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New 4- and 4,4o0ligophenylenevinylene-functionalized Ru(ll)-bipyridine sensitizers were synthesized
and used in dye-sensitized Ti®olar cells (DSSCs) to study their sensitizing properties relative to those
of the usual N3 dye. Among those studied, two sensitizers, denoted as D5 and D6, have rendered
considerably higher photocurrents and efficiencies for their cells, compared to those of a cell using the
conventional N3 dye. The short-circuit photocurrent densities for N3, D5, and D6 are 9.8, 10.8, and 11.7
mA/cn?, and the efficiencies are 4.1, 4.6, and 4.8%, respectively. The enhanced photocurrents are correlated
with the increased molar absorption coefficients of the D5 and D6 dyes over the entire visible spectra
region, relative to those of the N3 dye. Corresponding enhancements in IPCE values are attributed to the
oligophenylenevinylene groups of D5 and D6 that consist of conjugated double bonds. Analysis of the
absorption spectra of the sensitizer-coated;Tilhs and the desorbed dyes in an aqueous KOH solution
indicates that D5 and D6 adhere more strongly tosTp@rticles than the N3 dye, which is beneficial
from the viewpoint of the long-term stability of the DSSCs.

Introduction

Modification of the dye is one of the essential strategies
to improve the performance of dye-sensitized solar cells
(DSSCs). Several Ru(ll) complexes, including N3 ([Ru-
(dcbpyH)2(NCS)]), N719 ((BwuN)o[Ru(dcbpyH)(NCS)]),
and N712 ((BuN)jRu(dcbpy}(NCS)]) have been used in
DSSCs as efficient sensitizers, where dcbpyH stands for 4,4
dicarboxy-2,2bipyridine! Among them N3 is the most
frequently used dye. Efforts have been made to further
improve the cell performance achieved with the N3 dye by
attaching hydrophobic chains to the pyridine rings, thereby
increasing the open-circuit voltag¥,f),? and by substituting
the NCS ancillary ligands with numerous ligariddimetallic
coordination compounds such as those with-Re? Ru—

RhS and Ru-O¢ were also investigated as sensitizers for
DSSCs, in which only one metal complex was directly
attached to Ti@film through its anchoring ligands. Recently,
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Figure 1. Molecular structures of synthesized D5 and D6.
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a Ru(I)-bpt-Ru(ll) polypyridyl complex, where two N3 dyes
were bridged by 3,5-bis(pyridin-2-yl)-1,2,4-triazole (bpt, a
very rigid linker) replacing all NCS ligands of N3 dyes, was
used as a sensitizer in a DSSkpwever, the incident photon
to current conversion efficiency (IPCE) was found to be half
that obtainable with a mononuclear ruthenium compound as
the sensitizer. We reported recently that the linking of N3
with another TiQ-attached N3 througtrans1,2-bis(4-
pyridyl)ethylene rendered an enhanced short-circuit photo-
current and thereby conversion efficiency for the pertinent
DSSC, relative to those of a cell with only N3 d¥e.

A recent work by Grzel's group has revealed that the
use of K-19 as the amphiphilic bipyridyl ruthenium complex
is promising? The dye has an alkoxystyryl group in its ligand
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Scheme 1. Synthetic Route To Produce D5 and D6
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and this ligand was reported to enhance the harvesting ofaniline moieties at the end of theirconjugated backbones
solar light. On the other hand, Arakawa’'s group has were also synthesized according to the procedure given by
synthesized novel conjugated organic dyes that e Hara et al®

dimethylaniline moieties as the electron donors and achieved Each of these synthesized sensitizers has higher molar

a remarkably high efficiency of 6.8%.The search for new  apsorptivities than those of N3 over the visible region.
dyes is challenging for enhancing the conversion efficiency photovoltaic properties of DSSCs with these newly devel-

up to the level of that for practical applications of DSSCs. oped sensitizers are compared with those of a cell with the
Judicious tuning of the LUMO and HOMO levels of a dye standard N3 dye.

for maintaining sufficient thermodynamic driving forces for

both electrqn tran_s_fer _ and d_ye re_generation processes, Experimental Section

panchromatic sensitization of Ti(articles over the whole

visible range extending up to a threshold wavelength of about DSSCs were fabricated using TiGilms made from Dyesol
920 nm for light-harvesting efficiency, and increasing of the titania paste (Dyesol Ltd., Australia). In each case the Dyesol paste
molar absorption coefficient of a dye for its enhanced solar Was coated on the titanium(IV) isopropoxide pretreated FTO glass

light absorption, are the specific strategies to be pursued in(Using a doctor blade technique). The paste on the FTO was then
the molecular designing of dyes. annealed at 450C for 30 min to produce a 13:m thick

In line with the continuation of the efforts in this direction nanocrystalline Ti@film, unless otherwise specified. The annealed

for i ina th | . ffici film thus obtained was impregnated with 0.5 mM Ru(ll) sensitizer
or Improving the solar energy conversion emciency, We ;. pye for 24 h at room temperature. Each dye-coated film was

synthesized a new type of the ruthenium sensitizer, Consistings,aked in DMF fo 3 h toremove unattached dye molecules, and
of both styryl andN-butylamino moieties as electron- then in absolute ethanol fi® d to remove DMF. The resulting
donating groups. The general idea is to utilize styryl or sensitizer-coated Tigfilm was washed with ethanol and then used
methine groups for extending theconjugated backbone, to fabricate the DSSC, according to the procedure reported
instead of pyridyl groups, in th&ans-1,2-bis(4-pyridyl)- elsewheré?

ethylene linker that successfully linked two N3 molecules  The redox electrolyte solution for a DSSC consisted of 0.05 M
for an improved DSSC, as was reported earlier by us. I, 0.1 M Lil, 0.6 M 1,2-dimethyl-3-hexylimidazolium iodide, and
Investigation on dyes also envisages the aspect of increasin@.5 M 44ert-butylpyridine in 3-methoxypropionitrile. The DSSCs
their optical cross section, which is beneficial for the Wwere characterized for their photoelectrochemical characteristics

harvesting of solar light and durability of the pertinent solar USing a Keithley M 236 source measure unit. A 300 W Xe lamp
cells. with an AM 1.5 filter (Oriel) was used to illuminate the working
In this paper, we report the synthesis of promising 4- and electrode of 0.4« 0.4 cn? at the light intensity of 1 sun (100 mW/
. ' . . - R cn?). The light intensity was adjusted using a Si solar cell. IPCE
4,4 -oligophenylnevinylene-functionalized Ru(ll)-bipyridine ) gnt ! W ! 1Shg 2 S

. . values were measured using a system by PV Measurement, Inc.
sensitizers, denoted respectively as D5 and D6, the formera, pup g8453A diode array spectrophotometer was used for

featuring an extended oligophenylenevinyleneonjugated  measuring the absorption spectra of the sensitizers in solutions and
backbone with &,N-dibutylamino moiety and the latter with  on TiO, films.

two such backbones (Figure 1). The synthetic route to

produce D5 and D6 utilizing a double Wadsworth-Emmons Results and Discussion

reactiot*? is shown in Scheme 1. Synthetic details and

analytical data are provided in the Supporting Information. ~ Figure 2 compares the photocurrembltage (—V) curves
These extended conjugation dyes were successfully employe®f three DSSCs fabricated with Ti®ilms, anchored with

in DSSCs, as evidenced by the higher photovoltaic perfor- N3, D5, and D6 sensitizers. The corresponding short-circuit
mances of their pertinent cells, relative to that of a cell using photocurrent densityJ(), open-circuit voltage \(q), fill

N3 dye. Though similar compounds with and without Ru factor (FF), and solar-to-electricity conversion efficiengy (
(and other) metal centers were synthesized previdddfy, values are summarized in Table 1. Analysis of theV
they were not used as sensitizers in DSSCs. In addition, fourcurves indicates that the newly developed D5 and D6 yield
new Ru(l)-bipyridine sensitizers that contihN-dimethyl- higher photocurrents than N3, whereas ¥g's are es-
sentially the same. As a result of mainly theenhancement,
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Figure 2. J-V curves of DSSCs prepared with Ti@Ims impregnated
with D6, D5, and N3 in DMF. Light intensity was 100 mW/énThe inset
shows corresponding IPCE spectra.

Table 1. Photovoltaic Parameters of the Dye-Sensitized Solar Cells
with Different Sensitizers®?

Jsc Voc n
sensitizer (mA/cn?) V) FF (%)
N3 9.80 0.63 0.66 4.1
D5 10.8 0.63 0.68 4.6
D6 11.7 0.63 0.66 4.8
D13 3.39 0.58 0.70 14
D14 4.43 0.58 0.67 1.7
D15 3.79 0.58 0.66 15
D16 2.36 0.54 0.56 0.72

aEach electrolyte consisted of 0.05 & 0.1 M Lil, 0.6 M 1,2-dimethyl-
3-hexylimidazolium iodide, and 0.5 M trt-butylpyridine in 3-methoxy-
propionitrile. ® Measured under an illumination of AM 1.5 solar light (100
mwW/cn¥).
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Figure 3. Absorption spectra of (a) 5.8 10¢ M each of N3, D5, and

D6 in DMF, (b) 7um thick TiO; films coated each with 0.5 mM N3, D5,
and D6 in DMF, and (c) desorbed N3, D5, and D6 from their corresponding
TiO> films into aqueous 10 mM KOH for 3 d.

with D5 and D6 dyes have increased to 4.6% and 4.8%,

respectively, relative to 4.1% efficiency of the cell with N3
dye.

Jang et al.

Table 2. Absorption Peaks and Molar Absorption Coefficients of the
Synthesized Sensitizefs

sensitizer Amax (NM) (€max (10* M~1cm™1))

N3 385 (1.36), 533 (1.33)
D5 441 (4.03), 527 (2.60)
D6 449 (7.85), 539 (3.43)
D13 453 (1.61)

D14 463 (1.99), 532 (1.76)
D15 452 (2.16)

D16 471 (4.54), 555 (2.67)

2 Measured in DMF.

shown in the inset of Figure 2, where the cells prepared using
D5 and D6 show consistently higher IPCE values over the
visible region, compared to those of N3. These enhanced
IPCE values imply that the new sensitizers act as more
efficient electron donors to the conduction bands of their
TiO; films upon excitation, obviously owing to the chains
of the oligophenylenevinylene groups in D5 and D6, consist-
ing of conjugated double bonds.
Contrary to thelsc increase, the near invariance \8§; of
the cells with the three sensitizers (Figure 2) suggests that
the alkyl chains of oligophenylenevinylene groups WitiN-
dibutylamino moieties in D5 and D6 are ineffective for
inducing self-organization near the surfaces of their ;TiO
nanoparticles, in a fashion facilitating tNg; increase. That
is to say, the rigid, long alkyl chains of oligophenylenevi-
nylene groups bonded to the 4- and'4ydsitions of D5 and
D6 respectively could not form hydrophobic layers around
their corresponding Ti@particles. The formation of such a
layer can reduce the back electron transfer from the conduc-
tion band of TiQ to the k™ ions in the electrolyte solution
and thereby can increase tig; the basis for this assumption
lies on the reports as was reported by Lagref et al. and Wang
et al. that formation of hydrophobic layers with long,
saturated hydrocarbon chains such as those wigH&and
Ci3H,7 can increase the,..2 Furthermore, a shift in the Fermi
level of TiO,, which would have changéed,s for D5 and
D6, cannot be expected because the proton concentration on
their TiO, surfaces remain most likely the same as that in
the case of N3 owing to the large distance between their
tertiary amine groups and their corresponding JI$Orfaces.
Figures 3a, 3b, and 3c show respectivelythis absorp-
tion spectra of the three sensitizers in DMF, the dye-coated
TiO, films (thickness: 7um), and the same sensitizers
desorbed from their Tiefilms (0.5 x 0.5 cn?) into 3.5 mL
of aqueous 10 mM KOH. Analysis of the spectral behavior
in Figure 3a (solution spectra) and Figure 3b (film spectra)
near the 530 nm region reveals that the ratio of the absorption
of D5 to N3 in DMF is the same as the ratio of the absorption
of D5 to N3 on the TiQ surfaces. This observation implies
that the moles of D5 adsorbed to the Fifdm are nearly
the same as those of the adsorbed N3 to the, Tilth. A
similar way of comparing the spectra of D6 and N3 in

TheJscenhancements can be correlated with the increasedFigures 3a and 3b reveals that the moles of the adsorbed D6

molar absorption coefficients of the newly synthesized

are about 73% of those of the adsorbed N3. The relative

sensitizers over the entire visible spectral region, comparedmoles of the adsorbed sensitizers was confirmed by ICP
with those of N3 as shown by the corresponding curves in emission spectrometry. The lesser adsorption of D6 is thought
Figure 3a. The values of the absorption peaks and their molarto be due to the presence of an additional bulky oligophe-

absorption coefficients are given in Table 2. Thevalues

nylenevinylene group, compared to the single group in D5.

of N3, D5, and D6 are consistent with the IPCE values, as This type of geometrical constraints for the dyes to occupy
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sites on the TiQ particles are explained in a recent report
by Bandara and Weerasinghdy calculating the number
of molecules of a dye per mhof TiO, surface and the
number of sites available for the dye to occupy 12roh
TiO; surface, in which the authors have taken into account
the molecular size of the dyes. It is remarkable to observe a
higher Jc of 11.7 mA/cn? with D6 compared to 9.8 mA/
cn? with N3, although the surface coverage of D6 on FiO
film is less than that of N3 by 27%. This result is understood
to be due to the fact that the molar absorptivities of D6 are
much higher than those of N3 over the entire visible region

(Figure 3a and Table 2). Introduction of the 4- and'4,4 BieXocl vaB
oligophenylenevinylene groups (with reference to N3) for B}§E§f$*.'33 Y=¢C

the D5 and D6 dyes, respectively, tune the HOMO and
LUMO levels of the dyes and, consequently, their absorption

properties relative to those of N3. sensitizers, D13D16 (Figure 4), that contaiN,N-dimethyl-

In addition, comparative analysis of the absorption spectra aniline moieties at the end of theirconjugated backbones.
in Figures 3b and 3c reveals that desorption of D5 and D6 Their UV—vis absorption spectra show higher molar ab-
from the TiG, surfaces into the KOH solution is incomplete,  sorptivities than those of N3 over the visible region, which
i.e., only 84% and 77%, respectively, contrary to the s expected based on the fact that they have very similar
complete desorption of N3. This incomplete desorption of chemical structures as those of D5 and D6. Their absorption
D5 and D6 could be due to the differences in solubilities of peak positions and molar absorption coefficients are also
the sensitizers in the aqueous KOH solution and/or due to |isted in Table 2.
their binding affinity to the TiQ surface. Due to the presence J—V studies were performed on the D1B16 sensitizers,
of more hydrophobic ligands at the bipyridine groups in D5 under the same conditions as those in the investigation of
and D6 compared to N3, there could be differences in their D5 and D6. Contrary to our expectations, it was found that
solubitities in KOH. To understand further the incomplete the J,’s and the efficiencies of the cells using D13, D14,
desorption, a quantitative analysis is made. With use of the D15, and D16 were less than one-half of those of N3 given
molar absorptivities in Table 2, the moles of N3, D5, and in Table 1. It is surprising to observe such s and
D6 adsorbed to their Tigfilms of 0.5 cmx 0.5 cmx 13 efficiencies, although the D316 sensitizers possess
um are found to be 2.% 1078, 2.2x 1078 and 1.6x 10°° similar chemical structures and favorable absorption char-
mol, respectively. From these adsorption values and theacteristics as those of D5 and D6. The reason for the low
above-mentioned desorption values it can be stated that N3J.’s and efficiencies in the case of these sensitizers is unclear
desorbs completely, although its adsorption to theTila but may be attributed to the occurrence of their very fast
is far higher than that of D6 to the Tidilm. Since small  nonradiative decay from an excited state to the ground state
quantities of N3, D5, and D6 (in the order of £0mol) in the presence ofr-conjugated backbones withl,N-
desorbs from the Tigfilms into the large quantity of KOH  dimethylaniline moieties at the end, due to distortion of their
(3.5 x 107> mol) solution, it appears that the differences in  Ru(Il) complexes immobilized onto Tisurface<56 The
solubilities among the three sensitizers play a minor role in nonradiative de-excitation reduces the electron injection yield
the desorption behaviors. Moreover, the desorption processinto the conduction band of TiQthereby decreasing thg.
is essentially an acigbase reaction involving the weak acidic  of the corresponding cell. In the absence of middle phenyl
sensitizers and the strong base. Thus, we assume that thgroups in the long chains of these sensitizers (cf. D5 and
incomplete desorption of D5 and D6 is more likely due to De), they can aggregate on their LiGurfaces, which is
stronger binding of them to their respective Fidms than  detrimental to the electron injection quantum yi&ld* 8this
that of N3 to its TiQ film. This seemingly strong binding  can be another reason for the lowkgs observed in the
of these newly synthesized sensitizers with their ;-TiO case of these four dyes. The results obtained with these
particles can be beneficial in terms of long-term stability of sensitizers clearly indicate that minor changes in the mo-
the DSSCs. lecular structure of a sensitizer affect crucially the solar

Removing the middle phenyl groups in the long chains of energy conversion efficiency of the pertinent cell.
D5 and D6 and replacing them with methine unitaQH= In this study, we focused on the design and synthesis of
CH-), thereby expanding the conjugation, was considered 4- and 4,4oligophenylnevinylene-functionalized Ru(ll)-
to be a promising design strategy for efficient sensitizers. bipyridine sensitizers, and on their behavior with respect to
Based on this concept, we synthesized, referring to the photovoltaic performances of the pertinent solar cells, relative
procedure given by Hara et af.four new Ru(ll)-bipyridine

Figure 4. Molecular structures of synthesized D13, D14, D15, and D16.
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to that of a cell using the N3 sensitizer. We have chosen conversion efficiency, respectively, for their DSSCs, com-
relatively uncomplicated standard conditions to facilitate pared to the efficiency obtainable with N3 dye. The enhance-
comparison between the performances of DSSCs usingments are correlated with higher molar absorption coefficients
sensitizers D5, D6, and D316 with the performance of  of these sensitizers with respect to those of N3 over the
a cell using the well-known sensitizer N3. Using a scattering visible spectral region, due to the presence of oligophenylene-
layer of anatase Ti@of particles of about 400 nm, adding vinylene groups withN,N-dibutylamino moieties in these

a co-adsorbent to the dye such as deoxycholic acid, treatingsensitizers. Furthermore, analysis of the absorption spectra
the TiO, surface with TiCl before it is coated with dye, of the dye-coated Ti©films and the desorbed dyes in an
and covering the cell surface with antireflection film will aqueous KOH solution indicates that D5 and D6 sensitizers
optimize the performance of the cells using D5 and D6 bond strongly with nanocrystalline Ti@articles. When the
sensitizers. Even though we have observed the fact that themiddle phenyl groups in the long chains of D5 and D6 were
uptake of N3 dye by Ti@film from ethanolic N3 solution removed and replaced with methine units, thgs and

is twice as large as that from its DMF solution at the same conversion efficiencies of the corresponding cells decreased
concentration of N3, we could not use ethanol as a solventconsiderably, relative to those of a cell with N3 dye.

for dye adsorption processes, and instead used DMF, because

of poor solubilites of D5 and D6 in ethanol. Further  Acknowledgment. We acknowledge financial support for
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We have synthesized new efficient dyes, D6 and D5 to the preparation of the dyes used in this study and related
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