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Introduction

There has been fast-growing interest in the search for organ-
ic and polymeric materials for photovoltaic applications be-
cause they show promise in the fabrication of low-cost, flexi-
ble devices for renewable sources of energy.[1] Tremendous
progress has also been made in the development of dye-sen-
sitized solar cells (DSSCs) based on nanocrystalline TiO2

semiconductors and well-designed panchromatic dye such as

the black dye of formula [RuL ACHTUNGTRENNUNG(NCS)3]
� , in which L is the

anchoring 4,4’,4’’-tricarboxy-2,2’:6’,2’’-terpyridine ligand with
reported efficiency of as high as 10.4 %.[2]

The photochemistry of transition-metal complexes with
polypyridine ligands has been extensively investigated in the
last few decades.[3–6] With the advantages of possessing in-
tense charge-transfer (CT) absorptions with large extinction
coefficients, ease of tunability of redox properties, and good
charge-transport properties, transition-metal complexes with
polypyridyl ligands have attracted much attention for use in
photovoltaic applications.[7–9] Gr�tzel and co-workers have
demonstrated the photoelectrochemical properties of the
heteroleptic amphiphilic complexes of formula [RuL-ACHTUNGTRENNUNG(NCS)3]

� (L is the anchoring 4,4’,4’’-tricarboxy-2,2’:6’,2’’-ter-
pyridine ligand).[2] With a high open-circuit voltage (Voc =

0.72 V), a high short-circuit current (Jsc =20.53 mAcm�2),
and a good fill factor value (FF=0.74), this dye was shown
to exhibit a relatively high conversion efficiency value of
10.4 %.[2] A further remarkable increase in photovoltaic per-
formance was achieved by Gr�tzel and co-workers using the
complex with formula [RuLL’ ACHTUNGTRENNUNG(NCS)2], in which L is the an-
choring 4,4’-dicarboxy-2,2’-bipyridine ligand and L’ is 2,2’-bi-
pyridine ligand with long alkyl chains.[8a,b] However, progress
in optimizing dye-sensitized solar cells has been mainly fo-
cused on ruthenium-based sensitizers, partly due to the well-
established photophysical and photochemical studies of the
ruthenium(II) polypyridine system.[9a–d] Apart from the ruth-
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enium(II) system, studies on the isoelectronic osmi-ACHTUNGTRENNUNGum(II),[10a] rhenium(I),[10b] and iridium ACHTUNGTRENNUNG(III)[11c,d] polypyridines
have also been reported. It was only in the last two decades
or so that exploration of the photophysical properties of
charge-transfer complexes have been extended to metal
complexes other than the d6-metal polypyridines, such as
those of platinum(II)[12,13a] and copper(I).[11a,b]

Recent work on square-planar d8 platinum(II) complexes
showed that these complexes usually display an intense
charge-transfer absorption band in the visible region that
could readily be tuned by variation of the electronic proper-
ties of the terpyridyl and alkynyl ligands.[14a–d] We recently
showed that with the incorporation of appropriate donor–
acceptor ligands, their intense charge-transfer bands could
be extended into the near-infrared (NIR) region.[14d] In view
of this, together with the highly tunable nature of their pho-
tophysical and electrochemical properties, platinum(II)
poly ACHTUNGTRENNUNGpyridine complexes are envisaged to serve as a good
candidate for the study of their photosensitizing behavior,
which may play an important role in the development of
new classes of molecular materials for dye-sensitized solar
cell application studies. Recent works by Eisenberg,[13b–d] Sa-
kai,[13e–g] Bernhard,[13h–j] and others have demonstrated the
photosensitizing behavior of platinum(II) and iridium ACHTUNGTRENNUNG(III)
polypyridyl complexes for the photogeneration of hydrogen.
Sugihara[13k] recently reported the use of the dithiolatoplati-
num(II) polypyridines for DSSC applications.

Electron transfer from the excited electronic state of the
dye molecules adsorbed on the TiO2 surface is a process of
considerable practical importance in dye-sensitized solar
cells. Various aspects of this process have been utilized and
studied since the end of the last century and applied in the
study of solar cells.[11e] Previous reports have shown that
electron injection from RuACHTUNGTRENNUNG(tpy/bpy) into the TiO2 conduc-
tion band proceeded at a rate from femtoseconds to picose-
conds.[11f,g] Under such conditions, the nature of the excited
state from which charge injection occurs is a metal-to-ligand
charge-transfer process (MLCT), and similar rates of charge
transfer from the excited state of the platinum(II) com-
plexes into TiO2 are expected. In general, a long-lived
charge-separated state is preferable because electrons are
able to migrate into the conduction band of TiO2 in a more
efficient way. Typically, studies of photoinduced charge sep-
aration and characterization of charge-separated (CS) states
are probed by transient absorption measurements. Eisen-
berg and co-workers showed that some donor–acceptor plat-
inum(II) complexes (D–Pt–A), in which Pt is linked to an
electron donor (D) and acceptor (A), undergo photoinduced
charge separation to produce the CS state D+–Pt–A� with
lifetimes of 75–230 ns.[19b,f,g] These rather short decaying life-
times have been attributed to the occurrence of rapid back
electron transfer or charge recombination in the partial CS
states (D+–Pt�–A or D–Pt+–A�). Schanze and co-workers
have synthesized a series of platinum(II) alkynyl polymers
that showed photoinduced electron transfer and a high
quantum efficiency of charge separation. This process de-
cayed with a lifetime of approximately 1–2 ms, with an en-

hanced solar-cell efficiency compared to the devices based
on a wide-band-gap platinum(II) alkynyl polymer.[20a–c]

Herein, we provide a detailed report of the synthesis, pho-
tophysical and electrochemical characterization of a series
of donor–acceptor platinum(II) polypyridyl alkynyl com-
plexes and their sensitizing behavior for TiO2-based dye-sen-
sitized solar-cell applications. The nature of the excited state
has also been probed using nanosecond transient absorption
spectroscopy. Density functional theory (DFT) and time-de-
pendent density functional theory (TDDFT) calculations
have been performed to provide further insights into the
nature of the excited states and the transitions in the elec-
tronic absorption study.

Results and Discussion

Synthesis and characterization : Platinum terpyridyl and bi-
pyridyl alkynyl complexes 1–6 were synthesized by modifi-
cation of a literature method for the synthesis of [Pt-ACHTUNGTRENNUNG(tpy)Cl]+ and [Pt ACHTUNGTRENNUNG(bpy)Cl2].[14f–i] The [Pt ACHTUNGTRENNUNG(tpy)Cl]+ or [Pt-ACHTUNGTRENNUNG(bpy)Cl2] precursor was dissolved in degassed dichlorome-
thane or N,N-dimethylformamide that contained triethyl-ACHTUNGTRENNUNGamine, and the corresponding alkyne and a catalytic amount
of copper(I) iodide were added. Metathesis reactions of
complexes 1–4 with tetra-n-butylammonium hydroxide in
aqueous solution gave the respective complexes as the tetra-
n-butylammonium salt. Complexes 1–6 have been character-
ized by 1H NMR spectroscopy and IR, FAB, and ESI mass
spectrometry and gave satisfactory elemental analyses.

Electronic absorption and emission studies : The electronic
absorption spectra of complexes 1–6 exhibit an intense ab-
sorption band at 302–388 nm and a less intense absorption
band at 412–534 nm in methanol and N,N-dimethylform-ACHTUNGTRENNUNGamide at 298 K (Figure 1a). The electronic absorption data
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are summarized in Table 1. With reference to the previous
studies on the related system of [Pt ACHTUNGTRENNUNG(N^N^N) ACHTUNGTRENNUNG(C�C�R)]+

and [Pt ACHTUNGTRENNUNG(N^N)ACHTUNGTRENNUNG(C�C�R)2] complexes (N^N^N= terpyridyl
ligand; N^N=bipyridyl ligand),[14a–e, 16,17] the high-energy ab-
sorptions located at about 302–388 nm are assigned as the
intra ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand (IL) p!p* ACHTUNGTRENNUNG(C�C�R) and p!p*(tctpy/dcbpy)
transitions of the respective alkynyl and substituted polypyr-
idine ligands (tctpy =4,4’,4’’-tricarboxy-2,2’:6’,2’’-terpyridine;
dcbpy =4,4’-dicarboxy-2,2’-bipyridine), whereas the low-
energy band located in the visible region is assigned to an
admixture of metal-to-ligand charge transfer (MLCT)
[dp(Pt)!p*(tctpy/dcbpy)] and alkynyl-to-polypyridine
ligand-to-ligand charge transfer (LLCT) [p ACHTUNGTRENNUNG(C�C�R)!
p*(tctpy/dcbpy)] transitions. Interestingly, for complexes
that contain strongly electron-donating groups on the alkyn-
yl ligands, a substantial mixing of LLCT character has been
observed (vide infra). For complex 4, closer scrutiny of the
absorption spectrum showed that the band in this region has
a molar extinction coefficient on the order of
104 dm3 mol�1 cm�1, which is much larger than the order of
103 dm3 mol�1 cm�1 commonly observed for platinum(II)
polypyridyl MLCT/LLCT transitions.[14a–e] Further examina-
tion of the free ligand associated with complex 4—that is,
the Th–BTD–Th ligand—showed that it absorbed strongly
in the same region with molar extinction coefficients on the
order of 104 dm3 mol�1 cm�1. Therefore it is likely that the
lowest-energy absorption band in complex 4 would consist

Figure 1. a) Electronic absorption spectra of complexes 1–4 in MeOH
and complexes 5 and 6 in DMF. b) Emission spectra of complexes 1 and
4 in MeOH and 5 and 6 in DMF.

Table 1. Photophysical and electrochemical data of complexes 1–6.

Complex lmax
[a] [nm] Medium Emission Oxidation Reduction E0–0 E [Pt3+ /2 +*]ACHTUNGTRENNUNG(emax ACHTUNGTRENNUNG[m�1 cm�1]) (T [K]) lem [nm]ACHTUNGTRENNUNG(to [ms])

fem
[b] Epa [V][c,d] vs. SCE E1=2

[V][c,d] vs. SCE [eV] [V] vs. SCE

1 336 (18 260), 356 (20 680), MeOH (298) 650 (0.64) 5.2� 10�4 + 0.91 �1.09 2.24 �1.33
400 (5480), 460 (5690) solid (298) –[e] �1.58

solid (77) –[e]

glass[f] (77) –[e]

2 356 (36 490), 406 (6265), MeOH (298) –[e] – + 0.75 �1.07 – –
492 (6170) solid (298) –[e] �1.55

solid (77) –[e]

glass[f] (77) –[e]

3 290 (40 550), 340 (16 000), MeOH (298) –[e] – + 0.62 �1.09 – –
356 (14 600), 534 (4300) solid (298) –[e] �1.60

solid (77) –[e]

glass[f] (77) –[e]

4 304 (27 000), 334 (34 000), MeOH (298) 570 1.2� 10�6 + 0.50 �1.09 2.26 �1.76
352 (31 000), 502 (21 000) solid (298) –[e] �1.41

solid (77) –[e] �1.58
glass[f] (77) –[e]

5 302 (25 430), 412 (5800) DMF (298) 570 (0.85) 8.6� 10�4 + 0.85 �0.83 2.80 �1.95
solid (298) 566 �1.12
solid (77) 550
glass[f] (77) 620

6 330 (25 450), 414 (5790) DMF (298) 592 (0.83) 8.4� 10�4 + 0.86 �0.85 2.46 �1.60
solid (298) –[e] �1.15
solid (77) –[e]

glass[f] (77) 615

[a] Electronic absorption data of complexes 1–4 were measured in MeOH; 5 and 6 were measured in DMF. [b] The luminescence quantum yield mea-
sured at room temperature using [Ru ACHTUNGTRENNUNG(bpy)3]Cl2 as a standard. [c] 0.1 m nBu4NPF6 (TBAH) in DMF as supporting electrolyte at room temperature; scan
rate, 100 mV s�1. [d] Epa refers to the anodic peak potential for the irreversible oxidation waves. E1=2

= (Epa +Epc)/2; Epa and Epc are peak anodic and peak
cathodic potentials, respectively. [e] Nonemissive. [f] In butyronitrile glass.
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of an admixture of IL p!p* ACHTUNGTRENNUNG(C�C�R) and MLCT/LLCT
transitions.

Upon photoexcitation, complexes 1, 5, and 6 displayed in-
tense emission bands at around 570–650 nm in fluid solution
at 298 K. Complex 4 showed a weakly emissive band at ap-
proximately 570 nm, whereas complexes 2 and 3 were non-ACHTUNGTRENNUNGemissive. In frozen ethanol/methanol (4:1 v/v) glass at 77 K,
complexes 5 and 6 displayed emission bands at higher ener-
gies, with vibrational progressional spacings of around
1300 cm�1, which is typical of the skeletal vibrational modes
of the bipyridine ligand. With reference to the previous
spectroscopic studies on the related complexes [Pt-ACHTUNGTRENNUNG(N^N^N) ACHTUNGTRENNUNG(C�C�R)]+ and [Pt ACHTUNGTRENNUNG(N^N) ACHTUNGTRENNUNG(C�C�R)2] com-ACHTUNGTRENNUNGplexes,[14a–c,16] an emission origin of an 3MLCT [dp(Pt)!
p*(tctpy/dcbpy)]/3LLCT [p ACHTUNGTRENNUNG(C�C�R)!p*(tctpy/dcbpy)] ex-
cited state is tentatively assigned to complexes 1, 5, and 6,
whereas the weakly emissive band of complex 4 is tentative-
ly assigned to have originated from a metal-perturbed intra-ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand (IL) state. The photophysical data are tabulated in
Table 1. In addition, the emission behavior of complex 5 was
chosen for study on both TiO2 film and on quartz substrate,
since only complex 5 emits in the solid state. No emission
was observed. The nonemissive nature on TiO2 film of com-
plex 5 may be attributed to the quenching by the electron
injection from the excited state of the complexes to the con-
duction band of the TiO2 nanoparticles.

Electrochemical study : Since the energy levels of the fron-
tier orbitals of the sensitizers play an important role in the
electron-transfer processes in dye-sensitized solar cells, the
electrochemical behaviors of 1–6 have been studied. The
energy levels of the HOMOs and LUMOs were derived
from the oxidation potentials
and reduction potentials. In
general, the cyclic voltammo-
grams of complexes 1–3 dis-
played two quasireversible re-
duction couples at �1.07 to
�1.60 V (versus the saturated
calomel electrode (SCE)) and
an irreversible anodic wave at
approximately + 0.62 to
+0.91 V (versus SCE), whereas
complex 4 displayed three qua-
sireversible reduction couples
at �1.09 to �1.58 V (versus
SCE) and an irreversible anodic
wave at around + 0.50 V
(versus SCE). Complexes 5 and
6 displayed two quasireversible
reduction couples at around
�0.83 to �1.15 V and an irre-
versible anodic wave at around
+0.85 to +0.86 V (versus
SCE). The two quasireversible
reduction couples in complexes
1–3, 5, and 6, which are inde-

pendent of the nature of the substituents on the alkynyl
ligand, are assigned as the two successive reductions of the
polypyridine ligand.[14b,e, 15a–b, 16c,17a] Similarly, the reduction
couples of complex 4 at around �1.09 and �1.58 V are as-
signed as the reductions of the terpyridine ligand, whereas
the additional quasireversible reduction couple at approxi-
mately �1.41 V (versus SCE) is assigned as the reduction of
the bithienylbenzothiadiazole alkynyl ligand. The electro-
chemical data for complexes 1–6 are summarized in Table 1,
and the cyclic voltammograms are shown in Figure 2.

In general, the oxidation wave was found to occur at
more positive potential for the compounds with less p-do-
nating or less electron-rich alkynyl ligands attached to the
metal center, that is, 1 (+ 0.91 V)>2 (+ 0.75 V)>3
(+0.62 V)>4 (+ 0.50 V) for the terpyridyl analogues, which
is in line with the electron richness of the substituent on the
alkynyl ligand; whereas complexes 5 and 6 showed similar
anodic potentials, thus resulting in the energy of the dp(Pt)/
pp ACHTUNGTRENNUNG(C�C�R) orbital in the order of 1<2<3<4 for the ter-
pyridyl analogues and 5ffi6 for the bipyridyl analogues. With
reference to previous electrochemical studies of the related
compounds, this irreversible oxidation wave is ascribed to
the mixed platinum(II)/alkynyl-centered oxidation process.
Similar trends have also been reported in other related alky-
nylplatinum(II) polypyridyl complexes.[14b,e, 15a,b, 16c]

Computational studies : To gain further insight into the
nature of the excited states and the transitions in the high-
energy and low-energy absorption bands of the platinum(II)
polypyridyl alkynyl complexes, complexes 1 and 4 were
chosen for the computational study (for details, see the Ex-
perimental Section). Geometry optimization of complexes 1

Figure 2. Cyclic voltammograms of complexes a) 1–4 and b) 5 and 6.
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and 4 starts from a structure in which the plane of the thien-
yl and dithienylbenzothiadiazole rings are coplanar with the
plane of the Pt terpyridyl unit, respectively. The optimized
structures and selected structural parameters are shown in
Figure 3. The average Pt�N, Pt�C ACHTUNGTRENNUNG(alkynyl) and C�C bond
distances in 1 are found to be 2.009, 1.958, and 1.231 �, re-
spectively, which are very close to those found in complex 4.

A nonequilibrium TDDFT/CPCM calculation using
CH3OH as the solvent was employed to compute the first
twenty-five singlet–singlet transitions of complexes 1 and 4.
Selected singlet–singlet transitions with oscillator strength
(f)>0.2 are listed in Table 2. The spatial plots of the molec-
ular orbitals involved in the transitions are shown in Fig-
ure S1 in the Supporting Information, with the exception of
the HOMO and LUMO, which are shown in Figure 4. The
first singlet–singlet transition of 1 and 4 with significant os-
cillator strengths correspond to the excitation from the
HOMO to the LUMO. As shown in Figure 4, the HOMO
for 1 and 4 are the out-of-plane highest-occupied p orbitals
of the respective C�C�C4H3S and C�C�C14H7N2S3 units,
mixed with metal dp orbitals of proper symmetry in an anti-
bonding fashion. The LUMO for 1 is essentially the p* orbi-
tals localized on the tricarboxyterpyridyl ligand, whereas the
LUMO for 4 is the p* orbital of the tricarboxyterpyridyl
ligand with some mixing of the p* orbital of the C�C�
C14H7N2S3 unit. Based on the TDDFT/CPCM calculations,
the low-energy absorption band can be assigned to an ad-
mixture of MLCT [dp(Pt)!p* ACHTUNGTRENNUNG(tctpy)] and LLCT [pACHTUNGTRENNUNG(C�C�
R)!p* ACHTUNGTRENNUNG(tctpy)] transition for 1, whereas for 4 the MLCT

[dp(Pt)!p* ACHTUNGTRENNUNG(tctpy)]/LLCT [p ACHTUNGTRENNUNG(C�C�R)!p* ACHTUNGTRENNUNG(tctpy)] transi-
tion is mixed with IL p!p* transitions of the C�C�
C14H7N2S3 ligand. The larger oscillator strength computed
for the S0!S1 transition in 4 relative to 1 is in line with the
larger extinction coefficient observed for the low-energy ab-
sorption band in 4, which further supports the low-energy
absorption band in 4 as consisting of the mixing of an IL
(C�C�C14H7N2S3) character.

Several transitions are computed in the region of the in-
tense high-energy absorption band of 1 and 4. Table 2 lists
the two most intense transitions. For 1, the most intense
transition (S0!S14) computed at 323 nm involves the excita-
tion from the p orbital of the tctpy ligand mixed with metal
dp orbital to the LUMO, and it can be assigned as the IL
p!p* transition of the tctpy ligand mixed with some
MLCT [dp(Pt)!p* ACHTUNGTRENNUNG(tctpy)] character. A similar type of IL/
MLCT [pACHTUNGTRENNUNG(tctpy)/dp(Pt)!p* ACHTUNGTRENNUNG(tctpy)] transition (S0!S21) can
be also found in 4, which is computed at 322 nm. In addition
to this transition, a transition (S0!S9) computed at 360 nm
that is derived from the HOMO!LUMO+3 and HOMO!
LUMO+5 excitations is found to be very intense. The
LUMO+3 and LUMO+5 are the p* orbitals localized on

Figure 3. The optimized geometries for 1 and 4 with selected structural
parameters.

Table 2. Selected singlet-excited states (Sn) of 1 and 4 computed by TDDFT/CPCM (CH3OH) calculations, with the orbitals involved in the excitations
(H=HOMO and L=LUMO), transition coefficients, vertical excitation wavelengths [nm], oscillator strengths (f), and character of the excited state.

Complex Sn Excitation[a] l [nm] f[b] Character

1 S1 H!L (0.69) 508 0.222 MLCT/LLCT [dp(Pt)/p ACHTUNGTRENNUNG(C��C�R)!p* ACHTUNGTRENNUNG(tctpy)]
S14 H�11!+L (0.63) 323 0.421 IL/MLCT [p ACHTUNGTRENNUNG(tctby)/dp(Pt)!p* ACHTUNGTRENNUNG(tctpy)]
S20 H�12!L (0.36) 300 0.396 ILCT [p(O)!p* ACHTUNGTRENNUNG(tctpy)][c]

H�2!L+1 (0.37) IL/MLCT [p ACHTUNGTRENNUNG(tctpy)/dp(Pt)!p* ACHTUNGTRENNUNG(tctpy)]
H!L+4 (�0.35) MLCT/IL [dp(Pt)/p ACHTUNGTRENNUNG(C�C�R)!p* ACHTUNGTRENNUNG(C�C�R)]

4 S1 H!L (0.66) 600 0.929 MLCT/LLCT/IL [dp(Pt)/p ACHTUNGTRENNUNG(C�C�R)!p*ACHTUNGTRENNUNG(tctpy)/p* ACHTUNGTRENNUNG(C�C�R)]
S9 H!L+3 (0.51) 360 0.713 MLCT/LLCT [dp(Pt)/p ACHTUNGTRENNUNG(C�C�R)!p* ACHTUNGTRENNUNG(tctpy)]

H!L+5 (0.44) MLCT/IL [dp(Pt)/p ACHTUNGTRENNUNG(C�C�R)!p*ACHTUNGTRENNUNG(C�C�R)]
S21 H�13!L (0.46) 322 0.339 IL/MLCT [p ACHTUNGTRENNUNG(tctpy)/dp(Pt)!p* ACHTUNGTRENNUNG(tctpy)/p* ACHTUNGTRENNUNG(C�C�R)]

H�1!L+2 (�0.36) LLCT/MLCT [p ACHTUNGTRENNUNG(C�C�R)/dp(Pt)!p* ACHTUNGTRENNUNG(tctpy)]

[a] The excitations with transition coefficients less than the absolute value of 0.3 were not shown. [b] Only the transitions with oscillator strength greater
than 0.2 are listed. [c] Transition involves the excitation from out-of-plane p orbitals of carboxyl oxygen atoms to the p* orbital of the dcbpy ligand.

Figure 4. Spatial plots (isovalue= 0.03) of the HOMO and LUMO of 1
and 4 obtained from TDDFT/CPCM (CH3OH) calculation.
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the tricarboxyterpyridyl and C�C�C14H7N2S3 ligands, re-
spectively. Therefore, the transition can be assigned to an
admixture of the LLCT [pACHTUNGTRENNUNG(C�C�R)!p* ACHTUNGTRENNUNG(tctpy)] and IL p!
p* of the C�C�R ligand transitions.

Nanosecond UV/Vis transient absorption (TA) spectrosco-
py: To probe the nature of the excited states, nanosecond
TA measurements were performed on complexes 1–6 at
room temperature in degassed CH2Cl2. The nanosecond TA
spectra for complexes 1, 4, and 5 are shown in Figure 5. The
transient absorption spectra of 2 and 6 are shown in Fig-
ure S2 in the Supporting Information. All the spectra were
collected immediately after excitation at 355 nm and the
transient absorption spectra of complexes 1–3 and 5–6 are
virtually identical to those previously reported for other re-
lated platinum(II) polypyridyl complexes.[19]

Upon laser excitation, the platinum(II) terpyridyl and bi-
pyridyl alkynyl complexes undergo electron-density redis-
tribution toward the terpyridine or bipyridine moieties. For

complexes 1–3, the TA spectra showed two positive absorp-
tion bands at around 380 and 500–550 nm and a broad ab-
sorption band that extends into the NIR region (690–
800 nm) and continues beyond our detection range; these
are commonly assigned to the terpyridine radical anion ab-
sorption that results from the 3MLCT [dp(Pt)!p*-ACHTUNGTRENNUNG(tctpy)]/3LLCT [p ACHTUNGTRENNUNG(C�CR)!p* ACHTUNGTRENNUNG(tctpy)] excited state.[19]

Bleaching was found in the spectrum of complex 2 at ap-
proximately 440–480 nm, ascribed to the depletion of the
ground state MLCT/LLCT absorption, whereas no ground-
state bleaching was found in complexes 1 and 3. The transi-
ent absorption bands of complexes 1–3 decay through first-
order kinetics to their respective ground state with no differ-
ence in the transient decay profile at different wavelengths.
The transient absorption decay profiles for complexes 1–3
were about 1–2 ms, which is consistent with the emission-
decay lifetimes of the respective complexes and are assigned
to the 3MLCT/3LLCT excited-state absorption. Similarly,
complexes 5 and 6 showed absorption bands at approxi-
mately 360 and 480 nm and a broad absorption band that
extends into the NIR region (690–800 nm). The TA spectral
features are characteristic of the absorption of the bipyri-
dine radical anion that results from the 3MLCT/3LLCT
state. The negative signal centered at around the emission
maximum of complex 6 (580–630 nm) was ascribed to the
3MLCT/3LLCT emission.

Although complexes 1–3, 5, and 6 all showed transient ab-
sorption signals typical of the 3MLCT/3LLCT absorption
with decay profiles in agreement with those of the emissive-
state lifetimes, the transient absorption spectrum of complex
4 showed very long-lived strong absorption bands at around
360–480 nm and 530–670 nm and a very broad band that ex-
tends into the NIR region (690–800 nm). Similar to com-
plexes 1–3, the positive absorption bands are characteristic
of the terpyridine radical anion. Ground-state bleaching was
found in the spectrum of complex 4 at around 490–530 nm,
again ascribed to the ground-state MLCT/LLCT absorption.
Well-defined isosbestic points were observed at approxi-
mately 360, 480, and 530 nm. The transient signals were
found to show a monoexponential decay of 3.4 ms, which is
on a much longer timescale than that of the emission life-
time. It is believed that the absorption at around 580 nm is
attributed to the formation of the bithienylbenzothiadiazole
radical cation. Therefore, the long-lived transient signal is
tentatively assigned to result from the formation of a
charge-separated state, which can be alternatively described
as a [Pt ACHTUNGTRENNUNG(tctpy)�C�(C�C-Th-BTD-Th)+ C] state, with the
charge recombination rate constant determined to be 2.9 �
105 s�1.

Photocurrent–voltage characteristics of Pt-dye-coated TiO2

electrode : The current–voltage curves of the cells based on
these new sensitizers obtained both in the dark and under il-
lumination of air mass (AM) 1.5 G sunlight (100 mW cm�2)
are shown in Figure 6a with the dye-sensitized TiO2 elec-
trode systems in this study. The short-circuit current (Jsc)
and open-circuit voltage (Voc) values for each dye-sensitized

Figure 5. Transient absorption difference spectra of a) 1, b) 4, and c) 5
measured in CH2Cl2 following a 355 nm laser pulse.
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TiO2 electrode with an electrolyte that contained 0.6 m 1,3-
dimethylimidazolium iodide (DMII), 0.05 m I2, 0.5 m tert-bu-
tylpyridine (TBP), and 0.1 m LiI in methoxyacetonitrile were
recorded. An estimation of the excited-state reduction po-
tential using the spectroscopic E0–0 value of 2.24 eV for 1,
2.26 eV for 4, 2.80 eV for 5, and 2.46 eV for 6, and electro-
chemical data E0 of +0.91 V for 1, +0.50 V for 4, + 0.85 V
for 5, and + 0.86 V versus SCE for 6 would give the excited-
state reduction potentials of �1.33, �1.76, �1.95, and
�1.60 V versus SCE for complexes 1, 4, 5, and 6, respective-
ly, which are sufficient to inject an electron into the conduc-
tion band of TiO2 (�0.7 V vs. SCE).[13a, l] By assuming similar
molecular-orbital geometry for all the complexes when
anchored onto TiO2, those complexes with the energy of the
LUMO close to that of the anchoring group would enhance
the orbital overlap with the titanium 3d orbital that favors
electron injection from the dye to TiO2. Table 3 summarizes
the fill factor (FF) and the power-conversion efficiency
(PCE) for complexes 1–6, with the most efficient sensitizer
[Pt ACHTUNGTRENNUNG(tctpy)(C�C�C14H7N2S3)] ACHTUNGTRENNUNG[NnBu4]2 (4) exhibiting a photo-
current of 7.12 mA cm�2 and an open-circuit potential of

780 mV with a fill factor of 0.65 under the illumination of
AM 1.5 G sunlight (100 mW cm�2).

In general, the device performances of 1–4 are found to
be higher than that of 5 and 6, and the photocurrent density
was found to increase with the extension of the p-conjugat-
ed system and the increase in electron-donating ability of
the alkynyl donor functionality. On going from �C�C�
C6H4NMe2 to �C�C�C8H5S2, an increase of the photocur-
rent density from 6.04 to 6.85 mA cm�2 was observed, in line
with an increase in the p-conjugation. Upon further exten-
sion of the p-conjugation and an increase in the electron-do-
nating ability to �C�C�C14H7N2S3, the photocurrent density
was further increased to 7.12 mA cm�2. In addition, the high
Jsc value for the device with 4 as the photosensitizer may
also result from the relatively higher HOMO level of 4 than
the other complexes, which may lead to a more facile regen-
eration of the oxidized dye. Figure 6b shows the photocur-
rent action spectra for [Pt ACHTUNGTRENNUNG(tctpy) ACHTUNGTRENNUNG(C�C�R)]2� and [Pt ACHTUNGTRENNUNG(N^N)-ACHTUNGTRENNUNG(C�C�R’)2] complexes adsorbed on TiO2 films, with the in-
cident photon-to-current conversion efficiency (IPCE)
values plotted as a function of wavelength. The photocur-
rent action spectra of each dye-coated TiO2 electrode col-
lected under short-circuit conditions showed a strong corre-
lation with the electronic absorption spectra of the metal
complexes. The IPCE values of all complexes in this study
are given in Table 3; 1, 2, and 4 show IPCE values of over
40 % in the visible region. The IPCEmax value follows the
trend: 4>2>1ffi3>5ffi6, with complexes 5 and 6 showing
very low photosensitization properties. The low photocur-
rents are mainly due to the narrow absorption bands in the
visible region, thus resulting in poorer light-harvesting abili-
ty under irradiation. The IPCE values increase in the order
4>2>1, with complex 4 showing the highest IPCE coverage
in the visible region. The same trend was also observed in
the Jsc values (7.12, 6.85, and 6.75 mA cm�2 for complexes 4,
2, and 1, respectively) and power-conversion efficiencies.
The improved efficiency of complex 4 may attributed to the
introduction of the strongly electron-donating bithienylben-
zothiadiazole alkynyl substituent, which leads to the en-
hancement and redshifting of the MLCT/LLCT absorption
band in the visible region and a long-lived charge-separated
state as mentioned in the TA study. The improved light-har-
vesting efficiency and the resulting photocurrent generation
are responsible for the remarkable difference in the PCE
and IPCE values of complex 4. However, the cell efficien-
cies of complexes 1–6 (1.6–3.6 %) are relatively lower, com-
pared to that of [RuACHTUNGTRENNUNG(dcbpy)2ACHTUNGTRENNUNG(NCS)2] dye (10.4 %), which is
probably due to the high ratios of the rates of recombina-
tion and self-quenching phenomenon that counteract the
light-harvesting behavior of the dye. Similar findings were
also observed and reported in other diimineplatinum(II)
and dithiolatoplatinum(II) polypyridine complexes by Ei-
senberg and Sugihara and co-workers.[9b, 15c,18]

Figure 6. a) I–V characteristics of the devices fabricated from 1–6 mea-
sured under AM 1.5 G illumination. b) Photocurrent action spectra of
nanocrystalline TiO2 films sensitized by complexes 1–6.

Table 3. The performance of dye-sensitized solar cells 1–6.

Complex JscACHTUNGTRENNUNG[mA cm�2]
Voc

[mV]
FF PCE

[%]
IPCE
[%]

1 6.75 620 0.61 2.6 42 (340 nm); 40 (440 nm)
2 6.85 620 0.62 2.7 45 (340 nm); 40 (460 nm)
3 6.04 620 0.60 2.4 46 (340 nm); 10 (550 nm)
4 7.12 780 0.65 3.6 44 (340 nm); 46 (450 nm)
5 5.20 400 0.58 1.6 43 (340 nm); 13 (420 nm)
6 6.65 400 0.58 1.8 43 (340 nm); 13 (420 nm)
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Conclusion

In summary, a number of square-planar alkynylplatinum(II)
terpyridyl and bipyridyl complexes have been successfully
synthesized that can sensitize TiO2 for dye-sensitized solar-
cell application studies. Their electrochemical, photophysi-
cal, luminescence, and photovoltaic properties have been
studied. In the UV/Vis absorption study, complexes 1–6
show an intense charge-transfer absorption band in the visi-
ble region, and the majority of the complexes are found to
exhibit stable solar-cell properties and convert light into
electricity. The transient absorption study demonstrated that
complexes 1–6 show spectral features typical of the terpyri-
dine and bipyridine radical anion, with the signals of com-
plexes 1–3 and 5 and 6 assigned as the absorption of the
3MLCT/3LLCT excited state. On the contrary, the transient
absorption spectrum of complex 4 shows a long-lived transi-
ent signal that has been tentatively assigned to the absorp-
tion of the charge-separated [Pt ACHTUNGTRENNUNG(tctpy)�C�(C�C-Th-BTD-
Th)+ C] state. Among the platinum complexes, a short-circuit
current of 7.12 mA cm�2 and an open-circuit potential of
780 mV, with a fill factor of 0.65 and a power-conversion ef-
ficiency of 3.6 % were obtained for the most efficient sensi-
tizer [Pt ACHTUNGTRENNUNG(tctpy)(C�C�C14H7N2S3)] ACHTUNGTRENNUNG[NnBu4]2 (4) under AM
1.5 G simulated solar irradiation. Further optimization of
the molecular design and electrolyte combination such as in-
troducing different donor–acceptor ligands with charge-
transfer properties are promising strategies for achieving
highly efficient platinum dye-sensitized solar-cells.

Experimental Section

Materials : All chemicals used for synthesis were of reagent grade and
purchased from Sigma-Aldrich Chemical Co. and Strem Chemicals, Inc.
4,4’-Dicarboxylic acid-2,2’-bipyridine[28] and [Pt ACHTUNGTRENNUNG(dcbpy)Cl2]

[28] were syn-
thesized as described previously. 2,2’-Bithiophene, thiophen-2-ylboronic
acid,[29] 4-ethynyl-N,N-dimethylbenzenamine,[14e] 4,4’-dicarboxylic acid-
2,2’-bipyridine,[28] and 4-(5-bromothiophen-2-yl)-7-(thiophen-2-yl)-
benzo[c] ACHTUNGTRENNUNG[1,2,5]thiadiazole[30] were prepared as reported previously.

4,4’,4’’-Triethyl-2,2’:6’,2’’-terpyridine (Et3tpy): This was synthesized ac-
cording to a modification of the literature procedure reported by Gr�tzel
and co-workers[1] by using freshly distilled 4-ethylpyridine and 10% Pd
on activated carbon as starting materials.

4,4’,4’’-Tricarboxy-2,2’:6’,2’’-terpyridine (H3tctpy): Et3tpy (1.5 g) was
added to a stirred solution of sulfuric acid (98 %, 30 mL). Potassium di-
chromate (9.0 g) was added in small portions at a temperature below
70 8C. The mixture was poured into ice water (500 mL) and cooled over-
night. The resulting solid was filtered and washed with water until the
washings were colorless to yield a pale yellow solid (1.0 g). The resulting
solid was heated to reflux in of 50% nitric acid (60 mL) for 6 h. The solu-
tion was poured into ice water (200 mL) and was allowed to be kept in
the refrigerator overnight. The obtained precipitate was filtered and
washed with water and Et2O several times to give pure 4,4’,4’’-tricarboxy-
2,2’:6’,2’’-terpyridine. Yield: 0.5 g (37 %); 1H NMR (400 MHz, D2O/
NaOD, 298 K, relative to Me4Si): d =7.53 (d, J =6.0 Hz, 2 H; H5 and
H5’’), 8.43 (d, J=6.0 Hz, 2H; H6 and H6’’), 8.31 ppm (s, 2H; H3 and
H3’’).

[Pt ACHTUNGTRENNUNG(tctpy)Cl]OTf : The complex was prepared according to a modification
of a method previously reported for the synthesis of chloroplatinum(II)
terpyridyl complexes. Yield: 300 mg (78 %); 1H NMR (400 MHz,

CD3SOCD3, 298 K, relative to Me4Si): d=7.67 (d, J=6.0 Hz, 2H; terpyr-
idyl H), 8.38 (s, 2 H; terpyridyl H), 8.41 (s, 2H; terpyridyl H), 8.99 (d, J=

6.0 Hz, 2H; terpyridyl H); MS (FAB+): m/z : 744.0 [M]+ ; elemental anal-
ysis calcd (%) for C19H11ClF3N3O9PtS: C 30.64, H 1.50, N 5.64; found: C
31.02, H 1.74 N, 5.37.

Trimethyl(thiophen-2-ylethynyl)silane : A mixture of bis(triphenylphos-
phine)palladium(II) chloride (70 mg, 0.1 mmol) and copper(I) iodide
(22 mg, 0.2 mmol) in distilled triethylamine (20 mL) was deaerated with
nitrogen. 2-Bromothiophene and (trimethylsilyl)acetylene (0.6 g, 6 mmol)
were then added to the reaction mixture and was stirred while being
heated at reflux for 12 h. The mixture was then filtered, and the filtrate
was evaporated to dryness under reduced pressure to give a solid residue.
The residue was then dissolved in chloroform and purified by column
chromatography on silica gel by using petroleum ether and dichlorome-
thane as eluent. Yield: 1 g (86 %); 1H NMR (400 MHz, CD3Cl3, 298 K,
relative to Me4Si): d =0.29 (s, 9 H; SiMe3), 7.12 (d, J=3.0 Hz, 1 H;
C4H3S), 7.18 (d, J=3.0 Hz, 1H; C4H3S), 7.22 ppm (t, J=3.0 Hz, 1H;
C4H3S); MS (FAB+): m/z : 180.0 [M]+ .

(2,2’-Bithiophen-5-ylethynyl)trimethylsilane : A mixture of 5-bromo-2,2’-
bithiophene (1 g, 4.1 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (70 mg, 0.1 mmol), copper(I) iodide (22 mg, 0.2 mmol), and distilled
triethylamine (20 mL) was deaerated with nitrogen. (Trimethylsilyl)acety-
lene (0.6 g, 6 mmol) was then added to the reaction mixture and was
stirred while being heated at reflux for 12 h. The mixture was then fil-
tered, and the filtrate was evaporated to dryness under reduced pressure
to give a solid residue. The residue was then dissolved in chloroform and
purified by column chromatography on silica gel by using petroleum
ether and dichloromethane as eluent. Yield: 0.77 g (72 %); 1H NMR
(400 MHz, CDCl3, 298 K, relative to Me4Si): d=0.26 (s, 9H; SiMe3), 7.01
(m, J =3.0 Hz, 2H; C8H5S2), 7.13 (d, J= 3.0 Hz, 1H; C8H5S2), 7.17 (d, J=

3.0 Hz, 1H; C8H5S2), 7.23 ppm (t, J =3.0 Hz, 1 H; C8H5S2); MS (FAB+):
m/z : 262.0 [M]+ .

4-(Thiophen-2-yl)-7-{5-[(trimethylsilyl)ethynyl]thiophen-2-yl}benzo[c]-ACHTUNGTRENNUNG[1,2,5]thiadiazole : A mixture of 4-(5-bromothiophen-2-yl)-7-(thiophen-2-
yl)benzo[c] ACHTUNGTRENNUNG[1,2,5]thiadiazole (1 g, 2.7 mmol), bis(triphenylphosphine)pal-
ladium(II) chloride (80 mg, 0.1 mmol), copper(I) iodide (22 mg,
0.2 mmol), and distilled triethylamine (20 mL) was deaerated with nitro-
gen. (Trimethylsilyl)acetylene (0.6 g, 6 mmol) was then added to the reac-
tion mixture and was stirred while being heated at reflux for 12 h. The
mixture was then filtered, and the filtrate was evaporated to dryness
under reduced pressure to give a solid residue. The residue was then dis-
solved in chloroform and purified by column chromatography on silica
gel by using petroleum ether and dichloromethane as eluent. Yield:
0.70 g (65 %); 1H NMR (400 MHz, CDCl3, 298 K, relative to Me4Si): d=

0.26 (s, 9H; SiMe3), 7.21 (t, J= 4.0 Hz, 1H; C14H8N2S3), 7.35 (d, J=

4.0 Hz, 1 H; C14H8N2S3), 7.46 (d, J =4.0 Hz, 1H; C14H8N2S3), 7.85 (d, J=

4.0 Hz, 1 H; C14H8N2S3), 7.95 (d, J =4.0 Hz, 1 H; C14H8N2S3), 8.12 ppm (d,
J =4.0 Hz, 1H; C14H8N2S3); MS (FAB+): m/z : 396.0 [M]+ .

[Pt ACHTUNGTRENNUNG(tctpy)(C�C�C4H3S)] ACHTUNGTRENNUNG[NnBu4]2 (1): (2-Thiophen-5-ylethynyl)acetylene
(22 mg, 0.21 mmol), a catalytic amount of CuI (1 mg), and NEt3 (1 mL)
were added to a degassed solution of [PtACHTUNGTRENNUNG(tctpy)]OTf (120 mg, 0.16 mmol)
in DMF (10 mL). The resulting solution was stirred at room temperature
for 5 h under an N2 atmosphere. Upon addition of diethyl ether, a precip-
itate was formed, which was filtered, redissolved in DMF, and then fil-
tered. Slow diffusion of diethyl ether vapor into this concentrated solu-
tion afforded the product as purple needle-shaped crystals. A metathesis
reaction was carried out by adding 2 m tetrabutylammonium hydroxide
(2.0 mL) to a hot aqueous solution of 1 with vigorous stirring. Chloro-
form (50 mL) was used to extract the product. Subsequent recrystalliza-
tion of the complex was performed by the slow vapor diffusion of diethyl
ether into a solution of the metathesized product in dichloromethane.
Yield: 73 mg (36 %); 1H NMR (400 MHz, MeOD, 298 K, relative to
Me4Si): d=0.95 (t, J= 8.0 Hz, 24H; NBu4), 1.4 (m, J=8.0 Hz, 32H;
NBu4), 3.50 (t, J =8.0 Hz, 16H; NBu4), 7.00 (t, J =4.0 Hz, 1 H; C3H3S),
7.16 (d, J=4.0 Hz; C3H3S), 7.26 (d, J =4.0 Hz, 1 H; C3H3S), 8.22 (d, J=

4.0 Hz, 2 H; terpyridyl H), 8.82 (s, 2H; terpyridyl H), 8.87 (s, 2H; terpyr-
idyl H), 9.18 ppm (d, J=8.0 Hz, 2H; terpyridyl H); IR (KBr): ñ=

2099 cm�1 (C�C); MS (ESI): m/z : 667 [M]+ ; elemental analysis calcd
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(%) for C56H83N5O6PtS·CHCl3: C 53.98, H 6.67, N 5.51; found: C 54.37,
H 6.78 N, 5.86.

[Pt ACHTUNGTRENNUNG(tctpy)(C�C�C8H5S2)]ACHTUNGTRENNUNG[NnBu4]2 (2): The procedure was similar to that
for 1 except (2,2’-bithiophen-5-ylethynyl)acetylene (40 mg, 0.21 mmol)
was used in place of (2-thiophen-5-ylethynyl)acetylene. Subsequent re-
crystallization of the complex was performed by the slow vapor diffusion
of diethyl ether into a dichloromethane solution of the metathesized
product. Yield: 67 mg (34 %); 1H NMR (400 MHz, MeOD, 298 K, rela-
tive to Me4Si): d= 0.95 (t, J=8.0 Hz, 24H; NBu4), 1.4 (m, J =8.0 Hz,
32H; NBu4), 3.50 (t, J =8.0 Hz, 16 H; NBu4), 6.74 (s, 1H; C4H3S), 6.85 (d,
J =6.0 Hz, 2H; C4H3S), 7.05 (s, 1 H; C4H3S), 7.16 (d, J=6.0 Hz, 1 H;
C4H3S), 8.04 (d, J =6.0 Hz, 2H; terpyridyl H), 8.58 (s, 2H; terpyridyl H),
8.67 (s, 2H; terpyridyl H), 8.90 ppm (d, J =6.0 Hz, 2 H; terpyridyl H); IR
(KBr): ñ= 2099 cm�1 (C�C); MS (ESI+): m/z : 749 [M�OTf]+ ; elemental
analysis calcd (%) for C60H85N5O6PtS2·CH2Cl2: C 55.66, H 6.41, N 5.32;
found: C 55.89, H 6.12, N 5.28.

[Pt ACHTUNGTRENNUNG(tctpy)(C�C�C8H10N)] ACHTUNGTRENNUNG[NnBu4]2 (3): The procedure was similar to
that for complex 1 except 4-ethynyl-N,N-dimethylbenzenamine (30 mg,
0.21 mmol) was used in place of (2-thiophen-5-ylethynyl)acetylene. Sub-
sequent recrystallization of the complex was performed by the slow
vapor diffusion of diethyl ether into a solution of the metathesized prod-
uct in dichloromethane. Yield: 57 mg (30 %); 1H NMR (400 MHz,
MeOD, 298 K, relative to Me4Si): d =0.95 (t, J =8.0 Hz, 24H; NBu4), 1.4
(m, J =8.0 Hz, 32H; NBu4), 3.00 (s, 6H), 3.50 (t, J =8.0 Hz, 16H; NBu4),
6.72 (d, J=8.0 Hz, 2H; C6H4), 7.46 (d, J=8.0 Hz, 2H; C6H4), 8.22 (d, J =

6.0 Hz, 2 H; terpyridyl H), 8.77 (s, 2H; terpyridyl H), 8.88 (s, 2H; terpyr-
idyl H), 8.93 ppm (d, J=6.0 Hz, 2H; terpyridyl H); IR (KBr): ñ=

2099 cm�1 (C�C); MS (ESI+): m/z : 702 [M�OTf]+ ; elemental analysis
calcd (%) for C60H90N6O6Pt: C 60.74, H 7.65, N 7.08; found: C 60.54, H
7.43, N 6.85.

[Pt ACHTUNGTRENNUNG(tctpy)(C�C�C14H7N2S3)] ACHTUNGTRENNUNG[NnBu4]2 (4): The procedure was similar to
that for 1, except 4-(thiophen-2-yl)-7-{5-[(trimethylsilyl)ethynyl]thiophen-
2-yl}benzo[c] ACHTUNGTRENNUNG[1,2,5]thiadiazole (68 mg, 0.21 mmol) was used in place of 2-
thiophen-5-ylethynylacetylene. Subsequent recrystallization of the com-
plex was performed by the slow vapor diffusion of diethyl ether into a so-
lution of the metathesized product in dichloromethane. Yield: 70 mg
(32 %); 1H NMR (400 MHz, MeOD, 298 K, relative to Me4Si): d=0.95 (t,
J =8.0 Hz, 24H; NBu4), 1.4 (m, J =8.0 Hz, 32H; NBu4), 3.00 (s, 6 H) 3.50
(t, J =8.0 Hz, 16H; NBu4), 7.21 (t, J=4.0 Hz, 1H; C14H7N2S3), 7.45 (d,
J =4.0 Hz, 2H; C14H7N2S3), 7.87 (d, J =4.0 Hz, 2 H; C14H7N2S3), 8.05 (d,
J =4.0 Hz, 1H; C14H7N2S3), 8.10 (s, J=4.0 Hz, 1 H; C14H7N2S3), 8.24 (d,
J =6.0 Hz, 2H; terpyridyl H), 8.78 (s, 2H; terpyridyl H), 8.88 (s, 2 H; ter-
pyridyl H), 9.18 ppm (d, J=6.0 Hz, 2H; terpyridyl H); IR (KBr): ñ=

2099 cm�1 (C�C); MS (ESI+): m/z : 702 [M�OTf]+ ; elemental analysis
calcd (%) for C66H87N7O6PtS3: C 58.04, H 6.42, N 7.18; found: C 58.18, H
6.58, N 7.43.

[Pt ACHTUNGTRENNUNG(dcbpy)(C�C�C4H3S)2] (5): 2-Ethynylthiophene (74 mg 0.69 mmol), a
catalytic amount of CuI (1 mg), and NEt3 (1 mL) were added to a de-
gassed solution of [Pt ACHTUNGTRENNUNG(dctpy)] (160 mg, 0.31 mmol) in DMF (10 mL). The
resulting solution was stirred at room temperature for 5 h under an N2 at-
mosphere. Upon addition of diethyl ether, a precipitate was formed,
which was filtered, redissolved in acetonitrile/methanol (3:2 v/v), and
then filtered. Subsequent recrystallization of the complex was performed
by the slow vapor diffusion of diethyl ether into acetonitrile/methanol to
obtain a yellow solid. Yield: 131 mg (65 %); 1H NMR (300 MHz,
CD3SOCD3, 298 K, relative to Me4Si): d=6.97 (d, J=6.0 Hz, 2H;
C4H3S), 7.06 (d, J =3.0 Hz, 2H; C4H3S), 7.28 (d, J= 6.0 Hz, 2H; C4H3S),
8.17 (s, 2H; bipyridyl H), 8.84 (d, J =6.0 Hz, 2H; bipyridyl H), 9.50 ppm
(d, J =6.0 Hz, 2 H; bipyridyl H); IR (KBr): ñ=2110 cm�1 (C�C); MS
(FAB+): m/z : 654 [M]+ ; elemental analysis calcd (%) for
C24H14N2O4PtS2·MeOH: C 43.89, H 2.65, N 4.19; found: C 44.01, H 3.02,
N 4.36.

[Pt ACHTUNGTRENNUNG(dcbpy)ACHTUNGTRENNUNG(C�C�C6H5)2] (6): The procedure was similar to that for com-
plex 5, except phenylacetylene (70 mg, 0.68 mmol) was used in place of
2-ethynylthiophene. The resulting solution was stirred at room tempera-
ture for 5 h under N2 atmosphere. Upon addition of diethyl ether, a pre-
cipitate was formed, which was filtered, redissolved in acetonitrile/metha-
nol (3:2 v/v), and then filtered. Subsequent recrystallization of the com-

plex was performed by the slow vapor diffusion of diethyl ether into ace-
tonitrile/methanol to obtain an orange solid. Yield: 110 mg (62 %);
1H NMR (300 MHz, CD3SOCD3, 298 K, relative to Me4Si): d =7.18 (t,
J =6.0 Hz, 4H; C6H5), 7.27 (t, J=6.0 Hz, 4 H; C6H5), 7.39 (d, J =6.0 Hz,
4H; C6H5), 8.17 (s, 2H; bipyridyl H), 8.84 (d, J =6.0 Hz, 2 H; bipyridyl
H), 9.50 ppm (d, J =6.0 Hz, 2H; bipyridyl H); IR (KBr): ñ= 2110 cm�1

(C�C); MS (FAB+): m/z : 641 [M]+ ; elemental analysis calcd (%) for
C28H18N2O4Pt·MeOH·MeCN: C 52.10, H 3.83, N 5.88; found: C 52.06, H
4.03, N 5.97.

Physical measurements and instrumentation : 1H NMR spectra were re-
corded using a Bruker AVANCE 400 (400 MHz) Fourier-transform NMR
spectrometer with chemical shifts reported relative to tetramethylsilane
((CH3)4Si). Positive-ion fast atom bombardment (FAB) mass spectra
were recorded using a Finnigan MAT95 mass spectrometer. IR spectra
were obtained as Nujol mulls on KBr disks using a Bio-Rad FTS-7 Fouri-
er transform infrared spectrophotometer (4000–400 cm�1). Elemental
analyses of the newly synthesized complexes were performed using a
Flash EA 1112 elemental analyzer at the Institute of Chemistry, Chinese
Academy of Sciences, Beijing.

The electronic absorption spectra were obtained using a Hewlett–Pack-
ard 8452A diode array spectrophotometer. The concentrations of solu-
tion samples for electronic absorption measurements were typically 7�
10�5 mol dm�3. Solid samples were freshly prepared and sonicated in a
small sample vial that contained diethyl ether for an hour so that the
sample was finely dispersed. The suspensions were directly used for
solid-state electronic absorption and emission measurements. Steady-
state excitation and emission spectra at room temperature and at 77 K
were recorded using a Spex Fluorolog-3 Model FL3-211 fluorescence
spectrofluorometer equipped with a R2658P PMT detector. Solid-state
photophysical studies were carried out with solid samples contained in a
quartz tube inside a quartz-walled Dewar flask. Measurements of the
EtOH/MeOH (4:1 v/v) glass or solid-state sample at 77 K were similarly
conducted with liquid nitrogen filled into the optical Dewar flask. The
concentrations of the complex solutions in EtOH/MeOH (4:1 v/v) for
glass-emission measurements were usually in the range of 10�6 mol dm�3.
All solutions for photophysical studies were degassed on a high-vacuum
line in a two-compartment cell that consisted of a 10 mL Pyrex bulb and
a 1 cm- or 4 mm-path-length quartz cuvette and sealed against the atmos-
phere by a Bibby Rotaflo HP6 Teflon stopper. The solutions were rigor-
ously degassed with at least four successive freeze–pump–thaw cycles.
Emission-lifetime measurements were performed using a conventional
laser system. The excitation source used was a 355 nm output (third har-
monic) of a Spectra-Physics Quanta-Ray Q-switched GCR-150-10 pulsed
Nd:YAG laser. Luminescence decay signals were detected using a Hama-
matsu R928 PMT instrument and recorded using a Tektronix Model
TDS-620A (500 MHz, 2 GS s�1) digital oscilloscope and analyzed using a
program for exponential fits.

Cyclic voltammetric measurements were performed using a CH Instru-
ments, Inc. model CHI 620A electrochemical analyzer. Electrochemical
measurements were performed in N,N-dimethylformamide with
0.1 mol dm�3 nBu4NPF6 (TBAH) as supporting electrolyte at room tem-
perature. The reference electrode was an Ag/AgNO3 (0.1 mol dm�3 in
acetonitrile) electrode, and the working electrode was a glassy carbon
electrode (CH Instruments, Inc.) with a platinum wire as the counter
electrode. The working electrode surface was first polished with 1 mm
alumina slurry (Linde) on a microcloth (Buehler Co.) and then with
0.3 mm alumina slurry. It was then rinsed with ultra-pure deionized water
and sonicated in a beaker that contained ultra-pure water for five mi-
nutes. The polishing and sonicating steps were repeated twice and then
the working electrode was finally rinsed under a stream of ultra-pure de-
ionized water. The ferrocenium/ferrocene couple (FeCp2

+ /0) was used as
the internal reference.[31] All solutions for electrochemical studies were
deaerated with prepurified argon gas prior to measurements.

Transient absorption measurements were performed using an LP920-KS
Laser Flash Photolysis Spectrometer (Edinburgh Instruments Ltd, Liv-
ingston, UK) at ambient temperature. The excitation source was the
355 nm output (third harmonic) of an Nd:YAG laser (Quanta-Ray Lab-
130 Pulsed Nd:YAG Laser) and the probe light source was a Xe900
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450 W xenon arc lamp. The transient absorption spectra were detected
using an image-intensified CCD camera (Andor) with PC plug-in con-
troller, fully operated by L900 spectrometer software. The absorption ki-
netics were detected using a Hamamatsu R928 photomultiplier tube and
recorded using a Tektronix Model TDS3012B (100 MHz, 1.25 GS s�1) dig-
ital oscilloscope and analyzed using the same software for exponential fit
(tail-fit data analysis). Samples were freshly prepared and degassed with
at least four freeze–pump–thaw cycles on a high-vacuum line in a two-
compartment cell that consisted of a 10 mL Pyrex bulb and a 1 cm-path-
length quartz cuvette.

Dye-sensitized solar-cell (DSSC) fabrication : For DSSC fabrication,
nanocrystalline-TiO2-coated conducting glass substrates (ManSolar article
001) were used, whereas the counter electrodes were prepared by coating
a drop of H2PtCl6 solution (2 mg Pt in 1 mL ethanol) with repetition of
the heat treatment at 400 8C for 15 min. All measurements were per-
formed in air without encapsulation and the measurements were made
with a two-electrode arrangement that contained 0.6 m 1,3-dimethylimida-
zolium iodide (DMII), 0.05 m I2, 0.5 m tert-butylpyridine (TBP), and 0.1 m

LiI in methoxyacetonitrile. The TiO2 electrodes were immersed in dye
solutions for at least 16 h before use. Current–voltage characteristics of
DSSC devices were measured using a programmable Keithley model
2400 power source. The photocurrent was measured under illumination
from an Oriel 300W solar simulator equipped with an AM 1.5 G (AM:
air mass; G: global) filter, and the light intensity was measured using an
Oriel silicon reference cell. For the external quantum-efficiency measure-
ments, devices were irradiated with monochromatic light of variable
wavelength using an Oriel Cornerstone 260 1/4 m monochromator with a
300 W xenon arc lamp (Oriel Model no. 66984) as the light source. The
intensity of the source at each wavelength was determined using a cali-
brated silicon detector (Oriel Model no. 71639). The photocurrent under
short-circuit conditions was then recorded for each device at 10 nm inter-
vals using a dual channel radiometer (Oriel Merlin Digital Lock-in Ra-
diometry System Model no. 70104).

Computational details : Calculations were carried out using the Gaussi-
an 03 software package.[21] Density functional theory (DFT) at the hybrid
Perdew, Burke, and Ernzerhof functional (PBE0) level[22] was used to op-
timize the ground-state geometries of complexes 1 and 4. Vibrational fre-
quencies were calculated for all optimized geometries to verify that each
was a minimum (NIMAG =0) on the potential energy surface. The Stutt-
gart effective core potentials (ECPs) and the associated basis set was ap-
plied to describe for Pt[23] with an f polarization function (zf(Pt)=

0.993),[24] whereas for all other atoms, the 6-31G ACHTUNGTRENNUNG(d,p) basis set[25a–c] was
used. Based on the ground-state optimized geometries in the gas phase,
the nonequilibrium time-dependent (TDDFT) method[26] at the same
level associated with the conductorlike polarizable continuum model
(CPCM)[27] was employed to compute the first twenty-five singlet–singlet
transitions (CH3OH as the solvent). For the TDDFT calculation, the
same basis and effective core potentials as above were applied for Pt
atoms, whereas for all the other atoms, a larger basis set of 6-31+G-ACHTUNGTRENNUNG(d,p)[25] was used.
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