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ABSTRACT: A new class of cyclometalated pyridine N-heterocyclic carbene (NHC) Pt(II) complexes with electronically
different alkyne derivatives (CCR; R = C6H4C(CH3)3 (1), C6H5 (2), C6H4F (3), C6H3(CF3)2 (4)) as ancillary ligands were
synthesized, and the consequences of the electronic properties of the different substituted phenylacetylene ligands on the
phosphorescent emission efficiencies were studied, where CCC6H4C(CH3)3 = 4-tert-butylphenylacetylene, CCC6H5 =
phenylacetylene, CCC6H4F = 4-fluorophenylacetylene, and CCC6H3(CF3)2 = 3,5-bis(trifluoromethyl)phenylacetylene.
Structural characterization, electrochemistry, and photophysical investigations were performed for all four compounds. Moreover,
the emission quantum efficiencies and wavelength emission intensities of the complexes were also recorded in different weight
percents in poly(methyl methacrylate) films (PMMA) and evaluated in the CIE-1931 chromaticity diagram. The square planar
coordination geometry with the alkynyl ligands was corroborated for complexes 1, 2, and 3 by single crystal X-ray diffraction
studies. These complexes show tunable monomeric high energy triplet emission and an additional concentration-dependent low-
energy excimer-based phosphorescence. While adopting weight percent concentrations between 15 and 25%, the two emission
bands covering the entire visible spectrum were obtained with these particular complexes displaying the properties of an efficient
white light triplet emitter with excellent CIE-1931 coordinates (0.31, 0.33). On the basis of the high luminescent quantum
efficiency of over 50% for white light emission, these compounds could be potentially useful for white organic light-emitting
diodes (WOLEDs) based applications.

■ INTRODUCTION

New efficient light-emitting materials have attracted a broad
range of potential applications in the fields of sensors, storage,
photoelectronic devices, and optical devices. Transition metal
complexes with suitable ligands allow tailoring the properties
for a specific application that requires light emission. In
particular, extensive investigations on transition metal com-
plexes as triplet emitters for application in organic light emitting
devices (OLEDs) have been carried out. Owing to the
interesting photophysical properties of iridium(III) and
platinum(II) complexes, they have been the most widely
investigated metal centers. Although there has been significant
progress made toward obtaining highly efficient as well as stable
green and red emitters, much progress is desired in the area of
blue and white light emitting complexes because of its necessity
in creating full-colored OLED displays and WOLEDs for solid-
state lighting appliances.

Hence, the investigations into white-light emitting materials
have increasingly gained attention.1 Most of the materials to
obtain white light emission reported to date consist of a
multicomponent system of various emitters like red, green, and
blue or blue and orange to cover the entire visible
electromagnetic spectrum.2 The disadvantage of such white
light emitting systems involves the complicated mixing or
doping processes, which may cause problems such as color
aging, formulation issues, and complicated device engineering.3

In contrast to the multicomponent system, the use of a single-
compound entity to yield direct white-light emission has been
demonstrated to improve the negative aspects of the different
mixing and doping procedures of combined emitters, leading to
a simplified production of efficient high quality white light.4 For
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this reason, the investigations of new single component
emitters that can directly generate white light are highly
desired.
In order to realize white light emission based on a single

component, the propensity of complexes to form excimers
could be utilized. In particular, the square planar geometry of
bipyridine Pt(II) bisalkyne complexes has been shown to
promote excimer formation resulting in an emission at lower
energy.4c,5 Earlier studies on biscyclometalated Pt(II) com-
plexes bearing strong donor ligands exhibit white light emission
through controlled intramolecular−intermolecular interactions.
They display low-energy metal−metal to ligand charge transfer
(MMLCT) or π(ligand)···π(ligand) excimeric excited states,
leading to bathochromic shifts in emission energies of excimers
compared to the monomeric species.6 Pt(II) bisalkyne
complexes bearing phosphine and bipyridine ligands have
been previously shown to possess luminescent properties in
solution at room temperature in the green and red region of the
electromagnetic spectrum and have been investigated for
OLED and solar cell applications.5a−c In particular, bipyridine
bound Pt(II) bisalkyne complexes show excimer formation that
results in emission properties dictated by the electronics of the
bipyridine as well as the alkynes. These complexes display
emission only in the green and red parts of the electromagnetic
spectrum.5a−c In order to obtain a white light emission, it is
required to have part of the emission in the blue region of the
electromagnetic spectrum in addition to the red/orange region.
To accomplish the targeted white light emission, we sought to
replace the bipyridine and phosphine ligands with a chelating
pyridine NHC ligand. Such an excimeric based white light
emission has been scarcely observed in the case of
monocyclometalated compounds bearing NHC.7 Pyridine
NHC ligands were chosen since the strong σ-donor property
of the NHC ligands was expected to be effective in separating
the nonradiative d−d states from the radiative states as well as
in conjunction with the pyridine moiety destabilizing the
LUMO, thereby resulting in a deep blue emission for the
complex without any excimer formation.6e Previous studies
with Ru(II) and Ir(III) complexes bearing pyridine NHC
ligands show a considerable blue shift in the emission energies
and significant enhancements in emission efficiencies in
comparison to the corresponding bipyridine analogues.8

In this context, we sought to utilize the Pt(II) bisalkyne motif
to achieve white light emission based on excimer formation.
Although transition metal bisalkyne complexes have been
investigated for their interesting redox and luminescent
properties, there are no reports of them displaying any white
light emission until now. The alkyne ligand is expected to play
the role of a chromophore that allows tuning the emission color

as well as to effectively control the steric requirements. In
addition, the square planar geometry of Pt(II) was expected to
pave the way to intermolecular interactions, resulting in
aggregation and leading to lower energy emission induced by
excimer formation that could be effectively controlled by
variation of the concentration to further shift the emission
properties from cold (2500−3000 K) to warm (4000−5000 K)
white light depending on the requirement.9 Such a design
strategy was assumed to result in an overall phosphorescence
emission in the high-energy and low-energy spectral regions
covering the entire visible spectrum leading to a single molecule
white light triplet emitter.
Herein, we report a new series of pyridine NHC platinum

complexes supported by electronically different acetylide
ligands to tune and control the emission efficiency as well as
color purity of the resulting white light emission. The
complexes show high quantum efficiencies with precise
tunability of emission energies of the monomer and excimer
emission, which could make these compounds suitable for
application in solution processed WOLEDs.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. Compounds 1−4 were
synthesized as yellowish solids in 41−77% yields starting from
the different cyclooctadiene-Pt(II)-bisacetylene derivatives and
successive substitution of the 1,5-cyclooctadiene (COD) with
[1-isopropyl-3-(2-pyridyl)-imidazole-2-ylidene] silver(I) iodide
according to the synthetic strategy shown in Scheme 1. All the
compounds were characterized by 1H, 13C, and 19F NMR; IR;
and elemental analysis. The 1H NMR signals of the
cyclometalating moiety of complexes 1−4 displayed only
marginal deviations in the chemical shifts relative to their
electron withdrawing character of the ancillary acetylene
derivatives. In a comparison between the unbound ligand and
the final metal complexes, the two imidazole protons showed
an upfield shift (δΔ) from 8.32 and 7.48 ppm to 7.55−7.63 and
7.15−7.21 ppm, respectively. A downfield shift (δΔ) was
observed for the α proton of the pyridyl unit from 8.56 ppm in
the free ligand to a range from 9.63 to 9.83 ppm for the final
complexes. The 13C NMR spectrum of 1 revealed a
characteristic signal for the quaternary carbon of the
carbene−metal bond attached to the platinum center at 174.7
ppm, while the greatest shift of this corresponding resonance
was found for 4 at 173.6 ppm. The 19F NMR studies of 3
revealed the resonances for the two monofluorinated acetylene
derivatives standing trans to two different ligands as two
multiplets at −116.7 and −117.2 ppm. Owing to the presence
of two chemically inequivalent 3,5-bis(trifluoromethyl)-

Scheme 1. Synthetic Pathway for Complexes 1−4
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phenylacetylene ligands, two resonances at −63.8 and −63.9
ppm were observed as singlets.
Crystal Structure Determination. Suitable single crystals

appropriate for X-ray diffraction analysis of 1−3 were obtained
via slow diffusion of hexane into a dichloromethane (CH2Cl2)
solution containing small amounts of the compound. Detailed
crystallographic analyses and further information on data
collections are summarized in Table 1. Selected bond angles
and distances are provided in Table S1 (Supporting
Information). The obtained Pt(II) complexes possess a
square-planar geometry with a small distortion that could be
attributed to the steric encumbering of the ligand (Figure 1).
The Pt−N and Pt−Ccarbene bond lengths were found in the
narrow ranges 2.084(5)−2.089(3) Å and 1.997(6)−2.017(4) Å,
which indicate that the bonds are not significantly influenced by
the electronically different alkyne ligands. On the other hand,
the Pt−C bond length between the metal and the acetylide
ligand trans to the carbene (1.992(6)−2.037(4) Å) is
significantly longer in all structures than the one involving
the other acetylide trans to the nitrogen atom (1.938(7)−
1.952(3) Å). This trans effect leads to a difference of 0.064(5)
Å in 1, 0.054(9) Å in 2, and 0.071(5)−0.085(5) Å in 3 (two
crystallographically independent molecules) between the Pt−
Calk bonds. These bond distances correspond well to those
found in the literature. Indeed, in the crystal structures of
bipyridine bisacetylide Pt(II) complexes, the Pt−Calk bond
distances range from 1.925(11) to 1.977(7) Å (70 over 77 hits
used, obtained from the Cambridge Structural Database) while
in the seven previously reported crystal structures of bis-
carbene bis-acetylide Pt(II) complexes showing trans carbene-

acetylide moieties, the Pt−Calk bond distances are longer in the
range 1.990(9)−2.026(10) Å.10 The triplet excimer formation
in platinum-based phosphors has been theoretically investigated
using density functional theory (DFT) and time-dependent
DFT by Bredas and Kim.11 It could be assumed that the Pt···Pt
bimetallic interactions play a critical role in the triplet excimer
formation of Pt(II) molecules and that the interligand π···π
interactions are important in the ground state dimer structure.
Our complexes exhibit modest π···π and Pt···Pt interactions as
indicated by the shortest intermolecular π···π interaction of
3.551(2) Å and the shortest Pt···Pt distance of 5.6856(4) Å
both observed in the crystal structure of 3 (see Table S2 in the
Supporting Information). The lack of intermolecular inter-
actions in the crystal structures of our compounds does not
necessarily state that the formation of a ground-state dimer or
excimer is prohibited. Due to the square-planar geometry of the
complexes and coplanarity of the ligands, we can even assume
that under some conditions intermolecular π···π and Pt···Pt
interactions may exist in the solid state for such compounds.
The three polymorphs we recently reported for the same
Au(III) compound showing various cell parameters, crystal
systems, space groups, and consequently different molecular
packings are a good example to not draw definitive conclusions
only based on crystal structures.12

Photophysical Properties. The UV/vis absorption spectra
of 1−4 in CH2Cl2 at 298 K are shown in Figure 2. All four
complexes display a strong band at wavelengths below 300 nm
and a moderate intense absorption band at 320−420 nm. On
the basis of the spectroscopic studies and the DFT and
TDDFT calculations, the high energy absorption bands are

Table 1. Crystal Data and Structure Refinements for 1−3

1 2 3

CCDC number 1039496 1039497 1039498
empirical formula C35H39N3Pt C27H23N3Pt C27H21F2N3Pt
formula weight 696.78 584.57 620.56
temperature/K 183(1) 183(1) 183(1)
cryst syst monoclinic orthorhombic triclinic
space group P21/c Pbca P1 ̅
a/Å 14.83670(12) 10.2144(3) 12.2534(4)
b/Å 14.15225(10) 16.6314(6) 14.7691(5)
c/Å 15.38219(11) 26.3951(8) 14.9032(4)
α/deg 90 90 112.588(3)
β/deg 106.7338(8) 90 105.915(3)
γ/deg 90 90 97.166(3)
volume/Å3 3093.06(4) 4484.0(2) 2312.91(14)
Z 4 8 4
ρcalcd, g/cm

3 1.496 1.732 1.782
μ/mm−1 4.563 6.277 6.102
F(000) 1392.0 2272.0 1200.0
cryst size/mm3 0.15 × 0.13 × 0.02 0.47 × 0.19 × 0.03 0.28 × 0.19 × 0.13
radiation Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073)
2Θ range for data collection/
deg

4.426−54.97 4.928−52.744 5.22−61.014

index ranges −19 ≤ h ≤ 19, −18 ≤ k ≤ 18, −19 ≤ l ≤
19

−12 ≤ h ≤ 12, −20 ≤ k ≤ 20, −32 ≤ l ≤
32

−17 ≤ h ≤ 17, −21 ≤ k ≤ 21, −21 ≤ l ≤
21

reflections collected 60807 36605 52346
independent reflections 7098 [Rint = 0.0278, Rsigma = 0.0147] 4582 [Rint = 0.0496, Rsigma = 0.0279] 14118 [Rint = 0.0433, Rsigma = 0.0413]
data/restraints/params 7098/0/360 4582/6/282 14118/0/599
goodness-of-fit on F2 1.114 1.239 1.054
final R indexes [I ≥ 2σ(I)] R1 = 0.0264, wR2 = 0.0555 R1 = 0.0464, wR2 = 0.0782 R1 = 0.0291, wR2 = 0.0594
final R indexes [all data] R1 = 0.0310, wR2 = 0.0577 R1 = 0.0572, wR2 = 0.0817 R1 = 0.0454, wR2 = 0.0668
largest diff. peak/hole/e Å−3 3.17/−1.70 2.02/−1.48 1.98/−0.98
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assigned to a mixture of metal-perturbed 1ILCT[πalk→πalk*]
and 1LLCT[πalk→πalk*] transitions and the lower energy band

mainly to 1LLCT[πalk→πN^C*] and 1MLCT[d→πN^C*] tran-
sitions. The edge of the low energy absorption in 2−4 are
slightly blue-shifted by 10−20 nm in comparison to 1, which is
consistent with the nature of the electronic substituents
attached at the alkyne ligand. Solvent dependent UV/vis
absorption studies carried out on the exemplary complex 4
revealed a negative solvatochromic behavior of the lowest
energy absorption band strongly suggestive of different ground
and excited-state dipole moments (see Figure S1 in the
Supporting Information). This observation is similar to the
behavior reported for the bipyridine Pt(II) dialkyne complex-
es.5a−c While 1 wt % of 1−4 in poly(methyl methacrylate)
(PMMA) films showed broad and structureless emission bands
with λmax in the range 459−480 nm with emission quantum
yields of 51−59%, the complexes displayed no luminescence in
solution at room temperature (Table 2, Figure S2 in the
Supporting Information). This nonemissive behavior in
solution at room temperature is in contrast to the property
previously reported for bipyridine Pt(II) and bisNHC Pt(II)

Figure 1. Molecular structures of 1−3, with displacement ellipsoids drawn at the 30% probability level. Selected hydrogen atoms are omitted for
clarity.

Figure 2. UV/vis spectra of 1 (c = 1.62 × 10−5 M), 2 (c = 4.58 × 10−5

M), 3 (c = 1.87 × 10−5 M), and 4 (c = 3.39 × 10−5 M) in CH2Cl2.
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Table 2. Photophysical Data Including Radiative and Non-Radiative Decay Rates of 1−4 at 298 K

absorption (CH2Cl2) emission (in PMMA)

complex λmax/nm (ε/M−1cm−1) concentration λmax/nm (τ/μs) ϕem/% kr/ × 105 s−1 knr/ × 105 s−1

1 266 (26586), 362 (8038) 1 wt % 480 (1.59) 57.5 3.61 2.67
3 wt % 479 33.3
10 wt % 483 13.0
15 wt % 482 7.5
20 wt % 488 9.6
50 wt % 487 5.6
80 wt % 494, 577 (0.51) 1.8

2 272 (38390), 367 (12215) 1 wt % 468 (1.23) 50.9 4.14 4.00
3 wt % 472 43.1
10 wt % 474 20.8
15 wt % 476 15.3
20 wt % 478, 580 48.2
50 wt % 486, 594 33.6
80 wt % 594 (0.43) 23.9

3 268 (31563), 365 (9629) 1 wt % 465 (1.52) 53.2 3.50 3.08
3 wt % 467 28.2
10 wt % 470 19.1
15 wt % 473 16.5
20 wt % 476 23.1
50 wt % 485, 585 24.3
80 wt % 485, 589 (0.59) 13.1

4 281 (41532), 360 (15611) 1 wt % 459 (5.72) 58.6 1.02 0.72
3 wt % 460 41.5
10 wt % 460 27.3
15 wt % 460, 572 17.6
20 wt % 462, 576 22.3
50 wt % 461, 581 12.8
80 wt % 463, 587 (0.60) 12.5

Figure 3. Concentration dependent emission spectra of complexes 1 (top left), 2 (top right), 3 (bottom left), 4 (bottom right) in PMMA films.
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complexes.5a−c,10a The thermal quenching of the emission in
solution at room temperature could be caused by the solvent
molecules.5g The excited state lifetimes for the complexes are
similar to those of other Pt complexes reported in the
literature.5a,c,13 The measured monomer and excimer lifetimes
differ by a factor between 3 and 10, and both emission lifetimes
are located in the lower microsecond time range (Table 2). The
origin of the monomeric emission in PMMA is tentatively
assigned to come from an excited state composed of an
admixture of 1LLCT, 3LLCT, 1MLCT, and 3MLCT. This is
similar to the earlier assignments made for related complexes.14

As expected, upon increasing the weight percentage of the
complex in the PMMA films, a low-energy emission was
observed. Figure 3 illustrates that the high-energy emission
band at 460−480 nm decreases in intensity, while a low-energy
emission band at around 575−595 nm developed as the
concentration of the complex was increased from 10−80 wt %
with respect to the PMMA. While a maximum emission QY
was obtained at 20 wt %, self-quenching was observed upon
further increasing of the concentration.15 Due to the fact that
the excitation spectrum for the monomeric emission at 1 wt %
in PMMA remains the same as the one from the red-shifted
orange emission in 80 wt % PMMA, it can be assumed that the
low-energy emission arises from an excimer rather than a
ground-state dimer that is based on strong metal−metal
interactions (see Figure S3 in the Supporting Information).
An additional confirmation for the lack of metal−metal
interactions leading to the observed excimer formation lies in
the absence of additional low-energy absorption bands in the
UV/vis measurements that correspond to metal to metal ligand

charge transfer (MMLCT) upon increasing the concentration
of the complex.
To further study the excimer-induced behavior of the

complexes, the excitation spectra and photoluminescence
spectra were determined in PMMA spin coated films at
different weight concentrations. Upon reaching 10 wt %, the
films exhibited two emission bands with λmax at approximately
460 and 570 nm. They showed a bright white photo-
luminescence covering the entire visible spectrum due to the
presence of monomeric and excimeric emission. From the
emission spectra intensities, the CIE-1931 diagrams with its
coordinates were determined for all four complexes (Figure 4
and Table S3). For complex 4 at a concentration of 20 wt % in
PMMA, CIE coordinates of x = 0.31 and y = 0.33 were
obtained, which are very close to the intended pure white light
(x = 0.33, y = 0.33). Moreover, the CIE coordinates were found
to be tunable depending on the weight percentage of the
respective complexes doped in the PMMA matrix.

DFT and TD-DFT Calculations. The absorption and
emission properties of the new series of compounds were
investigated by DFT and TDDFT using the hybrid functional
PBE1PBE in conjunction with the Stuttgart/Dresden effective
core potentials (SDD) basis set for the Pt center and the
standard 6-31+G(d) basis set for the remaining atoms (for
details, see the Supporting Information). The TDDFT
calculations based on the DFT optimized ground state
geometries S0 are summarized in Table 3. For all complexes,
the S0→S1 transition (HOMO→LUMO excitation), which
corresponds to an admixture of ligand-to-ligand charge transfer
(1LLCT) and metal-to-ligand charge transfer (1MLCT)

Figure 4. CIE-1931 diagrams of 1−4 at different concentrations in PMMA. a = 1 wt %, b = 3 wt %, c = 10 wt %, d = 15 wt %, e = 20 wt %, f = 50 wt
%, g = 80 wt %.
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Table 3. Selected TD-DFT/CPCM Singlet (Sn with n = 1−25) and Triplet (Tm with m = 1−2) Excited States (in
Dichloromethane) with Vertical Excitation Energies (nm), Transition Coefficients c (with c > 0.2), Orbitals Involved in the
Transitions, and Oscillator Strengths f (with f > 0.05, except for S1) for Compounds 1−4

1 2 3 4

exp. abs., λmax
a 266, 362 nm 272, 367 268, 365 281, 360

singlet excited states Sn
b n = 1 n = 1 n = 1 n = 1

417.2 ( f = 0.071) 403.5 ( f = 0.016) 405.8 ( f = 0.048) 367.6 ( f = 0.063)
H→L (c = 0.68)f H→L (c = 0.69) H→L (c = 0.69) H→L (c = 0.69)
n = 2 n = 4 n = 2 n = 3
385.3 (0.144) 336.3 (0.264) 376.6 (0.113) 334.9 (0.231)
H-1→L (0.67) H-3→L (0.64) H-1→L (0.65) H-2→L (0.64)
n = 4 n = 10 n = 4 n = 4
332.5 (0.126) 277.0 (0.248) 330.3 (0.113) 324.8 (0.092)
H-3→L (0.62) H→L+2 (0.59) H-3→L (0.53) H-3→L (0.61)
n = 6 n = 11 H-4→L (0.43) H-4→L (0.30)
327.9 (0.103) 275.6 (0.469) n = 9 n = 11
H→L+1 (0.53) H-1→L+2 (0.47) 280.2 (0.381) 288.4 (0.238)
n = 9 n = 12 H→L+2 (0.64) H-1→L+1 (0.50)
286.2 (0.482) 271.5 (0.157) n = 12 H→L+4 (0.21)
H→L+2 (0.65) H-7→L (0.50) 272.2 (0.107) H-3→L+5 (0.20)
n = 12 H→L+3 (0.29) H-5→L (0.50) H-2→L+1 (0.20)
271.8 (0.369) H-1→L+2 (0.22) n = 15 n = 12
H-1→L+2 (0.45) n = 13 266.7 (0.239) 285.8 (0.544)
H-2→L+2 (0.34) 270.7 (0.140) H→L+3 (0.59) H→L+5 (0.61)
H→L+3 (0.29) H→L+3 (0.39) n = 16 n = 13
n = 13 H-2→L+2 (0.22) 265.7 (0.066) 281.2 (0.165)
270.2 (0.175) n = 14 H-2→L+3 (0.41) H→L+4 (0.58)
H→L+3 (0.52) 268.2 (0.108) H→L+3 (0.25) n = 17
n = 14 H-2→L+3 (0.45) H-3→L+2 (0.23) 271.4 (0.175)
267.2 (0.118) H-1→L+3 (0.34) n = 18 H-2→L+4 (0.42)
H-2→L+2 (0.38) n = 18 261.8 (0.358) H→L+5 (0.22)
H-2→L+3 (0.25) 260.3 (0.294) H-1→L+2 (0.48) H-5→L (0.20)
H-5→L (0.23) H-1→L+2 (0.38) H-2→L+2 (0.33) n = 19
n = 18 H-3→L+2 (0.28) n = 19 268.2 (0.114)
264.9 (0.191) H→L+3 (0.22) 257.7 (0.135) H-3→L+1 (0.41)
H-2→L+3 (0.36) n = 21 H-1→L+3 (0.56) n = 21
n = 19 254.7 (0.101) H→L+6 (0.29) 264.1 (0.137)
260.7 (0.156) H-1→L+3 (0.53) H-5→L (0.51)
H-1→L+3 (0.53) H→L+6 (0.22) H-3→L+1 (0.44)
H→L+6 (0.20) n = 25
n = 21 245.5 (0.067)
258.7 (0.073) H-1→L+6 (0.47)
H-6→L (0.31) H-2→L+2 (0.26)
H-1→L+4 (0.30)
H-5→L (0.28)
n = 23
251.3 (0.051)
H-9→L (0.49)
H-8→L (0.36)

exp. em., λmax
c 480 nm 468 465 459

exp. em., λmax
d 494, 577 594 485, 589 463, 587

calcd. λmax
e 494 (2.51 eV) 490 (2.53 eV) 482 (2.58 eV) 468 (2.65 eV)

triplet excited states Tm
b m = 1 m = 1 m = 1 m = 1

451.7 nm 432.2 439.5 437.4
H→L (0.57) H-1→L (0.44) H→L (0.54) H→L+5 (0.46)
H→L+2 (0.24) m = 2 H→L+2 (0.25) m = 2
m = 2 418.1 H-1→L+3 (0.23) 426.7
435.0 H→L+3 (0.42) m = 2 H-1→L+4 (0.40)
H-1→L (0.47) H→L (0.28) 426.1 H→L+4 (0.22)
H→L+3 (0.32) H-1→L (0.42)
H-1→L+2 (0.30) H→L+3 (0.35)

H-1→L+2 (0.31)

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b02962
Inorg. Chem. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.inorgchem.5b02962


characters, is relatively weak ( f ≤ 0.07) since the overlap
between the molecular orbitals involved in the transition is
small: HOMO (H) is localized on the alkynyl ligands (75−

82%) and the Pt metal center (16−22%), while the LUMO (L)
is mainly localized on the monocyclometalated pyridine N^C
(84−86%) and on the Pt metal center (9−10%; Figure 5 for 2,

Table 3. continued

aRecorded at room temperature in CH2Cl2.
bTDDFT on the DFT optimized ground state geometry. cRecorded at room temperature at 1 wt % in

PMMA. dRecorded at room temperature at 80 wt % in PMMA. eSolvent-corrected (CH2Cl2) energy difference between the optimized ground state
and lowest triplet state (ZPE included). fH = HOMO, L = LUMO.

Figure 5. Spatial plots of selected frontier orbitals of the DFT optimized ground state of 2 (solvent effect included).

Table 4. Frontier Orbitals of the DFT Optimized Ground State (S0) Structures of 1−4: Energy Levels and Compositions
(Solvent Effect Included)

1 2

compositiona (%) composition (%)

MO energy (eV) N^C alk1 alk2 Pt energy (eV) N^C alk1 alk2 Pt

ground-state L+3 −0.46 1 24 72 3 −0.51 2 0 94 4
L+2 −0.62 16 60 11 13 −0.65 10 81 1 8
L+1 −1.28 98 0 0 2 −1.29 98 0 0 2
LUMO −1.95 85 4 1 10 −1.96 86 4 0 10
HOMO −5.71 2 20 62 16 −5.84 3 13 68 16
H-1 −5.91 6 63 23 8 −6.00 5 67 17 11
H-2 −6.30 6 25 36 33 −6.39 5 25 41 29
H-3 −6.54 17 31 28 24 −6.50 20 32 19 29

3 4

composition (%) composition (%)

MO energy (eV) N^C alk1 alk2 Pt energy (eV) N^C alk1 alk2 Pt

ground-state L+3 −0.52 1 20 72 7 −1.31 7 91 2 0
L+2 −0.65 17 61 10 12 −1.34 1 1 98 0
L+1 −1.30 98 0 0 2 −1.38 85 12 1 2
LUMO −1.98 85 4 1 10 −2.08 84 3 4 9
HOMO −5.84 2 21 61 16 −6.32 3 13 62 22
H-1 −6.04 6 61 24 9 −6.49 9 54 14 23
H-2 −6.38 7 27 32 34 −6.65 21 48 9 22
H-3 −6.60 18 27 30 25 −6.78 8 12 55 25

aN^C for the bidentate ligand, alk1 for the alkyne ligand trans to the N^C carbon atom, and alk2 for the alkyne ligand trans to the N^C nitrogen
atom.
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Table 4, Figures S4−S6, see in the Supporting Information).
The first significant absorption in the spectra is S0→S2 for 1
(oscillator strength f = 0.14) and 3 ( f = 0.11), S0→S3 for 4 ( f =
0.23), and S0→S4 for 2 ( f = 0.26). The corresponding singlet
excited states have a similar 1LLCT[πalk→πN^C*]/

1MLCT[d→
πN^C*] character as the lowest singlet excited state S1, but the
occupied molecular orbitals involved in the transitions (H-1 for
1 and 3, H-2 for 4, and H-3 for 2), even similar to HOMOs, are
also slightly localized on the pyridine ligand (6−21%) which
provide a larger spatial overlap of the π and π* (LUMO for all
complexes) orbitals and consequently a small intraligand 1IL
character to the excited states. The largest oscillator strengths
observed in the 25 lowest singlet−singlet transitions (0.38 < f <
0.54) correspond to the excited singlet states S9 for 1 and 3, S11
for 2, and S12 for 4 with vertical energies in the range of 275−
286 nm. A detailed analysis of the π and π* orbitals involved in
these excited states (H→L+2 for 1 and 3, H-1→L+2 for 2, and
H→L+5) reveal that the frontier orbitals are largely localized
on the alkynyl ligands (71−84%), mainly on the alkynyl ligand
trans to the N^C carbon atom in the π orbitals and on the
alkynyl ligand trans to the N^C nitrogen atom in the π*
orbitals, with participation of the metal and to a lesser extent of
the pyridine N^C ligand. The intense and broad absorption
bands experimentally observed between 267 and 280 nm can be
mainly attributed to 1ILCT[πalk→πalk*] and metal-perturbed
1LLCT[πalk→πalk′*] transitions. Nevertheless, among the
calculated singlet excited states with a vertical excitation energy
below 300 nm, many of them exhibit significant oscillator
strengths: five singlet states for 1, four states for 2 and 4, and
three states for 3 with f greater than 0.15. Other transitions like
metal-to-ligand 1ML and ligand-to-ligand 1LL[πN^C→πalk*]
transitions also participate in these broad absorption bands
(see Figure S7 in the Supporting Information).
The singlet−triplet vertical excitations T1−S0 obtained by

CPCM/TDDFT calculations on the gas phase optimized
ground state structures S0 are given in Table 3. The lowest
energy triplet excited state T1 consists of 3LL[πalk→πN^C*]-
CT/3ML[d→πN^C*]CT character for each compound arising
mainly from HOMO→LUMO or HOMO−1→LUMO one-
electron excitations, π orbitals of the alkynyl ligands, and π*
orbitals of the N^C ligand with participation of the metal in π
and π* orbitals. The low-lying DFT optimized triplet state
structures obtained by unrestricted open-shell calculations are
in agreement with the T1−S0 transitions. The most significant
structural variations in the triplet state in comparison with the
corresponding singlet ground state of each compound are
mainly observed in the coordination sphere of the Pt center
with shorter Pt−N and Pt−Calkynyl bonds, but also with longer

alkynyl CC triple bonds (bonding CC character in π,
nonbonding in π*) leading to a relative reorientation of the
alkynyl benzene rings as a main consequence (Figures S8 and
S9, Table S4 in the Supporting Information). Indeed, the
benzene rings become more coplanar with the pyridine ligand
as indicated by the dihedral angles between the mean planes
calculated in the ranges of 54−84° and 0−28° for the ground
state and triplet state structures, respectively (Table S5 in the
Supporting Information). It is worth it to note that for
compound 4 the benzene ring of the alkynyl group trans to the
N^C carbon atom remains almost perpendicular to the pyridine
ligand (83.7 vs 81.1°) with no changes in the bond lengths
while the second benzene ring (from the alkynyl trans to the
N^C nitrogen atom) becomes perfectly coplanar with the
pyridine ligand in the triplet state (61.2 vs 0.5°). The calculated
vertical energies of the T1−S0 transitions underestimate the
experimental results recorded at room temperature at 1 wt % in
PMMA by about 30−40 nm. Interestingly, the emission
maxima computed as the solvent-corrected energy difference
between the DFT optimized singlet ground states (S0) and the
emitting triplet states (T1) only overestimate the same
experimental data by 9 to 22 nm. Furthermore, the relative
emission variations are better reproduced with the vertical
energies, which is another good indication that the open-shell
DFT calculations provide reliable emissive triplet state
structures. The spin density surfaces of the lowest triplet states
and the SOMOs obtained from restricted open-shell calcu-
lations reveal the origin of the emission and confirm the
3LLCT[πalk→πN^C*]/

3MLCT[d→πN^C*] character of the
emission process (Figure 6 for 2, Figures S10−S12 in the
Supporting Information).

Electrochemical Properties. Cyclic voltammetry studies
carried out for all four complexes in DMF at room temperature
showed a quasi-reversible reduction peak in the range −2.240
to −2.006 V (vs Fc0/+ couple) and an irreversible oxidation
peak in the range 0.533−0.712 V (Table 5 and Figures S13−
S16 in the Supporting Information). The quasi-reversible
reduction peak corresponds to the addition of an electron to an

Figure 6. Spin density surface (left) and singly occupied molecular orbitals (obtained by a restricted open-shell single point calculation on the
optimized triplet state geometry, solvent effect included) of the triplet state of 2 (middle, SOMO; right, SOMO-1).

Table 5. Cyclic Voltammetry Data of Complexes 1−4a

complex Eox/V ERed/V

1 0.533 −2.240
2 0.534 −2.006
3 0.544 −2.222
4 0.712 −2.125

aScan rate = 100 mV s−1 in 0.1 M [nBu4N][PF6] (carbon electrode; E
0

vs Fc+/ Fc; 20 °C; DMF).
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orbital composed of the NHC-pyridine ligand, the metal and to
a lesser extent also the alkyne ligands. This is consistent with
the significant changes in the reduction potentials observed
with different electronic substituents on the alkyne. While the
substitution with the electron donating t-butyl group at the 4-
position of the alkyne ligand strongly shifts the reduction to
more negative values, the electron withdrawing fluorine group
results in a less negative reduction potential. The irreversible
oxidation event is assigned to a HOMO centered process
involving metal and the acetylide ligands, which was found to
decrease with increasing electron density of the acetylide and is
in line with the observed shift in the absorption spectra as well
as the change in the energy of the emission wavelength. These
observations and assignments compare well with the previously
reported bipyridine Pt(II) bisalkyne complexes.5a−c

■ CONCLUSION
In conclusion, we have successfully designed and accomplished
white light emission with high quantum yields and tunability
from a single-component triplet emitter. To the best of our
knowledge, these are the first Pt(II) bisalkyne complexes that
offer exquisite control over the color purity of the white-light
emission induced by excimer based phosphorescence. DFT and
TDDFT calculations qualitatively confirmed the influence of
the alkyne ligands as well as the NHC pyridine ligand and the
platinum center on the excited state of the monomer emission.
The strong excimer formation of this class of complexes in
addition to the fine-tuning of the emission leading to high
quantum yields achieved through precise electronic control of
the substituents on the alkynes makes these complexes highly
promising for single component triplet emitter based
WOLEDs.

■ EXPERIMENTAL SECTION
General Procedure.10b,16 All manipulations requiring inert

atmosphere were carried out using standard Schlenk techniques
under N2 gas. 1H, 13C{1H}, and 19F NMR spectra were performed
using Bruker 400 and 500 MHz spectrometers. Chemical shifts (δ) are
given in parts per million (ppm). Residual proton (1H NMR
experiments) and carbon (13C NMR experiments) solvent peaks
were used as internal standards referenced to tetramethylsilane (δ 0.00
ppm). Fluorine (19F NMR experiments) spectra were referenced to
CFCl3 (δ 0.00 ppm). Coupling constants (J) are reported in Hertz
(Hz) using the following abbreviations for signal multiplicities: s
(singlet), d (doublet), t (triplet), q (quartet), sept (septet), m
(multiplet). The assignments were done either with routine 1D or 2D
NMR spectroscopies. Infrared (IR) spectra were recorded on a
Perkin−Elmer SpectrumTwo FT-IR Spectrometer equipped with a
Specac Golden GateATR (attenuated total reflection) accessory. The
samples were measured neat, and the frequencies (νmax) are given in
wavenumbers (cm−1). Samples for elemental microanalysis were
examined on a Leco CHNS-932 analyzer. For TLC analysis, precoated
Merck Silica Gel60F254 slides were used, and visualization was done
by luminescence quenching either at 254 or 365 nm. Column
chromatographic purification (length 15.0 cm; diameter 1.5 cm) of the
products was accomplished with silica gel 60, 230−400 mesh. The
UV/vis absorption measurements were performed on a PerkinElmer
Lambda 35 UV/vis spectrophotometer. Emission spectra were
recorded on an Edinburgh FLS920 spectrometer. As an excitation
source, a 450 W xenon lamp was used to excite at the lowest-energy
absorption maxima with an excitation slit width of 3−5 nm and
emission slit width of 5−10 nm. Absolute quantum yields ϕem were
measured using a F-M01 integrating sphere assembly with doped
poly(methyl methacrylate) (PMMA) thin films at 298 K (estimated
uncertainty ± 15%; with YAG:Ce powder as calibration reference: ϕem
= 97%). Phosphorescence lifetimes for monomeric emissions in

PMMA films were measured with an Edinburgh laser flash photolysis
spectrophotometer LP920. As an excitation source, a Nd:YAG laser
(355 nm) equipped with a single monochromator was used.
Phosphorescence lifetimes for excimeric emissions in thin films were
measured on the Edinburgh picosecond pulsed diode laser EPL-375
with 371.2 nm and 83.7 ps as excitation source. Photo excited emission
color CIE-1931 chromaticity diagrams were determined using
normalized emission spectra and the ColorCalculator Version 5.31
from Osram Sylvania. Cyclic voltammetry measurements were
performed with a Methrom 757 VA Computrace using a glassy
carbon electrode (d = 2 mm) with a Pt counter electrode versus Ag/
AgCl reference electrode.

All starting materials were obtained from commercial suppliers and
used as received unless otherwise stated. Chemicals that were used are
of reagent grade, and the solvents for synthesis were of analytical
grade.

Preparation. The ligands 1-isopropyl-3-(2-pyridyl)-imidazolium
iodide,17 [1-isopropyl-3-(2-pyridyl)-imidazole-2-ylidene] silver(I) io-
dide,17 3,5-bis(trifluoromethyl)phenylethynyltrimethylsilane,18 3,5-bis-
(trifluoromethyl)phenylacetylene,18,19 and precursors [Pt(COD)(C
CC6H4(

tBu))2]
20 (a), [Pt(COD)(CCC6H5)2]

20 (b), and [Pt-
(COD)(CCC6H4F)2]

10b (c) were synthesized according to the
reported literature.

General Procedure for the Synthesis of a−d. A total of 2 equiv
(with respect to the platinum precursor) of elemental sodium was
dissolved in dry EtOH (10 mL) under a nitrogen atmosphere. After
complete solvation, 2 equiv of the acetylene ligand was added with a
syringe. Under stirring and cooling in a cooling bath (liquid nitrogen
in EtOH/MeOH solution), 1 equiv of Pt(COD)Cl2 was added. After
addition, the cooling bath was removed and left to stir for 1 h. The
solvent was evaporated under reduced pressure. To the crude product
a small amount of CH2Cl2 was added to dissolve the product. After
adding hexane and sonication of the mixture, the product was purified
by precipitation and filtration. The resulting product was washed with
EtOH.

[Pt(COD)(CCC6H3(CF3)2)2], d. A brown solid was obtained. Yield:
58%. 1H NMR (500.25 MHz, CD2Cl2, 278 K): δ (ppm) 7.80 (s, 4H,
aromatic (arom.) o-CH) 7.68 (s, 2H, arom. p-CH), 5.77−5.68 (m, 4H,
CHCH), 2.67−2.57 (m, 8H, aliphatic CH2).

13C{1H}-NMR
(125.78 MHz, CD2Cl2, 278 K): δ (ppm) 132.0 (d, arom. o-CH),
131.6 (q, 2JCF = 32.7, arom. m-CH), 128.9 (s, Pt−CC), 123.8 (q,
1JCF = 272.9, CF3), 120.2 (sept,

3JCF = 3.8, arom. p-CH), 106.5 (d, CH
of COD), 105.2 (Pt−CC), 100.2 (s, Pt−CCC), 30.8 (t, CH2 of
COD). 19F-NMR (470.61 MHz, CD2Cl2, 298 K): δ (ppm) −63.8 (s,
6F, CF3). IR (ATR, cm−1): ν(CC) 2147, 2120. Elemental analysis
calcd (%) for C28H18F12Pt: C, 43.25; H, 2.33. Found: C, 42.77; H,
2.26%.

General Procedure for the Synthesis of 1−4. One equiv of
Pt(COD)(CCR)2 was dissolved in dry CH2Cl2 (50 mL) under a
nitrogen atmosphere. One equiv of [1-isopropyl-3-(2-pyridyl)-
imidazole-2-ylidene] silver(I) iodide was added to the solution
under exclusion of light. The reaction progress was monitored by
TLC. The crude products were purified by column chromatography
on silica gel. The product was obtained by evaporation of the solvent
under reduced pressure.

[Pt(iPrPyIm)(CCC6H4(
tBu))2], 1 (iPrPyIm = 1-Isopropyl-3-(2-

pyridyl)-imidazole). A yellow solid was obtained. Eluent: pure
EtOAc. Yield: 77%. 1H NMR (500.25 MHz, CD2Cl2, 278 K): δ
(ppm) 9.84−9.83 (m, 1H, Pt−NCH), 8.13−8.10 (m, 1H, Im−
CCHCH), 7.55 (d, 1H, 3JHH = 2.0, py−NCH), 7.49−7.48 (m, 1H,
Im−CCH), 7.42 (d, 2H, 3JHH = 8.5, arom. o-CH), 7.42−7.40 (m, 1H,
Pt−NCHCH), 7.30 (d, 2H, 3JHH = 8.5, arom. m-CH), 7.28 (s, 4H,
arom. o-CH and arom. m-CH), 7.18 (d, 1H, 3JHH = 2.0, iPr−NCH),
6.38 (sept, 1H, 3JHH = 7.0, CH(CH3)2), 1.54 (d, 6H, 3JHH = 7.0,
CH(CH3)2), 1.32 (s, 9H, Ph−C(CH3)3), 1.31 (s, 9H, Ph−C(CH3)3).
13C{1H}-NMR (125.78 MHz, CD2Cl2, 278 K): δ (ppm) 174.7 (s,
carbene), 153.2 (s, Im−CC4H4N), 151.8 (d, Pt−NCH), 148.8 (d,
arom. p-CH), 148.4 (d, arom. p-CH), 141.1 (d, Im−CCHCH), 131.5
(d, arom. o-CH), 131.2 (d, arom. o-CH), 125.9 (s, Pt−CCC), 125.8
(s, Pt−CCC), 125.4 (s, Pt−CC), 125.3 (s, Pt−CC), 125.2 (d,
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arom. m-CH), 125.2 (d, arom. m-CH), 123.5 (d, Pt−NCHCH), 119.0
(d, iPr−NCH), 115.7 (d, py−NCH), 110.6 (d, Im−CCH), 52.2 (d,
CH(CH3)2), 34.7 (s, C(CH3)3), 34.7 (s, C(CH3)3), 31.4 (q,
C(CH3)3), 23.1(q, CH(CH3)2). IR (ATR, cm−1): ν(CC) 2118,
2108. Elemental analysis calcd (%) for C35H39N3Pt: C, 60.33; H, 5.64;
N, 6.03. Found: C, 60.49; H, 5.56; N, 5.84%.
[Pt(iPrPyIm)(CCC6H5)2], 2. A yellow solid was obtained. Eluent:

EtOAc/Hexane 4:1. Yield: 41%. 1H NMR (500.25 MHz, CD2Cl2, 278
K): δ (ppm) 9.80−9.78 (m, 1H, Pt−NCH), 8.14−8.10 (m, 1H, Pt−
NCHCH), 7.59 (d, 1H, 3JHH = 2.5, py−NCH), 7.53−7.51 (m, 1H,
Im−CCH), 7.49−7.47 (m, 2H, arom. o-CH), 7.42−7.39 (m, 1H, Im−
CCHCH), 7.36−7.34 (m, 2H, arom. o-CH), 7.28−7.22 (m, 4H, arom.
m-CH), 7.19−7.11 (m, 3H, iPr−NCH and arom. p-CH), 6.31 (sept,
1H, 3JHH = 7.0, CH(CH3)2), 1.52 (d, 6H, 3JHH = 7.0, CH(CH3)2).
13C{1H}-NMR (125.78 MHz, CD2Cl2, 278 K): δ (ppm) 174.5 (s,
carbene), 153.2 (s, Im−CC4H4N), 151.7 (d, Pt−NCH), 141.2 (d, Im−
CCHCH), 131.8 (d, arom. o-CH), 131.6 (d, arom. o-CH), 129.3 (s,
Pt−CCC), 128.8 (s, Pt−CC), 128.5 (s, Pt−CCC), 128.3 (s,
Pt−CC), 128.2 (d, arom. m-CH), 128.2 (d, arom. m-CH), 125.8 (d,
arom. p-CH), 125.5 (d, arom. p-CH), 123.5 (d, Pt−NCHCH), 119.0
(d, iPr−NCH), 115.8 (d, py−NCH), 110.7 (d, Im−CCH), 106.5 (s,
Pt−CC), 105.8 (s, Pt−CC), 52.2 (d, CH(CH3)2), 23.2 (q,
CH(CH3)2). IR (ATR, cm−1): ν(CC) 2117, 2107. Elemental
analysis calcd (%) for C27H23N3Pt: C, 55.47; H, 3.97; N, 7.19. Found:
C, 55.88; H, 4.34; N, 6.96%.
[Pt(iPrPyIm)(CCC6H4F)2], 3. A yellow solid was obtained. Eluent:

pure EtOAc. Yield: 70%. 1H NMR (500.25 MHz, CD2Cl2, 278 K): δ
(ppm) 9.72−9.71 (m, 1H, Pt−NCH), 8.13−8.10 (m, 1H, Im−
CCHCH), 7.63 (d, 1H, 3JHH = 2.5, py−NCH), 7.58−7.56 (m, 1H,
Im−CCH), 7.45−7.43 (m, 2H, arom. o-CH), 7.41−7.38 (m, 1H, Pt−
NCHCH), 7.32−7.29 (m, 2H, arom. o-CH), 7.15 (d, 1H, 3JHH = 2.0,
iPr−NCH), 6.98−6.92 (m, 4H, arom. m-CH), 6.24 (sept, 1H, 3JHH =
6.5, CH(CH3)2), 1.49 (d, 6H, 3JHH = 6.5, CH(CH3)2).

13C{1H}-NMR
(125.78 MHz, CD2Cl2, 278 K): δ (ppm) 174.1 (s, carbene), 161.1 (d,
1JCF = 244.8, arom. p-CF), 160.9 (d, 1JCF = 244.1, arom. p-CF), 153.0
(s, Im−CC4H4N), 151.4 (d, Pt−NCH), 141.2 (d, Im−CCHCH),
133.3 (d, arom. o-CH), 132.9 (d, arom. o-CH), 129.2 (s, Pt−CC),
128.8 (s, Pt−CC), 124.8 (s, Pt−CCC), 124.3 (s, Pt−CCC),
123.4 (d, Pt−NCHCH), 118.9 (d, iPr−NCH), 115.9 (d, py−NCH),
115.1 (d, arom. m-CH), 115.0 (d, arom. m-CH), 110.8 (d, Im−CCH),
105.1 (s, Pt−CC), 104.3 (s, Pt−CC), 52.1 (d, CH(CH3)2), 23.1
(q, CH(CH3)2).

19F-NMR (470.61 MHz, CD2Cl2, 298 K): δ (ppm)
−116.7 (m, C6H4F), −117.2 (m, C6H4F). IR (ATR, cm−1): ν(CC)
2126, 2102. Elemental analysis calcd (%) for C27H21F2N3Pt: C, 52.26;
H, 3.41; N, 6.77. Found: C, 51.95; H, 3.46; N, 6.51%.
[Pt(iPrPyIm)(CCC6H3(CF3)2)2], 4. A yellow solid was obtained.

Eluent: EtOAc/CH2Cl2 1:1. Yield: 59%. 1H NMR (500.25 MHz,
CD2Cl2, 278 K): δ (ppm) 9.64−9.63 (m, 1H, Pt−NCH), 8.19−8.16
(m, 1H, Im−CCHCH), 7.92 (s, 2H, arom. o-CH), 7.79 (s, 2H, arom.
o-CH), 7.66 (s, 1H, arom. p-CH), 7.63 (s, 1H, arom. p-CH), 7.58 (d,
1H, 3JHH = 2.5, py−NCH), 7.54 (d, 1H, 3JHH = 8.0, Im−CCH), 7.49−
7.46 (m, 1H, Pt−NCHCH), 7.21 (d, 1H, 3JHH = 2.5, iPr−NCH), 6.09
(sept, 1H, 3JHH = 6.5, CH(CH3)2), 1.52 (d, 6H, 3JHH = 6.5,
CH(CH3)2).

13C{1H}-NMR (125.78 MHz, CD2Cl2, 278 K): δ (ppm)
173.6 (s, carbene), 153.0 (s, Im−CC4H4N), 151.6 (d, Pt−NCH),
141.7 (d, Im−CCHCH), 131.8 (d, arom. o-CH), 131.5 (d, arom. o-
CH), 131.1 (m, 2Pt−CCC and 4 arom. m-CH), 130.3 (s, Pt−C
C), 130.0 (s, Pt−CC), 123.8 (d, Pt−NCHCH), 123.7 (q, 1JCF =
272.7, 4CF3), 119.2 (d, iPr−NCH), 118.9 (d, arom. p-CH), 118.6 (d,
arom. p-CH), 115.9 (d, py−NCH), 110.8 (d, Im−CCH), 104.1 (s, Pt−
CC), 103.1 (s, Pt−CC), 52.4 (d, CH(CH3)2), 23.1 (q,
CH(CH3)2).

19F-NMR (470.61 MHz, CD2Cl2, 298 K): δ (ppm)
−63.8 (s, 3F, CF3), −63.9 (s, 3F, CF3). IR (ATR, cm−1): ν(CC)
2134, 2103. Elemental analysis calcd (%) for C31H19F12N3Pt: C, 43.47;
H, 2.24; N, 4.91. Found: C, 43.23; H, 2.28; N, 4.88%.
Crystal Structure Determinations.10b,16 Single-crystal X-ray

diffraction data for 1 were collected at 183(1) K on an Agilent
Technologies SuperNova Atlas area-detector diffractometer and for 2
and 3 on an Agilent Technologies Xcalibur Ruby area-detector
diffractometer using a single wavelength Enhance X-ray source with

Mo Kα radiation (λ = 0.71073 Å)21 from a microfocus X-ray source
and an Oxford Instruments Cryojet XL cooler. The single crystals that
were selected carefully were mounted using polybutene oil on a
flexible loop fixed on a goniometer head and immediately transferred
to the diffractometer. Pre-experiment, data collection, data reduction,
and analytical absorption correction22 were carried out with the
program CrysAlisPro.23 Using Olex2,24 the crystal structures were
solved with the ShelXS25 program using Direct Methods and refined
with SHELXL201325 by full-matrix least-squares minimization on F2.
PLATON26 was used to check the results of the X-ray studies.
Crystallographic data (excluding structure factors) for the structures of
compounds 1, 2, and 3 reported in this paper have been deposited
with the Cambridge Crystallographic Data Center as supplementary
publication nos. CCDC-1039496 (1), 1039497 (2), and 1039498 (3).
Copies of data can be obtained free of charge at http://www.ccdc.cam.
ac.uk/products/csd/request/.

Computational Details.10b,16 The luminescent properties of
compounds 1−4 were evaluated by density functional theory (DFT)
calculations using the Gaussian 03 program package.27 The hybrid
functional PBE1PBE28 together with the Stuttgart/Dresden effective
core potentials (SDD) basis set29 for the Pt center augmented with
one f-polarization function (α = 0.993) and the standard 6-31+G(d)
basis set30 for the remaining atoms were used in all calculations. The
molecular structures of the ground states and lowest triplet states of
compounds 1−4 were fully optimized by DFT calculations in the gas
phase (restricted method for the ground states, unrestricted open shell
calculations for the triplet states). On the basis of the optimized
ground-state S0 geometries, time-dependent DFT (TD-DFT)
calculations31 combined with the conductive polarizable continuum
model (CPCM)32 were used to produce the first 25 lowest singlet−
singlet and the first two singlet−triplet vertical excitations in the gas
phase or in dichloromethane with the corresponding energies,
transition coefficients, and oscillator strengths. Full geometry
optimizations without symmetry constraints were carried out in the
gas phase. The DFT optimized geometries were confirmed to be
potential energy minima by vibrational frequency calculations at the
same level of theory, as no imaginary frequency was found. All
molecular orbital and spin density plots presented in the manuscript
and in the Supporting Information take the solvent effect (CPCM,
dichloromethane) into account.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.5b02962.

Crystal data and refinement details of complexes 1−3,
Cartesian coordinates and energies for all optimized
molecules, spatial plots of selected frontier orbitals of the
optimized ground state of 1−4, computational details,
photophysical data, CIE-1931 plots with coordinates and
CV data (PDF)
X-ray crystallographic data of complex 1 (CIF)
X-ray crystallographic data of complex 2 (CIF)
X-ray crystallographic data of complex 3 (CIF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: venkatesan.koushik@chem.uzh.ch.

Author Contributions
†The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. These authors contributed equally.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b02962
Inorg. Chem. XXXX, XXX, XXX−XXX

K

http://www.ccdc.cam.ac.uk/products/csd/request/
http://www.ccdc.cam.ac.uk/products/csd/request/
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b02962
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b02962
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02962/suppl_file/ic5b02962_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02962/suppl_file/ic5b02962_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02962/suppl_file/ic5b02962_si_003.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02962/suppl_file/ic5b02962_si_004.cif
mailto:venkatesan.koushik@chem.uzh.ch
http://dx.doi.org/10.1021/acs.inorgchem.5b02962


Funding
Financial support from the Swiss National Science Foundation
(Grant no. 200020_156967) and the University of Zurich is
gratefully acknowledged.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors wish to thank Prof. Dr. Roger Alberto for his
generous support and Dr. Thomas Fox for NMR investigations.

■ REFERENCES
(1) (a) Farinola, G. M.; Ragni, R. Chem. Soc. Rev. 2011, 40, 3467−
3482. (b) Wu, F.; Tong, H.; Li, Z.; Lei, W.; Liu, L.; Wong, W.-Y.;
Wong, W.-K.; Zhu, X. J. Chem. Soc., Dalton Trans. 2014, 43, 12463−
12466. (c) Yang, X.; Zhou, G.; Wong, W.-Y. J. Mater. Chem. C 2014, 2,
1760−1778. (d) Zhou, G.; Wong, W.-Y.; Suo, S. J. Photochem.
Photobiol., C 2010, 11, 133−156. (e) Ying, L.; Ho, C.-L.; Wu, H.; Cao,
Y.; Wong, W.-Y. Adv. Mater. 2014, 26, 2459−2473. (f) Lam, E. S.-H.;
Tsang, D. P.-K.; Lam, W. H.; Tam, A. Y.-Y.; Chan, M.-Y.; Wong, W.-
T.; Yam, V. W.-W. Chem. - Eur. J. 2013, 19, 6385−6397.
(2) (a) Uchida, Y.; Taguchi, T. Opt. Eng. 2005, 44, 124003−124009.
(b) Huang, L.-M.; Tu, G.-M.; Chi, Y.; Hung, W.-Y.; Song, Y.-C.;
Tseng, M.-R.; Chou, P.-T.; Lee, G.-H.; Wong, K.-T.; Cheng, S.-H.;
Tsai, W.-S. J. Mater. Chem. C 2013, 1, 7582−7592.
(3) (a) Yan, B. P.; Cheung, C. C. C.; Kui, S. C. F.; Xiang, H. F.; Roy,
V. A. L.; Xu, S. J.; Che, C. M. Adv. Mater. 2007, 19, 3599−3603.
(b) Yang, W.-J.; Luo, L.; Chen, T.-M.; Wang, N.-S. Chem. Mater. 2005,
17, 3883−3888.
(4) (a) Shelton, A. H.; Sazanovich, I. V.; Weinstein, J. A.; Ward, M.
D. Chem. Commun. 2012, 48, 2749−2751. (b) Bolink, H. J.; De
Angelis, F.; Baranoff, E.; Klein, C.; Fantacci, S.; Coronado, E.; Sessolo,
M.; Kalyanasundaram, K.; Gratzel, M.; Nazeeruddin, M. K. Chem.
Commun. 2009, 4672−4674. (c) Fleetham, T.; Huang, L.; Li, J. Adv.
Funct. Mater. 2014, 24, 6066−6073. (d) Zhang, X.; Gorl, D.;
Wurthner, F. Chem. Commun. 2013, 49, 8178−8180. (e) Zhou, G.;
Wang, Q.; Ho, C.-L.; Wong, W.-Y.; Ma, D.; Wang, L. Chem. Commun.
2009, 3574−3576. (f) Zhou, G.; Wang, Q.; Wang, X.; Ho, C.-L.;
Wong, W.-Y.; Ma, D.; Wang, L.; Lin, Z. J. Mater. Chem. 2010, 20,
7472−7484. (g) Juricek, M.; Felici, M.; Contreras-Carballada, P.;
Lauko, J.; Bou, S. R.; Kouwer, P. H. J.; Brouwer, A. M.; Rowan, A. E. J.
Mater. Chem. 2011, 21, 2104−2111.
(5) (a) Connick, W. B.; Geiger, D.; Eisenberg, R. Inorg. Chem. 1999,
38, 3264−3265. (b) Hissler, M.; Connick, W. B.; Geiger, D. K.;
McGarrah, J. E.; Lipa, D.; Lachicotte, R. J.; Eisenberg, R. Inorg. Chem.
2000, 39, 447−457. (c) Hissler, M.; McGarrah, J. E.; Connick, W. B.;
Geiger, D. K.; Cummings, S. D.; Eisenberg, R. Coord. Chem. Rev. 2000,
208, 115−137. (d) Ko, S. B.; Park, H. J.; Gong, S. L.; Wang, X.; Lu, Z.
H.; Wang, S. N. Dalton Trans. 2015, 44, 8433−8443. (e) Shigehiro, T.;
Yagi, S.; Maeda, T.; Nakazumi, H.; Fujiwara, H.; Sakurai, Y. J. Phys.
Chem. C 2013, 117, 532−542. (f) Stengel, I.; Strassert, C. A.; De Cola,
L.; Bauerle, P. Organometallics 2014, 33, 1345−1355. (g) Wang, X.;
Chang, Y. L.; Lu, J. S.; Zhang, T.; Lu, Z. H.; Wang, S. N. Adv. Funct.
Mater. 2014, 24, 1911−1927. (h) Prabhath, M. R. R.; Romanova, J.;
Curry, R. J.; Silva, S. R. P.; Jarowski, P. D. Angew. Chem., Int. Ed. 2015,
54, 7949−7953.
(6) (a) Houlding, V. H.; Miskowski, V. M. Coord. Chem. Rev. 1991,
111, 145−152. (b) Bailey, J. A.; Hill, M. G.; Marsh, R. E.; Miskowski,
V. M.; Schaefer, W. P.; Gray, H. B. Inorg. Chem. 1995, 34, 4591−4599.
(c) Hill, M. G.; Bailey, J. A.; Miskowski, V. M.; Gray, H. B. Inorg.
Chem. 1996, 35, 4585−4590. (d) Ma, B.; Li, J.; Djurovich, P. I.;
Yousufuddin, M.; Bau, R.; Thompson, M. E. J. Am. Chem. Soc. 2004,
127, 28−29. (e) Williams, J. A. G. Photochemistry and Photophysics
of Coordination Compounds: Platinum. In Photochemistry and
Photophysics of Coordination Compounds II; Balzani, V., Campagna,
S., Eds.; Springer: Berlin, 2007; Vol. 281, pp 205−268. (f) Wong, K.
M.-C.; Yam, V. W.-W. Acc. Chem. Res. 2011, 44, 424−434. (g) Yip, H.-

K.; Che, C.-M.; Zhou, Z.-Y.; Mak, T. C. W. J. Chem. Soc., Chem.
Commun. 1992, 1369−1371. (h) Lai, S.-W.; Chan, M. C.-W.; Cheung,
T.-C.; Peng, S.-M.; Che, C.-M. Inorg. Chem. 1999, 38, 4046−4055.
(i) Lu, W.; Chan, M. C. W.; Zhu, N.; Che, C.-M.; Li, C.; Hui, Z. J. Am.
Chem. Soc. 2004, 126, 7639−7651. (j) Lai, S.-W.; Che, C.-M.
Luminescent Cyclometalated Diimine Platinum(II) Complexes:
Photophysical Studies and Applications. In Transition Metal and Rare
Earth Compounds; Springer: Berlin, 2004; Vol. 241, pp 27−63.
(7) (a) Unger, Y.; Meyer, D.; Molt, O.; Schildknecht, C.; Münster, I.;
Wagenblast, G.; Strassner, T. Angew. Chem., Int. Ed. 2010, 49, 10214−
10216. (b) Unger, Y.; Zeller, A.; Ahrens, S.; Strassner, T. Chem.
Commun. 2008, 3263−3265. (c) Naziruddin, A. R.; Galstyan, A.;
Iordache, A.; Daniliuc, C. G.; Strassert, C. A.; De Cola, L. J. Chem. Soc.,
Dalton Trans. 2015, 44, 8467−8477.
(8) Barbante, G. J.; Doeven, E. H.; Francis, P. S.; Stringer, B. D.;
Hogan, C. F.; Kheradmand, P. R.; Wilson, D. J. D.; Barnard, P. J.
Dalton Trans. 2015, 44, 8564−8576.
(9) (a) Jou, J. H.; Wu, M. H.; Shen, S. M.; Wang, H. C.; Chen, S. Z.;
Chen, S. H.; Lin, C. R.; Hsieh, Y. L. Appl. Phys. Lett. 2009, 95,
013307−013309. (b) Findlay, N. J.; Bruckbauer, J.; Inigo, A. R.; Breig,
B.; Arumugam, S.; Wallis, D. J.; Martin, R. W.; Skabara, P. J. Adv.
Mater. 2014, 26, 7290−7294.
(10) (a) Zhang, Y.; Garg, J. A.; Michelin, C.; Fox, T.; Blacque, O.;
Venkatesan, K. Inorg. Chem. 2011, 50, 1220−1228. (b) Zhang, Y.;
Clavadetscher, J.; Bachmann, M.; Blacque, O.; Venkatesan, K. Inorg.
Chem. 2014, 53, 756−771. (c) Zhang, Y.; Blacque, O.; Venkatesan, K.
Chem. - Eur. J. 2013, 19, 15689−15701.
(11) Kim, D.; Bredas, J. L. J. Am. Chem. Soc. 2009, 131, 11371−
11380.
(12) Szentkuti, A.; Garg, J. A.; Blacque, O.; Venkatesan, K. Inorg.
Chem. 2015, 54, 10748−10760.
(13) (a) Kunkely, H.; Vogler, A. J. Am. Chem. Soc. 1990, 112, 5625−
5627. (b) Wan, K. T.; Che, C. M.; Cho, K. C. J. Chem. Soc., Dalton
Trans. 1991, 1077−1080. (c) Chan, C. W.; Lai, T. F.; Che, C. M.;
Peng, S. M. J. Am. Chem. Soc. 1993, 115, 11245−11253. (d) Pettijohn,
C. N.; Jochnowitz, E. B.; Chuong, B.; Nagle, J. K.; Vogler, A. Coord.
Chem. Rev. 1998, 171, 85−92. (e) Fleeman, W. L.; Connick, W. B.
Comments Inorg. Chem. 2002, 23, 205−230. (f) Williams, J. A. G.;
Beeby, A.; Davies, E. S.; Weinstein, J. A.; Wilson, C. Inorg. Chem. 2003,
42, 8609−8611.
(14) (a) Hua, F.; Kinayyigit, S.; Cable, J. R.; Castellano, F. N. Inorg.
Chem. 2006, 45, 4304−4306. (b) Pomestchenko, I. E.; Castellano, F.
N. J. Phys. Chem. A 2004, 108, 3485−3492. (c) Damrauer, N. H.;
Cerullo, G.; Yeh, A.; Boussie, T. R.; Shank, C. V.; McCusker, J. K.
Science 1997, 275, 54−57.
(15) Penzkofer, A.; Lu, Y. Chem. Phys. 1986, 103, 399−405.
(16) Bachmann, M.; Blacque, O.; Venkatesan, K. Dalton Trans. 2015,
44, 10003−10013.
(17) Warsink, S.; Bosman, S.; Weigand, J. J.; Elsevier, C. J. Appl.
Organomet. Chem. 2011, 25, 276−282.
(18) Crisp, G. T.; Flynn, B. L. J. Org. Chem. 1993, 58, 6614−6619.
(19) Mujkic, M.; Lentz, D. J. Chem. Soc., Dalton Trans. 2012, 41,
839−849.
(20) Herberhold, M.; Schmalz, T.; Milius, W.; Wrackmeyer, B. J.
Organomet. Chem. 2002, 641, 173−184.
(21) CrysAlisPro; Agilent Technologies (formerly Oxford Diffrac-
tion): Yarnton, Oxfordshire, England, 2012.
(22) Clark, R. C.; Reid, J. S. Acta Crystallogr., Sect. A: Found.
Crystallogr. 1995, 51, 887−897.
(23) CrysAlisPro, CrysAlisPro, 1.171.36.20; Agilent Technologies:
Yarnton, Oxfordshire, England, 2012.
(24) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.;
Puschmann, H. J. Appl. Crystallogr. 2009, 42, 339−341.
(25) Sheldrick, G. M. Acta Crystallogr., Sect. A: Found. Crystallogr.
2008, 64, 112−122.
(26) Spek, A. J. Appl. Crystallogr. 2003, 36, 7−13.
(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.;
Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.;

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b02962
Inorg. Chem. XXXX, XXX, XXX−XXX

L

http://dx.doi.org/10.1021/acs.inorgchem.5b02962


Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J.
B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03; Gaussian,
Inc.: Wallingford, CT, 2003.
(28) Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110, 6158−6170.
(29) Dunning, J. T. H.; Hay, P. J. Modern Theoretical Chemistry.
Plenum: New York, 1976; Vol. 3.
(30) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54,
724−728.
(31) (a) Bauernschmitt, R.; Ahlrichs, R. Chem. Phys. Lett. 1996, 256,
454−464. (b) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D.
R. J. Chem. Phys. 1998, 108, 4439−4449. (c) Stratmann, R. E.;
Scuseria, G. E.; Frisch, M. J. J. Chem. Phys. 1998, 109, 8218−8224.
(32) (a) Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995−
2001. (b) Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. J. Comput.
Chem. 2003, 24, 669−681.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b02962
Inorg. Chem. XXXX, XXX, XXX−XXX

M

http://dx.doi.org/10.1021/acs.inorgchem.5b02962

