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ABSTRACT
A series of substituted platinum(II) complexes with a chelating N-
heterocyclic carbene (NHC) ligand and a bidentate monoanionic aux-
iliary ligand (acetylacetone) have been investigated by using the den-
sity functional theory (DFT) and time-dependent density functional the-
ory (TDDFT) methods, to explore their electronic structures, absorption
andemissionproperties, andphosphorescencequantumefficiency. The
influence of different substituted groups on photophysical properties
of complexes studied has been detailedly analyzed. The lowest energy
absorption and emission wavelengths calculated are comparable to
the available experimental values. In addition, ionization potential (IP),
electron affinities (EA), and reorganization energy (λ) were obtained to
evaluate the charge transfer and balance properties between hole and
electron. The calculated results also show that, due to a lower �ES1−T1

,

larger 3MLCT contribution, and higher μS1
value, the complex 5 owns

possibly the largest kr value among these complexes. The theoretical
studies could provide useful information for the candidated phospho-
rescent platinum(II)material for use in the organic light-emitting diodes.

1. Introduction

In the past two decades, phosphorescent dopants with d6 and d8 transitionmetal as core atom
have been extensively investigated for the design and synthesis of good materials in organic
light-emitting diodes (OLEDs) [1–6]. Theoretically, the internal quantum yield of phospho-
rescencent complexes could reach 75% statistically and even to 100% on the basis of a fast
intersystem crossing (ISC) from singlets to triplets or by harvesting both fluorescent and phos-
phorescent emissions. In recent years, many Pt(II) complexes with bidentate cyclometalated
or tridentate ligands have been synthesized and investigated for the potential applications as
OLEDs materials [7–15]. For example, Mark E. Thompson et al. have investigated the pho-
tophysical properties of a series of square planar Pt(II) complexes with the general structure,
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(C^N)Pt(O^O), where O^O is a β-diketonate ligand, i.e., acetyl acetonate (acac) or dipivolyl-
methane (dpm) [16]. Swager and co-workers have reported their study on a series of Pt(II)
complexes containing bidentate ligands as potential phosphorescent reporters of cyanogen
halides via an oxidative addition reaction [17]. It is well-known that Pt(II) complexes with a d8
electronic configuration are typical phosphorescent material due to the square-planar struc-
ture, which facilitates the electron–hole creation and separation. Besides, Pt(II) complexes
containing aromatic N-donor and/or cyclometalated ligands have various emissive excited
states nature, includingmetal to ligand charge transfer (MLCT), ligand to ligand charge trans-
fer (LLCT), intraligand charge transfer (ILCT) and so on.

Recently, the C^C cyclometalated Pt(II) complexes with N-heterocyclic carbene (NHC)
ligands have been studied as potential emitter materials in OLEDs, which possess good quan-
tum yields, colour and stability [18, 19] In this paper, five C^C cyclometalated Pt(II) com-
plexes withNHC ligands and substituted phenyl ring have been investigated by using the den-
sity functional theory (DFT) and time-dependent density functional theory (TDDFT). The
electronic structures, charge injection, and transport, and spectral properties of these com-
plexes have been investigated. It is anticipated that the study can provide a good guidance for
the synthesis of new platinum complexes suited to phosphorescence emitter in electrolumi-
nescent layered structure.

2. Computational details

The ground state geometry for eachmolecule was optimized by the DFTmethod with Becke’s
three parameter hybrid method combined with the Lee–Yang–Parr correlation functional
(denoted as B3LYP) [20–22]. The geometry optimizations of the lowest triplet states (T1) were
performed by unrestricted B3LYP approach. On the basis of the ground- and excited-state
equilibrium geometries, the time-dependent DFT (TDDFT) approach associated with the
SCRF (self-consistent reaction field) theory using the integral equation formalism polarized
continuum model (IEFPCM) [23,24] in dichloromethane (CH2Cl2) medium was applied to
investigate the absorption and emission spectral properties. The equilibrium solvation regime
is employed for the geometry optimization of the solute molecule in the ground and excited
states, while the nonequilibrium solvation regime is employed for vertical transitions. The
“double-ξ” quality basis set LANL2DZ associated with the pseudopotential was employed on
atom Pt [25,26]. The 6−31+G(d) basis set was used for nonmetal atoms in the gradient opti-
mizations. Furthermore, the stable configurations of these complexes can be confirmed by
frequency analysis, in which no imaginary frequency was found for all configurations at the
energy minima. In addition, the positive and negative ions with regard to the “electron-hole”
creation are relevant to their use asOLEDsmaterials. Thus, ionization potentials (IP), electron
affinities (EA), and reorganization energy (λ) were obtained by comparing the energy levels of
neutral molecule with positive ions and negative ions, respectively. The calculated electronic
density plots for frontier molecular orbitals were prepared by using the GaussView 5.0.8 soft-
ware. The absorption spectra were simulated by using the GaussSum 2.5 software [27] with
the full width at half maximum (FWHM) of 3000 cm−1 based on the present TDDFT compu-
tational results. All calculations were performed with the Gaussian 09 software package [28].

3. Results and discussion

3.1. Geometries in the ground state S0 and triplet excited state T1

The sketch map of the five complexes 1, 2, 3, 4, and 5 (1−5 denotes these studied complexes
from 1 to 5, the same hereafter) are presented in Fig. 1a, and the optimized ground state



204 D. HAN ET AL.

Figure . (a) Sketchmap of the structures of platinum(II) complexes 1–5 (b) Representative optimized struc-
ture of 2 (H atoms omitted).

geometric structure for 2 is shown in Fig. 1b along with the numbering of some key atoms.
The main geometric parameters in the ground and lowest triplet states are presented in Table
S1 (Supplementary Information).

The calculated results show that the ground state geometries of complexes 1−5 display a
slightly distorted planar construction. The carbon atom (C1 and C2) and the oxygen atom
(O2 and O1) occupy the axial positions and coordinate with the center metal linearly as indi-
cated from the calculated C1(C2)−Pt−O2(O1) angles greater than 170º. The optimized bond
lengths and angles values are slightly larger than those from the experimental data. The dis-
crepancy between our calculations and experiments is not only due to the fact that the crystal
packing forces appeared in the experiment is not considered in the current calculations (per-
formed on the single molecule), but it is well known that B3LYP overestimates the structural
parameters (particularly bond lengths) in transition metal complexes.

The bond lengths of Pt–C1 in these complexes are shorter than those of Pt–C2. The reason
may be that the imidazole group has a stronger electron donation ability to the metal d orbital
than benzene group. It is also well-known that the nature of the behavior of the metal–ligand
toward an empty d orbital of the metal and a concurrent back-donation will be from a filled
d orbital to the π∗ antibonding orbital of the ligand. In addition, it can be seen that the bond
lengths of Pt-O1 are also longer than those of Pt-O2 for all these complexes. On the whole,
from the singlet to the triplet excited state (T1), geometries for these complexes retain with
only slightly altered bond lengths around the platinum centre. It can be seen that the bond
lengths of Pt–C2 for these complexes in T1 state are relatively shorter compared with those in
the S1 state except for complex 4.

3.2. Molecular orbital properties

It is well-known that the properties of the excited states and electronic transitions of organic
light-emitting materials are closely related to the characters of the frontier molecular orbitals
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Figure . Molecular orbital diagrams and HOMO and LUMO energies for complexes 1–5.

(FMOs), especially HOMO (highest occupiedmolecular orbital) and LUMO (lowest unoccu-
pied molecular orbital). The HOMO and LUMO distribution, energy levels, and energy gaps
between of LUMO and HOMO (�EL→H) of the five complexes 1–5 are plotted in Fig. 2. The
calculated FMOs compositions for 1–5 were listed in Tables S2–S6 (Supplementary Informa-
tion).

The HOMO of complexes 1–4 reside on the whole complexes. For example, the HOMO
of 1 is composed of Pt d orbital (27%), C^C ligand (53%), and O^O ligand (20%). But with
respect to complex 5, the HOMOdistribution is mainly on the C^C ligand (97%). In addition,
fromTable S2–S6, it can also be seen that the LUMOof complexes 1–3 aremainly composed of
Pt and C^C ligand. However, 4 and 5 have the LUMO distribution on the whole complexes.
For example, the LUMO of 4 is composed of Pt d∗ orbital (13%), C^C ligand (69%), and
O^O ligand (18%). Indeed, the orbital energy levels of HOMO and LUMO are affected by
the different substituent groups on the phenyl ring moiety. It is obvious that the energies of
HOMO and LUMO of complex 2 with the strong electron-accepting substituent group CN
are the smallest among these complexes, i.e., –6.10 eV for HOMO and –1.94 eV for LUMO.
The order of stabilization of the HOMO (LUMO) energy levels for complexes 2–5 is as follow:
2< 3< 4< 5, which means that the substituent groups with strong electron-donating ability
on the phenyl ring moiety can raise the HOMO (LUMO) levels. From Fig. 2, it can be seen
that 3 has the largest�EL→H value 4.37 eV among these complexes. In addition, the �EL→H

of 5 with strong electron-donating substituent group N(CH3)2 is obvious smaller than those
of complexes 1–4.

3.3. Ionization potential (IP) and electronic affinity (EA)

In order to investigate the charge injection and transporting properties of luminescent mate-
rials, ionization potential (IP), electron affinity (EA), reorganization energy (λ), hole and elec-
tron extraction potential (HEP and EEP) have been calculated and presented in the Table 1.
The details definitions for these physical quantities can be obtained from the previous work
by others and us [29,30].

It is known that a larger EA (smaller IP) indicates easier injection of electrons (holes) into
the emitting materials from the electron (hole) transporting layer. In Table 1, the IP value of
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Table . The calculated vertical IP (IPv), adiabatic IP (IPa), HEP, vertical EA (EAv), and adiabatic EA (EAa), EEP,
and reorganization energies for electron (λelectron) and hole (λhole), unit: eV.

IPv IPa HEP EAv EAa EEP λelectron λ hole

 . . . . . . . .
 . . . . . . . .
 . . . . . . . .
 . . . -. -. . . .
 . . . -. -. . . .

complex 5 is the smallest one, which means that the hole injection is much easiest among
these complexes. The EA value of complex 2 is the largest, which means the electron injec-
tion is much easier than the other complexes. The hole and electron injection and transport
balance is important for the emitting layer material. The reorganization energy (λ) can be
approximately used to estimate the charge transport rate and balance between holes and elec-
trons. The complex 2 has the best hole transfer ability with the smallest λhole value (0.200 eV)
among these complexes. As shown in Table 1, the λelectron values for all these complexes except
5 are larger than the λhole values, which suggests that the hole transfer rate is better than the
electron transfer rate. It can also be seen that the difference between λelectron and λhole for com-
plex 1 is the smallest among these complexes, which can greatly improve the charge transfer
balance, thus further enhancing the device performance of OLEDs.

3.4. Absorption spectra

On the basis of the optimized ground state geometries, the absorption properties of complexes
1−5were calculated using TDDFTmethod. The vertical electronic excitation energies, oscil-
lator strengths (f), assignment, and configurations have been listed inTable S7 (Supplementary
Information). The absorption spectra of the studied complexes in CH2Cl2 medium based on
the TDDFT calculations are shown in Fig. 3.

The lowest energy absorption wavelengths are located at 346 nm (f= 0.0226) for 1, 362 nm
(f = 0.0586) for 2, 344 nm (f = 0.0159) for 3, 349 nm (f = 0.0018) for 4, and 385 nm (f =
0.0566) for 5, respectively. It can be seen that the lowest lying singlet → singlet absorption

Figure . Simulated absorption spectra in CHCl medium for complexes 1–5.
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at 346 nm for 1 is comparable with the experimental value [18]. Indeed, the TDDFT calcu-
lations can predict the photophysical behavior of these Ir(III) complexes studied although it
is generally believed to give substantial errors for the excitation energies of charge-transfer
excited states [31]. The lowest lying absorption of complexes 2 and 5 are obviously red-
shifted in contrast to those of other three complexes, which is consistent with the varia-
tion rules of the�EL→H. Especially, the complex 5 has the maximum absorption wavelength
385 nm, which indicates that the strong electron-donating group N(CH3)2 has the obvi-
ous influence on the absorption properties. In addition, it can be seen from Table S7 that
the lowest lying absorptions for all these complexes can be characterized as metal to ligand
charge transfer (MLCT)/ ligand-to-ligand charge transfer (LLCT)/intraligand charge trans-
fer (ILCT). From the Table S2–S7, it is interesting to note that the lowest lying absorptions of
these complexes have the different transition characters. For example, the lowest lying absorp-
tions of complexes 4 and 5 can be described as d(Pt)+π(C^C)→d∗(Pt)+π∗(C^C+O^O) and
π(C^C)→d∗(Pt)+π∗(C^C+O^O) transitions. Meanwhile, Fig. 3 shows all these complexes
have multiple absorption shapes at 200−350 nm wavelength.

3.5. Phosphorescence

The phosphorescent spectra in CH2Cl2 medium were calculated by TDDFT/M062X method
on the basis of the optimized T1 geometrical structures. The emission wavelengths, emission
energies, and transition nature of complexes 1–5 calculated have been listed in Table 2. For
comparison, the available experimental values are also listed.

FromTable 2, it can be seen that complex 1 shows a theoretical band at 462 nm, 2 at 486 nm,
3 at 449 nm, 4 at 486 nm, and 5 at 531 nm. For 1, the lowest energy emission (462 nm) is in
good agreement with the experimental value (473 nm) [18]. The frontier molecular orbitals
contours related to the emissions at 462, 486, 449, 486, and 531 nm, respectively, for com-
plexes 1–5, simulated in CH2Cl2 medium at M062X level have been presented in Fig. 4. In
addition, partial frontier molecular orbital compositions (%) of complexes 1–5 in the triplet
excited states have been present in Table S8. It is interesting that complexes 2 and 4 have the
almost same emission wavelength 486 nm and different transition characters. The emission
wavelength (531 nm) of complex 5 is obviously red-shifted in comparison to those of other
four complexes, which is due to the strong electron-donating substituent group N(CH3)2 on
the phenyl moiety in C^C ligand. From the Table 2, it can also be seen that the phosphores-
cences for complexes 1, 2, and 5 are mainly from the transitions of LUMO-HOMO configu-
ration, which the calculated lowest emissions are described as 3MLCT (metal to ligand charge
transfer)/3ILCT (intraligand charge transfer). For example, seen from Table S8, the emission
transition character for 5 is assigned to 3MLCT/3ILCT [d∗(Pt)+π∗(C^C)→π(C^C)]. As for

Table . Phosphorescent emissions of complexes 1–5 in CHCl medium at the TDDFT/MX level, along
with experimental wavelength (nm) available. (H Indicates HOMO, L Indicates LUMO).

λ (nm)/E (eV) Configuration Nature Exptl.a

 /. L→H(%) MLCT/ILCT 
 /. L→H(%) MLCT/ILCT
 /. L+→H(%) MLCT/LLCT/ILCT
 /. L→H-(%) MLCT/LLCT/ILCT

L→H-(%) MLCT/LLCT/ILCT
 /. L→H(%) MLCT/ILCT

a From Ref. [].
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Figure . Transitions responsible for the emissions at , , , , and  nm for complexes 1–5,
respectively, simulated in CHCl medium at the TDDFT/MX levels.

3 and 4, the dominant contribution for emissions are assigned to 3MLCT/3→LLCT(ligand to
ligand charge transfer)/3ILCT transition characters.

3.6. Phosphorescence quantum efficiency

The emission quantum yield (�) can be affected by the competition between kr (radiative
decay rate) and knr (nonradiative decay rate), i.e.,�= kr/(kr + knr). It can be seen, to increase
the quantum yield, kr should be increased and knr should be decreased simultaneously or,
respectively [32,33]. In addition, kr is also theoretically related to the mixing between S1 and
T1, which is proportional to the spin-orbit coupling (SOC) and inversely proportional to the
energy gaps between the S1 and T1 states according to the following formula [34,35]:

kr ≈ γ

〈
ψS1

∣∣HS0

∣∣ψT1
〉2
μ2

S1

(�ES1−T1 )
2 (1)

γ = 16π 3106n3E3
em/3hε0

where HS0 is the Hamiltonian for the SOC, μS1 is the transition dipole moment in the S0→S1
transition,�ES1−T1 is the energy gaps between the S1 and T1 states, Eem represents the emis-
sion energy in cm−1 and n, h, and ε0 are the refractive index, Planck’s constant and the per-
mittivity in a vacuum, respectively. Accordingly, the variation of quantum yield (�) can be
qualitatively analyzed in theory from the above formula.

It is known that the phosphorescence quantum efficiencies could be increased by a larger
3MLCT composition and thus the ISC. For platinum atom, the direct involvement of the d(Pt)
orbital increases the first-order SOC in theT1→S0 transition and thus ISC,whichwould result
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Table . The contribution of MLCT (%) in the T state and the energy gaps between the S and T states(
�ES1−T1

)
(in eV), along with the transition electric dipole moment in the S→S transition μS1 (Debye),

the radiative decay rate kr (× s−) and nonradiative decay rate knr (× s−), togetherwith themeasured
lifetime τ [μs] and quantum yields� [%] for the studied complex 1 in CHCl medium.

MLCT �ES1−T1
μS1

�a τ a kr
a knr

a

 . . .  . . .
 . . .
 . . .
 . . .
 . . .

aRef. [].

in a drastic decrease of the radiative lifetime and avoid the nonradiative process [36]. As pre-
sented by Chou et al. [37], the 3MLCT can be calculated as follows:

CT(M) = %(M)HOMO − x − %(M)LUMO + y (2)

where%(M)HOMO − x and%(M)LUMO + y are electronic densities on the metal in
HOMO−x and LUMO + y. An increase of 3MLCTcharacter could enhance SOC and hence
the transition probability which would result in a drastic decrease of the radiative lifetime and
avoid the nonradiative process [38,39]. In Table 3, we have listed the 3MLCT contributions
which were calculated to be 4.35%, 9.24%, 12.60%, 8.72%, and 13.94% for complexes 1–5,
respectively. The 3MLCT contributions of 1 and 5 are the smallest and largest among these
complexes. It is also known that the phosphorescence quantum efficiencies are inversely pro-
portional to the�ES1−T1 [40]. Namely, a minimal�ES1−T1 is required for enhancing the ISC
rate, leading to the increased kr. The �ES1−T1 for these complexes are also listed in Table 3,
along with the μS1 values. The results give 0.80, 0.81, 0.82, 0.69, and 0.54 eV for �ES1−T1 .
The results give 0.25, 0.69, 0.18, 0.02, and 0.71 Debye for μS1 , respectively for 1–5. From the
aforementioned discussion, it is obvious that a lower �ES1−T1 and larger 3MLCT contribu-
tions and higher μS1 values may account for a larger kr according to Equation (1). From the
data in Table 3, it can be seen that the complex 5 has possibly the larger kr value than those of
other complexes.

4. Conclusions

DFT and TDDFT calculations were conducted on a series of substituted platinum(II) com-
plexes with a chelating NHC ligand (1-(4-cyanophenyl)-3-isopropyl-1H-benzo[d]imidazole
and a bidentate monoanionic auxiliary ligand (acetylacetone) have to shed light on the influ-
ence of different substituted groups on their photophysical properties. The calculated absorp-
tion and phosphorescent properties of these complexes show a good agreement with the avail-
able experimental data. The calculated results shows that the electron-accepting and electron-
donating substituted groups on the phenylmoiety in C^C ligangd have the important effect on
the photophysical properties, such as absorption and emission spectra, charge-injection and
-transport abilities, and phosphorescence efficiency. The calculated results show that the com-
plex 5 possesses possibly the larger kr value than those of other complexes. We hope that the
theoretical investigation could be useful for designing the good phosphorescent platinum(II)
material used in the OLEDs.
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