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Abstract: Panchromatic RuII sensitizers TF-30–TF-33 bearing
a new class of 6-quinolin-8-yl-2,2’-bipyridine anchor were
synthesized and tested under AM1.5 G simulated solar irradi-
ation. Their increased p conjugation relative to that of the
traditional 2,2’:6’,2’’-terpyridine-based anchor led to a remark-
able improvement in absorptivity across the whole UV–Vis–
NIR spectral regime. Furthermore, the introduction of a bulky
tert-butyl substituent on the quinolinyl fragment not only led to
an increase in the JSC value owing to the suppression of dye
aggregation, but remarkably also resulted in no loss in VOC in
comparison with the reference sensitizer containing a tri-
carboxyterpyridine anchor. The champion sensitizer in DSC
devices was found to be TF-32 with a performance of JSC =

19.2 mAcm�2, VOC = 740 mV, FF = 0.72, and h = 10.19%. This
6-quinolin-8-yl-2,2’-bipyridine anchor thus serves as a proto-
type for the next generation of RuII sensitizers with any
tridentate ancillary.

The establishment of a low-carbon society requires emerging
renewable energy sources, for which third-generation photo-
voltaic technology, such as dye-sensitized solar cells, is
considered to be one of the best candidates.[1] To date,
ruthenium(II)-based sensitizers, such as {(C4H9)4N}2[Ru-
(Hdcbpy)2(NCS)2] (N719; dcbpy = 4,4’-dicarboxy-2,2’-bipyri-
dine), {(C4H9)4N}3[Ru(Htctpy)(NCS)3] (black dye or N749;
tctpy = 4,4’,4’’-tricarboxy-2,2’:6’,2’’-terpyridine),[2] and func-
tionalized derivatives,[3] have received the greatest amount
of academic and industrial attention, and have exhibited
conversion efficiencies among the highest reported for

sensitizers with optimal device stability. However, for prac-
tical use, the current records of device efficiency still must be
improved upon; better sensitizers are therefore urgently
needed to push forward the frontiers of this field of
research.[4] Naturally, ingenious dye design is required for
maximizing the conversion efficiency (h), the short-circuit
current (JSC), and the open-circuit voltage (VOC).[5] To over-
come this challenge, panchromatic sensitizers are needed with
high absorptivity extending well into the near-infrared (NIR)
regime to harvest a wider coverage of solar irradiation for
a higher photocurrent. Simultaneously, sensitizer structures
can be modified and cell designs optimized to suppress the
dark current and maintain the high open-circuit voltage
necessary for outstanding cells.

The fulfillment of all of these goals, however, is far from
trivial. In the case of the black dye, the lowest-lying
absorption-band maximum is located at 606 nm with
a shoulder extending down to approximately 800 nm. These
absorptions are assigned to the spin-allowed and spin-
forbidden metal-to-ligand charge-transfer transitions, that is,
1MLCT and 3MLCT, respectively.[2a] This and similar dyes
generally have inferior absorptivity. As a result, it is necessary
to fabricate cells with thicker TiO2 layers to maximize the
short-circuit current. However, this strategy generally results
in a trade-off in the form of a lower device voltage VOC.[6] The
situation was somewhat improved in a class of thiocyanate-
free sensitizers, including TF-1 (Scheme 1), the absorption

bands of which were slightly more intense in both the higher-
energy and NIR regions of the spectrum. However, the
absorptivity was unexpectedly low (as compared with that of
black dye) in the spectral range of 550 to 700 nm (Figure 1).[7]

In this study, with the goal of finding a better molecular
design, we turned to the 6-quinolin-8-yl-2,2’-bipyridine
anchor, Qbpy, which was expected to show greater chelate
p conjugation relative to that of the traditional 2,2’:6’,2’’-

Scheme 1. Structures of black dye and TF-1.
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terpyridine anchor and derivatives[8] and hence to afford
sensitizers with higher transition dipole moments, that is,
absorptivity, for the corresponding p–p* and MLCT transi-
tions. Chemically, the Qbpy anchors were also expected to be
superior to bipyridine anchors with either carboxy-substituted
alkenyl or thienyl appendages;[9] the latter lack the necessary
rigidity to suppress the fast nonradiative deactivation path-
ways despite their lower-lying absorption band in the NIR
region. Moreover, the nitrogen atoms of the terminal-
pyridine and quinoline moieties of Qbpy were expected to
align in a linear fashion to ensure a higher d–d excited-state
energy (as in the case of terpyridine) and less quenching.[10] In
fact, advances in 2,6-bis(8-quinolinyl)pyridine RuII complexes
showed a record-breaking 3.0 ms lifetime for the emission at
700 nm at room temperature.[11] These factors support the use
of Qbpy-type anchors for future high-performance ruthe-
nium(II)-based sensitizers.

The targeted anchor required a key starting material,
namely, functional 8-bromoquinolines Q30–Q33, which were
prepared by the Skraup reaction.[12] These compounds were
then converted into the corresponding tributylstannyl deriv-
atives, which were treated with diethyl 6-bromo-2,2’-bipyr-
idine-4,4’-dicarboxylate under Stille cross-coupling conditions
to affording the Qbpy anchors L30–L33 (Scheme 2). Next, the
RuII complexes were obtained from the reaction of L30–L33
with RuCl3·3 H2O, followed by treatment with 2,6-bis(3-
trifluoromethyl-5-pyrazolyl)pyridine for incorporation of
the ancillary chelating ligand. The crude ethoxycarbonyl
RuII materials were then purified by column chromatography
on silica gel. Finally, the ethoxycarbonyl groups were hydro-
lyzed in a mixture of acetone and a 2m solution of NaOH at
room temperature. The resulting RuII sensitizers TF-30–TF-
33 were precipitated by adjusting the pH value of the solution
to about pH 3, followed by rinsing with water and acetone,
and drying in vacuo. Experimental details are provided in the
Supporting Information.

The absorption spectra of reference sensitizer TF-1 and
novel quinolinyl sensitizers TF-30–TF-33 in solution in DMF
are depicted in Figure 1 together with that of black dye for

a fair comparison. The pertinent numerical data for all
samples are summarized in Table 1. These TF-3x dyes showed
intense visible absorption bands down to 800 nm; the lower-
energy bands were assigned to the metal-to-ligand charge
transfer (MLCT) of the Qbpy anchor, together with a con-
tribution from ligand-to-ligand charge transfer (LLCT)
originating from the ancillary. Notably, the absorptions for
the TF-3x sensitizers displayed the combined advantages of
both black dye and TF-1, that is, much superior optical
responses in the regime spanning the far-visible and NIR
regions; such optical responses have never been documented
for RuII sensitizers with the tctpy class of anchors.[8, 13] The
associated spectral assignment was further supported by
theoretical calculations (see details in the Supporting Infor-
mation and discussion below). Prominent NIR emission was
observed for TF-3x sensitizers, with peak wavelengths at 820–
850 nm. In this approach, a TF-3x concentration of less than
10�5

m was utilized to avoid intermolecular H bonding
through carboxylic groups and/or p–p stacking between
quinolinyl fragments (see below). The emission lifetimes of
several tens of nanoseconds (Table 1), together with the
favorable driving force, as supported by electrochemical
measurements, ensure efficient electron injection into the
TiO2 electrode.

Cyclic voltammetry was conducted to ensure that the
ground- and excited-state oxidation potentials (E8’ and E8’*)
of the TF-3x sensitizers were more positive than the redox
potential of the electrolyte (I�/I3

� : 0.4 V vs. NHE)[14] and
more negative than the conduction-band potential of TiO2

(ca. �0.5 V vs. NHE), respectively. The recorded E8’ values
appeared in the range 0.82–0.85 V (vs. NHE), whereas the
E8’* values were between �0.90 and�0.85 V (Table 1). These
sets of values both fit the requirement for optimal device
operation.

Figure 1. UV/Vis absorption spectra of various RuII sensitizers in DMF.
Inset: spectra of RuII sensitizers adsorbed on 6 mm transparent TiO2

thin film.
Scheme 2. TF-30: R1 = H; R2 = CO2H, TF-31: R1 = R2 = H, TF-32:
R1 = H; R2 = tBu, TF-33: R1 = tBu; R2 = H. Synthetic protocols:
a) sodium m-nitrobenzenesulfonate, FeSO4·7H2O, glycerol, CH3SO3H,
135 8C; b) Sn2nBu6, [PdCl2(PPh3)2] , toluene, reflux; c) diethyl 6-bromo-
2,2’-bipyridine-4,4’-dicarboxylate, [PdCl2(PPh3)2] , CuI, CsF, DMF,
110 8C; d) RuCl3·3 H2O, EtOH, reflux; e) 2,6-bis(3-(trifluoromethyl)-5-
pyrazolyl)pyridine, KOAc, toluene, reflux; f) 2m NaOH, acetone, RT.
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The performance of these sensitizers was then examined
in dye-sensitized solar cells (DSCs), the construction of which
is detailed in the Supporting Information. The incident-
photon-to-current conversion efficiencies (IPCEs) of these
DSC devices are shown in Figure 2 a, and the numerical data
describing the performance of the DSCs are listed in Table 2.
In sharp contrast to black dye with an IPCE onset at
approximately 900 nm,[15] all recorded IPCE onsets of these
TF-3x sensitizers were close to about 820 nm. The IPCE rose
steeply to 80% at approximately 720 nm for TF-32 and TF-33,
whereas the other TF-3x sensitizers showed notably inferior
IPCE values under the same conditions. As evidenced by its
absorption spectrum (Figure 1), TF-1 is hampered by its poor
absorptivity relative to that of the investigated TF-3x series in

the 450–700 nm region, owing to the
difference between the Qbpy and
terpyridine anchors. Time-depen-
dent DFT (TD-DFT) calculations
revealed that the lowest-lying
HOMO!LUMO transition (in
the singlet manifold) for TF-3x
mainly involves RuII!Qbpy
(MLCT) and 2,6-bis(pyrazolyl)pyr-
idine!Qbpy (LLCT) transitions.
However, except for partial
involvement in TF-30, the quino-
linyl moiety does not contribute

significantly to this lowest-lying transition. Instead, the
contribution of the quinolinyl moiety is ubiquitously seen in
other higher-lying exited states between 500 and 700 nm for
all of the TF-3x series (see Figure 3 for TF-30 and 32; see the
Supporting Information for the other complexes). Thus, the
extended p conjugation of Qbpy is the reason for the greater
absorptivity of all TF-3x sensitizers as compared to TF-1 and
related sensitizers.

As for TF-30, owing to the carboxylic substituent R2

(Scheme 2), the lowering in energy and thus partial contri-
bution to the LUMO of the quinolinyl moiety is expected.
However, in contrast to the carboxylic groups in the pyridine
moieties, the calculations for TF-30 revealed that the
contribution of the R2 carboxylic group to the LUMO is
negligible (see Figure 3). Therefore, if two carboxylic groups
are required for anchoring to the TiO2 nanoparticles, as
established for black dye,[16] statistically, half of the TF-30
units on TiO2 should be anchored through the R2 carboxylic
group; furthermore, such an arrangement would suffer from
a twisted configuration. Accordingly, the electron-coupling
matrix is expected to be smaller, which offers one possible
rationale for the inferior performance of TF-30. The lowered

Table 1: Photophysical and electrochemical data for the studied TF-3x sensitizers.[a]

Dye Abs. lmax [nm]
(e [103 Lmol�1 cm�1])

lem

[nm]
t

[ns]
E8’
[V][b]

E0–0

[V][c]
E8’*
[V][c]

black dye 398 (9.3), 525 (5.5), 599 (7.7) 806 94 0.88 1.67 �0.79
TF-30 404 (14), 523 (9.6), 656 (3.9) 823 31 0.85 1.70 �0.85
TF-31 403 (13), 521 (8.8), 653 (3.7) 840 22 0.83 1.70 �0.87
TF-32 404 (15), 519 (10), 647 (4.5) 835 105 0.82 1.72 �0.90
TF-33 402 (15), 516 (10), 650 (4.4) 842 32 0.82 1.71 �0.89

[a] Absorption spectra, emission peak maxima, and lifetime were measured in solution in DMF. [b] The
oxidation potential of dyes was measured in DMF in the presence of [Bu4N][PF6] (0.1m) and with a scan
rate of 50 mVs�1. It was calibrated with Fc/Fc+ as an internal reference and converted to the normal
hydrogen electrode (NHE) by the addition of 0.63 V. [c] E0–0 was determined from the intersection of the
absorption and tangent of the emission peak in DMF. E8’* = E8’�E0–0.

Figure 2. a) IPCE spectra and b) J–V characteristics measured for DSCs
sensitized with various TF-3x sensitizers under AM1.5 solar irradiation.

Table 2: Performance of DSCs as measured under AM1.5 G simulated
solar irradiation.[a]

Sensitizer JSC

[mAcm�2]
VOC

[V]
FF h

[%]
Dye loading[b]

[10�7 molcm�2]

black dye 19.6 660 0.71 9.22 –
TF-1 17.6 720 0.72 9.15 2.01
TF-30 17.2 670 0.71 8.18 1.42
TF-31 19.3 650 0.70 8.76 1.63
TF-32 19.2 740 0.72 10.19 1.23
TF-33 19.4 730 0.71 10.04 1.44

[a] All devices were fabricated with (15 + 7) mm TiO2 anodes and with
a projected area of 5 � 5 mm2. The dye (0.3 mm) was dissolved in
absolute ethanol and tBuOH (v/v, 1:1) with tetrabutylammonium
deoxycholate [TBA][DOC] (2 equiv). The device performance was
measured by using a black metal mask with a square aperture of size
4 � 4 mm2. The electrolyte consisted of DMPII (1,2-dimethyl-3-propyl-
imidazolium iodide) (0.6m), LiI (0.05m), I2 (0.05m), and tBP (4-tert-
butylpyridine) (0.5m) in acetonitrile. [b] The value was calculated from
the MLCT band ratio for the solution of the desorbed dye versus
a 0.01 mm reference solution in mixed MeOH and water (v/v, 1:1) in the
presence of [TBA]OH (0.1m).

.Angewandte
Communications

180 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 178 –183

http://www.angewandte.org


IPCE of TF-31, from a structural point of view, could be due
to unwanted intermolecular p–p stacking between the
quinolinyl substituents. Support for this hypothesis was
obtained by single-crystal X-ray structural analysis of the
esterified derivative TF-31Et, for which an interplanar
contact of 3.298 � between the quinolinyl fragments was
estimated (see Figures S3 and S4 in the Supporting Informa-
tion). Therefore, the interaction of TF-31 with the TiO2

surface might hamper somewhat the electron injection.
Conversely, the bulky tert-butyl substituents in both TF-32
and TF-33 inhibit this intermolecular stacking and provide
a higher IPCE, as observed.

Figure 2b shows the photocurrent-density–voltage curves
recorded for the DSC devices under simulated sunlight
(AM1.5 G) at a light intensity of 100 mWcm�2. The sensi-
tizers TF-32 and TF-33 showed the best set of data among all
the sensitizers tested. Although the conversion efficiencies of
TF-32 and TF-33 (h = 10.19 and 10.04%) are slightly lower
than that of the best DSC performance recorded for

cosensitized black dye (certified: 11.4%; uncertified:
11.8%)[17] and for C106 (uncertified: 11.7%),[18] our data
are outstanding as they show a trend upon systematic changes
to the TF-3x structure. Moreover, the tert-butyl group
accomplished its intended function of suppressing the dark
current[19] to give the highest observed VOC value (740 mV)
for the present system. The slightly lower JSC value of
19.2 mAcm�2 for TF-32 relative to 19.4 mAcm�2 for TF-33
could be due to a positional effect of the tert-butyl group, but
the exact cause remains unclear at this time.

Charge-transfer processes in these devices were inves-
tigated on the basis of transient spectroscopic measurements.
To help us understand the factors that affect the observed
VOC value, we conducted charge-extraction and transient-
photovoltage (TPV) measurements.[20] Charge-extraction
experiments indicated similar TiO2 conduction-band edges
for all devices except for TF-31 (Figure 4). This difference can
be understood in terms of more adsorption of the tBP
additive on the TiO2 surface in the case of TF-31.[21] Among
the sensitizers, TF-31 is anchored through the least bulky
Qbpy chelate. Therefore, the intermolecular p–p stacking
between the quinolinyl substituents (see above) induces
packing and hence congestion of TF-31 on the TiO2 surface.
The net result may be the creation of a larger void/extra space

Figure 3. Experimental (solid line) and TD-DFT calculated (dashed line
obtained with a Gaussian convolution with s= 0.2 eV) absorption
spectra of sensitizers im DMF: a) TF-30 and b) TF-32. Also depicted
are the TD-DFT calculated absorption wavelengths (vertical lines) and
the relative transition probability (magnitude of vertical lines). Selected
frontier orbitals (pink: occupied orbital, yellow: unoccupied orbital)
that contribute to the major transitions are also shown.

Figure 4. a) TiO2 electron density versus voltage deduced from charge-
extraction measurements and b) electron lifetime t versus TiO2

electron density deduced from transient photovoltage measurements
for DSC devices containing TF sensitizers.
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in TiO2 to facilitate tBP access to the TiO2 surface, thus raising
the tail of the conduction band in the TF-31 device. Transient
photovoltage data subsequently showed that TF-1, TF-32, and
TF-33 have almost identical electron lifetimes, and this
characteristic coupled to the similar electron densities
explains their higher VOC values of 720–730 mV. Moreover,
the electron lifetimes show the blocking effect of the bulky
tert-butyl substituents on TF-32 and TF-33. Although the TF-
31 device has the shortest electron lifetime owing to the
fastest charge recombination, the fact that its conduction
band edge is shifted further upwards as compared to the other
devices explains why its VOC value is comparable to that of the
TF-30 device with its longer electron lifetime. Transient
absorption measurements were used to measure regeneration
in TF-3x devices by the I�/I3

� electrolyte. The regeneration
half-life (t50%) was found to be almost exactly the same for all
devices (70–80 ms; see the Supporting Information), which is
consistent with the similar ground-state oxidation potential
for all dyes in the series.

Finally, the device stability of TF-3x sensitizers was
investigated. In this study, the lifespan of solar cells fabricated
with TF-32 on a (15 + 7) mm TiO2 electrode was carefully
examined by long-term accelerated aging under accelerated
visible-light soaking at 60 8C. After illumination for 1000 h,
the efficiency changed only slightly: The JSC value changed
from 17.6 to 17.8 mAcm�2, the VOC value from 720 to 690 mV,
the fill factor (FF) from 0.67 to 0.71, and the h value from 8.51
to 8.75 % (see Figure S9). This stability indicates the practical
advantage of RuII sensitizers with this new class of Qbpy
anchor.

In conclusion, we have strategically designed and synthe-
sized a series of RuII sensitizers bearing novel Qbpy tridentate
anchors. Qbpy offers never before reported advantages over
the existing tctpy anchor of black dye. The elongation of the
quinoline p conjugation greatly increases the absorptivity at
higher-lying states covering the visible to NIR regions; on the
other hand, the structural rigidity partially inhibits the
nonradiative deactivation of the sensitizer and allows for
rapid electron injection. These characteristics, in combination
with the 2,6-bis(pyrazolyl)pyridine ancillary, establish a bis-
(tridentate) RuII motif with superior structural stability and
panchromatic absorptivity. A DSC device based on the
representative sensitizer TF-32 afforded a remarkable DSC
performance of JSC = 19.2 mA cm�2, VOC = 740 mV, FF = 0.72,
and h = 10.19%. Thus, this Qbpy anchor could be utilized to
replace the tctpy anchor of black dye[2a] and/or to derivatize
the recently reported triplet RuII sensitizers featuring the
same tctpy anchor and coordinated phosphines.[22]
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