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ABSTRACT: To explore structure—activity relationships with respect to light-harvesting behavior, a family of bis-cyclometalated
iridium complexes [Ir(C"N),(Hbpdc)] 2—5 (where C"N = 2-phenylbenzothiazole and its functionalized derivatives, and H,bpdc
=2,2"-bipyridine-4,4-dicarboxylate) was synthesized using a facile method. The photophysical and electrochemical properties of
these complexes were investigated and compared to those of analogue 1 (C"N = (4-trifluoromethyl)-2-phenylbenzothiazole);
they were also investigated theoretically using density functional theory. The molecular structures of complexes 2—4 were
determined by X-ray crystallography, which revealed typical octahedral coordination geometry. The structural modifications
involved in the complexes were accomplished through the attributes of electron-withdrawing CF; and electron-donating NMe,
substituents. The UV—vis spectra of these species, except for that of 5, displayed a broad absorption in the low-energy region,
which originated from metal-to-ligand charge-transfer transitions. These complexes were found to exhibit visible-light-induced
hydrogen production and light-to-electricity conversion in photoelectrochemical cells. The yield of hydrogen production from
water using these complexes was compared, which revealed substantial dependences on their structures, particularly on the
substituent of the cyclometalated ligand. Among the systems, the highest turnover number of 1501 was achieved with complex 2,
in which the electron-withdrawing CF; substituent was connected to a phenyl ring of the cyclometalated ligand. The carboxylate
anchoring groups made the complexes highly suitable for grafting onto TiO, (P25) surfaces for efficient electron transfer and
thus resulted in an enhancement of hydrogen evolution compared to the unattached homogeneous systems. In addition, the
combined incorporation of the electron-donating NMe, group and the electron-withdrawing CF; substituent on the
cyclometalated ligand caused complex S to not work well for hydrogen production. Their incorporation, however, enhanced the
performance of § in the light-harvesting application in nanocrystalline TiO, dye-sensitized solar cells, which was attributed to the
intense absorption in the visible region.

B INTRODUCTION accomplish hydrogen production from the photocatalytic
The conversion of solar energy into stored chemical and splitting of water are expected to make decisive contributions
electrical energy represents an especially attractive solution for to address these concerns.””* In this regard, transition-metal
both the ever-increasing demand for energy and climate change complexes that undergo intense absorption and exhibit long-
because of the processes in which energy can be generated and

utilized in an ecofriendly way.l Molecular architectures that Received: November 11, 2011

mimic natural photosynthetic light-harvesting machinery to Published: March 21, 2012
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Scheme 1. Cyclometalating Ligands Used for Functional [Ir(C"N),(Hbpdc)] Complexes 1—5 Studied Here
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lived excited states have become increasingly desirable targets
as photosensitizers (PSs) to harvest the energy of the sun and
to carry out this reaction with a high efficiency.>® Although a
number of elaborate systems have been developed for the
photogeneration of hydrogen in organic solutions with very
small amounts of water, these systems suffer from low quantum
efficiencies in aqueous media due to the poor solubility of PSs
in water.” In contrast to this process, a semiconductor
photocatalyst linked electronically to a light-capturing molec-
ular moiety has been shown to efficiently generate electricity at
low cost in a dye-sensitized solar cell (DSSC).® In this way,
hybrid materials based on TiO, nanoparticles overcome some
of the most important limitations intrinsic to wide-band-gap
oxide semiconductors while maintaining the combined physical
and chemical advantages of organic—inorganic hybrid assem-
blies. In these cells, most attention has been directed toward
the use of metal ruthenium polypyridyl complexes that contain
the labile Ru-NCS bond, which exhibit outstanding perform-
ance. However, with respect to the future prospects of DSSCs
with metal complexes, the long-term ability of dyes is greatly
hampered by the liberation of the NCS™ ligands from the metal
center and by toxicity considerations.” Therefore, the develop-
ment of PS dyes with controlled structures and the enhance-
ment of their stability through chemical strategies is highly
desired for the photoelectrochemical conversion of solar
energy.

Apart from the ruthenium system, the exploration of charge-
transfer complexes has only recently been extended to
isoelectronic d-metal iridium complexes. Indeed, these
luminescent complexes—in particular, cationic heteroleptic
complexes of the kind of [Ir(C*N),(N"N)]* with C"N
cyclometalating and N"N neutral ancillary diimine ligands—
have been established as attractive materials for various
optoelectronic applications because of their stability and
because of the excellent and highly tunable electro-optical
characteristics that arise from metal-to-ligand charge transfer
(MLCT) transitions in these organometallics.w’11 In addition,
with respect to the long-lived triplet excited states, iridium light-
harvesting complexes have demonstrated promising qualities in
the efficient photoinduced charge separation for solar energy
conversion because they exhibit high efficacy.'> For this
purpose, their ability to absorb visible light and to form highly
energetic charge-separated excited states generated through
MLCT transitions is crucial. Nevertheless, the development of
the photochemistry of these complexes is limited by their weak
absorption in the visible region. Therefore, changing the
electronic density of the substituents on the attached ligands to
produce iridium complexes that feature intense absorption and
a broader spectral response in the visible region would seem to
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be warranted to achieve better light-harvesting performance
and to therefore improve the performance of these materials.
However, the weak metal—ligand bond in the cationic tris-
diimine ruthenium complexes can be easily broken as a result of
metal—ligand dissociation under light irradiation. In contrast, a
particularly appealing feature of iridium complexes that makes
them unique is their larger d-orbital splitting, which leads to
less-accessible metal-centered states that are likely capable of
endowing the sensitizer with a better chemical stability to
perform the utilization of solar energy in the long term."* More
specifically, their strong o-donation of the metalated carbon
allows the MLCT state to be longer-lived and also tends to
cause a decrease in the energy of the MLCT state via an
enhancement of the ease of oxidation at the metal center.'* All
of these factors result in an improved absorption of visible light
and help make these types of complexes well suited to operate
as PSs for electron-transfer processes. However, this approach
has thus far met with limited success, and only few iridium
complexes with DSSC applications have been reported." Yet,
their potential as active materials associated with the conversion
of light has received considerable attention.

As part of our recent investigation on iridium chemistry, we
described the preparation of the iridium complex [Ir(4-
CF;bt),(Hbpdc)] (1, where 4-CF3bt = (4-trifluoromethyl)-2-
phenylbenzothiazole and H,bpdc = 2,2"-bipyridine-4,4-dicar-
boxylate) in a preliminary report.'® In this molecule, the 2-
phenylbenzothiazole behaves as an attractive moiety in
optoelectronic materials because of its extended z-conjugation
length and its high chemical and photophysical stability in
comparison with conventional phenylpyridine.'” A trifluor-
omethyl group is incorporated onto the framework to impart
greater electrophilicity at the metal center, which gives
improved activities. N"N ligands bearing terminal carboxyl
groups were included not only to increase the molar extinction
coefficient and water solubility of the complex'® but also to
enable chemical grafting onto a TiO, support for the efficient
and directional electron transport between the PS excited state
and the conduction band of the TiO, semiconductor.'® This
complex displays an active photoinspired propensity for water
splitting to produce hydrogen and for the clean photo-
conversion of CO,. Several factors may be contributing to
this behavior, including solvent effects, the pH of the reaction
media, the concentration of PS, and the nature of the
surrounding ligands. Encouraged by this finding, we decided
to conduct detailed studies of iridium complexes with 2-
phenylbenzothiazole and to study the influence of ligand
modification on their chemical and other properties. Under-
standing the conformation and reactivity of such species is
critical for achieving mechanistic insights into the active center
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involved in photocatalysis and for developing new, selective
catalysts for solar-light-driven, electron-transfer reactions. Here,
we present the strategic design and synthesis of a series of
heteroleptic iridium(III) compexes [Ir(C*N),(Hbpdc)] 2—5
(where C"N = 2-phenylbenzothiazole and its derivatives), as
depicted in Scheme 1. Variation of the ligand substitution to
alter the electron densities in the ligand provides a means of
tuning the orbital energetics and directly affects the electronic
transitions of the resulting complexes for the thermodynamic
driving forces required for electron transfer. By comparison
with the hydrogen-production behavior of the known
corresponding complex 1, valuable information about the
resulting structure—property relationships could potentially be
deduced. The photovoltaic properties of DSSC with these
newly developed sensitizers were evaluated to further extend
the application of these complexes.

B EXPERIMENTAL SECTION

General Experimental. All of the synthetic reactions for the
complexes were performed under an atmosphere of dry nitrogen using
standard vacuum line, Schlenk techniques. Workup and purification
procedures were performed in air. The ligand 2,2"-bipyridine-4,4-
dicarboxylate (H,bpdc) was prepared using procedures identical to
those described previously.”® The organic ligands 4-trifluoromethyl-2-
phenylbenzothiazole (L1), 3-trifluoromethyl-2-phenylbenzothiazole
(L2), 2-phenylbenzothiazole (L3), 2-phenyl-S-(trifluoromethyl)-
benzothiazole (L4), and 2-(N,N-dimethyl-4-phenyl)-5-
(trifluoromethyl)benzothiazole (LS) were prepared according to the
general method.>" The purification of the required final solid was
accomplished by recrystallization from hot ethanol. The sensitized P25
was prepared using a slightly modified version of the published
procedure, and the PS desorption process was similar to that used in
our previous report.'®* Unless otherwise noted, all other chemicals
were used as received without further purification. The anhydrous
acetonitrile used for cyclic voltammetry measurements was supplied by
Alfa Aesar. "H NMR spectra were recorded on a Bruker AMX-500
NMR spectrometer. The elemental analyses for C, H, and N were
determined on a Perkin-Elmer 240C element analyzer. ESI mass
spectra were obtained on a Thermo LCQ Fleet mass spectrometer.
The absorbance measurements were performed using a Varian Cary 50
UV—vis spectrophotometer for solutions and a Shimadzu UV-2550
UV—visible spectrophotometer for solid samples. The fluorescence
emission spectra were acquired with a Varian Cary Eclipse
fluorescence spectrophotometer. Lifetime data were acquired with a
Horiba Jobin-Yvon FluoroMax-4-TCSPC spectrometer. The electro-
chemical properties of the complexes in solution were investigated in a
three-electrode cell consisting of a glassy carbon disk (3 mm diameter
disk) working electrode, an auxiliary platinum wire, and an Ag/AgCl
(saturated) reference electrode using a PARSTAT-2273 advanced
electrochemical system. Single-crystal diffraction intensity data for
complex 2 were collected at room temperature on a Bruker Smart
CCD (diffractometer equipped with a graphite-monochromated Mo
Ka radiation (4 = 0.71073 A) source. Single crystals of 3 and 4 were
characterized on a CAD4/PC diffractometer using Mo Ko radiation (4
= 0.71073 A). The structures were solved by the direct method and
refined by the full-matrix least-squares method on all F* data using
anisotropic thermal parameters for all non-hydrogen atoms.

General Synthetic Procedure for Iridium Complexes. The
target complexes were prepared by a similar two-step bridge-splitting
pathway.'® A solution that contained the C*N ligand (2.2 mmol) and
IrCl;H,O (1.0 mmol) in a mixture of 2-ethoxyethanol (15 mL) and
water (S mL) was stirred at 140 °C for 24 h under nitrogen. After the
mixture was cooled, the resulting precipitate was filtered and purified
by silica-gel column chromatography with a mixture of EtOAc/hexane
(1:4, v/v). The iridium dichloro-bridged dimer product was further
recrystallized for the next step. Excessive Na,CO; (10 mmol) was then
added to the mixture of Ir,(C"N),Cl, (0.3 mmol) and H,bpdc (0.8
mmol) in CH;OH/CH,Cl, (30 mL, 1:1, v/v). The reaction mixture
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was heated at reflux for 24 h under nitrogen and cooled to room
temperature, and the solvent was removed on a rotary evaporator
under vacuum. The resulting solution was suspended by the addition
of water and was acidified to a pH of approximately 5.0 with 0.5 M
HCI solution. The crude product was obtained in a precipitate form
and purified by column chromatography over silica gel (CH;OH/
CH,Cl, as eluant, 1:1, v/v) followed by recrystallization to give the
desired complex as an orange solid (yield: based on the starting
dimer).

Ir(L2),(Hbpdc) (2). Yield 82%. 'H NMR (500 MHz, CD;COOD):
5933 (2H, s), 8.40 (2H, s), 8.22 (4H, m), 8.10 (2H, ] = 8.0 Hz, d),
7.49 (2H, m), 7.20—7.27 (4H, ] = 8.5 Hz, d), 6.66 (2H, ] = 6.5 Hz, d),
6.38 (2H, ] = 6.5 Hz, d). Anal. Found for C,,H,,F¢IrN,0,S,: C, 48.51;
H, 2.12; N, 5.60. Calcd: C, 48.43; H, 2.13; N, 5.65. ESI MS (CH,OH):
991.00 (m*). Crystals of 2 that were suitable for X-ray diffraction were
yielded at ambient temperature by slow diffusion of hexane into a
saturated methanol solution of 2.

Ir(L3),(Hbpdc) (3). Yield 85%. '"H NMR (500 MHz, CD;COOD):
5929 (2H, s), 8.41 (2H, J = 8.5 Hz, d), 8.18 (2H, ] = 6.5 Hz, d), 8.01
(2H, ] = 8.0 Hz, d), 7.94 (2H, J = 6.5 Hz, d), 7.41 (2H, ] = 6.5 Hz, t),
7.17 (4H, m), 6.94 (2H, ] = 9.0 Hz, t), 6.48 (2H, ] = 8.0 Hz, d), 6.33
(2H, J = 10 Hz, d). Anal. Found for C;H,;IrN,0,S,: C, 53.21; H,
2.82; N, 6.60. Calcd: C, 53.32; H, 2.71; N, 6.55. ESI MS (CH,0H):
855.00 (m*). Crystals of 3 that were suitable for X-ray crystal structure
determination were obtained by the slow evaporation of a solution of 3
in methanol.

Ir(L4),(Hbpdc) (4). Yield 78%. 'H NMR (500 MHz, CD;COOD):
59.38 (2H, s), 8.57 (2H, J = 8.0 Hz, d), 829 (4H, m), 8.04 (2H, J =
6.5 Hz, d), 7.70 (2H, ] = 8.0 Hz, d), 7.23 (2H, ] = 8.5 Hz, t), 7.02 (2H,
] = 6.5 Hz, t), 6.51 (2H, ] = 6.0 Hz, d), 6.35 (2H, s). Anal. Found for
CioH, FIrN,0,S,: C, 48.51; H, 2.12; N, 5.60. Calcd: C, 48.43; H,
2.13; N, 5.65. ESI MS (CH;OH): 990.67 (m*). Crystals of 4 that were
suitable for X-ray crystal structure determination were also grown by
the slow evaporation of a methanol solution of 4.

Ir(L5),(Hbpdc) (5). 2-Ethoxyethanol was used as a one-component
solvent for the reaction of Ir,(C*N),Cl, and H,bpdc. Yield 78%. 'H
NMR (500 MHz, CD,COOD): § 9.35 (2H, s), 8.60 (2H, ] = 8.0 Hz,
d), 828 (2H, J = 5.5 Hz, d), 8.06 (2H, ] = 6.5 Hz, d), 7.76 (2H, ] = 8.0
Hz, d), 7.51 (2H, ] = 8.5 Hz, t), 6.60 (2H, ] = 6.5 Hz, d), 6.30 (2H, ] =
6.0 Hz, d), 5.69 (2H, s), 2.70 (12H, s). Anal. Found for
CuiHy FltNO,S,: C, 48.87; H, 2.96; N, 7.74. Caled: C, 49.02; H,
2.90; N, 7.80. ESI MS (CH;OH): 1076.67 (m").

Device Fabrication for DSSCs. The TiO, paste preparation and
device fabrication for sandwich-type DSSCs were performed according
to a previously reported procedure.”® The practical TiO, photo-
electrodes were soaked into a solution of the target complex (ca. 0.5
mM) in methanol for 24 h. After being washed with distilled water and
dried at room temperature for 30 min, the resulting sensitized
electrodes were assembled with a mirror-like sputtered-Pt counter
electrode into a DSSC construction. The electrolyte used for all
devices contained 1-butyl-3-methyl-imidazolium iodide (1.0 M), Lil
(50 mM), I, (30 mM), and 4-tert-butylpyridine (0.5 M) in a mixture of
acetonitrile and valeronitrile (v/v = 85:15). The current—voltage
characteristics of the DSSCs were determined on a computer-
controlled source-measurement unit (Keithley 236) under illumination
from an AM 1.5G solar simulator (Oriel, model 92251A-1000) at 100
mW-cm 2. The source-measurement unit was calibrated using a
standard silicon reference cell (Oriel, model 91150 V).

Theoretical Calculations. All calculations were performed with
the Gaussian 09 program based on the density functional theory
(DFT) method. The geometric and energy optimizations of the
complexes were performed with the use of BLYP/LANL2DZ.** The
numerical calculations in this paper were performed on the IBM Blade
cluster system at the High Performance Computing Center (HPCC)
of Nanjing University.

General Procedures of Photocatalytic Hydrogen Produc-
tion. All H, production experiments were evaluated in a Pyrex vessel
with a side visible-light irradiation using a 300 W xenon lamp equipped
with a cutoff filter (radiation wavelength >420 nm), as described
previously.'® The reactor was charged with 10 M of PS (or 0.1 g of
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Figure 1. ORTEP drawings of complexes 2 (left), 3 (center), and 4 (right). The crystallographic data can be found in Supporting Information

Tables S1—-S4.
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Figure 2. Electronic absorption spectra (a) and normalized photoluminescence spectra (b) of free ligands L1-LS in MeOH at 298 K.

PS-sensitized P25), 0.02 mM of catalyst (K,PtCl,), and 0.28 M of
TEOA and was promoted with 0.14 M LiCl in an aqueous solution
(270 mL) with gentle magnetic stirring (at neutral pH adjusted with
concentrated hydrochloric acid). Prior to light irradiation, the system
was evacuated successively before being backfilled with argon. The
evolved gases were periodically detected in situ on a gas chromato-
graph equipped with a thermal conductivity detector (Shimadzu GC-
8A).

B RESULTS AND DISCUSSION

Synthesis and Characterization. The ring system of 2-
phenylbenzothiazoles generated from the benzene attached at
the C-2 position of benzothiazole, which shows efficient charge-
transfer between these two functionalities, is similar to that of
luciferin, which is famous for its surprising ability to produce
chemiluminescence. Using lower-cost starting materials, a series
of 2-phenylbenzothiazoles bearing substituents such as
trifluoromethyl and N,N-dimethyl in the phenyl part and in
the S-position of the benzothiazole ring (Supporting
Information Scheme S1) were easily obtained by condensation
of commercially available 2-aminothiophenol and appropriate
benzaldehydes in water in the presence of catalytic p-
toluenesulfonic acid followed by recrystallization from ethanol
on a multigram scale.”' Attempts to prepare 2-trifluoromethyl-
2-phenylbenzothiazole from 2-(trifluoromethyl)benzaldehyde
in water or in CHCI; were unsuccessful, and no corresponding
compound appeared in the reaction product even though a
longer reaction time was used.
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The synthesis of all of the target complexes takes advantage
of a conventional reaction between the cyclometalated pu-
chloride-bridged dimer [Ir(C"N),Cl], and neutral H,bpdc in
the presence of Na,CO;. All of the emissive, mononuclear
iridium(III) complexes were readily purified using column
chromatography and were isolated in reasonably high yields.
The structural identities of all complexes were fully identified
by a combination of 'H NMR, mass spectrometry, elemental
analysis, and single-crystal X-ray crystallography for complexes
2—4. The resulting products are stable in air and are partially
soluble in CH,Cl,, CHCl;, CH;0H, and H,0O; the acquisition
of good-quality *C NMR data was therefore difficult. The
complexes failed to be converted into the corresponding
cationic species as hexafluorophosphate salts by anion meta-
thesis with NH,PF at room temperature. It is possible that the
terminal deprotonated carboxyl group must satisfy the charge
balance to meet the required stabilization for the [Ir(C*N),]*
unit, as confirmed in the X-ray crystal structures of 1—4 (Figure
1). Thus far, research on metal iridium complexes such as
[Ir(C"N),(N"N)]* has been focused on the polypyridyl N*N
ligand, whereas less consideration has been given to those
complexes that incorporate carboxylic-functionalized bipyri-
dine-like ligands.*®

The perspective views of the crystal structures of complexes
2—4 are shown in Figure 1. The crystal data and structure
refinement for complexes 2—4 are listed in Supporting
Information Table S1. In all cases, as well as in the case of
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Figure 3. (a) Electronic absorption spectra of the complexes 1—5. (b) Normalized emission spectra of the complexes 1—4 in air. (c)
Photoluminescence emission spectra for complex 5 under a difference atmosphere of nitrogen and air. Spectra were taken in MeOH at ambient
temperature. The spectra for the known complex 1 are also shown for comparison.

Table 1. Photophysical and Electrochemical Properties of Complexes 1—5 at Room Temperature

complex Aem (nm)® 7 (ns)® E, (V)? E.4 V)? AE (V) Ey_o (eV)© E(S*/S%)9
1 536, 572 114 +1.22 —-1.26 2.48 242 —1.20
2 520, 558 146 +1.24 —-1.03 227 2.40 -1.16
3 528(sh), 560 29 +1.20 —1.06 2.26 2.38 —1.18
4 574 118 +1.22 —-1.52 2.74 2.42 —-1.20
R 527, 566° f +1.18 —1.29 2.47 2.39 —1.21

“Measured in air-equilibrated MeOH; the symbol “sh” denotes the shoulder wavelength. PRedox measurements were performed in deoxygenated
anhydrous MeCN (for S, in DMF) with "Bu,NPF, (0.1 M) relative to Ag/AgCl used as reference electrode (calibrated with Fc/Fc* prior to each
experiment); the potential was adjusted with respect to the normal hydrogen electrode (+197 mV vs NHE); scan rate 50 mV s™. For both 2 and 3
only the first reduction is shown. “The E,_, energy was estimated from the onset of the absorption spectrum in MeOH. 9E(S*/S*) = E,, — Eo_,,
*Measured in nitrogen-saturated MeOH. "Not determined owing to no luminescence observed in air-equilibrated MeOH.

the previously reported complex 1,'® each iridium atom is transitions. When the CF; group is located on the phenyl
hexacoordinated by the carbon and nitrogen atoms of two moiety in L1 and L2, it causes a red-shift; however, when
cyclometalating C"N ligands and the nitrogen atoms of the located at the 5-position of the benzothiazole ring in L4, it leads
Hbpdc N”N ligand. An examination of the metal—ligand bonds to a blue-shift. For LS, which features an intramolecular
revealed that the Ir—C distances of these complexes are donor—acceptor (DA) system, the collective effect of both the
significantly shorter than the Ir—N distances, which is electron-donating N,N-dimethyl group on the phenyl moiety
consistent with the bond lengths observed in similar [Ir- and the electron-withdrawing trifluoromethyl group at the -
(C"N),(N"N)T* complexes.26 The associated Ir—N distances position of the benzothiazole ring is considered to enhance the
vary from 2.104 to 2.163 A for Ir—N(Hbpdc) and from 2.044 DA character and to therefore induce a significant red-shift of
to 2.089 A between the Ir center and the nitrogen atom of the the absorption band (367 nm) relative to those of L1—-LA4.
cyclometalated ligand, which may be caused by a stronger Because of the effect of coordination to the metallic center,
metal—ligand interaction with the cationic Ir(III) ion. As might all the complexes except S exhibit intense absorption bands in
be expected, the average Ir—C distance in complex 3 (2.016 A) the 300—330 nm range and weak absorption bands centered at
was found to be significantly shorter than those observed in ca. 408 nm (except for that of 2, which is centered at 415 nm)
both 1 (2.020 A) and 2 (2.019 A). The longer Ir—C distances with the tail extending well into the visible region, as shown in
in complexes 1 and 2 are attributed to the presence of a highly the patterns in Figure 3a. These results imply that the
electron-withdrawing substituent on the phenyl ring of the C"N chromophores remain nearly unperturbed by the presence of
ligand, which reduces the donating ability to the metal and then different substituents installed on the C"N ligand, at least with
weakens the Ir—C covalent bond, thereby giving rise to a slight respect to the absorption properties. In accordance with
lengthening in comparison to the Ir—C distance in 3. previous studies on related bis-cyclometalated iridium(III)
Accordingly, these observed effects are favorable for achieving diimine complexes, the intense absorption can generally be
a better understanding of the underlying chemical and associated with spin-allowed ligand-centered (LC) n — #*
photophysical properties of these complexes. transitions centered on both the N"N and C"N ligands,
Photophysical Properties. Absorption and emission whereas the weak, broad absorption bands at low energy have
spectra were recorded in methanol for all C"N ligands, as been ascribed to both metal-to-ligand charge-transfer (MLCT)
shown in Figure 2. Each of the electronic absorption properties and ligand-to-ligand charge-transfer (LLCT) transitions.”**’
of the ligands L1—L4 is dominated by a broad absorption band Finally, the absorption tail (4 > 450 nm) can be explained by a
at 290—300 nm, which arises from intraligand charge-transfer convolution of spin-forbidden CT transitions due to the
(ILCT) transitions that possibly involve phenyl-to-benzothia- induction of strong spin—orbit coupling by Ir(III). A careful
zole charge transfer. Compared with those of L3, the comparison of the absorption onset in their absorption spectra
absorption spectra of the ligands L1, L2, and L4 exhibit a reveals only slight differences with almost negligible shifts,
small shift of ca. 10 nm due to the effect of the electron- which suggests that the incorporation of a CF; group has very
withdrawing trifluoromethyl substituent, and the presence of little effect on the lowest excited state of 1—4.>* Unlike the
this substituent leads to an energetic change in the optical absorption spectra of complexes 1—4, however, the spectrum of
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Figure 4. Normalized fluorescence spectra of complexes 1—4 recorded in neat thin films (a) and as solid powders (b).

5 displays a particularly intense absorption band (438 nm) with
a shoulder, which is presumed to arise from an IL transition on
the C"N ligand probably mixing to a certain degree with the
character of the LLCT transition from the 7 orbital of the
amino-substituted C"N to the z* orbital of the N*N moiety.
With respect to the typical absorption profiles of the complexes,
they provide the possibility of receiving light across a wide
spectral range, which is a favorable characteristic for their
potential application in solar-to-energy conversion. In addition,
the modification of the C"N ligand thus facilitates wavelength
variation in the emission spectra of the corresponding
complexes.

With respect to the emission spectra collected in ambient air
at room temperature, complexes 1—4 all exhibited structured
emissions with wavelengths of the first peak or shoulder at
approximately 520—532 nm in methanol (Figure 3b). These
emissions are due to the presence of an excited state derived
from the mixing of the *MLCT and *LC states. These emissive
complexes exhibit Stokes shifts that are sufficiently large to
minimize the spectral emission overlap with the lowest-energy
MLCT absorption bands because of the weak oscillator
strength of the MLCT, which is indicative of phosphor-
escence.”’ In addition, the excited-state lifetime of 2 is longer
than that of complexes 1, 3, and 4 in air-equilibrated methanol
solution, as detailed in Table 1. However, compared to
complexes 1—4, complex § is practically nonemissive in air-
saturated methanol at room temperature, possibly because of
the presence of the dimethylamino group. The lack of emission
from 5 indicates that it is susceptible to oxygen quenching,
which has been commonly observed in Ru(Il) and Pt(II)
complexes but in very few of the Ir(III) complexes used for the
oxygen sensing.*® As clearly shown in Figure 3c, this inefficient
emission can be remarkable enhanced in oxygen-free methanol.
This photoluminescence emission may arise from °IL rather
than *MLCT emissive states of general iridium(IIT) complexes.

To investigate their potential use as host phosphors, solid-
state emission spectra of 1—4 were collected for samples
prepared as thin films and as solid powders (Figure 4). A
comparison of emission intensity is presented in Supporting
Information Figures S13 and S14. Upon photoexcitation,
complexes 1—4 display poorly structured, broad spectra with
obvious red-shift effects compared with the spectra collected
from solution-based samples, and their emission colors range
from orange to red. The red shift and long tails in both solid-
state emission spectra are related to strong intermolecular 7—7
stacking between the adjacent chromophores; such packing has
been observed in the crystal structures of 1—4. Figure 4 reveals
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that the photophysical properties as well as the previously
discussed structural aspects are sensitive to the position of the
trifluoromethyl substituent in 1 and 2, which effectively
stabilizes the HOMO energy level by easing electron density
from the metal, which increases the energy gap; this
stabilization occurs when the trifluoromethyl substituent is in
either the meta or para position relative to the coordination site
in the complexes. As a result, the complexes exhibit the
expected blue-shifted emission relative to the unsubstituted
complex 3. Conversely, a comparison of 4 with the parent 3
reveals that the introduction of the inductively CF; group into
the S-position of the electron-deficient benzothiazole ring leads
to a red-shift of 15 nm, which is mostly due to the increased
intramolecular DA interaction. In addition, the emission spectra
of complexes 1—5 were also examined after the complexes were
cast into a rigid medium—poly(methyl methacrylate)
(PMMA) (see Supporting Information Figures S15 and S16).
The resulting emission spectra for 1—4 are similar to those
obtained in methanol-based media, which suggests that the
transparent PMMA supporting matrix has the ability to stabilize
the charge-transfer excited state.’" Notably, the blending with
PMMA seems to be highly beneficial for the photo-
luminescence of complex 5 because the emission intensity in
the matrix increases significantly, which is attributed to a
reduction of the self-quenching from intermolecular inter-
actions.

Electrochemical Properties. To qualitatively estimate the
frontier molecular orbitals, particularly the HOMO energy
levels based on the ionization potential for the first oxidation,
cyclic voltammetry experiments were undertaken in MeCN
(apart from that for S, which was performed in DMF) in terms
of the solubility of the complexes. The electrochemical data are
listed in Table 1. An oxidation occurred at a similar potential
between 1.18 and 1.24 V versus NHE for all complexes. The
oxidation is likely associated with a one-electron Ir(III)/Ir(IV)
oxidation process,32 i.e., the removal of an electron from the
metal-centered ground state. The higher oxidation potentials
observed for 1, 2, and 4 are due to the lower electron densities
on the metal center, which are primarily caused by the
electronic effect of the CF; substituent. This electronic effect
consequently makes the metal oxidation more difficult. The
electron-withdrawing effect of the CF; group increases the
electrochemical gap from 2.26 Vin 3 to 2.74 V in 4, which gives
an initial estimate for the qualitative difference in the energy
stored in the excited states (see also the computational results).
The results suggest that the CF; group is effective in helping
the HOMO become stabilized and also imparts a marked effect
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Table 2. Spatial Plot of HOMO and LUMO Distributions for Complexes 1—5

Complex 1 2

HOMO

on the LUMO for this series of iridium complexes. As
anticipated, the opposite effect is clearly observed in the
presence of the electron-donating dimethylamino (NMe,)
group on the phenyl ring of the chromophoric C*N ligand. In
addition, the cyclic voltammograms display a reduction wave
with potentials that range from —1.03 to —1.52 V. In contrast
with the oxidation process, the reduction may occur on the low-
lying 7* orbitals that involve the surrounding chelates together
with only a minor contribution from the metal center, that is,
the addition of an electron to the ligand-centered LUMO. The
potential difference between two redox waves reflects a '"MLCT
electronic transition and can be directly assigned to the emitted
radiant energy of the complex. For 2 and 3, the additional
reduction of the C*N rings occurs at a more negative potential.
The absence of the second reduction wave in the CV remained
normal in the unfluorinated parent iridium complexes.

To gain fundamental insight into the electrochemical and
photophysical behaviors of all the investigated complexes,
molecular orbital (MO) calculations were performed at the
density functional theory (DFT) level (see Table 2). In this
regard, comparisons of the relative energies and compositions
of the MOs with the nature of the electronic transitions
involved in each absorption and emission band for the
complexes are useful. The optimized structures of complexes
2—4 are in close agreement with the corresponding
experimental values obtained from the X-ray crystallographic
studies. The orbital compositions of the HOMOs and LUMOs
in 1—4 are, in general, the same. The HOMOs consist of a
mixture of Ir d, and # orbitals of the whole conjugated C"N
planes, whereas a small change in 4 is found to result from the
HOMO mixing with a small region of the myy orbital
Conversely, the LUMOs for these four complexes primarily
reside on the ancillary N*N 7* orbital mixed with very minor
contributions from the d orbitals of the Ir and C"N ligands.
This mixing explains the small effect of C"N on the potential of
the N”N-based redox wave, except in the case of 2. In addition,
the participation of the central metal ion promotes the electron-
transfer reductive reactions and causes an increased spatial
separation of the charges in the excited state. On the basis of
the DFT calculations, the electronic transition in the low-
energy regions in 1—4 is mainly attributed to the *MLCT
[dr(Ir) — m*yry] and/or SLLCT (my'c — m¥yy) transitions.

Although there is no apparent contribution from the CF;
group to the HOMO character, which supports the
experimental CV results, as detailed in Table 2, the nature of
the substituent does appear to affect the overall energy level.
This effect is especially evident in the case of the location of the
HOMO differing with the site of the CF; group on the
metalated C"N ligand. As previously stated, a dramatically blue-
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shifted emission in these systems can be achieved in both heavy
complexes 1 and 2, in which the electron-withdrawing effect
stabilizes the HOMO to a greater extent than the LUMO
compared to the stabilization observed in complex 3. The
stabilization of the HOMO leads to an increase in the
HOMO-LUMO energy gap, which results in a blue-shift.
The DFT calculations indicate that complex 2 with an electron-
withdrawing group located in the para position relative to the
coordination site exhibits the largest HOMO—LUMO gap and
will therefore exhibit the most strongly blue-shifted emission
among these complexes, as observed in the photoluminescent
and electrochemical results. In addition, the relative stabiliza-
tions justify the higher oxidation potential measured for
complexes 1 and 4. The rough HOMO—-LUMO energy gap
increases by 0.21 and 0.44 eV in passing from 1 and 4 to 3,
respectively, which is consistent with the increased electro-
chemical E,, — E,q gap (0.22 and 0.48 V, respectively).

Regarding complex 5, the HOMO is almost exclusively
distributed on the N(CHj;), fragments and on the adjacent
phenyl group of the C"N ligands, with no electron density
located on the Ir center; the HOMO, therefore, shows no
overlap with the LUMO, as seen in the results in Table 2. The
electron-donating NMe, group exerts a strong electron-
donating effect on the phenyl units, increases the m-orbital
energy of the moiety, and leads to an elevation of the HOMO
levels relative to those in its counterpart 4. Overall, a smaller
band gap is obtained for 5. The results also clearly reflect that
the lowest transition of § is dominated primarily by *LLCT
rather than *MLCT states.

The experimental and computational data suggest that the
optical characteristics can feasibly be tuned through the
appropriate functionalization of the cyclometalated ligand
within the corresponding complexes without significant regard
for the interplay between the HOMO and LUMO states.
Equally important, the excited-state oxidation potential E(S*/
S*) for 2—5 is similar to that for 1, which, as estimated from
the oxidation potential and the optical absorption, is between
—1.16 and —1.21 V versus NHE. The level is sufficiently more
negative than the redox potential of H*/H, (—0.41 V vs NHE,
pH 7), which provides a sufficient driving force for H,
production from water.>> The excited state of complex 2
exhibits a particularly strong reducing strength; it can therefore
be concluded that 2 will be more effective for photocatalytic
hydrogen production. The potentials of the species are
correctly placed for efficient electron transfer relative to the
conduction-band edge of TiO, (ca. —0.5 V vs NHE at pH 7)
and to an electrolyte that contains the I7/I;~ redox couple (ca.
0.4 V vs NHE), which shows that the prerequisite for further
DSSC applications has been fulfilled.
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Hydrogen Production. In our previously studies, complex
1 functioned as a PS in a light-driven system for the
photogeneration of H, from water upon visible-light irradiation
(A > 420 nm).'® As an extension of our previous work, the
photoinduced reaction activities of these complexes were
initially evaluated to investigate the impact of ligand
modification on the PS performance of hydrogen evolution.
Hydrogen-production experiments were performed to compare
the effectiveness of 2—S with that of 1 under identical
conditions. All other conditions in the photocatalytic processes
were kept constant (including the concentration) to ensure that
comparisons between the complexes were meaningful. A typical
three-component hydrogen-evolving system contained complex
2—5 (10 uM), a colloidal platinum catalyst (0.02 mM), and
TEOA, which acted as a sacrificial electron donor, in 270 mL of
neutral water (the free PS content was 2.7 ymol to allow a fair
comparison with the bound systems; see below). The systems
were irradiated under a 300 W xenon lamp equipped with a
cutoff filter (4 > 420 nm). The evolution of hydrogen gases was
monitored in situ periodically using an online gas chromato-
graph. The effectivity toward light-driven hydrogen production
in water with different complexes is given in Figure S. No
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Figure 5. Photoinduced hydrogen evolution of 1-5 (10 #M) with in
situ generated colloidal Pt (0.02 mM) in aqueous solution at pH 7.0 (4
> 420 nm). The data for 1 was taken from our previous report.

appreciable H, formation was observed in the absence of either
light, PS, platinum catalyst, or TEOA in the mixture. Reductive
quenching of the excited state by TEOA was observed with a
linear Stern—Volmer plot for 1—4. Complex 1 therefore allows
for efficient quenching, but the quenching of 2—4 was less
efficient (Supporting Information Figure $17).'® The prelimi-
nary studies reveal that hydrogen can be successfully generated
from water in the presence of catalytic amounts of platinum
with all complexes. The introduction of the carboxyl group not
only enables an increased tolerance of water but also ensures a
good electronic communication between the excited chromo-
phore and the Pt catalytic center. Notably, this work was
performed on a 270 mL scale and demonstrated that this
reaction has the potential for the production of a significant
quantity of hydrogen. As evident from the results, both 1 and 2
give better results, and 2 exhibits a maximum amount of H,
production (2027 umol) with total turnover numbers (TONs)
of 1501 after 20 h of illumination time. The performance of 2 is
attributed to the significant reducing power of the complex’s
excited state. This value is significantly greater than that for 1
and also greater than the values of most of molecular systems
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for photodriven H, production in neutral water.” The results
suggest that the position of the electron-withdrawing
substituent has an obvious influence on the photoelectron
transfer and thus also influences the activity. When using 3, 4,
and § as the PS, the yield decreases significantly relative to
those achieved with complexes 1 and 2; these complexes may
destabilize an additional charge-separation state of the photo-
induced process. The total amount of H, for complexes 3, 4,
and § was 175, 55, and 9 pmol with the TONs of 130, 41, and
7, respectively. As would be expected, hydrogen generation
commences following the order as the activity of 2 > 1 >3 > 4
as a result of the electronic effect from the attachment of CF;
groups. In addition, the powerful reductive quencher of TEOA
for 1 and the long lifetime of complex 2 correlate with the
observed increased performance in the catalytic system
(Supporting Information Figures S17 and S18). Although
complex $ exhibits a fairly intense absorption in the visible
region, it is not active; we ascribe this result to the nature of the
electron transitions in the low-energy region. In §, the
absorption prefers a predominance of LLCT intraligand
bands that lack the directionality of MLCT bands, which limits
the ability of 5 to promote effective charge separation as a PS.

To investigate the role of carboxylated linkages in the
complexes, 2—5 were grafted onto commercial nanoparticulate
TiO, (Degussa P25) for visible-light absorption. Because their
energy levels ensure electron injection from the photoexcited
state into the TiO, conduction band (CB), additional activity in
the production of hydrogen by the heterogeneous systems was
expected.** In the presence of K,PtCl, and TEOA, visible light-
driven H, production by sensitized P25 using 2—S5 is shown in
Table 3 and compared to that of 1. The observed TONs of

Table 3. Visible Light-Induced H, Evolution with PS
Sensitized P2S in TEOA Buffer”

sample adsorption on P25% (umol/0.1 g) H, (umol) TON*
1/P25 2.65 1621 1223
2/P25 2.17 1253 1155
3/P25 3.01 403 268
4/P25 2.56 131 102
5/P25 3.34 512 307

“All systems contained 0.1 g of sensitized TiO,, 0.02 mM K,PtCl,,
0.28 M TEOA, and 0.14 M LiCl in 270 mL of aqueous solution under
continuous irradiation with visible light (Xe-lamp with a cutoff filter, A
> 420 nm). The EH was adjusted to neutral by the addition of
concentrated HCL. “The total amount of complexes 1—5 attached on
P25 was determined after desorption from a methanol solution of
NaOH at room temperature. “TON = 2n(H,)/n(PS).

hydrogen production for the TiO,-anchored samples are
significantly higher, except for that of 2, when compared to
the unattached homogeneous systems under similar conditions.
The total amount of complexes 1—5 attached on P25 was
determined after desorption from a methanol NaOH solution
at room temperature (Table 3), which suggests that the loading
of PS into the bound systems approximately matches that in the
10 M homogeneous systems, except in the case of 2. Notably,
sensitized TiO, has a positive effect on the hydrogen
production of these heterogeneous systems based on P25
sensitized with 3—5. The performance for 5-P25, in particular,
is dramatically better (entry S); its TON increased to a greater
degree than that achieved with unbound chromophore $
(TON, from 7 to 307), mainly due to the intense absorption in

dx.doi.org/10.1021/ic202423y | Inorg. Chem. 2012, 51, 4123—-4133



Inorganic Chemistry

the visible region. The charge transfers at the TiO,/PS
interfaces were also investigated to demonstrate the application
of these assemblies in DSSCs.

Photovoltaic Properties. With a better understanding of
the previously discussed electrochemical and photophysical
properties, dye-sensitized solar cells were prepared using
complexes 1—5, and the photovoltaic performance of these
solar cells was measured under AM 1.5G conditions (100 mW/
cm?). The results are shown in Figure 6, and detailed device
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Figure 6. Photocurrent density—voltage (J—V) characteristic curves
for DSSC devices containing 1—5 as PSs recorded under illumination
of simulated solar light (AM 1.5G, 100 mW/cm?).

Table 4. Detailed Photovoltaic Data of DSSCs Based on 1—
sa

PS V,. (V) J.(mA/ecm?) FE 15 (%) adsorptionb (1077 mol/cm?)
1 0.495 2258 0.73 0.82 0.628
2 0.510 2227 0.72 0.76 0.951
3 0.500 3.720 0.74 1.39 0.721
4 0.490 2.348 0.72 0.82 0.681
S 0.489 3.015 0.74 1.09 0.499

“Under standard AM 1.5G spectral conditions and at 100 mW/ cm?
light intensity; V., open-circuit photovoltage; J,., shot-circuit photo-
current density; FF, fill factor; #, power conversion efficiency. *The
total adsorption amount per unit area of TiO, film was estimated after
desorption from a methanol solution of NaOH at room temperature.

parameters are provided in Table 4. The measurement delay
time of the photo I—V characteristics of the DSSCs was fixed at
50 ms. The results clearly imply that all of the complexes 1-5
work properly for harvesting light in the cell and that the
injected electrons are transported to generate electricity.
However, their energy-to-electricity capabilities are relatively
low and are not comparable with those of the art ruthenium
dyes, such as N719. This low performance is primarily due both
to the relatively low optical absorbance of these iridium
complexes and to the low level of adsorption on the TiO,
surface.

The open-circuit voltages (V) are similar for all five devices
based on complexes 1—5. The V,_ values are related to both the
position of the Fermi level of TiO, and the redox potential of
the electrolyte. The fill-factor (FF) values are nearly constant
(0.72—0.74), which indicates similar device configurations. The
short-circuit current density (J.) follows in the order 3 > § > 4
> 1 > 2, which produces better performance in devices that
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contain 3 and § as the PS than in those that contain 1, 2, or 4.
The DSCC achieves an energy conversion efficiency (17) of
1.39% with complex 3, which is the highest among the five cells
studied in this work under the same cell fabrication and
efficiency-measurement procedures. For comparison, a cell was
fabricated with the art ruthenium dye N719 under the same
conditions, which gave a 7 value of 7.8% (Supporting
Information Figure S25). The relatively high J,. value for the
device may also arise from the relatively higher HOMO level of
3 relative to that of other complexes except for S, and this
higher HOMO level may permit a more facile regeneration to
the oxidized dye. In contrast, the ], values are clearly poor in
the devices that contain 1, 2, and 4. These results reveal the
effect of the incorporation of a strong electron-withdrawing
CF; unit into the PS system, which reduces the desired electron
transfer from the excited PS molecular to the TiO, conduction
band. In addition, the enhancement in the J,. of § is attributed
to its optical-absorption profile. The molecular size (and
therefore the quantity of PS molecules loaded onto a TiO,
electrode) of the PS also affects the current density and thus
the performance of the DSSC.** Although complex § exhibits
an outstanding photoresponse relative to that of complex 3,
complex § produced lower J. values, which is partially due to a
smaller amount of 5 being molecularly adsorbed onto TiO,
relative to the amount of adsorbed 3.

B CONCLUSIONS

A series of heteroleptic cyclometalated iridium(III) complexes,
in cooperation with phenylbenzothiazole and bipyridine
dicarboxylate, which were used during experiments that
addressed the desirable and tunable photophysical character-
istics, have been newly synthesized in an attempt to identify the
connection between their structure and function. With the aid
of theoretical calculations, the spectroscopic and electro-
chemical behaviors as they pertain to the light absorption and
electron-transfer processes of the complexes were elucidated.
These complexes are suitable for solar-energy conversion
applications, such as photoinduced hydrogen production and
dye-sensitized solar cells. The structural modification of the
cyclometalated ligand around the metal appears to be beneficial
to the photohydrogen-evolution activity. In particular, the
electronic effects of the inductively electron-withdrawing CF;
moiety enable complexes 2 to exhibit a maximum hydrogen
production with the total TON of 1501 from the neutral water.
In addition, after the complexes were used in conjunction with
TiO, (P25) nanoparticles for the fabrication of heterogeneous
photocatalytic systems, a clear change in their activity behaviors
was observed as a result of the induction of efficient charge
separation. The photovoltaic performances of solar cells
sensitized with these five iridium complexes were also
investigated under full sun. With a particular donor group,
such as NMe,, introduced into the chromophoric C*N ligand,
as in complex S5, an apparent enhancement of the molar
extinction coefficient was induced for the lowest energy band,
which increased its visible-light-harvesting capacity. As it stands,
these investigations on the structure—activity relationships
allow us to better understand photoassisted electron transfer to
redox-active trap sites and may also stimulate the development
of these encouraging light-harvesting complexes for promising
solar-to-energy conversion.
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