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New heterobimetallic Au(I)–Pt(II) polyynes
achieving a good trade-off between transparency
and optical power limiting performance†

Zhuanzhuan Tian,a Xiaolong Yang, a Boao Liu,a Daokun Zhong,a

Guijiang Zhou *a and Wai-Yeung Wong b

Two series of new heterobimetallic Au(I)–Pt(II) polyynes have been easily synthesized by cross-coupling

under mild conditions. The absorption profiles of these two series of Au(I)–Pt(II) polyynes are quite

similar. However, the Au(I)–Pt(II) polyynes with a 1,4-bis(diphenylphosphino)benzene ligand show stronger

triplet (T1) emission and superior optical power limiting (OPL) performance than the corresponding

Au(I)–Pt(II) polyynes with a 1,3-bis(diphenylphosphino)propane ligand. Hence, the 1,4-bis(diphenyl-

phosphino)benzene ligand is more effective than the 1,3-bis(diphenylphosphino)propane ligand for

optimizing the transparency and OPL ability of OPL materials. When compared with the corresponding

homometallic Pt(II) polyynes, these heterobimetallic Au(I)–Pt(II) polyynes display a blue shift in their

absorption spectra, showing better transparency in the visible-light region. Besides, these heterobimetallic

Au(I)–Pt(II) polyynes show stronger OPL ability than their corresponding homometallic Pt(II) polyynes as

well as the state-of-the-art OPL material C60, demonstrating their enormous application potential in the

nonlinear optics field. In brief, the introduction of Au(I) precursors with tetrahedral diphosphine ligands into

the backbone of Pt(II) polyynes can simultaneously achieve enhanced transparency and high OPL ability

for OPL materials, providing a new strategy to optimize OPL materials.

Introduction

Lasers are widely used in many fields, such as material pro-
cessing, surgery, military activities, etc.1 However, inevitable
damage is caused to human eyes and optical sensors when
exposed suddenly to strong laser beams. So, studies of optical
power limiting materials have become more urgent.2,3 Until
now, many types of OPL materials have been established, such
as fullerenes,4 metallophthalocyanines,5,6 metalloporphyrins,7,8

organic materials,9–12 graphenes,13,14 carbon nanotubes15 and
so on. Most of these materials exhibit high OPL performance
and fast response speed and allow flexible chemical modifica-
tions. However, their strong absorptions beyond 400 nm result
in poor transparency in the visible-light region,16 restricting

their practical applications. Obviously, solving the conflict
between good transparency and high OPL ability of OPL
materials presents a critical issue in the nonlinear optics field.
Due to the interaction between metal centers and organic
acetylene ligands, organometallic acetylide compounds show
unique properties. In addition, Yang’s group reported that
novel molecular skeletons and self-assembly structures formed
by the new Pt(II) acetylenes also show intriguing properties.17–20

Hence, organometallic acetylides are widely applied in multiple
fields.21–24 Importantly, they have great potential in coping with
this conflict considering their good trade-off between trans-
parency and OPL performance for OPL materials.25,26

Recently, Pt(II), Au(I), Hg(II) and Pd(II) acetylide compounds
as high-performance OPL materials have been developed.16,27–35

Among them, Pt(II) acetylide compounds have been extensively
investigated due to their good transparency in the visible-light
region and high OPL ability. With respect to Pt(II) acetylides,
Pt(II) polyynes have the advantages of enhanced OPL ability and
good film-forming ability for device fabrication,36,37 suggesting
their greater practical application potential in the OPL field.
However, the transparency of Pt(II) polyynes is inferior to that of
Pt(II) acetylides due to the red shift of the absorption band
caused by polymerization.27,34 To solve this problem, researchers
have explored a new strategy in which Hg(II) or Pd(II) ions were
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introduced into the backbone of homometallic Pt(II) polyynes.34

It is worth noting that introducing Hg(II) ions into the backbone
of homometallic Pt(II) polyynes with fluorene-based ligands can
not only improve their transparency, but also offer them
comparable OPL performance with that of homometallic Pt(II)
polyynes. However, introducing Pd(II) ions into the backbone of
homometallic polyynes cannot significantly enhance the OPL
properties and transparency. The high toxicity of Hg(II) ions38,39

and the poor effect of introducing Pd(II) ions into the backbone
of Pt(II) polyynes limit the application of these ions in OPL
materials development. Therefore, effective strategies have to
be developed for optimizing the transparency and OPL perfor-
mance of Pt(II) polyynes.

Au(I) acetylide compounds usually exhibit excellent trans-
parency in the visible-light region,27,31,40 which can be attri-
buted to the weak interaction between the 5d orbitals of the
Au(I) centers and the p orbitals of the organic ligands. Goswami
et al. reported one thienyl-carbazole-based Au(I) acetylide with
high transparency comparable to its organic ligand.27 This is
because the absorption band of this Au(I) acetylide only shows a
very slight red-shift compared with that of its organic ligand.
In addition, the transparency of the concerned OPL materials
can be successfully improved by introducing tetrahedral diphos-
phine ligands to the backbone of the Pt(II) polyyne due to their
conjugation-breaking ability. Recently, we have reported a series
of new Au(I) polyynes with tetrahedral diphosphine ligands with
excellent transparency in the visible-light region and some of
them even outperform C60 as OPL materials.40 So, the introduc-
tion of Au(I) ions and tetrahedral diphosphine ligands into
homometallic Pt(II) polyynes should be a promising protocol to
reduce the red shift effect after polymerization. On the basis of
these advantages, by combining monomeric Pt(II) acetylides and
the dinuclear Au(I) complex precursors with tetrahedral diphos-
phine ligands, two series of new heterobimetallic Au(I)–Pt(II)
polyynes have been developed. Compared with the corres-
ponding homometallic Pt(II) polyynes, these new polyynes can
not only show better transparency, but also achieve stronger
optical limiting performances by effectively maintaining the
density of the metal atom of the polyyne chain. Hence, the
results of the concerned polyynes should provide a new means
for achieving comprehensive optimization between good trans-
parency and high OPL ability.

Experimental
General information

Commercially available reagents were used directly as received.
The solvents were refined through a normative process under
dry nitrogen for use. All reactions were completed under a
nitrogen atmosphere. The reactions were monitored by thin-
layer chromatography (TLC) using Merck pre-coated aluminum
plates. Flash column chromatography and preparative TLC
were carried out using silica gel. All Sonogashira reactions
were completed using Schlenk techniques under a nitrogen
atmosphere.

Physical measurements

All the NMR spectra were measured in CDCl3 solvent using a
Bruker AXS 400 MHz NMR spectrometer with the 1H and 13C
NMR chemical shifts quoted relative to SiMe4 and the 31P
chemical shifts relative to the 85% H3PO4 external standard.
Fast atom bombardment (FAB) mass spectra were characterized
using a Finnigan MAT SSQ710 system. UV-Vis spectra were
recorded on a PerkinElmer Lambda 950 spectrophotometer at
298 K. The photoluminescent (PL) properties were charac-
terized using an Edinburgh Instruments FLS920 fluorescence
spectrophotometer. The lifetimes at 298 K for the excited states
were measured using a single photon counting spectrometer
from Edinburgh Instruments FLS920 with a 360 nm picosecond
LED lamp as the excitation source, while those at 77 K were
obtained with the excitation from a xenon flash lamp. The low-
temperature PL spectra and lifetimes at 77 K were measured by
dipping the degassed CH2Cl2 solution in a thin quartz tube into
a liquid nitrogen Dewar and the data were recorded after
allowing it to stand for 3 minutes. The fluorescence quantum
yields (FF) were measured in CH2Cl2 solutions at 298 K against
quinine sulfate in 1.0 M H2SO4 as the reference (FF ca. 0.56 at
334 nm and ca. 0.55 at 365 nm).41 The molecular weights were
determined using Waters 2695 GPC in CHCl3 and estimated by
using a calibration curve of polystyrene standards.

Optical power limiting measurements

The optical power limiting properties were characterized by
Z-scan measurements, which were performed at 532 nm for the
Gaussian mode laser beam with a repetition frequency of 20 Hz
from a Q-switched Quantel Q-Smart 100 Nd:YAG laser. The laser
beam was split into two beams by a beam splitter. One was used
as the reference beam, which was directly received by a power
detector (D1), and the other was focused with a lens ( f = 20 cm)
for sample measurement. After starting the position control
device, the light beam through the sample was collected imme-
diately by another power detector (D2). The sample to be
measured was moved automatically along a rail to change the
incident irradiance with its distance (Z-position). The incident
and transmitted powers were detected simultaneously using
D1 and D2, separately. The OPL performance of each solution
sample was measured in CH2Cl2 with ca. 90% transmittance
solution filled in a 1 mm quartz cell. OPL devices based on
P1-FLU and P2-FLU were prepared by casting the polystyrene
(PS) solution (0.2 g mL�1) in CHCl3 with a ca. 1.0 wt% doping
level into a PTFE mould, respectively. Then, they were left on a
clean bench for 3 days at room temperature to obtain solid
plates as prototype OPL devices.

Computational details

Geometrical optimizations were conducted using the popular
B3LYP density functional theory (DFT). The basis set used
for C, H, O, N and P atoms was 6-311G(d, p), whereas effective
core potentials with a LanL2DZ basis set were employed for
Au and Pt atoms.42,43 The energies of the excited states of
the complexes were computed by TD-DFT based on all the
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ground-state geometries. All calculations were carried out by
using the Gaussian 09 program.44

Synthesis

Monomeric Pt(II) acetylides (FLU-Pt-FLU, TPA-Pt-TPA and CAZ-
Pt-CAZ) were obtained using a modified method.34,40 L-P1-Au
and L-P2-Au were synthesized as in a published reaction.45,46

All the synthetic procedures are provided in the ESI.†

A general synthetic procedure for Au(I)–Pt(II) polyynes

Under a N2 atmosphere, L-P1-Au/L-P2-Au (1.0 equiv.) and the
corresponding Pt(II) acetylides (1.0 equiv.) were mixed in
CH2Cl2/MeOH (v : v = 2 : 1). Then, sodium methoxide solution
(3.0 equiv., 0.3 M) was added. The reaction mixture was kept
stirring for 5 h at room temperature. After removing the
solvent, the obtained residue was dissolved in a small amount
of CH2Cl2 and filtered using a syringe filter (PTFE, 0.45 mm)
to remove the insoluble part. Then, it was precipitated in MeOH
and this procedure was repeated two times. The heterobimetallic
Au(I)–Pt(II) polyynes were obtained as an off-white solid.

P1-FLU. (Yield: 56%). 1H NMR (400 MHz, CDCl3): d (ppm)
7.64–7.58 (m, 8H, Ar), 7.55–7.44 (m, 22H, Ar), 7.21 (m, 6H, Ar),
2.20 (br, 12H, PBu3), 1.86 (br, 8H, –CH2–), 1.66 (br, 12H, PBu3),
1.50–1.44 (br, 12H, PBu3), 1.25–0.99 (m, 72H, –CH2–), 0.94
(t, 18H, PBu3), 0.88–0.84 (m, 12H, –CH3), 0.57 (br, 8H, –CH2–);
31P NMR (161.9 MHz, CDCl3): d (ppm) 42.45, 2.83; GPC: Mn =
2.4 � 104 g mol�1, PDI = 1.6 (against polystyrene standards);
anal. found: C 60.96, H 5.68.

P1-TPA. (Yield: 60%). 1H NMR (400 MHz, CDCl3): d (ppm)
7.63–7.46 (m, 22H, Ar), 7.35–7.31 (m, 10H, Ar), 7.10–6.91 (m,
6H, Ar), 6.86–6.79 (m, 10H, Ar), 3.92 (t, 4H, –OCH2–), 2.12 (br,
12H, PBu3), 1.76–1.75 (br, 4H, –CH2–), 1.57–1.54 (m, 12H,
PBu3), 1.46–1.40 (m, 12H, PBu3), 1.35–1.26 (m, 36H, –CH2–),
0.93–0.86 (m, 24H, PBu3 and –CH3); 31P NMR (161.9 MHz,
CDCl3): d (ppm) 42.44, 2.70; GPC: Mn = 2.7 � 104 g mol�1,
PDI = 1.3 (against polystyrene standards); anal. found: C 60.96,
H 5.68.

P1-CAZ. (Yield: 52%). 1H NMR (400 MHz, CDCl3): d (ppm)
8.24–8.22 (m, 2H, Ar), 7.96–7.87 (m, 2H, Ar), 7.64–7.48 (m, 26H,
Ar), 7.38 (m, 2H, Ar), 7.25–7.19 (m, 4H, Ar), 4.20 (t, 4H, –NCH2–),
2.23 (br, 12H, PBu3), 1.83–1.81 (m, 4H, –CH2–), 1.68 (br, 12H,
PBu3), 1.55–1.47 (m, 12H, PBu3), 1.33–1.24 (m, 36H, –CH2–),
0.99–0.94 (t, 18H, PBu3), 0.89–0.86 (m, 6H, –CH3); 31P NMR
(161.9 MHz, CDCl3): d (ppm) 42.56, 3.03; GPC: Mn = 2.9 �
104 g mol�1, PDI = 1.4 (against polystyrene standards); anal.
found: C 60.96, H 5.68.

P2-FLU. (Yield: 55%). 1H NMR (400 MHz, CDCl3): d (ppm)
7.76–7.72 (m, 6H, Ar), 7.57–7.38 (m, 22H, Ar), 7.22–7.20 (d, 4H,
Ar), 2.85 (br, 4H), 2.19 (br, 12H, PBu3), 1.97–1.88 (br, 10H), 1.66
(br, 12H, PBu3), 1.52–1.44 (m, 12H, PBu3), 1.25–1.21 (m, 72H,
–CH2–), 0.94 (t, 18H, PBu3), 0.87–0.84 (m, 12H, –CH3), 0.58 (br,
8H, –CH2–); 31P NMR (161.9 MHz, CDCl3): d (ppm) 35.18, 2.77;
GPC: Mn = 2.1 � 104 g mol�1, PDI = 1.3 (against polystyrene
standards); anal. found: C 60.96, H 5.68.

P2-TPA. (Yield: 65%). 1H NMR (400 MHz, CDCl3): d (ppm)
7.71–7.68 (m, 6H, Ar), 7.44–7.42 (m, 8H, Ar), 7.37–7.29 (m, 6H, Ar),

7.16–7.00 (m, 10H, Ar), 6.96–6.78 (m, 14H, Ar), 3.92 (br, 4H,
–OCH2–), 2.81 (br, 4H), 2.12–2.11 (br, 12H, PBu3), 1.95–1.90 (m,
2H), 1.77 (m, 4H, –CH2–), 1.57–1.54 (m, 12H, PBu3), 1.46–1.40 (m,
12H, PBu3), 1.33–1.26 (m, 36H, –CH2–), 0.92–0.86 (m, 24H, PBu3

and –CH3); 31P NMR (161.9 MHz, CDCl3): d (ppm) 35.28, 2.65;
GPC: Mn = 2.4 � 104 g mol�1, PDI = 1.5 (against polystyrene
standards); anal. found: C 60.96, H 5.68.

P2-CAZ. (Yield: 58%). 1H NMR (400 MHz, CDCl3): d (ppm)
8.27–8.17 (m, 2H, Ar), 8.00–7.96 (m, 2H, Ar), 7.75 (m, 8H, Ar),
7.63–7.57 (m, 2H, Ar), 7.46–7.34 (m, 14H, Ar), 7.27–7.20 (m, 4H,
Ar), 4.21 (br, 4H, –NCH2–), 2.85 (br, 4H), 2.23 (br, 12H, PBu3),
2.00 (br, 2H), 1.84 (br, 4H, –CH2–), 1.68 (br, 12H, PBu3), 1.51–
1.44 (m, 12H, PBu3), 1.33–1.24 (m, 36H, –CH2–), 0.96–0.86 (m,
24H, PBu3 and –CH3); 31P NMR (161.9 MHz, CDCl3): d (ppm)
35.36, 2.94; GPC: Mn = 3.1 � 104 g mol�1, PDI = 1.5 (against
polystyrene standards); anal. found: C 60.96, H 5.68.

Results and discussion
Synthesis and structural characterization

The synthetic routes to monomeric Pt(II) acetylides (FLU-Pt-
FLU, TPA-Pt-TPA and CAZ-Pt-CAZ), L-P1-Au and L-P2-Au are
provided in Scheme S1 (ESI†). Ethynyl aromatic ligands (L-FLU,
L-TPA and L-CAZ) are prepared first. Then monomeric Pt(II)
acetylides can be easily synthesized through the Sonogashira
cross-coupling in high yields. In the 1H NMR spectra of these
Pt(II) acetylides, the signals at ca. 3.1 ppm are from the alkynyl
group of ethynyl aromatic ligands and three sets of multiple
peaks in the range of ca. 2.2–1.4 ppm are from PBu3 groups. In
their 31P NMR spectra, the peaks at ca. 2.8 ppm are attributed to
PBu3 groups. The above results can demonstrate that monomeric
Pt(II) acetylides are successfully obtained.

Scheme 1 shows the synthetic pathways of the hetero-
bimetallic Au(I)–Pt(II) polyynes. Using a similar synthetic strategy
for homometallic polyynes,34 these polyynes have been prepared
by the cross-coupling between L-P1-Au/L-P2-Au and the corres-
ponding monomeric Pt(II) acetylides. The chemical structures
of these Au(I)–Pt(II) polyynes have been fully characterized by 1H
and 31P NMR spectra. In the 1H NMR spectra of these Au(I)–Pt(II)
polyynes, the peaks at ca. 3.1 ppm from the proton of alkyne
groups disappear, compared with those from the monomeric
Pt(II) acetylides. Two sets of resonance peaks at ca. 2.8 ppm
from PBu3 groups and at ca. 42.4 ppm from L-P1-Au/L-P2-Au
can clearly show the simultaneous existence of the trans-
[Pt(PBu3)2] unit and L-P1-Au/L-P2-Au in their 31P NMR spectra.
Hence, the above results reveal their successful coupling between
L-P1-Au/L-P2-Au and the corresponding monomeric Pt(II)
acetylides. In the 1H NMR spectra of these Au(I)–Pt(II) polyynes,
the multiple peaks in the range of ca. 1.5–0.8 ppm can be
assigned to the n-dodecyl groups and the PBu3 groups in these
polyynes. In the 1H NMR spectra of P1-TPA and P2-TPA, the
signals at ca. 3.9 ppm can be induced by the protons from
the –OCH2– unit. The signals at ca. 4.2 can be ascribed to the
–NCH2– group in the 1H NMR spectra of P1-CAZ and P2-CAZ. The
broad peaks at ca. 2.8 ppm come from the –CH2CH2CH2– unit of
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Scheme 1 Synthesis of heterobimetallic Au(I)–Pt(II) polyynes.
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L-P2-Au in the 1H NMR spectra of P2-FLU, P2-TPA and P2-CAZ.
All these NMR data clearly indicate the successful synthesis of
these new heterobimetallic Au(I)–Pt(II) polyynes.

Photophysical properties

The absorption spectra of the Au(I)–Pt(II) polyynes have been
characterized in CH2Cl2 at 298 K and the corresponding data
are summarized in Table 1. Obviously, the maximum absorp-
tion wavelengths (lmax) of two series of Au(I)–Pt(II) polyynes
(P1 and P2 series, Fig. 1) show a blue shift compared with those
of the corresponding homometallic Pt(II) polyynes (Fig. S1 and
Table S1, ESI†). Besides, the cut-off absorption wavelengths
(lcut-off) of P1 and P2 series show a slight blue shift compared
with those of the corresponding homometallic Pt(II) polyynes.
When compared with that of the corresponding monomeric
Pt(II) acetylides, the absorption bands of these Au(I)–Pt(II) poly-
ynes show a weaker red shift than those of the homometallic
Pt(II) polyynes (Fig. S2 and Table S1, ESI†). Therefore, these
Au(I)–Pt(II) polyynes exhibit better transparency than homo-
metallic Pt(II) polyynes, indicating the validity of introduction
of Au(I) precursors with tetrahedral diphosphine ligands to
improve transparency. The improvement of transparency can
be attributed to the weak interaction between 5d orbitals of the
Au(I) centers and p orbitals of the ethynyl aromatic ligands, as
well as the conjugation-breaking ability of tetrahedral diphos-
phine ligands.

In the UV-Vis absorption spectra, all the Au(I)–Pt(II) polyynes
exhibit intense absorption peaks with lmax before 400 nm and
a weak absorption tail after 400 nm (Fig. 1), indicating their
excellent optical transparency in the visible light region
(ca. 400–700 nm). Their intense absorption peaks can be mainly
assigned to the metal disturbed p–p* transitions from the
ethynyl aromatic ligands.34 The profiles of P1 series and P2
series are similar in their absorption spectra. But the lmax and
lcut-off in the absorption spectra of P2 series show a slight blue-
shift compared with those of the corresponding P1 series,
which is caused by the –CH2CH2CH2– group of L-P2-Au posses-
sing a stronger conjugation-breaking ability. These results
show that these new polyynes still maintain good transparency
after polymerization. Besides, compared with the reported hetero-
bimetallic Hg(II)–Pt(II) polyyne with fluorene-based ligands

(lcut-off, 411 nm),34 P1-FLU, P1-TPA, P2-FLU and P2-TPA
(Table 1) can show comparable transparency and P1-CAZ
and P2-CAZ (Table 1) can show better transparency in the
visible-light region. Importantly, compared with the reported
heterobimetallic Pd(II)–Pt(II) and Pd(II)–Hg(II) polyynes with
fluorene-based ligands (lcut-off, 438 nm and 435 nm, respectively),34

all the Au(I)–Pt(II) polyynes show much better transparency in
the visible-light region.

Based on the fact that the transition properties of the
transition metal polyynes can show similarity to their repeating
units,47 the molecular orbital (MO) patterns of the repeating
units of these Au(I)–Pt(II) polyynes have been obtained by time-
dependent density functional theory (TD-DFT) calculations
to interpret their photophysical properties. Due to their large
contribution to the transition of the S1 states above 84%
(Table 2), the transitions between the key molecular orbitals
can represent the feature of the S1 states of the repeating units
for these Au(I)–Pt(II) polyynes. From the MO patterns of the
Au(I)–Pt(II) polyynes (Fig. 2), their S1 states should show obvious
ligand–ligand charge transfer (LLCT) features from the p orbitals
of diethynyl aromatic ligands to the p* orbitals of 1,4-bis-
(diphenylphosphino)benzene (L-P1)/1,3-bis(diphenylphosphino)-
propane (L-P2) ligands coordinated with the Au(I) centers.

Table 1 Photophysical data for heterobimetallic Au(I)–Pt(II) polyynes

Compound Absorptiona labs (nm) 298 K Emissiona lem (nm) 298 K/77 K
FF

b

(%)
Lifetime of excited statesc S1

state (ns)/T1 state (ms)
lcut-off

(nm)

P1-FLU 270, 276, 305, 319, 345, 362, 387 417, 438, 450, 539/548, 587, 625, 642 1.03 0.71 ns (438 nm)/181.63 ms (548 nm) 416
P1-TPA 264, 276, 316sh, 377 504/504, 545, 563 0.62 10.37 ms (504 nm)d/130.80 ms (504 nm) 414
P1-CAZ 253, 262, 276sh, 317, 335 405, 425, 455, 495, 534/456, 492, 507, 527 0.27 0.99 ns (455 nm)/44.31 ms (456 nm) 389
P2-FLU 275, 305, 319, 344, 361, 384 412, 432, 449sh, 542, 584/548, 586, 619 1.66 0.63 ns (412 nm)/137.84 ms (548 nm) 413
P2-TPA 268, 275, 314sh, 373 504/503, 529, 603 1.69 6.46 ms (504 nm)d/165.23 ms (503 nm) 412
P2-CAZ 253, 261, 316, 334 402, 421, 438, 455, 503/457, 493, 507 0.30 0.72 ns (421 nm)/40.14 ms (457 nm) 386

a Measured in CH2Cl2 at a concentration of ca. 10�5 M. sh: shoulder. b Measured using quinine sulfate in 1.0 M H2SO4 as the standard. According
to the UV-Vis absorption of the compounds, the excitation wavelengths were set at 334 nm and 365 nm while the FF of the standard is 56% and
55%. c The numbers in parentheses are the emission wavelengths of the S1 and T1 states. The lifetime of the S1 state was measured at 298 K in
degassed CH2Cl2 with the excitation at 360 nm and that of the T1 state was measured at 77 K in the same solvent with the same excitation
wavelength. d The lifetime of P1-TPA and P2-TPA at 298 K should be a mixture of S1 and T1 states.

Fig. 1 UV-Vis absorption spectra for heterobimetallic Au(I)–Pt(II) polyynes
in CH2Cl2 at 298 K.
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The results of TD-DFT can give insight into the blue shift from
P1 series to P2 series in the absorption process, which coincides
well with the experimental results.

In CH2Cl2 solution at 298 K, the photoluminescent (PL)
spectra of P1-FLU and P2-FLU exhibit two emission bands
(Fig. 3a). The high-energy emission bands should be fluores-
cent signals from the radiative decay of the singlet states (S1)
associated with the metal disturbed organic ligand p–p* transi-
tions. This result can be attributed to their short lifetime in the
order of nanoseconds (ns). However, the long-wavelength emis-
sion bands should be induced by the decay of the triplet states
(T1) due to their longer lifetimes in the order of microseconds
(ms) with large Stokes shift 4100 nm. P1-FLU possesses stronger
triplet emission compared with P2-FLU, which can be associated
with its lower FF (1.03% for P1-FLU and 1.66% for P2-FLU,
Table 1). The PL spectra of P1-CAZ and P2-CAZ show two
emission bands as well (Fig. 3c). It is obvious that P1-CAZ
exhibits stronger triplet emission than P2-CAZ, which is also
attributed to its lower FF (0.27% for P1-CAZ and 0.30% for
P2-CAZ). The PL spectra of P1-TPA and P2-TPA merely show
one emission band at 298 K (Fig. 3b), but they should be the
overlapping of singlet and triplet emission. This can be explained
by the fact that P1-TPA and P2-TPA possess a long lifetime in
the order of microseconds at 298 K (10.37 ms for P1-TPA and
6.46 ms for P2-TPA) and the emission bands of P1-TPA and
P2-TPA at 77 K (Fig. S3b in the ESI†) completely overlap with the
corresponding emission band at 298 K. Although the emission
profiles of P1-TPA and P2-TPA are quite similar, the emission
profile of P1-TPA becomes wider after 550 nm than that of
P2-TPA (Fig. 3b). In addition, the FF of P1-TPA (0.60%) is lower
than that of P2-TPA (1.69%). So P1-TPA should possess stronger
T1 emission compared with P2-TPA. The improvement of triplet
emission in P1 series might be related to the phenyl group of
L-P1-Au that can extend the conjugation of the backbone in the
Au(I)–Pt(II) polyynes. Furthermore, the feature of T1 emission
for these Au(I)–Pt(II) polyynes can also be obviously indicated by
enhanced long-wavelength emission signals at 77 K.

In order to clearly interpret the PL behaviors of these
Au(I)–Pt(II) polyynes, the natural transition orbital (NTO) results
for their repeating units have been obtained based on the
optimized T1 geometries for the S0 - T1 excitation.40 The
NTO patterns for the repeating unit of P1-FLU and P2-FLU
(Fig. 4a and d) show that both hole (H) and particle (P) orbitals
are mainly located on fluorene-based diethynyl ligands. Then,
based on the large percentage of H - P transition for P1-FLU
and P2-FLU (91.45% and 90.73%, respectively) (Table 3), they
should indicate a ligand-centered 3p–p* feature for the T1

emission. However, the L-P1 ligands of P1-CAZ and the L-P2
ligands of P2-CAZ have noticeable contribution (62.62% and
61.67%, respectively) to the particles of the NTO patterns for
their corresponding repeating units. So the T1 emission of
P1-CAZ and P2-CAZ should exhibit LLCT character. In addition,
the T1 emission of P1-TPA and P2-TPA also exhibits LLCT
character due to the contribution of L-P1 (63.3%) and L-P2
(44.34%) to the particle of the NTO patterns for their corres-
ponding repeating units. Due to the contribution (22.56%) ofT
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the triphenylamine ligand, P2-TPA also shows a ligand-centered
3p–p* feature for the T1 emission. From the results of NTO in
Table 3, the Au and Pt centers make negligible contribution to
the transition process responsible for the T1 emission of these

Au(I)–Pt(II) polyynes. Moreover, the T1 emission of these
Au(I)–Pt(II) polyynes showing a ligand-centered 3p–p* feature
and LLCT characteristics can be indicated by the structured
line-shape of their PL spectra at 77 K (Fig. S3, ESI†). The above

Fig. 2 Molecular orbital (MO) patterns for the repeating units of the heterobimetallic Au(I)–Pt(II) polyynes based on their optimized S0 geometries.
(a) Repeating unit for P1-FLU, (b) repeating unit for P1-TPA, (c) repeating unit for P1-CAZ, (d) repeating unit for P2-FLU, (e) repeating unit for P2-TPA,
and (f) repeating unit for P2-CAZ.
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results demonstrate the good consistency between the experi-
mental and theoretical results.

Optical power limiting behaviors

From their UV-Vis spectra, these Au(I)–Pt(II) polyynes show
exceptional optical transparency at 532 nm, indicating their
extremely low ground-state absorption at this wavelength. Their
absorption behaviors fully meet the basic test requirements for

characterizing their OPL properties against the 532 nm laser
beam. Then the OPL behaviors of these Au(I)–Pt(II) polyynes
have been characterized with a linear transmittance To of
ca. 90% (Fig. 5) through the Z-scan with the open-aperture mode
in CH2Cl2. Incident irradiance upon the Au(I)–Pt(II) polyynes
varies from their Z-position to focal point (Z = 0). Obviously,
the transmittance (T) of the sample in solution remains constant
when the incident irradiance upon the sample is weak, showing
linear optical properties (i.e. obeying Beer’s law). However, when
the sample gradually approaches the focus with an increase in
incident irradiance, the transmittance (T) of the sample
decreases to show an OPL effect (Fig. 5). The OPL behaviors of
these Au(I)–Pt(II) polyynes can be interpreted by the reverse
saturable absorption (RSA) mechanism of the T1 states (Fig. S3,
ESI†). Due to the strong SOC effect induced by the Au(I) and Pt(II)
centers, the S1 states formed through the weak absorption of
laser irradiance can be rapidly transformed into the T1 states
through a fast inter-system crossing (ISC) process. After accu-
mulating a certain population, these T1 states absorb much
more laser energy to reach the higher triplet state Tn to induce
the OPL effect, especially for the nano-second laser pulse. The
lifetime of the S1 state is very short, so that the energy absorption
from the S1 - Sn transition can be neglected in the contribution
to the nano-second OPL response. Therefore, the OPL ability
mainly depends on the strong absorption from the T1 - Tn

transition, showing that these Au(I)–Pt(II) polyynes with a higher
T1 emission ability can show better OPL performances.

The OPL performances of these Au(I)–Pt(II) polyynes based
on the reverse saturable absorption can be compared by using
the figure of merit factor sex/so = ln Tsat/ln To, in which so and
sex stand for the ground-state absorption cross-section and the
effective excited-state absorption cross-section, respectively. To

is the linear transmittance as aforementioned and Tsat is the
transmittance at the saturation fluence. The sex/so values of
P1-FLU, P1-TPA and P1-CAZ are 9.98, 8.39 and 4.01, respec-
tively. The sex/so values of P2 series (7.92 for P2-FLU, 6.66 for
P2-TPA and 3.72 for P2-CAZ) are lower than those of P1 series.
Based on the RSA mechanism of T1 states, the higher T1

quantum yield associated with P1 series should enhance their
OPL ability effectively. So the higher OPL behaviors of P1 series
are correlated with their lower FF at 298 K. Obviously, the
performances of these Au(I)–Pt(II) polyynes are better than that
of the state-of-the-art OPL material C60 (ca. 3.39), showing their
great potential for application in the OPL field. In addition,
compared with the reported heterobimetallic Hg(II)–Pt(II), Pd(II)–
Pt(II) and Pd(II)–Hg(II) polyynes with fluorene-based ligands,34

these Au(I)–Pt(II) analogs can successfully cope with the toxicity
problem of the Hg(II) ions and the poor transparency-enhancing
ability of the Pd(II) ions.

What is more, the sex/so values of two series of Au(I)–Pt(II)
polyynes are higher than those of the corresponding homo-
metallic Pt(II) polyynes (7.36 for FLU-Pt, 5.46 for TPA-Pt and 3.45
for CAZ-Pt) (Fig. S5, ESI†), indicating their better OPL behav-
iors. As mentioned before, the absorption bands of two series of
Au(I)–Pt(II) polyynes show a blue shift compared with the
corresponding homometallic Pt(II) polyynes, showing enhanced

Fig. 3 Photoluminescent (PL) spectra for heterobimetallic Au(I)–Pt(II)
polyynes in CH2Cl2 solution at 298 K. (a) P1-FLU and P2-FLU (b) P1-TPA
and P2-TPA (c) P1-CAZ and P2-CAZ.
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transparency. Therefore, these results fully illustrate that intro-
ducing Au(I) precursors with tetrahedral diphosphine ligands
into the backbone of homometallic Pt(II) polyynes successfully
achieve a good trade-off between transparency and optical power
limiting performance.

Because OPL materials in solution are inconvenient to make
practical devices, it is highly valuable to use them in the solid
state. P1-FLU and P2-FLU have been doped into polystyrene (PS)
with a ca. 1.0 wt% doping level to make two prototype devices to
characterize its OPL ability for the 532 nm laser. The prepared
doped PS thin plates with a thickness of 0.2 mm show very high
transparency, possessing a linear transmittance of ca. 80%

(81% for P1-FLU and 82% for P2-FLU) (inset Fig. 6), respec-
tively. As the input fluence increases, the normalized trans-
mittance of the P1-FLU doped PS plate continuously drops to
0.48, reaching an OPL threshold of ca. 0.18 J cm�2, while that
of the P2-FLU doped PS plate is ca. 0.2 J cm�2. Obviously, as
a prototype OPL device, the P1-FLU doped PS plate shows
enhanced OPL ability compared to the P2-FLU doped PS plate,
which is similar to their OPL performance in solution. In addi-
tion, the PL spectra of P1-FLU and P2-FLU in the PS matrix
(Fig. S6, ESI†) show stronger T1 emission than those of their
corresponding solutions, indicating their advantage in the fabri-
cation of OPL devices.

Fig. 4 Natural transition orbital (NTO) patterns for S0 - T1 excitation of the repeating units from the heterobimetallic Au(I)–Pt(II) polyynes based on their
optimized T1 geometries. (a) Repeating unit for P1-FLU, (b) repeating unit for P1-TPA, (c) repeating unit for P1-CAZ, (d) repeating unit for P2-FLU,
(e) repeating unit for P2-TPA, and (f) repeating unit for P2-CAZ.
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Conclusions

Two series of heterobimetallic Au(I)–Pt(II) polyynes have been
successfully prepared. On the premise of transparency approxi-
mation of two series of Au(I)–Pt(II) polyynes, P1 series exhibit
stronger T1 emission and superior OPL performances than P2
series. This result indicates that the 1,4-bis(diphenylphosphino)-
benzene ligand is more favorable for optimizing the optical
transparency and OPL ability of OPL materials than the 1,3-bis-
(diphenylphosphino)propane ligand. Importantly, the absorp-
tion bands of these Au(I)–Pt(II) polyynes are blue-shifted by
introducing Au(I) precursors with tetrahedral phosphine
ligands into the homometallic Pt(II) polyynes backbone, indi-
cating better transparency in the visible-light region. Moreover,
the OPL performances of these polyynes are not only superior to
the corresponding homometallic Pt(II) polyynes, but also out-
perform the state-of-the-art OPL material C60. When compared
with the reported heterobimetallic polyynes with fluorene-based
ligands, the heterobimetallic Au(I)–Pt(II) polyynes with fluorene-
based ligands show a lower toxicity and even achieve consistency
between excellent, good transparency and high OPL performances.
The concerned results provide valuable information for the com-
prehensive optimization of OPL materials.
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