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ABSTRACT: We designed heteroleptic ruthenium complexes (RD12—RD1S) containing
fluoro-substituted benzimidazole ligands for dye-sensitized solar cells (DSSCs). These dyes
were synthesized according to a typical one-pot procedure with the corresponding ancillary
ligands produced in two simple steps; they were prepared into DSSC devices according to the
same conditions of fabrication. The eventual devices show a systematic trend of increasing Vi
and decreasing Jsc with fluorine atoms of increasing number substituted on the ligand. The
charge-extraction results show that upward shifts of the TiO, potential occurred when the
fluoro-substituted dyes were sensitized on TiO, with a systematic trend of shift N719 > RD1S
(with S F) > RD12 (with 2 F) > RDS (no F); the intensity-modulated photovoltage spectra
indicate that those fluoro substituents retard charge recombination with the electron lifetimes
(zg) in the order RD1S > RD12 > RDS > N719, consistent with the variation of Vo for the

systems.

|(Design of RD dyes

SECTION: Energy Conversion and Storage; Energy and Charge Transport

D ye-sensitized solar cells (DSSCs) are promising next-
generation photovoltaic devices because of their great
advantages of lightweight, low cost, flexibility, and ease of
processing."” As efficient light-harvestin§ mediators, photo-
sensitizers such as ruthenium complexes,3’ zinc porphyrins,sf8
and metal-free organic dyes’ "' have been developed and well-
investigated. DSSC devices made of homoleptic ruthenium
complexes (e.g, N3 and N719) attained a remarkable power
conversion efficiency 7 ~ 11% under one-sun illumination.'>"?
To improve the light-harvesting efficiency via enhancing the
absorption coeflicient, thiophene-based heteroleptic ruthenium
complexes were developed to extend an efficiency of power
conversion above 11.5%.'*7'® We previously designed
heteroleptic ruthenium complexes containing benzimidazole
(BI) ligands for two reasons: first, a BI derivative (TPBI) was
used as a hole-blocking layer and electron-transport layer in
organic light-emitting diode (OLED) devices exhibiting a small
activation voltage because of its great electron mobility;'”
second, BI was used as electrolyte additive in DSSC to shift the
conduction band (CB) edge of TiO, for an enhanced open-
circuit voltage (Vo) because of its great power to donate
electrons.'® As a result, in that work, the cell performance of the
best dye (RDS)' in the series was found to be comparable to
that of a N719 dye. This promising result has encouraged us to
design further a series of heteroleptic ruthenium complexes as
highly efficient photosensitizers for DSSC applications.

One strategy to enhance the light-harvesting efficiency of the
dye and to improve the long-term stability of the corresponding
device is to replace one of the 4,4'-dicarboxylic-2,2’-bipyridine
(dcbpy) anchoring ligands in N3 dye by an ancillary ligand with
electron-rich 7-conjugated segments and long alkyl
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chains.'*"'%*°"* Chart 1 shows the concept for such a
molecular design in our approach. The designed heteroleptic

Chart 1. Molecular Design of a Heteroleptic Ruthenium
Complex Containing the Benzimidazole Ligand with
Possible Substitutions in the A, B, C, and D Positions
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ruthenium complex contains only one bidentate dcbpy ligand
serving as anchoring group to attach to the surface of TiO,, two
monodentate thiocyanate ligands (SCN”) to broaden the
absorption spectrum of the complex, and a specific bidentate
pyridine-BI ligand comprising four substitutable functional
groups labeled A, B, C, and D for which a structural
modification is readily effected. Compared with other ancillary
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Scheme 1. Syntheses of Compound (a), Benzimidazole Ligands LS, L12-L15, and Ruthenium Complexes RDS, RD12—RD1S
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bipyridine-type ligands, the proposed pyridine-BI
ligands have more flexibility for a structural design through
proper molecular engineering to promote further the device
performance. We accordingly undertook systematic investiga-
tions for the Bl-based Ru complexes with structural
modifications in the A and B positions. In the first part of
the present work, only position A was modified to give four
heteroleptic Ru dyes, RD12—RD1S (Scheme 1), in which the
benzyl-substituted ligand in dye RDS was replaced with one
fluorobenzyl-substituted ligand with fluorine atoms of varied
number attached at various positions of the benzyl ring. It
should be mentioned that the motivation for using the fluoro-
substituted ligands in RD12—RD1S came from recent reports
of pure organic dyes®* and other ruthenium complexes.”>*

The syntheses of RD12—RD15 are similar to that of RDS."
In general, the cyclodehydration and Sy2 reactions were used
to synthesize the ligands L12—L15;”” a typical one-pot reaction
then produced target complexes RD12—RD1S. The corre-
sponding procedures are summarized in Scheme 1; the details
of synthetic procedures and related characterizations are
available in the Supporting Information (SI). It is interesting
to note that there exist two optical isomers for the ruthenium
complexes RD12—RD15 involving asymmetric ligands. The 'H
NMR spectra of the RD12—RD15 dyes are shown in Figures
Sla—1d, SI. The NMR spectra are complex because they
contain two optical isomers that cannot be separated by using
the column chromatography methods such as silica gel,
aluminum oxide, or Sephadex LH-20. As a result, the NMR
spectra exhibit groups of doublet/multiple peaks in the 7—10
ppm region. Integration of the spectral peaks gives the ratio of
the two isomers close to 1:1. Therefore, the average effect of
the two inseparable optical isomers should be considered for
the results discussed in the following.

Figure 1 presents absorption and emission spectra of RDS,
RD12—RD1S5, and N719 in solution; the corresponding
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Figure 1. Absorption (left) and emission (right) spectra of RDS,
RD12-RD1S, and N719 in DMF (2 X 107> M). The positions of the
intersection between the two spectra of each species determine the
band gap energy E;_, listed in Table S1, SI.

photophysical parameters are summarized in Table S1, SI.
The absorption spectra of RD12—RD1S5 resemble the spectrum
of the RDS dye, indicating that the effect of the fluoro
substituents on the light-harvesting property is insignificant, but
the absorption coefficients of the 'MLCT bands of the BI
ruthenium complexes are significantly smaller than those of the
N719 dye. The emission spectra of RD12—RD135 display blue
shifts with respect to that of RDS; the positions of the
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intersection with the corresponding absorption spectra
determine the band gap energy (E,_,) of each species (Table
S1, S1).28

The electrochemical properties of these Ru dyes were
investigated with the cyclic voltammetry (CV) method with a
Fc/Fc" couple as reference; the measured cyclic voltammo-
grams for the oxidation potential (E,,) of compounds RDS,
RD12—RD1S, and N719 are shown in Figure S2, SI. For each
species, the potential level of the HOMO with respect to a
normal hydrogen electrode (NHE) was determined from
Eyomo = Eox — Ep/r” + 0.64 V, and the potential level of
LUMO was determined from E;yvo = Egomo — Eo-o; the
values of Eyopo and Ej o are listed in Table S1, SI. Figure 2
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Figure 2. Schematic potential levels of RDS, RD12—RD1S5, and N719
showing the HOMO and LUMO levels obtained from the
electrochemical (Figure SI1, SI) and the spectral (Figure 1)
measurements.

shows an energy-level diagram of the RD dyes for comparison
of the HOMO/LUMO levels of each dye with respect to the
CB of TiO, and the potential of the iodide/tri-iodide couple.
This diagram shows that the LUMO levels of the RD dyes
become increasingly stabilized with an increasing number of
fluorine atoms, consistent with the electron-withdrawing nature
of the fluoro substituents. For all RD dyes presented here, both
electron injection and dye regeneration are feasible when they
serve as photosensitizers for DSSC.

These heteroleptic ruthenium dyes were fabricated into
DSSC devices according to the same fabrication with three
identical TiO, films (thickness 12 + S um); Table S2, SI,
summarizes the photovoltaic results of the corresponding
devices under standard AM-1.5G illuminations. The photo-
voltaic performances of these devices show a systematic trend
on both Vyc and Jgc parameters, summarized below. First, the
values of V¢ increase with fluorine atoms of increasing number

in the order RD15S > RD13 ~ RD12 > RD14 > RDS; the
position of the fluoro substituents has no effect on Vi (RD12
~ RD13). Second, the values of Jy. decrease with fluorine
atoms of increasing number in the order RDS ~ RD14 > RD12
~ RD13 > RD1S; the position of the fluoro substituents also
has no effect on Jic (RD12 ~ RD13). As a result, the overall
cell performances of these devices exhibit a trend RD12 ~
RD13 ~ RD14 > RD1S ~ RDS. The slightly smaller Jsc upon
fluorine atoms of increasing number might be due to the lower
LUMO levels (Figure 2) and the smaller amount of dye-loading
(Table 1) for ligands containing more fluorine atoms. The
systematic increase in V¢ on increasing the number of fluorine
atoms might be due to a potential shift upward upon dye
uptake, or retarded charge recombination with the aid of fluoro
substituents. To elucidate the effect of fluoro-substituted
ligands on the cell performance in detail, we focused our
investigations on RDS (no fluorine atom), RD12 (BI ligand
with two fluorine atoms), and RD1S (BI ligand with five
fluorine atoms) for comparison with dye N719.

The photovoltaic measurements were performed with three
identical working electrodes with the thickness of the TiO,
films increasing to 17 + S ym for each dye (RDS, RD12, RD1S,
and N719) under the same experimental conditions. The
current—voltage (J—V) measurements were performed on
devices with an active area 4 mm X 4 mm (0.16 cm?) in the
absence of the shadow mask. The raw data of each J-V
measurement are summarized in Table S3, SI; the correspond-
ing averaged photovoltaic parameters are summarized in Table
1. Figure 3a,b shows typical J—V curves (working electrode a in
supplementary Tables S3, SI) and the corresponding spectra of
efficiency of conversion of incident photons to current (IPCE),
respectively, for the devices made of each ruthenium dye. Our
photovoltaic results demonstrate the same fluoro-substitution
effect as those of RD12—RD15 mentioned above (Table S2,
SI) with a systematic variation on Vo N719 > RD15 > RD12
> RDS and an opposite trend on Jc RD12 ~ RDS > RD1S5 ~
N719. As a result, the overall device performance exhibits a
trend RD12 > N719 > RD1S ~ RDS, with the best device
(RD12) attaining an efficiency 9.5% of power conversion,
superior to that of N719 (1 9.3%) under the same
experimental conditions.

An effect of fluorine substituents of the dyes on device
performance is reported for pure organic dyes** and for
ruthenium complexes.”>*® Although explanations for the
observed fluoro-substituted effect were given, no direct
evidence was provided. For example, Chen et al.** found that
a fluorine atom substituted in the ortho position of a donor—
acceptor dye performed better than that substituted in the meta
position; they speculated that the fluorine atom bearing

Table 1. Photovoltaic Parameters of DSSC with Photosensitizers RDS, RD12, RD1S, and N719 under Simulated AM-1.5G
Mumination (Power 100 mW cm™>) and Active Area 0.16 cm”>“

dye loading Jsc Voc n

dye nmol cm™ mA cm™? mV FF %
RDS 270 17.15 £ 0.26 732 + 20 0.72 + 0.02 9.07 £ 0.10
RD12 260 17.15 £ 0.16 756 = S 0.73 + 0.01 9.49 + 0.14
RD1S 250 16.50 + 0.46 764 £ 3 0.72 + 0.03 9.08 + 0.22
N719 170 16.57 + 0.16 776 = S 0.72 + 0.01 9.30 + 0.12

“Photovoltaic parameters are averaged values obtained from analysis of the J—V curves of three identical working electrodes for each device
fabricated and characterized under the same experimental conditions; the raw data of each J—V measurement are summarized in Table S3, SI; the

uncertainties represent two standard deviations of the measurements.
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Figure 3. Photovoltaic properties: (a) current—voltage characteristics
and (b) the corresponding IPCE action spectra of devices made of
RDS, RD12, RD1S, and N719 with the same fabricated TiO, films
(17 + S um) under one-sun AM-1.5G irradiation. The device
performances of each dye were measured based on three identical
working electrodes (labeled a—c, Table S3, SI), but only the results of
device a are displayed in the plots. The amounts of dye loading (DL)
shown in panel b are in units nmol cm™2,

negative partial charge pointed toward the TiO, surface to
increase the potential of TiO,, enabling them to observe V¢
greater for the former than for the latter. In our case, we
observed a systematic shift upward of the TiO, potential upon
fluoro-substitution, and Chen’s interpretation®* is consistent
with our observation. Bessho et al.>* reported that a
thiocyanate-free ruthenium sensitizer with fluoro-substituted
cyclometalated ligand performed better than the dye without a
fluorine substituent; they attributed such an enhanced cell
performance to the adjustment of the Ru(II)/Ru(Ill) potential
induced by the fluorine atoms leading to a rapid dye
regeneration. In contrast, Chang et al.*® found that a ruthenium
complex with a Bl-based carbene ligand containing no fluorine
atoms showed a cell performance better than that of the dye
with a fluorobenzyl-substituted ligand. The structure of their
fluorine-containing sensitizer resembles that of our dye RD13
but with carbene coordination instead of nitrogen coordination
as in our case. As a result, the fluorine atoms with partial
negative charge might be located away from the complex so
that the retardation of charge recombination in their case
became insignificant.

To account for Vyc becoming enhanced upon fluoro
substitution, we derived the shift of the CB of TiO, by
measuring the charge densities (N,) for the four devices at each
Voc with the charge extraction (CE) method.” Figure 4a
displays plots of V¢ versus N, for the four systems at five
intensities of red light from a LED (4 = 610 nm). The CE
results indicate that the TiO, potentials of the devices show a
systematic upward shift with the order N719 > RD1S > RD12
> RDS, consistent with the variation of their V. Increasing
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Figure 4. (a) Open-circuit voltage (Voc) and (b) electron lifetimes
(7g) as a function of charge densities (N,) for the devices made of
RDS, RD12, RD15, and N719 under five bias light irradiations.

substitution with fluorine atoms in the phenyl group hence
shifts the potential of the CB edge of TiO, in a more negative
direction.

We measured intensity-modulated photovoltage spectra
(IMVS) with an ac perturbation (modulation 10%) super-
imposed on the five cw bias light intensities, the same as in the
CE experiments, in the frequency range 0.1—1000 Hz; the
frequency of the minimum IMVS response corresponds to the
inverse of the electron lifetime (zg) of the device under the
open-circuit condition. Figure 4b shows plots of 7y versus N,
for the four systems at the five light intensities. The results
indicate a systematic trend with the electron lifetimes
(corresponding to the degree of charge recombination)
showing the order RD1S > RD12 > RDS, which is consistent
with the variation of V¢ showing the same order for the
fluoro-substituted devices. The electron lifetime of the N719
device is the smallest in the series, indicating that an
incorporation of the BI ligands in the RD series of dyes
effectively retards the charge recombination between the CB
electrons on the TiO, surface and the I;” species in the
electrolyte. We thus conclude that (1) BI ligands in Ru dyes of
this series have the effect of retarding the charge recombination
but also leading to a downward shift of the TiO, potential
relative to the N719 device; (2) substitution with fluorine
atoms in the BI ligand produces retarded charge recombination
and an upward shift of the TiO, potential relative to the RDS
device; (3) increasing substitution of fluorine atoms shifts
upward the potential and also decreases the extent of charge
recombination; (4) the net effect gives the variation of Vi
(N719 > RD1S > RD12 > RDS) shown in Figure 2, but the
enhanced V¢ for RD1S was too insignificant to compensate
for the loss of Jgc.

In conclusion, heteroleptic ruthenium complexes (RD12—
RD1S) containing fluoro-substituted BI ligands were applied to
dye-sensitized solar cells. Similar to our approach for dye RDS,
dyes RD12—RD1S were synthesized according to a typical one-
pot procedure; the corresponding heteroleptic ligands were
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produced in only two simple steps. These dyes were prepared
into DSSC devices according to the same conditions of
fabrication. The corresponding devices show Vi in the order
RD1S > RD12 ~ RD13 > RD14 > RDS; the value of V¢ is
thus determined by the number of fluorine atoms on the
substituted ligands; the trend of Jsc for dyes in this series is
opposite. To elucidate the effect of the fluorine substituents on
cell performance, we measured CE and IMVS at each V¢ level.
The CE and IMVS results indicate that the increase in V¢
upon fluoro-substitution is determined by two factors: an
upward shift of potential and a retardation of charge
recombination. Increasing substitution with fluorine atoms
produces a more negative potential shift, but excess substituted
fluorine atoms also result in a decreased Jg: because of the
lower LUMO level and the smaller amount of dye loading. As a
compromise for both V¢ and Jg¢, the device made of RD12
yields the best performance because the potential shift, electron
injection, charge recombination, and charge collection are in a
balance superior to that of the other systems.
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Experimental details of syntheses, device fabrication, photo-
voltaic and impedance investigations, together with supple-
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