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The UV-vis spectra, emission spectra and lifetimes, transient absorption characteristics, and optical
limiting performances of three binuclear cyclometalated platinum(II) 4,6-diphenyl-2,2′-bipyridine
complexes with bis(diphenylphosphino)methane (dppm), bis(diphenylphosphino)ethane (dppe), and bis-
(diphenylphosphino)propane (dppp) bridging ligands have been investigated. All three complexes exhibit
concentration-dependent photoluminescence in CH3CN at room temperature and 77 K, and the emission
energy is affected by the length of the bridging ligand. [Pt2L2(µ-dppm)](ClO4)2 (1) (L ) 4,6-diphenyl-
2,2′-bipyridine) shows a broad, structureless emission band at about 667 nm when the complex
concentration is higher than 6.0× 10-5 mol/L, which can be attributed to a3[dσ*,π*] state due to metal-
metal interactions. [Pt2L2(µ-dppe)](ClO4)2 (2) and [Pt2L2(µ-dppp)](ClO4)2 (3) essentially exhibit no metal-
metal interactions between the two platinum centers, and their emission can be ascribed to a3MLCT
(metal-to-ligand charge transfer) excited state. The emission lifetime is approximately 200 ns for1 at 1.2
× 10-4 mol/L, ∼1.5 µs for 2 at 1.4× 10-4 mol/L, and∼2.0 µs (68%) and∼0.4 µs (32%) for3 at 1.3
× 10-4 mol/L. All complexes show moderately intense, broad positive transient difference absorption
bands from near-UV and extending to near-IR spectral regions. The nonlinear transmission experiment
at 532 nm using 4.1 ns laser pulses demonstrates that2 and 3 exhibit stronger optical limiting for
nanosecond laser pulses than SiNc, which is likely associated with their very low ground-state absorption
cross sections and relatively long triplet excited-state lifetimes (approximately microseconds).

Introduction

The photophysics of a variety of mononuclear square-
planar platinum(II) complexes have been studied extensively
in recent years because of their potential applications in
chemosensors,1 light emitting devices,2 photovoltaic cells,3

and photocatalysis.4 Our group recently reported the potential
use of mononuclear terdentate platinum(II) complexes as
third-order nonlinear optical materials.5 These complexes

exhibit high linear transmission at low incident fluences but
strong reverse saturable absorption at high incident fluences
over a broad visible to near-infrared spectral region, making
them promising candidates for broadband optical limiting
application. However, the photochemistry of binuclear plati-
num(II) complexes is more appealing because the origin of
the lowest excited state can be tuned by the extent of metal-
metal interactions between the diplatinum centers, which in
turn results in unusual colors and long-wavelength emission.6

Earlier studies on the binuclear platinum(II) complexes have
only been focused on the luminescence properties of the
complexes;6 no third-order nonlinear optical properties of
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these complexes have been reported. In addition, for bis-
(diphenylphosphino)alkane bridged binuclear platinum(II)
complexes with a 6-phenyl-2,2′-dipyridine ligand, only the
complexes with bis(diphenylphosphino)methane (dppm) and
bis(diphenylphosphino)propane (dppp) bridging ligands have
been reported by Che and co-workers.6d,g It is found that
emissions from the complexes with the dppm bridging ligand
red-shift significantly as a result of the interactions between
the two platinum centers,6d,gwhile the complex with the dppp
bridge shows essentially no metal-metal interactions and
thus the emission is similar to that of its mononuclear
congener.6d These results are interesting; however, no study
has been reported on the complex with a bis(diphenylphos-
phino)ethane (dppe) bridging ligand. It is unknown whether
such a complex possesses characteristics transitional between
the dppm bridged complex and the dppp bridged complex.
To remedy this deficiency and to understand the effect of
metal-metal coupling on nonlinear optical properties of the
binuclear platinum complexes, a new binuclear platinum-
(II) 4,6-diphenyl-2,2′-bipyridine (dphbpy) complex with a
dppe bridging ligand has been synthesized. The electronic
absorption, photoluminescence, excited-state absorption char-
acteristics, and optical limiting performance of this complex
have been investigated and reported in this paper. For
comparison of the extent of metal-metal coupling, binuclear
platinum(II) dphbpy complexes with dppm and dppp bridging
ligands have also been synthesized and studied.

Experimental Section

Synthesis. The dphbpy ligand and its platinum(II) chloride
complex, as well as the binuclear cyclometalated platinum(II)
dphbpy complexes with dppm, dppe, and dppp bridging ligands
were synthesized according to literature procedures.6d,7 Except for
[Pt2L2(µ-dppm)](ClO4)2 (1) (L ) dphbpy) that has been reported
in the literature,6d [Pt2L2(µ-dppe)](ClO4)2 (2) and [Pt2L2(µ-dppp)]-
(ClO4)2 (3) are new complexes, and the characterization data are
provided in the following. 1-Phenacylpyridinium bromide, dppm,
dppe and dppp were purchased from Aldrich Chemical Co.
2-Acetylpyridine, benzaldehyde, and potassium tetrachloroplatinate
were obtained from Alfa Aesar. All solvents purchased from VWR
Scientific Products were analytical grade and were used directly
for synthesis without further purifications.

The synthesized compounds were characterized using1H NMR,
electrospray ionization high-resolution mass spectrometry (ESI-
HRMS), and elemental analyses.1H NMR spectra were measured
on a Varian 400 MHz VNMR spectrometer. ESI-HRMS analyses
were conducted on a Bruker Daltonics BioTOF III mass spectrom-
eter. Elemental analyses were performed on a Perkin-Elmer 2400
Series II CHNS/O analyzer.

1. 1H NMR (DMSO-d6) δ: 5.22 (broad t, 2H), 6.15 (s, 2H),
6.40-6.45 (m, 2H), 6.58-6.70 (m, 6H), 7.34-7.60 (m, 20H),
7.76-7.80 (m, 8H), 7.95-8.04 (m, 4H), 8.22 (s, 2H), 8.38-8.50
(m, 6H). ESI-MS: m/z calcd for [C69H52N4P2Pt2194]2+, 693.1456;
found, 693.1490 (23%); calcd for [C69H52N4P2Pt2195]2+, 694.1475;
found, 694.1501 (100%); calcd for [C69H52N4P2Pt2196]2+, 695.1492;
found, 695.1509 (71%). Anal. Calcd for C69H52N4P2Pt2Cl2O8‚
3H2O: C, 50.46; H, 3.56; N, 3.41. Found: C, 50.62; H, 3.45; N,
3.38.

2. 1H NMR (DMSO-d6) δ: 3.85 (broad, 4H), 5.80 (m, 2H),
6.10-6.22 (m, 2H), 6.54-6.58 (m, 2H), 6.95-7.02 (m, 2H), 7.07-
7.19 (m, 4H), 7.39-7.52 (m, 10H), 7.55-7.58 (m, 4H), 7.62-
7.68 (m, 4H), 7.72-7.77 (m, 4H), 7.83-8.06 (m, 14H), 8.08-
8.14 (m, 2H). ESI-MS: m/z calcd for [C70H54N4P2Pt2194]2+,
700.1542; found, 700.1591 (26%); calcd for [C70H54N4P2Pt2195]2+,
701.1562; found, 701.1607 (100%); calcd for [C70H54N4P2Pt2196]2+,
702.1564; found, 702.1611 (73%). Anal. Calcd for C70H54N4P2Pt2-
Cl2O8‚H2O: C, 51.89; H, 3.48; N, 3.46. Found: C, 51.59; H, 3.38;
N, 3.50.

3. 1H NMR (DMSO-d6) δ: 3.15-3.25 (broad, 2H), 3.40-3.45
(m, 4H), 6.25-6.28 (m, 2H), 6.33-6.35 (m, 2H), 6.61-6.64 (m,
2H), 6.80-6.81 (m, 2H), 6.92-6.95 (m, 2H), 7.23-7.25 (m, 2H),
7.40-7.42 (m, 8H), 7.48-7.49 (m, 4H), 7.54-7.56 (m, 4H), 7.60-
7.61 (m, 2H), 7.68 (s, 2H), 7.75-7.80 (m, 12H), 7.93-7.96 (m,
2H), 8.03 (s, 2H), 8.12-8.14 (m, 2H). ESI-MS: m/z calcd for
[C71H56N4P2Pt2194]2+, 707.1612; found, 707.2102 (24%); calcd for
[C71H56N4P2Pt2195]2+, 708.1632; found, 708.21261 (100%); calcd
for [C71H56N4P2Pt2196]2+, 709.1649; found, 709.2130 (74%). Anal.
Calcd for C71H56N4P2Pt2Cl2O8: C, 52.76; H, 3.49; N, 3.47.
Found: C, 52.56; H, 3.56; N, 3.35.

Photophysical Measurement.UV-vis spectra were obtained
using a CARY 500 Dual Beam Scanning UV-vis-near-IR
spectrophotometer. Steady emission and excitation spectra at room
temperature and 77 K were measured on a SPEX Fluorolog-3
fluorimeter/phosphorimeter. The excitation wavelength was 355 nm
for all of the samples unless otherwise noted. The solutions were
purged with argon for 30 min before each measurement. The time-
resolved emission spectra, the lifetimes of emission, and the triplet
transient difference absorption spectra and lifetimes were measured
on an Edinburgh LP920 laser flash photolysis spectrometer. The
samples were excited by the third harmonic output (355 nm) of a
Quantel Brilliant Nd:YAG laser; the laser pulse width (fwhm) was
4.1 ns, and the repetition rate was adjusted to 1 Hz for emission
measurements and 3.3 Hz for transient absorption measurements.

Optical Limiting Measurement. Optical limiting measurements
were carried out at 532 nm using a 4.1 ns Quantel Nd:YAG laser.
The experimental setup is similar to the one described previously,5b

with a 30-cm focal length lens focusing the beam waist to∼66
µm (radius) to the center of a 2-mm sample cuvette. The complex
concentration was adjusted to afford the same linear transmission
of 76% at 532 nm in the 2-mm cuvette. Two Molectron J4-09
pyroelectric probes and a EPM2000 energy/power meter were used
to monitor the incident and output energies.

Results and Discussion

Electronic Absorption Spectra. Figure 1a shows the
UV-vis absorption spectra of complexes1-3 in acetonitrile
solutions at concentrations of 1.2-1.4 × 10-4 mol/L. All
three complexes exhibit similar features in the UV region,
which can be assigned to the intraligand1π,π* transition.6d

However, the spectra of2 and 3 in the visible region are
quite distinct from that of1. For complex1, a broad,
moderately intense band presents above 400 nm that can be
assigned to the1[dσ*,π*] transition due to metal-metal
interactions.6d,g The absorption band maxima and the molar
extinction coefficients for1 are in accordance with the
reported data.6d In contrast, such a broad band is absent in
the spectra of2 and3, except2 shows a weak shoulder at
510 nm. This indicates that no or very weak metal-metal
interactions are evident in these two complexes, which could
be attributed to the longer carbon chains between the
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phosphorus atoms that leads to greater separations between
the two [PtL] moieties. Hence, the two [PtL] fragments in2
and 3 behave like discrete noninteracting moieties, giving
rise to absorption spectra resembling that of the mononuclear
triphenylphosphine counterpart.6d,g In addition, these absorp-
tion spectra are essentially transparent above 550 nm,
providing a broad optical window in the visible to near-
infrared region, in which optical limiting may occur.8

An interesting feature noticed during the UV-vis spectral
study is the concentration-dependent profile for these com-
plexes. As demonstrated in Figure 1b for1, when the
concentration of the solution is lower than 6× 10-5 mol/L,
the maximum of the absorption band in the UV region
gradually red-shifts with increased concentration, accompa-
nied by a decrease of the molar extinction coefficient and a
disappearance of some vibronic structures. Instead, the molar
extinction coefficient for the shoulder around 316 nm
increases, and a broad band above 400 nm appears. All these
features imply that dimerization or oligomerization occurs
when the concentration is increased. However, the spectrum
becomes steady when the concentration is higher than 6×
10-5 mol/L. No further change is observed even when the
solution concentration is increased to 5× 10-4 mol/L. This

indicates that a stable form of aggregates forms at higher
concentrations. A similar concentration-dependent feature has
been observed for2 and 3, but without the appearance of
the broad1[dσ*,π*] band above 400 nm. This suggests that
the dimerization may occur intramolecularly rather than
intermolecularly. Our hypothesis is that, at a low concentra-
tion, the complex may adopt atransconformation, showing
no metal-metal/π-π interactions, which is supported by the
similarity of the UV-vis spectra of these three complexes
at a low concentration of 6× 10-6 mol/L. At a higher
concentration, the conformation of the complex could adjust
to cis to reduce the crowd. As a result of the different lengths
of the bridging ligand in these three complexes, the distance
between the two [PtL] moieties varies, resulting in the
different metal-metal separation. The conformational trans-
formation may be complete at the concentration of 6× 10-5

mol/L, evidenced by the appearance of a steady UV-vis
spectrum. The molar extinction coefficients presented in
Table 1 for these three complexes are extrapolated from the
spectra corresponding to complex concentrations of 1.2-
1.4 × 10-4 mol/L.

Emission Data.All three complexes are emissive at room
temperature in solution and at 77 K in glassy solution. As
shown in Figure 2 and Table 1, the emission band maxima
for these complexes in acetonitrile at room temperature are
influenced drastically by the bridging ligand. At a similar
concentration of 1.2-1.4 × 10-4 mol/L, 1 emits at 667 nm
(max) with a shoulder at about 640 nm, which is consistent
with the literature report.6d For 2, a broad emission band is
seen at about 591 nm with a shoulder at∼544 nm. In
contrast,3 emits at 544 nm. Similar to the UV-vis spectra,
the emission energy also reflects the effects of distance and
interactions between the two [PtL] units. According to earlier
work reported by Che and co-workers, the emitting state for
1 can be assigned to a3[dσ*,π*] excited state due to the

(8) Perry, J. W.; Mansour, K.; Lee, I.-Y. S.; Wu, X.-L.; Bedworth, P. V.;
Chen, C.-T.; Ng, D.; Marder, S. R.; Miles, P.; Wada, T.; Tian, M.;
Sasabe, H.Science1996, 273, 1533.

Figure 1. (a) Chemical structure and UV-vis spectra of binuclear platinum-
(II) complexes [Pt2L2(µ-dppCn)](ClO4)2 in CH3CN at a concentration of
1.2× 10-4 mol/L for 1, 1.4× 10-4 mol/L for 2, and 1.3× 10-4 mol/L for
3. (b) UV-vis spectra of1 at different concentrations. The spectra at 6.1
× 10-5 mol/L and 1.2× 10-4 mol/L overlap.

Table 1. Photophysical Parameters for Complexes 1-3 in
Acetonitrile

complex

UV-visa

λmax, nm
(ε, dm3

mol-1 cm-1)

emissiona

λmax, nm
(τ, ns)

at 298 K

emissiona

λmax, nm
(τ, ns)
at 77 K

TAb

λmax, nm
(τ, ns)

at 298 K

1 287 (52600),
316 (33200),
344 (21200),
358 (16700),
420 (2600),
482 (1600),
510 (1100)

640 (204),
667 (202)

637
(2370, 89%;
193, 11%)

380 (175);
590 (184)

2 287 (53900),
356 (16500),
427 (1300),
510 (110)

544 (1497),
591 (1476)

534
(3409, 92%;
313, 8%),
581
(3456, 94%;
271, 6%)

385 (1822);
571 (1784)

3 288 (57700),
334 (29100),
358 (20500),
434 (690),
500 (60)

544
(1961, 68%;
390, 32%)

521
(8238, 96%;
573, 4%),
558
(8259, 95%;
668, 5%)

390
(1854, 71%;
388, 29%),
536
(2031, 74%;
380, 26%)

a Measured at a complex concentration of 1.2× 10-4 mol/L for 1, 1.4
× 10-4 mol/L for 2, and 1.3× 10-4 mol/L for 3. b Complex concentration
is 2.7× 10-5 mol/L for 1, 3.2× 10-5 mol/L for 2, and 1.9× 10-5 mol/L
for 3.
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close distance and interactions between the two platinum
centers.6d,g For 3, the emission energy resembles that of the
mononuclear triphenylphosphine relative,6d,g suggesting that
the two [PtL] units behave like two discrete moieties.
Therefore, the emitting state for3 can be ascribed to a triplet
metal-to-ligand charge transfer (3MLCT) state, similar to that
of the mononuclear congener6d,g and its 6-phenyl-2,2′-
dipyridine binuclear platinum(II) analogue.6d For 2, the
emission spectrum is strikingly different, with a very broad,
somewhat structured feature. The shoulder at 544 nm is
similar to the emission maxima for3, and the mononuclear
triphenylphosphine complex, hence, can be assigned as
3MLCT in nature as well. The low-energy maximum at 591
nm shows a similar decay rate and excitation spectrum as
those of the emission at about 544 nm, suggesting that this
band could originate from the same excited state, that is,
the 3MLCT excited state. The appearance of such a low-
energy band in2 but not in3 is presumably attributed to the
reduced separation between the two [PtL] units in2
compared to that in3, which gives rise to intramolecular
π-π interactions.

At 77 K, the emission bands blue-shift for all three
complexes. For glassy solution with a concentration of 1.2-
1.4× 10-4 mol/L, 1 exhibits a structureless emission at about
637 nm that can be attributed to the3[dσ*,π*] excited
state.6d,g 2 and3 show vibronic structures with a spacing of
about 1100 cm-1. Such vibronic progression spacing corre-
sponds to the aromatic vibrational mode of the terdentate
ligand9 and is consistent with that of the mononuclear
triphenylphosphine counterpart. Therefore, the emission for
2 and3 at 77 K is tentatively assigned to a3MLCT excited
state.6d,g Similar to the trend observed from the UV-vis
spectra and the emission at room temperature, the emission
at 77 K also reflects the distance and interactions between
the two [PtL] units. With the increased bridging length, the
intramolecular interactions between the two [PtL] units
become weaker, resulting in the changes of the origin of
emitting state and the emission energy.

Similar to the UV-vis spectra, the emissions of1 and2
exhibit drastic concentration dependence at both room
temperature and 77 K. At room temperature, as shown in
Figure 3, when the concentration is lower than 1.0× 10-5

mol/L, both of them emit at about 550 nm, resembling that
of the mononuclear platinum(II) triphenylphosphine complex,
and can be assigned to3MLCT in nature.6d,g The emission
maximum red-shifts at higher concentration (>6.0 × 10-5

mol/L), appearing at about 667 nm (max) for1 and 591 nm
(max) for 2 with a shoulder at 544 nm. The excitation
spectrum monitored at 667 nm for1 shows a broad band in

(9) Yam, V. W.-W.; Tang, R. P.-L.; Wong, K. M.-C.; Cheung, K.-K.
Organometallics2001, 20, 4476.

Figure 2. Normalized emission spectra of1-3 in acetonitrile at room
temperature and 77 K (λex ) 355 nm). The complex concentration is 1.2×
10-4 mol/L for 1, 1.4 × 10-4 mol/L for 2, and 1.3× 10-4 mol/L for 3.

Figure 3. Normalized emission (shown in the right side of the figure,
λex ) 355 nm) and excitation (shown in the left side of the figure, monitored
at emission maximum) spectra of1-3 at different concentrations in
acetonitrile at room temperature. The emission spectra at 6.1-6.8 × 10-5

mol/L and 1.2-1.4 × 10-4 mol/L overlap.
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the region of 400-550 nm (Figure 4b), which is consistent
with the [dσ*,π*] transition evident in the UV-vis spectrum.
Apparently, the emitting state changes from3MLCT to
3[dσ*,π*] at higher concentration for1, which is further
evident from the emission lifetime change that is listed in

Table 2 and will be discussed later. For2, although virtually
no metal-metal interactions are evident at high concentration
from the UV-vis, excitation, or emission spectra, the
presence of intramolecularπ-π interactions are feasible, as
reflected by the appearance of a low-energy emission at 591
nm (tentatively assigned to an intramolecular excimer
emission), a shoulder around 510 nm in the UV-vis
spectrum, and a broad band in the region of 400-500 nm in
the excitation spectrum. At an intermediate concentration
(1.2-1.4× 10-5 mol/L), the emission exhibits characteristics
that are transitional between noninteracting and interacting
species, with three bands appearing at 550, 644, and 668
nm for 1 and one broad band at about 570 nm for2. The
emission of 1 at 1.2 × 10-5 mol/L exhibits excitation
wavelength dependence. As shown in Figure 4, upon
excitation at 287 nm, the emission is dominated by the 620
nm peak, with two shoulders appearing at about 550 and
667 nm. When excited at 355 nm, three bands corresponding
to 3MLCT parentage (at 550 nm) and3[dσ*,π*] origin (640
and 667 nm) appear. Excitation at 436 nm gives rise to the
3[dσ*,π*] dominated emission. This site-selective emission
suggests the presence of multiple emitting species in the
solution, presumably as a result of the presence of different
conformers at this complex concentration. Consistent with
this notion, the excitation spectra of1 monitored at 640 and
667 nm (Figure 4b) is distinct from that monitored at 550
nm, indicating the different origin of the emission band at
550 nm and those at 640 and 667 nm. The appearance of
the broad band in the region of 400-550 nm when monitored
at 640 and 667 nm emission bands is in line with the feature
observed in the UV-vis spectra at this concentration,
confirming the presence of the intramolecularly interacting
conformer (cis) that gives rise to the [dσ*,π*] transition.
However, such a concentration-dependent emission feature
disappears when the complex concentration is higher than
6.0 × 10-5, implying the appearance of a steady, uniform

Figure 4. Normalized emission (a) and excitation (b) spectra of1 monitored
at different excitation and emission wavelengths at a complex concentration
of 1.2 × 10-5 mol/L at room temperature.

Table 2. Emission and TA Data for Complexes 1-3 at Different Concentrations in Acetonitrile

complex
concentration

(mol/L)

emission
λmax, nm (τ, ns)

at 298 K

emission
λmax, nm (τ, ns)

at 77 K

TA
λmax, nm (τ, ns)

at 298 K

1 6.1× 10-6 550 (54) 512, 544 380 (56), 590 (55)
1.2× 10-5 550 (56),

644 (49, 15%; 178, 85%),
668 (167)

517 (2227, 79%; 172, 21%),
538 (2424, 62%; 210, 38%),
637 (3508, 93%; 196, 7%)

380 (63), 590 (87)

6.1× 10-5 644 (207),
668 (207)

637 (1944, 92%; 128, 8%) 380 (172), 590 (180)

1.2× 10-4 640 (204),
667 (202)

637 (2370, 89%; 193, 11%) 380 (175), 590 (184)

2 6.8× 10-6 550 (57) 468 385 (65), 571 (58)
1.4× 10-5 570 (1693, 93%; 64, 7%) 468 (138, 69%; 13, 31%),

497 (142, 72%; 12, 28%)
385 (72), 571 (67)

6.8× 10-5 542 (1695), 586 (1739) 531 (3816, 96%; 205, 4%),
570 (3928, 94%; 290, 6%)

385 (1454), 571 (1496)

1.4× 10-4 544 (1497), 591 (1476) 534 (3409, 92%; 313, 8%),
581 (3456, 94%; 271, 6%)

385 (1822), 571 (1784)

5.1× 10-4 544 (1202), 591 (1277) 539 (2867, 88%; 378, 12%),
590 (3737, 93%; 423, 7%)

571 (1141)

3 6.6× 10-6 550 (58) 465, 494 390 (55), 536 (49)
1.3× 10-5 548 (718, 76%; 79, 24%) 465 (211, 32%; 16, 68%), 494 390 (790, 84%; 77, 16%),

536 (694, 78%; 85, 22%)
6.6× 10-5 544 (1529, 63%; 316, 37%) 529 (6795, 93%; 396, 7%),

562 (6091, 93%; 320, 7%)
390 (1420, 71%; 284, 29%),

536 (1550, 75%; 265, 25%)
1.3× 10-4 544 (1961, 68%; 390, 32%) 521 (8238, 96%; 573, 4%),

558 (8259, 95%; 668, 5%)
390 (1854, 71%; 388, 29%),

536 (2031, 74%; 380, 26%)
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species in the solution. The concentration-dependent emission
feature of1 and2 is in accordance with that of a trinuclear
CkNkN platinum(II) complex tethered by oligophosphine
auxiliaries reported by Che and co-workers,6e although the
authors attributed such a feature to dimerization or oligo-
merization. In contrast to1 and 2, the emission of3 only
exhibits a slight blue shift when the complex concentration
is increased, which is similar to that of the mononuclear
triphenylphosphine complex (dphbpyPtPPh3‚ClO4).

At 77 K, as shown in Figure 5, the emission appears at
higher energies for all three complexes when the concentra-
tion is approximately 6.0× 10-6 mol/L, with 1 emitting at
512 nm with a shoulder at 544 nm,2 showing a structureless

broad band at about 468 nm, and3 exhibiting two identically
intense bands at 465 and 494 nm. At the concentration of
1.2-1.4 × 10-5 mol/L, a broad structureless band appears
at about 637 nm in addition to the structured bands at 512
and 544 nm for 1. For 2, the broad band at lower
concentration splits into two bands at 468 and 497 nm with
almost identical intensity. No pronounced shift was found
for 3 at a similar concentration (1.3× 10-5 mol/L) in
comparison to that of lower concentration (6.6× 10-6 mol/
L). However, when the concentration is higher than 6.0×
10-5 mol/L, the emission shows a drastic red shift for all
three complexes.1 exhibits a structureless band at 637 nm,
and 2 and 3 show a structured feature with vibronic
progression spacing of about 1100 nm. In addition, the
emission energy exhibits a slight red shift for2 in the
concentration region of 6.8× 10-5 mol/L to 5.1× 10-4 mol/
L, while 3 exhibits a slight blue shift in emission energy.
The excitation spectra of these complexes measured at
different concentrations also manifest concentration depen-
dence (shown in Supporting Information). At lower concen-
trations (<6.0 × 10-5 mol/L), the band in the UV region
dominates. With increased concentration (> 6.0× 10-5 mol/
L), a new band in the visible region (400-500 nm) appears,
and this band becomes dominant for2 and 3. The trend
discovered at 77 K is in accordance with that observed at
room temperature. These concentration dependence studies
clearly demonstrate that the degree ofπ-π and metal-metal
interactions can be adjusted by varying the complex con-
centration for these binuclear complexes. Especially for1,
the concentration change can transform the emission from a
3MLCT state at low concentrations to a3[dσ*,π*] state at
high concentrations.

The emission lifetimes of these complexes at room
temperature and 77 K have also been examined using the
kinetic mode of the Edinburgh LP920 laser flash photolysis
spectrometer, and the results are presented in Table 2. At
room temperature, for complex concentration of 1.2-1.4×
10-4 mol/L, 1 and2 exhibit monoexponential decay, with a
lifetime of 0.20µs for 1 and 1.50µs for 2. In contrast,3
exhibits biexponential decays at a similar concentration, with
a longer lifetime of 1.96µs (68%) and a shorter one of 0.39
µs (32%). The time-resolved emission spectra (see Support-
ing Information) coincide with the lifetime measurement. The
appearance of monoexponential decay for1 and2 implies
the presence of a single emitting species at the complex
concentration of∼1.3× 10-4 mol/L, while the biexponential
decay for3 can be presumably attributed to a triplet-triplet
annihilation. At 77 K, all three complexes (at concentrations
of 1.2-1.4× 10-4 mol/L) exhibit biexponential decays, with
a lifetime of 2.37µs (89%) and 0.19µs (11%) for1; 3.41
µs (92%) and 0.31µs (8%) for 2; and 8.24µs (96%) and
0.57µs (4%) for3. It is observed that the emission lifetimes
at both room temperature and 77 K become longer when
the concentration is increased to higher than 6.0× 10-5 mol/
L, which is consistent with the changes of the origin of the
emitting state and/or degree ofπ-π interactions when the
concentration varies, as described earlier for the emission
energy at different concentrations.

Figure 5. Normalized emission spectra of1-3 at different concentrations
in CH3CN at 77 K (λex ) 355 nm).
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To determine the quantum yield of emission for these
complexes, a comparative method was used,10 in which a
degassed aqueous solution of [Ru(bpy)3]Cl2 (φem ) 0.042)11

was used as the reference and the samples were excited at
436 nm. The emission quantum yield is found to be 0.022
for 1, 0.182 for2, and 0.032 for3. It is apparent that the
emission quantum yield of2 is more than 8 times as large
as that of1, while the yield for3 is comparable to that of its
binuclear 6-phenyl-2,2′-dipyridine relative.6d

Transient Difference Absorption. As discussed earlier
for the UV-vis spectra,1-3 are essentially transparent in
the visible to the near-IR region even at high concentrations,
providing a broad optical window for nonlinear absorption
and optical limiting to occur.8 Emission studies have revealed
that these complexes possess a relatively long-lived triplet
excited state at high concentrations. Therefore, broadband
triplet excited-state absorption is expected in the visible to
the near-IR region. To demonstrate this, triplet transient
difference absorption spectra were measured using an Ed-
inburgh LP920 laser flash photolysis spectrometer. As
displayed in Figure 6 for1-3 and their mononuclear
triphenylphosphine congener, these complexes exhibit a
positive absorption band from 370 to 800 nm with a narrow
band in the near-UV and two broad, moderately intense
absorption bands in the visible and extending to the near-IR
region, implying a stronger triplet excited-state absorption
than that of the ground state from the near-UV to the near-

IR region. To the best of our knowledge, this is the broadest
positive transient absorption band reported to date. It is
noticeable that the short-wavelength band maxima red-shift
with the increased bridging length, varying from 380 nm
for 1 to 385 nm for2 and 390 nm for3; while the low energy
band blue-shifts from 590 nm for1 to 571 nm for2 and 536
nm for 3. The lifetimes measured at different wavelengths
for each complex are all similar, indicating that the absorption
bands all arise from the same transient species. In addition,
the lifetimes obtained from the kinetic transient absorption
measurement coincide with those from the emission mea-
surements, suggesting that the transient absorption arises
from the same excited state that emits, that is, from a state
that possesses3MLCT character for2 and3 and3[dσ*,π*]
(3MMLCT) for 1. Or alternatively, the absorbing excited state
is in equilibrium with the emitting excited state. The transient
absorption in the visible to near-IR region likely arises from
the dphbpy anion radical that is present in the3MLCT state
and the3[dσ*,π*] ( 3MMLCT) state. This notion can be
supported by the similar feature of the spectra for1-3 to
that of their mononuclear triphenylphosphine counterpart and
is in line with the transient absorptions of diimine platinum-
(II) bis-acetylide complexes12 and the mononuclear platinum-
(II) terpyridyl complexes,5b in which the transient species
giving rise to the transient absorption spectra is attributed
to the diimine or terpyridyl anions.

(10) Demas, J. N.; Crosby, G. A.J. Phys. Chem.1971, 75, 991.
(11) Van Houten, J.; Watts, R. J.J. Am. Chem. Soc. 1976, 4853.

(12) Whittle, C. E.; Weinstein, J. A.; George, M. W.; Schanze, K. S.Inorg.
Chem.2001, 40, 4053.

Figure 6. Time-resolved triplet transient difference absorption spectra of1-3 and mononuclear platinum(II) triphenylphosphine complex (dphbpyPtPPh3‚
ClO4) in argon-degassed acetonitrile solutions at room temperature following 355 nm excitation. The time indicated in the figures is the time delay afterthe
laser pulse. The complex concentration is 2.7× 10-5 mol/L for 1, 6.8× 10-5 mol/L for 2, 1.9× 10-5 mol/L for 3, and 7.5× 10-5 mol/L for dphbpyPtPPh3‚
ClO4. The measurements were conducted in a 1-cm cuvette.
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Optical Limiting. As a result of the broad and relatively
intense triplet excited-state transient absorption and the long
triplet excited-state lifetime, reverse saturable absorption
could occur at a broad spectral region, which would be very
useful for optical limiting of nanosecond laser pulses.8 To
demonstrate this, nonlinear transmission measurements were
carried out at 532 nm using a 4.1 ns (fwhm) Nd:YAG laser.
The results are manifested in Figure 7 and Table 3. It is quite
clear that among the three binuclear complexes,2 exhibits
the best optical limiting, with a limiting threshold (defined
as the incident fluence at which point the transmittance drops
to 70% of the linear transmittance) of 0.075 J/cm2. The
transmittance decreases to 17% at an incident fluence of 1.7
J/cm2, a 78% drop in comparison to the linear transmission.
Both limiting threshold and limiting throughput for2 are
lower than those of SiNc, one of the most promising optical
limiting materials reported in the literature.13 The lower
limiting threshold and limiting throughput in conjunction
with the much broader triplet transient absorption suggest
that2 should be a better broadband optical limiting material
than SiNc.3 also shows a lower limiting threshold and
limiting throughput than those of SiNc, while1 manifests a
lower limiting threshold but comparable limiting throughput
to those of SiNc. The better optical limiting performances
of 2 and3 than that of1 are likely due to the much weaker
ground-state absorption of2 and3 at 532 nm, which in turn

increases the ratio of the excited-state absorption cross section
to the ground-state absorption cross section, giving rise to
an enhanced optical limiting. In addition, the much longer
excited-state absorption lifetimes of2 and3 could also play
a role in their enhanced optical limiting performances.

To further demonstrate whether the better optical limiting
performances of these binuclear complexes originate from
the intramolecular metal-metal or π-π interactions, the
optical limiting of the mononuclear congener has been
studied and is compared to those of2 and3, which essentially
show no intramolecular metal-metal interactions, and the
results are presented in Figure 8. As a result of the very low
linear absorption for these complexes at 532 nm and the
solubility limit in CH2Cl2 for the mononuclear complex, the
comparison was performed in solutions with a linear
transmittance of 96%. It is apparent that2 and3 exhibit a
better optical limiting performance than that of the mono-
nuclear complex even though none of them shows metal-
metal interactions. The stronger optical limiting of2 and3
is presumably associated with the much longer triplet excited-
state lifetime of these two complexes in comparison to that
of the mononuclear species (∼110 ns) even at a relatively
dilute concentration (∼1 × 10-5 mol/L).

To quantitatively compare the optical limiting perfor-
mances, a figure of meritσeff/σ0 ) ln Tsat/(ln Tlin)14 is used,
where σeff is the effective excited-state absorption cross
section,σ0 is the ground-state absorption cross section,Tsat

is the transmittance at the saturation fluence (defined asFsat

) hν/σ0Φt, whereσ0 is the ground-state absorption cross
section, andΦt is the quantum yield of the first triplet excited
state),14 and Tlin is the linear transmittance. As a result of
the limitation of the damage threshold of the quartz cell (5
J/cm2), it was unable to reach the saturable transmittance at
the maximum incident fluence (1.7 J/cm2) used in our
experiment. However, the lowest transmittance at the highest
incident fluence can be used to calculate the lower bound of
σeff/σ0 for these complexes. The results are listed in Table

(13) Mansour, K.; Alvarez, D., Jr.; Perry, K. J.; Choong, I.; Marden, S.
R.; Perry, J. W.Proc. SPIE1993, 1853, 132.

(14) Perry, J. W.; Mansour, K.; Marder, S. R.; Perry, K. J.; Alvarez, D.,
Jr.; Choong, I.Opt. Lett. 1994, 19, 625.

Figure 7. Optical limiting curves for1-3 at 532 nm for 4.1 ns laser pulses.
The linear transmission for all samples was adjusted to 76% in a 2-mm
cuvette.1 and2 were dissolved in CH3CN, 3 was dissolved in DMSO, and
SiNc was dissolved in CH2Cl2.

Table 3. Optical Limiting Parameters for Complexes 1-3 at a
Linear Transmittance of 76%

complex σ0
a (cm2)

Fth
b

(J/cm2)
Fthrough

c

(J/cm2) Tnonlin
d σeff/σ0

1e 8.9× 10-19 0.102 0.39 0.23 >5.35
2e 9.1× 10-20 0.075 0.29 0.17 >6.46
3f 6.1× 10-20 0.108 0.34 0.20 >5.86
SiNcg 8.0× 10-18 0.135 0.38 0.22 >5.52

a Ground-state absorption cross section at 532 nm.b Limiting threshold,
defined as the incident fluence at which point the transmittance drops to
70% of the linear transmission.c Maximum output fluence at an incident
fluence of 1.7 J/cm2. d Nonlinear transmittance at an incident fluence of
1.7 J/cm2. e 1 and2 were dissolved in CH3CN. f 3 was dissolved in DMSO.
g SiNc was dissolved in CH2Cl2.

Figure 8. Optical limiting curves for the mononuclear platinum(II)
triphenylphosphine complex (dphbpyPtPPh3.ClO4) and complexes2 and3
for 4.1 ns laser pulses at 532 nm in a 2-mm cell. dphbpyPtPPh3‚ClO4 was
dissolved in CH2Cl2, and2 and 3 were dissolved in CH3CN. The linear
transmission was adjusted to 96%.
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3. It is obvious that this value is higher for2 and3 than that
of SiNc.

It is worthy of mention that although the optical limiting
effect of the binuclear cyclometalated platinum(II) complexes
reported in this paper is the first report for this series of
complexes, the nonlinear optical effect of other binuclear
transition-metal complexes, such as diruthenium complexes,
have been reported in the literature.15,16 To compare the
nonlinear optical effect of the binuclear platinum(II) com-
plexes to those of the ruthenium complexes, the imaginary
part of the third-order susceptibility Im(ø(3)) (m2/V2) that is
related to the nonlinear absorption has been estimated for
the platinum(II) complexes using the following equation:17

whereε0 is the vacuum dielectric constant,c is the speed of
light, n0 is the linear refractive index of the solution,λ is
the laser wavelength,NA is the Avogadro’s constant,C is
the molar concentration,σex andσ0 are the excited-state and
ground-state absorption cross sections, respectively, andIsat

is the saturation intensity atTsat ) (T0Tex)1/2, with T0 andTex

being the linear transmission and the transmission at the
highest incident fluence. Applying the lower boundσeff/σ0

values shown in Table 3 and theIsat values found from the
experimental curves to eq 1, the lower bound Im(ø(3))/C value
was estimated to be 7.4× 10-8 esu/M for 1, 9.3 × 10-9

esu/M for2, and 4.6× 10-9 esu/M for3 at 532 nm. These
values are comparable or even larger than some of theø(3)/C
values reported for diruthenium complexes with an oligoyne
tail measured by the degenerate four-wave mixing (DFWM)
technique at 532 nm using a nanosecond laser.15 Taking into
account the fact that DFWM technique measures the
contributions from both nonlinear absorption and nonlinear
refraction, and a significant thermal effect contributes to the
ø(3) values of samples with considerable linear absorption
when DFWM measurement is carried out using a nanosecond
laser, it is not surprising thatø(3)/C values for some of the
diruthenium complexes with an oligoyne tail is larger than
the lower bound value of the Im(ø(3))/C value for complexes
1-3. Nevertheless, it is particularly important to realize that
a largerø(3) value does not necessarily indicate a strong

optical limiting, which has been demonstrated by complexes
2 and3 that possess a lower Im(ø(3))/C value but a stronger
optical limiting than that of1. This notion is further supported
by the tetrakis(2,2′-dipyridyl)diruthenium complexes, which
exhibit large resonant third-order susceptibility (ø(3)/C ∼ 5.4
× 10-10 esu/M- 8.4 × 10-9 esu/M) but show very weak
optical limiting for nanosecond laser pulses (transmission
drops from 89% of linear transmittance to 80% at incident
fluence of 2.3 J/cm2) and saturable absorption for picosecond
laser pulses.16 Therefore, for optical limiting based on reserve
saturable absorption, it is most important to evaluate and
compare theσeff/σ0 value for different systems rather than
using theø(3) value.

Conclusion

The two new binuclear cyclometalated platinum(II) com-
plexes2 and3 exhibit negligible metal-metal interactions
between the two platinum centers. Both complexes emit at
room temperature in CH3CN solution and at 77 K glass with
relatively long lifetimes (µs), which can be ascribed to a
3MLCT excited state.2 exhibits a relatively high emission
efficiency (0.182), and the emission profiles show concentra-
tion dependence. With increased concentration, the emission
band becomes broader and red-shifts, presumably due to
π-π interactions between the two [PtL] units. In addition,
both complexes possess very broad positive transient dif-
ference absorption bands from the near-UV and extending
to the near-IR spectral region. The nonlinear transmission
experiment at 532 nm demonstrates that they exhibit better
optical limiting for nanosecond laser pulses than that of SiNc.
The high emission quantum yield, relatively long excited-
state lifetime, broadband excited-state absorption, and excel-
lent optical limiting performance at 532 nm for2 and 3
suggest that these complexes could be very promising
candidates for organic light-emitting devices (OLED) and
broadband optical limiting applications.
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