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A new class of soluble, solution-processable heterobimetallic platinum(II)-acetylide polymers function-
alized with some rhenium(I)-bithiazole based spacers and their corresponding model complexes were
synthesized and characterized. The photophysical (absorption and emission spectra), thermal and elec-
trochemical properties of the polymers were investigated in detail. These mixed-metal PtRe polymers
exhibited good thermal stability and strong low-energy broad absorption bands in the visible region. The
effects of metal complexation of the bithiazole group with ReCl(CO)5 as well as adding thiophene ring
along the polymer backbone on the optical bandgaps of these organometallic polymers were examined.
The bandgaps of these polymers were found to be controllable readily by chemical means and can be
lowered from 2.18 to 1.89 eV as the number of thiophene ring was increased from 0 to 2. Upon coordi-
nation with Re(CO)3Cl moiety, the optical gap of the polymer can be reduced by as large as 0.25 eV.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

There is considerable interest in the chemistry of soluble
conjugated organometallic polymers in view of their potential
applications in solar/photovoltaic cells, field-effect transistors,
light-emitting diodes or non-linear optics (NLO) [1e16]. While
most of the studies have been concentrated on the homometallic
system, there is an increasing attention on the development of
heterometallic congeners because of the effect of electronic influ-
ence of the second metal center on their functional properties. For
instance, a heterobimetallic platinum-acetylide polymer of ferro-
cenylfluorene II was reported and spectroscopically characterized
[17]. The presence of significant donor-acceptor interaction in II
leads to a narrow bandgap value of 2.10 eV for this Pt-Fe mixed-
metal material, which is much lower than that for the parent
mononuclear polymer I (Fig. 1). Polymer II is electroactive with the
half-wave potential of the ferrocene moiety slightly more anodic in
II than in the diethynyl ligand precursor, in line with the transfer of
electron density from the peripheral ferrocenyl donor unit to the p-
conjugated main chain.
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Based on the recent development in organic polymers in which
their bandgaps can be reduced by the copolymerization of donor
and acceptor units [18e21], it was envisaged thatmetallo-diethynyl
ligands would constitute an interesting new class of spacer units in
the design of novel organometallic polyyne systems, leading to
a significant difference in their electronic properties (e.g. the
HOMO-LUMO energy or optical bandgap).

Since the discovery of double-layer organic light-emitting diodes
(OLEDs) based on Alq3 [tris-(8-quinolinolato)aluminium] as the
emittingmaterial by Tang and VanSlyke [22], intensive research has
been focused on the design and synthesis of other metal-containing
luminophores. The design of novel materials for OLED applications
demands well-defined requirements in terms of emission wave-
length (lem), lifetime (s), andquantumyields (V) [23e31]. Therefore,
the compounds containing d6 metals such as rhenium(I) [32e34],
iridium(III) [35e37] and osmium(II) [38,39] which show good
phosphorescent emission and high V (theoretically up to 100%)
compared to those of fluorescent materials have attracted growing
interest. Many researchers have focused on a particularly important
class of complexes with the type of fac-[Re(CO)3(NeN)(X)], where
NeN ¼ diimine and X ¼ halides. This class of metal complexes
affords good phosphorescent emitters, where the strong spin-orbit
coupling would enhance the singlet-triplet mixing, giving a fairly
long-lived excited state with high emission quantum efficiencies
[34], for applications in OLEDs [40] and in other fields such as solar
energy conversion [41], supramolecular chemistry [42], catalysis
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Fig. 1. Chemical structures of the polymers I and II.
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[43], and medical chemistry [44]. Their peculiar molecular proper-
ties, and the possibilities of related technological applications, are
directly related to the wide range of spectra of the molecules that
determine the optical absorption and emission characteristics and
the electronic structures of the ground as well as the lowest excited
states in the molecules.

Much recent interest has been paid to the development of
molecular and polymeric materials containing the bithiazole spacer
[45e49]. It is known that poly(thiophene-2,5-diyl) and their
derivatives are composed of “electron-donating” heterocyclic units
(p-doping) whereas polymers such as poly(pyridine-2,5-diyl)
contain “electron-withdrawing” imine group (n-doping) [50].
Incorporation of a thiazole unit, a hybrid of the thiophene and
pyridine groups, in the main chain of the metallopolyynes repre-
sents an attractive synthetic strategy to control the energy gap of
this class of materials [51]. In the presence of electron-withdrawing
imine nitrogen atoms, the optical spectra for the bithiazole deriva-
tives typically display a significant red-shift when compared to their
bithienyl counterparts [52]. However, the complexation reactions of
bithiazole group with metal center was relatively less explored in
the literature. Along this line, we have designed and prepared
a series of rhenium(I)-diimine based diethynyl metalloligands,
which can be used to furnish their corresponding platinum(II)
metallopolyyne polymers. The photophysical, thermal and redox
properties of these polymers have also been investigated in terms of
the spacer chain length and the tricarbonylrhenium(I) unit.

2. Experimental

2.1. General information

Solvents were carefully dried and distilled from appropriate
drying agents prior to use. Commercially available reagents were
used without further purification unless otherwise stated. All
reagents for the chemical syntheses were purchased from Aldrich
or Acros Organics. Reactions and manipulations were carried out
under an atmosphere of prepurified nitrogen using Schlenk tech-
niques. All reactions weremonitored by thin-layer chromatography
(TLC) with Merck pre-coated glass plates. Flash column chroma-
tography and preparative TLC were carried out using silica gel from
Merck (230e400 mesh). Infrared spectra were recorded as CH2Cl2
solutions using a PerkineElmer Paragon 1000 PC or Nicolet Magna
550 Series II FTIR spectrometer, using CaF2 cells with a 0.5 mm path
length. Fast atom bombardment (FAB) mass spectra were recorded
on a Finnigan MAT SSQ710 system. NMR spectra were measured in
CDCl3 on a Varian Inova 400 MHz FT-NMR spectrometer and
chemical shifts are quoted relative to tetramethylsilane for 1H and
13C nuclei and H3PO4 for 31P nucleus. The synthesis of L0-2Br to L2-
2Br, L0-2TMS to L2-2TMS and L0 to L2was carried out according to
the literature method [53].

2.2. Physical measurements

UV/Vis spectra were obtained on an HP-8453 diode array spec-
trophotometer. The solution emission spectra and lifetimes of the
compounds were measured on a Photon Technology International
(PTI) Fluorescence QuantaMaster Series QM1 spectrophotometer.
The quantum yields were determined in degassed CH2Cl2 solutions
at 293 K against quinine sulfate in 0.1 NH2SO4 (F¼ 0.54) [54]. Cyclic
voltammetrymeasurementswere carried out at a scan rate of 50mV
s�1 using a eDAQ EA161 potentiostat electrochemical interface
equipped with a thin film coated ITO covered glass working elec-
trode, a platinum counter electrode and a Ag/AgCl (in 3 M KCl)
reference electrode. The solvent in all measurements was deoxy-
genatedMeCN, and the supportingelectrolytewas 0.1M [nBu4N]BF4.
Thinpolymerfilmswere deposited on theworking electrode by dip-
coating in chlorobenzene solution (6mgmL�1). Where appropriate,
the oxidation and reduction potentials were used to determine
the HOMO and LUMO energy levels using the equations
EHOMO¼ [�(Eonset, ox (vs. Ag/AgCl)e Eonset (N.H.E. vs. Ag/AgCl)]� 4.50 eV and
ELUMO ¼ [�(Eonset, red (vs. Ag/AgCl) e Eonset (N.H.E. vs. Ag/AgCl)] � 4.50 eV,
where the potentials for N.H.E. versus vacuum and N.H.E. versus Ag/
AgCl are 4.50 and �0.22 V, respectively [55,56].

2.3. Preparation of compounds

2.3.1. Synthesis of L0-Re to L2-Re
Ligands L0-Re to L2-Re were prepared from L0, L1 and L2 by

reacting each of them with rhenium(I) pentacarbonyl chloride,
respectively. A typical procedure was given for L0-Re.

A mixture of L0 (80 mg, 0.17 mmol) and ReCl(CO)5 (62 mg,
0.62 mmol) in ethanol (15mL) was stirred at 60 �C under a nitrogen
atmosphere overnight. The solvent was removed on a rotary evap-
orator in vacuo. The crude product was purified by column chro-
matography on silica gel eluting with CH2Cl2/n-hexane (2:1, v/v) to
provide L0-Re (101 mg, 77%) as a red solid.

Spectral data: IR (KBr): n(C]O) 1906br, 2025, n(C^C) 2102,
n(C^CH) 3299 cm�1. 1H NMR (400 MHz, CDCl3): d ¼ 3.85 (s, 2H,
C^CH), 3.20e3.14 (m, 4H, CH3C5H10CH2CH2CH2), 1.91e1.84 (m, 4H,
CH3C5H10CH2CH2CH2), 1.50e1.45 (m, 4H, CH3C5H10CH2CH2CH2),
1.38e1.27 (m, 20H, CH3C5H10CH2CH2CH2), 0.87 (t, J ¼ 6.6 Hz, 6H,
CH3C5H10CH2CH2CH2) ppm. 13C NMR (100 MHz, CDCl3): d ¼ 194.95,
186.87 (CO), 164.84, 159.41, 117.03 (Ar), 90.86, 72.02 (C^C), 31.94,
31.80, 29.65, 29.50, 29.38, 29.35, 29.09, 22.75, 14.22 (C9H19) ppm.
FAB-MS (m/z): 774 [M þ 1]þ, 739 [M-Clþ1]þ. Anal. Calc. For
C31H40N2ClO3S2Re: C, 48.08; H, 5.21; N, 3.62. Found: C, 48.19; H,
5.32; N, 3.70%.

L1-Re: Red solid (68%). Spectral data: IR (KBr): n(C]O) 1908,1930,
2033, n(C^C) 2095, n(C^CH) 3306 cm�1. 1H NMR (400MHz, CDCl3):
d ¼ 7.31 (d, J ¼ 3.8 Hz, 2H, Ar), 7.14 (d, J ¼ 3.8 Hz, 2H, Ar), 3.55 (s, 2H,
C^CH), 3.25e3.14 (m, 4H, CH3C5H10CH2CH2CH2), 1.93e1.85 (m, 4H,
CH3C5H10CH2CH2CH2), 1.56e1.48 (m, 4H, CH3C5H10CH2CH2CH2),
1.37e1.27 (m, 20H, CH3C5H10CH2CH2CH2), 0.88 (t, J ¼ 6.6 Hz, 6H,
CH3C5H10CH2CH2CH2) ppm. 13C NMR (100 MHz, CDCl3): d ¼ 194.99,
187.31 (CO),158.80,156.44,133.98,131.33,129.22,129.09,125.91 (Ar),
84.68, 75.69 (C^C), 31.96, 31.65, 30.23, 29.54, 29.44, 29.37, 29.26,
22.80, 14.26 (C9H19) ppm. FAB-MS (m/z): 938 [M þ 1]þ, 903
[M� Clþ 1]þ. Anal. Calc. For C39H44N2ClO3S4Re: C, 49.90; H, 4.72; N,
2.98. Found: C, 49.88; H, 4.81; N, 3.05%.

L2-Re: Red solid (62%). Spectral data: IR (KBr): n(C]O) 1893br,
2015, n(C^C) 2101, n(C^CH) 3303 cm�1. 1H NMR (400MHz, CDCl3):
d ¼ 7.23e7.19 (m, 6H, Ar), 7.11 (d, J ¼ 3.8 Hz, 2H, Ar), 3.47 (s, 2H,
C^CH), 3.30e3.16 (m, 4H, CH3C5H10CH2 CH2CH2), 1.96e1.88 (m, 4H,
CH3C5H10CH2CH2CH2), 1.57e1.51 (m, 4H, CH3C5H10 CH2CH2CH2),
1.39e1.25 (m, 20H, CH3C5H10CH2CH2CH2), 0.87 (t, J ¼ 6.5 Hz, 6H,
CH3C5H10CH2CH2CH2) ppm. 13C NMR (100 MHz, CDCl3): d ¼ 195.05,
187.49 (CO), 158.47, 156.01, 140.21, 137.37, 134.24, 130.35, 129.56,
129.25, 125.22, 124.59, 122.41 (Ar), 83.34, 76.55 (C^C), 32.01, 31.70,
30.23, 29.62, 29.49, 29.45, 29.31, 22.84, 14.27 (C9H19) ppm. FAB-MS
(m/z): 1102 [M þ 1]þ, 975 [M-Clþ1]þ. Anal. Calc. For
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C47H48N2ClO3S6Re: C, 51.18; H, 4.39; N, 2.54. Found: C, 51.30; H,
4.53; N, 2.79%.

2.3.2. Synthesis of platinum(II) metallopolyynes P0-Re to P2-Re
The polymers were prepared by the dehydrohalogenative

polycondensation between trans-[Pt(PBu3)2Cl2] [57] and each of
L0-Re to L2-Re. A typical procedure was given for P0-Re starting
from L0-Re.

Polymerization was carried out by mixing ligand L0-Re (40 mg,
0.05 mmol) and trans-[Pt(PBu3)2Cl2] (35 mg, 0.05 mmol) in a 1:1
molar ratio in NEt3/CH2Cl2 (20 mL, 1:2, v/v) and CuI (3 mg) was
added to the mixture as a catalyst. After stirring at room temper-
ature for 15 h under nitrogen, the solution mixture was evaporated
to dryness. The residuewas redissolved in a small volume of CH2Cl2,
and filtered through a silica column using the same eluent to
remove ionic impurities and catalyst residues. After removal of the
solvent, the crude product was purified by precipitation from
MeOH. Subsequent washing with n-hexane and drying in vacuo
gave a red solid of P0-Re (50 mg, 93%).

Spectral data: IR (KBr): n(C]O) 1895, 1915, 2020, n(C^C)
2082 cm�1. 1H NMR (400 MHz, CDCl3): d ¼ 3.07 (br, 4H,
CH3C5H10CH2CH2CH2), 2.08 (br, 12H, PCH2C2H4CH3), 1.84 (br, 4H,
CH3C5H10CH2CH2CH2), 1.56e1.47 (m, 28H, PCH2C2H4CH3 þ
CH3C5H10CH2CH2CH2), 1.27 (br, 20H, CH3C5H10CH2CH2CH2),
0.98e0.86 (m, 24H, PCH2C2H4CH3 þ CH3C5H10CH2CH2CH2) ppm.
31P NMR (161 MHz, CDCl3): d ¼ 4.27 (1JP�Pt ¼ 2278 Hz) ppm. Anal.
Calc. for (C55H92N2ClO3P2S2PtRe)n: C, 48.14; H, 6.76; N, 2.04. Found:
C, 48.32; H, 6.89; N, 2.12%. GPC (THF): Mw ¼ 38490, Mn ¼ 13170.
PDI ¼ 2.92.
(iii)

Reagents and conditions: (i) trimethylsilylacetylene, P
(iii) Re(CO)5Cl, toluene, 60 oC; (iv) trans-[Pt(PBu3)2C
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Scheme 1. Synthesis of rhenium(I)-bithiazole based diethynyl ligands L0-Re to L2
P1-Re: Purple solid (93%). Spectral data: IR (KBr): n(C]O)
1898, 1918, 2022, n(C^C) 2086 cm�1. 1H NMR (400 MHz, CDCl3):
d ¼ 7.05 (d, J ¼ 3.8 Hz, 2H, Ar), 6.86 (br, 2H, Ar), 3.21e3.19
(m, 4H, CH3C5H10CH2CH2CH2), 2.13e2.11 (m, 12H, PCH2C2H4CH3),
1.89 (br, 4H, CH3C5H10CH2CH2CH2), 1.62e1.47 (m, 28H,
PCH2C2H4CH3 þ CH3C5H10CH2CH2CH2), 1.38e1.28 (m, 20H,
CH3C5H10CH2CH2CH2), 0.97 (t, J ¼ 7.2 Hz, 18H, PCH2C2H4CH3), 0.89
(t, J ¼ 6.4 Hz, 6H, CH3C5H10CH2CH2CH2) ppm. 31P NMR (161 MHz,
CDCl3): d ¼ 3.70 (1JP�Pt ¼ 2301 Hz) ppm. Anal. Calc. for
(C63H96N2ClO3P2S4PtRe)n: C, 49.25; H, 6.30; N, 1.82. Found: C,
49.40; H, 6.36; N, 2.02%. GPC (THF): Mw ¼ 19810, Mn ¼ 10760.
PDI ¼ 1.84.

P2-Re: Purple solid (86%). Spectral data: IR (KBr): n(C]O) 1896,
1919, 2022, n(C^C) 2086 cm�1. 1H NMR (400 MHz, CDCl3):
d¼ 7.16e7.11 (m, 4H, Ar), 7.05 (d, J¼ 3.6 Hz, 2H, Ar), 6.81 (br, 2H, Ar),
3.24e3.22 (m, 4H, CH3C5H10CH2CH2CH2), 2.14e2.11 (m, 12H,
PCH2C2H4CH3), 1.92e1.90 (m, 4H, CH3C5H10CH2CH2CH2), 1.61e1.47
(m, 28H, PCH2C2H4CH3 þ CH3C5H10CH2CH2CH2), 1.40e1.27 (m,
20H, CH3C5H10CH2CH2 CH2), 0.97 (t, J ¼ 7.2 Hz, 18H, PCH2C2H4CH3),
0.87 (t, J ¼ 6.4 Hz, 6H, CH3C5H10CH2CH2CH2) ppm. 31P NMR
(161 MHz, CDCl3): d ¼ 3.61 (1JP�Pt ¼ 2308 Hz) ppm. Anal. Calc. for
(C71H100N2ClO3P2S6PtRe)n: C, 50.14;H, 5.93;N,1.65. Found: C, 50.32;
H, 6.12; N, 1.86%. GPC (THF): Mw ¼ 19900,Mn ¼ 9220. PDI ¼ 2.16.

2.3.3. Synthesis of platinum(II) model complexes M0-Re to M2-Re
All of them were synthesized following the dehydrohalogenat-

ing coupling between trans-[Pt(PEt3)2(Ph)Cl] [58] and the corre-
sponding diterminal alkynes in a 2:1 ratio. A typical procedure was
given for M0-Re starting from L0-Re.
d(OAc)2, PPh3, CuI; (ii) K2CO3, MeOH; 
l2], CuI, NEt3; (v) trans-[Pt(PEt3)2(Ph)Cl], CuI, NEt3
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Fig. 2. X-ray crystal structure of L2-2Br, with thermal ellipsoids drawn at 25% prob-
ability levels. Labels on carbon atoms of the nonyl chains are omitted for clarity.
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To a stirred mixture of ligand L0-Re (15 mg, 0.019 mmol) and
2 molar equivalents of trans-[Pt(PEt3)2(Ph)Cl] (21 mg, 0.038 mmol)
in NEt3 (15 mL) and CH2Cl2 (20 mL), CuI (3 mg) was added as
a catalyst. The solution was stirred at room temperature for 15 h
under nitrogen, after which all volatile components were removed
under vacuum. The crude product was taken up in CH2Cl2 and
purified on preparative silica TLC plates with a CH2Cl2/n-hexane
mixture (3:1, v/v) as eluent. A red band consisting of M0-Re was
obtained as a red solid (15 mg, 43%).

Spectral data: IR (KBr): n(C]O) 1894, 1913, 2019, n(C^C)
2074 cm�1. 1H NMR (400 MHz, CDCl3): d ¼ 7.32e7.24 (m, 4H, Ar),
7.01e6.98 (m, 4H, Ar), 6.85e6.81 (m, 2H, Ar), 3.07 (t, J ¼ 8.2 Hz, 4H,
CH3C5H10CH2CH2CH2), 1.86e1.68 (m, 28H, CH3C5H10CH2CH2CH2 þ
PCH2CH3), 1.53e1.46 (m, 4H, CH3C5H10CH2CH2CH2), 1.36e1.27
(m, 20H, CH3C5H10CH2CH2CH2), 1.14e1.06 (m, 36H, PCH2CH3), 0.88
(t, J ¼ 6.6 Hz, 6H, CH3C5H10CH2CH2CH2) ppm. 13C NMR (100 MHz,
CDCl3): d¼195.85,188.49 (CO),157.59,154.47,138.84,136.73,127.75,
123.15, 121.90 (Ar), 98.79 (C^C), 32.02, 31.09, 30.41, 29.99, 29.84,
29.79, 29.50, 22.83, 15.24, 14.27, 8.13 (C9H19 þ PEt3) ppm. 31P NMR
(161 MHz, CDCl3): d ¼ 10.58 (1JP�Pt ¼ 2613 Hz) ppm. FAB-MS (m/z):
1789 [M þ 1]þ. Anal. Calc. For C67H108N2ClO3P4S2Pt2Re: C, 44.97; H,
6.08; N, 1.57. Found: C, 45.08; H, 6.15; N, 1.70%.

M1-Re: Purple solid (50%). Spectral data: IR (KBr): n(C]O)
1896, 1916, 2021, n(C^C) 2080 cm�1. 1H NMR (400 MHz, CDCl3):
d ¼ 7.34e7.30 (m, 4H, Ar), 7.04 (d, J ¼ 3.8 Hz, 2H, Ar), 7.00e6.97
(m, 4H, Ar), 6.85e6.81 (m, 4H, Ar), 3.25e3.18 (m, 4H,
CH3C5H10CH2CH2CH2), 1.94e1.86 (m, 4H, CH3C5H10CH2CH2 CH2),
nm = 0   P0
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Fig. 3. Chemical structures
1.78e1.71 (m, 24H, PCH2CH3), 1.58e1.50 (m, 4H,
CH3C5H10CH2CH2CH2), 1.39e1.26 (m, 20H, CH3C5H10CH2CH2CH2),
1.15e1.08 (m, 36H, PCH2CH3), 0.88 (t, J ¼ 6.6 Hz, 6H,
CH3C5H10CH2CH2CH2) ppm. 13C NMR (100 MHz, CDCl3):
d ¼ 195.32, 187.80 (CO), 157.30, 154.52, 139.00, 134.44, 130.73,
129.09, 127.83, 127.62, 125.94, 121.71 (Ar), 101.87 (C^C), 32.03,
31.81, 30.24, 29.74, 29.63, 29.49, 29.43, 22.81, 15.24, 14.27, 8.18
(C9H19 þ PEt3) ppm. 31P NMR (161 MHz, CDCl3): d ¼ 10.07
(1JP�Pt ¼ 2619 Hz) ppm. FAB-MS (m/z): 1953 [M þ 1]þ. Anal. Calc.
For C75H112N2ClO3P4S4Pt2Re: C, 46.11; H, 5.78; N, 1.43. Found: C,
46.34; H, 5.89; N, 1.64%.

M2-Re: Purple solid (69%). Spectral data: IR (KBr): n(C]O) 1889,
1925, 2024, n(C^C) 2080 cm�1. 1H NMR (400 MHz, CDCl3):
d ¼ 7.36e7.30 (m, 4H, Ar), 7.14 (d, J ¼ 3.8 Hz, 2H, Ar), 7.10 (d,
J¼ 3.8 Hz, 2H, Ar), 7.04 (d, J¼ 3.8 Hz, 2H, Ar), 7.00e6.96 (m, 4H, Ar),
6.84e6.78 (m, 4H, Ar), 3.28e3.19 (m, 4H, CH3C5H10CH2CH2CH2),
1.95e1.88 (m, 4H, CH3C5H10CH2CH2CH2), 1.78e1.71 (m, 24H,
PCH2CH3), 1.58e1.53 (m, 4H, CH3C5H10CH2CH2CH2), 1.40e1.25 (m,
20H, CH3C5H10CH2CH2CH2), 1.15e1.07 (m, 36H, PCH2CH3), 0.88 (t,
J ¼ 7.0 Hz, 6H, CH3C5H10CH2CH2CH2) ppm. 13C NMR (100 MHz,
CDCl3): d ¼ 195.21, 187.64 (CO), 157.30, 155.32, 142.09, 139.09,
131.61, 131.42, 130.18, 130.12, 128.06, 127.56, 127.39, 124.90, 123.42,
121.61 (Ar), 102.30 (C^C), 32.06, 31.70, 30.17, 29.62, 29.49, 29.43,
29.32, 22.82, 15.24, 14.27, 8.17 (C9H19 þ PEt3) ppm. 31P NMR
(161 MHz, CDCl3): d ¼ 10.04 (1JP�Pt ¼ 2623 Hz) ppm. FAB-MS (m/z):
2117 [M þ 1]þ. Anal. Calc. For C83H116N2ClO3P4S6Pt2Re: C, 47.07; H,
5.52; N, 1.32. Found: C, 47.22; H, 5.43; N, 1.44%.

2.3.4. X-ray crystallography
X-Ray diffraction data for L2-2Br were collected at 293 K using

graphite-monochromated Mo�Ka radiation (l ¼ 0.71073 Å) on
a Bruker Axs SMART 1000 CCD diffractometer. The collected frames
were processed with the software SAINTþ [59] and an absorption
correction (SADABS) [60]was applied to thecollected reflections. The
structure was solved by the Direct or Patterson methods (SHELXTL)
[61] in conjunctionwith standard difference Fourier techniques and
subsequently refined by full-matrix least-squares analyses on F2.
Hydrogen atoms were generated in their idealized positions and all
non-hydrogen atoms were refined anisotropically. Crystal data for
L2-2Br,MeOH: C41H50N2Br2OS6, Mw ¼ 939.01, monoclinic, space
group P2/c, a ¼ 14.653(1), b ¼ 4.1102(4), c ¼ 37.163(4) Å,
b ¼ 92.642(2)�, V ¼ 2235.8(4) Å3, Z ¼ 2, rcalcd ¼ 1.395 mg m�3,
m(MoKa)¼ 2.126mm�1, F(000)¼ 968.10008 reflectionsmeasured, of
which 3843 were unique (Rint ¼ 0.0348). Final R1 ¼ 0.0590 and
wR2 ¼ 0.1428 for 2493 observed reflections with I > 2s(I).

3. Results and discussion

3.1. Synthetic methods and chemical characterization

The chemical structures of new platinum(II) polyyne polymers
P0-Re to P2-Re and their well-definedmodel compoundsM0-Re to
M2-Re are shown in Scheme 1. Ligands L0-Re to L2-Re were
prepared from L0eL2 by reacting each of them with rhenium(I)
m = 0   M0
m = 1   M1
m = 2   M2

N

S

N

SS S

C9H19C9H19

m m
Pt

PEt3

PEt3

PhPt

PEt3

PEt3

Ph

of P0eP2 and M0eM2.
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Fig. 5. Normalized absorption spectra of L1-Re, M1-Re and P1-Re at 293 K.

Table 1
Electronic absorption and emission data of L0-Re to L2-Re and their corresponding
metallated compounds.

Absorption (293 K) Emission (293 K)

labs (nm) CH2Cl2a Bandgap
Eg [eV]b

lem (nm)
CH2Cl2

F (%) sP [ns]

L0-Re 229 (1.6), 257 (1.2) 2.59 467 c c

393 (2.0), 410 (2.1) 551
L1-Re 230 (2.7), 275 (2.9) 2.27 498 c c

431 (3.7), 438 (3.7) 568
L2-Re 230 (3.6), 350 (4.9) 2.08 611 c c

476 (4.5), 489 (4.4)
M0-Re 231 (8.8), 304 (3.0) 2.23 565 0.05 1.18

499 (6.0), 530 (6.8)
M1-Re 231 (11.4), 349 (7.2) 1.95 652 0.19 0.60

548 (6.0)
M2-Re 230 (12.2), 388 (10.7) 1.87 712 0.14 0.55

551 (6.5)
P0-Re 230, 306, 539 2.18 582 0.05 0.22
P1-Re 229, 362, 548 1.95 659 0.09 0.44
P2-Re 229, 400, 552 1.85 729 0.10 0.34
L0 375 (2.47) 3.00 436 7.1 1.31
L1 296 (5.37), 413 (27.4) 2.55 493, 522 28.1 1.08
L2 337 (5.95), 440 (22.1) 2.38 539, 564* 22.8 1.28
M0 437 (5.1), 459* (4.6) 2.54 494, 517* 7.20 2.22
M1 332 (4.0), 463 (7.2) 2.29 560 9.40 1.70
M2 368 (7.3), 469 (12.8) 2.23 600 6.30 1.12
P0 452, 474 2.40 497 6.40 1.93
P1 346, 468 2.18 557 5.70 1.16
P2 378*, 476 2.10 592 5.10 1.34

Asterisk indicates a shoulder peak.
a Molar extinction coefficients (104 dm3 mol�1 cm�1) are shown in parentheses.
b Optical bandgaps determined from the onset of absorption in solution phases.
c Too weak to be determined accurately.
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pentacarbonyl chloride using ethanol as the solvent at 60 �C. The Pt
alkynyl compounds were prepared by the Sonogashira-type dehy-
drohalogenation between each of the diethynyl precursors (L0-Re
to L2-Re) and suitable Pt chloride precursors [62e77]. The feed
mole ratios of the platinum precursors and the diethynyl ligands
were 1:1 and 2:1 for the polymer and dimer syntheses, respec-
tively, and each product was carefully purified over silica gel to
remove ionic impurities and catalyst residues. All of the Pt
compounds are thermally- and air-stable solids and they are
soluble in common chlorinated hydrocarbons and toluene. Gel-
permeation chromatography (GPC) studies on P0-Re to P2-Re
suggest their oligomeric/polymeric nature. The number-average
molecular weights (Mn) of P0-Re to P2-Re calibrated against
polystyrene standards range from 9220 to 13170 and P0-Re can
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Fig. 4. Normalized absorption spectra of L0-Re, M0-Re and P0-Re at 293 K.
possess up to w25 heterocyclic rings in total along the polymer
chain based on Mn. The structures of these Pt compounds were
unequivocally characterized using mass spectrometry, IR and NMR
spectroscopies (see Experimental section). The NMR data are
consistent with the proposed structures of the polymers andmodel
compounds. The peaks arising from terminal eC^CH groups are
absent in the NMR and IR spectra, confirming metal-alkynyl bond
formation. From the crystal structure of L2-2Br shown in Fig. 2, it is
clear that the molecule is essentially coplanar, consistent with
a high degree of electronic p-conjugation.

The thermal properties of the polymers were also examined by
thermal gravimetric analysis (TGA) under nitrogen. All of them
exhibited good thermal stability with the decomposition onsets at
around 303e329 �C, which are in general higher than those for
trans-[�Pt(PBu3)2C^CArC^C�]n (Ar ¼ C6H4, 300 �C [78], anthry-
lene, 315 �C [79], oligothienylene, 278e290 �C [64], etc.). Never-
theless, P0-Re to P2-Re tend to decompose more readily than the
non-rhenium(I) congeners P0eP2 (352e359 �C, Fig. 3). Decompo-
sition onset was defined by a 5 wt.-% loss in each case.

3.2. Photophysical and electrochemical characterization

The photophysical data of all the compounds are summarized in
Table 1. Figs. 4e6 show the absorption spectra of themetalloligands
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Fig. 6. Normalized absorption spectra of L2-Re, M2-Re and P2-Re at 293 K.
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L0-Re to L2-Re and their corresponding platinum(II) complexes.
The absorption spectra of P0-Re exhibited an intense absorption
band beyond 400 nm in the visible region, which is ascribed to the
p-p* transition of the conjugated spacer. Since there is no thienyl
unit in P0-Re and P0, only one absorption band was observed. For
P1-Re and P2-Re, two distinct chromophoric units were observed
and their absorption spectra are dominated by two bands. The
absorption peak at around 350e400 nm arises from the p-p*
transition of the oligothiophene segment whereas the broad strong
absorption band in the visible region is ascribed to the intra-
molacular charge transfer (ICT) transition from the oligothiophene
donor to the Re-bithazole acceptor. As the number of thienyl rings
(m) increases from 1 to 2, the relative intensity of the first higher-
energy band to the second lower-energy one also increases due to
the increasing contribution of the thienyl absorption. Relative to
the bithiazole based Pt polymers P0eP2 without the Re(CO)3Cl
moiety, the absorption profiles of P0-Re to P2-Re experienced
a clear red-shift in the spectral wavelengths [80,81] (Fig. 7). The
absorption properties ofM0-Re,M1-Re andM2-Re are very similar
to those of P0-Re, P1-Re and P2-Re. There is hardly any further shift
on going from the model compound to the polymer, indicating that
the lowest singlet excited state is confined to a single repeat unit in
the polymer chain [65]. Optical studies show that the pendant
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Fig. 8. Normalized emission spectra of M0-Re to M2-Re and P0-Re to P2-Re.
{Re(CO)3Cl} fragment exerts an electron-withdrawing effect on the
bithiazole core [80e82] such that the complexation of {Re(CO)3Cl}
with the bithiazole unit has greatly affected the electronic structure
of the conjugated ligand as observed in the absorption spectra of
P0-Re to P2-Re, relative to those of P0 to P2.

Due to the presence of an extended p-electron delocalized
system through the conjugated segment, the bandgaps for P0eP2
range from 2.40 to 2.10 eV with increasing m value. By incorpo-
rating the electron-poor Re-bithiazole organic moiety into the
electron-rich Pt metal center through the acetylenic groups, ICT can
take place within the molecule from the metal group to the Re-
bithiazole moiety. The bandgaps of P0-Re to P2-Re vary from 2.18
to 1.85 eV, where the absorption of P2-Re even tails off to 670 nm.
In other words, we can easily manipulate the bandgaps of these
bithiazole-linked polyplatinynes simply by coordination of the
rhenium(I) unit to both nitrogen atoms.

Fig. 8 depicts the emission spectra of our Re-bithiazole based
platinum(II) complexes and polymers. It was found that the emis-
sion intensity of L0-Re to L2-Re at 293 K is soweak that it is difficult
to determine their lifetimes and quantumyields accurately. The Re-
bithiazole based platinum complexes M0-Re to M2-Re (P0-Re to
P2-Re) all emit strong featureless fluorescence from the singlet
excited states at 565e712 nm (582e729 nm) with very short life-
times (ca. 0.55e1.18 ns for model complexes and 0.22e0.44 ns for
the polymers) under ambient conditions. We observed no phos-
phorescence emission from the triplet excited state over the
measured spectral window for the polymers [65]. However, we
cannot totally exclude the involvement of metal-to-ligand charge
transfer excited state for the electronic transitions in P0-Re to
P2-Re. Akin to the absorption data, there is a remarkable bath-
ochromic shift in the emission profile of P0-Re to P2-Re after
Re(CO)3Cl group coordination (Fig. 9).

Besides, solvent effect on the spectral shift of the emission bands
was studied for P0-Re, P1-Re and P2-Re (Table 2). From Figs. 10
and 11, the emission spectra of P1-Re and P2-Re exhibited
Table 2
Emission data [lmax,em (nm)] of P0-Re, P1-Re and P2-Re in different solvents at
293 K.

Solvent Toluene CHCl3 THF CH2Cl2

P0-Re 578 584 586 582
P1-Re 625 642 646 659
P2-Re 661 689 699 729
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Table 3
Electrochemical data and frontier orbital energy levels for P0-Re to P2-Re.

Polymer Eox (V)a Ered (V)a EHOMO (eV)b ELUMO (eV)b Eg
ec (eV)c Eg

opt (eV)d

P0-Re þ1.35 �1.02 �6.07 �3.70 2.37 2.18
P1-Re þ1.27 �0.95 �5.99 �3.77 2.22 1.95
P2-Re þ1.14 �0.92 �5.86 �3.80 2.06 1.85

a Eox and Ered are the oxidation and reduction potentials, respectively.
b EHOMO ¼ e(Eox þ 4.72) eV and ELUMO ¼ e(Ered þ 4.72) eV.
c Eg

ec ¼ Electrochemical bandgap.
d Eg

opt ¼ Optical bandgap.
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solvatochromic shifts in various solvents with different polarity,
indicating their charge-transfer nature. The ICT emission peak of
P1-Re spanned from 625 nm in toluene to 659 nm in CH2Cl2.
Likewise, the emission maxima of P2-Re were red-shifted from
661 nm in toluene to 729 nm in CH2Cl2. This large red-shift
(Dl ¼ 34 nm for P1-Re and 68 nm for P2-Re) shows that the
difference of the dipole moment between the ground state and the
excited state is significant. The bathochromic shift with increasing
solvent polarity reveals that the ground state is less polar than the
excited state (positive solvatochromism) [83,84]. Here, the shifts of
the emission maximum with solvents are dramatic for P1-Re and
P2-Re because the present system consists of alternating donor-p-
acceptor structural units along the polymer chain and this agrees
with our expectation for P1-Re and P2-Re exhibiting significant ICT
interaction. Less apparent solvatochromism was observed in the
fluorescence spectra of P0-Re (Table 2), because of the absence of
the electron-donating thienyl rings to establish the donor-acceptor
structure with the Re-bithiazole unit so that the ICT transition
becomes less important in this case.

The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels of our metal-
lopolymers P0-Re to P2-Re were calculated using the redox
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Fig. 11. Normalized emission spectra of P2-Re in different solvents at 293 K.
potentials determined from electrochemical measurements using
cyclic voltammetry. The experiments were performed by casting
the polymer films on the glassy-carbon working electrode with
a Ag/AgCl wire as the reference electrode, at a scan rate of
50 mV s�1. The solvent in all measurements was deoxygenated
MeCN, and the supporting electrolyte was 0.1 M [nBu4N]BF4. The
relevant data are collected in Table 3. From the onset values of
oxidation potential (Eonset, ox) and reduction potential (Eonset, red),
the HOMO and LUMO levels of the polymers were calculated
according to the following equations EHOMO ¼�(Eonset, oxþ 4.72) eV
and ELUMO ¼�(Eonset, red þ 4.72) eV (where the unit of potential is V
versus Ag/AgCl) [55,56]. It is evident that the presence of electron-
donating thiophene on both sides of fluorene ring changes the
electrical properties of the polymers. The cathodic wave is attrib-
uted to the reduction of bithiazole ring, which does not change
much with the polymer structure. The thiophene ring mainly
influences the oxidation potential of the polymer. The oxidation
potential of P0-Re to P2-Re is reduced as a result of the thiophene
ring extension, and each of them shows an irreversible thienyl
oxidation at 1.35, 1.27 and 1.14 eV, respectively, which agrees with
the phenomenon that formation of the heteroaromatic cation
radicals is favored by increased conjugation length [85e91]. The
electrooxidation of oligothiophenes is often irreversible because
the electrogenerated cations readily undergo rapid coupling reac-
tions leading to higher oligomers or polymers. The stability of these
radical cations increases and the anodic wave becomes more
reversible when m becomes longer [85e91]. Hence, the HOMO
levels tend to be elevated with increasing m.

4. Conclusions

In summary, a new class of soluble, solution-processable het-
erobimetallic metallopolyyne polymers consisting of platinum(II)
and rhenium(I) centers bridged by a bithiazole ring were prepared
and characterized. Their small-molecular trinuclear model
complexes were also studied for comparison. Optical spectroscopy
and electrochemical data reveal narrow bandgap systems for
P0-Re to P2-Re with the lowest gap value of 1.85 eV. Saliently,
a versatile approach has been developed toward controlling the
bandgap and photophysical traits of polyplatinynes through
chemical modification of the oligothiophene chain length as well
as lateral complexation with a rhenium-tricarbonyl chloride
pendant group. The photovoltaic effect of these low-bandgap
polymers for the conversion of solar energy to electricity will
form an interesting subject and such work will be carried out in
the near future.
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