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ABSTRACT: A series of four anti-disposed dinuclear platinum(II) complexes
featuring metal−metal-to-ligand charge-transfer (MMLCT) excited states,
bridged by either 2-hydroxy-6-methylpyridine or 2-hydroxy-6-phenylpyridine
and cyclometalated with 7,8-benzoquinoline or 2-phenylpyridine, are
presented. The 2-hydroxypyridine bridging ligands control intramolecular
d8−d8 metal−metal σ interactions, affecting the frontier orbitals’ electronic
structure, resulting in marked changes to the ground- and excited-state
properties of these complexes. Three of these molecules possess reversible one-
electron oxidations in cyclic voltammetry experiments as a result of strong
intramolecular metallophilic interactions. In this series of molecules, X-ray
crystallography revealed Pt−Pt distances ranging between 2.815 and 2.878 Å;
the former represents the shortest reported metal−metal distance for
platinum(II) dimers possessing low-energy MMLCT transitions. All four
molecules reported here display visible absorption bands beyond 500 nm and
feature MMLCT-based red photoluminescence (PL) above 700 nm at room temperature with high PL quantum yields (up to
4%) and long excited-state lifetimes (up to 341 ns). The latter were recorded using both transient PL and transient absorption
experiments that self-consistently yielded quantitatively identical excited-state lifetimes. The energy-gap law was successfully
applied to this series of chromophores, documenting this behavior for the first time in molecules possessing MMLCT excited
states. The combined data illustrate that entirely new classes of MMLCT chromophores can be envisioned using bridging pyridyl
hydroxides in cooperation with various C^N cyclometalates to achieve photophysical properties suitable for excited-state
electron- and energy-transfer chemistry.

■ INTRODUCTION

Square-planar transition-metal complexes have recently experi-
enced an increase in research interest, particularly those based
on platinum(II). Many of these molecules possess notable
photophysical properties, making them useful in applications
including optoelectronic devices,1−5 photocatalysis,6−9 cation
sensing,10,11 pH sensing,12,13 and cyanogen halide detection,14

among others.15−19 The platinum(II) complexes used in many
of these research fields are based on a mononuclear structure
containing an aromatic π-accepting chelating ligand, such as
1,10-phenanthroline or 2,2′-bipyridine, along with other
supporting ancillary ligands. The lowest-energy excited state
in these types of chromophores can vary but generally is LC
mixed with some fraction of charge-transfer character that is
metal-to-ligand (MLCT) and/or ligand-to-ligand (LLCT)
charge transfer in nature. In addition, platinum(II) complexes
benefit from large d-orbital splitting, rendering the metal-
centered (MC) states too high in energy to effectively
deactivate the excited state, resulting in complexes that can
be highly emissive at room temperature. This effect is more
pronounced when cyclometalating ligands are used because of
their strong σ-donating character at the cyclometalating carbon.
The strong ligand field provided by the aromatic N^C ligand(s)

and additional π donation from the metal into this ligand(s)
renders these cyclometalated complexes extremely stable.
Square-planar platinum(II) complexes are also known to

exhibit strong metal−metal interactions in the solid state and
are responsible for the range of colors characteristic of these
solids. Their propensity to engage in such intermolecular
metallophilic interactions forming extended topologies in the
solid state has been thoroughly investigated.20−22 Through the
use of select bridging ligands and appropriate chelates, soluble
dinuclear platinum(II) complexes can be constructed to mimic
the metal−metal interactions observed in the solid state. In
essence, positioning the two metal centers close together
enables dz2−dz2 orbital overlap, resulting in the formation of dσ
and dσ* orbitals. This gives rise to characteristic metal−metal-
to-ligand charge-transfer (MMLCT) transitions (Figure 1) at
lower energy with respect to the analogous mononuclear
complex. Because the degree of dz2 overlap largely determines
the relative splitting between the dσ and dσ* orbitals, the
energy of the dσ* → π* MMLCT transition depends strongly
on the metal−metal distance, and thus the transition energy
decreases as the metal centers coalesce. The most extensively
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studied dinuclear platinum(II) transition-metal complex is
arguably the phosphite-bridged species [Pt2(P2O5)4H8]

4−,
commonly termed “platinum POP” and abbreviated as
[Pt2(POP)4]

4−. Gray and co-workers have extensively inves-
tigated the spectroscopic and redox properties of this d8−d8
dimer.23−26 Evidence for strong Pt−Pt interactions in the
excited state in [Pt2(POP)4]

4− was established by static and
time-resolved absorption, photoluminescence (PL), and
resonance Raman spectroscopy.23−27 Several recent pump−
probe X-ray scattering and absorption experiments conducted
on the benchmark [Pt2(POP)4]

4− complex reveal a Pt−Pt
contraction of 0.24−0.31 Å following dσ* → pσ excitation,
formally depopulating the dσ* orbital in the excited state.28−30

Another variant of this structure has only recently
appeared,31−34 illustrating the limited parameter space available
for tuning excited-state behavior when the optical transitions
are exclusively derived from metal-based molecular orbitals.26

There have also been numerous studies related to platinum(II)
MLCT excited states featuring metal−metal interactions in
both the solid state and fluid solutions.35−43

Previous reports by Thompson and co-workers on platinum-
(II) dimers containing the 2-(2,4-difluorophenyl)-pyridyl N^C
cyclometalating ligand showed that the photophysical behavior
of these chromophores can be systematically tuned by
introducing steric bulk in the 3 and 5 positions of the bridging
pyrazolates.44 In essence, these pyrazolate substitutions
modulated the Pt−Pt distances in a predictable manner,
revealing systematic tuning of both the absorption and PL
properties. In a subsequent study, this same class of molecules
was successfully applied as phosphorescent dopants in organic
light-emitting diodes.45 Our group and others have further
expanded this research area by synthesizing new pyrazolate-

bridged dimers with numerous cyclometalating ligands.40,46−52

The Ma group recently dubbed these complexes “molecular
butterflies”, consistent with their geometric shape and
cooperative flapping motion generated upon visible-light
excitation.51,52 These molecules have been extensively studied
with a battery of techniques including conventional and
ultrafast transient absorption spectroscopy, X-ray transient
absorption spectroscopy, transient absorption anisotropy, and
time-resolved wide-angle X-ray scattering. The collective
combination of these investigations has detailed the structural
changes of these types of molecules produced upon light
excitation.53−56

When pyridine-2-thiolate ions (i.e., 2-mercaptopyridine)
were used in concert with 2-phenylpyridine (ppy)-supported
platinum(II) centers, the shortest Pt−Pt distance was recorded
for the MMLCT genre of chromophores in 2004, 2.8491(4)
Å.57−62 The poor solubility of this red-emitting complex along
with its sensitivity toward halogenated solvents, readily
undergoing dark oxidative addition chemistry resulting in the
formation of nonemissive platinum(III) species, limited more
extensive photophysical investigations.57 If alternate bridging
ligands could be identified to accommodate more intimate Pt−
Pt interactions while circumventing undesired oxidative
addition chemistry, MMLCT-based photochemistry and photo-
physics could markedly expand beyond the current inventory of
available chromophores.
The objective of the present study was to generate strong

metal−metal interactions between two platinum centers by
incorporating new bridging ligands into the classic A-frame
geometry, retaining low-energy MMLCT excited states. Our
methodology simply posed the question of whether the
substitution of −OH for −SH in 2-mercaptopyridine-like
structures would enable such a platform for the creation of new
molecules. Here we report the synthesis, electrochemistry, and
photophysical characterization of a new series of four
platinum(II) dimers utilizing both 2-hydroxy-6-methylpyridine
(MePyO) and 2-hydroxy-6-phenylpyridine (PhPyO) as bridg-
ing ligands for the first time along with ppy and 7,8-
benzoquinoline (bzq) cyclometalating ligands (1−4; Figure
2). We observed that unlike the 2-mercaptopyridine-bridged
(N^S) platinum(II) dimers, these related N^O-bridged
molecules are both thermally and photochemically stable and
not susceptible to oxidative addition in halogenated solvents. In
addition, they feature high solubility in both coordinating and
noncoordinating solvents (between 5 and 10 mM), making
these molecules easy to study and valuable for both
fundamental investigations and emerging applications. Unlike
the benchmark pyrazolate dimers, the N^O-bridged complexes
reported in this study were all isolated exclusively as their anti

Figure 1. Simplified molecular orbital diagram illustrating d8−d8
interactions in platinum(II) dimers featuring MMLCT excited states.

Figure 2. Structures of the 2-hydroxypyridyl-bridged dinuclear platinum(II) complexes.
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isomers (trans with respect to the relative orientation of the
two N^C and two N^O ligands), confirmed through X-ray
crystallography and 1H NMR spectroscopy. Selective formation
of the anti stereoisomer is consistent with that described by
Kato and co-workers in related 2-mercaptopyridine-bridged
platinum(II) dimers and likely results from the strong trans-
directing nature of the carbanion portion of the ppy and bzq
cyclometalating ligands.57−61 All of the new complexes reported
here display visible absorption bands beyond 500 nm and
feature MMLCT-based red PL above 700 nm at room
temperature with high PL quantum yields (up to 4%) and
long excited-state lifetimes (up to 341 ns). The latter were
recorded using both transient PL and absorption experiments
that self-consistently yielded quantitatively identical excited-
state lifetimes. The energy-gap law was successfully applied to
this series of chromophores, documenting this behavior for the
first time in molecules possessing MMLCT excited states.
Finally, [Pt(bzq)(μ-MepyO)]2 (2) was shown to possess the
closest Pt−Pt distance [2.8155(3) Å] reported for a MMLCT
complex to date. The combined data illustrate that entirely new
classes of MMLCT chromophores can be envisioned using
bridging pyridyl hydroxides in cooperation with various C^N
cyclometalates to achieve photophysical properties suitable for
excited-state electron- and energy-transfer chemistry.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. All synthetic manipulations were

performed under an inert dry nitrogen atmosphere using standard
techniques. All reagents were purchased from VWR and used as
received. The precursor Pt(DMSO)2Cl2 and the intermediate
cyclometalated dichloro-bridged platinum(II) dimers [Pt(ppy)(μ-
Cl)]2 and [Pt(bzq)(μ-Cl)]2 were synthesized according to their
published procedures.46,63,64 Spectroscopic samples were prepared
using spectroscopic-grade tetrahydrofuran (THF) and degassed using
the freeze−pump−thaw technique.65

Synthesis of the [Pt(N^C)(μ-N^O)]2 Complexes. A generalized
procedure for the synthesis of 2-hydroxypyridyl-bridged dimers is
presented in Scheme 1; full details are provided as Supporting
Information. Briefly, the intermediate dichloride-bridged dinuclear
platinum(II) complex was dissolved in 30 mL of 1,2-dichloroethane,
and 2 equiv of the respective 2-hydroxypyridyl ligand was added,
followed by the addition of a large excess of K2CO3. The reaction
mixture was refluxed under N2 at 88 °C for 1 day. The excess
unreacted K2CO3 was filtered out, and the resulting solution was

evaporated to dryness. The solid obtained was washed several times
with acetonitrile, filtered, and dried under vacuum. The dimers were
isolated exclusively as the anti isomer in all instances.

anti-[Pt(ppy)(μ-MepyO)]2 (1). Yield: 57% (222 mg). 1H NMR (400
MHz, CD2Cl2, ppm): 8.32 (d, J = 5.8 Hz, 2H), 7.40 (t, J = 7.8 Hz,
2H), 7.25 (t, J = 7.7 Hz, 2H), 7.11 (d, J = 8.1 Hz, 2H), 6.95 (d, J = 7.7
Hz, 2H), 6.87 (t, J = 7.3 Hz, 2H), 6.80 (t, J = 7.3 Hz, 2H), 6.48 (d, J =
8.7 Hz, 2H), 6.38 (d, J = 6.8 Hz, 2H), 6.29 (t, J = 6.0 Hz, 2H), 6.23 (d,
J = 7.6 Hz, 2H), 2.80 (s, 6H). ESI-HRMS. Found: m/z 913.1505
(MH+). Calcd for C34H29N4O2

194Pt2: m/z 913.1544. Anal. Calcd
(found) for C34H28N4O2Pt2·CH3CN: C, 45.24 (45.27); H, 3.27
(3.22); N, 7.33 (7.19).

anti-[Pt(bzq)(μ-MepyO)]2 (2). Yield: 50% (188 mg). 1H NMR (400
MHz, CD2Cl2, ppm): 8.09 (dd, J = 5.4 and 1.3 Hz, 2H), 7.36 (m, 8H),
7.18 (t, J = 7.3 Hz, 2H), 7.04 (d, J = 8.7 Hz, 2H), 6.59 (d, J = 9.2 Hz,
2H), 6.48 (d, J = 7.0 Hz, 2H), 6.45 (d, J = 7.3 Hz, 2H), 6.22 (dd, J =
8.0 and 5.4 Hz, 2H), 2.90 (s, 6H). ESI-HRMS. Found: m/z 961.1504
(MH+). Calcd for C38H29N4O2

194Pt2: m/z 961.1544. Anal. Calcd
(found) for C38H28N4O2Pt2·2.5H2O: C, 45.29 (45.36); H, 3.30 (3.38);
N, 5.56 (5.36).

anti-[Pt(ppy)(μ-PhpyO)]2 (3). Yield: 36% (99 mg). 1H NMR (400
MHz, CD2Cl2, ppm): 8.18 (d, J = 6.6 Hz, 2H), 7.85 (d, J = 7.5 Hz,
4H), 7.49 (dd, J = 8.6 and 7.0 Hz, 2H), 7.28 (bm, 8H), 6.95 (d, J = 7.7
Hz, 2H), 6.78 (bm, 8H), 6.58 (d, J = 7.7 Hz, 2H), 6.25 (d, J = 7.7 Hz,
2H), 6.15 (t, J = 7.3 Hz, 2H). ESI-HRMS. Found: m/z 1037.1809
(MH+). Calcd for C44H33N4O2

194Pt2: m/z 1037.1857. Anal. Calcd
(found) for C44H32N4O2Pt2: C, 50.87 (50.99); H, 3.10 (3.12); N, 5.39
(5.32).

anti-[Pt(bzq)(μ-PhpyO)]2 (4). Yield: 64% (185 mg). 1H NMR (400
MHz, CD2Cl2, ppm): 7.99 (dd, J = 5.4 and 1.3 Hz, 2H), 7.93 (d, J =
7.0 Hz, 4H), 7.58 (dd, J = 8.6 and 7.0 Hz, 2H), 7.27 (m, 12H), 7.15 (t,
J = 7.5 Hz, 2H), 6.92 (dd, J = 8.6 and 1.3 Hz, 2H), 6.89 (d, J = 8.7 Hz,
2H), 6.68 (dd, J = 7.0 and 1.3 Hz, 2H), 6.45 (d, J = 7.2 Hz, 2H), 6.10
(d, J = 8.0 Hz, 2H). ESI-HRMS. Found: m/z 1085.1804 (MH+). Calcd
for C48H33N4O2

194Pt2: m/z 1085.1857. Anal. Calcd (found) for
C48H32N4O2Pt2: C, 53.04 (52.82); H, 2.97 (3.09); N, 5.15 (5.00).

General Techniques. 1H NMR spectra were recorded on a Varian
Innova 400 NMR spectrometer operating at 400 MHz. All chemical
shifts were referenced to residual solvent signals, and the splitting
patterns are assigned as s (singlet), d (doublet), t (triplet), and m
(multiplet). High-resolution electrospray ionization mass spectrometry
(ESI-HRMS) was performed at the Michigan State University Mass
Spectrometry Facility. Elemental analysis data were measured by
Atlantic Microlab, Inc., Norcross, GA. Optical absorption spectra were
measured on a Shimadzu UV-3600 spectrometer. Steady-state
luminescence spectra were obtained from an Edinburgh FS 920
spectrofluorimeter. Quantum yield measurements were performed on

Scheme 1. Generalized Synthetic Scheme for the N^O-Bridged Dinuclear Platinum(II) Complexesa

aReagents and conditions: (i) 2-ethoxyethanol/water refluxed overnight. (ii) K2CO3 and 1,2-dichloroethane refluxed at 88 °C for 1 day.
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degassed samples using [Ru(bpy)3](PF6)2 in acetonitrile as a relative
standard (λem 621 nm; ΦPL = 0.095).66

X-ray Crystallography. Single crystals of 1 were grown from an
acetonitrile solution. Single crystals of the remaining molecules 2−4
were grown from dichloromethane/hexane solutions. Selected
crystallographic data are presented in Table 1. Single crystals suitable
for structure analysis were selected from the bulk samples and
mounted on MiTeGen mounts using a minimum of paratone N oil.
Data were collected on a Bruker-Nonius X8 Kappa Apex II
diffractometer by ω and ϕ scans using Mo Kα radiation (λ =
0.71073 Å). Corrections for Lorentz and polarization effects and
absorption were made using SADABS.67 All four structures were
solved using direct methods and refined using full-matrix least squares
(on F2) using the SHELX software package.68 All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were added at calculated
positions, with coordinates and Uiso values allowed to ride on the
parent atom. The crystal structures were analyzed, and the associated
figures were constructed using the OLEX2 software package.69

Electrochemistry. Cyclic and differential-pulse voltammetry (CV
and DPV) were performed using a CH Instruments model 600E series
electrochemical workstation having a conventional three-electrode
arrangement. The measurements were carried under an inert and dry
atmosphere of nitrogen in a glovebox (MBraun). Both oxidation and
reduction potentials were recorded in acetonitrile containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) as the support-
ing electrolyte. A platinum disk was used as the working electrode, a
platinum wire as the counter electrode, and Ag/AgNO3 as the
reference electrode. Measurements were executed with a scan rate of
100 mV/s unless otherwise stated, and ferrocenium/ferrocene (Fc+/
Fc) was used as an internal standard [E1/2(Fc

+/Fc)obsd = 0.078 ± 0.005
V].70

Nanosecond Transient Absorption Spectroscopy. Nano-
second transient absorption measurements were performed on a
LP920 laser flash-photolysis system (Edinburgh Instruments). Briefly,
a tunable Vibrant 355 Nd:YAG/OPO system (OPOTEK) was used
for pulsed-laser excitation. To collect the transient absorption
difference spectra in the visible portion of the spectrum, an iStar
ICCD camera (Andor Technologies), controlled by the L900 software
program (Edinburgh Instruments), was used. Samples were degassed
using the freeze−pump−thaw technique in 1-cm-path-length quartz

optical cells. Samples were prepared to have optical densities between
0.3 and 0.5 at the excitation wavelength (λex = 520 nm; 3.0 mJ/pulse).
All flash-photolysis experiments were performed at room temperature.
The reported difference spectra and kinetic data are the average of 50
laser shots. The ground-state absorption spectra were measured before
and after each experiment to ensure that there was no sample
degradation. The single-wavelength transient kinetic data were
evaluated using the fitting routines available in OriginPro 2016.

Computational Details. Calculations of 1−4 were performed
using the Gaussian 09 software package (revision D.01)71 and the
computational resources of the North Carolina State University High
Performance Computing Center. Ground-state geometry optimiza-
tions and time-dependent density functional theory (TD-DFT)
calculations were performed using the B3LYP functional72,73 and the
def2-TZVP basis set of Alrichs’ group,74 as implemented in Gaussian
09. The Stuttgart−Dresden effective core potentials75 (ECPs) were
used to replace the core electrons in platinum for all calculations. This
combination of the functional and basis set was used in previously
studied pyrazolate-bridged platinum dimers and shown to be the most
consistent in treating the various excited states observed in these types
of molecules.55 Frequency calculations were performed on all
optimized structures to ensure that no imaginary frequencies were
observed. The polarizable continuum model was used to simulate the
effects of the THF solvent environment for TD-DFT calculations.76

The simulated electronic spectra were generated using a Gaussian
convolution with a half-bandwidth of 0.2 eV with GaussView 5.0.77

■ RESULTS AND DISCUSSION
Syntheses and Structural Characterization. The inter-

mediate cyclometalated dichloride-bridged Pt(N^C) dimers
were synthesized using the procedure available in the
literature.46 This involved refluxing Pt(DMSO)2Cl2 with 2−
2.5 equiv of the respective cyclometalating ligand in a mixture
of 2-ethoxyethanol and water (3:1) overnight. The isolated
chloride-bridged dimers were directly used for the synthesis of
target complexes in refluxing dichloroethane. The generalized
procedure for the synthesis of 2-hydroxypyridyl-bridged dimers
presented in Scheme 1 is demonstrative of the facile nature of
this chemistry. In all instances, the molecules were exclusively

Table 1. X-ray Crystallography Data for 1−4

compound 1·CH3CN 2·H2O 3 4
CCDC 1582048 1582049 1582051 1582050
chemical formula C36H31N5O2Pt2 C38H30N4O3Pt2 C44H32N4O2Pt2 C48H32N4O2Pt2
fw 955.83 980.84 1038.91 1086.95
temperature (K) 100(2) 100(2) 104(2) K 100(2)
cryst syst monoclinic monoclinic monoclinic triclinic
space group P21/c P21/n P21/c P1̅
a (Å) 18.6701(13) 12.2856(13) 16.6639(4) 11.0608(3)
b (Å) 11.3682(4) 16.181(2) 15.6077(4) 12.3248(4)
c (Å) 15.1784(7) 15.9506(17) 13.2221(3) 14.4522(4)
α (deg) 90 90 90 82.3251(16)
β (deg) 104.935(4) 106.843(5) 93.4326(13) 73.2432(16)
γ (deg) 90 90 90 88.7946(16)
V (Å)3 3112.7(3) 3034.8(6) 3432.70(14) 1869.28(10)
Z 4 4 4 2
Dcalc (g/cm

3) 2.044 2.147 2.01 1.931
F(000) 1816 1864 1984 1040
θ range (deg) 2.12 to 35.00 1.83 to 30.66 1.79 to 31.51 2.06 to 36.32
reflns collected 81313 94796 83172 140426
no. of data/restr/param 0.0307 0.0501 0.0327 0.0504
Rint 13686/9/409 9349/1/434 11422/0/469 18137/0/505
GOF 1.012 1.033 1.037 1.018
R1 [I > 2σ(I)] 0.0199 0.0221 0.0211 0.0248
wR2 [I > 2σ(I)] 0.0433 0.0506 0.0495 0.046
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isolated in the anti configuration, as verified by 1H NMR and X-
ray crystallography. ESI-HRMS spectra were also consistent
with the elemental compositions expected for these newly
prepared molecules. Elemental analyses were also consistent
with each calculated molecular formula and each determined X-
ray crystal structure.
X-ray Crystal Structures. X-ray-quality crystals were

obtained for all molecules in this study. The four molecular
structures were determined by single-crystal X-ray diffraction,
with the data collection and refinement parameters described in
the Experimental Section. In general, the four structures have
remarkable similarity despite having different bridging and
chromophoric ligands attached to the platinum atoms (Figure

3). The Pt−Pt distances, which leads to many unique
photophysical properties in the four complexes, are collected
in Table 2. The Pt−Pt distance ranged from the largest value
observed in 3 with a distance of 2.87811(14) Å to the smallest
value measured in 2 of 2.8155(3) Å. The metal−metal
distances observed in these complexes are a bit counterintuitive
because the increased bulkiness of the bridging ligand (phenyl
vs methyl) nominally brings the platinum centers closer
together relative to the complexes with respect to those
carrying less bulky substituents, as observed in previous
platinum(II) pyrazolate structures.44 Therefore, the smallest
Pt−Pt distances would be expected in 3 and 4, which contain
phenyl rings in the 6 position of the pyridine (more bulky)

Figure 3. Thermal ellipsoid plots of 1 (A), 2 (B), 3 (C), and 4 (D). Ellipsoids drawn at 50%, with hydrogen atoms removed from structures for
clarity.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 1−4

1 2 3 4

Pt1−Pt2 2.82413(11) 2.8155(3) 2.87811(14) 2.85745(14)
Pt1−N1 2.0039(17) 2.017(3) 2.009(2) 2.0072(17)
Pt2−N3 2.0172(16) 2.012(2) 2.007(2) 2.0181(18)
Pt1−Pt2−N3 94.07(5) 91.25(7) 91.96(6) 96.31(5)
Pt2−Pt1−N1 91.57(5) 96.87(7) 90.56(6) 92.21(5)
N1−Pt1−Pt2−N3 61.56(5) 61.37(7) 58.15(6) 61.09(5)
Pt1−N2 2.0402(16) 2.041(3) 2.044(2) 2.0355(17)
Pt2−N4 2.0533(16) 2.036(2) 2.036(2) 2.0469(18)
N1−Pt1−N2 176.04(7) 175.79(10) 172.75(9) 176.40(7)
N3−Pt2−N4 176.17(7) 175.86(10) 175.00(9) 175.47(7)
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relative to 6-methyl groups in 1 and 2 (less bulky). The
experimental data reveal that the shortest metal−metal
distances are actually observed in 1 and 2, and this may be
due to the relative conformation of the phenyl rings in 3 and 4
and how they influence the crystallization.
Electronic Structure Calculations. DFT and TD-DFT

calculations were performed on 1−4 to support the ground-
and excited-state assignments observed in this study using the
B3LYP/Def2-TZVP/SDD level of theory. The B3LYP func-
tional was used because recent studies have demonstrated that
it can successfully model the types of excited states observed in
platinum complexes similar to the ones in this study.55,78 The
def2-TZVP basis set and SDD ECP combination was used
previously by Chen and co-workers to study a similar series of
cyclometalated platinum dimers and is shown to be effective at
calculating the ground-state structures because the Pt−Pt
distances closely match those from the crystal structures.55 In
addition, they were able to show the change of the lowest-
energy excited state, LC/MLCT to MMLCT, when the Pt−Pt
distance was reduced by the incorporation of bulky substituents
on the bridging ligand.
The ground-state structures for 1−4 were optimized, and the

calculated frontier molecular orbital diagrams are presented in
Figure 4. The highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO), and LUMO+1
all look remarkably similar for these complexes, suggesting that
the electronic structure does not change significantly across the
series. The HOMO mostly resides on the two platinum atoms
composed of the antibonding dz2 orbitals, which resemble the
dσ* orbital generated by the Pt−Pt σ interaction. LUMO and
LUMO+1 are the in-phase and out-of-phase π*-orbital
combinations, respectively, localized on the cyclometalating
ligand (ppy or bzq).
Electrochemistry. The electrochemical properties of the

new molecules were investigated using CV and DPV. In order
to provide the appropriate solubility and electrochemical
potential window, measurements were conducted in acetoni-
trile with 0.1 M TBAPF6 as the supporting electrolyte. Peak
potentials (Epa or Epc) were recorded with DPV, and the
electrochemical reversibility of the dinuclear platinum(II)

complexes was examined using CV. The redox potentials for
all of the newly synthesized dimers 1−4 are presented in Table
3, with all of the requisite cyclic voltammograms and
differential-pulse voltammograms provided in Figures S9−S13.

Each molecule universally exhibited electrochemically
irreversible one-electron reductions in CV experiments. The
irreversibility of the reduction process can be attributed to the
decreased metal−ligand interaction caused by increased
conjugation of the rigidly planar cyclometalating ligands. This
is not too surprising because similar observations have been
previously reported for various mononuclear and dinuclear
cyclometalated platinum(II) complexes.46,64,79 This precluded
any possible characterization of the cyclometalating ligands’
spectroelectrochemistry to assist in the transient absorption
spectroscopic assignments detailed below. The reduction
potentials for the present dimers were in the range of −2.35
to −2.53 V, depending upon the nature of the cyclometalating
ligand. It was also observed that there was a decrease in the
reduction potential with increasing conjugation in the cyclo-
metalating ligand. This net lowering of the reduction potential
is likely due to the increased stabilization of the negative charge
on the more delocalized π system. Furthermore, the E1/2 values
remain completely invariant within each class of cyclo-
metalating ligand and are completely unaffected by the nature
of the substitution (methyl vs phenyl) in the bridging moiety.
Similar observations have been previously reported for similar
classes of platinum(II) dimers.44,46 These combined data are
consistent with the first reduction being localized on one of the
cyclometalating ligands in each instance.

Figure 4. Frontier molecular orbital diagrams constructed for 1−4. Calculations performed at the DFT//B3LYP/Def2-TZVP/SDD level of theory.

Table 3. Electrochemical Data for 1−4 in CH3CN with 0.1 M
TBAPF6

complex E1/2(ox) (V) E1/2(red) (V)

1 0.0ir −2.53ir

2 0.0r −2.35ir

3 −0.11r, 0.31ir −2.52ir

4 −0.098r, 0.27ir −2.35ir
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Oxidative CV was also performed to evaluate the electro-
chemical reversibility of the newly synthesized dinuclear
complexes, namely, to evaluate the oxidation process that is
shared between the two metal centers. An irreversible one-
electron oxidation in 1 was revealed, while the remaining
complexes exhibited a completely reversible one-electron first
oxidation wave. The irreversibility of the first oxidation process
in 1 can be attributed to the 16-electron square-planar
geometry, making it highly susceptible to nucleophilic attack
by CH3CN on electrochemical time scales, which, in turn,
renders the platinum(II) oxidation irreversible.45,64,80 The
presence of a one-electron reversible oxidation in 2−4 was
further verified by investigating the dependence of the CV
response on the scan rate for the oxidation process.81 A
representative example of this reversible electrochemical
behavior is presented for 2 in Figure 5. Similar results were
obtained for 3 and 4. These data revealed that ΔEp remains
invariant (75 ± 5 mV) over a wide range of scan rates ranging
from 0.015 to 1.75 V/s, as anticipated for a reversible one-
electron process. Outside of this window, the oxidation process
becomes less reversible, and ΔEp slowly increased beyond 100
mV. The first oxidation wave in molecules 3 and 4 exhibited a
response similar to that of CV scan rate; however, an additional
irreversible oxidation wave was documented at more positive
applied potentials in these instances. This second wave likely
has its origin in the formation of mixed-valence platinum
centers that collapse to unknown thermodynamically stable
products. Similar multispecies redox electrochemistry from
analogous cyclometalated platinum(II) dimers have been
previously reported.58 The first oxidation potentials of these
new complexes lie in the order of 1 ≅ 2 > 3 ≅ 4, demonstrating
that, within each class of cyclometalating ligand, the first
oxidation process is more facile in the 6-phenylhydroxypyr-
idine-containing species. It appears that the first oxidation
potential is also well correlated to increased metal−metal
interactions, as suggested by the crystal structures.46 Overall,
the first MC oxidation wave in these molecules is related to the
nature of the bridging ligand and therefore the relative energy
of the dσ* orbital that modulates with dz2−dz2 overlap. The
measured values for these oxidations are similar to those
reported in analogous platinum(II) pyrazolate dimers.45,46 We
note that all attempts at performing oxidative spectroelec-
trochemistry failed because of decomposition of the one-
electron-oxidized species over the time course of the bulk
electrolysis experiments. In summary, the first oxidation process
appears to be controlled by the nature of the bridging ligands,

and the first reduction is dependent on the nature of the N^C
cyclometalate installed on the complex.

Electronic Spectroscopy. The electronic spectra of the
four molecules in this study are presented in Figure 6 with

pertinent experimental data collected in Table 4. As seen in
previous platinum dimers with strong metal−metal interactions,
the lowest-energy transitions in these chromophores can best
be described as MMLCT in character. TD-DFT calculations
confirm this assignment because they confirm that the low-
energy transition is Pt2 dσ* → π* of the cyclometalating ligand
across the series of complexes (Figures S22−S25). These broad
and structureless MMLCT bands possess maxima in the visible
region ranging from 508 nm (1) to 531 nm (4), with 2 and 3
falling between at 520 and 516 nm, respectively. The bzq-
containing structures (2 and 4) both exhibit the lowest-energy
MMLCT absorptions with respect to the ppy-carrying
chromophores 1 and 3. The electrochemical energy gaps in
these molecules are largely dominated by the N^C ligand
reduction potentials and are manifested directly in their
electronic spectra. This trend in the excitation energies for
the lowest-energy excited state (S0 → S1) is also observed in the
TD-DFT calculations. The more intense transitions below 350
nm are assigned as π−π* ligand-centered (LC) in character
mostly from the cyclometalating subunits, as confirmed by a
comparison to the spectra of the uncoordinated ligands. The
comparison of the experimental and stimulated electronic
spectra for 1−4 illustrates that the different optical transitions

Figure 5. (A) Cyclic voltammogram for the oxidation of 2 in acetonitrile with 0.1 M TBAPF6. A platinum disk was used as the working electrode, a
platinum wire as the counter electrode, and Ag/AgNO3 as the reference electrode. (B) Scan rate dependence of the cyclic voltammogram of 2 in
acetonitrile with 0.1 M TBAPF6.

Figure 6. Static electronic spectra of 1 (black), 2 (red), 3 (green), and
4 (blue) in THF.
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observed experimentally are modeled well by TD-DFT and
support the MMLCT and LC assignments described above
(Figure S26).
PL Spectroscopy. The PL spectra of all molecules in this

study are presented in Figure 7A. The four chromophores

feature a similar broad and featureless emission profile with a
fairly large apparent Stokes shift (∼6000 cm−1), consistent with
the PL radiating from a triplet charge-transfer excited state. The
emission maximum red-shifts across the series from 726 nm in
1 to 777 nm in 4. Unlike the absorption spectra, the PL spectra
appear to be sensitive to the nature of the bridging ligand, with
the most red-shifted compounds bridged by PhPyO ligands.
The only major structure difference relates to the presence of
the 6-phenyl substituents on the bridging hydroxypyridine
ligands in 3 and 4 that could potentially yield shorter Pt−Pt
distances in these chromophores in the excited state at room
temperature. Unfortunately, this point remains speculative at
present, and we cannot confirm this trend using any
straightforward experiment. Upon cooling of the solutions to

solid glasses at 77 K in 2-methyltetrahydrofuran (MTHF), the
expected rigidochromic blue shift of all molecules was
observed; however, the relative energetic ordering across the
series changed (Figure 7B). At 77 K, the molecules containing
the MePyO bridging ligands (1 and 2) blue shift approximately
750 cm−1 with respect to room temperature, whereas the
PhPyO-bridged dimers (3 and 4) are significantly more blue-
shifted by ∼1275 cm−1. This ultimately results in the ppy
cyclometalates having the highest-energy PL at 77 K (1 and 3),
whereas the complexes containing the bzq ligand (2 and 4)
have the lowest-energy PL in the series (1 > 3 > 2 > 4). This
illustrates that the differences in the energies of the 77 K PL are
mainly due to the relative π* energies of the cyclometalating
ligands, simply echoing the absorption spectra and electro-
chemical data, and are not resulting from the nature of the two
bridging ligands utilized. This is not surprising because the rigid
glass environment markedly restricts the inner-sphere reorgan-
ization necessary to bring the two platinum centers closer
together after depopulating the dσ* orbital in the MMLCT
transition. The thermally induced Stokes shift observed in each
of these molecules is also consistent with the charge-transfer
character exhibited by these MMLCT excited states.82−84

The single-exponential PL intensity decays of the four
molecules were measured in deoxygenated THF at room
temperature following pulsed-laser visible-light excitation (λex =
465 nm); the combined data are presented in Table 4. The
excited-state lifetimes systematically decrease with respect to
the 3MMLCT emission maximum, initially suggesting that the
energy-gap law (i.e., nonradiative decay) was dictating the
excited-state decay in these molecules. Described initially by
Jortner and co-workers, the energy-gap law predicts that, for a
series of related chromophores with similar electronic excited
states, the nonradiative decay rate is largely determined by the
vibrational overlap between the ground and excited states.85,86

Given that the vibrational states of S0 are generally similar
across a series of related chromophores, a smaller energy gap
between S0 and S1 (or T1) will result in a larger vibrational
overlap between these states, consequentially increasing the
nonradiative decay rate constant (knr).

87 As described by
Schanze and co-workers, the simplified relationship between
the energy (E00) and the nonradiative rate constant (knr) can be
mathematically related through the use of eq 1a, where E00 is
the energy between S0 and S1 (or T1), Sm is the Huang−Rhys
factor (i.e., the electron−vibration coupling constant), ℏωm is
the average of medium-frequency vibrational modes, and α is
the series of terms that are nearly invariant with E00.
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Table 4. Spectroscopic and Photophysical Properties of 1−4 in THFa

complex λabs, nm (ε, M−1 cm−1)b
λem

(nm)b
Φem
(%)c λem (nm) at 77 K τem (μs) at RT, 77 K

τTA
(ns)

kr × 10−4

(s−1)d
knr × 10−6

(s−1)e

1 375 (3240), 508 (2580) 726 3.97 685 0.328, 3.59 341 11.6 2.92
2 296 (22300), 390 (5860), 520 (1830) 738 1.88 703 0.216, 2.43 208 9.03 4.80
3 305 (25800), 375 (4430), 516 (3320) 766 0.51 697 0.056, 3.27 55.9 9.12 17.9
4 310 (24800), 413 (6090), 531 (2060) 777 0.33 707 0.040, 2.27 40.3 8.19 24.8

aRoom-temperature (RT) measurements were performed in THF, and 77 K measurements were performed in MTHF. bAbsorption and emission
maxima, ±2 nm. cQuantum yield measurements were performed using deaerated [Ru(bpy)3](PF6)2 in acetonitrile as the standard (λem = 621 nm;
ΦPL = 0.095),66 values ±5%. dkr = Φ/τ. eknr = (1 − Φ)/τ.

Figure 7. (A) PL spectra of 1 (black line), 2 (red line), 3 (green line),
and 4 (blue line) in THF at room temperature. (λex = 465 nm). The
samples were deaerated using the freeze−pump−thaw method. (B) PL
spectra of 1 (black line), 2 (red line), 3 (green line), and 4 (blue line)
at 77 K in MTHF glasses (λex = 515 nm).
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Using the measured PL quantum yields and the observed
single-exponential excited-state lifetimes, radiative (kr) and
nonradiative (knr) rate constants were calculated for each
chromophore (Table 4). Plotting ln(knr) versus Eem revealed a
linear relationship (Figure 8), supporting the notion that knr

dominates excited-state decay processes, as seen in many
MLCT complexes.82,87−89 The slope for the line in Figure 8
was found to be −4.1 × 10−4 cm−1, which is significantly
smaller than that observed in rhenium(I) and platinum(II)
MLCT complexes (slopes of −9.1 × 10−4 and −1.18 × 10−3

cm−1, respectively).82,88 The slope of this energy-gap relation-
ship is significant because it corresponds to γ0/ℏωm, implying
that the acceptor vibrational mode plays a large role in the
nonradiative deactivation of the excited state. The acceptor
vibrational modes reported in the rhenium(I) and platinum(II)
complexes were thought to correspond to diimine C−C ring-
stretching vibrations (ℏωm ∼ 1300 cm−1), supported by the
observation of the vibronic structure in low-temperature
emission spectra. In addition, when Schanze and co-workers
used 1300 cm−1 as the ℏωm value to simulate the bpy ring-
stretching modes, they found good agreement between their
calculated and experimental least-squares fit.82 Because the
slope is significantly smaller in the current platinum(II) dimer
series, it can be assumed that another acceptor vibrational
mode(s) is likely the primary nonradiative deactivation pathway
for the excited state. However, using only four related
molecules spanning a ∼2000 cm−1 emission energy range
combined with significant differences in rigidity between the
ppy and bzq ligands renders any additional quantitative
comparisons too speculative at present.90 We will note that
the ppy ligand is akin to 2,2′-bpy-containing transition-metal
complexes, whereas the bzq ligand is structurally related to
1,10-phen-containing molecules.90 Therefore, 1 and 3 would be
expected to exhibit different energy-gap law behaviors with
respect to 2 and 4, which is not the case for the data presented
in Figure 8. Fortunately, this can be addressed in the future
using one type of N^C acceptor ligand in combination with

systematically varied N^O bridging ligands that will undoubt-
edly facilitate more quantitative comparisons.

Transient Absorption Spectroscopy. The prompt (∼15
ns) excited-state difference spectra for each molecule in this
study are presented in Figure 9. The excited-state difference

spectrum for 1 features broad excited-state absorptions at 350,
450, and 575 nm and a weak ground-state bleach located at 510
nm. The decays of these transient features kinetically match
each other (and the PL intensity decay experiments) and are all
adequately fit to a single-exponential function with a time
constant of 341 ns, signifying that the difference spectra are
demonstrative of the lowest-energy triplet MMLCT excited
state. The excited-state difference spectrum for 2 possesses
broad excited-state absorptions at 450 and 575 nm and ground-
state bleaches located at 405 and 520 nm. Similar to 1, the
transient features decay with comparable single-exponential
time constants (208 ns). The transient absorption features of 3
and 4 are similar to those observed in 1 and 2, respectively,
albeit red-shifted by about 10 nm. Because the π*
chromophoric ligand in 1 and 3 is ppy and that in 2 and 4 is
bzq, it is expected that they would have self-consistent transient
absorption difference spectra because each radical anion would
be localized on either ppy or bzq, generating most of the
observed excited-state absorption features. Unfortunately, the
irreversibility in the first ligand-localized reduction in both
classes of chromophores inhibited quantitative spectroelec-
trochemistry, and the coincidence of the transient features
remains the best mode of comparison. The transient features of
3 and 4 decay with single-exponential time constants of 56 and
40 ns, respectively. The transient absorption kinetics of all four
complexes illustrate clear-cut repopulation of the ground state
from the lowest-energy excited state and quantitatively match

Figure 8. Plot of ln(knr) versus emission energy for the MMLCT
excited states in 1−4.

Figure 9. Excited-state absorption difference spectra of 1 (A), 2 (B), 3
(C), and 4 (D) in THF with 520 nm pulsed excitation (3 mJ/pulse, 7
ns fwhm). The samples were deaerated using the freeze−pump−thaw
method. Each difference spectrum was measured promptly with a 10
ns gate width.
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the PL intensity decays measured. Without question, the
absorption transients are clearly reporting on the MMLCT-
based excited state in each instance, and the signals appear to
be sufficient for probing coherence phenomena in these new
molecules.

■ CONCLUSIONS

In summary, four new platinum(II) dimers using ppy and bzq
cyclometalates in concert with 6-methyl- or 6-phenyl-
substituted 2-hydroxypyridyl bridging ligands were synthesized
and thoroughly characterized in terms of structure, electro-
chemistry, and photophysics. These newly conceived N^O-
bridged chromophores are both thermally and photochemically
stable and are not susceptible to oxidative addition in
halogenated solvents. These N^O-bridged complexes were all
isolated exclusively as anti isomers that feature high solubility in
both coordinating and noncoordinating solvents, making these
molecules valuable for both fundamental investigations and
emerging applications. All of these molecules display visible
absorption bands beyond 500 nm and MMLCT-based red PL
above 700 nm at room temperature with high PL quantum
yields and long excited-state lifetimes. The energy-gap law was
successfully applied to this series of chromophores, document-
ing this behavior for the first time in molecules possessing
MMLCT excited states. Finally, 2 was shown to have the
shortest Pt−Pt distance [2.8155(3) Å] reported for a MMLCT
complex to date. This report illustrates that entirely new classes
of MMLCT chromophores can be envisioned using bridging
pyridyl hydroxides in cooperation with various C^N cyclo-
metalates to achieve photophysical properties suitable for
excited-state electron- and energy-transfer chemistry. Because
these molecules are able to absorb beyond 500 nm, newly
conceived ultrafast laser experiments intended to probe
electronic and/or vibrational coherence phenomena in these
chromophores can now be realized.
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