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The ground-state absorption cross-sections (rg), triplet excited-state absorption cross-section (rT) at
532 nm, singlet excited-state absorption cross-sections (rs) at various visible wavelengths, singlet and
triplet excited-state lifetimes, and triplet quantum yields of three cyclometalated platinum(II) 4,6-diphe-
nyl-2,20-bipyridyl complexes, are reported. The presence of metal–metal and p–p interactions in the
dinuclear and trinuclear complexes results in a significant increase in their respective rg’s in the visible
spectral region. As a result, the ratio of rs/rg and rT/rg at each wavelength is significantly greater for the
mononuclear complex than for the dinuclear and the trinuclear complexes.

� 2009 Elsevier B.V. All rights reserved.
The photophysics of cyclometalated platinum(II) complexes has
attracted considerable attention in recent years because of the po-
tential applications of these materials in photocatalysis [1], light
emitting devices [2,3], and chemical sensors [4,5]. Nonlinear
optical studies conducted by our group indicate that platinum
terdentate complexes exhibit broad and relatively strong triplet
excited-state absorption in the visible to near-IR spectral region,
making them promising candidates for photonic devices that
require strong excited-state absorption [6]. The dinuclear plati-
num(II) 4,6-diphenyl-2,20-bipyridyl complex with bis(diphenyl-
phosphino)methane bridging ligand ((dphbpyPt)2dppm, 2), and
the trinuclear platinum(II) 4,6-diphenyl-2,20-bipyridyl complex
with bis(diphenylphosphinomethyl)phenylphosphine bridging li-
gand ((dphbpyPt)3dpmp, 3) were recently synthesized and investi-
gated by our group (Fig. 1) [7,8]. Complex 2 was found to exhibit
stronger nonlinear transmission than the corresponding mononu-
clear platinum(II) 4,6-diphenyl-2,20-bipyridyl triphenylphosphine
complex (dphbpyPtPPh3, 1) [7], and this could be attributed to
the intramolecular p–p interactions between the two 4,6-diphe-
nyl-2,20-bipyridine ligands. On the other hand, the addition of a
All rights reserved.
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third metal center in 3 results in an increase of the ground-state
absorption in the visible spectral region, which leads to a weaker
nonlinear transmission [8]. To gain greater insight into the manner
in which these intramolecular interactions influence the optical
nonlinearities observed in these platinum complexes, we carried
out the nanosecond and picosecond Z-scan measurements on
acetonitrile solutions of 1–3. The Z-scan data were fitted by a
five-level model, making use of independently measured values
for the singlet and triplet excited-state lifetimes and of the triplet
quantum yield. The values of the singlet exited-state absorption
cross-section and the triplet excited-state absorption cross-section
are reported in this paper. Finally, the causes underlying the ob-
served differences are analyzed.

The synthesis and structural characterization of 1–3 have been
reported previously [7,8]. Fig. 2 shows the UV–Vis absorption spec-
tra of 1–3 in acetonitrile solution. All complexes exhibit intense
absorption below 400 nm, which is attributed to the p,p* transition
of the 4,6-diphenyl-2,20-bipyridine ligand(s). The shoulder at
approximately 425 nm is attributed to the 1MLCT (metal-to-ligand
charge transfer) transition. In comparison to 1, a broad and weak
absorption band is observed in the region of 475–600 nm for 2
and 3. This band can be assigned to the 1MMLCT (metal–metal-
to-ligand charge transfer) transition due to Pt–Pt interactions
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Fig. 1. Chemical structures of dphbpyPtPPh3 (1), (dphbpyPt)2dppm (2), and (dphbpyPt)3dpmp (3) complexes.
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Fig. 2. UV–Vis spectra of 1–3 in CH3CN. The inset shows the expansion of the
spectrum for 1.
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[7,8]. The 1MMLCT band is red-shifted from 475–550 nm for 2 to
475–600 nm for 3, indicating a stronger metal–metal interaction
in the trinuclear complex than that in the dinuclear complex. At
the same time, the molar extinction coefficient (or, equivalently,
the ground-state absorption cross-section) at a fixed wavelength
increases as one moves from the mononuclear to the trinuclear
platinum complex. In addition, 1, 2 and 3 are essentially transpar-
ent at wavelengths above 450 nm, 550 nm and 600 nm, respec-
tively. In each complex, this provides a broad optical window
from the visible to the near-infrared region in which the excited-
state absorption cross-section is higher than the ground-state
absorption cross-section. This latter observation has been vali-
dated by the nanosecond transient difference absorption (TA) spec-
tra previously reported by our group for 1–3 [7,8] and will be
further verified by the fs transient difference absorption measure-
ments and the Z-scan experiments described below.

Our previous ns TA study shows that 1–3 all exhibit a broad, po-
sitive absorption band from 370 nm to 820 nm [7,8]. The band
maximum is red-shifted from 540 nm for 1 to 590 nm for 2, and
600 nm for 3. This trend is in line with that observed in the UV–
Vis absorption spectra and is attributed to the increased strength
of intramolecular p–p and metal–metal interactions moving from
the mononuclear to the dinuclear and trinuclear complexes. In this
work, the triplet excited-state extinction coefficient (eT1—Tn ) and the
quantum yield of triplet excited-state formation (UT) for each com-
plex were determined using the partial saturation method [9], in
which the optical density at the respective T1–Tn absorption band
maximum for each complex was monitored when the excitation
energy at 355 nm was gradually increased. The experimental data
was then fitted using the following equation to obtain the eT and UT

[9]

DOD ¼ að1� expð�bIpÞÞ ð1Þ

where DOD is the optical density at the monitored wavelength, Ip is
the pump intensity in Einstein cm�2, a ¼ ðeT � e0Þdl, and b ¼
2303eex

0 UT=A. eT and e0 are the absorption coefficients of the excited
state and the ground state at the monitored wavelength, eex

0 is the
ground-state absorption coefficient at the excitation wavelength
of 355 nm, d is the concentration of the sample (mol L�1), l is the
thickness of the sample, and A is the area of the sample irradiated
by the excitation beam. The experimental data and the fitting curve
are presented in Fig. 3 for 2 and 3; and the resultant values of eT1—Tn

ð540 nmÞ ¼ 4292 M�1 cm�1 and UT = 0.23 for 1, eT1—Tn ð590 nmÞ ¼
3100 M�1 cm�1 and UT = 0.25 for 2, and eT1—Tn ð600 nmÞ ¼
6240 M�1 cm�1 and UT = 0.12 for 3 are listed in Table 1.

In order to evaluate the excited-state absorption in a shorter
time regime, femtosecond transient absorption measurements
were performed using a femtosecond pump–probe UV–Vis spec-
trometer (HELIOS) manufactured by Ultrafast Systems LLC. Each
sample was excited at 390 nm with a 170 fs Ti:sapphire laser pulse
(Clark-MXR CPA 2010, 1 kHz repetition rate, 1 mJ/pulse at 780 nm),
and the absorption was probed from 450 to 750 nm with white
light continuum. The results for 1 and 3 are presented in Fig. 4.
For 1, a small peak around 530 nm with a short-lived transient ap-
pears first and then grows rapidly into a long-lived transient. Both
the spectrum and the lifetime of the long-lived transient are con-
sistent with those measured by the ns laser flash photolysis spec-
trometer [7], suggesting that the newly formed transient is the
triplet excited state and that the growth of the triplet excited state
occurs in a very short time. Fitting the femtosecond transient
absorption decay data yields a singlet excited-state lifetime of
sS1 = 8.9 ± 1.7 ps, while fitting the nanosecond transient absorption
decay data gives a triplet excited-state lifetime of sT1 = 127 ± 3 ns
[7]. The features of the fs transient difference absorption spectra
of 2 and 3 are both broader and slightly stronger than that of 1,
with the band maximum appearing at 600 nm and 650 nm for 2
and 3, respectively. In line with what has been observed in 1,
one observes a short-lived transient followed by a long-lived tran-
sient in both 2 and 3. The spectra corresponding to the long-lived
transients are essentially consistent with the respective ns tran-
sient difference absorption spectra reported by our group previ-
ously [7,8], and thus are tentatively attributed to the triplet
excited-state absorption. The singlet and triplet excited-state life-
times deduced from the decay of the fs and ns transients are
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Fig. 3. Optical density of ns transient absorption of 2 at 590 nm and 3 at 600 nm vs.
excitation energy. The squares represent the experimental data, and the solid lines
are the fitting results.

Table 1
Photophysical parameters of 1–3 in CH3CN.

sS/ps sT/ns UT kT1—Tn /nm eT1—Tn /l mol�1 cm�1) sisc/psa

1 8.9 ± 1.7 127 ± 3 0.23 540 (4292) 38.7
2 3.2 ± 1.0 184 ± 9 0.25 590 (3100) 12.8
3 8.9 ± 2.8 588 ± 23 0.12 600 (6240) 74.2

a sisc = ss/UT.
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Fig. 4. Time-resolved fs transient difference absorption spectra of 1 and 3 in CH3CN.
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3.2 ± 1.0 ps and 184 ± 9 ns, respectively, for 2, and 8.9 ± 2.8 ps and
588 ± 23 ns for 3. The intersystem crossing times (sisc = ss/UT) are
then calculated to be 39 ps for 1, 13 ps for 2, and 74 ps for 3. Since
these intersystem crossing times are of the same magnitude as the
pulsewidth of the ps laser (21 ps) used for the Z-scan measure-
ments, both the singlet and triplet excited states contribute to
the observed ps Z-scan signal, whereas the ns Z scan is dominated
by the triplet excited state.

To quantitatively compare the excited-state absorption charac-
teristics of 1–3, open-aperture Z-scan experiments of 1 in DMSO
and 2 and 3 in CH3CN were performed using both nanosecond
and picosecond laser pulses. For the nanosecond Z-scan measure-
ments, a Quantel Brilliant Nd:YAG laser operating at its second-
harmonic output (532 nm) with a 10 Hz repetition rate was used
as the light source. The laser pulse was focused to a 36 lm spot lo-
cated at the center of a 1-mm cell. The picosecond Z scans em-
ployed an EKSPLA PG 401 picosecond optical parametric
generator (OPG) pumped by the third harmonic of an EKSPLA PL
2143A Nd:YAG laser with a pulsewidth of 21 ps and a repetition
rate of 10 Hz. The output of the OPG was adjusted to selected
wavelengths in the range of 475–600 nm. The spatial profile of
the beam was nearly Gaussian after a spatial filter. The beam waist
x0 varied from 30 lm to 37 lm over the range of 475–600 nm. All
beam radii (HW/e2) were measured using a knife edge. The pico-
second Z scans were performed in a 2-mm sample cell.

Fig. 5 shows the typical open-aperture Z-scan results exempli-
fied by 2 using ns and ps laser pulses at 532 nm. The experimental
Z-scan data were analyzed using a five-band model that incorpo-
rated experimentally measured values of the singlet excited-state
lifetime, the triplet excited-state lifetime, the triplet quantum
yield, and the ground-state absorption cross-section [10]. For each
complex at 532 nm, a single pair of excited-state absorption cross-
section values (rS, rT) was obtained by simultaneously fitting both
the ns and ps Z scans. (Here, rS and rT denote, respectively, the
absorption cross-sections of the lowest lying singlet excited state
and of the lowest lying triplet state.) In fitting ps Z scans at wave-
lengths other than 532 nm, the value of rT was estimated from the
value at 532 nm that was obtained from simultaneous fitting of the
corresponding 532-nm Z scans and the ratio of the optical density
change at 532 nm and at each respective wavelength according to
the ns transient absorption spectrum at zero time delay [9,11]. The
solid curves in Fig. 5 represent the best fit of the experimental
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Fig. 5. Normalized open-aperture Z-scan data (open squares) and fitting curves
(solid lines) for 2 at 532 nm.

Table 2
Wavelength-dispersion of excited-state absorption cross-sections of 1–3 in CH3CN.

k/nm rg/10�19 cm2 rs/10�18 cm2 rs/rg rT/10�18 cm2 rT/rg

1 475 2.68 60 224 6 22.4
500 1.45 40 276 6.2 42.8
532 0.22 60 2727 6.5 295
550 0.15 110 7333 7 467

2 532 20.3 1 0.5 50 24.6
550 7.2 45 62.5 60 83.3
570 3.4 70 206 69 203

3 532 64.7 – – 30 4.64
550 43.7 18 4.12 45 10.3
570 21.6 35 16.2 58 26.9
600 12.8 40 31.3 68 53.1
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Z-scan data for 2 and correspond to the values of
rS = 1 � 10�18 cm2 and rT = 5.0 � 10�17 cm2, or, equivalently, to
the ratios of rS/rg = 0.5 and rT/rg = 25 at 532 nm. Although in 2
rS is smaller than rg at 532 nm, rapid intersystem crossing allows
for significant triplet excited-state absorption even at ps time
scales; the fact that rT is considerably larger than rg at 532 nm
then leads to an effective excited-state absorption cross-section
that is much larger than that of the ground state. Consequently, re-
verse saturable absorption is observed in 2 in both the ns and ps
measurements. Using the estimated rT-values at wavelengths of
550 nm and 570 nm, the following values of rS were obtained by
fitting the relevant ps Z-scans of 2: 4.5 � 10�17 cm2 (550 nm) and
7.0 � 10�17 cm2 (570 nm). The values (rS, rT) for 1 and 3 at various
wavelengths are listed in Table 2.

Comparing the rS and rg values at different wavelengths for
each complex, one observes that rS generally increases at longer
wavelengths, while the rg decreases at longer wavelengths. This
results in an increased ratio of rS/rg at a longer wavelength for
each complex. Therefore, stronger reverse saturable absorption is
expected at longer wavelengths for each complex. Moreover, at
each wavelength probed, the ratios of rS/rg and rT/rg increase dra-
matically moving from 3 to 1. This is a result of the increased ex-
cited-state absorption and decreased ground-state absorption at
each respective wavelength from 3 to 1. Since intramolecular me-
tal–metal interactions are enhanced going from the mononuclear
complex 1 to the trinuclear complex 3, we conclude that metal–
metal interactions disfavor the excited-state absorption and conse-
quently reduce the reverse saturable absorption.

In summary, the lifetime of the singlet excited state, the lifetime
of the triplet excited state, and the triplet quantum yield were
measured for 1–3. Based on these values, the triplet excited-state
absorption cross-section at 532 nm and singlet excited-state
absorption cross-sections at various wavelengths were obtained
by using a five-level dynamic model to fit open-aperture Z scans
in nanosecond and picosecond regimes. The ratios of the excited-
state to ground-state absorption cross-sections are found to vary
dramatically at different wavelengths and for different complexes.
The presence of intramolecular metal–metal interactions signifi-
cantly decreases the excited-state absorption cross-section but in-
creases the ground-state absorption. As a result, the mononuclear
complex 1 displays the highest ratio of rS/rg and rT/rg, while
the trinuclear complex 3 exhibits the lowest ratio at each respec-
tive wavelength.
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