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a b s t r a c t

The rational design, synthesis and characterization of five phosphorescent platinum complexes
[(C^N)Pt(acac)] [Hacac = acetylacetone, HC^N = 1-methyl-2-(4-fluorophenyl)benzoimidazole (H-FMBI),
1-methyl-2-phenylbenzoimidazole (H-MBI), 1,2-diphenyl-benzoimidazole (H-PBI), 1-(4-(3,6-di-t-buty-
lcarbazol-9-yl))phenyl-2-phenylbenzoimidazole (t-BuCz-H-PBI), and 1-(4-(3,6-di-(3,6-di-t-butyl-car-
bazol-9-yl))carbazol-9-yl)phenyl-2-phenylbenzoimidazole (t-BuCzCz-H-PBI)] have been discussed. The
crystal structure of (MBI)Pt(acac) shows a nearly ideal square planar geometry around Pt atom and the
weak intermolecular interactions with p–p spacing of 3.55 Å. All of the complexes emit green phosphores-
cence from the metal-to-ligand charge-transfer (MLCT) excited state with high quantum efficiency (0.08–
0.17) at room temperature. A multilayer organic light-emitting diode (OLED) with (MBI)Pt(acac) as phos-
phorescent dopant was fabricated using the method of high-vacuum thermal evaporation, which gives a
maximum brightness, luminous and power efficiency of 13 605 cd/m2, 15.1 cd/A and 4.3 lm/W, respec-
tively. In contrast, the comparable performance can be achieved in the solution-processed OLED based
on (t-BuCzPBI)Pt(acac) with a peak brightness, luminous and power efficiency of 13 606 cd/m2, 17.5 cd/
A and 8.4 lm/W, respectively. The better device efficiency results from the good square plane of central
Pt coordination unit and the inhibition of the aggregates due to bulky and rigid t-butylcarbazole dendrons.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Recently, square planar platinum(II) complexes have attracted
intensive interest for their potential application in different fields
such as chemical sensors [1,2], photovoltaic devices [3,4], emissive
probes for DNA [5], and especially organic light-emitting diodes
(OLEDs) [6–11]. Since the first report of the phosphorescent plati-
num(II) complex (PtOEP) in 1998 [12], a breakthrough using plat-
inum(II) complex as efficient electroluminescent materials has
been demonstrated, and a series of platinum(II) complexes, based
on N^N [13,14], C^N [15–20], N^O [21], N^N^N [22,23], C^N^N
[24–31], O^N^N [32] aromatic chelating ligands, have been synthe-
sized one after the other. For example, the green emitting device
using [LPt(OPh)] [HL = 3,5-di(2-pyridinyl)toluene] displays a very
high external quantum efficiency (EQE) of 16.5% and a reasonable
operational stability [33]. Jabbour and Li’s group offered a novel Pt
complex [Pt-4, (1,3-difluoro-4,6-di(2-pyridinyl)benzene) platinum
chloride], which shows a peak EQE of 16% for blue OLED and 9.3%
for single-dopant white OLED, respectively [34].
All rights reserved.

x: +86 431 85684937.
However, the device stability and efficiency of a majority of
platinum(II) complexes are still very low. For the sake of improving
the device performance, two key issues may be considered. Firstly,
keeping ideal coordination geometry of square plane of Pt atom,
which can decrease the probability of metal-centered (d–d) states
non-radiative deactivation and provide the emissive decay state at
room temperature [35–37]. Che’s group exploited the (C^N^N)
cyclometalated ligands that show a strong preference for a planar
geometry, and can therefore be expected to disfavor the excited-
state distortion and promote radiative decay [38]. These platinum
(II) complexes obtained have high phosphorescence quantum
yields ranging from 0.21 to 0.68 in solutions at room temperature
[37,39]. Secondly, restraining the formation of the aggregates and
excimers [40] of the square planar molecular configuration of plat-
inum(II) complexes. It seems contrary to the first, in fact, the worry
has been solved by Chi and co-workers [41]. They choose a bulky,
rigid camphor-like architecture ligand to effectively suppress the
aggregation effect and drastically reduce the phosphorescence
radiative lifetime to several microseconds. Consequently, highly
efficient OLEDs operating at 610–630 nm have been successfully
prepared with the corresponding platinum(II) complexes as
dopants. In addition, using bi-, tri- or tetra-nuclear platinum(II)
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complexes possessing three dimension geometry can act as the
similar role, or realize intramolecular interaction rather than inter-
molecular interaction [42–45]. However, few successful examples
mean that tremendous efforts still need to be made in the develop-
ment of highly efficient phosphorescent platinum(II) complexes.

In our previous work, a class of C^N ligands based on 2-phen-
ylbenzoimidazole has been applied successfully in cyclometalated
iridium(III) complexes as high efficiency non-doped emitting
materials [46], which impels us to synthesize corresponding phos-
phorescent platinum(II) complexes. This kind of C^N aromatic che-
lating ligands retains the metal-centered (MC) states of
platinum(II) complexes to lie at higher energy than the intraligand
and MLCT states, an advantageous situation for enhancing lumi-
nous efficiency. In other words, they can satisfy the demand of
geometry of square planar platinum(II) complexes and simulta-
neously keep high phosphorescence quantum yields at room tem-
perature. In addition, the bulky and rigid carbazole-based
dendrons can be introduced conveniently to the periphery of this
ligand, which can restrain the aggregates and excimers formation
and further improve luminous efficiency. In fact, the performances
of the OLEDs fabricated by solution process are comparable to
those of high-vacuum thermal evaporation. The maximum
luminous efficiency of 15.6 cd/A for the evaporation device of
(MBI)Pt(acac) and 17.5 cd/A for the solution-processed device of
(t-BuCzPBI)Pt(acac) are realized.

2. Result and discussion

2.1. Synthesis and structural characterization

The synthesis and chemical structure of the platinum(II) com-
plexes are shown in Scheme 1. The synthetic routes are mature
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Scheme 1. Synthesis of the (C^N)Pt(acac) complexes with (PBI)Pt(acac) as an
and general, which can be divided into two steps: first, the plati-
num salt reacts with the HC^N ligand and forms the chloride-
bridged dimer, (C^N)Pt(l-Cl)2Pt(C^N). Then the dimer is cleaved
with the acetyl acetone to give the corresponding monomeric
(C^N)Pt(acac) complexes with moderate yield except (FMBI)Pt(a-
cac) due to the presence of electron-withdrawing fluorine atom.
All of the (C^N)Pt(acac) complexes were verified with 1H and 13C
NMR spectroscopy, elemental analysis, and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectra.
All the complexes are thermally stable up to 320 �C, as determined
by thermal gravimetric analysis (TGA), which is beneficial to the
long-term stability of OLEDs fabricated with these materials. The
favorable solubility and air stability of them allow for all kinds of
measurements.

X-ray single crystal structure analysis of (MBI)Pt(acac) was car-
ried out and its crystal structure and molecular packing diagram
are shown in Fig. 1. Selected bond lengths and angles are listed
in Table 1. The bond distances of Pt–C [1.973(1)], Pt–N [2.000(1)]
and Pt–O [1.990(9) and 2.049(9) Å] are similar to the mean value
reported in the literature [47–50]. The bond angles of C(1)–Pt–
O(1) [91.7(4)], C(1)–Pt–N(1) [80.1(4)], O(1)–Pt–O(2) [92.5(4)] and
N(1)–Pt–O(2) [95.7(4)�] are typical for cyclometalates and b-dike-
tonate derivatives of platinium(II) complexes [28]. The dihedral
angle is only 5.0� between the planes of PtC1C6C7N1 and
PtO1O2C16C17C18, which indicates that the molecule of (MBI)P-
t(acac) has a nearly ideal square planar geometry. Moreover, ben-
zoimidazole and phenyl rings also exhibit perfect planar geometry
(the torsion angle of C1–C6–C7–N2, 2.27�) owing to bonding with
Pt(II) atom. So we can conclude that the (C^N)Pt(acac) complexes
based on 2-phenylbenzoimidazole derivatives and acac ligands
satisfy the need of the platinum(II) complexes as high efficient
phosphorescent materials, in which emitting core or central
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example (top) and molecular structures of the (C^N)Pt(acac) (bottom).



Fig. 1. ORTEP drawing of (MBI)Pt(acac) with thermal ellipsoids representing a 50% probability limit (top) and crystal packing diagram of (MBI)Pt(acac) (bottom) (hydrogen
atoms have been omitted for clarity).

Table 1
Selected structure parameters for complex (MBI)Pt(acac).

Bond lengths (Å)
Pt–C(1) 1.973(1) Pt–O(1) 1.990(9)
Pt–N(1) 2.000(1) Pt–O(2) 2.049(9)

Bond angles (�)
C(1)–Pt–O(1) 91.7(4) C(1)–Pt–N(1) 80.1(4)
O(1)–Pt–O(2) 92.5(4) N(1)–Pt–O(2) 95.7(4)
C(1)–Pt–O(2) 175.7(1) C(1)–Pt–O(1) 171.0(6)

Torsion angles (�)
C(1)–C(6)–C(7)–N(1) 2.58 N(1)–C(8)–C(13)–C(12) 0.75

Dihedral angles (�)
The planes of PtC(1)C(6)C(7)N(1) and PtO(1)O(2)C(16)C(17)C(18) 5.0
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coordination unit around Pt atom should maintain a plane as
possible.

There are four independent molecules in each cell unit, which
are divided into two pairs. The parts of 2-phenylbenzoimidazole
in each pair pack by the way of head-to-tail with intermolecular
spacing of 3.55 Å that is longer than other reported platinum(II)
complexes [15,51]. It shows, although the existence of p–p interac-
tion between the adjacent molecules means the formation of
aggregates or excimers, its possibility becomes weak at some de-
gree in this kind of asymmetric molecule. The shortest metal to
metal distance is 7.09 Å, proving no Pt–Pt interaction exists.

2.2. Photophysical properties characterization

Fig. 2 shows the absorption spectra of the (C^N)Pt(acac) com-
plexes in CH2Cl2 solution with the concentration of 10�5 M at room
temperature, and the absorption maxima and intensities of the
absorption bands are listed in Table 2. Compared with the absorp-
tion spectra of the free ligands, a vibronic progression feature of
these complexes in the short wavelength region (230–314 nm) is
commonly assigned to the spin-allowed singlet p–p* intraligand
transitions (1IL) [8]. The weak, broad band with the small molar
extinction coefficient (103, Table 2) located in the long wavelength
region (400 nm) is attributed to the transition of the mixing state
incorporating the 3MLCT and the 3IL [52,53], and the absorption
bands located at 351–370 nm can be ascribed the 1MLCT. The exis-
tence of the mixed state 1MLCT and 3MLCT due to the strong spin–
orbit coupling induced by the platinum heavy atom, according to
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other published platinum(II) complexes, such as (ppy)Pt(acac) [15],
indicates that these (C^N)Pt(acac) complexes are typical phospho-
rescent materials. As for the absorption peak at 332, 344 and 333,
349 nm in the spectra of (t-BuCzPBI)Pt(acac) and (t-BuC-
zCzPBI)Pt(acac), they should be ascribed to the carbazole groups
[46]. The introduction of electron-withdrawing fluorine atoms on
the phenyl ring gives a marked 11 nm blue shift at 350–370 nm
for (FMBI)Pt(acac), while the absorbance peak of (PBI)Pt(acac) con-
taining aromatic substituent only red-shifts 1–2 nm, comparing to
(MBI)Pt(acac). Interestingly, as the conjugated p system of the C^N
ligand increases, the absorption wave of (t-BuCzPBI)Pt(acac) and
(t-BuCzCzPBI)Pt(acac) are nearly identical except the intensity
weaker.

The PL spectra of the (C^N)Pt(acac) complexes both in CH2Cl2

solution and the film are showed in Fig. 3. The emissive data are
also included in Table 2. All of the complexes have two emissions
maxima in the range of 480–530 nm (Fig. 3, top) together with a
shoulder, which is produced by aggregates. They are typical green
phosphorescent materials and possess high phosphorescence
quantum yields ranging from 0.08 to 0.17 in solutions at room
temperature. With (MBI)Pt(acac) as reference, the emission maxi-
mum of (FMBI)Pt(acac) blue-shifts about 9 nm because of the pres-
ence of electron-withdrawing substituent group (F). In contrast,
(PBI)Pt(acac) exhibits a red shift of 7 nm due to the extension of
p conjugation of ligands. The emission maxima of (PBI)Pt(acac),
(t-BuCzPBI)Pt(acac) and (t-BuCzCzPBI)Pt(acac) are 494 and 527,
Table 2
Photophysical and electrochemical performance of the (C^N)Pt(acac) complexes.

Complexes kabs
a (log e) (nm) kem

[s

(FMBI)Pt(acac) 245 (4.7), 276 (4.5), 283 (4.5), 295 (4.5),
308 (4.5), 351 (4.2), 390 (3.7)

47

(MBI)Pt(acac) 248 (4.9), 276 (4.6), 286 (4.6), 298 (4.6),
312 (4.6), 360 (4.3), 400 (3.7)

48

(PBI)Pt(acac) 230 (4.8), 247 (4.7), 288 (4.4), 300 (4.5),
313 (4.6), 362 (4.3), 401 (3.7)

49

(t-BuCzPBI)Pt(acac) 230 (4.9), 243 (4.9), 288 (4.5), 297 (4.6), 314 (4.5),
332 (4.3), 344 (4.3), 362 (4.1), 404 (3.5)

49

(t-BuCzCzPBI)Pt(acac) 241 (5.3), 266 (4.9), 288 (4.9), 298 (4.9), 314 (4.7),
333 (4.2), 349 (4.4), 370 (4.2), 405 (3.5)

50

a Measured in CH2Cl2 solution with the concentration of 10�5 M at room temperature
b Measured in the film state at room temperature.
c Measured in degassed CH2Cl2 solution with the concentration of 10-5 M at room tem
d Measured in the film state at room temperature; the excitation wavelength was set
e Measured in CH2Cl2 at room temperature with 0.1 mol dm�3 n-Bu4NClO4 as support
f DE = LUMO�HOMO.
498 and 530, and 500 and 532 nm, respectively. The PL profiles
of the three complexes are identical except the peak position hav-
ing a small red shift below 5 nm. This illuminates that connecting
the carbazole dendrons to the (PBI)Pt(acac) does not change the
optical properties obviously.

The film PL spectra are also characterized in order to investigate
the possible stacking effects of the planar platinum(II) complexes.
It is worth noting that the film PL spectrum of (MBI)Pt(acac) is al-
most the same as that in solution (Fig. 3, bottom, inset), indicating
that the stacking effect is too small to affect any associated photo-
physical behavior. Although there is a weak shoulder peak at
560 nm attributed to the emission of excimers produced by weak
p–p interaction no matter in solution or film, it can still testify that
2-phenylbenzoimidazole C^N ligand is a suitable cyclometalated
ligand for the planar platinum(II) complexes. In contrary, the film
PL spectra of (FMBI)Pt(acac) and (PBI)Pt(acac) become broader
and the shoulder peaks go into stronger. What’s more, the film
PL spectrum of (PBI)Pt(acac) only displays one broad peak. It may
result from the effect of strong electronegative fluorine atom and
plane benzene ring, which strengthen the intermolecular interac-
tion. Compared with (PBI)Pt(acac), the film PL spectra of (t-BuC-
zPBI)Pt(acac) and (t-BuCzCzPBI)Pt(acac) with the bulky and rigid
t-butylcarbazole show subtle vibronic structures as well as the dis-
appearance of the shoulder peaks despite a slightly red shift. It ac-
counts for the encumbrance among dendrons of t-butylcarbazole
restraining the excimers formation successfully in the nature of
things. Therefore the carbazole dendrons mainly act as a bulky
and rigid group to separate the emissive cores from each other
and suppress aggregates of the molecules of platinum(II) com-
plexes. Naturally, phosphorescence quantum yields of the two
complexes (Table 2) gradually increase in comparison with
(PBI)Pt(acac).

2.3. Electrochemical properties characterization

The electrochemical properties of these complexes were per-
formed using cyclic voltammetry (CV) and the redox data are
shown in Table 2. To understand their electronic structures quali-
tatively, DFT calculations were performed on complex (MBI)Pt-
(acac) using DFT-B3LYP [54] coupled to LANL2DZ basis set [55]
including some relativistic effects, which have been used success-
fully for other planar platinum(II) complexes [15–18]. The spatial
plots used for the ground state calculations based on crystal struc-
ture are given in Fig. 4.

All the complexes displayed oxidation waves in dichlorometh-
ane and no reduction waves were detected. The Pt(II) redox pro-
a (nm)
(ls)]c

kem
b (nm)

[s (ls)]d
uP

a HOMOe

(eV)
LUMOe

(eV)
DEf

(eV)

8, 513 [0.61] 478, 513 [0.13] 0.08 �5.03 �1.95 3.08

7, 523 [5.84] 487, 523 [0.13] 0.10 �5.00 �2.03 2.97

4, 527 [6.65] 548 [0.64] 0.14 �5.05 �2.09 2.96

8, 530 [6.64] 511, 540 [0.97] 0.16 �5.06 �2.11 2.95

0, 532 [7.54] 516, 542 [1.21] 0.17 �5.08 �2.13 2.95

.

perature; the excitation wavelength was set at 355 nm.
at 355 nm.
ing electrolyte; scanning rate: 100 mV s�1; values are reported vs. Fc+/Fc.
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Fig. 4. Density functional theory (DFT) calculation of HOMO (left) and LUMO (right)
for (MBI)Pt(acac).
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cesses are usually irreversible, not like the Pt(I) and Pt(III) [56]. In
accordance with literatures [15], the HOMO mainly consists of d-
orbitals from Pt center mixing with the p-orbitals of both the phe-
nyl ring and acetyl acetonate ligand that are directly bonded to the
Pt center. And the LUMO is related to the p* orbitals of the 2-phen-
ylbenzoimidazole ligand (Fig. 4). The HOMO and LUMO energy lev-
els (Table 2) were calculated from CV data together with
absorption spectra. In general, the electron-donating substituent
group raises the HOMO orbitals, and the LUMO orbitals are the re-
verse truth for an electron-withdrawing substituent group [57,58].
By comparing with (MBI)Pt(acac) (HOMO: �5.00 eV; LUMO:
�2.03 eV), the HOMO level of (FMBI)Pt(acac) reduces about
0.03 eV, due to the introduction of electron-withdrawing fluorine
atom. And extension of ligand p conjugation leads to a lower LUMO
level for (PBI)Pt(acac) (�2.09 eV). Consistent with carbazole-based
iridium dendrimers [46], both the HOMO and LUMO levels gradu-
ally decreases in the sequence of (PBI)Pt(acac), (t-BuCzPBI)Pt(acac)
and (t-BuCzCzPBI)Pt(acac) with increasing dendron generation.

2.4. Electrophosphorescent properties characterization

The electroluminescent properties of these Pt(II) complexes
were tested with a device configuration as shown in Fig. 5. The
other organic materials used in this study were also shown in
Fig. 5 including hole-transporting material of N,N0-di-1-napthyl-
N,N0-diphenylbenzidine (NPB), host material of 4,40-(N,N0-dicarbaz-
ole)biphenyl (CBP), exciton-blocking material of 2,9-dimethyl-4,
7-diphenyl-1,10-phenanthroline (BCP) and electron-transporting
material of tris(8-quinolinato) aluminium (Alq3). (MBI)Pt(acac)
and (PBI)Pt(acac) were tested with a device structure of
ITO/NPB(50 nm)/CBP:Pt(wt.%)(30 nm)/BCP(10 nm)/Alq3(40 nm)/
LiF(1 nm)/Al since they can be easily deposited via thermal evapo-
ration. For (t-BuCzPBI)Pt(acac) and (t-BuCzCzPBI)Pt(acac), they
were tested with a device structure of ITO/PEDOT:PSS(50 nm)/
CBP:Pt(wt.%)(30 nm)/BCP(15 nm)/Alq3(40 nm)/LiF(1 nm)/Al via solu-
tion spin-coating. For comparison, the device of (PBI)Pt(acac) was
also fabricated by solution-processible method. The device perfor-
mances for these materials were listed in Table 3.

The electroluminescence (EL) spectra of the complexes are inde-
pendent of the applied voltages from 6 to 16 V. Fig. 6 shows the EL
spectra of the (C^N)Pt(acac) complexes at the driving voltage of
12 V. The EL spectra exhibit a 10–14 nm red shift of emission max-
imum compared to their PL spectra in solution, which may proba-
bly be attributed to the higher complexes concentration in devices
and different environment. Gratifyingly, when doped into CBP host
material, the EL spectrum of (PBI)Pt(acac) exhibits undiscerned
shoulder emissions around 600 nm, which obviously appears in
its film PL spectrum. It is worth noting that even at a high doping
concentration of 30–40 wt.%, no discernable shoulder emissions
around 600 nm are observed in their EL spectra as for (t-BuC-
zPBI)Pt(acac) and (t-BuCzCzPBI)Pt(acac). The fact demonstrates
that the t-butylcarbazole dendrons can restrain the excimers
formation and act as host material. The Commission Internationale
de L’Eclairage (CIE) coordinates were calculated to be about (0.38,
0.56) for the (C^N)Pt(acac) complexes. The CIE coordinates of all
the complexes are almost independent of driving voltages.

Fig. 7 shows the current density–voltage and brightness–volt-
age characteristics of the (C^N)Pt(acac) complexes based OLEDs.
The turn-on voltage slightly increases for the solution-processed
OLEDs compared with that of the thermally evaporation OLEDs.
The brightnesses of all the (C^N)Pt(acac) complexes based OLEDs
exceed 8000 cd/m2 and the maximum brightnesses reach 13 605
and 13 608 cd/m2 for the (MBI)Pt(acac) and (t-BuCzPBI)Pt(acac)
based OLEDs, respectively. As shown in Fig. 8 and Table 3, the max-
imum luminous efficiencies are 15.1, 10.7, 17.5 and 9.2 cd/A, and
the power efficiencies are 4.3, 4.8, 8.4 and 4.5 lm/W for the devices
of (MBI)Pt(acac), (PBI)Pt(acac), (t-BuCzPBI)Pt(acac) and (t-BuC-
zCzPBI)Pt(acac), respectively. These results are comparable to
those of other reported platinum(II) complexes derived from b-
diketonate ligands [18,59].

The efficiency decay at high current densities and high doping
concentrations resulting from triplet–triplet (T–T) annihilation is
also observed for this class of mononuclear platinum(II) complexes
based on 2-phenylbenzoimidazole derivatives [60,61]. However,
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Table 3
The electrophosphorescent performance of the devices using the (C^N)Pt(acac) complexes.

Complexes Method Turn-on
voltagea (V)

Brightnessb

(cd m�2)
Nc

b

(cd A�1)
Np

b

(lm W�1)
Nc

c

(cd A�1)
Np

c

(lm W�1)
kem

b

(nm)
CIE at 12 V
(x, y)

(MBI)Pt(acac) (12 wt.%) Vacuum thermal
evaporation

4.9 13 605 15.1 4.9 8.9 1.7 534 (0.38, 0.55)
(PBI)Pt(acac) (8 wt.%) 4.5 10 314 6.5 2.35 4.3 1.0 541 (0.38, 0.54)
(PBI)Pt(acac) (10 wt.%) Solution spin-coating 6.2 11 123 10.7 4.8 6.8 2.0 540 (0.38, 0.56)
(t-BuCzPBI)Pt(acac) (10 wt.%) 6.0 5745 8.0 4.0 2.4 0.7 540 (0.35, 0.56)
(t-BuCzPBI)Pt(acac) (20 wt.%) 6.2 12 135 16.1 7.5 7.0 1.9 540 (0.38, 0.56)
(t-BuCzPBI)Pt(acac) (30 wt.%) 6.0 13 608 17.5 8.4 8.1 2.1 544 (0.39, 0.56)
(t-BuCzPBI)Pt(acac) (50 wt.%) 5.6 11 059 10.4 4.0 6.9 1.8 548 (0.40, 0.55)
(t-BuCzCzPBI)Pt(acac) (40 wt.%) 5.6 8251 9.2 4.5 4.6 1.2 544 (0.39, 0.56)

a At a brightness of 1 cd m�2.
b At the maximum.
c At a current density of 100 mA cm�2. Nc, luminous efficiency; Np, power efficiency.
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even at a current density of 100 mA/cm2, the luminous efficiency
still remains as high as 8.9 cd/A for the (MBI)Pt(acac)-based device
and 8.1 cd/A for the (t-BuCzPBI)Pt(acac)-based device, respectively,
under the doping concentration of 30%. Overall, the high quality
film, better square plane around of Pt atom center and inhibition
function of t-butylcarbazole dendrons make them highly desirable
as emissive dopant for phosphorescent OLEDs.

As shown in Table 3, the efficiency of high-vacuum thermal
evaporation device is lower than that of the solution-processed
device based on (PBI)Pt(acac). It may be due to crystallization dur-
ing the process of thermal evaporation, which favors the T–T anni-
hilation. In addition, the device efficiency of (t-BuCzCzPBI)Pt(acac)
is not the best among the complexes, which is unexpected. We are
suspicious of CBP host material having bad compatibility with
(t-BuCzCzPBI)Pt(acac). More detail work for seeking suitable host
material and optimizing the device performance of (t-BuC-
zCzPBI)Pt(acac) is ongoing in our group.
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3. Conclusions

In summary, we have synthesized and characterized five neu-
tral square planar platinum(II) complexes based on 2-phen-
ylbenzoimidazole derivative ligands. They are easily prepared
and stable in air. X-ray structure analysis of (MBI)Pt(acac) demon-
strates that 2-phenylbenzoimidazole is a suitable ligand for con-
structing Pt complexes with ideal coordination geometry
combined with acac anion. These complexes exhibit green phos-
phorescence at room temperature with high quantum efficiency.
Introduced bulky and rigid carbazole-based dendrons, which can
restrain the formation of aggregates and excimers further improve
luminous efficiency. Among the five complexes, (MBI)Pt(acac) and
(t-BuCzPBI)Pt(acac) show the best device performance with a peak
luminous efficiency of 15.1 and 17.5 cd/A based on thermal evap-
oration and solution-processed OLED devices, respectively. All
these features indicate the five platinum(II) complexes are promis-
ing candidates for efficient green OLEDs.

4. Experimental

4.1. General remarks

4.1.1. Materials
All chemicals and reagents for chemical synthesis were used as

received from commercial sources without further purification.
Some solvents, such as dichloromethane (DCM), tetrahydrofuran
(THF), toluene were purified following the standard procedures
just before used as characterization. The ligands H-FMBI, H-MBI,
H-PBI, t-BuCz-H-PBI and t-BuCzCz-H-PBI were prepared according
to the literature procedures [62–64]. All reactions were carried out
in a dry argon atmosphere.

4.1.2. Physical measurements
The UV–Vis spectra and photoluminescence (PL) spectra were

measured by Perkin–Elmer Lambda 35 UV–Vis spectrometer and
Perkin–Elmer LS 50B spectrofluorometer at room temperature in
aerated dichloromethane, respectively. The solution PL quantum
efficiencies were measured and calculated by a relative method
using (ppy)Pt(acac) (Uem = 0.15 in dichloromethane) as a Ref.
[63]. Cyclic voltammetry experiments were performed on an
EG&G 283 (Princeton Applied Research) potentiostat/galvanostat
system. All measurements were carried out at room temperature
with a conventional three-electrode system consisting of a plati-
num working electrode, a platinum counter electrode and an Ag/
AgCl reference electrode. The supporting electrolyte was 0.1 M tet-
rabutylammonium perchlorate (n-Bu4NClO4). The ferrocene was
used as a standard to calibrate the system. The scan rate was
100 mV s�1. 1H and 13C NMR spectra were recorded on Bruker AV
300 spectrometers and referenced to TMS as an internal standard.
Elemental analyses were carried out using a Bio-Rad Co’s elemental
analytical instrument. Thermal gravimetric analysis (TGA) was
performed under a flow of nitrogen at a heating rate of 10 �C/min
with Perkin–Elmer-TGA 7 thermal gravimetric analyzer. MALDI/
TOF mass spectra were obtained on an AXIMA CFR MS apparatus
(COMPACT). The experimental error is estimated to be ±10%.

4.2. Preparations of platinum(II) complexes

4.2.1. General procedure for preparation of platinum(II) complexes
The Pt(II) l-dichloro-bridged dimers were synthesized follow-

ing a modified method of Lewis [65]. This involves heating the
K2PtCl4 salt with 2.05 equiv. of 2-phenylbenzoimidazole deriva-
tives in a 3:1 mixture of 2-ethoxyethanol and water to 80 �C for
16–72 h, which resulted in a green-yellow coloured dimer that
was distinctly discernable from the mixture. The precipitate was
collected by filtration and washed with water and ethanol. After
dried, the crude product was directly used for next step without
further purification.

Then the chloro-bridged dimers, 3–10 equiv. of the acetyl acet-
onate and 10 equiv. of Na2CO3 in 2-ethoxyethanol were refluxed
16–48 h before cooled to room temperature. The mixture was
poured into water for extraction with dichloromethane. The organ-
ic extracts were washed with water and dried over anhydrous so-
dium sulfate. After the solvent was completely removed, the
residue was purified by column chromatography on silica gel with
dichloromethane/petroleum (1:1) as the eluent to afford pure
product with the yield in rang of 11–66%.

4.2.2. Structure characterization of platinum(II) complexes
(MBI)Pt(acac): yield: 41%. 1H NMR (300 MHz, DMSO-d6, ppm): d

8.34 (t, J = 4.5 Hz, 1H), 7.79–7.74 (m, 2H), 7.55 (d, J = 8.79 Hz, 1H),
7.41–7.39 (m, 2H), 7.16–7.14 (m, 2H), 5.64 (s, 1H), 2.03 (s, 3H), 1.95
(s, 3H).

(FMBI)Pt(acac): yield: 11%. 1H NMR (300 MHz, DMSO-d6, ppm):
d 8.29 (d, J = 4.5 Hz, 1H), 7.85–7.80 (m, 1H), 7.73 (d, J = 8.34 Hz,
1H), 7.39–7.34 (m, 2H), 7.16 (dd, J = 10.52, 2.37 Hz, 1H), 6.95 (t,
J = 8.57 Hz, 1H), 5.64 (s, 1H), 2.02 (s, 3H), 1.95 (s, 3H).

(PBI)Pt(acac): yield: 66%. 1H NMR (300 MHz, CDCl3, ppm): d
8.55 (d, J = 8.1 Hz, 1H), 7.72–7.67 (m, 4H), 7.53 (d, J = 3.3 Hz, 1H),
7.51 (d, J = 3.45 Hz, 1H), 7.38 (td, J = 7.7, 0.6 Hz, 1H), 7.26 (td,
J = 8.1, 0.9 Hz, 1H), 7.09 (td, J = 8.25, 1.5 Hz, 1H), 7.01 (d,
J = 8.1 Hz, 1H), 6.75 (td, J = 8.1, 0.9 Hz, 1H), 6.41 (d, J = 6.9 Hz,
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1H), 5.54 (s, 1H), 2.09 (s, 3H), 2.01 (s, 3H). 13C NMR (300 MHz,
CDCl3, ppm): d 185.4, 183.7, 140.5, 139.3, 136.2, 135.2, 134.8,
131.1, 130.8, 130.7, 129.7, 128.5, 124.8, 124.5, 123.8, 123.2,
117.2, 110.8, 102.5, 28.3, 27.7. Anal. Calc. for C24H20N2O2Pt: C,
51.15; H, 3.58; N, 4.97. Found: C, 51.44; H, 3.70; N, 4.68%. MAL-
DI-TOF (m/z): 563.1 [M++H].

(t-BuCzPBI)Pt(acac): yield: 31%. 1H NMR (300 MHz, CDCl3,
ppm): d 8.86 (d, J = 8.1 Hz, 1H), 8.19 (S, 2H), 7.91 (d, J = 8.4 Hz,
2H), 7.76–7.74 (d, 3H), 7.55 (S, 4H), 7.43 (t, J = 7.2 Hz, 1H), 7.34
(t, J = 7.7 Hz, 1H), 7.18 (d, J = 7.8 Hz, 1H), 7.15 (t, J = 7.5 Hz, 1H),
6.86 (t, J = 7.1 Hz, 1H), 6.63 (d, J = 7.5 Hz, 1H), 5.56 (s, 1H), 2.11
(s, 3H), 2.03 (s, 3H), 1.50 (s, 18H). 13C NMR (300 MHz, CDCl3,
ppm): d 185.5, 183.8, 164.0, 144.2, 140.6, 139.5, 139.1, 136.2,
134.8, 133.0, 131.3, 130.1, 129.9, 128.3, 125.1, 124.4, 124.0,
123.4, 117.3, 117.0, 110.8, 109.5, 102.6, 35.2, 32.4, 28.3, 27.7. Anal.
Calc. for C44H43N3O2Pt: C, 62.85; H, 5.15; N, 5.00. Found: C, 62.86;
H, 5.27; N, 4.03%. MALDI-TOF (m/z): 840.3 [M++H].

(t-BuCzCzPBI)Pt(acac): yield: 25%. 1H NMR (300 MHz, CDCl3,
ppm): d 8.64 (d, J = 8.1 Hz, 1H), 8.30 (d, J = 1.8 Hz, 2H), 8.18 (d,
J = 1.5 Hz, 4H), 8.11 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 8.4 Hz, 2H),
7.82 (d, J = 8.7 Hz, 2H), 7.78 (d, J = 7.5 Hz, 1H), 7.71 (dd, J = 8.6,
1.95 Hz, 2H), 7.50–7.43 (m, 5H), 7.40–7.35 (m, 5H), 7.24 (d,
J = 7.2 Hz, 1H), 7.17 (td, J = 7.5, 1.2 Hz, 1H), 6.91 (td, J = 7.61,
1.2 Hz, 1H), 6.72 (d, J = 7.2 Hz, 1H), 5.58 (s, 1H), 2.13 (s, 3H), 2.04
(s, 3H), 1.47 (s, 36H). 13C NMR (300 MHz, CDCl3, ppm): d 185.5,
183.8, 164.0, 143.2, 140.7, 140.5, 140.2, 139.7, 139.6, 136.1,
134.7, 134.3, 132.1, 131.4, 130.6, 130.1, 129.0, 126.7, 125.2,
125.0, 124.3, 124.2, 124.0, 123.6, 123.4, 120.0, 117.5, 116.7,
111.4, 110.7, 109.4, 102.6, 35.2, 32.5, 28.3, 27.7. Anal. Calc. for
C76H73N2O2Pt: C, 71.12; H, 5.73; N, 5.46. Found: C, 70.29; H,
6.02; N, 4.24%. MALDI-TOF (m/z): 1283.7 [M++H].

4.3. X-ray crystallographic studies for (MBI)Pt(acac)

Single crystals of (MBI)Pt(acac) were grown from dichlorometh-
ane/methanol solution at room temperature. A selected crystal was
collected on a Bruker Smart APEX diffractometer with CCD detector
and graphite monochromator, Mo Ka radiation (k = 0.71073 Å). The
intensity data were recorded with x scan mode (187 K). Lorentz,
polarization factors were made for the intensity data and absorp-
tion corrections were performed using SADABS program [66]. The
crystal structure was solved using the SHELXTL program and refined
using full matrix least squares [67]. The positions of hydrogen
atoms were calculated theoretically and included in the final cycles
of refinement in a riding model along with attached carbons.

C19H18N2O2Pt, MW = 501.44, yellowish green needles crystal,
0.33 � 0.22 � 0.06 mm3, monoclinic, P21/c, a = 12.0577(16),
b = 7.0243(9), c = 19.994(3) Å, b = 102.999(1), V = 1650.1(4) Å3,
Z = 4, Dcalcd. = 2.018 g/cm3, l = 8.517 mm�1, R1/wR2 [I > 2r(I)]:
0.0733/0.1922. R1/wR2 [all reflections]: 0.0842/0.2030. S = 1.080.
Residual electron density: 9.365 and �3.507 e Å�3.

4.4. Density functional calculations

DFT calculations were performed using GAUSSIAN 03W software
package using a spin-restricted formalism at the B3LYP level. Pop-
ular 6-31G* (CNOH) was used to optimized the molecular geome-
try as basis set for all elements, and Los Alamos ECP plus DZ
(LANL2DZ) was used for Pt as well. The HOMO and LUMO energies
were determined using minimized singlet geometries to approxi-
mate the ground state.

4.5. OLEDs fabrication and characterization

The OLEDs were fabricated via thermal evaporation or spin-
coating process for different Pt(II) complexes. An indium–tin-oxide
(ITO) coated glass substrate was precleaned and subjected to UV-
Ozone treatment for 25 min. For the thermally evaporation OLEDs,
the organic layers were deposited in vacuum with a base pressure
of 10�4 Pa with a sequence of a N,N0-di-1-napthyl-N,N0-diph-
enylbenzidine (NPB) hole-transport layer (50 nm), a 4,40-(N,N0-dic-
arbazole)biphenyl (CBP): Pt(II) complex emitting layer (30 nm), a
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) hole/exci-
ton-block layer (10 nm) and a tris(8-quinolinato)aluminium
(Alq3) electron-transport layer (40 nm). Finally, a 10-Å-thick lith-
ium fluoride (LiF) electron-injection layer and a 1000-Å-thick alu-
minum (Al) cathode were deposited. The light-emitting layer of
CBP doped with Pt(II) complex were co-evaporated with two inde-
pendent quartz crystal oscillators to monitor the doping ratio. For
the solution-processed OLEDs, a 50-nm-thick PEDOT: PSS film re-
placed NPB as the hole-transport layer on ITO anode and was cured
at 120 �C in air for 30 min. The emitting layer was then prepared by
spin-coating a toluene solution of CBP and Pt(II) complex mixture
at a concentration of 10 mg/ml and followed by drying at 65 �C in
vacuum for 30 min. Subsequently, BCP, Alq3, LiF, and Al were evap-
orated in vacuum. The active area of the diodes is 14 mm2. The cur-
rent-density–voltage and brightness–voltage curves of the devices
were measured using a Keithley 2400 source meter and a PR650
spectra colorimeter. The EL spectra and CIE coordinates were re-
corded using the PR650 spectra colorimeter. All the experiments
and measurements were carried out at room temperature under
ambient conditions.
5. Supplementary material

CCDC 720936 contains the supplementary crystallographic data
for (MBI)Pt(acac). These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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