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Since the first report of dye-sensitized solar cells (DSSCs) by
Gritzel and co-workers in 1991, DSSCs have received
considerable attention because of their high incident solar
light to electricity conversion efficiency and low cost of
production. Recently, in order to increase power conversion
efficiency, much research has focused on the development of
new metal-free organic dye sensitizers.*”) In particular,
donor—acceptor m-conjugated (D-m-A) dyes with both the
electron-donating (D) and electron-accepting (A) groups
linked by a m-conjugated bridge that exhibits broad and
intense absorption, are proposed as one of the most promising
organic dye sensitizers. The spectral features of the p-m-A
dyes are associated with the intramolecular charge transfer
(ICT) excitation from the donor to the acceptor moiety of the
dye, thus leading to efficient electron transfer from the
excited dye through the acceptor moiety into the conduction
band (CB) of TiO,. Most of the D-m-A dyes, such as
coumarins, polyenes, thiophenes, and indolines, have dialkyl-
amine or diphenylamine moieties as electron donor, and
carboxylic acid, cyanoacrylic acid, or rhodanine-3-acetic acid
moieties that act as electron acceptors as well as anchoring
groups for attachment to a TiO, surface.””! The carboxyl
group enables good electronic communication between the
dye and TiO, by forming a strong ester linkage with the TiO,
surface. However, development of new D-m-A dyes for
DSSCs is limited as long as the carboxyl group is employed
as an anchor and electron acceptor. To create new and
efficient D-n-A dyes for DSSCs, an new molecular design such
as formation of a strong interaction between the electron-
accepting moiety of sensitizers and TiO, surface is required.

Herein, we propose the use of a pyridine ring as an
electron-withdrawing and anchoring group in place of a
conventional carboxy group. We have demonstrated that the
newly developed D-m-A fluorescent dyes NI3-6 with a
pyridine ring can adsorb onto a TiO, surface by strong
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coordinate bonding between the lone pair of electrons on the
nitrogen atom of the pyridine, and the Lewis acid sites of TiO,
to give electron injection efficiencies comparable to or higher
than those for NI1 and NI2 where the pyridine ring is replaced
with carboxyphenyl group (Scheme 1; see the Supporting
Information for the detailed synthetic procedures).

The absorption and fluorescence spectra of NI1-6 in 1,4-
dioxane are shown in Figure 1 and their spectral data are
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Scheme 1. Chemical structures of p-r-A fluorescent dyes NI11-6.
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Figure 1. Absorption (-----) and fluorescence (——) spectra of NI1-6
in 1,4-dioxane.
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Table 1: Optical and electrochemical data, HOMO and LUMO energy levels, and DSSC performance parameters of NI1-6.

Dye A [nm]? Aew [NM]® B2 VP HOMO [V LUMO [V]?  Molecules/em®™  J [mAcm ™V, [mV]¥  Fill 7 [%6]9
(M Tem™)  (Dp) factort®
NIT 374 (34900) 438 (0.89) 0.30 0.93 —2.12 5.3x10' 1.99 516 0.59 0.60
10.4x10% 2.96 503 0.61 0.91
NI2 376 (34300) 442 (0.87) 0.37 1.00 —-2.03 4.8x10'"° 1.80 517 0.60 0.56
10.8x10'¢ 3.07 520 0.61 0.97
NI3 372 (30200) 423 (0.83) 0.34 0.97 —-2.15 4.9x10' 3.16 524 0.63 1.04
NI4 375 (33000) 423 (0.84) 0.39 1.02 -2.07 4.7x10' 3.35 522 0.62 1.15
NI5 394 (48100) 465 (0.60) 0.30 0.93 —-1.93 7.9%x10% 5.80 540 0.60 1.89
NI6 396 (49600) 464 (0.58) 0.34 0.97 -1.87 8.0x10' 5.63 548 0.60 1.84

[a] In 1,4-dioxane. [b] Half-wave potentials for oxidation (E,,*) vs. Fc/Fc* were recorded in CH,Cl,/Bu,NCIO, (0.1 m) solution. [c] Potentials recorded
vs. the NHE. [d] Adsorption amount per unit area of TiO, film was controlled by the immersion time of TiO, electrode in the dye solution. [e] The
photocurrent-voltage characteristics were measured under a simulated solar light conditions (AM 1.5, 100 mWcm™?).

summarized in Table 1. All the dyes show two absorption
maxima: the band at around 300-315 nm is ascribed to a m—
st* transition, and the band at around 370-400 nm is assigned
to the ICT excitation from the donor (diphenylamino group)
to the acceptor (carboxyphenyl group for NI and NI2 and
pyridine ring for NI3-6). The ICT bands of NI5 and N16 occur
at a wavelength that is approximately 20 nm longer than those
of NI1-4. Furthermore, the molar extinction coefficients (¢)
for the ICT bands of NIS and NI6 are approximately
50000m 'cm™ higher than the values of 30000-
35000m 'cm™' for NI1-4. These results show that the
introduction of thiophene unit onto the carbazole skeleton
expands the m conjugation in the dye and thus results in the
red-shift of absorption maximum and enhancement of the
extinction coefficient. The corresponding fluorescence max-
imum (4,,) occurs at around 420-465 nm. The fluorescent
dyes NI1-4 (@ = 0.85) exhibit a higher fluorescence quantum
yield @ than those of NI5 and NI6 (P~ 0.6).

Absorption spectra of the dyes adsorbed on TiO, nano-
particles are shown in Figure 2 (see the Supporting Informa-
tion for details of the measurements). The absorption peak
wavelengths (1,,,) are red-shifted by approximately 10 nm for
NI1 and NI12, 25 nm for NI3 and NI4, and 30 nm for NIS and
NI6 compared with those in 1,4-dioxane. Chenodeoxycholic
acid (CDCA) has been employed as a coadsorbent to prevent
dye aggregation on the TiO, surface. When CDCA is
coadsorbed with NI3-6 on TiO,, the absorption peak wave-
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Figure 2. Absorption spectra of a) NI, NI3, and NI5 and b) NI2, NI4,
and N16 adsorbed on TiO, nanoparticles with (—) and without
(-----) CDCA as coadsorbent. The y axis is expressed in terms of the
Kubelka-Munk equation K/S= (1-R)*/2 R, where K is the absorption
coefficient, S is the scattering coefficient, and R is the fractional
reflectance.
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lengths are blue-shifted by approximately 10 nm for NI3 and
NI4 and 20 nm for NI5 and NI6, although the peak wave-
lengths are still red-shifted compared with those in 1,4-
dioxane. In contrast, the absorption peak wavelengths of NI1
and NI2 adsorbed on TiO, with coadsorption of CDCA are
similar to those in 1,4-dioxane. These results show that the
red-shifts of NI3-6 adsorbed on TiO, are due to the strong
interaction between the dyes and TiO, surface.

The electrochemical properties of all the dyes were
determined by cyclic voltammetry (CV; see Figure S1 and
Table S1 in the Supporting Information for the electrochem-
ical properties). The oxidation peaks of NI1-6 were observed
at 0.34-0.42 V versus ferrocene/ferrocenium (Fc/Fc*) and the
corresponding reduction peaks appeared at 0.26-0.35 V, thus
showing that the oxidized states of all the dyes are stable. The
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels of all
the dyes were evaluated from the spectral analyses and the
half-wave potentials for oxidation of NI1-6 (E,*=0.30-
0.39 V). The HOMO energy levels for NI1-6 were 0.93—
1.02 V versus the normal hydrogen electrode (NHE), thus
indicating that all the dyes have similar HOMO energy levels
that are more positive than the I;7/I" redox potential (0.4 V).
This property assures an efficient regeneration of the oxidized
dyes by electron transfer from I7/I;~ redox couple in the
electrolyte. The LUMO energy levels of the dyes were
estimated from E;,” and an intersection of absorption and
fluorescence spectra (407 and 409 nm (3.05 and 3.03 eV) for
NI1 and NI2, 398 and 401 nm (3.12 and 3.09 eV) for NI3 and
NI4, and 434 and 436 nm (2.86 and 2.84 eV for NI5 and N16),
which correspond to the energy gap between the HOMO and
the LUMO. The LUMO energy levels of NI1-6 were —2.12,
—2.03, —2.15, —2.07, —1.93, and —1.87 V, respectively. Evi-
dently, these levels are higher than the energy level of the CB
of TiO, (—0.5V), so that these dyes can efficiently inject
electrons to the TiO, electrode.

The MO calculations (AM1 and INDO/S)!"*!!) showed
that the absorption bands of these dyes were mainly assigned
to the HOMO-LUMO transition, where HOMOs were
mostly localized on the diphenylamino-carbazole moiety for
NI1-4 and the diphenylamino-thiophenyl-carbazole moiety
for NIS and NI6, and LUMOs were mostly localized on the
carboxyphenyl-carbazole moiety for NI1 and NI2, the
pyridinyl-carbazole moiety for NI3 and NI4, and the pyr-
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Figure 3. a) HOMO and LUMO of NI1, NI3, and NI5. The red and
blue lobes denote the positive and negative phases of the coefficients
of the molecular orbitals. The size of each lobe is proportional to the
MO coefficient. b) Calculated electron density changes accompanying
the first electronic excitation of NI1, NI3, and NI5. The black and
white lobes signify decrease and increase in electron density accom-
panying the electronic transition, respectively. The areas indicate the
magnitude of the electron density change. H light blue, C green,

N blue, O red, and S gold.
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Figure 4. FTIR spectra of dye powders (-----) and dyes adsorbed on
TiO, nanoparticles (—) for a) NI, b) NI2, ¢) NI3, d) N14, e) NI5,
and f) NI6.

Angew. Chem. 2011, 123, 75677571

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

idinyl-thiophenyl-carbazole moiety for NIS and NI6 (Fig-
ure 3a), thus suggesting a strong ICT nature upon irradiation
(Figure 3b).

Figure 4 shows the FTIR spectra of the dye powders and
the dyes adsorbed on TiO,. For the powders of NI1 and NI2,
the C=O0 stretching band of carboxy group was observed at
1680 cm~'. When the dyes were adsorbed on TiO, surface, the
C=0 stretching band at 1680 cm™' disappeared. The obser-
vations indicate that the carboxy groups of the dyes form an
ester linkage with TiO, surface.'"? On the other hand, the
characteristic stretching bands for C=N or C=C were clearly
observed at around 1590, 1490, and 1460 cm ™ for all the dye
powders. In the FTIR spectra of NI3-6 adsorbed on TiO,, a
new band appeared at around 1615 cm ', which is assigned to
the pyridine ring coordinated to the Lewis acid sites of the
TiO, surface.'*! This band indicates that the dyes NI1 and
NI2 are adsorbed on the TiO, surface by the ester linkage
alone at Brgnsted acid sites (surface-bound hydroxy groups),
whereas the dyes NI3-6 are predominantly adsorbed on the
TiO, surface by coordinate bonding at the Lewis acid sites
(exposed Ti"* cations). The strong coordinate bonding is
responsible for the large red-shift of the absorption peak for
NI3-6 adsorbed on TiO, (Figure 2).

The DSSCs were prepared by using the dye-adsorbed
TiO, electrode, platinum-coated glass as a counter electrode,
and an solution of 0.05M iodine, 0.1Mm lithium iodide, and 0.6 M
1,2-dimethyl-3-propylimidazolium iodide in acetonitrile as
electrolyte. The photocurrent-voltage (I-V) characteristics
were measured under simulated solar light conditions
(AM 1.5, 100 mWcm™2). The I-V curves and the incident
photon-to-current conversion efficiency (IPCE) spectra are
shown in Figure 5. The photovoltaic performance parameters
of DSSCs based on the dyes NI1-6 are given in Table 1. The
short-circuit photocurrent density (/) and solar energy-to-
electricity conversion yield (1, %) for NI3 (3.16 mAcm 2,
1.04%) and NI4 (3.35 mAcm 2 1.15%) are similar to those
for NI1 (296 mAcm2, 0.91%) and NI2 (3.07mAcm?
0.97 % ), when comparisons are made at maximum adsorption
amounts of dyes adsorbed on TiO, (10.4x 10", 10.8 x 10",
4.9x10', and 4.7 x 10'® molecules per cm?* for NI1, N12, NI3,
and NI4, respectively) when using 1 x 10~*M dye solutions in
THF. The open-circuit photovoltages (V,.) for NI1-4 are
503 mV, 520 mV, 524 mV, and 552 mV, respectively, which
were slightly different among the four dyes. The maximum
IPCE values of NI1-4 (47-55%) are in good agreement.
Interestingly, when comparisons are made for similar
amounts of dyes adsorbed on TiO, (5.3x10', 4.8x10',
4.9%10', and 4.7 x 10'® moleculescm ™ for NI1, N12, NI3, and
NI4, respectively), the J,. and 5 values increase in the order of
NI2 (1.80 mA cm 2, 0.56 %)~ NI1 (1.99 mA cm 2, 0.60%) <
NI3 (3.16 mAcm 2, 1.04%) ~NI4 (3.35 mAcm % 1.15%). As
shown in Figure 6, this result indicates that the formation of
strong coordinate bonding between the pyridine ring of dyes
NI3 and NI4 and the Lewis acid sites of the TiO, surface leads
to an efficient electron injection owing to good electronic
communication, rather than the formation of an ester linkage
between the dyes NI1 and IN2 and the Brgnsted acid sites of
TiO, surface. However, the maximum amounts of dyes
adsorbed on TiO, for NI3 and NI4 are about half the
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Figure 5. a) IPCE spectra and b) I-V curves of DSSCs based on NI1-6. The

amounts of adsorbed dyes on TiO, film are 10.4x10'® (NI1), 10.8x 10"
(NI12), 4.9%10' (NI3), 4.7x10'® (NI4), 7.9%10' (NI5), and

8.0x 10" molecules per cm? (NI6). 9 um thick TiO, electrodes were used.

CDCA was not employed. The same color code is used in (a) and (b).

Figure 6. Configurations of a) NI1 and b) NI3 on the TiO, surface.
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amounts of those for NI1 and NI2 because there are fewer
Lewis acid sites on the TiO, surface than Brgnsted acid
sites. On the other hand, the J,. and # values for NIS
(5.80mAcm™2 1.89%) and NI6 (5.63 mAcm 2, 1.84%)
are larger than those for NI3 and NI4. The maximum
IPCE values of 65-70% for both NIS and NI6 were
observed in the range from 410 to 470 nm. The relatively
high photovoltaic performances of NIS and NI6 are
attributed to both the red-shift of the absorption band
and the good balance between the LUMO level of the dye
and the energy level of the CB of TiO, by the introduction
of a thiophene unit to the m-conjugation system of the
dye. Thus, our results demonstrate that the dyes NI3-5
can inject electrons efficiently from the pyridine ring as
electron-withdrawing anchoring group to the CB of the
TiO, electrode through the strong coordinate bonding
with the Lewis acid site of the TiO, surface.

In conclusion, we have designed and synthesized
fluorescent dyes NI3-NI6 with a pyridine ring as electron-
withdrawing anchoring group as new D-n-A dye sensi-
tizers for DSSCs. We demonstrate that the formation of
coordinate bonding between the pyridine ring of NI3-NI6

Ni1

Ni2

NI3

Ni4

NI5

NI6

and the Lewis acid sites of TiO, surface leads to an
efficient electron injection arising from good electronic
communication, rather than the formation of an ester
linkage between NI1 and NI2 and the Brgnsted acid sites
of TiO, surface. Thus, we propose that the formation of a
coordinate bond between the pyridine ring and the Lewis
acid site of TiO, surface can be a promising candidate for
electron-withdrawing anchoring group in new D-ni-A dye
sensitizers for DSSCs.
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