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ABSTRACT: The investigation of two distinct species of square planar
dinuclear Pt(II) dimers based on anti-[Pt(C∧N)(μ-N∧S)]2, where C∧N is
either 2-phenylpyridine (ppy) or benzo(h)quinoline (bzq) and N∧S is
pyridine-2-thiol (pyt), 6-methylpyridine-2-thiol (Mpyt), or 2-quinolinethiol
(2QT), is presented. Each molecule was thoroughly characterized with
electronic structure calculations, static UV−vis and photoluminescence (PL)
spectroscopy, and cyclic voltammetry, along with transient absorbance and
time-gated PL experiments. These visible absorbing chromophores feature
metal−metal-to-ligand charge-transfer (MMLCT) excited states that originate
from intramolecular d8−d8 metal−metal σ-interactions and are manifested in
the ground- and excited-state properties of these molecules. All five molecules
reported (anti-[Pt(ppy)(μ-Mpyt)]2 could not be isolated), three of which are
newly conceived here, possess electronic absorptions past 500 nm and high
quantum yield PL emission with spectra extending into the far red (λem > 700 nm), originating from the charge-transfer state in each
instance. Each chromophore displays excited-state decay kinetics adequately modeled by single exponentials as recorded using
dynamic absorption and PL experiments; each technique yields similar decay kinetics. The combined data illustrate that pyridyl and
quinoline-thiolates in conjunction with select cyclometalates represent classes of MMLCT chromophores that exhibit excited-state
properties suitable for promoting light-energized chemical reactions and provide a molecular platform suitable for evaluating
coherence phenomena in transient metal−metal bond-forming photochemistry.

■ INTRODUCTION
Pt(II) transition-metal complexes featuring square planar
geometries are appealing for applications ranging from
photocatalysis, excited-state electron- and energy-transfer
photochemistry, ion sensing, and organic light-emitting diode
(OLED) technologies.1−19 These metal−organic chromo-
phores are valuable for their high-efficiency photoluminescence
(PL) quantum yields and lifetimes, as well as their ability to
systematically tune their electronic properties through
structural modifications. The lowest-energy excited state of
these Pt(II) complexes is typically characterized as metal-to-
ligand charge transfer (MLCT) and/or ligand-to-ligand charge
transfer (LLCT) as well as ligand-centered (LC) triplet
character in numerous examples.20−29 In Pt(II) complexes,
the frontier d-orbital splitting renders the ligand-field states
energetically inaccessible thereby eliminating a primary
pathway for fast deactivation of the excited state and in turn
results in highly emissive molecules at room temperature
(RT). These square planar chromophores feature significant
Pt−Pt interactions in the crystalline state, accounting for the
wide ranges of color observed from these classes of molecular
solids.30−32 However, the metal−metal interactions that arise
from simple aggregation of Pt(II) mononuclear complexes are
difficult to control.33,34 Dinuclear Pt(II) complexes, on the
other hand, have well-defined molecular structures that can

leverage systematically tunable metal−metal interactions,
providing new classes of designer chromophores for detailed
investigations of light-driven electron- and energy-transfer
processes.35

When disposed in A-frame architectures, dinuclear Pt(II)
complexes feature two pseudo-square planar coordination
motifs bridged by two ligands that enable metal−metal
interactions along the z-axis.36−39 In the simplest qualitative
molecular orbital (MO) picture, the two platinum dz2 frontier
orbitals overlap, producing filled dσ and dσ* molecular
orbitals, as shown in Figure 1.39 As dσ* is the highest
occupied molecular orbital (HOMO), while the cyclometalat-
ing ligand π* orbital is the lowest unoccupied molecular orbital
(LUMO) in this simplistic picture, the lowest-energy
electronic absorptions are best characterized as metal−metal-
to-ligand charge transfer (MMLCT) in character, Pt2 dσ* →
π*(C∧N). The energetic splitting between the dσ and dσ*
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orbitals is determined in part by the ground-state Pt−Pt
distance, so the energy of the MMLCT transitions can be
coarsely modulated by tuning this orbital overlap. This concept
was first exploited by Thompson and co-workers in pyrazolate-
bridged C∧N terminated Pt(II) complexes, illustrating that
variation in the pyrazolate 3- and 5-substituents effectively
controlled the Pt−Pt separation and the nature of the
electronic transitions observed.9,39 Our research group
expanded upon this effort using distinct cyclometalating
ligands in concert with pyrazolate bridging ligands leading to
the conclusion that judicious selection of both ligand types
influences the resultant triplet character in the excited
state.40−43 The Ma group has more recently developed new
classes of Pt(II) dimer chromophores featuring strikingly
bright phosphorescence.44−47 In parallel, work from Sicilia and
co-workers has generated numerous examples of interesting
behavior,48−52 particularly noteworthy was the recent discov-
ery of chameleonic photo- and mechanoluminescence response
from NHC cyclometalated Pt(II) dimers.53

The structural effects leading to MMLCT excited-state
characters in platinum dimers deserve further consideration as
these design features are critical toward developing molecules

featuring long lifetimes that can be systematically tuned
through subtle geometry changes. Pyrazolate bridging ligands
nominally represent symmetric 3−5-substitiuted N∧N-type
ligands valuable for constructing Pt(II) dimers with MMLCT
excited states, whereas asymmetric pyridine derivatives
including 6-substituted-2-hydroxypyridines (N∧O),54 2-mer-
captopyridines (N∧S),37,38,55−57 and 2-mercaptobenzothiazoles
have also realized success.58 For example, Kato and co-workers
prepared a Pt(II) dimer featuring pyridine-2-thiolate bridges
and 2-phenylpyridine (ppy), culminating in 1 (Figure 2),
exhibiting triplet MMLCT character in the emitting state.37

The primary focus of their study was to illustrate how the
photoluminescence properties of these molecules could be
turned off and then back on again using oxidative addition and
reductive elimination of halogens.37 More recent work
investigated the vibrational wavepacket dynamics of 1 using
ultrafast degenerate pump-probe transient absorption spec-
troscopy, which demonstrated that the low-frequency Pt−Pt
vibrational stretching motion was found to have strong
coherent oscillations during excited-state decay as a result of
strong π-interactions between the two cyclometalating
ligands.59 This particular molecule was selected since its
ground-state absorption spectrum sufficiently overlapped the
femtosecond laser’s broad spectral output, enabling the study
of coherence in the first place. The current study seeks to
provide a broader platform of molecules for understanding
how the vibrational coherence in 1 would be impacted by
modulation of the ligand structures, the metal bonded
heteroatoms, and the geometric changes resulting from these
substitutions. Due to the nature of such ultrafast experiments,
related MMLCT chromophores need to be designed so that
their low-energy absorption bands appropriately overlap the
spectrum provided by the compressed laser pulses.59 Although
there are numerous examples of MMLCT chromophores
throughout the literature, most feature visible absorption bands
in the blue and longer wavelength transitions are necessary to
test coherence effects in these molecules. Importantly, Pt(II)
dimers featuring photoinduced structural rearrangements are
also amenable to femtosecond electron diffraction enabling
visualization of its molecular motion,60 and such experiments
would benefit from chromophores possessing long-wavelength
absorption bands better suited for pumping with highly
compressed laser pulses.
We recently reported a complete synthesis and photo-

physical study on antidisposed dinuclear Pt(II) molecules that
exhibit a low-energy MMLCT excited state with 2-hydrox-
ypyridine derivatives serving as the bridging ligands. The 2-

Figure 1. Simplified energy-level diagram depicting the metal−metal
interactions in ligand-bridged Pt(II)−Pt(II) chromophores leading to
low-energy MMLCT transitions.

Figure 2. Structures of the thiolpyridine and thiolquinoline containing MMLCT chromophores.
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hydroxypyridine-based Pt(II) dimers were able to produce the
shortest reported metal−metal distance (2.8155(3) Å) across
all Pt(II)-based MMLCT chromophores while exhibiting
distinct low-energy absorbances >500 nm and PL spectra
with maxima >700 nm.54

Building upon our previous results seeking to identify long-
wavelength absorbing MMLCT chromophores in conjunction
with the work of Kato, we synthesized a set of Pt(II) dimers
wherein both the cyclometalating and bridging ligands were
varied (Figure 2). These dimers are composed as anti-
[Pt(C∧N)(μ-N∧S)]2, where C∧N is 2-phenylpyridine (ppy)
or benzo(h)quinoline (bzq) and N∧S is pyridine-2-thiol (pyt),
6-methylpyridine-2-thiol (Mpyt), or 2-quinolinethiol (2QT).
The dimers in the thiolpyridine series demonstrate how the
MMLCT energetics are influenced by the sterics imposed by
the bridging ligands as well the specific C∧N ligand. Similarly,
the thiolquinoline series is composed of two molecules that
modulate the energy of the LUMO by varying the cyclo-
metalating ligand. All molecules reported herein were prepared
as anti-isomers (based on the relative orientation of the C∧N
and bridging ligands), confirmed by 1H and 13C NMR
spectroscopy. Unfortunately, all attempts to produce single
X-ray quality crystals of the newly reported molecules were
unsuccessful. Consistent with previously reported Pt(II)
dimers, isolation of the single anti-isomer in each case was
likely a result of the trans-influence imposed by each
cyclometalating subunit and the asymmetric nature of the
bridging ligands. All five molecules feature electronic spectra
extending beyond 500 nm and long-wavelength photo-
luminescence (PL) with high quantum yields (up to 16%)
emitting from their long-lifetime MMLCT excited states (λPL >
700 nm) extended in comparison to our hydroxypyridine-
based dimers.54 The combined data illustrate that pyridyl- and
quinoline-thiolates in conjunction with appropriate cyclo-
metalating ligands yielded new long-wavelength absorbing
MMLCT chromophores possessing suitable photophysical
properties for photosensitizing excited-state reactions as well
as providing a molecular platform where vibrational coherence
phenomena resulting from transient metal−metal bond
formation can be systematically investigated.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. Standard Schlenk techniques were

used for preparing all molecules under an inert atmosphere using dry
nitrogen gas. The commercially available chemicals used for all
syntheses were purchased from VWR and used without further

purification. The intermediates, [Pt(ppy)Cl2]Bu4N and [Pt(bzq)Cl2]-
Bu4N, were prepared in accord with their published protocols and
resulted in 1H NMR and mass spectra that quantitatively matched
published values.38,61−63 Samples used for optical spectroscopy were
prepared using toluene (spectroscopic-grade) and were deaerated
using the freeze−pump−thaw technique.64

Synthesis of [Pt(N∧C)(μ-N∧S)]2 Complexes. The syntheses of
these molecules were performed by following synthetic procedures of
those published previously.37,38 The generalized approach for the
synthesis of both series of Pt(II) dimers is presented in Scheme 1.
Briefly, the [Pt(ppy)Cl2]Bu4N or [Pt(bzq)Cl2]Bu4N intermediate was
dissolved in 20 mL of acetonitrile (∼10 mM) with 1.25 equiv of the
respective thiol-substituted bridging ligand, followed by the addition
of Bu3N in ethanol. The stirred reaction mixture was maintained at
RT for 24 h under a N2 atmosphere. The product precipitated out of
the solution and the solid was collected by vacuum filtration through a
coarse frit and the collected solid was rinsed with acetonitrile. All
Pt(II) dimers were isolated in the form of the anti-isomer as the
exclusive product. anti-[Pt(ppy)(μ-Mpyt)]2 could not be isolated
using this protocol.

anti-[Pt(ppy)(μ-pyt)]2 (1). Yield: 32% (60 mg). 1H NMR (400
MHz, dimethyl sulfoxide (DMSO)-d6) δ 8.50 (d, J = 4.7 Hz, 2H),
7.78−7.68 (m, 2H), 7.61 (d, J = 5.1 Hz, 2H), 7.40 (t, J = 8.1 Hz, 4H),
7.33−7.24 (m, 2H), 7.22−7.07 (m, 4H), 7.03 (d, J = 6.6 Hz, 2H),
6.94−6.85 (m, 2H), 6.65 (t, J = 6.9 Hz, 2H), 6.33 (t, J = 7.4 Hz, 2H).
Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS): Found m/z 918.072 (M + H+).
Calcd for C32H25N4S2

194Pt2 918.07. The
1H NMR spectrum and the

single-crystal X-ray structure quantitatively matched the prior
report.37

anti-[Pt(bzq)(μ-pyt)]2 (2). Yield: 31% (93 mg) 1H NMR (400
MHz, CD2Cl2) δ 8.70 (d, J = 5.8 Hz, 2H), 7.97 (dd, J = 8.0, 6.7 Hz,
4H), 7.59 (d, J = 8.4 Hz, 2H), 7.39−7.05 (m, 10H), 6.99−6.70 (m,
4H), 6.53 (t, J = 7.6 Hz, 2H). 13C NMR (176 MHz, DMSO-d6) δ
170.18, 153.98, 152.07, 146.27, 139.93, 138.20, 136.80, 134.77,
131.85, 130.19, 128.00, 126.76, 125.90, 122.49, 121.00, 119.47,
118.33, 118.09. MALDI-TOF MS: Found m/z 966.092 (M + H+).
Calcd for C36H25N4S2

194Pt2 966.07.
anti-[Pt(bzq)(μ-Mpyt)]2 (3). Yield: 35% (78 mg) 1H NMR (400

MHz, DMSO-d6) δ 8.30 (d, J = 7.8 Hz, 2H), 7.81 (d, J = 4.8 Hz, 2H),
7.60−7.43 (m, 2H), 7.42−7.17 (m, 8H), 7.00 (d, J = 7.2 Hz, 2H),
6.90 (d, J = 7.2 Hz, 2H), 6.66 (d, J = 7.8 Hz, 2H), 6.20 (t, J = 7.6 Hz,
2H), 2.97 (s, 6H). 13C NMR (176 MHz, DMSO-d6) δ 170.26,
158.90, 154.88, 146.46, 140.63, 139.70, 136.97, 135.79, 132.34,
129.80, 128.63, 126.93, 126.69, 126.44, 122.89, 121.52, 119.69,
119.57, 26.25. MALDI-TOF MS: Found m/z 994.136 (M + H+).
Calcd for C38H29N4S2

194Pt2 994.11.
anti-[Pt(ppy)(μ-2QT)]2 (4). Yield: 31% (113 mg) 1H NMR (400

MHz, CD2Cl2) δ 9.85 (d, J = 8.7 Hz, 2H), 7.70−7.37 (m, 14H),
7.37−7.24 (m, 2H), 7.17 (d, J = 7.8 Hz, 2H), 6.97 (d, J = 7.7 Hz,
2H), 6.81−6.62 (m, 4H), 6.44 (dd, J = 10.4, 4.5 Hz, 2H). 13C NMR

Scheme 1. Generalized Synthetic Scheme for the N∧S Bridged Platinum(II) Complexesa

aReagents and conditions: (A) dichloromethane/methanol at 50 °C for 24 h. (B) Acetonitrile/tributylamine in ethanol at RT for 24 h.
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(176 MHz, DMSO-d6) δ 165.98, 155.98, 147.46, 147.34, 144.57,
143.51, 137.37, 134.08, 132.71, 128.64, 128.57, 128.51, 127.47,
126.87, 126.05, 124.45, 122.92, 121.92, 121.56, 118.52. MALDI-TOF
MS: Found m/z 1018.137 (M + H+). Calcd for C40H29N4S2

194Pt2
1018.11.
anti-[Pt(bzq)(μ-2QT)]2 (5). Yield: 49% (178 mg) 1H NMR (400

MHz, CD2Cl2) δ 9.86 (d, J = 8.8 Hz, 2H), 7.85 (d, J = 8.2 Hz, 2H),
7.63 (dd, J = 17.0, 8.9 Hz, 8H), 7.53 (d, J = 7.3 Hz, 2H), 7.42 (t, J =
7.8 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 7.11
(d, J = 8.7 Hz, 2H), 7.02−6.94 (m, 2H), 6.84 (d, J = 7.7 Hz, 2H),
6.63 (t, J = 7.6 Hz, 2H). 13C NMR (176 MHz, DMSO-d6) δ 172.77,
154.28, 147.44, 146.47, 140.25, 140.07, 137.50, 133.68, 132.39,
130.83, 129.43, 128.78, 128.64, 128.45, 127.31, 126. 97, 126.38,
125.68, 125.17, 123.02, 121.58, 120.43. MALDI-TOF MS: Found m/
z 1066.171 (M + H+). Calcd for C44H29N4S2

194Pt2 1066.11.
General Techniques. A Varian Inova 400 NMR spectrometer

operating at 400 MHz was used to record all 1H NMR spectra.
Residual solvent protons were used to reference the NMR chemical
shifts, and the splitting patterns were assigned as s (singlet), d
(doublet), t (triplet), and m (multiplet). 13C NMR spectra were
recorded on a Bruker Avance Neo 700 MHz NMR spectrometer. All
chemical shifts were referenced to residual solvent signals. MALDI-
TOF mass spectrometry measurements were performed in the
Molecular Education, Technology, and Research Innovation Center
(METRIC) at North Carolina State University. A Shimadzu UV-3600
spectrometer was used for recording all of the electronic spectra.
Static photoluminescence spectra were recorded on an Edinburgh
FS920 spectrofluorometer. Absolute quantum yields of each
compound were measured on deaerated samples prepared in a N2-
filled glovebox and recorded with an FS5 fluorometer (Edinburgh
Instruments) equipped with an integrating sphere. Solutions of
compounds with absorbances ranging between 0.1 and 0.2 OD at the
excitation wavelength (500 nm) were used for all photoluminescence
measurements.
Electrochemistry. Electrochemical experiments took place inside

a N2-filled glovebox (MBraun) in concert with a CH Instruments
model 600E series potentiostat. Cyclic voltammetry and differential
pulse voltammetry (CV and DPV) of the complexes were recorded in
a 1:1 acetonitrile:toluene mixture with added tetrabutylammonium
hexafluorophosphate (TBAPF6) (0.1 M) as the supporting electrolyte.
In a three-electrode arrangement, a platinum disk, a platinum wire,
and Ag/AgNO3 were used as the working electrode, counter
electrode, and reference electrode, respectively. Measurements were

performed using a 100 mV/s scan rate with applied potentials
observed relative to ferrocenium/ferrocene (Fc+/Fc) as an internal
standard [E1/2/(Fc

+/Fc)obsd = 0.078 ± 0.005 V vs Ag/AgNO3].
65

Nanosecond Transient Absorption Spectroscopy. Nano-
second transient absorbance experiments were executed using an
LP920 instrument (Edinburgh Instruments) at room temperature.
Briefly, a tunable Vibrant 355 Nd:YAG/OPO laser (OPOTEK)
generated the exciting nanosecond laser pulse and a pulsed xenon arc
lamp produced the probe light. An iStar ICCD camera (Andor
Technologies) was used to collect all transient absorption difference
spectra, which was controlled by the LP920 software. All samples
were deaerated using three freeze−pump−thaw cycles and measured
in quartz optical cells of pathlength = 1 cm. Optical densities between
0.3 and 0.8 were used for all samples at the excitation wavelength (λex
= 500 nm; 2.0 mJ/pulse). To increase the signal-to-noise ratio, all
reported kinetic traces and difference spectra were averaged over 100
laser shots. To ensure that the samples did not degrade during the
experimental acquisitions, ground-state absorption spectra before and
after each experiment were recorded. The fitting routines available in
the Origin Pro 8 software package were utilized to evaluate the single
wavelength transient kinetic data.

Computational Details. Electronic structure calculations on 1−5
were determined using the Gaussian 09 software package (revision
D.01)66 and the computational resources of the North Carolina State
University HPC. Ground-state geometry optimizations and time-
dependent-density functional theory (TD-DFT) calculations were
performed on the ground- and lowest triplet-state using the
B3LYP,67,68 M06,69 and PBE0 functional,70 with the Def2-SVP
basis set on all atoms,71 except for the platinum core electrons, which
were simulated using the Stuttgart−Dresden effective core potentials
(ECP).72 The polarizable continuum model (PCM) mimicked the
toluene solvent environment.73 A GD3 dispersion correction was
applied to all minimized structures.74 Frequency calculation
performed on all ground- and triplet-state minimized structures did
not generate any imaginary frequencies. The ground-state geometries
of similarly structured pyridine and thiolpyridine dimers were
benchmarked using M06-D3 and PBE0-D3 functionals having the
closest results to that of the crystal structures.37,54 Energies and
oscillator strengths were calculated for the 50 lowest singlet and 10
lowest triplet excitations using time-dependent DFT calculations.

Figure 3. Frontier molecular orbital diagram of the pyridine and quinoline series of molecules using 2 and 5 as representative examples, calculated
at the PCM-PBE0-D3/Def2-SVP/SDD level of theory.
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■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Com-
pounds 1−5 were prepared using adaptations of established
synthetic protocols.37,38 All isolated products were in the anti-
configuration, which was verified by 1H and 13C NMR
spectroscopy. MALDI-TOF MS was consistent with the
structures rendered in Figure 2.
Electronic Structure Calculations. To obtain insight

about the ground and excited states in these chromophores,
DFT and TD-DFT calculations were performed on 1−5
employing the PBE0-D3/Def2-SVP level of theory using PCM
(toluene), an ultrafine grid, and tight convergence criteria. This
level of theory was chosen due to previous benchmarking
efforts comparing the crystal structures of analogous Pt dimers
published previously to optimized structures using B3LYP,
M06, and PBE0 functionals with and without dispersion
correction in the vapor phase.37,54 By comparing overall
structure and Pt−Pt distances, it was determined that the M06
functional had the closest match to crystal structures when no
dispersion correction was used (Table S1). However, when the
three functionals were subjected to the GD3 dispersion
correction, all of them improved with the PBE0-D3 functional
having the closest Pt−Pt distances and overall structures with
respect to the previously published crystal structures (Table
S2).
The optimized ground-state molecular structures (for 1−5)

and the calculated frontier MOs for 2 and 5 are presented in
Figure 3 and those of the remaining molecules are available in
the Supporting Information (SI). The HOMO, LUMO, and
LUMO + 1 echo those calculated in 1−3, suggesting that the
electronic structure insignificantly changes through variation of
the bridging and C∧N ligands. Molecules 4 and 5 are similar to
1−3 but have additional LUMO and LUMO + 1 contributions
arising from the 2-thiolquionoline bridging ligand. In all
instances, the HOMO resides on antibonding dz2 orbitals of
the two platinum atoms, reminiscent of the dσ* MO resulting
from the Pt−Pt σ-interaction. This is also supported through
the calculated Pt−Pt distances for the optimized ground state
for all five complexes. These all fall between 2.86 and 2.87 Å,
resulting in the significant overlap between the two Pt dz2
orbitals (Table S2). The LUMO and LUMO + 1 MOs are the
in- and out-of-phase π* combination of the C∧N ligand used.
The LUMO of 4 and LUMO + 1 of 4 and 5 reside on both
cyclometalating and bridging ligands suggesting near energetic
degeneracy of these orbitals.
To evaluate the structural distortions of these long-lived

excited states, the geometry of the lowest triplet was adjusted
at the PCM-PBE0-D3/Def2-SVP/SDD level. In all five
molecules, the calculated Pt−Pt distance of the triplet state
was 2.67−2.68 Å, a reduction of ∼0.19 Å from their optimized
ground-state structures. Since the lowest-energy excited state
of these molecules is anticipated as MMLCT in charac-
ter,42,59,75 the electron density in the Pt−Pt dσ* molecular
orbital is significantly reduced in the triplet excited state. This
increases the strength of the interaction between the two
platinum atoms, effectively driving them closer together.
Electrochemistry. The electrochemical properties of 1−5

were measured through cyclic voltammetry (CV) and
differential pulse voltammetry (DPV). As the molecules have
limited solubility in a single solvent, measurements were
conducted in a mixture of acetonitrile and toluene (1:1) with
0.1 M TBAPF6 as the supporting electrolyte. The redox

potentials determined in 1−5 are collected in Table 1 and the
corresponding cyclic and differential pulse voltammograms are
provided in Figures S1−S5.

All Pt(II) dimers investigated here exhibit irreversible one-
electron reduction waves in cyclic voltammetry experiments.
Complexes 1−5 have reduction potentials that range from
−2.26 to −2.43 V with reduction potential values that are
similar when constructed from the same cyclometalating
ligand; for example, 1 and 4 featuring 2-phenylpyridine
(ppy) have reduction potentials within the experimental
error of each other as do 2, 3, and 5 corresponding to bzq
cyclometalates. Molecules with ppy (1 and 4) have more
negative reduction potentials with respect to those with bzq (2,
3, and 5), assumed to result from increased stabilization of the
electron in the conjugated bzq ring system. The irreversibility
of the one-electron reductions has been observed in related
molecules and these findings are not surprising.29,40,54,76 These
molecules also exhibited irreversible one-electron oxidation
processes, as observed in their cyclic voltammograms measured
in a 1:1 mixture of acetonitrile:toluene (Table 1). The
irreversible nature of the oxidations likely results from
nucleophilic attack by CH3CN, possibly resulting in permanent
oxidative addition products.29,54,77

Electronic Spectroscopy. The electronic spectra of both
series of dimer molecules in toluene are presented in Figure 4
with all germane experimental data collected in Table 2. In
both series of chromophores, the high-energy and strongly
absorbing transitions below 350 nm are assigned to ligand-
centered (LC) π → π* transitions, as determined by direct
comparison with the absorption profiles of the free ligands.
The absorption features near 400 nm in all cases are attributed
to transitions within the bridging thiol ligand (pyt, Mpyt, or
2QT) (Figures S6 and S7). Molecules 1−5 also exhibit low-
energy (above 500 nm) and weakly absorbing (∼3000 M−1

cm−1) transitions assigned as MMLCT in character. As
discussed earlier, these assignments are supported by DFT
calculations (Figures S33−S37), which suggest that the lowest-
energy transitions in these molecules are Pt2 σ* → π* (ppy or
bzq). The broad and featureless MMLCT absorption band
features maxima at 508 nm (1), 512 nm (2), 542 nm (3), 518
nm (4), and 530 nm (5). The molecules where bzq is the
cyclometalating ligand (2, 3, and 5) have the lowest-energy
transitions, consistent with more extended π-conjugation in
bzq. Of the molecules in the thiolpyridine series, 3 is lowest in
energy, likely due to the 6-methyl substituent resident on the
bridging thiol, decreasing the Pt−Pt interaction thereby raising
the energy of the σ* orbital (HOMO). We note that single-
crystal X-ray determinations could not be obtained for 2−5
that would have provided experimental ground-state Pt−Pt

Table 1. Electrochemical Data for 1−5 Measured In
Acetonitrile:Toluene (1:1) with 0.1 M TBAPF6

a

complex E(1/2)(ox)
b (V) E(1/2)(red)

b (V)

1 −0.099 −2.43
2 −0.082 −2.31
3 −0.039 −2.26
4 0.068 −2.38
5 0.056 −2.29

aPotential values are reported vs Fc+/Fc. Scan rate = 100 mV/s. bAll
peaks are irreversible in cyclic voltammetry.
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distances for these molecules to compare to our electronic
structure calculations.54,78

Photoluminescence (PL) Spectroscopy. Consistent with
the UV−vis spectra, the PL maxima red-shift in structures with
greater dz2 orbital overlap and easier to reduce cyclometalating
ligands. The PL maxima of the thiolpyridine series measured in
toluene at room temperature are 706 nm (1), 725 nm (2), and
736 nm (3), Figure 5 left. The only structural difference
between 1 and 2 is the cyclometalating ligand, which alters the
energy of the LUMO. The observed red-shift is attributed to
decreasing LUMO energy when going from ppy to bzq, instead
of increasing HOMO energy that is characteristically observed
when the Pt−Pt distance is decreased. The only structural
difference between 2 and 3 is the 6-methyl substituent on the

bridging ligand. This increase of steric bulk near the
coordination site has previously been used to decrease the
observed Pt−Pt distance, therefore, raising the HOMO energy,
culminating in a bathochromic of the PL spectrum. The PL
maxima of the quinoline series echo that of their absorption
spectra, with maxima at 710 nm (4) and 725 nm (5) in
toluene, Figure 5 right. The decrease in PL energy between 4
and 5 can be attributed to the replacement of the
cyclometalating ligand from ppy to bzq, which is consistent
with the thiolpyridine series. The combined data suggest that
the PL maxima of the dinuclear Pt(II) complex can be
modulated by either using the coalescence of the two platinum
centers induced by bridging ligand effects or using cyclo-
metalating ligands with distinct reduction potentials. These

Figure 4. UV−vis absorption spectra of 1 (black), 2 (red), and 3 (blue) (A) and 4 (magenta) and 5 (orange) (B) measured in toluene at room
temperature.

Table 2. Spectroscopica and Photophysical Properties of the Pt(II) Dimers

complex λAbs (nm)b (ε, M−1 cm−1)
λem

(nm)b
Φem
(%)c

λem (nm)
(77 K)

τem (μs)
(RT, 77 K)

τTA
(μs)

kr
d

(×10−4 s−1)
knr
e

(×10−6 s−1)

1 300 (29 200), 370 (11 800), 508 (3460) 706 16 630 1.1, 4.9 1.1 14.5 0.76
2 304 (31 800), 380 (12 900), 512 (3280) 725 9.5 654 0.63, 5.4 0.64 15.1 1.43
3 305 (41 800), 366 (20 100), 542 (4650) 736 8.3 658 0.51, 5.2 0.50 16.2 1.79
4 300 (31 500), 389 (17 900), 518 (3100) 710 1.3 625 0.10, 4.7 0.095 13.0 9.87
5 301 (39 600), 389 (20 900), 530 (2900) 725 10.4 636 0.72, 5.9 0.720 14.4 1.24

aRoom-temperature (RT) and 77 K measurements were performed in toluene. bAbsorption and emission maxima, ±2 nm. cAbsolute quantum
yield measurements were measured using an integrating sphere. dkr = Φ/τ. eknr = (1 − Φ)/τ.

Figure 5. Left: PL spectra of the pyridine series at RT (solid line) and 77 K (dashed line) of 1 (black), 2 (red), and 3 (blue) (λex = 500 nm). Right:
PL spectra of the quinoline series at RT (solid line) and 77 K (dashed line) of 4 (magenta) and 5 (orange) (λex = 500 nm). All spectra were
recorded in toluene.
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observations are again in line with the MMLCT charge-transfer
character displayed in 1−5.
When cooling the RT solution to 77 K in toluene, a

rigidochromic blue-shift was measured in both series of dimers,
Figure 5. The ordering of the excited-state energies remained
consistent with those measured at RT. The magnitude of the
thermally induced Stokes shift was larger in the quinoline
series: 1915 cm−1 (4) and 1930 cm−1 (5) with respect to the
pyridine series: 1665 cm−1 (1), 1475 cm−1 (2), and 1565 cm−1

(3). The magnitudes of the values for these measured
thermally induced Stokes shifts align with the assignment of
MMLCT excited states in these molecules.79−81

Single-exponential PL intensity decays were exhibited by the
five molecules investigated, in deaerated toluene measured
subsequent to 500 nm laser pulses (Figures S8, S9, and S38−
S40); the corresponding photophysical parameters are
presented in Table 2. The PL lifetimes of 1−5 are consistent
with the MMLCT character, as observed previously for similar
compounds.54 The thiolpyridine series exhibits a decrease of
the excited-state lifetime across the series from 1100 ns (1),
630 ns (2), and 510 ns (3) resulting from steady increases in
the nonradiative decay rate constant (knr), consistent with the
energy gap law. The thiolquinoline series has the opposite
trend as the excited-state lifetimes increase from 100 ns (4) to
720 ns (5), resulting from a marked decrease in knr in going
from 4 to 5 (Table 2).
Transient Absorption Spectroscopy. Nanosecond TA

experiments were performed to explore the excited-state
properties of these compounds and their prompt difference
spectra are given in Figure 6. The difference spectrum of 1
exhibits absorption transients centered at 450 and 575 nm,
having a minor ground-state bleach near 510 nm, consistent
with the analogous 2-hydroxypyridyl bridged dimers.54 The
decay kinetics measured at different wavelengths were all self-
consistent and quantitatively agreed with the corresponding PL
decay kinetics (Table 2 and Figures S38−S40). The excited-
state difference spectra of 2 and 3 feature absorption bands at
470 and 575 nm, a bleaching signal below 400 nm,
concomitant with lower-energy bleaching signals centered at
525 nm (2) and 540 nm (3). Since the MMLCT transition is

directed toward the cyclometalating ligands, the transient
absorption features appear consistent for compounds having
the same cyclometalating ligand as in molecules 2 and 3. The
excited-state difference spectra of 4 and 5 are blue-shifted in
comparison to the thiolpyridine series. There are two
absorption transients located at 460 and 600 nm and a
bleaching signal at 425 nm. Molecules 1−5 generate transient
features that are universally consistent with the generation of
the radical anion of the cyclometalating moiety consistent with
previously published molecules possessing MMLCT charac-
ter.54

■ CONCLUSIONS

In summary, five Pt(II) dimers featuring ppy or bzq as
cyclometalating ligands paired with either 2-thiolpyridine, 6-
methyl-2-thiolpyridine, or 2-thiolquinoline were prepared and
photophysically characterized. Unlike the corresponding
pyrazole-bridged dimers containing identical C∧N ligands, all
of the thiolpyridine- and thiolquinoline-bridged dimers
reported here were isolated exclusively as their anti-isomers
and also exhibited low-energy absorption bands above 500 nm
with MMLCT-based PL above 700 nm. The absolute PL
quantum yields obtained for the molecules in this investigation
ranged from 1 to 16%, which are notably larger than those
based on the hydroxypyridine platform, whose PL quantum
yields ranged from 0.33 to 3.97%.54 Similarly, the thiolpyr-
idine- and thiolquinoline-bridged dimers exhibit significantly
longer excited-state lifetimes compared to the hydroxypyridine-
bridged dimers, whose lifetimes are limited to hundreds of
nanoseconds at RT. The combined data illustrate that pyridyl-
and quinoline-thiolates in conjunction with ppy and bzq
cyclometalates form classes of MMLCT chromophores with
photophysical properties suitable for sensitizing bimolecular
excited-state photochemical reactions. These molecules also
enable systematic investigations of transient metal−metal
interactions responsible for coherence phenomena in
MMLCT chromophores.

Figure 6. (A) Excited-state difference spectra of 1 (black), 2 (red), 3 (blue), 4 (magenta), and 5 (orange) in toluene measured promptly following
500 nm pulsed excitation (2 mJ/pulse, 7 ns full-width at half-maximum (FWHM)). The samples were deaerated using the freeze−pump−thaw
technique. Each difference spectrum was measured promptly with a 10 ns gate width. (B) Excited-state absorption difference spectra measured for
1 as a function of delay time.
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