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ABSTRACT

A new ion-coordinating heteroleptic ruthenium(Il) dye was synthesized by attaching two crown ether
moieties in the 4,4’ positions of one of the bipyridine ligands. This new dye (named as RC730) was
characterized by UV-Vis spectroscopy, CHN elemental analysis, NMR and electrospray ionization Fourier
transform-ion cyclotron resonance mass spectrometry (ESI FT-ICR MS). In order to investigate the prop-
erties of these ion-coordinating species, dye-sensitized solar cells were assembled with a gel polymer
electrolyte based on two different cations: lithium and sodium. The devices were characterized by J-V
curves under 100 mW cm~2, incident photon to current conversion efficiency spectra (IPCE) and pho-
tovoltage decay transients under open-circuit conditions. The solar cells based on the new heteroleptic
dye provided higher photocurrent and photovoltage when lithium was used in the electrolyte instead
of sodium cations, reaching overall conversion efficiencies up to 2%. This behavior might be related to
the ability of the ion-coordinating RC730 dye to trap Li ions, minimizing the conduction band edge shift.
When the polymer electrolyte based on lithium is used, the IPCE spectra show a maximum efficiency of

31% at the maximum absorption peak of the RC730 dye (ca. 530 nm).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since their inception 19 years ago, dye-sensitized solar cells
(DSCs) have emerged as a viable alternative to inorganic silicon-
based solar cells [1]. Their low cost of production and high efficiency
of energy conversion, recently reaching more than 11% [2], make
such devices promising alternatives for the generation of new, inex-
pensive solar cells [3].

DSCs are made up of two major chemical components: a sensi-
tizer dye (responsible for light absorption and generation of charge
carriers) and an electrolyte that serves as a shuttle between the two
electrodes and is responsible for dye regeneration. To date, highly
absorptive, relatively stable and well-tested dyes consist of ruthe-
nium polypyridyl complexes anchored to a porous metal oxide
electrode such as TiO, nanoparticulated films [4]. The most efficient
electrolytes are liquid substances that allow for the rapid diffusion
of ions from the counter-electrode to the oxidized dye complex
[5,6]. Whereas liquids are the optimum medium to facilitate ion
flow, there are some inherent drawbacks when incorporating them
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into DSCs. For instance, electrolyte leakage, evaporation, corrosion
and difficulty of large scale production all cause substantial prob-
lems when bringing DSCs to market [5]. Many efforts have been
made to overcome these challenges, for example, by replacing the
liquid electrolyte by room temperature ionic liquids [7,8], hole
transport materials [9-12] or polymer and gel electrolytes [13-20].

Over the past 14 years, our laboratory has focused on novel
types of electrolytes for DSCs in the form of solid-state polymer
electrolytes based on copolymers of poly(ethylene oxide) (PEO)
[19,20,21] and two recent reviews on these efforts have appeared
[19,21]. Although the quasi-solid nature of this polymeric material
is a great advantage because it reduces the problems mentioned
above, it also has the effect of slowing down ionic diffusion,
thereby reducing the efficiency of the solar cell. With the intent
of improving ionic mobility, we have recently incorporated lithium
coordinating 12-crown-4 ether into our gel electrolyte formulation
[22]. The results showed an overall increase in solar cell efficiency
due to two factors: (a) an increased open-circuit voltage (V) due
to the coordination of Li* ions by the crown ether [23] and (b)
effective shielding from the porous metal oxide layer. The other
benefit was increased short-circuit current (Is:) as a consequence
of decreased Li* mobility, whereas increased iodide mobility was
observed [22,24]. To further analyze the effect of the crown-ether
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moiety within the solar cell, we have designed a novel sensitizer
complex with two crown-ethers covalently linked to the ruthenium
complex itself.

The modification of the ruthenium complex discussed in this
work was inspired by Gratzel and coworkers [25], who to improve
solar cell efficiencies, have covalently modified ruthenium sen-
sitizer dyes with different organic groups. One particular dye of
note is the K51 dye in which the triethylene oxide methyl ether
(TEOME) group was introduced on the 4,4’ position of a 2,2/-
bipyridine ligand with ion-coordinating properties to capture the
Li* ions [25]. Devices tested with K51 and a solid-state electrolyte
showed a significant increase in the open-circuit voltage, when Li*
was added into the electrolyte. Unfortunately, ethylene oxide chain
ion-coordinating arm of the K51 dye increased its instability dur-
ing accelerated aging tests due to the desorption of the bipyridine
ligands. This effect was related to the hydrophilic nature of the lig-
and. To improve the stability of the DSCs using an ion-coordinating
sensitizer, Grdatzel and coworkers have also developed a more
hydrophobic K68 dye [26]. This dye exhibited ion-coordinating
properties, due to the presence of TEOME substituents, and also
high hydrophobicity due to presence of heptyl chains at the end of
the alkoxy chains. Therefore, the K68 dye presented more stability
and less aggregation than K51. Fig. 1 shows the molecular struc-
ture of the heteroleptic RC730 dye. The molecular structures of the
sensitizers K51 and N719 are also shown for comparison.

As may be seen in Fig. 1, RC730 dye has a cyclic ethylene oxide
chain opposed to the open-chain ethylene oxide moieties in the
K51 dye. Therefore, in this work we present the synthesis, charac-
terization and introduction of a new ion-coordinating ruthenium
sensitizer (named as RC730, Fig. 1) in quasi-solid state solar cells
assembled with gel polymer electrolyte based on poly(ethylene
oxide-co-2-(2-methoxyethoxy) ethyl glycidylether) (P(EO/EM), y-
butyrolactone (GBL), iodine and two different salts (Lil or Nal).

2. Experimental
2.1. RC730 synthesis

Synthesis of the 4,4’-bis(12-crown-4 methylether)-2,2’ bipyri-
dine ligand (1).

A THF solution (3 mL) of 2-hydroxymethyl 12-crown-4 ether
(0.160 g, 0.78 mmol) was combined with NaH (20.5 mg, 0.85 mmol)
and stirred under argon for 1h. A THF solution (2mL) of 4,4'-
bis(chloromethyl)-2,2’-bipyridine, Cl,Bpy, prepared as described
previously [27](98.2 mg, 0.38 mmol) was then added and the mix-

TBA* -00C
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ture was stirred for 4h at room temperature, until thin layer
chromatography (TLC) showed total consumption of the start-
ing material. The solution was taken up into CH,Cl, (50 mL) and
washed with water (3 mL x 50 mL) and evaporated under reduced
pressure to an orange-yellow oil. The oil was purified on a silica-
gel column (pre-treated with 10% triethylamine in hexane) to yield
a clear yellow oil: 0.108 mg (48%); '"H NMR (CDCl3, 500 MHz) §
3.57-3.91 (m, 30H), 4.66 (s, 4H), 7.34 (d,J=5.0 Hz, 2H), 8.32 (s, 2H),
8.64 (d, J=5.0Hz, 2H); 13C NMR (CDCl3, 125 MHz) 70.2, 70.3, 70.6,
70.6, 70.7, 70.9, 71.0, 71.5, 71.8, 78.6, 119.2, 121.8, 148.6, 149.2,
156.0.

Synthesis of the  (tetrabutylammonium), Ru(4,4'-
biscarboxylate-2,2'bipyridine)(4,4'-bis[12-crown-4 methylether]
-2,2’bipyridine)(NCS), (RC730).

RuCly(p-cymene) (21.0mg, 0.034mmol) and 1 (41.0mg,
0.069 mmol) were dissolved in 5 mL of DMF. The reaction mixture
was heated to 60°C under argon for 4h with constant stir-
ring. Subsequently, 4,4’-dicarboxylic acid-2,2’-bipyridine (17.0 mg,
0.070 mmol) was added to the reaction flask and the reaction mix-
ture was refluxed at 140°C for 4 h. Finally, an excess of KNCS was
added to the mixture and reflux continued for another 4 h. The reac-
tion mixture was cooled to room temperature and the solvent was
removed under vacuum. Water was added to the flask, and the dark
purple solid was collected by suction filtration, washed with water
and diethyl ether and then dried under vacuum. This crude product
was then dissolved in a methanolic solution of tetrabutylammo-
nium hydroxide and purified by passing the compound three times
through a Sephadex LH-20 column with methanol as the eluent to
afford 61.0mg (60%) of the pure complex salt. '"H NMR (CDOD3,
500 MHz) § 1.00 (t, 3H), 1.40 (h, 16H), 1.66 (p, 16H), 3.23 (t, 16H),
3.50-4.17 (m, 34H), 4.59 (s, 4H), 7.10 (d, 1H), 7.57 (dd, 2H), 7.67 (d,
1H), 7.74 (d, 1H), 8.29 (d, 1H), 8.34 (s, 1H), 8.50 (s, 1H), 8.83 (s, 1H),
9.00 (s, 1H), 9.36 (s, 1H), 9.50 (s, 1H). CHN Analytical calculation for
C76H122Ng0O14RUS,: C, 59.4; H, 8.0; N, 7.3%; found: C: 60.1; H, 8.3;
N, 7.7%. Molar mass of the RC730 dye =1536.8 gmol~1.

2.2. Electrospray ionization Fourier transform-ion cyclotron
resonance mass spectrometry (ESI FT-ICR MS)

To study the constituents of the dye, a variety of analytical
techniques have been used. ESI FT-ICR MS offers ultra-high mass
resolving power (m/Amsgy is the mass spectral peak full width at
half-maximum peak height) and can be useful to resolve and char-
acterize many components present in our dye molecule [28,29].

Fig. 1. Molecular structures of sensitizers RC730, K51 and N719.
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Fig. 2. ESI(—) FT-ICR MS for a methanolic solution of the new heteroleptic ruthenium dye RC730.

This technique was successfully used earlier for characterizing
other supramolecular ruthenium based complexes [30-33].

For characterization by ESI FT-ICR, the RC730 dye was dissolved
in 1 mL of methanol. For ESI in the negative ion mode, 2 pL of an
aqueous solution of 1% ammonium hydroxide was added to the
solution and electrosprayed with an automated chip-based nano-
ESI-MS Triversa NanoMate 100 system (Advion BioSciences, Ithaca,
NY, USA). The analyte solution was loaded into 96-well plates
(total volume of 100 pL in each well) and analyzed by a 7 T LTQ
FT Ultra mass spectrometer (ThermoScientific, Bremen, Germany).
ESI(—) general conditions were: gas pressure of 0.3 psi, capillary
voltage of 1.55kV and solution flow rate of 250 wL min—!. Mass
spectra were acquired by summing up 100 microscans and pro-
cessed using the Xcalibur 2.0 software (ThermoScientific, Bremen,
Germany).

2.3. UV-Vis spectroscopy

The UV-Vis spectra were measured in a 1-cm path length quartz
cell using a Hewlett Packard 8453 spectrophotometer for two
dyes: N719, known as [cis-bis(isothiocyanate) bis(2,2’-bipyridyl-
4,4'-dicarboxylate) ruthenium(Il)] (bis-tetrabutylammonium) and
RC730. Both dyes were dissolved separately in anhydrous ethanol.

2.4. Preparation of the gel electrolyte

The copolymer poly(ethylene oxide-co-2-(2-methoxyethoxy)
ethyl glycidyl ether) P(EO-EM) was used as received from Daiso
Co. Ltd. (Osaka, Japan) and had a molar mass of 1 x 105 gmol~1,
according to the supplier. The electrolyte samples were prepared
by the dissolution of the copolymer, y-butyrolactone (GBL), iodine
and the salt in acetone (all chemicals used were from Aldrich, 99%,
except the copolymer). Two electrolytes were prepared, using Lil
or Nal. Both electrolytes were prepared by using the same P(EO-

EM):GLB ratio, that is, 0.1:0.9 (wt%). The concentrations of salt and
iodine were kept constant at 0.5molL~! and 0.05 molL~!, respec-
tively. The electrolyte solutions were kept under constant stirring
for 1 week before use.

2.5. Solar cell assembly and characterization

The dye-sensitized solar cells were assembled as follows: a TiO;
suspension (Solaronix) was deposited by the doctor blading tech-
nique onto the transparent conducting oxide substrate (Hartford
Glass Co. Inc., 8-12 £/0). Adhesive tape (Scotch®) was used as
frame and spacer. The films were heated to 450 °C for 30 min, giv-
ing a layer of ~8 wm thickness as measured with a Taylor Hobson,
Form Talysurf series profilometer. The electrodes, at a temperature
of ca. 80°C, were then immersed in a 2.5 x 10~ molL~! solution
of new dye RC730 in anhydrous ethanol and maintained for ca.
14h at room temperature. For comparison, the electrodes were
also immersed in a solution with the same concentration of the
N719 dye in anhydrous ethanol for ca. 14 h at room temperature.
Afterwards, the electrodes were washed with ethanol and dried in
air. The gel polymer electrolyte deposition onto the sensitized TiO,
films was carried out inside a vacuum chamber using the method
described by Caruso and co-workers [34]. The average solar cell
area was 0.25 cm?2. The J-V curves of the solar cells were measured
under AM 1.5 illumination (100 mW cm~2) using a Xe (Hg) light
source and filters. The polychromatic light intensity at the elec-
trode position was measured with a Newport Optical Power Meter
model 1830-C. The voltage decay measurements were carried out
under open-circuit conditions by switching off the light and mon-
itoring the open-circuit voltage (Vo) decay in the dark for a given
period of time [35,36]. The incident photon to current conversion
efficiencies (IPCE) spectra of the solar cells were measured using
a monochromator (Oriel) coupled to the optical bench described
above.
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Fig. 3. ESI(—) FT-ICR MS/MS of the ion of m/z 1294.4.

3. Results and discussion
3.1. ESIFT-ICR MS

Fig. 2 shows the ESI(—) FT-ICR mass spectrum for a methanolic
solution of the RC730 ruthenium dye. Note the detection of the dye
as the [M+TBA]~ anion of m/z 1294.4 (whereas M2~ is the dou-
bly charged Ru-anion and TBA* is the counter cation) with the
characteristic cluster of isotopologue ions. The experimental iso-
topologue pattern of the dye is quite diverse mainly due to the Ru,
and closely matches the theoretical pattern as calculated by the
Xcalibur 2.0 software (insets in Fig. 2). This match corroborates the
proposed structure for the dye. The ions of m/z 1290.1 and m/z
1291.1 disturb the isotopologue distribution for the experimental
spectrum but they are due to impurities, also detected in the ESI(—)
FT-ICR MS of the starting reagent. The ions of m/z 1262.5 and m/z
1267.5 are due to ions with compositions (typical isotopologue dis-
tributions) similar to the dye anion [M+TBA]~, therefore displaying
subtle structure variations. The ion of m/z 1262.5 likely corresponds
to the product of a nucleophylic substitution reaction that occurs
due to the presence of traces of water where the two NCS Ru lig-
ands are hydrolyzed to NCO. The ion of m/z 1267.5 corresponds to
replacement of one of the NCS ligands by CH3OH.

Fig. 3 shows the ESI(—) FT-ICR MS/MS for the ion of m/z 1294.4.
The dissociation chemistry observed is also in agreement with the
proposed structure for RC730. The fragment ions of m/z 1279.4 and
1109.0 are formed due to losses of CH3* and a neutral N-(nBut);
amine molecule from the TBA counter cation. The fragment ions of
m/z 1065.0 and m/z 1052.9 are likely formed via neutral losses of
CO; (44 Da) and CH3CH,CH=CH, (56 Da) from the ion of m/z1108.9.
Subsequently, the ion of m/z 1052.9 loses CO, to produce the ion
of m/z 1009.0. Both CO; eliminations originate from the carboxylic
acid groups present in the bipyridine ligand. Other fragment ions

such as those of m/z 964.9, 876.0 and 776.0 are formed via neutral
losses of cyclic ethers from the crown ether group of the second
bipyridine ligand.

3.2. UV-Vis spectra

Fig. 4 shows the UV-Vis electronic absorption spectra of the new
heteroleptic Ru dye (RC730, solid line) and N719 (dashed line), both
in absolute ethanol.

The absorption spectrum of the N719 complex shows two
broad visible bands at 534 and 390nm, resulting from MLCT
(metal-to-ligand charge-transfer transitions) [37,38]. The band at

Absorbance / a. u.

I

O . 1 " 1 N 1 — - i =
300 400 500 600 700 800
Wavelength / nm

Fig. 4. UV-Vis spectra of the N719 dye (dashed line) and the new heteroleptic Ru
dye (solid line) in ethanol.
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Fig. 5. J-V curves of DSC based on the N719 dye and the new heteroleptic Ru dye
synthesized in this work (RC730). The gel polymer electrolytes were composed of
P(EO/EM)/GBL/salt/I2 (salt=Lil or Nal). The measurements were carried out under
100 mW cm~2 and the average DSC area was 0.25 cm?. The J-V curves represent the
average behavior for at least 3 devices.

310 nm results from intraligand (w-*) transitions. The spectrum
for RC730, a blue shiftis observed for both UV and visible absorption
bands, which might be is associated to the electron withdrawing
effect from the crown ether moieties.

3.3. DSC characterization

Fig. 5 shows the photocurrent density-voltage (J-V) curves of
the dye-sensitized solar cells based on the N719 dye and the new
heteroleptic Ru dye with Na and Li-based polymer gel electrolytes
(Table 1).

Dye-sensitized solar cells based on the N719 dye provided
higher photocurrent densities for both Na and Li-based gel poly-
mer electrolytes, almost twice those values measured for the DSCs
based on the new heteroleptic Ru dye. Higher open-circuit voltage
values were also observed for the DSCs based on the N719 dye for
both Na and Li-based polymer electrolytes compared to the analo-
gous DSCs based on the new heteroleptic Ru dye. We will focus our
discussion initially on the standard (N719) dye.

The difference in V, values among the DSCs assembled with
the gel polymer electrolyte prepared with different salts (Lil or
Nal) is associated with the interfacial energetics of dye-sensitized
TiO, films and the electrolyte. This effect has been investigated by
Fitzmaurice and co-workers [39,40]. After electron injection into
the conduction band of TiO, from the excited state of the dye, the
cations adsorb onto the surface of the TiO, nanoparticles or interca-
late into the TiO, lattice for charge compensation [41]. The potential
drop in the Helmholtz layer depends on adsorbed salt cations.
Consequently, the different size of the cations will give rise to a
different potential for the conduction band edge of the nanocrys-
talline TiO,, films, shifting the potential more negatively (according
to the vacuum scale) as the cation radius decreases [39,42,43]. The
same effect was also observed by Bhattacharya et al. [44] for quasi-
solid state solar cells employing gel polymer electrolytes. The V¢

Table 1

Electrical parameters of the dye-sensitized solar cells based on the N719 dye and
the new heteroleptic Ru dye (RC730). The ionic conductivity of the electrolytes is
also displayed.

Dye Salt o(Scm™) Voe(V) Jse (MAcm~2) FF n (%)
(N719) Lil 3.0x1073 0.64 10.2 0.57 3.72
Nal 2.8x1073 0.69 9.45 0.58 3.78
(RC730) Lil 3.0x1073 0.58 5.35 0.60 1.87
Nal 2.8x1073 0.56 4.79 0.51 137

is therefore enhanced with the increase in cation radius (from Li*
to Na*). When the conduction band shifts negatively, however, the
driving force for the injection of electrons from the dye excited
state into the conduction band of TiO, also increases, leading to
higher injection efficiency. This effect can explain the improve-
ment in photocurrent observed for the DSCs assembled with the
gel polymer electrolyte based on the lithium salt.

The initial idea in the present work was to trap the lithium ions
(but not sodium ions) from the electrolyte composition by using
coordinating species in the dye structure in order to inhibit their
adsorption onto the TiO, nanoparticle surface, since the adsorption
of lithium ions onto the TiO, surface has been shown to decrease
the V,¢ due to the conduction band edge (E., ) shifting to more neg-
ative values [40,41,45]. This behavior could be circumvented by
trapping the Li* ions in the dye structure. This way the V,c would
not be impaired by the deleterious effect of Li* adsorption. It has
also been shown that 4-tert-butyl-pyridine (TBP) may improve V¢
significantly with a small decrease in Js: [46]. When lithium is dis-
solved in the electrolyte, the effect of TBP in improving the V.
has recently been associated with the suppression of the specific
adsorption of Li* through the formation of a complex with the TBP
molecule, retarding the downward shift of the conduction band
edge [47].

The higher photocurrent density values observed for DSCs based
on the N719 dye compared to the new heteroleptic Ru dye prepared
in this work may be explained based on several factors, such as dye
structure, dye geometry on the TiO, surface, and the ambipolar
diffusion model [45].

The dye structure plays a decisive role on the absorption, charge
transfer and regeneration kinetics. The lower V,. values from the
DSCs based on the new heteroleptic Ru dye synthesized in this
work, compared to the analogous N719-based DSCs, are in excellent
agreement with the literature [48]. In the present work there are
two different dyes: a homoleptic dye (N719) and a heteroleptic dye
(RC730). Homoleptic dyes have two equivalent bipyridine ligands,
whereas heteroleptic dyes were designed to enhance the perfor-
mance and/or long-term stability of DSCs by functionalizing one of
the bipyridine ligands. Unfortunately, the V. from DSCs based on
heteroleptic dyes are significantly smaller than those observed for
DSCs based on homoleptic dyes with the same number of protons
[48]. The difference between homoleptic and heteroleptic dyes has
been associated with their adsorption modes onto the TiO, surface
since heteroleptic dyes adsorb onto the TiO, surface necessarily
via carboxylic groups residing on the same bipyridine ligand [48].
The different adsorption mode of the dye also influences the posi-
tion of the TiO, conduction band due to the direction of the dipole
moment, as has been recently computed for homoleptic and het-
eroleptic dyes [48]. The lower V. values observed for DSCs based on
the heteroleptic RC730 dye in this work, compared to the analogous
DSCs based on the N719 dye, might therefore be also associated to
the adsorption mode of the RC730 dye onto the TiO, surface.

The ambipolar diffusion model has recently been applied to
explain the behavior of charge transport in DSCs [45]. Within this
framework, the measured diffusion coefficients are associated with
the diffusion coefficients and concentration of negative and posi-
tive charges. For a large difference between the concentration of
positive and negative charges, the measured diffusion coefficient
will reflect the diffusion of minority carriers (electrons or holes),
depending on the cation concentration and electron density [45].
The electrons injected from the excited state of the dye into the con-
duction band of TiO, will therefore be screened by the cations in
the electrolyte composition. Since no net electrical field is present,
the charge carriers will move by diffusion rather than drift.

In the present work, the dye structure containing the crown-
ether ligands might trap Li ions from the electrolyte. The cation
concentration in the electrolyte will therefore be smaller to some
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Fig. 6. Open-circuit voltage decay transients of the DSCs based on the N719 and the
new Ru dye prepared in this work. The gel polymer electrolytes were composed of
Lil or Nal.

extent and the remaining non-trapped Li* and the other cations in
the electrolyte are used to screen the charge arising from the pho-
toinjected electrons. The less efficient electron screening on the
TiO, nanoparticle surface arising from the smaller cation concen-
tration in the electrolyte promotes higher recombination losses,
which can help to explain the smaller V, and Jsc values observed
for the DSCs based on the synthesized dye in this work compared
to the DSCs based on the N719 dye. However, the effect of trapping
lithium ions in the dye structure may also increase the recombina-
tion losses if the trapped species are located near the TiO, surface.
This effect cannot be ruled out when considering the recombina-
tion losses in this work. It is likely that increasing the amount of Li*
ions trapped in the dye structure, near the TiO, surface, might make
the diffusion of negative charges of the redox shuttle more difficult
due to electrostatic interaction. Therefore, higher recombination
losses might take place, which can help explain the lower pho-
tocurrent and voltage in DSCs based on the RC730 dye compared
to the analogous DSCs based on the N719 dye.

For the solar cells based on the new heteroleptic dye, the DSCs
with Li* ions in the electrolyte composition provided higher Jsc and
Voc values compared to the DSCs based on the same dye and Na* in
the electrolyte. The higher V, for the former might provide some
evidence for the Li-trapping ability of the crown ether moieties
from the new heteroleptic Ru dye, since some Li* ions would not
be able to absorb to the TiO, surface, minimizing the conduction
band edge shift.

The calculated charge lifetimes under open-circuit conditions
(Fig. 6) are in excellent agreement with the J-V curves.

The higher lifetime from the DSCs based on the N719 dye
using the gel polymer electrolyte composed of Nal corroborates
the higher V,. values compared to the analogous DSCs based on
the polymer electrolyte with Lil. The lower performances from the
DSCs based on the RC730 dye, both with Nal or Lil, are in excel-
lent agreement with the smaller charge lifetimes compared to the
analogous DSCs based on the N719 dye. This behavior confirms that
recombination losses are of major importance in our work and arise
from the use of the new heteroleptic dye in DSC. The strong coor-
dination of the small cations close to the TiO, surface, has turned
the interface processes more active.

The incident photon to current conversion efficiency (IPCE)
spectra of the DSCs based on the N719 and the new Ru dye are
shown in Fig. 7. The action spectra of the new heteroleptic Ru
dye synthesized in this work reflect the lower performance dis-
cussed before, that is, the maximum IPCE at 530 nm is almost two
times higher for the N719 dye compared to the new heteroleptic
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Fig. 7. Incident photon to current conversion efficiency (IPCE) spectra of the DSCs
based on the N719 and the new Ru dye prepared in this work. The gel polymer
electrolyte was composed of Lil or Nal.

Ru dye prepared in this work. The maximum IPCE values at 530 nm
for the DSCs based on the N719 dye were 55% (Li-based polymer
electrolyte) and 47% (Na-based polymer electrolyte), while for the
RC730 dye the values were 31% (Li-based polymer electrolyte) and
27% (Na-based polymer electrolyte).

4. Conclusion

A new heteroleptic Ru dye (RC730) containing crown-ether
moities on 4,4’ positions of the bipyridine ligand was successfully
synthesized, as confirmed by ESI(—) FT-ICR MS analysis. DSCs were
assembled using two different types of gel electrolytes (with Nal
or Lil) and the N719 dye was used for comparison. The higher pho-
tocurrent density values observed for DSCs based on the N719, dye
compared to the new heteroleptic Ru dye prepared in this work,
can be explained by a different dye structure (homoleptic versus
heteroleptic), dye geometry on the TiO, surface, the decrease
of available cations for charge compensation and increased local
accumulation of electron accepting species. We believe that all
these factors are important here and the fact that all contribute
to increase recombination make them difficult to separate. Our
results indicate that when replacing the liquid electrolyte by a
gel polymer electrolyte, the processes occurring at the interfaces
became extremely sensitive to local environment and recombina-
tionis further accelerate. A small positive effect on V,. was observed
with our dye when lithium was used in the electrolyte instead of
sodium cations. This means that removing part of Li* cations may be
interesting, but trapping them strongly is not effective. The results
presented here are important for future design of dyes to be applied
in quasi-solid DSSC.
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