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Four novel cyclometalated iridium(Ill) complexes with the following general formulas were syn-
thesized and characterized using 'H NMR, {H-'H} COSY, ESI-MS spectral and elemental analysis
data: [Ir(C"N~C)(ptpy-COOH)]* (C"N~C=2,6-diphenylpyridinato (1); 2,4,6-triphenylpyridinato (2),
ptpy-COOH =4'-(4-carboxyphenyl)-2,2':6',2“-terpyridine) and [Ir(C*"N"C)(tpy-COOH)]* (C"N"C=2,6-
2,6-ditolylpyridinato (4), tpy-COOH =4'-carboxy-2,2":6',2"-terpyridine). The
photophysical and redox properties and photovoltaic performance of the Ir(lll) complexes as pho-
tosensitizers in nanocrystalline TiO,-based solar cells were studied and compared to those of
cis-diisothiocyanatobis(4,4’-dicarboxy-2,2’-bipyridine)ruthenium(Il) (N3). Dye 4 exhibits the highest
photovoltaic performance with an overall solar energy conversion efficiency of 2.16%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted considerable
attention because they use inexpensive absorber materials for the
conversion of sunlight into electricity [1-6]. The most efficient
devices have used Ru(Il) polypyridine complexes, whose lowest
energy excited states are metal-to-ligand charge transfer (MLCT)
states, and possess carboxyl groups for anchoring on nanocrys-
talline TiO, surface [7-12].

Compared with other transition metal complexes, cyclometa-
lated Ir(Ill) complexes have attracted great attention because of
the strong spin-orbit coupling of the Ir ion, high quantum yield
in organic solvent, and tunable emission wavelengths from blue to
red. Additionally, it has been reported that the cyclometalated Ir(III)
complexes such as [Ir(C*"N),(N~N)]* (C"N =cyclometalating ligand,
N”N = polypyridine) have both MLCT and ligand-to-ligand charge
transfer (LLCT) bands [13-17]. The combination of cyclometalating
ligands with a third-row metal ion may result in enhanced mixing
of the singlet and triplet excited states via spin-orbit coupling and
reduced Stokes shifts between absorption and emission maxima
in complexes where the lowest excited state is MLCT or LLCT in
character [14,15]. Especially, for an LLCT transition, it is expected
that increased spatial separation of the dye cation from the elec-
trode surface may be possible without significantly affecting the
injection efficiencies provided the electron injection occurs from an
LLCT state to the TiO, conduction band [15]. Additionally, through
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variation in the nature of the cyclometalating ligand, members of
this family of Ir(Il) complexes may be shown to span a wide range
of the visible spectrum.

The lifetimes of cyclometalated Ir(Ill) complexes are as long
as those of compounds that are used in organic light-emitting
diodes (OLEDs) [16,17]. What is more, some cyclometalated Ir(IIl)
complexes are known to have significantly longer-lived excited
states than [Ru(bpy);]?* [18]. This is expected to be advantageous
for long-range charge-transfer reactions originating from these
states, simply because the inherent excited-state decay processes
are less competitive. In addition, cyclometalated Ir(Ill) complexes
have ground-state formal redox potentials (E°’ for Ir(III/IV) couples)
that are sufficiently positive to oxidized the I3~ /I~ redox couple.
Furthermore, the excited-state formal redox potentials (E°' * for
Ir(IlI/IV) couples) of the Ir dyes are quite similar to the Ru ana-
log, indicating that these complexes should readily inject electrons
into TiO,. Therefore, cyclometalated Ir(Ill) complexes are expected
to possess sufficient driving force for electron injection from the
excited dyes to the TiO, conduction band. However, the reported
device using the cyclometalated Ir(IIl) complex with 2,2’-bipyridine
derivative such as [Ir(ppz).(dcbpy)]* (ppz=1-phenylpyrazolyl,
dcbpy =4,4'-dicarboxy-2,2'-bipyridine) showed insufficient light-
harvesting efficiency because [Ir(ppz),(dcbpy)]* exhibits an
LLCT-based absorption at relatively high energy (455nm) with
a low molar extinction coefficient (700M~!cm~1) [15]. Simi-
larly, a dye-sensitized photoelectrode based on the cyclometalated
Ir(III) complex [Ir(ppy ), (dcbpy)]* (ppy = 1-phenylpyridine) with an
absorption at relatively high energy (413 nm) displayed a small
molar extinction coefficient (2549 M~1 cm~1) that was as high as
2.86% (compared with 6.80% for the ruthenium dye N719) [19].
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To modify the defect, the cyclometalated Ir(Ill) complexes with
terpyridine derivatives were synthesized, indicating that these
complexes have high molar extinction coefficients in the longer-
wavelength region (around 520nm, 10*M-1cm~1) [20,21] and
high power-conversion efficiency. Therefore, because Ir(Ill) com-
plexes with tridentate ligands are definitely superior to those with
bidentate ligands, the former complexes may be applicable as sen-
sitizers for DSSCs.

In this study, we report here on the synthesis and characteri-
zation of four novel cyclometalated Ir(Ill) complexes: [Ir(C*"N"C)
(ptpy-COOH)]* (CAN~C=2,6-diphenylpyridinato (dpp, 1); 2,4,6-
triphenylpyridinato (tpp, 2), ptpy-COOH =4'-(4-carboxyphenyl)-
2,2":6',2"-terpyridine) and [Ir(C*N"C)(tpy-COOH)]* (C"N"C=2,6-
diphenylpyridinato (dpp, 3); 2,6-ditolylpyridinato (dtp, 4), tpy-
COOH =4’-carboxy-2,2':6’,2"-terpyridine). Because the cyclomet-
alating ligands are strong electron-donors, it is interesting to
investigate how these ligands affect the electronic transitions and
redox potentials of complexes 1-4. In addition, we evaluate the
photovoltaic performance of the dye-sensitized photoelectrodes
containing these Ir(Ill) complexes.

2. Experimental
2.1. Materials

IrCl3*3H,0, 2,6-diphenylpyridine (dpp), 2,6-ditolylpyridine
(dtp) and ferrocene were obtained from Wako Pure Chem-
ical Industries. Tetra-n-butylammonium perchlorate (TBAP)
and N-methylpyrrolidone were obtained from Tokyo Chemical
Industry, and TBAP was recrystallized from acetonitorile before
use. Poly(vinylidene fluoride), graphite nanopowder and cis-
diisothiocyanatobis(4,4’-dicarboxy-2,2’-bipyridine)ruthenium(II)
(N3) were obtained from Aldrich. TiO, paste (PECC-KO1) was
obtained from Peccell Technologies. All other reagents and sol-
vents were of guaranteed grade or better and were used as
received.

2.2. Synthesis of compounds

2.2.1. 4'-(4-Methoxycarboxyphenyl)-2,2':6',2“-terpyridine
(ptpy-COOMe)

2-Acetylpyridine (2.68g, 22.1 mmol), 4-formylbenzoic acid
methyl ester (1.78 g, 10.8 mmol), and sodium hydroxide (0.900 g,
22.5 mmol) were mixed in a mortar with a pestle, and the yellow
mixture was ground until it became a brown powder. The pow-
der was transferred to a suspension of ammonium acetate (15.0 g,
excess) in acetic acid (99.7%, 50 mL) and refluxed for 5 h. The crude
product was precipitated from solution via the addition of water,
collected by filtration and washed with water and ethanol. The pre-
cipitate was then recrystallized from CHCl3/ethanol, filtered and
washed with ethanol. Upon drying under vacuum, the desired prod-
uct was obtained as a white solid. Yield: 38%. "H NMR (270 MHz,
CDCl3, 25°C, TMS): § (ppm) 8.76, 2H, s; 8.74, 2H, d (J=4.6 Hz); 8.68,
2H, d (J=8.1Hz); 8.18, 2H, d (J=8.1Hz); 7.96, 2H, d (J=10.8 Hz);
7.89,2H, t (J=8.7Hz); 7.37, 2H, t (J=5.7 Hz); 3.97, 3H, s.

2.2.2. 4'-(2-Furyl)-2,2':6 2" -terpyridine

This compound was synthesized according to minor modifi-
cations of previously published methods [22]. 2-Acetylpyridine
(4.84 g, 40.0 mmol), 2-furaldehyde (1.93 g, 20.0 mmol), and sodium
hydroxide (1.60 g, 40 mmol) were mixed in a mortar with a pestle,
and the yellow mixture was ground until it became a brown pow-
der. The powder was transferred to a suspension of ammonium
acetate (15.0 g, excess) in acetic acid (99.7%, 50mL) and refluxed
for 6 h. The crude product was precipitated from solution via the
addition of water, collected by filtration and washed with water

and ethanol. The precipitate was then recrystallized from chloro-
form/ethanol, filtered and washed with ethanol. Upon drying under
vacuum, the desired product was obtained as a white solid. Yield:
19%. TH NMR (270 MHz, CDCl3, 25°C, TMS): § (ppm) 8.73, 2H, d
(J=5.6Hz); 8.70,2H, s; 8.63,2H,d (J=8.0Hz); 7.88, 2H, t (J=8.3 Hz);
7.60, 1H, m; 7.37, 2H, t (J=6.1Hz); 7.13, 1H, d (J=3.4Hz); 6.57, 1H,
m.

2.2.3. 4'-Carboxyl-2,2':6' 2" -terpyridine (tpy-COOH)

Potassium permanganate (4.95g, 31.3mmol) was added to
a warm mixture of 4'-(2-furyl)-2,2:6',2"-terpyridine (1.06g,
2.42 mmol), tert-butanol (145 mL), and H,O (30 mL). The mixture
was filtered through Celite after heating at reflux for 24 h, and the
filtrate was reduced to ca. 50 mL. The solution was then adjusted to
pH 6-7 with 2 M HCI; the product precipitated and was collected by
filtration. Tpy-COOH was isolated as a white solid. Yield: 48%. 'H
NMR (270 MHz, DMSO-dg, 25°C, TMS): § (ppm) 8.86, 2H, s; 8.76,
2H, d (J=4.1Hz); 8.66, 2H, d (J=8.1Hz); 8.04, 2H, t (J=7.7 Hz); 7.54,
2H, t (J=6.1Hz).

2.2.4. 4'-(4-Methoxycarboxyl)-2,2':6' 2" -terpyridine
(tpy-COOMe)

Sulfuric acid (98%, 1 mL) was added to a suspension of tpy-
COOH (0.456¢g, 1.65mmol) in absolute methanol (150 mL). After
24 h of refluxing, the reaction mixture was allowed to cool to room
temperature. The solution was then adjusted to pH 6-7 with sat-
urated aqueous NaHCOj3 solution and methanol was removed by
evaporation. The white precipitate was filtered and washed with
H,0. Tpy-COOMe was isolated as a white solid. Yield: 97%. 'H
NMR (270 MHz, CDCl3, 25°C, TMS): 6 (ppm) 8.99, 2H, s; 8.75, 2H, d
(J=3.9Hz); 8.62,2H,d (J=7.8Hz); 7.88, 2H, t (J=7.6 Hz); 7.37, 2H, t
(J=5.8Hz); 4.02, 3H, s.

2.2.5. 1-(2-Phenyl-2-oxoethyl)pyridinium iodide

Acetophenone (10.0g, 79.4 mmol) was added to a solution of
I, (10.1g,78.7 mmol) in pyridine (60 mL), and the reaction mixture
was refluxed for 4 h [23]. A precipitate formed upon cooling to room
temperature and was collected by vacuum filtration, washed with
ether to give a light brown solid and dried in air. Yield: 63%. TH NMR
(270 MHz, CDCl3, 25°C, TMS): é (ppm) 9.00, 2H, d (J= 6.5 Hz); 8.74,
1H, dt (J=7.8, 1.2 Hz); 8.28, 2H, t (J=6.8 Hz); 8.07, 2H, m; 7.80, 1H,
m; 7.66, 2H, m; 6.49, 2H, s.

2.2.6. 2,4,6-Triphenylpyridine (tpp)

Ammonium acetate (50.0g, excess) was added to a stirred
solution of 1-(2-phenyl-2-oxoethyl)pyridinium iodide (16.7g,
51.4mmol) and trans-chalcone (12.0g, 54.1 mmol) in methanol
(70mL), and the mixture was refluxed for 4 h [23]. The precipitate
that formed upon cooling was collected by vacuum filtration and
washed with methanol to give a white solid, which was dried in air.
Yield: 38%. "TH NMR (400 MHz, CDCl3, 25 °C, TMS): § (ppm) 8.25, 4H,
d (J=8.5Hz); 7.29, 2H, s; 7.82, 2H, m; 7.51, 9H, m.

2.2.7. [IrCl3(ptpy-COOMe)]

IrCl3-3H,0 (2.16g, 5.54mmol) was added to a solution of
ptpy-COOMe (2.21 g, 6.02 mmol) in DMF (30 mL). The dark brown
reaction mixture was heated at 120°C for 6 h, producing a reddish
brown precipitate that was collected by filtration and washed with
CHCl5 (3 mL x 30 mL), leading to a red powder. Yield: 92%. TH NMR
(270 MHz, DMSO-dg, 25°C, TMS): § (ppm) 9.21, 2H, d (J=4.0Hz);
9.16,2H,s; 8.92,2H,d (J=8.1Hz); 8.29,6H, m; 7.98, 2H, t (J=8.0 Hz);
3.92,3H,s.

2.2.8. [IrCl3(tpy-COOMe)]
This complex was prepared by a procedure identical to that used
to produce [IrCl3(ptpy-COOMe)] except that tpy-COOMe was used
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here instead of ptpy-COOMe. Yield: 79%. TH NMR (270 MHz, DMSO-
de, 25°C,TMS): § (ppm) 9.22, 2H, d (J=5.3 Hz); 9.15, 2H, s; 8.98, 2H,
d (J=8.0Hz); 8.28, 2H, t (J=7.8 Hz); 8.01, 2H, t (J=6.5Hz); 4.07, 3H,
S.

2.2.9. [Ir(dpp )(ptpy-COOH)]CF3S03 (1)

A mixture of [IrCl3(ptpy-COOMe)] (0.326 g, 0.489 mmol), dpp
(0.119¢g, 0.515 mmol), AgNO3 (0.465 g, excess), and 1,2-ethanediol
(50 mL) was refluxed for 24 h under argon in the absence of direct
light. After cooling, the suspension was filtered through Celite to
remove AgCl and the black byproduct. The Celite plug was washed
with methanol. The organic solution was extracted with water
and CHCls. The aqueous layer was discarded and the organic layer
was evaporated to dryness. The crude product was purified using
column chromatography on a silica gel stationary phase using an
eluent mixture composed of CH3CN/saturated aqueous CF3SO3Na
(30:1, v/v). The first eluted orange band was evaporated to dryness.
The residue was dissolved in methanol (100 mL) by the addition of
aqueous 1 M NaOH (40 mL). The solution was heated at 80 °C for 6 h.
After cooling to room temperature, the solution was adjusted to pH
6-7 with 2 M HCl, and water evaporated. The pure red solid (1) was
precipitated by the addition of water and was collected by filtra-
tion. The crude product was recrystallized from CH3CN/CgHs5CHs,
collected by filtration and dried in air. Yield: 10%. Anal. Calcd for
C40H26N4F305SIr: C, 52.00; H, 2.84; N, 6.06%. Found: C, 51.52; H,
2.98; N, 5.72%. 'TH NMR (270 MHz, DMSO-dg, 25°C, TMS): § (ppm)
9.49, 2H, s; 9.09, 2H, d (J=7.8Hz); 8.51, 2H, d (J=8.4Hz); 8.18,
7H, m; 7.94, 2H, d (J=7.8Hz); 7.76, 2H, d (J=5.4Hz); 7.41, 2H,
t (J=6.8Hz); 6.94, 2H, t (J=7.3Hz); 6.71, 2H, t (J=7.3Hz); 6.17,
2H, d (J=6.2Hz). MS (ESI): m/z 775.2 ([M - CF3SO3]* requires
775.2).

2.2.10. [Ir(tpp)(ptpy-COOH)|CF3S03 (2)

This complex was prepared using a procedure that is identical
to that used for complex 1 except that tpp was used here instead of
dpp. Yield: 30%. Anal. Calcd for C4H309F3N405SIr: C, 55.25; H, 3.02;
N, 5.60%. Found: C, 55.09; H, 2.93; N, 5.56%. '"H NMR (400 MHz,
DMSO-dg, 25°C, TMS): § (ppm) 8.98, 2H, s; 8.65, 2H, d (J=4.0Hz);
8.34,2H,d (J=4.0Hz); 8.30, 2H, s; 8.26, 2H, d (J=4.1 Hz); 8.11,2H,d
(J=4.1Hz); 7.98 4H, m; 7.87,2H, d (J=3.2 Hz); 7.66, 3H, m; 7.27, 2H,
t (J=6.4Hz); 6.99, 2H, t (J=6.8 Hz); 6.76, 2H, t (J=6.0 Hz); 6.27, 2H,
d (J=3.9Hz). MS (ESI): m/z 851.0 ([M - CF3SO3]|* requires 851.0).

This complex was prepared by a procedure identical to that
used for complex 1 except that [IrCl3(tpy-COOMe)] and KPFg were
used here instead of [IrCl3(ptpy-COOMe)] and CF3SO3Na. Yield:
11%. Anal. Calcd for C33Hy3N40,FsPIr-CgH11N: C, 51.64; H, 3.40;
N, 7.17%. Found: C, 52.19; H, 3.03; N, 6.79%. 'H NMR (400 MHz,
DMSO-dg, 25°C, TMS): § (ppm) 9.34, 2H, s; 9.01, 2H, d (J=7.6 Hz);
8.17,5H, m; 8.03, 2H, t J=7.6 Hz); 7.93, 2H, d (J=7.8 Hz); 7.74, 2H,
d (J=5.6Hz); 7.38,2H, t (J=7.3Hz); 6.93, 2H, t (J=7.3 Hz); 6.68, 2H,
t(J=7.3Hz); 6.08, 2H, d (J="7.1 Hz). MS (ESI): m/z 699.1 ([M - PFg]*
requires 699.2).

2.2.12. [Ir(dtp)(tpy-COOH)]PFs (4)

This complex was prepared using a procedure that is identical
to that used for complex 3 except that dtp was used here instead
of dpp. Yield: 16%. Anal. Calcd for C35H,6-N4O,FgPIr: C, 48.22; H,
3.01; N, 6.43%.Found: C,48.92; H, 3.48; N, 6.21%. TH NMR (400 MHz,
DMSO-dg, 25°C, TMS): § (ppm) 9.35, 2H, s; 9.02, 2H, d (J=7.6 Hz);
8.07,5H, m; 7.80,2H, d (J=7.8 Hz); 7.72, 2H, d (J=5.4Hz); 7.40, 2H,
t(J=6.1Hz); 6.73,2H,d (J=7.8 Hz); 5.85, 2H, s; 1.87, 6H, 5. MS (ESI):
m/z 727.2 ([M - PFg]* requires 727.0).

2.3. Measurements

2.3.1. Analytical measurements

UV-visible (UV-vis) spectra were recorded on a Jasco V-670
spectrophotometer equipped with a temperature controller. Emis-
sion spectra were obtained on a Jasco 6500 spectrofluorimeter.
TH NMR spectra in CDCl3 or DMSO-dg were recorded on a JEOL
JNM-EX 270 or GX 400 MHz spectrometer, and all chemical shifts
were quoted with respect to TMS. Cyclic voltammetry was per-
formed using an Als/chi electrochemical analyzer model 600A
with a 20-mL one-compartment three-electrode electrochemical
cell (BAS VC-3). A three-electrode system was used with a 3-
mm diameter glassy carbon working electrode (BAS OD: 6 mm
ID: 3mm), an Ag/Ag* (Ag/0.01M AgNOs; in CH3CN containing
0.1 M TBAP) reference electrode (BAS RE-7) and a platinum wire
counter electrode. Cyclic voltammetric measurements were per-
formed in N,-purged CH3CN, in which the concentrations of the
complex and supporting electrolytes (TBAP) were maintained at
0.3mM and 0.1 M, respectively. All redox potentials (E;;;) were
calculated using (Epa +Epc)/2 at a scan rate of 0.1Vs~! and were
reported relative to a ferrocene/ferrocenium (Fc/Fc*) couple used
as an external standard. Electrospray ionization mass spectrometry
(ESI-MS) was accomplished using an RSQ7000. The emission life-
times were measured with a streak camera (C4334, HAMAMATSU)
that was equipped with a monochromator (C5094, HAMAMATSU)
pumped at 388 nm by a Ti:Sapphire laser system (CPA-2001, Clark-
MXR) with an operating wavelength of approximately 680 nm
a repetition frequency of 1kHz was used for the femtosecond
laser.

2.3.2. Preparation of the dye-sensitized TiO, electrodes

Nanocrystalline TiO, films that were approximately 20 um
thick were prepared on a conducting indium/tin oxide (ITO) glass
support. Coating of the TiO, surface with the dye was accom-
plished by dipping the electrode (maintained at 60°C) into a
0.5 mM solution of the Ir(Ill) complex in CH3CN or N3 in ethanol
for 5h. After the dye adsorption was completed, the electrode
was withdrawn from the solution and dried under a stream of
air. The amount of adsorbed dye was determined by desorbing
the dye from the TiO, surface into a solution 0.5M NaOH in
ethanol/H,0 (1:1, v/v) and measuring its UV-vis absorption spec-
trum.

2.3.3. Photoelectrochemical measurements

The regenerative photoelectrochemical cell was fabricated by
sandwiching dye-coated TiO, film with a thin graphite pow-
der coated conductive glass support serves as counter electrode
while iodinef/iodide (0.6 M 2,3-dimethyl-1-propyl-imidazolium
iodide, 0.1M Lil, and 0.05M I, in propionitrile/tetrahydrofuran
(80:20, v/v)) employing as redox electrolyte. The electrodes
were clipped together and illuminated through the TiO,-
sensitized surface. The counter electrode was prepared as
follows. Graphite nanopowder (1.00g) was dispersed in 2.2 mL
of N-methylpyrrolidone. Poly(vinylidene fluoride) (10.0 mg) used
as an adhesive was dissolved in this dispersion. The carbon
paste was coated onto the conductive ITO conductivity glass
substrate using a doctor blade technique and was dried at
200°C for 1h. An AM 1.5 solar simulator (CEP-2000, BUNK-
OUKEIKI) was used as the irradiation source for the photocurrent
density-voltage (J-V) and the photocurrent action spectral mea-
surements. A xenon lamp was served as a light source in
conjunction with a 420 nm cutoff filter to remove ultraviolet radi-
ation.



206

Y. Shinpuku et al. / Journal of Photochemistry and Photobiology A: Chemistry 222 (2011) 203-209

7\
= BORR®
/c R
NHr > >
— / \ AgNO3 1M NaOHaq
HOC,H,OH CHzOH
/ ) 190°C, 24 h 80°C, 6 h

= {_)—COOMe, - COOMe

(30%): 2 [Ir(tpp)(ptpy-COOH)I*

R»]:Ph,Rz:H

R'= —COOH
R1, Ry = H (6.4%): 3 [Ir(dpp)(tpy-COOH)]*
R = H, Ry = Me (16%): 4 [Ir(dtp)(tpy-COOH)]*

Scheme 1. Synthetic routes to Ir(Ill) complexes 1-4.

3. Results and discussion
3.1. Synthesis and characterization of 1-4

As shown in Scheme 1, cyclometalated Ir(IlI) com-
plexes [Ir(dpp)(ptpy-COOH)]* (1), [Ir(tpp)(ptpy-COOH)]* (2),
[Ir(dpp)(tpy-COOH)]* (3), and [Ir(dtp)(tpy-COOH)]* (4) were syn-
thesized as follows. First, a mixture of IrCl3-3H, 0 and ptpy-COOMe
or tpy-COOMe in DMF was heated at 120°C for 6h. Second, a
mixture of the appropriate Ir(Ill) precursor, diphenylpyridine
derivative (dpp, dtp, or tpp) and AgNO3 was refluxed in 1,2-
ethanediol for 24 h. Finally, the ester groups of the cyclometalated
complexes were converted to carboxyl groups by hydroxide
ions. The ester link was formed between the carboxyl group of
ptpy-COOH or tpy-COOMe and 1,2-ethanediol as the solvent if
the conversion did not occur. The yield for the second step may
be dependent on the reaction time or extending 7 system of the
cyclometalating ligand.

Complexes 1-4 were characterized by UV-vis, 'TH NMR and
{TH-1H} COSY spectroscopy, and elemental analysis. {'H-1H}
COSY spectroscopy is a particularly convenient tool for monitoring
these complexes because cyclometalation has a dramatic influence
on the proton on the Cy;y atom bound to Ir(1ll) center. Representa-
tive {TH-TH} COSY spectra of 1 and 2 are shown in Fig. 1. The rings
and atoms of 1 and 2 labeling and the signals fully assigned by 'H
NMR and {'H-1H} COSY spectroscopy are shown in Scheme 2. The
same number and pattern of signals in the 'H NMR spectra of 1-4
in DMSO-dg confirm the presence of ptpy-COOH and CNC ligands
ina 1:1 ratio. Notably, characteristic singlets due to the ptpy-COOH
unit are observed at 9.49 ppm (1) and 9.52 ppm (2); whereas, sig-
nals due to the tpy-COOH unit are observed at 9.34 ppm (3) and
9.35ppm (4), respectively. The proton resonance corresponding
to the C,y atom consists of two triplets and one doublet and is
observed at approximately 7 ppm, indicating that the cyclometala-
tion results in a significantincrease in electron density on the ligand
[13-20,24-26]. Notably, the proton resonance corresponding to the
Cary1 atom peaks of 4 is observed under 6 ppm, suggesting that the
methyl group, an electron-donating group is introduced in dpp unit.
The phenyl group incorporated on dpp unit of 2 is observed as two
tripletsat7.62 ppm (J=7.2 Hz, 1H)and 7.72 ppm (/= 7.2 Hz, 2H), and
a doublet at 8.32 ppm (J=7.8 Hz, 1H).

Indisputable structural assignments of 1-4 would arise from
the crystallographic analysis of single-crystals; however, it has far
been impossible to obtain single-crystals suitable for X-ray crys-
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Scheme 2. Ir(Ill) complexes 1 and 2 with ring and atom labeling for '"H NMR spectra.

tallographic analysis of any of the newly synthesized complexes.
To conclude, although the structures of 1-4 have not been proven
beyond any doubt, the structures depicted in Scheme 2 are consis-
tent with '"H NMR data described in Section 2.

3.2. Photophysical properties

UV-vis absorption and emission spectra of 1-4 and N3
are shown in Fig. 2 and their data are summarized in
Table 1. The bands between 400 and 550 nm are assigned to
mixed MLCT (dir — 7 ptpy-coon) and LLCT (7gpp — T pepy-coom:
Tpp — n*ptpy—COOH) transitions [20,21]. The absorption and emis-
sion energies of 1-4 are much lower than those of cationic
phenylpyrazole-based Ir(Ill) polypyridine complexes, used as
active materials in single-layer light-emitting electrochemical cells
[17] with [Ir(ppz),(dcbpy)]* as a sensitizer [15]. This is due to
the destabilizing effect of two cyclometalated carbons on donor
orbitals and the corresponding lower energy for the acceptor orbital
of tpy compared to that of bpy [17]. On the contrary, the absorp-
tion and emission energies of 1-4 are much higher than those
of N3 because the splitting of the 5d orbital level of Ir(Ill) is
smaller than the splitting of the 4d orbital level of Ru(Il). How-
ever, the molar extinction coefficient of 1 or 2 is as large as that
of N3. Mixed MLCT and LLCT bands of 4 lead to 10 nm red shifts
compared to other Ir(Ill) complexes, suggesting that this is due
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Fig. 2. UV-vis absorption (left) and emission (right) spectra of Ir(Ill) complexes in
CH3CN and N3 in DMSO.
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Fig. 3. Cyclic voltammogram of 0.3 mM 1 (scan rate 0.1Vs~!) in deaerated CH3CN
containing 0.1 M TBAP.

to the stabilization of the HOMO that is attributed to electron-
donation of the methyl group introduced in the dpp unit. The
relative magnitude of molar extinction coefficients (3~4<1<2)
may be attributable to the contribution of the phenyl group on the
ligand system leading to more delocalized MLCT and LLCT states
[26]. The room-temperature emission energies (Aem =674 nm (1),
681 nm (2), 653 nm (3), 654nm (4)) are much lower than those
of the corresponding bis-tpy complexes (e.g., Aem =506 nm for the
[Ir(tolylterpyridine),]*)[27] and the bis-cyclometalated complexes
(e.g., Aem =604 nm for [Ir(ppz),(dcbpy)]*) [15]. This is due to the
destabilizing effect of two cyclometalated carbons on the donor
orbitals and the lower energy of the tpy acceptor orbital, as noticed
previously in the discussion of the absorption spectral data. Accord-
ingly, it is considered that the main charge displacements for 1-4
occur from the dpp or tpp ligand to the ptpy-COOH ligand.

The lifetimes and the emission properties of excited states
for 1-4 in aerated CH3CN at room temperature are also shown
in Table 1. The data points were measured using a laser pulse
(Aex =388 nm) and indicate that the Ir(Ill) complexes have the fol-
lowing excited-state lifetimes: 1; 197 ns, 2; 216ns, 3; 185ns, 4;
183 ns at 298 K. These values are much longer than the lifetime of
N3 (50 ns at 77 K) and are as long as those of Pt(II) sensitizers [28].
Consequently, we expect that 1-4, with longer lifetimes, provide
the driving force for the electron injection from the excited dyes
into the TiO, conduction band in DSSCs.

3.3. Redox properties

Complexes 1-4 exhibit two reversible electrochemical pro-
cesses. A typical cyclic voltammogram of 1 in CH3CN is shown in
Fig. 3. Electrochemical data for 1-4 and N3 are also summarized
in Table 1. At negative potentials there are single one-electron pro-
cessesat—1.69V (1,2),-1.76 V(3),and —1.78 V (4) vs. Fc/Fc*, which
are assigned to the reductions of ptpy-COOH and tpy-COOH ligands.

The reduction potentials of 3 and 4 are thus more negative than
those of 1 and 2. The decrease in the E;j, values for 3 and 4 may
be attributed to the carboxyl group directly introduced on terpyri-
dine unit. These potentials are more negative than the potential
of the bis(tolylterpyridine) analog, which has a reduction at 1.16 V
vs. Fc/Fc* (0.35V vs. SCE in CH3CN). This is due to the stabilizing
effect of the nearby 3+ charge on the Ir in the latter compared to
the formal 1+ charge in the former [27]. Because of the destabilizing
effect of two cyclometalated carbons on the donor orbitals, there
are also reversible one-electron oxidation processes in the range of
0.70-0.80V. However, each potential cannot be simply assigned to
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Table 1
Spectroscopic and electrochemical data of 1, 2, 3, 4, [Ir(ppz)(dcbpy)]*, and N3 at 298 K.
Complex Aaps/nm (€ x 10-3/M~1cm—1) E1;2°/V vs. Fc[Fc* (AE,/mV) Aem?/nmM Tem?/NS HOMO¢/eV LUMO4/eV AGpuleV
1 445 (8.15) —1.69 (62) 679 197 5.55 3.48 2.07
477(6.33) 0.74(79)
510(5.31)
2 444(14.0) —1.69 (63) 685 216 5.50 3.47 2.07
483(10.4) 0.70 (76)
513(9.15)
3 448 (5.64) —1.76 (76) 654 185 5.58 3.61 1.97
482(4.41) 0.79(73)
512(3.29)
4 421(5.04) —1.78 (70) 653 183 5.57 3.62 1.95
459(5.60) 0.75 (68)
526(2.85)
[Ir(ppz)(dcbpy)]*e 455(0.7) - 604 300 5.65 3.19 2.46
N3 400(12.6) 0.44 (60)f Weak 508 5.24 3.54 1.70
541(13.8)

2 Measured in CH3CN.
b Measured in CH3CN containing 0.1 M TBAP.

¢ The energy levels of the HOMOs are estimated with the following formula: HOMO (eV)=E,—Egc/pc+ +4.8.
4 LUMO =HOMO - AGiumo-nomo (Where AGiumo-towmo is the absorption onset estimated from the electronic absorption spectrum of the sensitizer).

¢ Ref. [15] (dcbpy =4,4'-dicarboxy-2,2'-bipyridine).
f Measured in deaerated CH;CN/DMF (80/20, v/v).
& Ref.[11].

Ir oxidation, due to the strong covalency of the Ir-C bonds. It was
previously shown that the HOMOs of cyclometalated Ir(Ill) com-
plexes both containing dpp-type ligand and tpy-type ligands are
substantially delocalized over the Ir-dpp fragment [20,21]. The oxi-
dation potential of 1(0.74 V) is more positive than that of 2 (0.70 V),
which suggests that this difference follows the expected trend due
to the introduction of the phenyl group as an electron-donor. The
difference in the oxidation potentials between 3 and 4 is explained
by similar reasoning as above.

3.4. Energy levels

The energy levels of the frontier orbitals of dye molecules play
an important role in the electron-transfer processes in DSSCs [29].
The energy levels of HOMOs and LUMOs are derived from the oxi-
dation potentials and the absorption onset of these dyes (Table 1).
Dyes 1 and 2 have approximately the same energy gaps between
HOMO and LUMO because they have close absorption onset (see
Fig. 2). The energy gaps of 3 and 4 are smaller than those of 1 and
2, suggesting that the energy levels of LUMO for 3 and 4 decrease
as a result of the carboxyl group introduced on the terpyridine unit
(tpy-COOH). In addition, the energy gap of 4 is smaller than that of
3 due to the introduction of methyl group into the cyclometalating
ligand (Table 1). The energy levels of the HOMOs of all of the Ir(III)
complexes are lower in energy than the redox potential of iodine
(4.96 eV) and the energy levels of LUMOs of those are higher than
TiO, conduction band edge (3.96 eV). It is therefore expected that
all of the Ir(Ill) complexes possess the driving force necessary for
electron injection from the excited Ir(Ill) dyes into TiO, conduction
band.

3.5. Cell performance

Typical photocurrent action spectra obtained with sandwich
cells using 2,3-dimethyl-1-propylimidazolium iodide (0.6 M), Lil
(0.1 M)andI; (0.05 M) in propionitrile/tetrahydrofuran (80:20, v/v)
as electrolyte solution are shown in Fig. 4.

The incident monochromatic photon-to-current conversion
efficiency (IPCE) data for dye-sensitizers are plotted as a function
of excitation wavelengths and exhibit a strikingly exhibit high effi-
ciency of 63% for 4 and 70% for N3 at 540 nm, respectively. The IPCE
spectra of these dyes are consistent with the absorption spectra on

the TiO, film. The light harvesting efficiency (LHE) can be related
to the molar extinction coefficient by the following equation:

LHE(A) = 1-10~1000eI" (1)

where I is the surface coverage in mol cm~2 and ¢ is the molar
extinction coefficient of the dye in M~'cm~! at wavelength A
[11,20].

The quantum yield (¢) for conversion of absorbed photons to
current in DSSCs can be calculated via the following equation:

IPCE(})
()= THED) @)

The calculated LHE at 540 nm are 0.72 for 4 and 0.99 for N3,
respectively. However, the IPCE of 4 at 540 nm is approximately the
same as that of N3, suggesting that the recombination of injected
electrons injected to TiO, and dye cations may be attenuated by
excitation into LLCT states, which are spatially separated in nature,
and that the quantum yields of Ir(Ill) complexes are higher than
that of N3. Consequently, the calculated quantum yields at 540 nm
were 0.98, 0.48, 0.86, 0.88, and 0.72 for complexes 1, 2, 3, 4, and
N3, respectively. Among 1, 2, 3 and 4, the quantum yield of 2 is the
lowest, indicating that there are nonradiative deactivation process
caused by the aggregation from the m-7 stacking of the phenyl
group in the cyclometalating ligand.
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Fig. 4. Photocurrent action spectra of TiO, electrodes sensitized by the dyes.
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Table 2
Performance parameters of dye-sensitized solar cells.

Complex Jsc/mA cm? Voc |V FF nl% I [nmol cm?
1 5.63 0.395 51 1.14 128
2 3.87 0.366 47 0.67 124
3 4.66 0.404 57 1.07 173
4 8.23 0.456 58 2.16 271
N3 141 0.463 51 3.32 146

3 Amounts of a dye adsorbed on TiO; film.

Photocurrent density / mA cm-2

0 1 1 1

0 0.1 0.2 0.3 04 0.5
Photovoltage / V

Fig. 5. Photocurrent-voltage curves for DSSCs based on Ir(Ill) complexes and N3.

The photoelectrochemical properties of dye-sensitized TiO,
electrodes under the irradiation of AM 1.5 (100 mW cm~2)
irradiation are listed in Table 2, while the corresponding
photocurrent-voltage curves are shown in Fig. 5. Table 2 reports the
short-circuit photocurrent density (Jsc), open-circuit voltage (Voc),
fill factor (FF), and overall cell efficiency (n) values for representa-
tive samples investigated in this study. The electrolyte containing
tetrahydrofuran improves the FF and Vi of the devices [30]. Dye 4
shows the highest conversion efficiency of 2.16%. The open-circuit
photovoltage of 4 is dramatically higher than the other Ir(Ill) com-
plexes, which enables it to form a more compact sensitizer layer on
the semiconductor surface to block charge recombination [31,32].
In addition, dye 4 also shows the highest photocurrent density in
the Ir(Ill) complexes, relative to the amounts of adsorption. This
suggests that the highest conversion efficiency of dye 4 may be
attributed to amounts on the TiO, film (Table 2). Although the
overall cell efficiency of N3 (3.32%) is extremely low for these exper-
imental conditions, the cell performance of new dyes may increase
with better cell preparation.

4. Conclusions

The first examples of [Ir(C*"N”C)(ptpy-COOH)]* and [Ir(C"N~C)
(tpy-COOH)]* cyclometalated Ir(Ill) complexes [Ir(dpp)(ptpy-
COOH)J* (1), [Ir(tpp)(ptpy-COOH)]" (2), [Ir(dpp)(tpy-COOH)]* (3)
and [Ir(dtp)(tpy-COOH)]* (4) were synthesized and characterized
using THNMR, {'H-1H} COSY, ESI-MS spectral, and elemental anal-
ysis data. The electronic properties of the Ir(Ill) complexes were
also investigated. The absorption spectra from 400 to 550 nm are
assigned to mixed MLCT and LLCT transitions. The electrochemical
properties of Ir(Il) complexes show reversible one-electron reduc-
tion processes at —1.7 and —1.8 V vs. Fc/Fc* due to ptpy-COOH and
tpy-COOH and reversible one-electron oxidation processes at 0.7
and 0.8V due to the HOMOs of Ir(Ill) complexes. The excited-state
lifetimes of Ir(Ill) complexes are approximately 200 ns in CH3CN.

A novel type of efficient iridium sensitizers with carboxyl pyri-
dine ligands was synthesized, yielding a maximum of 66% IPCE and
2.16% power conversion efficiency under simulated AM 1.5 sun-
light, which suggests that the energy conversion efficiency can be
improved by fine tuning of the spectral overlap between the Ir(III)
dye and the solar spectrum. Cyclometalated Ir(Ill) complexes may
have two advantages. First, the high stability found in chelate ring
systems of cyclometalated Ir(Ill) complexes [Ir(C*"N"C)(N*N"N)]*
can be ascribed to the stabilization of the overall solar energy con-
version efficiency. Second, because the excited-state lifetime of
cyclometalated Ir(Ill) complex is longer than that of N3, the higher
overall solar energy conversion efficiency may be anticipated. Con-
sequently, the cell performance of new dyes may increase due to
better cell preparation.
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