potential, and 0.58 fill factor yielding
an efficiency of 0.42% where the reference Z907 yielded an efficiency of 4.12%. The decrease in
conversion efficiency observed for CS90 is attributed to a steric interaction between PYE and the
TiO, surface that prevents optimum binding and also restricts ligand dynamics that are associated
with oxidation state changes.

Keywords: 1H-Pyridin-(2E)-ylidene; Ruthenium(II) complexes; Dye-sensitized solar cells

1. Introduction

Nanocrystalline titanium dioxide (nc-TiO,)-based dye-sensitized solar cells (nc-DSSCs)
convert sunlight to electricity and have interest for energy applications [1, 2]. The most
conspicuous advantages of these devices are their low manufacturing cost compared to
traditional solid state, crystalline silicon solar cells, and their efficiency under diffuse
illumination [3-6]. In nc-DSSCs, the dye is the key component for light collection to
support high-power conversion efficiencies, and therefore, the development of new dyes to
improve performance has received considerable attention [7, 8]. Of the dye materials
investigated to date, polypyridyl ruthenium(Il) complexes containing 4,4'-dicarboxy-2,2'-
bipyridine as a photosensitizer attached to nanocrystalline TiO, are the most widely stud-
ied ones in solar energy conversion due to their stability, photophysical, photochemical,
and electrochemical properties [9—11].

Amphiphilic heteroleptic sensitizers containing donor ligands have several advantages in
nc-DSSC, such as: (i) increasing the dye loading onto the TiO, surface by reducing
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repulsive electrostatic interactions between dyes [12], (ii) increasing the pK, of the dicar-
boxylates, which results in stronger binding [13], (iii) shifting the oxidation potential of
the heteroleptic complexes cathodically, which increases the oxidation reversibility of the
ruthenium II/II couple leading to enhanced stability [13]. Given these considerations we
investigate the synthesis of heteroleptic ruthenium(Il) complex containing the 1H-pyridin-
(2E)-ylidene (PYE) (A) (Figure 1), which can be prepared from a wide range of primary
amines [14]. These ligands are strong donors via conjugation between the N-heterocycle
and imine moieties, giving a contribution of the azolium-amido resonance structure (B) to
the metal-ligand bonding (Figure 1) [14].

In this paper, we report the synthesis and characterization of a new quinoline based
PYE ligand and a heteroleptic ruthenium(Il) complex derivative, CS90, and its subsequent
application to nc-DSSCs. The motivation was to explore if the strongly donating PYE
could be incorporated into the sensitizer and cathodically shift the ruthenium II/IIl redox
couple. The photovoltaic performance of the ruthenium complex (CS90) as a charge trans-
fer photosensitizer in a nc-DSSC was also studied and compared with the established sen-
sitizer cis-bis(isothiocyanato)(2,2'-bipyridyl-4,4’-dicarboxylato)(2,2'-bipyridyl-4,4'-di-nonyl)
ruthenium(Il) (Z907).

2. Experimental
2.1. Materials

Ammonium thiocyanate, tetrabutyl ammonium hexafluorophosphate (TBAPF), and trieth-
ylamine were purchased from Fluka. Dichloro(p-cymene) ruthenium(Il) dimer, LH-20
Sephadex gel, 4,4'-dimethyl-2,2'-bipyridine, 8-aminoquinoline, 2-chloro-1-methyl-pyridini-
um iodide, sodium hydroxide, 1-butyl-3-methylimidazolium iodide, lithium iodide, iodine,
trifluoroacetic acid (TFA) and tert-butyl pyridine were obtained from Aldrich. Titanium
tetra iso-propoxide [Ti(OPri)4] was obtained from Acros. cis-Bis(isothiocyanato)(2,2'-bipyr-
idyl-4,4'-dicarboxylato)(2,2"-bipyridyl-4,4'-di-nonyl)ruthenium(Il) (Z907) was provided by
Solaronix. All reactions and manipulations were carried out under argon using standard
Schlenk techniques. Solvents were dried and distilled under a nitrogen atmosphere prior to
use. All other chemicals were used as received.

2.2. Measurements

UV-vis spectra were recorded in a 1-cm path length quartz cell using an Analytic Jena S
600 UV diode array spectrophotometer. The spectra were measured in N,N-dimethylform-
amide (DMF) at a concentration of 0.04 mM. Infrared spectra were recorded on a

. /R2 _ /R2 _ R?
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Figure 1. Resonance structures of 1H-pyridin-(2E)-ylidene on coordination to a metal fragment [14].
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PerkinElmer, Spectrum BX-FTIR spectrophotometer as a KBr disk. The attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectrum was measured using a diamond
anvil ATR accessory with 64 scans at a resolution of 2cm™'. NMR spectra were recorded
at probe temperature on a JEOL 400 instrument. The reported chemical shifts are referenced
to tetramethylsilane. Elemental analyses were performed using a Carlo Erba 1106 elemental
analyzer. Mass spectra were recorded on a Bruker Esquire 6000 ESI spectrometer using
methanol as the mobile phase. Electrochemical data were obtained using a CH Instrument
660 B Model Electrochemical Workstation. Cyclic voltammograms were measured in a cell
containing a glassy carbon working electrode, silver wire reference electrode, platinum wire
counter electrode, and supporting electrolyte consisting of 0.1 M TBAPF4 in DMF with a
scan rate of 100mVs™'. The thickness and morphology of the nc-TiO, layers were
measured using an Ambios XP-1 high resolution profilometer and Ambios QScope 250
model atomic force microscope (AFM), respectively. Photovoltaic data were obtained using
a Keithley 2400 Source-Meter and Labview data acquisition system under dark and
100 mW cm 2 simulated white light irradiation using a KHS solar simulator equipped with
a 750 W metal halide light source and AM1.5 global spectral distribution filter.

2.3. Synthesis and characterization

2.3.1. Synthesis of 4,4-dicarboxy-2,2-bipyridine (1). Starting from 4,4'-methyl-2,2-
bipyridine, 1 was synthesized according to a literature procedure [15]. The product was
purified and characterized as 4,4'-dicarboxy-2,2-bipyridine (1). 96% yield. FTIR (KBr,
em'): 1290, 1563, 1604, 1719, 3449. 'H NMR (D,O +NaOH, 400 MHz) 6 ppm: 7.73 (d,
J=52, 2H, CCHCH); 8.24 (s, 2H, CCHC); 8.64 (d, J=5.2, 2H, NCHCH). '*C NMR
(D,0+NaOH, 100 MHz) ¢ ppm: 121.5; 123.5; 146.6; 149.9; 155.9; 173.2.

2.3.2. Synthesis of [1-methyl-1H-pyridin-(2E)-ylidene]-8-quinolinamine (2). 8-Amino-
quinoline (2.0g, 13.9mmol) was added to an ampoule charged with 2-chloro-1-methyl-
pyridinium iodide (3.54¢g, 13.9 mmol), tricthylamine (3.90 mL, 27.8 mmol) in acetonitrile
(25mL) and the mixture was stirred for 20h at 80 °C. The volatiles were removed under
reduced pressure and the solid was extracted with dichloromethane (80 mL),and filtered,
and the filtrate was added into aqueous sodium hydroxide (50 mL, 5 M). The organic phase
was separated and the aqueous phase was washed with dichloromethane (3 x 50 mL).
Dichloromethane extracts were collected and the volatiles were removed under
reduced pressure to give 2 as a dark brown solid. Yield=3.26g, 92%. 'H NMR (CDCls,
400 MHz): 3.78 (s, 3H, NCH3), 5.94 (m, 1H, py-H4), 6.20 (d, *Ji;_y=9Hz, 1H, py-H2),
6.87 (m, 1H, py-H3), 7.26-7.32 (m, 31‘17 py'H5+2CH(iuin0]iny])a 7.41 (m, 2H, CHquinolinyl)a
8.04 (m, 1H, CHguinoliny)s 8-73 (m, 1H, CHguinoliny); ~C{'H} NMR (100 MHz, CDCl):
41.1 (NCHj), 105.5 (py-C4), 115.1 (py-C2), 121.0, 121.6, 122.1, 127.2, 129.6136.3
(py-C3), 136.4, 139.2 (py-C5), 142.7, 145.6, 149.0, 153.4 (py-Cl); MS (ESI) m/z (%):
236.0 ((IM+H]", 100%); Anal. Caled for C;sH3N3 (%): C, 76.59; H, 5.56; N, 17.71.
Found: C, 76.57; H, 5.57; N, 17.86.

2.3.3. Synthesis of CS90. CS90 was prepared with a modified literature procedure used
for the stepwise preparation of ruthenium bipyridine derivatives [13]. A mixture of
[RuCl,y(p-cymene)], (0.20g, 0.32mmol) and 2 (0.15g, 0.64 mmol) in DMF (40 mL) was
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heated at 60 °C under argon for 4 h. Subsequently, 1 (0.16 g, 0.64 mmol) was added and the
mixture refluxed for a further 4 h, followed by an excess of NH,SCN (1.52 g, 19.92 mmol)
and the reflux continued for a final 4 h. On cooling the volatiles were removed under reduced
pressure and the residue was washed with water and collected by filtration. The crude
complex was purified on a Sephadex LH-20 column using methanol as an eluent and on
removal of the volatiles, CS90 was isolated as a brown powder. Yield=154 mg, 50%. FTIR
(KBr, cm™'): 3421, 2110, 1954, 1707, 1627, 1554, 1491, 1462, 1442, 1375, 1232, 1161,
772. '"H NMR (CD;0D, 400 MHz) & ppm: 9.59 (d, *J;_y=6.4 Hz, 1H), 9.05 (s, 1H), 8.98
(d, *Jiy=4.8Hz, 1H), 8.89 (s, 1H), 8.84 (d, *Ji y=4.8Hz, 1H), 8.48 (d, *Jyy=7.2Hz,
1H), 8.35 (d, *Jiy_y=7.2 Hz, 1H), 8.29 (d, *Jiy_n=8.0Hz, 1H), 8.19 (d, *Jiy_y="7.2 Hz, 1H),
7.75 (m, 1H), 7.54 (m, 2H), 7.40 (m, 1H), 7.21 (m, 2H), 6.89 (d, *Jiy_i;=5.5 Hz, 1H), 4.25
(s, 3H). ESI-MS (m/z) 697.0 [M+H]". Anal. Calcd for C,o0H,N;O4RuS, (%): C, 49.99; H,
3.04; N, 14.07. Found: C, 49.93; H, 3.09; N, 14.01.

2.3.4. Construction of the nc-DSSC assembly. The TiO, electrodes and TiO, nanopar-
ticle precursor were prepared using a literature procedure [5]. The surface morphology of
the TiO, layer was investigated by AFM. AFM image of nc-TiO, layer (Figure 2) exhibits
a homogeneous surface structure with 30+5nm diameter. TiO, electrodes were sensitized
with dye by dipping in a 3mM solution of dye in DMF for 6 h. The surface coverages of
CS90 and Z907 dyes on TiO, were monitored as a function of the different concentrations
(0.1, 1, 2, 3, 4, and 5mM) of dye solutions. The equilibrium binding of CS90 and Z907
on TiO, was reached at 3 mM. The dye-coated electrodes were rinsed with acetonitrile and
dried with a nitrogen gas flow at room temperature.

The DSSCs were prepared by placing the electrodes on top of each other in a sandwich
geometry separated by thermoplastic Surlyn® 1702 (DuPont) polymer frame as sealant

Figure 2. Atomic force microscopy (AFM) image of nc-TiO, film coated on FTO (SnO2: F) glass.
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with thickness of 50 um. The cell was sealed by heating the electrodes at 110°C and
pressing lightly on a hotplate and subsequently filled with iodide/triiodide redox couple
and electrolyte by vacuum via a pre-drilled hole. The redox couple and electrolyte
comprise 1-butyl-3-methyimidazolium iodide (0.6 M), lithium iodide (0.1 M), iodine
(0.05M), and tert-butyl pyridine (0.5 M) dissolved in 3-methoxy propyonitrile. The active
area of the prepared solar cells was fixed at 1.0 cm® using a (square) mask.

In the presented work, all device parameters including TiO, nanoporous electrodes, Pt
counter electrode, and electrolyte except dye were kept exactly the same with the reference
in order to eliminate differences on charge transport, dye regeneration rates, and active
surface area.

3. Results and discussion
3.1. Synthesis, structural characterization, and binding to TiO,

The synthesis of the CS90 that is the focus of this study is shown in scheme 1. The
proposed formulation and purity of CS90 were confirmed by a combination of spectro-
scopic, mass spectrometry, and bulk elemental analysis. ESI-mass spectrometry gave the
parent molecular ion [M+H]" at m/z 697 and '"H NMR spectroscopy showed signals
attributable to the N-heterocyclic moieties 1 and 2 including a singlet at J 4.25 ppm attrib-
utable to the methyl substituent of 2. The possible geometric isomers were identified using
IR spectroscopy. The spectrum (Supplementary material) exhibits two bands centered at
2111 and 1954 cm ™', characteristic for cis thiocyanates [5, 16]. N-coordination of the thio-
cyanate is confirmed by the presence of W(C=S) at 772cm ' [13, 16].

There remain two possible isomers that are distinguished by coordination of the imine
functionality of 2 trans to a thiocyanate or bipyridine. Related classes of complex that
contain mixtures of bipyridine, phenanthroline, and phenazine typically show thiocyanate IR
stretches between ca. 2100-2130 and 1980 and 2090 cm_l, respectively [16, 17], whereas
for 2 a significantly lower stretch at 1954cm ™' is observed. It has been shown [18] that
PYE present in 2 is a much stronger donor than pyridine and related N-donor ligands and a
poorer m-acceptor. Therefore, the most thermodynamically stable isomer will likely contain
the imine functionality of 2 #rans to a thiocyanate as shown in scheme 1 [19].

The peaks at 1708 and 3421 cm™ ' are assigned to w(C=0) and v(O—H) from the carbox-
ylic acid, respectively. The peak at 1627 cm ™" is due to the exocyclic v(C=N) of 2 [20, 21]

_ /N

(i) - (iii)

[RuCly(p-cymene)l, + O:N N= —
N

\

2

(CS90) g

Scheme 1. The synthesis of CS90: (i) DMF, 60 °C, 4 h; (ii) L;, reflux, 4 h; (iii) NH4NCS, reflux, 4 h.
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and the remaining peaks are attributable to v(C-O) and ring stretch of the ligands [5].
ATR-FTIR spectrum of the CS90 dye adsorbed onto TiO, film (Supplementary material)
shows a broadening of all signals that are attributable to adsorption on the TiO, surface
via the carboxyl functionalities. There has been significant debate with respect to surface
binding modes of dyes incorporating two bipyridine dicarboxylic acids, where most
conceivable variations have been suggested, indicating that a single mode is probably not
common to all systems [22]. With respect to dyes containing a single dicarboxylic acid
ligand there is evidence to suggest that surface attachment occurs via a bidentate coordina-
tion (—CO,)-Ti and monodentate (-CO(OH))-Ti hydrogen bond, respectively [22]. For
CS90, strong bands are observed at 1772 and 1250 cm ™' which is strongly suggestive of
an ester-like bonding interaction. This is attributed to the C=O stretch of a carboxylic acid
on TiO, film at a higher wavenumber (1772 cm™"). The C=O stretch of the monodentate
ester-like bond is at a higher wavenumber than the C=0 stretch of dye molecules, whereas
the band at 1605cm ™' is assigned to chelation or bridging modes to a semiconductor
surface [23, 24]. The strong bands at 2700 and 1704 cm™' indicate a hydrogen-bonding
carboxylic acid. It is therefore suggested that binding occurs predominantly between both
carboxylic acid functionalities and the surface via monodentate coordination (—CO,)-Ti
and hydrogen-bonding interaction, respectively. However, the peak broadness indicates
some contribution via bidentate (—CO,)-Ti, which is plausible given that a rough TiO,
surface will present optimum bond distance and angles to maximize binding strength via
monodentate and bidentate —CO, "~ bonding. In contrast in the IR spectrum of Z907 dye
adsorbed onto TiO,, carboxylate bands at 1607 and 1379 cm ™' indicate that both carbox-
ylic acid groups are involved in adsorption to the TiO, surface [13, 25] and are interpreted
as exhibiting bridging unidentate (—CO,)-Ti [8, 26]. It is clear from the IR spectrum of
CS90 adsorbed onto TiO, that bridging unidentate coordination does not occur for CS90
on TiO,. This result indicates that steric effect of PYE of CS90 may prevent optimum
binding of the carboxylate on TiO,. It was reported [14] that the lack of rotation about
exocyclic C—N bond and the disposition of N—CH; in the vicinity of metal causes steric
effect in PYE. The steric effect of ligand causes change in the geometry, electrochemical
properties, and energetics of the compounds [27]. This may affect the binding of carboxyl-
ate on TiO, and steric effect decreases formation of TiO,—COOH bonding [28].

The adsorption of dye molecules on TiO, was measured according to a literature proce-
dure [3]. The equilibrium surface coverages of CS90 and Z907 on TiO, film (Figure 3)
are 1.0 x 1077 and 1.7 x 107" molem 2, respectively. The difference of surface coverage
can be attributed to the molecular structure of CS90 dye that sterically inhibits its sensiti-
zation efficiency in comparison with Z907 dye [29].

3.2. UV-vis absorption studies

UV-vis absorption spectra of CS90 in DMF and adsorbed on a nc-TiO, film are shown in
Figure 4, and maximum absorption wavelengths and the corresponding decadic molar extinc-
tion coefficients are summarized in Table 1 in comparison with the reference dye Z907. The
absorption spectrum of CS90 in DMF showed bands at 370, 463 and 534nm that are
assigned to metal-to-ligand charge transfer (MLCT) bands based on reported spectra of
related complexes [13, 26, 30]. Bands in the UV region, at 269 and 309 nm, correspond to
the 7—x" transitions of 2 and 1, respectively. In comparison with Z907, the lowest-energy
MLCT band of CS90 is red shifted by 10 nm while the molar extinction coefficient decreases
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Figure 3. The surface coverages of CS90 and Z907 dyes on TiO, as a function of the different concentrations
(0.1, 1, 2, 3, 4, and 5 mM) of dye solutions.

by 1.5-fold. The red shift is attributed to poorer w-acceptor character of 2 which would result
in a slight increase in energy of the metal-based HOMO relative to the bipyridine-based
LUMO [5, 16].

A red shift is also observed in the absorption spectra of CS90 adsorbed on a 4-m thick
nc-TiO, electrode film (Figure 4(b)) with the low-energy MLCT maximum at 544 nm. This
is due to electron withdrawing effect of the Ti*" ions on binding of the dye to the TiO,
surface, relative to the protonated carboxylate precursor [5, 26].

3.3. Electrochemical data

Electrochemical studies were performed by cyclic voltammetry in DMF using a glassy
carbon and silver wire as working and reference electrodes, respectively. Votammograms
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Figure 4. (a) UV-vis absorption spectra of 4 x 10 >M solution of CS90 (solid line) and Z907 (dotted line)
complexes in DMF, (b) UV-vis absorption spectra of CS90 (solid line) and Z907 (dotted line) dyes adsorbed on
4 pm thick nc-TiO, film.

Table 1. Absorption and electrochemical data of CS90 and Z907 in DMF.

Jnax (nm) (e/10*°M ' em™!
( ) ( ) Eredl EredZ Ered3 on] EOXZ

Complex = d " %) %) \% W) (%)
CS90 296 (4.10) 309 (2.25) 370 (1.33) 463 (0.95) 534 (0.63) —1.48 —1.71 —-2.01 0.94 1.15
7907 267 (1.58) 300 (3.48) 374 (0.90) 524 (0.93) —-1.18 —-141 —-1.72 098

are shown in Supplementary material and the data in Table 1. The differential cyclic
voltammogram of CS90 (Supplementary material) shows two oxidation and three reduction
peaks at 0.94, 1.15 and —1.48, —1.71, —2.01V versus Ag/Ag", respectively. The peak at
0.65V versus Ag/Ag" is due to ferrocenium/ferrocene couple, which was used as an inter-
nal reference standard. For Z907 the electrochemical data are consistent with that reported
in the literature showing an oxidation peak at (0.98 V) due to ruthenium II/IIT couple and
reduction peaks that are bipyridine based [13]. For CS90 the electrochemistry does not
show the reversibility of Z907 but exhibits stable electrochemistry after the first cycle. In
contrast to Z907, a much lower reduction peak at —2.01V is observed which is consistent
with reduction in a quinoline that is typically observed at ca. —2.0 V [26, 31]. With respect
to oxidation chemistry, two oxidation couples at 0.94 and 1.15V are observed, in contrast
to the single oxidation observed for Z907 over the same range. The relationship between
ruthenium oxidation potentials and ligand donor strength has been discussed previously
[32]. In comparison with a bipyridyl ligand, the strongly donating PYE would increase the
largely ruthenium-based HOMO energy level resulting in a cathodic shift for metal-based
oxidations. Indeed, a cathodic shift of 40mV is observed for CS90 in comparison with
7907 for the oxidation at 0.94 V which is attributed to a ruthenium II/IIl couple, and the
oxidation at 1.15V to ruthenium III/IV. Collectively, compared to Z907, the oxidation and
ligand based reduction potentials of CS90 are shifted cathodically, which we attribute to
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the strongly donating PYE of 2 and its poorer m-acceptor character, in comparison with a
pyridyl of the bipyridine of Z907 [13, 14]. This indicates that both the HOMO and LUMO
levels of CS90 are slightly higher in energy than for Z907.

The cyclic voltammogram of CS90 dye anchored onto a 4 m thick nc-TiO, film is shown
in Supplementary Material. When the dye is adsorbed onto a nc-TiO, film, the redox couples
broaden with a greater voltage difference between them. Z907 dye anchored on the surface
of TiO, results in a 100 mV anodic shift of the oxidation potential at 1.08 V attributed to
electron withdrawing of the TiO, surface compared to solution phase. In contrast, the first
oxidation for CS90 is at 0.86 V with a 80 mV cathodic shift, whereas the second oxidation at
1.23V is shifted anodically by 80 mV compared to the solution phase. This observation
suggests that binding to the surface and geometrical modifications of the complex initially
cause an increase in the HOMO energy level that on oxidation leads to significant lowering
[27]. Molecular models of CS90 indicate that the N-methyl substituent of PYE is in close
proximity to a pyridyl. The resulting strain and distortion of the Ru—N bond is seen in other
complexes incorporating PYE which have been structurally characterized using X-ray
diffraction [18]. Binding of the carboxylate functionalized bipyridine could potentially
relieve some of this localized strain to increase the strength of the Ru—N interaction raising
the HOMO.

3.4. Photovoltaic performance

Current density—voltage (J-V) curves of nc-DSSC sensitized with CS90 and Z907 are
given in Figure 5, and the photovoltaic performance data are summarized in Table 2. As
seen from Table 2, between the photovoltaic conversion efficiencies of CS90 and Z907-
based nc-DSSCs, there is a surprisingly large difference. Under standard conditions with
100mWem 2 simulated white light illumination, CS90 yielded 0.42% conversion effi-
ciency while that of Z907 was 4.12%. Although some differences were observed between
the electrochemical and spectroscopic properties of the metal complexes, it is evident that
for TiO, bound materials, electron injection is being compromised. The IR and electro-
chemical evidence of TiO, bound CS90 indicates that the PYE motif may exert sufficient
steric pressure to prevent optimum binding of the carboxylate and steric pressure causes
distortion within the complexes reducing the electron transfer. Also, cathodic shift in
HOMO energy level of CS90 from 0.94 to 0.86 V (versus Ag/Ag") upon bonding to TiO,
surface may slow the dye regeneration rate from the iodine-based redox couple which is
0.35V (versus NHE), even though dye regeneration is still energetically favorable. On the
other side, reduction potential of CS90 is relatively higher than the reduction potential of
the reference Z907 dye, —1.48 and —1.18 'V, respectively. 0.3 V difference between LUMO
energy levels can affect electron injection rate from dye LUMO to TiO, CB. According to
Moser and Gratzel, electron transfer rate decreases by several orders of magnitude with
increasing driving force, which means electron transfer takes place in the inverted Marcus
region [33, 34].

The effect of electrolyte pH was also studied using #-butylpyridyne (TBP) as base and
TFA as acid. figure 6 shows the J-J characteristics of dye-sensitized solar cells with neu-
tral, basic, and acidic electrolytes. The reference electrolyte (EL1) consists of 0.6 M 1-
butyl-3-methylimidazolium iodide (BMII), 0.1 M lithium iodide (Lil), and 0.05M iodine
(Iy). The open-circuit voltage (V;.) of the cell was increased upon adding 0.5M TBP
into the ELI. Contrary to the V. increase with incorporation of TBP in the electrolyte,
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Figure 5. Current density—voltage (J-V) curves of nc-DSSCs sensitized by CS90 and Z907 measured under dark
and 100 mW cm 2 simulated white light illumination.

Table 2. Photovoltaic performance data of CS90 and Z907 under 100Mwecem > simulated white light
illumination. /;.: open-circuit voltage, V.. open-circuit voltage, FF: fill factor, /i,,: maximum power point current,
Vimp: maximum power point voltage, #: efficiency.

I (mAcm ) Voo (V) FF Ly (MA cm™?) Voo (V) n (%)
CS90 1.80 400 0.58 1.40 300 0.42
7907 12.30 700 0.48 9.16 450 4.12

the short-circuit photocurrent density (J,.) decreased. The V. increase is consistent with
the dark current decrease. On the other side, V. of the cell was decreased drastically
upon adding 0.5M TFA into the EL1, whereas J;. was slightly increased relative to the
reference cell. Variations in V. and J,. are explained in terms of a shift of the flat band
potential of TiO,. The dependence of Jy. on the composition of the electrolyte can also
be explained on the basis of the shift of the flat band potential of TiO,. The negative
shift of flat band potential with increase in pH enables a negative shift of the conduction
band (CB) edge of TiO,, which may result in a less favorable alignment of CB of TiO,
with LUMO of the sensitizing dye where electron injection rate slows down. V. of the
cell is determined by the energy gap between the CB of TiO, and redox potential of the
electrolyte. Negative shift of the CB edge of TiO, with increase in pH enables higher
Voe. Decreasing the pH of the electrolyte shows an opposite behavior on the TiO, CB
[35-37].

Small variation on Jy. relative to V,. of the cell sensitized by CS90 upon changing
electrolyte pH indicates that electron injection from the dye LUMO to TiO, CB is less
sensitive to pH changes, consistent with electrochemical data obtained from CV measure-
ments indicating that LUMO energy level is high enough for electron injection to TiO,
CB even at high pH. 300mV higher reduction potential of CS90 compared to Z907
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Figure 6. Current density—voltage (J-FV) curves of nc-DSSCs sensitized by CS90 and Z907 and electrolyte at
different pH, measured under dark and 100 mWem 2 simulated white light illumination.

increases the possibility of efficient charge injection. According to previous reports by
Durrant ef al. and Lian ef al., addition of 0.5M tBP in electrolyte raises the energy level
of TiO, CB by ~200 mV which reduces injection efficiency by 10%. Efficient device per-
formance requires only that electron injection is fast relative to excited state decay to the
ground state [34]. In our case lower overall conversion efficiency of the CS90 sensitized
solar cell where efficient charge separation is energetically favorable is attributed to addi-
tional limitations such as steric factors and high charge recombination ratios. Steric factors
decrease TiO, dye interaction and raise charge recombination rates to electrolyte and dye
ground states. Charge recombination to electrolyte appears not to be a significant factor in
DSSC where main efficiency limiting factor is recombination to dye HOMO.

4. Conclusion

We report synthesis of heteroleptic ruthenium(Il) complex containing [1-methyl-1H-pyri-
din-(2E)-ylidene]-8-quinolinamine and its application in nc-DSSC. Although CS90 does
exhibit some potential advantages such as absorption at longer wavelengths and a lower
oxidation potential, when attached to TiO, the electron injection is markedly worse than
7907. The spectroscopic, electrochemical, and photovoltaic evidence indicate that the steric
requirements of PYE prevent optimum dye binding and restrict changes in metal complex
geometry that accompany changes in oxidation state. It is therefore important to consider
steric requirements of metal complex dye ligands not just to reduce the rate of chemical
degradation but also their effect on binding and redox chemistry.
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