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ABSTRACT: A series of 2-vinylpyridine-type platinum(II) complexes bearing different
main-group blocks (B(Mes)2, SiPh3, GePh3, NPh2, POPh2, OPh, SPh, and SO2Ph,
where Mes = 2-morpholinoethanesulfonic acid) were successfully prepared. As
indicated by the X-ray single-crystal diffraction, the concerned phosphorescent
platinum(II) complexes exhibit distinct molecular packing patterns in the solid state
to bring forth different interactions between individual molecules. The photophysical
characterizations showed that the emission maxima together with phosphorescent
quantum yield of these complexes can also be affected by introducing distinct main-
group moieties with electron-donating or electron-withdrawing characters. Further-
more, these 2-vinylpyridine-type platinum(II) complexes exhibit markedly different
photophysical and electrochemical properties compared with their 2-phenylpyridine-
type analogues, such as higher-lying highest occupied molecular orbital levels and
lower-energy phosphorescent emissions. Importantly, these complexes can show good
potential as deep red phosphorescent emitters to bring attractive electroluminescent
performances with Commission Internationale de L’Eclairage (CIE) coordinates very close to the standard red CIE coordinates
of (0.67, 0.33) recommended by the National Television Standards Committee. Hence, these results successfully established
structure−property relationship concerning photophysics, electrochemistry, and electroluminescence, which will not only
provide important information about the optoelectronic features of these novel complexes but also give valuable clues for
developing novel platinum(II) phosphorescent complexes.

■ INTRODUCTION

Platinum(II) complexes, which are versatile materials, have
been drawing substantial research enthusiasm because they can
be used in several fields, including highly efficient organic light-
emitting diodes (OLEDs) for display and solid-state lighting
technologies,1−5 solar energy conversion,6−9 impressive optical
power limiting materials,10−13 and highly selective and sensitive
chemical sensors.14−16 Because of the high spin−orbit coupling
(SOC) constant associated with the platinum atom, the triplet
states (T1) are preferentially generated through the efficient
intersystem crossing (ISC) process in the platinum(II)
complexes. The unique characters of T1 states thus have
successfully guaranteed the rich variety of properties of the
platinum(II) complexes. The highly emissive T1 states can be
harnessed to improve the electroluminescence (EL) efficiencies
of OLEDs dramatically.17,18 The triplet excitons generated in
platinum(II) complexes with high quantum yield (Φ) and long
lifetime can facilitate the intermolecular charge-transport
process, which is helpful to improve the output current of
heterojunction organic photovoltaic (OPV) cells.9 In addition,

the efficient ISC processes in platinum(II) complexes will
arouse intense triplet-state absorption, resulting in superb
susceptibility of optical power limiting effect.12 In general, the
triplet states of the platinum(II) complexes are also extremely
sensitive to oxygen due to the triplet−triplet annihilation
caused by triplet ground state of oxygen.19 Therefore, some
suitable platinum(II) complexes have been used as highly
selective and sensitive oxygen sensors.20,21

Clearly, the critical applications aforementioned associated
with platinum(II) complexes are derived from T1 states, whose
different characters are afforded by the organic ligands with
different structures. Hence, platinum(II) complexes with many
kinds of organic ligands have been designed ingeniously,
including porphyrin,1,22,23 2-phenylpyridine,18,24,25 1,3-bis(2-
pyridyl)benzene,26,27 6-phenyl-2,2′-bipyridine,28,29 and pyridyl
azolate-based ligands30,31 as well as their corresponding
derivatives. In all of these traditional phosphorescent platinum-

Received: September 1, 2014

Article

pubs.acs.org/IC

© XXXX American Chemical Society A dx.doi.org/10.1021/ic502122t | Inorg. Chem. XXXX, XXX, XXX−XXX

pubs.acs.org/IC


(II) complexes, the central Pt(II) ions are generally coordinated
with the atoms in the aromatic system. This kind of
coordinating pattern is quite conventional in the iridium(III)
complexes as well.32,33 However, novel phosphorescent
iridium(III) complexes bearing 2-vinylpyridine-type ligands
have also been developed as phosphorescent molecules. In
these complexes, the Ir(III) metal center is chelated to the
carbon atom in the vinyl group instead of to aromatic
blocks.34,35 Furthermore, the concerned phosphorescent
iridium(III) complexes exhibit markedly different photophysical
properties. However, to our best knowledge, there has been no
report about the platinum(II) complexes bearing vinylpyridine-
type ligands. Herein, with the aim to explore novel
phosphorescent molecules, a series of platinum(II) complexes
containing 2-vinylpyridine-type ligands was successfully con-
ceived and prepared. Additionally, the structural features,
electrochemical properties, and photophysical behaviors
associated with these new complexes were carefully inves-

tigated. Through the concerned investigations, the relationship
between the structural features of the platinum(II) complexes
and their concerned properties was established, which should
provide useful information for the design and synthesis of novel
platinum(II) complexes.

■ RESULTS AND DISCUSSION

Synthesis and Characterizations. The synthetic detail of
this series of platinum(II) complexes bearing 2-vinylpyridine-
type ligands is shown in Scheme 1. With the aim to study the
effect of the chemical structure of the organic ligands on the
properties of these platinum(II) complexes and hence obtain
the structure−property relationship, main-group moieties with
distinct properties were introduced to the organic ligands. The
synthetic procedures for the aryl halides with main-group units
have been published elsewhere.25,32 All the 2-vinylpyridine-type
ligands were prepared by Heck coupling reaction between 2-
vinylpyridine and the respective main-group functionalized aryl

Scheme 1. Synthetic Route for 2-Vinylpyridine-type Platinum(II) Complexes
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halides in the presence of triethylamine and Pd(PPh3)2Cl2 with
the yields ranging from 43.7% to 75.1%.36 According to the
previously reported methods,18,25a these platinum(II) com-
plexes were obtained in two steps from K2PtCl4 and the
corresponding ligands via Pt(II)-μ-chloro-bridged dimer as
intermediate complexes. Purified by chromatography on silica
columns, the 2-vinylpyridine-type platinum(II) complexes can
be obtained in high purity. All complexes are air stable and were
characterized by 1H NMR and 13C NMR. In the 1H NMR
spectra for all the platinum complexes, a single resonance peak
around 6.50 ppm, which can be assigned to the proton on the
vinyl unit, can be clearly seen, indicating the unique structural
features of the complexes. To investigate the influence of
different main groups on the properties of the concerned
complexes, Pt-PVP is also obtained as the reference compound.
Single-Crystal X-ray Crystallography. The single crystals

of Pt-PVSO2, Pt-PVS, Pt-PVB, Pt-PVSi, and Pt-PVGe were
successfully prepared by slow evaporation of their chloroform−
hexane solutions. The structures of these complexes were
determined by single-crystal X-ray crystallography. Details of
each structure are given in Table 1.
Complexes Pt-PVSO2 and Pt-PVS are chemically similar

despite the sulfur atoms in Pt-PVSO2 being in an oxidized state.
As depicted in Figure 1, perspective views of Pt-PVSO2 and Pt-
PVS reveal that the platinum(II) ion is coordinated to N1 and
C7 in the vinylpyridine moiety and two oxygen atoms from
acetylacetone anion. The N1−Pt1−O2 angles in solid-state
structures of Pt-PVSO2 and Pt-PVS are 175.2(4)° and
176.04(16)° (Table 2), respectively, indicating that these
platinum(II) complexes adopt a distorted square-planar
geometry, which may result from the deviation of the
vinylpyridine moiety from the ideal coplanar conformation.
The Pt1−N1 distances in Pt-PVSO2 (1.981(12) Å) and Pt-PVS
(1.994(4) Å) are comparable to those in other ppy-type (Hppy

= 2-phenylpyridine) platinum(II) complexes.37 The Pt1−O1
(2.070(9) Å for Pt-PVSO2, 2.081(4) Å for Pt-PVS) and Pt1−
O2 (2.012(11) Å for Pt-PVSO2, 2.001(4) Å for Pt-PVS) bond
lengths are within the range of 1.985(6)−2.156(15) Å for other
cyclometalated Pt(β-diketonato) complexes.37,38 The bond
length of Pt1−O1 trans to the C7 is significantly longer than
that of Pt1−O2, indicating a stronger trans effect of vinyl
carbon atom than that of the nitrogen donor atom.39 The Pt−C
bond length (1.977(13) Å for Pt-PVSO2 and 1.987(5) Å for Pt-
PVS) is longer than that in some ppy-type and lepidine-based
platinum(II) complexes.37,40 To our best knowledge, no
literature has reported information about cyclometalated
platinum(II) complexes containing vinylpyridine-type ligands,
so these results might represent the first information about the
structural parameters in this type of platinum(II) complex.

Table 1. Crystal and Data Parameters for Structures Pt-PVSO2, Pt-PVS, Pt-PVB, Pt-PVGe, and Pt-PVSi

compound Pt-PVB Pt-PVSi Pt-PVGe Pt-PVS Pt-PVSO2

CCDC No. 942 859 942 862 942 860 942 861 942 863
formula C36H38BNO2Pt C36H31NO2PtSi C36H31GeNO2Pt C24H21NO2PtS C24H21NO4Pt S
formula weight 722.57 732.80 777.30 582.57 614.57
crystal system triclinic monoclinic monoclinic monoclinic orthorhombic
space group P1̅ P2(1)/c P2(1)/c P2(1)/c P2(1)2(1)2(1)
a (Å) 8.4647(8) 10.5375(8) 10.6036(8) 15.2526(11) 8.5632(6)
b (Å) 10.4529(9) 9.7960(8) 9.7918(7) 10.8566(8) 10.5141(8)
c (Å) 17.8442(15) 29.515(2) 29.608(2) 13.9408(10) 25.0136(18)
α (deg) 80.9970(10) 90 90 90 90
β (deg) 88.278(2) 93.348(2) 93.7450(10) 113.5590(10) 90
γ (deg) 85.0530(10) 90 90 90 90
V (Å3) 1553.4(2) 3041.5(4) 3067.6(4) 2116.1(3) 2252.1(3)
Z 2 4 4 4 4
Dcalcd (g cm−3) 1.545 1.600 1.683 1.829 1.813
crystal size (mm3) 0.26 × 0.24 × 0.23 0.27 × 0.25 × 0.22 0.27 × 0.26 × 0.24 0.25 × 0.23 × 0.21 0.24 × 0.22 × 0.21
F(000) 720 1448 1520 1128 1192
μ (mm−1) 4.549 4.686 5.568 6.749 6.353
θ range (deg) 2.13−27.99 2.19−28.05 1.38−28.01 1.46−28.05 1.63−28.23
diffrn reflns number 9208 17 603 17 713 12 364 13 602
reflns number total 6674 6971 7047 4803 5409
no. of parameters 370 370 370 262 280
R1, wR2 [I > 2.0σ (I)]a 0.0386, 0.0834 0.0429, 0.0978 0.0370, 0.0670 0.0301, 0.0702 0.0603, 0.1516
R1, wR2 (all data) 0.0505, 0.0910 0.0772, 0.1153 0.0669, 0.0767 0.0469, 0.0891 0.0919, 0.1678
GOF on F2 b 1.029 0.877 0.917 1.024 1.065

aR1 = Σ||F0| − |Fc||/Σ|F0|. wR2 = {Σ[w(F02 − Fc
2)2]/Σ [w(F0

2)2]}1/2. bGOF = [(Σw|F0| − |Fc|)
2/(Nobs − Nparam)]

1/2.

Figure 1. Perspective views of (a) Pt-PVSO2 and (b) Pt-PVS. (All
hydrogen atoms are omitted for clarity.) Thermal ellipsoids are drawn
at the 15% probability level.
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The stacking diagram in the crystal lattices of Pt-PVSO2 and
Pt-PVS are depicted in Figure 2 and Figure S1 (see Supporting

Information). Obviously, the packing diagrams show a great
difference between Pt-PVSO2 and Pt-PVS. The Pt atoms in
three adjacent molecules of complex Pt-PVSO2 can form an
isosceles triangle. The distance between the Pt1 atom and Pt2
atom is 8.5632(9) Å, quite close to the value of a of the Pt-
PVSO2 crystal cell, representing the base of the isosceles
triangle. The location of the vertex Pt3 atom is as far as

6.2872(8) Å from Pt1 atom and Pt2 atom, suggesting the
absence of intermolecular Pt···Pt interactions in complex Pt-
PVSO2. This can be ascribed to the pyridyl moiety in one Pt-
PVSO2 molecule that directly points to the central Pt atom of
another adjacent complex molecule, resulting in a fold-line
shape of two-dimensional (2D) packing diagram (Figure 2 and
Supporting Information, Figure S1), which indicates no
interplanar π···π interactions as well. However, in the crystal
structure of Pt-PVS, the molecules adopt antiparallel two-
molecule pair arrangement. In addition, the terminal phenyl
rings in the two-molecule pair stay away from the each other,
which would avoid steric hindrances. Thus, the interplanar π···π
distances and Pt···Pt distances in the crystal structure of Pt-PVS
are 3.3940(8) and 3.4756(3) Å, respectively, revealing the
presence of intermolecular π···π and Pt···Pt interactions.
Therefore, Pt-PVSO2 crystallized in an orthorhombic space
group, while Pt-PVS crystallized in a monoclinic space group.
The crystal structure and the 2D stacking diagram in the

crystal lattices of Pt-PVB are illustrated in Figure 3 and
Supporting Information, Figure S2. The N1−Pt1−O2 and C7−
Pt1−O1 angles are 176.74(16)° and 171.89(18)°, respectively,
revealing a distorted square-planar geometry. The bond length
of Pt1−O1 trans to vinyl carbon is much longer than that of
Pt1−O2 trans to nitrogen atom (Pt1−O1 = 2.075(4) Å vs
Pt1−O2 = 2.009(4) Å), and this difference is attributed to the
stronger trans effect of vinyl carbon.
Although the Pt···Pt distance (3.6985(4) Å) in complex Pt-

PVB stacked dimer is almost 1.0 Å shorter than that in similar
B(Mes)2-functionalized ppy-type platinum(II) complexes
(where Mes = 2-morpholinoethanesulfonic acid),37 the Pt···Pt
interaction in the crystal of Pt-PVB is weaker compared with
that in Pt-PVS (Pt···Pt distance ca. 3.4756(3) Å) due to the
much stronger steric effect induced by the presence of the
bulky B(Mes)2 group. The interplanar π···π distance in the
crystal structure of Pt-PVB is 3.5619(84) Å, which is shorter
than the Pt···Pt distance. This can be ascribed to the slight
deviation between the two platinum(II) centers.
The perspective views and crystal-packing diagrams of Pt-

PVSi and Pt-PVGe (Figure 4 and Supporting Information,
Figure S3) show that the crystal structures of these two
complexes are almost identical. It can be expected that the
bond length of C−Ge (ca. 1.95 Å) is longer than that of C−Si
(ca. 1.87 Å) due to the larger radius of Ge atom compared with
that of Si atom. All the C−Si−C and C−Ge−C angles are quite
close to 109°28′, indicating that the four phenyl rings are
located at the four vertexes of a slightly distorted tetrahedron.
Consequently, the tetrahedral geometry induces a strong steric
effect, resulting in the long Pt···Pt distances in the crystal
structures of Pt-PVSi and Pt-PVGe (6.7669(5) Å and
6.7859(3) Å, respectively), indicating the negligible Pt···Pt
interaction between each individual molecule (Supporting
Information, Figure S3).
From all these results aforementioned, it is clear that not only

the vinylpyridine-type platinum(II) complexes show different
structural features from their ppy-type counterparts but also the
main-group moieties can exert sound impact on the
intermolecular interaction behaviors of the concerned com-
plexes.

Electrochemical Properties. The electrochemical proper-
ties of these vinylpyridine-type platinum(II) complexes were
investigated by cyclic voltammetry (CV) calibrated with
ferrocene/ferrocenium (Fc/Fc+) redox couple as an internal
reference under nitrogen atmosphere. The results are presented

Table 2. Selected Crystallographic Data for Complexes Pt-
PVSO2, Pt-PVS, Pt-PVB, Pt-PVSi, and Pt-PVGe

bond lengths (Å) and angles (deg)

Pt-PVSO2

Pt1−N1 1.981(12) Pt1−C7 1.977(13)
Pt1−O1 2.070(9) Pt1−O2 2.012(11)
N1−Pt1−O2 175.2(4) C7−Pt1−O1 172.6(5)
C11−S1−C14 103.6(6) O3−S1−O4 118.9(7)

Pt-PVS
Pt1−N1 1.994(4) Pt1−C7 1.987(5)
Pt1−O1 2.081(4) Pt1−O2 2.001(4)
N1−Pt1−O2 176.04(16) C7−Pt1−O1 172.83(19)
C11−S1−C14 103.4(3)

Pt-PVB
Pt1−N1 1.987(4) Pt1−C7 1.998(5)
Pt1−O1 2.075(4) Pt1−O2 2.009(4)
N1−Pt1−O2 176.74(16) C7−Pt1−O1 171.89(18)

Pt-PVSi
Pt1−N1 2.001(5) Pt1−C7 1.981(6)
Pt1−O1 2.082(4) Pt1−O2 1.985(4)
N1−Pt1−O2 175.0(2) C7−Pt1−O1 174.2(2)
C26−Si1−C11 106.0(3) C26−Si1−C14 110.7(3)
C11−Si1−C14 108.5(3) C26−Si1−C20 107.8(3)
C11−Si1−C20 113.7(3) C14−Si1−C20 110.0(3)

Pt-PVGe
Pt1−N1 1.988(4) Pt1−C7 1.983(5)
Pt1−O1 2.075(3) Pt1−O2 1.994(3)
N1−Pt1−O2 175.47(15) C7−Pt1−O1 173.47(18)
C26−Ge1−C11 105.7(2) C26−Ge1−C14 109.9(2)
C11−Ge1−C14 109.1(2) C26−Ge1−C20 107.9(2)
C11−Ge1−C20 113.7(2) C14−Ge1−C20 110.5(2)

Figure 2. Crystal-packing diagram of (a) Pt-PVSO2 and (b) Pt-PVS.
(All hydrogen atoms are omitted for clarity.)
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in Table 3. Different from the traditional ppy-type platinum(II)
counterparts with typically one irreversible anodic peak

potential (ca. 0.5 V) ascribed to the oxidation of the Pt(II)
centers,25a,41 all the complexes show two irreversible oxidation
processes (Supporting Information, Figure S4). Except in the
case of Pt-PVN, the first anodic peak potential (Epa) at ∼0.36 V
should be assigned to the oxidation process associated with the
electron-rich vinyl moieties in the complexes. The second Epa at
∼0.5 V can be ascribed to the oxidation of the platinum(II)
centers in these complexes.25 For Pt-PVN, the first broad

oxidation wave with Epa at ca. 0.3 V might be assigned to the
oxidation of both vinyl and triphenylamine groups, since our
previous data about the ppy-type platinum(II) analogue is ca.
0.33 V for the oxidation of the triphenylamine moiety.25

Obviously, bonding with electron-donating triphenylamine
group will definitely make the vinyl moiety more easily
oxidized. Apart from this, the Pt(II) center in Pt-PVN anchored
with organic ligand showing strong electron-donating proper-
ties will be more inclined to be oxidized as well. So, Pt-PVN
shows the lowest Epa at ca. 0.30 and 0.43 V compared with the
other complexes.
In the cathodic scan processes, all the complexes exhibit

irreversible or quasi-reversible (ill-defined) reduction potential
with the cathodic peak potential (Epc) at ca. −2.25 V, which can
be assigned to the reduction of the pyridyl moiety (Table
3).18,25a Attached to electron-donating groups, the pyridyl in
Pt-PVN should be more reluctant to be reduced. So, Pt-PVN
shows a more negative Epc at ca. −2.30 V for the reduction of
its pyridyl moiety in the ligand compared with other complexes
(Table 3). Owing to its similar features to the triphenylamine
unit, the SPh group also shows a more negative Epc at ca. −2.29
V. For the complexes bearing electron-withdrawing groups,
complexes Pt-PVB, Pt-PVPO, and Pt-PVSO2 exhibit reduction
waves at much less negative potential region with Epc at ca.
−2.04 V for Pt-PVB, ca. −2.16 V for Pt-PVPO, and ca. −2.05 V
for Pt-PVSO2. These reduction waves should be ascribed to the
reducing of the electron-withdrawing groups B(Mes)2, PO-
(Ph)2, and SO2Ph in the concerned complexes. Owing to the
influence from these electron-withdrawing groups, the pyridyl
rings in Pt-PVB, Pt-PVPO, and Pt-PVSO2 are also easier to be
reduced, indicated by the related reduction waves at less
negative potential of ca. −2.24 V for Pt-PVB, ca. −2.23 V for
Pt-PVPO, and ca. −2.21 V for Pt-PVSO2, compared to that for
the other complexes (Table 3).

Thermal and Photophysical Properties. The thermal
properties data of these complexes investigated by thermogra-
vimetric analysis (TGA) and differential scanning calorimetry
(DSC) under nitrogen atmosphere are summarized in Table 4.
The 5% weight-reduction temperatures of all these complexes
range from 241 to 292 °C (Table 4), which is slightly lower
than those of their ppy-type analogues.18 The lower
decomposing temperatures may result from the relatively
weak Pt−C bonds indicated by the longer Pt−C bond lengths
compared to those of their ppy-type analogues as aforemen-
tioned. The complexes bearing smaller main-group moieties,
such as Pt-PVSO2, Pt-PVS, and Pt-PVO, show slightly lower
glass transition temperatures (Tg, ca. 125 °C) than the
complexes with larger main-group moieties, such as Pt-PVSi
and Pt-PVGe (ca. 150 °C) (Table 4). Although the Tg can be

Figure 3. (a) Perspective views of Pt-PVB. Thermal ellipsoids are drawn at the 15% probability level. (b) Crystal-packing diagram of Pt-PVB. (All
hydrogen atoms are omitted for clarity.)

Figure 4. Perspective views of (a) Pt-PVSi and (b) Pt-PVGe. (All
hydrogen atoms are omitted for clarity.) Thermal ellipsoids are drawn
at the 15% probability level.

Table 3. Electrochemical Properties of the Platinum(II)
Complexesa

Epa (V) Epc (V) HOMO (eV)b LUMO (eV)c

Pt-PVP 0.36, 0.48 −2.26 −5.16 −2.54
Pt-PVB 0.36, 0.52 −2.04, −2.24 −5.16 −2.76
Pt-PVSi 0.36, 0.48 −2.23 −5.16 −2.57
Pt-PVGe 0.36, 0.48 −2.25 −5.16 −2.55
Pt-PVN 0.30, 0.43 −2.30 −5.10 −2.50
Pt-PVPO 0.38, 0.50 −2.16, −2.23 −5.18 −2.64
Pt-PVO 0.37, 0.49 −2.26 −5.17 −2.54
Pt-PVS 0.35, 0.49 −2.29 −5.15 −2.54
Pt-PVSO2 0.39, 0.51 −2.05, −2.21 −5.19 −2.75

aIn acetonitrile solution using [Bu4N]BF4 as the supporting
electrolyte, scan rate at 100 mV/s, vs. Fc/Fc+ couple (ca. 4.8 eV vs
vacuum). bHOMO levels are calculated according to the equation
HOMO = −(4.8 + Epa).

cLUMO levels are obained according to the
equation LUMO = −(4.8 + Epc).
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affected by the packing style of the concerned molecules in
crystals, clearly the main-group moieties should represent the
most easily movable parts in these complexes. From their pack
mode in crystal (Supporting Information, Figures S1−S3), the
crystal lattices have provided enough room for the movements
of the main-group moieties. Hence, the glass transition
processes associated with these platinum(II) complexes should
be mainly up to the main-group moieties. As aformentioned,
the complexes with larger main-group moieties show higher Tg,
since higher temperatures are generally needed to cause
movements of larger groups.
The absorption spectra of these complexes are depicted in

Figure 5, while the pertinent photophysical data are

summarized in Table 4. All of these complexes show two
kinds of absorption bands in their UV−vis absorption spectra at
298 K (Figure 5). In general, the strong high-energy absorption
bands (<ca. 360 nm) are assigned to the spin-allowed ligand-
centered (LC) π−π* transitions, which also can be proved by
their large extinction coefficients (log ε > 4).31 The much
weaker, low-energy absorption bands are mainly centered after

ca. 360 nm, which may be assigned to intraligand charge
transfer (ILCT) and/or metal-to-ligand charge transfer
(MLCT) transitions depending on the main-group substitu-
ents. Complex Pt-PVN, which contains a strong electron-
donating NPh2 group, shows a very strong low-energy
absorption band with a peak at ∼430 nm and extinction
coefficient (ε) of ∼1.24 × 104 dm3 mol−1 cm−1, which is
assigned to the ILCT transition. It has been reported that a
ruthenium(II) complex bearing a ligand containing electron-
donating NPh2 group and electron-accepting pyridyl moiety
shows absorption band exceeding 350 nm due to the ILCT
transition from NPh2 group to pyridyl moiety.42 In addition, as
the theoretical calculation results suggested (vide infra), the
Pt(II) center makes negligible contribution to the highest
occupied molecular orbital (HOMO) of Pt-PVN, while the
triphenylamine moiety makes the predominate contribution to
the HOMO; thus, this low-energy absorption band should not
result from the MLCT transitions but from the ILCT
(triphenylamine moiety → pyridyl ring) transition. In complex
Pt-PVS, the HOMO has significant electron density on the
organic ligand (SPh group and vinyl moiety) as well as Pt(II)
center; thus, the low-energy absorption band should be
assigned to the mixing ILCT/MLCT (SPh and vinyl moiety/
Pt(II) center → pyridyl ring) transitions. For complexes
bearing weak electron-donating moieties, namely, Pt-PVP, Pt-
PVO, Pt-PVSi, Pt-PVGe, and complexes bearing electron-
withdrawing moieties, namely, Pt-PVPO and Pt-PVSO2, their
HOMOs are mainly distributed on the vinyl units and Pt(II)
centers; therefore, the low-energy absorption bands should also
be attributed to the mixing ILCT/MLCT (vinyl moieties/
Pt(II) centers → pyridyl rings) transitions. Besides, the profiles
of their low-energy absorption bands look like broad platforms,
which also implies the mixture of ILCT/MLCT transitions.
Although remarkable contributions from the vinyl unit and
Pt(II) center to the HOMO of Pt-PVB are also revealed by the
theoretical calculated results, the charge-transfer destination is
no longer the pyridyl ring solely because the boron center is
also capable of accepting the electron from the vinyl unit and
Pt(II) center due to the strong electron-accepting character

Table 4. Photophysical and Thermal Properties for these Pt(II) Complexes

emission λem (nm)b

absorption λabs (nm)
a 298 K 77 K ΦP

c (%) kr
d (s−1) knr

d (s−1) ΔT5%/Tg
e (°C)

Pt-PVP 258 (4.45), 306 (4.42), 376 (4.03), 410 (3.99),
431(3.42)

488 (10.4 ns), 629
(0.16 μs)

600 (0.88 μs),
650sh

1.3 1.5 × 104 1.1 × 106 241/135

Pt-PVB 278 (4.28), 336 (4.48), 418 (3.98), 444(2.97) 498 (14.1 ns), 667
(0.11 μs)

623 (0.65 μs),
682sh

1.2 1.8 × 104 1.5 × 106 275/141

Pt-PVSi 262 (4.30), 304 (4.24), 378 (3.76), 412 (3.80),
436(3.07)

486 (13.6 ns), 638
(0.25 μs)

604 (1.07 μs),
650sh

1.2 1.1 × 104 9.2 × 105 292/153

Pt-PVGe 258 (4.28), 304 (4.04), 378 (3.76), 412 (3.80),
435(3.10)

484 (2.4 ns), 634
(0.21 μs)

602 (0.95 μs),
650sh

1.3 1.3 × 104 1.0 × 106 290/150

Pt-PVN 256 (4.29), 304 (4.45), 364 (4.18), 432 (4.09) 516 (10.2 ns), 646
(0.37 μs)

620 (1.65 μs),
672sh

8.0 4.8 × 104 5.6 × 105 278/138

Pt-PVPO 264 (4.14), 306 (4.02), 382 (3.58), 410 (3.60),
435 (3.53)

472 (3.2 ns), 646
(0.14 μs)

620 (0.71 μs),
670sh

7.7 1.1 × 104 1.4 × 106 262/146

Pt-PVO 254 (4.45), 306 (4.42), 372 (3.93), 416 (3.95),
435 (3.88)

498 (5.1 ns), 632
(0.17 μs)

600 (1.06 μs),
652sh

1.8 1.7 × 104 9.2 × 105 272/123

Pt-PVS 256 (4.53), 316 (4.46), 376 (3.96), 414 (4.02),
437(3.33)

506 (2.5 ns), 640
(0.18 μs)

618 (1.11 μs),
674sh

1.7 1.5 × 104 8.8 × 105 275/125

Pt-
PVSO2

266 (4.31), 308 (4.17), 388 (3.61), 408 (3.77),
436 (3.69)

484 (1.6 ns), 654
(0.11 μs)

626 (0.47 μs),
686sh

0.5 1.1 × 104 2.1 × 106 262/128

aMeasured in CH2Cl2 at room temperature; log ε values are shown in parentheses. bMeasured in CH2Cl2 solutions at room temperature. The
phosphorescence lifetime τp is shown in parentheses. cIn degassed CH2Cl2 relative to fac-[Ir(ppy)3] (Φp = 0.40). dkr: radiative constant; knr:
nonradiative constant. kr = Φp/τp; knr = (1 − Φp)/τp.

eΔT5% is the 5% weight-reduction temperature and Tg is the glass transition temperature.

Figure 5. UV−vis absorption spectra of the platinum(II) complexes in
CH2Cl2 solution recorded at 298 K.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic502122t | Inorg. Chem. XXXX, XXX, XXX−XXXF



induced by the vacant pπ orbital of B atom.25,32 Therefore, the
low-energy absorption band of Pt-PVB can be assigned to the
mixing ILCT/MLCT (vinyl moiety/Pt(II) center → boron
center) transition.
As depicted in Figure 6a, all of these complexes display two

emission bands under UV irradiation at room temperature in

CH2Cl2 solutions (Table 4). The high-energy emission band in
the range from 472 to 516 nm can be safely assigned to the
singlet-state emission due to the short lifetime (on the order of
nanoseconds (<15 ns)) (Table 4). On the contrary, the
emission band at much longer wavelength ranging from 629 to
667 nm can be attributed to the triplet-state emission due to
the large Stokes shift (Figures 5 and 6), long lifetime (on the
order of microseconds), and marked enhancement at 77 K
(Figure 6b). Furthermore, the assignment of the emission
bands is also supported by the fact that the intensities of these
low-energy emissions are increased in the degassed solutions
compared with that in aerated solutions, yet the intensities of
the high-energy emission bands are almost identical in both
degassed and aerated solutions (Supporting Information,
Figure S5). Obviously, the phosphorescent emission was
successfully induced by the spin−orbit coupling (SOC) effect
due to the heavy atom effect associated with the Pt(II) center.
Comparing the results in Figure 6, the phosphorescence spectra
of the platinum(II) complexes show obvious rigidochromic
effect: The phosphorescence bands are blue-shifted by 0.069−
0.13 eV on going from 298 to 77 K. The rigidochromic shift
associated with these complexes indicates charge-transfer

features of the emissive triplet states involved in these
complexes.43a

It is well-accepted that the photophysical properties of
phosphorescent complexes show close relationship with excited
states formed in the photoexcitation processes. From the time-
dependent density functional theory (TD-DFT) calculation
results (Table 5), it is clear that HOMO → LUMO (LUMO =
lowest unoccupied molecular orbital) transitions of the
platinum(II) complexes can represent the S0 → S1 and/or S0
→ T1 transition processes due to the large coefficient over 0.5
in the configuration interaction (CI) of both S1 and T1 states as
well as their large contributions to the transitions of S0 → S1
and S0 → T1 (Table 5), which generally indicate the emission
behavior of molecules. Hence, we employ the molecular
orbitals (MO) to explain the absorption and emission
properties of the 2-vinylpyridine-type platinum(II) complexes.
From the MO patterns obtained by theoretical computation
(Figure 7), except for Pt-PVN, Pt-PVO, and Pt-PVS, the
HOMOs of the complexes typically have major contributions
from π orbitals of the vinyl moieties together with noticeable
contributions from the dπ orbitals of metal centers, while the
LUMOs are predominantly located on the π orbitals of the
pyridine rings. So, the HOMO→ LUMO transitions associated
with the platinum(II) complexes show predominantly ligand-
centered features (with intraligand charge-transfer (ILCT)
characters) together with some MLCT characters. For Pt-PVN,
Pt-PVO, and Pt-PVS, the HOMO → LUMO transitions exhibit
almost totally the ligand-centered features with ILCT characters
(Figure 7).43b As aforementioned, the HOMO → LUMO
transition can represent the characters of both S0 → S1 and S0
→ T1 transition processes. So, as indicated by their UV−vis
absorption spectra, these complexes display two kinds of
absorption bands, among which the strong absorption bands
can be assigned to ligand-based π−π* transitions. From the
HOMO patterns of the concerned complexes, the mixing of the
dπ orbitals of metal centers and the π orbitals of the organic
ligands can be clearly seen (Figure 7 and Table 5), indicating
the SOC effect of the Pt(II) center in generating triplet states.
So, the low-energy absorption features of the complexes except
for Pt-PVN, Pt-PVO, and Pt-PVS should be induced mainly by
the 3π−π* transitions with ILCT character mixed with some
triplet MLCT (3MLCT) features. For Pt-PVN, Pt-PVO, and Pt-
PVS, their low-energy absorption features should predom-
inantly come from the 3π−π* transitions with ILCT characters.
Apart from the contributions from the 3π−π* transitions, the
metal-perturbed 1π−π* transitions with ILCT feature can also
contribute the weak absorption bands in the UV−vis
absorption spectra of these complexes, since the metal
perturbation can typically red-shift the π−π* transitions of
the organic ligands in the platinum(II) complexes.44a The SOC
effect induced by the heavy metal center is indicated by the
similar oscillator strengths (less than a factor of 2 in their
extinction coefficients) for the metal-perturbed 1π−π* and
3π−π* absorption bands (Table 4 and Figure 5).43b

Owing to the triplet states induced by the SOC effect, all
these groups exhibit phosphorescence even at room temper-
ature (Figure 6a). Bearing the organic ligands with longer
conjugation compared with the ppy-type analogues, the
HOMO → LUMO transitions involved in these complexes
show mainly ligand-centered characters despite the contribu-
tions from the metal center (Figure 7). The MO patterns
would clearly throw light on the weaker SOC effect induced by
the Pt(II) center in these complexes compared with that

Figure 6. Photoluminescence (PL) spectra of the platinum(II)
complexes in CH2Cl2 solution recorded at (a) 298 K and (b) 77 K.
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involved in the traditional ppy-type analogues.44b Accordingly,
besides the phosphorescence band at longer wavelength region,
these complexes exhibit fluorescence band in their photo-
luminescence (PL) spectra due to the weaker SOC effect,
which cannot convert all the singlet states into triplet ones
(Figure 6a). So, there are two emission bands appearing in the
PL spectra of the platinum(II) complexes (Figure 6a). Their
fluorescence bands show very similar line shape and energy
level to those of the corresponding organic ligands (Supporting
Information, Figure S6). Hence, the high-energy emissions
should come from the metal-perturbed 1π−π* states of the
organic ligand with ILCT characters, which is supported by the
MO patterns of these complexes as well (Figure 7). The
excitation spectra for the fluorescence band of these platinum-
(II) complexes were obtained as well (Supporting Information,
Figure S7). However, the preferred excitation wavelength for
the fluorescence band locates at ca. 430 nm, exhibiting obvious
red-shift effect compared with the absorption maximum of the
corresponding organic ligands (Supporting Information, Figure
S8). This can be ascribed to the fact that the metal perturbation
in these complexes shifted the 1π−π* transition of the organic
ligand with ILCT characters to the longer wavelength region,
which has been frequently observed in the platinum(II)
complexes.44a As indicated by the HOMO → LUMO
transitions (Figure 7), the phosphorescence band should
show predominantly ligand-centered 3π−π* features with
ILCT characters for Pt-PVN, Pt-PVO, and Pt-PVS and
3π−π* mixed with some 3MLCT character for the remaining
complexes. Hence, the PL spectra of these complexes exhibit
obvious vibrational features at 77 K (Figure 6b).
Compared with the corresponding ppy-type counterparts,

these 2-vinylpyridine-type ligands possess longer conjugation,
which will induce 1π−π* states in a lower energy level and thus
low-energy 3π−π* states.44c Therefore, these platinum(II)T
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Figure 7. Plots of the HOMO (down) and LUMO (up) for each of
these complexes. (All hydrogen atoms are omitted for clarity.)
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complexes emit phosphorescence with much longer wavelength
(>629 nm) (Figure 6a) compared with their ppy-type
counterparts in the literature.25 Taking Pt-PVP as the reference
complex with the triplet emission peak at 629 nm (298 K), Pt-
PVSi and Pt-PVGe, with main-group SiPh3 and GePh3 showing
obviously neither electron-donating nor electron-withdrawing
character, exhibit slightly red-shifted emissions (ca. 638 and 634
nm, respectively), revealing the trivial effects of substituent on
photophysical properties due to the feeble electron-donating
abilities of the sp3-hybridized Si and Ge atoms. Bearing main-
group moieties with electron-donating features, Pt-PVN (λem =
ca. 646 nm), Pt-PVS (λem = ca. 640 nm), and Pt-PVO (λem = ca.
632 nm) all show bathochromic emission with respect to that
of the reference complex Pt-PVP (λem = ca. 629 nm). Pt-PVN
contains the organic ligand anchored with NPh2 group showing
strong electron-donating character indicated by its substantial
contribution to the HOMO of Pt-PVN. Hence, the electron-
donating NPh2 group will both lift the HOMO level to generate
narrower bandgap of Pt-PVN and facilitate the excitation
process to form excited states in a lower energy level, which
induces bathochromic effect in both the absorption (Figure 5)
and emission bands (Figure 6 and Table 4) of Pt-PVN with
respect to that of Pt-PVP. Similarly, the bathochromic effect in
the emission of Pt-PVS can be ascribed to both the more
polarizable and electron-donating character of the S atom,
leading to an enhanced conjugative effect and a higher HOMO
level to facilitate the formation of excited states in lower energy
level as well. Despite O and S being in the same group, Pt-PVO
shows slightly longer emission wavelength (ca. 632 nm) than
the reference complex Pt-PVP (ca. 629 nm) and shorter
emission wavelength compared with Pt-PVS (ca. 640 nm),
because of the inherently weak π-donating ability of O atom as
indicated by its much lower contribution to the HOMO of Pt-
PVO (ca. 1.3%) than that of S atom to the HOMO of Pt-PVS
(ca. 4.3%).
According to their HOMO patterns (Figure 7), it is

reasonable that bathochromic effect will be generally induced
through introducing the electron-donating group to vinyl
moiety in the organic ligands.45 However, with the electron-
withdrawing organoboryl group attached to the vinyl moiety,

Pt-PVB exhibits obviously red-shifted emission maxima at ca.
667 nm compared with the reference complex Pt-PVP (ca. 629
nm) and even Pt-PVN (ca. 646 nm) with strong electron-
donating group. The HOMO pattern of Pt-PVB is similar to
that of Pt-PVP (Figure 7). Hence, the explanation of the
bathochromic effect in the emission maxima of Pt-PVB cannot
be found from its HOMO character. However, the TD-DFT
calculation indicated that the HOMO → LUMO transition can
represent the emissive T1 character (i.e., ligand-centered
3π−π*) of Pt-PVB as aforementioned. So, the answer to this
question might only lie in the LUMO of Pt-PVB, which shows
noticeable difference from that of Pt-PVP (Figure 7). The pπ
orbital of the B atom makes a noticeable contribution to the
LUMO of Pt-PVB (ca. 16.6%), indicating that significant
electron density would be transferred to the B(Mes)2 moiety
from the chelated vinyl group together with subordinate
contribution from iridium(III) center in the charge transfer
(CT) process of Pt-PVB. In contrast, the CT processes in other
complexes are oriented toward the pyridyl moiety (Figure 7).
Owing to the strong π-accepting character of the “empty” pπ
orbital, the B(Mes)2 moiety will tend to lower the LUMO level
of Pt-PVB as confirmed by CV data (Table 3) and hence
facilitate the HOMO → LUMO transition, which will stabilize
the triplet states strongly, in agreement with the more red-
shifted weak absorption band reflecting the formation of triplet
state (Figure 5 and Table 4). As a result, the low-energy ligand-
centered triplet state of Pt-PVB leads to a longer emission
wavelength at ca. 667 nm. Different from the B(Mes)2 moiety
showing strong π-accepting character, the SO2Ph and POPh2
complexes exhibit inductively electron-withdrawing property,
which cannot render them as ideal destinations for electrons in
the CT processes in Pt-PVSO2 and Pt-PVPO, as indicated by
the negligible contribution to the LUMOs of Pt-PVSO2 and Pt-
PVPO from SO2Ph and POPh2, respectively. However, the
strong electron-withdrawing character of the polar OSO
and PO units will help in lowering the LUMO levels of Pt-
PVSO2 and Pt-PVPO, yet the ability of SO2Ph and POPh2 in
lowering the LUMO levels is weaker than that of the B(Mes)2
moiety, which has been confirmed by the CV measurement
(Table 3). The low LUMO levels of Pt-PVSO2 and Pt-PVPO

Figure 8. Configuration of the electrophosphorescent OLEDs and the chemical structures of the key chemicals involved.
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will also make the HOMO → LUMO transition easier to form
ligand-centered 3π−π* states in a lower energy level.
Accordingly, Pt-PVSO2 and Pt-PVPO show longer emission
wavelengths (ca. 654 and 646 nm, respectively) than the
reference complex Pt-PVP (ca. 629 nm), but shorter emission
wavelengths with respect to Pt-PVB (ca. 667 nm).
These vinylpyridine-type platinum(II) complexes show

mediocre PL Φ values in CH2Cl2 at room temperature
(Table 4). The values of the radiative constant (kr) and
nonradiative constant (knr) for all these complexes are also
listed in Table 4 to characterize the emission properties. The
value of knr for these complexes is almost 2 orders of magnitude
larger than that of kr, indicating the presence of more efficient
nonradiative decay pathways. In the conventional ppy-type
Pt(II) complexes, the central Pt(II) ion is directly coordinated
to the carbon atom on the phenyl ring linked to pyridyl unit,
which will prevent the phenyl ring from rotating and lock the
phenyl ring to keep a coplanar conformation with the pyridyl
ring, thereby enhancing the molecular rigidity. Generally,
increasing molecular rigidity can benefit the radiative decay
pathways.2 However, as the X-ray crystal structure revealed, the
central Pt(II) ion in the vinylpyridine-type complex is
coordinated to the vinyl carbon atom, leaving the freedom of
the phenyl ring and main-group units to rotate along the single
C−C bond linked to the vinyl moiety, which may increase the
chances for the nonradiative decay and decrease the PL
quantum yields. Besides their smaller radiative decay constant,
the ligand-centered phosphorescent character might be another
reason for the low ΦP of these complexes.46

Tuning of Electrophosphorescent Behavior by Main-
Group Moieties. Owing to the fact that these kinds of Pt(II)
complexes have not been applied to phosphorescent OLEDs
(PHOLEDs), their electrophosphorescent properties were
characterized in this section to show the influence of main-
group moieties with different electronic characters on their
electrophosphorescent behavior. Among all these complexes,
the parent complex Pt-PVP, Pt-PVPO with electron-with-
drawing group, and Pt-PVN with electron-donating moiety
were selected to evaluate their EL potentials, since the three
complexes could represent the electronic features of all the
complexes. The OLEDs were constructed with cheap solution
process, adopting the simple configuration of ITO/PE-
DOT:PSS (45 nm)/x wt % Pt:TCTA (30 nm)/TPBi (45
nm)/LiF:Al (1:100 nm) (Figure 8). The thin PEDOT:PSS
layer serves the purpose of hole injection. The host material for
the phosphorescent dopant is 4,4′,4″-tri(N-carbazolyl)-
triphenylamine (TCTA). For its excellent electron transporting
(ET) ability and low HOMO level of ca. 6.3 eV, 1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene (TPBi) can fulfill the func-
tion of both an electron transporting layer (ETL) and a hole
blocking layer (HBL), whereas LiF serves as the electron
injection layer (EIL). With the aim of optimizing the EL
performances, OLEDs with different doping levels were
fabricated as well (Figure 8).
At proper driving voltage, all the devices emit intense red

phosphorescence (Figure 9 and Supporting Information, Figure
S9). For the device A2, the EL maximum locates at ca. 628 nm,
while those for device B2 and C2 are 644 and 648 nm,
respectively. Besides the EL band at deep red region, there are
high-energy EL peaks at ca. 516 nm for the devices using Pt-
PVN as emitter (Figure 9 and Supporting Information, Figure
S9). The high-energy EL might come from the 1π−π* state of
the ligand due to the much weaker SOC effect in Pt-PVN.

The related EL results for the devices A2, B2, and C2 are
summarized in Table 6, and performances for all the devices are
shown in Supporting Information, Table S1. The representative
current density−voltage−luminance (J−V−L) characteristics
for the optimized devices A2, B2, and C2 are shown in Figure
10 (also see Supporting Information, Figure S10 for other
devices). The red-emitting device A2 doped with Pt-PVP shows
a turn-on voltage of 4.8 V, a maximum brightness (Lmax) of
6084 cd m−2 at 16.6 V, peak external quantum efficiency (ηext)
of 0.88%, luminance efficiency (ηL) of 5.79 cd A−1, and power
efficiency (ηp) of 2.42 lm W−1 (Table 6 and Supporting
Information, Figure S11). Encouragingly, the deep red-emitting
device B2 with Pt-PVPO can exhibit even better EL
performances with Lmax of 2955 cd m−2 at 12.6 V and EL
efficiencies of 1.61%, 6.92 cd A−1, and 2.21 lm W−1, respectively
(Table 6 and Figure 11). However, the device C2 shows
inferior EL ability (ηext of 0.29%, ηL of 2.48 cd A−1, and ηP of
1.10 lm W−1) compared with devices A2 and B2 (Table 6 and
Supporting Information, Figure S11). From the EL results for
devices A2, B2, and C2, it might be concluded that the
phosphorescent emitter with electron-withdrawing group (Pt-
PVPO) can show better EL performances, while the one with
electron-donating moiety (Pt-PVN) exhibits inferior potential.
This result can be explained as follows: from the CV results
aforementioned (Table 3), these complexes can show good
hole injection features due to their high-lying HOMO levels. It
can be expected that Pt-PVPO will exhibit good electron
injection/transporting behavior because of its low-lying LUMO
level, which will lead to balanced injection/transporting ability
for both kinds of charge carriers in the device. On the contrary,
considering the good hole injection/transporting ability of Pt-
PVN induced by the NPh2 group, the severe unbalanced charge
carrier injection/transporting can be expected in the device
based on Pt-PVN. Hence, Pt-PVPO with balanced charge
carrier injection/transporting features can outperform Pt-PVN
and Pt-PVP in EL characterization. The more unbalanced
charge carrier injection/transporting properties of the device
based on Pt-PVN makes it even show inferior EL performances
compared with devices based on Pt-PVP and Pt-PVPO.
Although devices based on these three complexes show
relatively low ηext due to their low ΦP, their deep-red EL can
show CIE coordinates (Table 6 and Supporting Information,
Table S1) very close to the NTSC-recommended standard red
CIE coordinates of (0.67, 0.33).47 The documented deep-red

Figure 9. EL spectra for the optimized electrophosphorescent OLEDs
at ∼10 V.
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EL devices based on Pt(II) complexes with the x-component of
CIE equal to and/or exceeding 0.67 are relatively rare.48

Besides, the device based on Pt-PVPO gives a high ηL value of
6.92 cd A−1 and ηP value of 2.21 lm W−1, which are even higher
or comparable to those of devices based on iridium(III)
complexes49 and ruthenium(II) complexes50 displaying similar
CIE coordinates, rendering the device based on Pt-PVPO
among the best deep-red emission PHOLEDs in terms of the
luminance efficiency and power efficiency. For example, a deep
red-emitting device based on bis(8-hydroxyquinolato)platinum-
(II) complex can give ηext of 1.7% and ηL of 0.32 cd A−1.48a

With the CIE of (0.678, 0.317), the device based on an Ir(III)
complex shows ηP of 0.32 lm W−1 and ηL of 1.25 cd A

−1,49e and

another solution-processed red-emitting Ir(III) dendrimer-
based device achieves ηP of 1.3 lm W−1 and ηL of 3.3 cd A−1

with the CIE of (0.67, 0.33).49f Deep-red EL devices using
neutral Ru(II) emitters can realize high ηP of 2.36 lm W−1 with
ηL of 5.08 cd A

−1 and ηP of 2.74 lm W−1 with ηL of 8.02 cd A
−1,

respectively.50 Therefore, these vinylpyridine-type Pt(II)
complexes are promising for fabricating solution-processed
deep red-emitting PHOLEDs with CIE coordinates close to the
standard red point as well as attractive luminance efficiency and
power efficiency.

■ CONCLUSIONS
A prominent class of phosphorescent 2-vinylpyridine-type
platinum(II) complexes bearing various main-group moieties
was designed and synthesized for the first time. Their structural,
thermal, photophysical, electrochemical, and electrolumines-
cent properties were also presented. The main-group moieties
can exert sound impact on both the molecular packing mode of
these complexes in solid state and the emission maxima.
Because of the electronic characters of the corresponding 2-
vinylpyridine-type ligands, these complexes exhibit their unique
photophysical, electrochemical, and electroluminescent charac-
ters with respect to their ppy-type analogues. Furthermore, the
combined electronic features from both the organic ligands and
main-group moieties can furnish the concerned complexes with
balanced charge carrier injection/transporting behaviors to
benefit the EL efficiencies of the complexes. Deep red
electroluminescent devices based on the 2-vinylpyridine-type
Pt(II) complexes can give CIE coordinates very close to the
NTSC recommended standard red CIE coordinates of (0.67,
0.33). Furthermore, the device also achieves high ηL of 6.92 cd
A−1 and ηP of 2.21 lm W−1, which are among the highest
efficiencies obtained by PHOLEDs with CIEx ≥ 0.67. These
results will not only give deep insight into the optoelectronic
features of these new complexes but also provide the structure−
property relationship information, which will definitely benefit
the development of new platinum(II) phosphorescent com-
plexes with great potential for important applications.

■ EXPERIMENTAL SECTION
General Information. All commercially available starting materials

were used directly with no further purification. The solvents were
carefully dried prior to use. All reactions were monitored using thin-
layer chromatography (TLC) purchased from Merck & Co., Inc. Flash
column chromatography and preparative TLC were made from silica
gel bought from Shenghai Qingdao (200−300 mesh). 1H, 13C, and 31P
NMR spectra were recorded in CDCl3 on a Bruker Avance 400 MHz
spectrometer, and chemical shifts were referenced to the solvent
residual peak at δ 7.26 for 1H and 77.0 for 13C, respectively. H3PO4

Table 6. EL Performance of the Solution-Processed Devices A2, B2, and C2

device dopant Vturn‑on (V) luminance Lmax (cd m−2)a ηext (%) ηL (cd A−1) ηp (lm W−1) λmax (nm)d

A2 Pt-PVP (5.0 wt %) 4.8 6084 (16.6) 0.88 (8.2)a 5.79 (8.2) 2.42 (6.8) 628
0.87b 5.69 2.29 (0.68, 0.32)
0.86c 5.63 1.70

B2 Pt-PVPO (5.0 wt %) 4.8 2955 (12.6) 1.61 (10.2) 6.92 (10.2) 2.21 (9.5) 644
0.90 4.25 1.75 (0.67, 0.32)
1.54 6.70 2.19

C2 Pt-PVN (5.0 wt %) 4.2 750 (12.6) 0.29 (7.8) 2.48 (7.8) 1.10 (6.5) 516, 648
0.27 2.35 1.08 (0.49, 0.41)
0.26 2.20 0.75

aMaximum values of the devices. Values in parentheses are the voltages at which they were obtained. bValues were collected at 20 mA cm−2. cValues
collected at 100 cd m−2. dValues were collected at 12 V and CIE coordinates (x, y) are shown in parentheses.

Figure 10. J−V−L curves for the optimized devices A2, B2, and C2.

Figure 11. Relationship between EL efficiencies and current density
for device B2.
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was used in the 31P NMR study as external reference. Elemental
analyses were preformed on a Flash EA 1112 elemental analyzer. The
thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) data were collected on a NETZSCH STA 409C
instrument and a NETZSCH DSC 200 PC unit, respectively. UV−vis
absorption spectra were measured at room temperature on a Shimadzu
UV-2250 spectrophotometer. Emission spectra and lifetimes of these
complexes were recorded on an Edinburgh Instruments Ltd.
(FLSP920) fluorescence spectrophotometer using the software
package provided by Edinburgh Instruments. The ΦP values were
determined in CH2Cl2 solutions at 298 K against fac-[Ir(ppy)3]
standard (ΦP = 0.40).51 Emission spectra of these complexes at 77 K
were tested in CH2Cl2 matrix frozen by liquid nitrogen. Cyclic
voltammetry was performed using a Princeton Applied Research
model 273A potentiostat at a scan rate of 100 mV s−1. All experiments
were carried out in a three-electrode compartment cell with a Pt-sheet
counter electrode, a glassy carbon working electrode, and a Pt-wire
reference electrode. The supporting electrolyte used was 0.1 M
[nBu4N]BF4 solution in acetonitrile. Fast atom bombardment (FAB)
mass spectra were recorded on a Finnigan MAT SSQ710 system.
X-ray Crystallography. Single crystals of Pt-PVSO2, Pt-PVS, Pt-

PVB, Pt-PVSi, and Pt-PVGe of suitable dimensions were mounted in
thin glass fibers for collecting the intensity data on a Bruker SMART
CCD diffractometer (Mo Kα radiation and λ = 0.710 73 Å) in Φ and
ω scan modes at 292 K. Their structures were solved by direct
methods followed by difference Fourier syntheses and then refined by
full-matrix least-squares techniques against F2 using SHELXL-9752

program on a personal computer. The positions of hydrogen atoms
were calculated and refined isotropically using a riding model. All other
non-hydrogen atoms were refined isotropically. Absorption corrections
were applied using SADABS.53

Computational Details. Geometrical optimizations were con-
ducted using the popular B3LYP functional theory. The basis set used
for C, H, N, O, B, S, P, Ge, and Si atoms was 6-311G(d, p), while
effective core potentials with a LanL2DZ basis set were employed for
Pt atoms.54,55 The energies of the excited states of the complexes were
computed by TD-DFT based on all the ground-state geometries. All
calculations were carried out by using the Gaussian 09 program.56

General Procedure for Synthesis of These Vinylpyridine-
type Ligands. Under a nitrogen atmosphere, 2-vinylpyridine (1.1
mmol), the respective main-group element-substituted aryl halides
(1.0 mmol), and the catalyst Pd(PPh3)2Cl2 (0.1 mmol) were added in
triethylamine (20 mL). The mixture was heated to 100 °C and stirred
for 16−19 h. After the mixture cooled to room temperature, the
solvent was removed, and the residual was purified on a silica column
with a mixture of solvents of petroleum ether (bp 60−90 °C)/
dichloromethane/diethyl ether (PE/DCM/DE) to give the title
ligands.
L-PVP (solvent volume ratio VPE/VDCM = 1:4, Yield 64.8%) The

spectral data were in accordance with those reported in the literature.57

L-PVB (VPE/VDCM = 1:2, Yield 69.2%) 1H NMR (400 MHz,
CDCl3): δ (ppm) 8.61 (d, J = 4.4 Hz, 1H), 7.68−7.63 (m, 2H), 7.56−
7.51 (m, 4H), 7.41 (d, J = 8.0 Hz, 1H), 7.26 (d, J = 16.0 Hz, 1H), 7.15
(t, J = 6.0 Hz, 1H), 6.83 (s, 4H), 2.31 (s, 6H), 2.02 (s, 12H); 13C
NMR (100 MHz, CDCl3): δ (ppm) 155.36, 149.71, 145.90, 141.65,
140.77, 139.88, 138.60, 136.90, 136.55, 132.49, 129.41, 128.13, 126.61,
122.26, 122.24, 23.44, 21.21; FAB-MS (m/z): 429 [M]+; Anal. Calcd
for C31H32BN: C, 86.71; H, 7.51; N, 3.26; found: C, 86.60; H, 7.73; N,
3.32%.
L-PVSi (VPE/VDCM = 1:3, Yield 48.6%) 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.61 (dd, J = 0.8 Hz, 4.8 Hz, 1H), 7.68−7.62 (m,
2H), 7.59−7.57 (m, 10H), 7.46−7.36 (m, 10H), 7.31 (d, J = 16.4 Hz,
1H), 7.17−7.13 (m, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm)
155.46, 149.69, 137.70, 136.77, 136.56, 136.36, 134.59, 134.03, 132.51,
129.63, 128.64, 127.89, 126.45, 122.23, 122.18; FAB-MS (m/z): 439
[M]+; Anal. Calcd for C31H25NSi: C, 84.69; H, 5.73; N, 3.19; found:
C, 84.55; H, 5.91; N, 3.03%.
L-PVGe (VPE/VDCM = 1:6, Yield 63.2%) 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.61 (d, J = 4.8 Hz, 1H), 7.68−7.60 (m, 2H), 7.58−
7.54 (m, 10H), 7.44−7.34 (m, 10H), 7.20 (d, J = 16.0 Hz, 1H), 7.19−

7.14 (m, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) 155.50, 149.68,
137.31, 136.63, 136.55, 135.93, 135.75, 135.36, 132.55, 129.15, 128.43,
128.29, 126.81, 122.19, 122.14; FAB-MS (m/z): 485 [M]+; Anal.
Calcd for C31H25NGe: C, 76.90; H, 5.20; N, 2.89; found: C, 76.77; H,
5.31; N, 2.75%.

L-PVN (VPE/VDCM = 1:3, Yield 43.7%) 1H NMR (400 MHz,
CDCl3): δ (ppm) 8.57 (d, J = 4.0 Hz, 1H), 7.63 (t, J = 8.0 Hz, 1H), 7.
57 (d, J = 16.0 Hz, 1H), 7.44 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.0 Hz,
1H), 7.29−7.25 (m, 4H), 7.13−7.09 (m, 5H), 7.07−7.03 (m, 5H); 13C
NMR (100 MHz, CDCl3): δ (ppm) 155.98, 149.61, 148.03, 147.40,
136.44, 132.22, 130.50, 129.31, 128.00, 126.07, 124.76, 123.26, 123.01,
121.77, 121.64; FAB-MS (m/z): 348 [M]+; Anal. Calcd for C25H20N2:
C, 86.17; H, 5.79; N, 8.04; found: C, 85.98; H, 5.72; N, 7.96%.

L-PVPO (VPE/VDCM/VDE = 1:1:1, Yield 64.2%) 1H NMR (400
MHz, CDCl3): δ (ppm) 8.61 (d, J = 4.4 Hz, 1H), 7.72−7.64 (m,
10H), 7.55 (t, J = 7.2 Hz, 2H), 7.50−7.46 (m, 4H),7.39 (d, J = 8.0 Hz,
1H), 7.25 (d, J = 16.4 Hz, 1H), 7.18 (t, J = 6.0 Hz, 1H); 13C NMR
(100 MHz, CDCl3): δ (ppm) 154.82, 149.74, 140.13, 136.66, 132.88,
132.52, 132.42, 132.07, 131.97, 131.93, 131.85, 131.32, 130.07, 128.55,
128.43, 127.00, 126.87, 122.61, 122.57; 31P NMR (161.9 MHz,
CDCl3): δ (ppm) 28.99; FAB-MS (m/z): 381 [M]+; Anal. Calcd for
C25H20NOP: C, 78.73; H, 5.29; N, 3.67; found: C, 78.69; H, 5.31; N,
3.45%.

L-PVO (VPE/VDCM = 0:1, Yield 64.9%) 1H NMR (400 MHz,
CDCl3): δ (ppm) 8.60 (d, J = 4.8 Hz, 1H), 7.64 (t, J = 6.0 Hz, 1H),
7.61 (d, J = 15.6 Hz, 1H), 7.54 (d, J = 8.0 Hz, 1H), 7.39−7.34 (m,
4H), 7.15 7.10 (m, 3H), 7.06−6.99 (m, 4H); 13C NMR (100 MHz,
CDCl3): δ (ppm) 155.62, 149.61, 136.51, 131.86, 131.65, 129.78,
128.69, 128.49, 127.06, 126.86, 123.56, 121.96, 121.89, 119.20, 118.72;
FAB-MS (m/z): 273 [M]+; Anal. Calcd for C19H15NO: C, 83.49; H,
5.53; N, 5.12; found: C, 83.35; H, 5.56; N, 4.99%.

L-PVS (VPE/VDCM = 1:1,Yield 75.1%) 1H NMR (400 MHz,
CDCl3): δ (ppm) 8.60 (d, J = 4.4 Hz, 1H), 7.66 (t, J = 8.0 Hz, 1H),
7.59 (d, J = 16.0 Hz, 1H), 7.50 (d, J = 7.6 Hz, 2H), 7.41−7.28 (m,
8H), 7.16−7.13 (m, 2H); 13C NMR (100 MHz, CDCl3): δ (ppm)
155.37, 149.67, 136.56, 136.40, 135.21, 131.78, 131.60, 130.53, 129.28,
128.70, 127.72, 127.39, 122.20, 122.12; FAB-MS (m/z): 289 [M]+;
Anal. Calcd for C19H15NS: C, 78.86; H, 5.22; N, 4.84; found: C, 78.59;
H, 5.41; N, 4.85%.

L-PVSO2 (VPE/VDE = 1:1, Yield 66.8%) 1H NMR (400 MHz,
CDCl3): δ (ppm) 8.62 (d, J = 4.4 Hz, 1H), 7.96 (d, J = 8.0 Hz, 2H),
7.93 (d, J = 8.4 Hz, 2H), 7.81 (d, J = 8.0 Hz, 1H), 7.71−7.64 (m, 4H),
7.52 (d, J = 7.2 Hz, 2H), 7.38 (d, J = 7.6 Hz, 1H), 7.23−7.18 (m, 2H);
13C NMR (100 MHz, CDCl3): δ (ppm) 154.49, 149.85, 141.57,
136.74, 133.19, 131.35, 130.52, 129.30, 129.10, 128.83, 128.15, 127.61,
127.36, 127.30, 122.87; FAB-MS (m/z): 321 [M]+; Anal. Calcd for
C19H15NO2S: C, 71.00; H, 4.70; N, 4.36; found: C, 69.79; H, 4.81; N,
4.28%.

General Procedure for Synthesis of These Vinylpyridine-
type Platinum(II) Complexes. Under a nitrogen atmosphere,
ligands (1.1 mmol) and K2PtCl4 (1.0 mmol) were added in a mixture
of 2-ethoxyethanol and water (15−20 mL, v/v = 3:1). The mixture
was heated to 80−90 °C and stirred for 16 h. Then the reaction
mixture was cooled to room temperature, and water was added. The
precipitate of μ-chloro-bridged dimer was collected by filtration and
dried under vacuum. Without further purification, the dimer, Na2CO3
(5.0 mmol), and acetylacetone (2.5 mmol) were added in 2-
ethoxyethanol (15 mL). The mixture was stirred at 90−100 °C
under N2 for 16 h. After the mixture cooled to room temperature,
water was added, and a colored precipitate was collected by filtration.
The crude product was chromatographed on a silica column with
mixture of petroleum ether (PE) bp 60−90 °C and dichloromethane
(DCM) to give a pure colored product after drying.

Pt-PVP (VPE/VDCM = 3:2,Yield 12.3%). 1H NMR (400 MHz,
CDCl3): δ (ppm) 8.82 (d, J = 5.6 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H),
7.56 (d, J = 6.4 Hz, 2H), 7.37−7.26 (m, 3H), 7.13 (d, J = 8.0 Hz, 1H),
6.91 (t, J = 7.2 Hz, 1H), 6.47 (s, 1H), 5.43 (s, 1H), 2.00 (s, 3H), 1.80
(s, 3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 185.31, 184.01,
171.00, 163.90, 146.66, 144.67, 138.34, 130.98, 127.32, 127.27, 126.89,
119.25, 117.78, 102.26, 28.03, 26.93; FAB-MS (m/z): 474 [M]+; Anal.
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Calcd for C18H17NO2Pt: C, 45.57; H, 3.61; N, 2.95; found: C, 45.69;
H, 3.38; N, 2.60%.
Pt-PVB (VPE/VDCM = 3:2, Yield 19.7%). 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.81 (d, J = 5.6 Hz, 1H), 7.63 (t, J = 8.0 Hz, 1H),
7.49 (dd, J = 11.2 Hz, 4.4 Hz, 4H), 7.13 (d, J = 8.0 Hz, 1H), 6.92 (t, J
= 7.6 Hz, 1H), 6.82 (s, 4H), 6.51 (s, 1H), 5.43 (s, 1H), 2.31 (s, 6H,
Me), 2.04 (s, 12H, Me), 2.00 (s, 3H), 1.75 (s, 3H); 13C NMR (100
MHz, CDCl3): δ (ppm) 185.30, 183.94, 170.89, 163.77, 148.91,
146.74, 143.80, 142.05, 140.87, 138.37, 138.27, 136.02, 131.59, 128.06,
126.75, 119.43, 118.03, 102.28, 28.01, 26.91, 23.51, 21.22; FAB-MS
(m/z): 722 [M]+; Anal. Calcd for C36H38BNO2Pt: C, 59.84; H, 5.30;
N, 1.94; found: C, 59.78; H, 5.50; N, 1.90%.
Pt-PVSi (VPE/VDCM = 1:3, Yield 36.3%). 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.81 (d, J = 5.6 Hz, 1H), 7.64−7.56 (m, 9H), 7.48
(d, J = 7.6 Hz, 2H), 7.42−7.35 (m, 9H), 7.13 (d, J = 7.6 Hz, 1H), 6.91
(t, J = 6.0 Hz, 1H), 6.49 (s, 1H), 5.43 (s, 1H), 2.00 (s, 3H), 1.80 (s,
3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 185.35, 183.97, 170.97,
163.67, 146.70, 145.51, 138.37, 136.53, 135.47, 134.46, 134.02, 131.13,
128.98, 128.18, 127.02, 119.35, 117.89, 102.29, 28.05, 26.90; FAB-MS
(m/z): 732 [M]+; Anal. Calcd for C36H31NO2PtSi: C, 59.00; H, 4.26;
N, 1.91; found: C, 58.89; H, 4.19; N, 1.81%.
Pt-PVGe (VPE/VDCM = 1:3, Yield 35.5%). 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.81 (d, J = 5.2 Hz, 1H), 7.65−7.50 (m, 11H),
7.45−7.34 (m, 9H), 7.14 (d, J = 8.0 Hz, 1H), 6.92 (t, J = 7.6 Hz, 1H),
6.49 (s, 1H), 5.43 (s, 1H), 2.00 (s, 3H), 1.80 (s, 3H); 13C NMR (100
MHz, CDCl3): δ (ppm) 185.34, 183.96, 170.97, 146.71, 145.98,
138.37, 136.47, 135.52, 134.64, 131.17, 129.45, 127.78, 126.63, 119.37,
117.92, 102.29, 28.05, 26.90; FAB-MS (m/z): 778 [M]+; Anal. Calcd
for C36H31NO2PtGe: C, 55.62; H, 4.02; N, 1.80; found: C, 55.59; H,
4.19; N, 1.69%.
Pt-PVN (VPE/VDCM = 1:5, Yield 18.7%). 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.80 (d, J = 5.6 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H),
7.49 (d, J = 8.8 Hz, 2H), 7.25−7.22 (m, 5H), 7.14−7.10 (m, 4H),
7.04−6.97 (m, 4H), 6.87 (t, J = 6.0 Hz, 1H), 6.47 (s, 1H), 5.44 (s,
1H), 2.00 (s, 3H), 1.83 (s, 3H); 13C NMR (100 MHz, CDCl3): δ
(ppm) 185.39, 183.86, 171.13, 163.15, 148.01, 147.89, 146.79, 146.61,
139.22, 138.23, 129.94, 129.11, 128.36, 124.21, 124.05, 123.90, 123.57,
122.93, 122.52, 122.35, 122.28, 119.05, 117.41, 102.27, 28.06, 26.92;
FAB-MS (m/z): 641 [M]+; Anal. Calcd for C30H26N2O2Pt: C, 56.16;
H, 4.08; N, 4.37; found: C, 56.20; H, 4.10; N, 4.28%.
Pt-PVPO (VPE/VDCM = 1:5, Yield 17.9%). 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.82 (d, J = 5.2 Hz, 1H), 7.71−7.43 (m,15H), 7.15
(d, J = 8.0 Hz, 1H), 6.95 (t, J = 8.8 Hz, 1H), 6.50 (s, 1H), 5.44 (s,
1H), 2.00 (s, 3H), 1.77 (s, 3H); 13C NMR (100 MHz, CDCl3): δ
(ppm) 185.47, 183.94, 170.61, 162.05, 148.66, 146.77, 138.52, 133.53,
132.49, 132.20, 132.10, 131.78, 131.75, 131.29, 131.19, 130.24, 129.18,
128.46, 128.34, 127.31, 127.18, 119.64, 118.36, 102.37, 28.01, 26.92;
31P NMR (161.9 MHz, CDCl3): δ (ppm) 29.63; FAB-MS (m/z): 674
[M]+; Anal. Calcd for C30H26NO3PPt: C, 53.41; H, 3.88; N, 2.08;
found: C, 53.27; H, 4.10; N, 1.98%.
Pt-PVO (VPE/VDCM = 1:5, Yield 14.5%). 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.81 (d, J = 5.6 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H),
7.56 (d, J = 8.4 Hz, 2H), 7.36−7.31 (m, 3H), 7.14−7.02 (m, 4H), 6.96
(d, J = 8.8 Hz, 1H), 6.91 (t, J = 6.0 Hz, 1H), 6.47 (s, 1H), 5.44 (s,
1H), 2.00 (s, 3H), 1.83 (s, 3H); 13C NMR (100 MHz, CDCl3): δ
(ppm) 185.42, 183.95, 156.26, 146.63, 138.31, 130.44, 129.63, 128.79,
127.30, 122.92, 119.15, 118.72, 117.87, 117.64, 102.29, 28.03, 26.91;
FAB-MS (m/z): 566 [M]+; Anal. Calcd for C24H21NO3Pt: C, 50.88;
H, 3.74; N, 2.47; found: C, 50.56; H, 3.58; N, 2.29%.
Pt-PVS (VPE/VDCM = 1:3,Yield 37.8%). 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.81 (d, J = 5.6 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H),
7.53 (d, J = 8.0 Hz, 2H), 7.34−7.18 (m, 7H), 7.12 (d, J = 8.0 Hz, 1H),
6.91 (t, J = 6.4 Hz, 1H), 6.48 (s, 1H), 5.44 (s, 1H), 2.00 (s, 3H), 1.80
(s, 3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 185.41, 183.92,
170.83, 162.62, 146.68, 144.06, 138.37, 136.91, 133.03, 131.08, 130.85,
130.06, 129.00, 128.17, 126.44, 119.34, 117.92, 102.29, 28.01, 26.91;
FAB-MS (m/z): 582 [M]+; Anal. Calcd for C24H21NO2PtS: C, 49.48;
H, 3.63; N, 2.40; found: C, 49.35; H, 3.59; N, 2.23%.
Pt-PVSO2 (VPE/VDCM = 0:1, Yield 37.5%). 1H NMR (400 MHz,

CDCl3): δ (ppm) 8.82 (d, J = 5.6 Hz, 1H), 7.96−7.94 (m, 2H), 7.86

(d, J = 8.4 Hz, 2H), 7.65−7.62 (m, 3H), 7.54−7.46 (m, 3H), 7.14 (d, J
= 7.6 Hz, 1H), 6.91 (t, J = 6.0 Hz, 1H), 6.47 (s, 1H), 5.43 (s, 1H), 2.00
(s, 3H), 1.75 (s, 3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 185.55,
183.92, 170.33, 160.77, 150.17, 146.78, 142.22, 138.82, 138.60, 132.86,
132.67, 129.14, 127.99, 127.50, 126.82, 119.82, 118.64, 102.40, 27.98,
26.89; FAB-MS (m/z): 614 [M]+; Anal. Calcd for C24H21NO4PtS: C,
46.90; H, 3.44; N, 2.28; found: C, 46.79; H, 3.19; N, 2.13%.

OLED Fabrication and Measurements. The precleaned indium
tin oxide (ITO) glass substrates were treated with ozone for 20 min.
Then, the PEDOT:PSS was deposited on the surface of ITO glass by
spin-coating method to form a 45 nm thick hole-injection layer after
being cured at 120 °C for 30 min in the air. The emission layer (30
nm) was obtained by spin-coating a chloroform solution of each
phosphorescent dopant (x wt %) in TCTA at various concentrations.
The obtained ITO chip was dried in a vacuum oven at 60 °C for 10
min and it was transferred to the deposition system for organic and
metal deposition. TPBi (45 nm), LiF (1 nm), and Al cathode (100
nm) were successively evaporated at a base pressure less than 10−6

Torr. The EL spectra and CIE coordinates were measured with a
PR650 spectra colorimeter. The L−V−J curves of the devices were
recorded by a Keithley 2400/2000 source meter, and the luminance
was measured using a PR650 SpectraScan spectromter. All the
experiments and measurements were carried out under ambient
conditions.
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