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Abstract: A tropolone group has been employed for the first
time as an anchoring group for dye-sensitized solar cells
(DSSCs). The DSSC based on a porphyrin, YD2-o-C8T, with
a tropolone moiety exhibited a power-conversion efficiency of
7.7%, which is only slightly lower than that observed for
a reference porphyrin, YD2-o-C8, with a conventional car-
boxylic group. More importantly, YD2-o-C8T was found to be
superior to YD2-o-C8 with respect to DSSC durability and
binding ability to TiO2. These results unambiguously demon-
strate that tropolone is a highly promising dye-anchoring
group for DSSCs in terms of device durability as well as
photovoltaic performance.

In recent years, increasing energy consumption and concern
about environmental issues have led to a strong demand for
the utilization of sunlight as an alternative, clean, and infinite
energy source. Photovoltaic devices for the direct conversion
of solar energy into electricity are viewed as promising
technologies. Since pioneering studies reported by OÏRegan
and Gr�tzel in 1991,[1] dye-sensitized solar cells (DSSCs) have
attracted a great deal of attention as an alternative to silicon-
based solar cells owing to their low-cost production and high
power-conversion efficiency (h). Various organometallic/
organic dyes have been explored for their application to
DSSCs.[2–5] For example, porphyrins are regarded as promis-
ing candidates because of their intense absorption in the
visible and near-infrared (NIR) regions and versatile molec-
ular design.[4] Indeed, push–pull-type porphyrin sensitizers
have displayed excellent light-harvesting ability and demon-
strated high h values of more than 10 % in DSSCs.[5]

Until now, carboxylic acids, such as benzoic acid and
cyanoacrylic acid groups, have been the most widely used
groups in DSSCs for the anchoring of dyes to a TiO2 surface.
However, carboxylic acids are prone to dissociate from the
TiO2 surface during device operation. In terms of the
durability of DSSCs for practical application, such detach-
ment of the adsorbed dye from the TiO2 is undesirable.[6] For
this reason, the identification of novel anchoring groups with
a greater ability to bind to the TiO2 surface than that of
conventional carboxylic acids is pivotal to the development of
improved DSSCs of this type. He and co-workers found that
8-hydroxyquinoline (HOQ) is an attractive candidate for
replacement of the benzoic acid group.[7] Although the
h value of a DSSC based on a HOQ-modified porphyrin
was moderate, the dye displayed higher stability on TiO2 than
that of its analogue with benzoic acid as the anchoring group.

Tropolones are well-known compounds that can be
synthesized readily and form stable complexes with various
metal ions.[8] A resonance structure, the aromatic tropylium
ion, contributes to the electronic structure of tropolones
(Scheme 1). In this respect, tropolones can act as an electron-
withdrawing motif in p systems. Reports based on the use of
tropolones as the key motif of functional molecules are still
limited, whereas metal complexes of tropolones have been
employed as building blocks for supramolecular coordination
complexes[9] and stable liquid crystals.[10] For example, Shio-

Scheme 1. Resonance structure of tropolone and molecular structures
of the porphyrins used in this study.
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noya and co-workers used tropolone as a bidentate ligand to
construct the stable high-order structure of multinuclear
complexes.[9a] They revealed that tropolone–titanium(IV)
complexes were more stable than HOQ–TiIV complexes.
Thus, we envisioned that the tropolone moiety would be
suitable for the robust anchoring of dyes to TiO2. Herein, we
report the use of tropolone as a dye-anchoring group for
DSSCs. The representative porphyrin sensitizer YD2-o-C8
was chosen as a reference,[5b] and the benzoic acid group was
replaced with a tropolone moiety to yield YD2-o-C8T
(Scheme 1).

The synthetic route to YD2-o-C8T is illustrated in
Scheme 2. The reference porphyrin YD2-o-C8 and porphyrin
precursor 1 were synthesized by previously reported meth-
ods.[5b] Deprotection of 1 with tetrabutylammonium fluoride

(TBAF) and subsequent Sonogashira coupling with 5-iodo-2-
methoxytropone[11] provided tropolone ether 2 in 90 % yield.
The reaction of 2 with potassium hydroxide furnished YD2-o-
C8T in satisfactory yield (42 %). YD2-o-C8T was purified by
repeated reprecipitation from CH2Cl2/acetonitrile owing to its
lack of suitability for column chromatography as a result of
severe adsorption of the tropolone moiety to silica gel (see
Figures S1–S3 in the Supporting Information for details of the
synthesis and characterization).

The Soret and Q bands in the UV/Vis absorption spec-
trum of YD2-o-C8T are shifted toward longer wavelengths
than those of YD2-o-C8 (Figure 1), thus demonstrating the
higher light-harvesting ability of YD2-o-C8T as compared to
that of YD2-o-C8 in the visible region as a result of the
enhanced push–pull character. Steady-state fluorescence
spectra were also measured in THF (see Figure S4). From
the intersection of the normalized absorption and fluores-
cence spectra, the zero–zero excitation energy (E0–0) was
calculated to be 1.86 eV for YD2-o-C8Tand 1.89 eV for YD2-
o-C8.

The electrochemical properties of the porphyrin dyes
were studied by differential pulse voltammetry (DPV) in
THF versus NHE with tetrabutylammonium hexafluorophos-
phate as the electrolyte (Table 1; see also Figure S5). The first

oxidation potential (Eox) of YD2-
o-C8T (0.79 V) is almost the same
as that of YD2-o-C8 (0.81 V),
whereas the first reduction poten-
tial (Ered) of YD2-o-C8T (¢1.14 V)
is shifted in the positive direction
by 0.12 V with respect to that of
YD2-o-C8 (¢1.26 V). This result
supports the higher electron-with-
drawing ability of tropolone as
compared to that of benzoic acid.
The electrochemical HOMO–
LUMO gap of YD2-o-C8T
(1.93 V) is smaller than that of
YD2-o-C8 (2.07 V), in agreement
with the trend in the optical
HOMO–LUMO gaps (Table 1).
From the spectroscopic and elec-

trochemical measurements, we calculated the driving forces
for electron injection (DGinj) from the porphyrin excited
singlet state into the conduction band (CB) of TiO2 (¢0.5 V
vs. NHE)[5c] and for reduction of the porphyrin radical cation
(DGreg) by the I¢/I3

¢ redox couple (+ 0.4 V vs. NHE).[5c] Since
these driving forces are more negative than ¢0.3 eV, the
electron injection and dye-regeneration processes are exer-
gonic, and the driving forces are sufficient for efficient
electron transfer.

Scheme 2. Synthesis of YD2-o-C8T. dba= dibenzylideneacetone, TIPS = triisopropylsilyl.

Figure 1. UV/Vis absorption spectra of YD2-o-C8T (solid line) and
YD2-o-C8 (dashed line) in THF.

Table 1: Electrochemical properties of YD2-o-C8T and YD2-o-C8.

Dye Eox
[a]

[V]
Ered

[a]

[V]
E0–0

[b]

[eV]
E*ox

[c]

[V]
DGinj

[d]

[eV]
DGreg

[e]

[eV]

YD2-o-C8T 0.79 ¢1.14 1.86 ¢1.07 ¢0.57 ¢0.39
YD2-o-C8 0.81 ¢1.26 1.89 ¢1.08 ¢0.58 ¢0.41

[a] First oxidation and reduction potentials (versus the normal hydrogen
electrode, NHE). [b] The E0–0 value was determined from the intersection
of the normalized absorption and emission spectra. [c] The E*ox value
was determined by adding the E0–0 value to the Eox value (vs. NHE).
[d] Driving force for electron injection from the porphyrin excited singlet
state into the CB of TiO2 (¢0.5 V vs. NHE). [e] Driving force for dye
regeneration by the I¢/I3

¢ redox shuttle (+0.4 V vs. NHE).

Angewandte
Chemie

9053Angew. Chem. Int. Ed. 2015, 54, 9052 –9056 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


To obtain insight into the ground-state geometry and
electronic structures of the frontier orbitals of the porphyrins,
we performed DFT calculations on the model porphyrins at
the B3LYP/6-31G(d) level (see Figure S6).[12] Both porphyrins
displayed similar electron densities in the HOMO and
LUMO as well as the ground-state geometry. The calculated
HOMO–LUMO gaps of YD2-o-C8T and YD2-o-C8 were
determined to be 2.23 and 2.32 eV, respectively, which parallel
the optical and electrochemical HOMO–LUMO gaps. The
electron-density distribution on the oxygen atoms of the
tropolone moiety in the LUMO of YD2-o-C8T is 2.8%, which
is even higher than that of the carboxyphenyl moiety in the
LUMO of YD2-o-C8 (2.3%). Thus, the tropolone moiety
ensures efficient electron injection and robust binding to
TiO2.

We examined the adsorption properties of the tropolone
moiety on TiO2 (see Figure S7). A TiO2 film was immersed in
a 4:1 mixture of ethanol and toluene with the porphyrin
(0.2 mm) to give a porphyrin-stained TiO2 film. The porphyrin
surface coverage (G) on the TiO2 film was determined by
measuring the absorbance of the porphyrin after it had been
dissolved from the porphyrin-stained TiO2 film into an
alkaline 1:1 mixture of THF and H2O. During immersion,
the two porphyrins showed almost identical adsorption
profiles as a function of immersion time, and a constant
G value on TiO2 was reached in 3 h. The saturation G values of
8.3 × 10¢11 molcm¢2 for YD2-o-C8T and 8.5 × 10¢11 molcm¢2

for YD2-o-C8 are virtually the same. Taking into account the
comparable saturation G values together with the dye sizes,
we concluded that both porphyrins form well-packed mono-
layers on TiO2.

The FTIR spectrum of YD2-o-C8T for the solid sample
showed characteristic peaks at 1585 cm¢1 arising from n(C=

O) and around 1250 cm¢1 arising from n(O¢H) and n(C¢O)
(see Figure S8).[13] After adsorption on TiO2, the spectrum
showed broadening of the peaks, as observed for tropolone–
metal bidentate complexes.[8] To gain further information on
the binding mode, we conducted X-ray photoelectron spec-
troscopy (XPS) measurements for TiO2 stained with YD2-o-
C8T as well as reference compounds (see Figures S9–S11).
The O1s photoelectron spectrum exhibited three oxygen
peaks. The peak observed at 529.9 eV originates from oxygen
atoms of the TiO2 surface. The remaining peaks at 532.8 and
531.5 eV are ascribed to four oxygen atoms of the octyloxy
moiety and two oxygen atoms of the tropolone moiety
attached to the TiO2 surface, respectively. From these XPS
measurements, combined with the FTIR spectra, we assigned
the binding mode of YD2-o-C8T on TiO2 as symmetrical
bidentate coordination.

We then measured the photovoltaic properties of the
porphyrin DSSCs under standard AM 1.5 conditions by using
an electrolyte solution containing an I¢/I3

¢ redox shuttle. To
optimize the cell performance, we first examined the effect of
immersion time (see Figure S12). DSSCs based on YD2-o-
C8T and YD2-o-C8 displayed optimized h values of 5.3 and
7.9% in immersion times of 3 and 4 h, respectively. By fixing
the respective immersion time, we also sensitized each
porphyrin at various concentrations of chenodeoxycholic
acid (CDCA), a coadsorbent for the suppression of dye

aggregation (see Figure S13). However, the h values
decreased upon the addition of CDCA, thus suggesting that
the four octyloxy groups around the porphyrin core suffi-
ciently inhibit dye aggregation. The DSSCs were further kept
under dark conditions to improve the cell performance. All
DSSCs attained the highest h values after aging for several
days (see Figure S14).[5c,14] The photocurrent–voltage charac-
teristics of the DSSCs based on YD2-o-C8T and YD2-o-C8
under the optimized conditions are depicted in Figure 2. The
IPCE spectrum of the DSSC based on YD2-o-C8T exhibited
photocurrent generation up to 800 nm, thus reflecting its
higher light-harvesting ability than that of YD2-o-C8.
Detailed photovoltaic parameters are listed in Table 2. The
maximal DSSC performance of YD2-o-C8T (h = 7.7%) is
slightly lower than that of YD2-o-C8 (h = 8.8%). Notably,
YD2-o-C8T showed the highest h value among porphyrin
DSSCs with anchoring groups other than a carboxylic
acid.[7, 15]

We applied electrical impedance spectroscopy (EIS) to
rationalize the difference in the open-circuit voltage (VOC) of

Figure 2. a) Photocurrent–voltage characteristics and b) photocurrent
action spectra of the DSSCs based on YD2-o-C8T (solid line) and YD2-
o-C8 (dashed line). IPCE= incident-photon-to-current efficiency.

Table 2: Photovoltaic performance of DSSCs based on YD2-o-C8T and
YD2-o-C8.[a]

Dye JSC [mAcm¢2] VOC [V] Fill factor h [%]

YD2-o-C8T 15.6
(15.6�0.1)

0.73
(0.71�0.02)

0.68
(0.69�0.01)

7.7
(7.6�0.1)

YD2-o-C8 17.3
(17.4�0.1)

0.78
(0.77�0.01)

0.65
(0.65�0.02)

8.8
(8.7�0.1)

[a] Values given are the photovoltaic parameters for which the highest
h value was observed. The average value from five independent experi-
ments is shown in parenthesis in each case.
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the DSSCs based on the two porphyrin dyes. EIS Nyquist
plots were obtained under standard AM 1.5 illumination and
open-circuit conditions (see Figure S15). The electron-trans-
fer process at the TiO2–dye–electrolyte interface is repre-
sented by Rp. A small Rp value implies a small charge-
recombination resistance between TiO2 and the electrolyte.
The Rp value of the DSSC based on YD2-o-C8T (22.0 W) was
smaller than that of the DSSC based on YD2-o-C8 (28.7 W),
which is consistent with the slightly lower VOC value found for
YD2-o-C8T.

Finally, we investigated the long-term durability of DSSCs
based on YD2-o-C8T and YD2-o-C8. The porphyrin-stained
TiO2 films were immersed in a 1:1 mixture of THF and H2O
with acetic acid (28 mm) or NaOH (1 mm). The amount of the
dye on TiO2 was then determined as a function of immersion
time from the absorbance of the TiO2 film (Figure 3a).

Although YD2-o-C8 completely dissociated from the TiO2

surface within 1 h under both acidic and basic conditions,
more than 95 % of YD2-o-C8T was retained in 8 h. This result
unambiguously corroborates the superior robustness of
tropolone as an anchoring group as compared to benzoic
acid. Furthermore, the long-term durability of the DSSCs
based on YD2-o-C8T and YD2-o-C8 were assessed under
continuous white-light illumination (100 mW cm¢2 at 25 88C;
Figure 3b). The YD2-o-C8T and YD2-o-C8 cells showed a 13
and 33% decrease in efficiency in 500 h, which strongly
indicates the advantage of the tropolone anchoring group in
terms of the long-term durability of DSSCs. To the best of our
knowledge, no quantitative comparison of the long-term

durability of DSSCs has been made previously in terms of the
use of different anchoring groups.

In summary, we have employed tropolone for the first
time as an anchoring group for DSSCs. A DSSC based on
YD2-o-C8T with a tropolone group exhibited a power-con-
version efficiency of 7.7%, which is comparable to that of
a DSSC based on YD2-o-C8 with benzoic acid as the
anchoring group. More importantly, YD2-o-C8T was found
to be superior to YD2-o-C8 in terms of both DSSC durability
and binding ability to TiO2. We believe that the tropolone
could be used with any kind of dye for DSSCs to ensure high
device durability as well as excellent photovoltaic perfor-
mance.

Keywords: anchoring groups · light harvesting · porphyrinoids ·
sensitizers · solar cells
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