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tigation on the effect of ancillary
ligand modification for highly efficient
phosphorescent platinum(II) complex design†

Hong-Wei Fan, Fu-Quan Bai,* Zhi-Xiang Zhang, Yu Wang, Ze-Xing Qu,
Rong-Lin Zhong and Hong-Xing Zhang*

In this study, density functional theory (DFT) and time-dependent density functional theory (TDDFT)

calculations were employed to investigate the geometries, electronic structures, reorganization energy

(l) and photophysical properties of four cyclometalated Pt(II) complexes (bzq)Pt(dpm) (1), (bzq)Pt(ppy) (2),

(bzq)Pt(Ncaz) (3) and (bzq)Pt(Ndbt) (4) (where bzq ¼ benzo[h]quinoline, dpm ¼ dipivolylmethanoate, ppy

¼ 2-phenylpyridine, Ncaz ¼ N-substituted carbazole and Ndbt ¼ N-substituted dibenzothiophene). In

addition, the radiative decay processes and zero-field splitting were calculated based on the spin–orbit

coupling (SOC) effect, and nonradiative decay pathways were discussed to evaluate the

phosphorescence efficiency qualitatively. All the complexes retain the bzq as a cyclometalated ligand

and our research focuses on the role recognition of another ancillary ligand modification theoretically.

According to the results, in complexes 2–4 replacing the dpm with different ligands shows better rigidity

which may weaken the nonradiative decay pathways and enhance the capability of charge transfer.

Furthermore, complexes 1–4 tend to be bluish-green luminescent materials, and the emission

wavelengths of 1, 2 and 4 are close to each other due to the similar excited state energy levels and

electronic density distribution. Compared with complex 1, the radiative decay rate constants (kr) of 2–4

are greatly increased. Therefore, the designed complexes would be potential phosphorescence materials

because of their high phosphorescence quantum efficiency and complex 3 can also serve as a promising

bipolar transporting material due to its better charge transfer balance character.
1 Introduction

Over the past decades, organic light emitting diodes (OLEDs)
have obtained a great deal of attention due to their exibility in
at-panel displays.1,2 They are widely used in digital products
and solid-state lighting devices.3–6 Phosphorescent transition-
metal compounds have excellent performances as triplet
dopant emitters in OLED emission layers, especially those of
Ir(iii) and Pt(II) complexes. They are heavy metal atoms that can
induce strong spin–orbit coupling (SOC) and promote an
effective intersystem crossing (ISC), which results in higher
quantum efficiency.7–11 Platinum which has the second largest
SOC constant, tends to form planar structure due to the d8-
electron conguration of the Pt(II) ion. The ligand of cyclo-
metalated Pt(II) complexes can be designed as bidentate,
of Nano-Micro Architecture Chemistry,

nal Chemistry, Institute of Theoretical

0023, China. E-mail: baifq@jlu.edu.cn;

(ESI) available: Details of calculated
TOs, the coupling energy levels and
nglet excited states and triplet excited
9/c7ra00705a
tridentate and tetradentate. The diversity of these ligands can
greatly affect the phosphorescence properties.12–16 As we know,
the singlet excited states convert to the triplet states through ISC
due to the SOC and then the triplet excited states return to the
ground state, phosphorescence can be achieved through the
radiative decay process. Nevertheless, if nonradiative decay
holds a large proportion in the whole decay process, there will
be weak or no phosphorescence.17 Therefore, the key to improve
the efficiency of electroluminescent emitters are to increase the
radiative decay rate constants and decrease the nonradiative
decay rate constants.18

Generally, chelating ligands of transition-metal complexes,
which play a critical role in the OLEDs, include the cyclo-
metalated ligands and ancillary ligands. The cyclometalated
ligands have inuence on the charge transition between metal
and ligand (MLCT) at the excited states, and then alter the
emission wavelengths.19 Moreover, ancillary ligands provide the
ligand elds and affect the relative energy of metal center, such
as b-diketonate and picolinate.20,21 Previous researches have
demonstrated that the phosphorescence properties would be
easily tuned mostly by the variation of cyclometalated ligands,
while the change of ancillary ligands has little inuence.22,23

Recently, ancillary ligands can affect the phosphorescence
This journal is © The Royal Society of Chemistry 2017
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efficiency evidently through altering the properties of excited-
state was recorded.24 Thus, the modication of ancillary
ligands becomes the focus for the highly efficient of transition-
metal complexes.25,26 In this respect, the heteroleptic C^N
ligands such as phenyl-pyrazole (ppy) and phenyl-pyrazole (ppz)
were widely applied in transition metal complexes.27–30 The C^N
ligand can bind to metals forming a ve-membered chelate
through the N atom of pyridine ring and C atom of phenyl. The
anionic C atom related to the metal centre is a strong s-donor
while the pyridyl ring maintains a favourable p-acceptor. The
C^N ligands provide the metal ion a strong ligand eld which
leads to a higher energy of deactivating d–d states and reduces
the thermal quenching compared to homologous N^N
ligands.31,32 Lately, the carbazole group has been used to
improve the rigidity and performance of complexes. As reported
by Hang and co-workers, a series of highly efficient cyclo-
metalated Pt(II) complexes were synthesized and the maximum
external quantum efficiency value as high as 23.7% were ach-
ieved by introducing a carbazole group in ligand.33 Based on
this knowledge, the N atom on the carbazole group is
substituted by the S atom to foresee new structure. Recent
research in Thompson group, they have synthesized and re-
ported a series of novel bidentate Pt(II) complexes.34 Among
these complexes, the suitable complex 1 has still the small value
of nonradiative decay rate constant. Based on the complex 1,
complexes 2–4 in Fig. 1 are tried to be designed by replacing the
dpm ligand with different ancillary ligands mentioned above to
seek the better candidates. Herein, as the highly efficient
phosphorescent OLEDmaterials, the newly designed complexes
are expected to improve the radiative decay rate constant and
strengthen the stability.

In order to gain a deep insight into the effects of ancillary
ligands on the photophysical properties and quantum efficiency
of these complexes, DFT and TDDFT methods have been
adopted to investigate the electronic structures, charge trans-
port abilities and emission properties of the complexes 1–4. The
radiative decay rate (kr) and zero-led splitting values are
quantitatively evaluated by the calculation of SOC matrix
elements; nonradiative decay rate (knr) is qualitatively discussed
via energy gap law and the relative energy between metal-
centered (3MC) state and minimum energy crossing point
(MECP).17,35,36 Reorganization energy (l) is an important factor
Fig. 1 Chemical structures of the investigated complexes 1–4.

This journal is © The Royal Society of Chemistry 2017
in evaluating the balance between the electron and hole trans-
port of the luminescent materials. The theoretical calculation
results reveal that complexes 2 and 4 would be better phos-
phorescent materials for the high phosphorescence quantum
efficiency and complex 3 can serve as promising bipolar
candidate due to the balanced charge carrier injection and
transport feature. We hope that our preliminary study could
provide useful information for the further design and applica-
tion of highly efficient luminescent material in OLEDs.

2 Theory of computation
2.1 Theoretical background

Generally speaking, the phosphorescence quantum efficiency of
transition metals is decided by radiative decay and nonradiative
decay rates. According to the energy gap law, the nonradiative
decay rate constant (knr) from Tm to S0 states can be evaluated by
the equation:37,38

knr(Tm / S0) f exp{�b[E(Tm) � E(S0)]} (1)

The parameter b is involved with the structural distortion
between the ground and correlative excited triplet states. [E(Tm)
� E(S0)] is the energy gap between excited state and ground
state. Hence, the smaller structural distortion and larger energy
gap between excited triplet and ground state would be bene-
cial to decrease the nonradiative decay rate.

On the basis of Born–Oppenheimer approximation and the
rst order perturbation theory, the phosphorescent radiative
decay rate constant (kr) that from Tm to S0 can be expressed as
follows:39,40

kr
aðTm/S0Þ ¼ 16� 106p3EðTmÞ3h3

3h30

(X
n

�
Tm

ajHSOCjSn

�
EðSnÞ � EðTmÞMSn

)2

(2)

where h means the refractive index of the cyclohexane solution
which is taken to be 1.43. E(Sn) represents the vertical excitation
energy from the nth singlet excited (Sn) to ground state (S0)
transition. E(Tm) represents the vertical excitation energy from
the mth triplet excited state (Tm) to S0 transition. hTm

a|HSOC|Sni
is the SOC matrix element (a ¼ x, y or z). MSn is the transition
dipole moment from S0 to Sn, which can be dened by the
following equation:

MSn ¼
�

3he2

8p2mec
� fn

EðSnÞ
�1

2

(3)

It is obvious that the MSn is connected with the oscillator
strength (fn) and transition energy (E(Sn)). Where e is the elec-
tron charge; me and c are the mass of an electron and light
speed. Combined with the eqn (2) and (3), the kr is represented
in the form:

kr
aðTm/S0Þ ¼ h3

1:5
EðTmÞ3

(X
n

�
Tm

ajHSOCjSn

�
EðSnÞ � EðTmÞ

�
fn

EðSnÞ
�1=2

)2

(4)
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Under the Boltzmann statistics distribution, the triplet
sublevels are postulated at thermal equilibrium. Thus, the kr
can be calculated as the vectorial summation of kr

a values as
follows:41,42

kr ¼ 1

3

X
a

kr
a (5)

As we all know, the triplet state splits into three spin triplet
sublevels duo to the SOC effect. Zero-eld splitting (ZFS) is
dened as the energy splitting between the rst and third
sublevel, which is related to the composition of MLCT in
emission excited and the magnitude of kr values.43,44 The
DE(ZFS) can be described in the form:

DE
�
Tm

a
� ¼ X

n

���Tm
ajHSOCjSn

���
EðSnÞ � EðTmÞ (6)

where a is the three sublevels of energy shi.
2.2 Computational details

All the calculations were performed by the Gaussian 09 soware
package with a tight self-consistent convergence threshold to
ensure optimization and wave functions convergence.45 The
geometry optimization and phosphorescent properties were
evaluated by DFT and TDDFT. In the process of optimization,
vibrational frequencies were calculated with no imaginary
frequencies, indicating the optimized structures are at the
minima of the potential energy surface. Since the experimental
data was obtained in cyclohexane solution, the solvent effect by
utilizing the Polarizable Continuum Model (PCM) was taken
into account in the geometry optimization and phosphores-
cence properties.46,47 In addition, Hay and Wadt's48 quasi-
relativistic effective core potential (ECP) with 18 valence elec-
trons as well as the “double-z” quality basis set LANL2DZ were
adopted for platinum atom and the 6-31G(d) basis set was
applied to the non-metallic atoms such as C, H, O, N and S
atoms.

It is important to choose a reliable exchange–correlation
functional for the current system. Considering the charge-
transfer of ligand to metal in transition metal complexes, ve
widely used exchange–correlation functionals containing the
B3LYP,49 B3P86,50 PBE0,51 M062X,52 and CAM-B3LYP53 were
employed for the singlet ground state of complex 1 compared to
Table 1 Optimized geometric parameters at the singlet ground state of c

Item Expta PBE0 Relative error B3LYP Relative error B3P86

Pt–N1 1.983 2.013 1.5% 2.039 2.8% 2.016
Pt–C2 1.990 1.978 0.6% 1.996 0.3% 1.978
Pt–O3 2.029 2.015 0.7% 2.034 0.3% 2.014
Pt–O4 2.032 2.110 3.8% 2.137 5.2% 2.113
C7–C8 1.428 1.417 0.7% 1.420 0.6% 1.414
Average relative error 1.46% — 1.84% —

a The experimental data is obtained from ref. 34.

17370 | RSC Adv., 2017, 7, 17368–17376
its crystal X-ray structure. The corresponding parameters of the
optimized ground state geometry together with experimental
values are listed in Table 1. The results show that PBE0 can give
an accurate geometry structure among these functionals
because its average relative error is the smallest. Thus, the
optimization of the ground states and the lowest triplet excited
states for complexes 1–4 were calculated with PBE0 functional
in the studied system.

Owing to spin ipped in triplet states, we also nd
a responsible method to predict the emission properties, ve
different functionals were performed on the lowest-lying emis-
sion wavelength of triplet state for complex 1. On one hand,
through the calculation of ve functionals, the transition
properties of lowest triplet excited state (T1) are similar. On the
other hand, the calculated lowest-lying emission wavelengths
are 697 nm, 667 nm, 739 nm, 658 nm, 537 nm with PBE0,
B3P86, CAM-B3LYP, B3LYP, M06-2X functionals, respectively.
From the result, the wavelength calculated by M06-2X func-
tional is in good agreement with the experimental value of
505 nm. Besides, for the assessment of singlet–triplet transition
energies based on the TDDFT, M06-2X is regarded as the most
accurate functional which can adopt inner track to estimate
with the mean absolute error close to 0.25 eV in most cases.54 In
short, the PBE0 functional was used to optimize the singlet
ground state and the triplet state geometric structures for all
complexes in the current system, while the emission energies
were analyzed by M06-2X functional.
3 Results and discussion
3.1 Geometries in ground and lowest-lying triplet excited
states

The optimized structures at ground-state along with some
atomic labels of the complexes are shown in Fig. 2. It can be
seen that these Pt(II) complexes with d8 conguration present
a square geometry. To gain a better understanding of the
inuence about different ligands, some changes of geometry
parameters for all complexes are discussed in both S0 and T1

states. The main bond distances and angles between metal
center Pt(II) and relevant atoms as well as dihedral angle at S0
and T1 states are listed in Table 2.

From the results, the bond lengths of Pt–N1 are about 0.182
Å longer than Pt–C2 in complexes 1–4, indicating that the
coordinated bond between atoms C and Pt is stronger than the
omplex 1 by different functionals as well as the experimental values (Å)

Relative error M062X Relative error CAM- B3LYP Relative error

1.7% 2.039 2.8% 2.030 2.4%
0.6% 1.967 1.2% 1.988 0.1%
0.7% 2.037 0.4% 2.018 0.6%
4.0% 2.157 6.2% 2.115 4.1%
1.0% 1.423 0.4% 1.420 0.6%
1.60% — 2.20% — 1.56%

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Vertical view of the optimized geometries for 1–4 with the side
view for 3 and 4 at the singlet ground state.
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Pt–N. Meanwhile, the Pt–N3 and Pt–C4 are also consistent with
the above property. At the S0 state, the Pt–N1 bond lengths of 2–
4 are elongated by 0.125–0.165 Å compared with complex 1,
which can be attributed to the trans effect in different
ligands.55,56 In addition, compared with complexes 3–4, the
bond lengths of Pt–C3 and Pt–N4 on the ppy ligand of 2 are
shorter, while Pt–N1 and Pt–C2 bond lengths on the bzq ligand
are elongated. These values reveal that the introduction of ppy
ligand can increase its interaction with the metal atom and
decrease the interaction between other ligand and metal atom.
Obviously, the bond length of C5–C6 in 3 and 4 are shortened by
0.046–0.057 Å, due to the substitution of ppy in the positions of
both beta carbons by N and S atom to form Ncaz and Ndbt,
which may strengthen the ligand internal–conjugation
Table 2 Selected main geometry parameters for 1–4 at the ground and

Item

1 2

S0 T1 S0 T1

Bond length (Å)
Pt–N1 2.013 2.010 2.178
Pt–C2 1.978 1.970 1.996
Pt–O/C3 2.015 2.019 1.989
Pt–O/N4 2.110 2.102 2.153
C5–C6 — — 1.460
C7–C8 1.417 1.430 1.425

Bond angle [degree]
C2–Pt–N1 82.16 81.48 79.94 7
N1–Pt–O1/N4 92.86 93.58 103.4 10
N/O4–Pt–O/C3 91.65 91.29 79.51 7
C/O3–Pt–C2 93.33 93.65 100.5 10

Dihedral angle [degree]
N4–C3–Pt–N1 0.04 �0.01 103.9 10

This journal is © The Royal Society of Chemistry 2017
interaction. While, for C7–C8, the slight change within 0.008 Å
can be ignored. For the relevant bond angles of Pt and two
ligands, except for the C2–Pt–N1, the difference of others are
induced by the ve-member rings between Pt and ancillary
ligands.

Since the S0 and T1 states participate in the process of
phosphorescence, the geometry structures of T1 state worth
noticing. The bond lengths of Pt–N1 and Pt–C2 for all
complexes are shorter than the ground state. In other words, the
bonds between metal and ligands are strengthened, which is
likely to promote the charge transfer transition from metal
centre to ligands. While the bond angles from S0 to T1 states
have no distinct variation, especially for the designated
complexes 2–4. The dihedral angle differences between S0 and
T1 states for all complexes are less than 2.0�. It is turned out that
the complexes show better rigidity, which brings about
a smaller nonradiative rate (knr).35
3.2 Frontier molecular orbital properties

In order to clearly reveal the electronic excitation of these Pt(II)
complexes, it is essential to further investigate the frontier
molecular orbital (FMOs), especially the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). The relevant orbital analysis along with the
energy gaps at the S0 state are displayed in Fig. 3. The orbital
compositions and distributions of selected FMOs are presented
in Tables S2–S5 and Fig. S1.†

For the electron density distributions of the HOMO, complex
1 is mainly located in 5d(Pt) orbitals, the p orbitals of bzq and
dpm ligands. Obviously, the electron density distributions of
HOMO for complexes 2 and 4 are rather similar, which are
resided on the 5d(Pt) orbitals and bzq ligand. Complex 3 is
predominantly centralized on the 5d(Pt) orbitals and the p

orbitals of Ncaz ligand. It is worth noting that the energy
differences between HOMO and HOMO�1 of complexes 1–4 are
0.43 (1), 0.10 (2), 0.14 (3) and 0.04 eV (4) with the order of 4 < 2 <
lowest-lying triplet excited states

3 4

S0 T1 S0 T1

2.169 2.138 2.134 2.150 2.143
1.989 1.971 1.965 1.981 1.975
1.994 2.021 2.027 2.012 2.018
2.151 2.404 2.395 2.282 2.277
1.462 1.403 1.403 1.414 1.415
1.440 1.424 1.439 1.423 1.400

9.48 81.24 80.65 80.77 80.24
3.3 97.80 98.12 100.4 100.4
9.55 82.89 82.89 81.85 81.85
1.0 99.13 99.60 98.90 99.49

3.8 95.96 98.02 103.4 103.6

RSC Adv., 2017, 7, 17368–17376 | 17371
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Fig. 3 Frontier molecular orbital energy levels, energy gaps (in eV) and
orbital composition distributions of the HOMO and LUMO at the S0
state for 1–4.
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3 < 1. It has been conrmed that theHSOC matrix element will be
increased when the two highest occupied orbitals get close,
which leads to a large radiative decay rate.14 Obviously, there are
obvious differences in LUMO distributions of 2–4 compared
with 1. The LUMO of 2 and 4 are delocalized on all ligands,
while that in 1 is mainly centralized on the p* orbitals of bzq
and a smaller contribution from 5d orbitals of metal center.
Combined with the diagram and data, metal 5d(Pt) orbitals
provide much contribution for the HOMO and the ligands
constitute the majority of LUMO in all complexes, which
demonstrates the transition nature from the HOMO to LUMO
are metal-to-ligand transfer (MLCT) mixed with ligand-to-ligand
(LLCT). As presented in the Fig. 3, the HOMO–LUMO gaps of
complexes 2–4 are smaller owing to introducing the different
ligands. So the transition from HOMO to LUMO is effective and
the higher HOMO energy leads to a better ability of hole-
injection compared with 1. In addition, the LUMO energy
level of 4 is calculated to be�1.743 eV, which is lower than other
complexes. The lower LUMO energy level could be caused by the
better electron delocalization in the entire molecule to stabilize
the unoccupied molecular orbitals. According to the calculated
results, different ancillary ligands have signicant inuence on
the distribution of FMOs, which may alter the energy gap and
phosphorescence efficiency.
Table 3 Ionization potentials (IPs), extraction potentials, electron
affinity (EAs) and reorganization energy (l) of 1–4 (unit in eV)

IP(V) IP(a) HEP EA(v) EA(a) EEP lhole le

1 6.85 6.77 6.68 0.29 0.42 0.56 0.17 0.27
2 6.74 6.57 6.19 0.43 0.52 0.61 0.54 0.18
3 6.62 6.51 6.39 0.32 0.41 0.50 0.23 0.18
4 6.82 6.75 6.44 0.54 0.62 0.71 0.38 0.17
3.3 Charge transportation properties

It is known that low energy barrier for the injection and trans-
port balance between the hole and electron of luminescent
complexes are pivotal for the high performance OLEDs. In order
to quantitatively discuss the charge injection properties, the
ionization potential (IP) and electron affinity (EA) have been
calculated by DFT method, which are closely related to the
HOMO and LUMO, respectively.55 In addition, there are vertical
(IPv/EAv) and adiabatic (IPa/EAa) two processes. For photo-
luminescent materials, a smaller IP value implies easier hole
injection ability. On the other hand, a larger EA value facilitates
17372 | RSC Adv., 2017, 7, 17368–17376
the electrons injection capacity. The hole extraction potential
(HEP) and electron extraction potential (EEP) are studied to
evaluate the extraction potentials of the hole and electron.

According to the semiclassical Marcus theory,57 the inter-
molecular charge (hole and electron) transfer rate (Ket) can be
expressed as follows:

Ket ¼
�
4p2

h

�
V 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4plKBT
p exp

�
� l

4KBT

�
¼ A exp

�
� l

4KBT

�
(7)

where T and KB are the temperature and Boltzmann constant,
respectively. l represents the reorganization energy. h is the
Plank constant. V is the electronic coupling terms for the
adjacent molecules in the dimensional stacking, which is
determined by the overlap of molecular orbitals. As shown in
eqn (7), the Ket is governed by twomajor factors that are l and V,
respectively. Herein, taking the crystal structure of experimental
complex 1 as example, the V of hole and electron are calculated
through employing ADF program package58 with PBE0/TZP
method. From the calculation results, the V of 1 for electron
transfer is 0.0510 eV, and for hole transfer is 0.0156 eV,
respectively. In comparison with previous work, it is negligibly
small.59 Meanwhile, owing to the restricted intermolecular
charge transfer range in solid state, the transfer rate of charge
has been indicated to be mainly affected by reorganization
energy l.60,61 From the eqn (7), a smaller l is the key factor for
the faster charge transport property, which can be dened by
the following relations:

lh ¼ l0 + l+ ¼ IPv � HEP (8)

le ¼ l0 + l� ¼ EEP � EAv (9)

All the relevant calculation values of complexes 1–4 are
shown in Table 3.

As can be seen in Table 3, complexes 2 and 3 have smaller IP
values which are related to their higher HOMO energy levels
than complex 1. Namely, the complexes 2 and 3 have better hole
injection ability due to the introduction of ppy and Ncaz
ligands. Meanwhile, the EA values of complexes 2 and 4 are
larger than others, which can enhance electron injection ability
and agree with their lower LUMO energy. From the Table 3, the
reorganization energies of electron (le) transport of all
complexes are smaller than their hole (lh) except for 1. There-
fore, the complexes replaced the dpm with different ligands
tend to be electron transporting materials. In addition, complex
3 is the promising bipolar transporting material because the
difference between hole and electron reorganization values are
This journal is © The Royal Society of Chemistry 2017
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quite small (0.05 eV), which is an important factor for the
OLEDs devices. Generally speaking, the ancillary ligands can
not only increase the abilities of hole and electron injection but
also affect the balance of charge transfer.
Fig. 4 NTO plots at the optimized T1 states for 1 and 4.
3.4 Phosphorescence emission properties

On the basis of the optimized lowest triplet excited-state geome-
tries, the phosphorescence properties of all the investigated
complexes were calculated. The results including the lowest
energy emission wavelengths and transition characters are shown
in Table 4. The natural transition orbitals (NTOs) of complexes 1–
4 are plotted in Fig. 4 and S2.† The unoccupied NTOs refer to the
as “electron” transition orbitals while the occupied NTOs mean
the “hole” transition orbitals. Furthermore, the orbital composi-
tions distribution related to phosphorescence emission of
complexes 1–4 are summarized in Table S6.†

As we can know from the Table 4, the calculated emission
wavelength is 537 nm for complex 1, which matches well with the
experimental value of 505 nm. The phosphorescence emissions of
2–4 at 535, 529, and 532 nm are slightly hypochromatic shied (2–
8 nm) compared with that of 1, which reveals that the designed
complexes 2–4 have a great trend to be bluish-green luminescent
materials. Meanwhile, the emission wavelengths of complexes 1, 2
and 4 are nearly the same due to the similar electronic density
distribution between HOMO and LUMO. Additionally, the T1
states of these complexes are originated largely from HOMO to
LUMO. As shown in Fig. 4 and S2,† for complexes 1–4, the NTO
hole is largely distributed in themetal Pt and bzq ligand, while the
NTO electron is delocalized in the bzq ligand. Thus, the transition
natures of the investigated complexes at T1 state are assigned as
3MLCT/3LCbzq. In Table S6,† the compositions of 5d(Pt) orbitals
have not much differences and be retained for these new
complexes, and the LUMOof the studied complexes are all located
in bzq ligand, indicating the bzq ligand is the main ligand in this
system. For complexes 1, 2 and 4, the HOMO orbitals are centred
on the 5d(Pt) orbitals and bzqmoieties. The transition of H/ L is
assigned as [d(Pt) + p(bzq) / p*(bzq)] with 3MLCT/3ILCT (inter-
ligand charge transfer) transition characters. However, it can be
found that the HOMO of complex 3 is localized on 5d(Pt) orbitals,
bzq andNcaz ligands, it is described as [d(Pt) +p(bzq) +p(C^N)/
p*(bzq)] with 3MLCT/3LLCT transition characters.
Table 4 Calculated phosphorescent emissions of complexes 1–4
together with the experimental value

States
l (nm)/
E (eV)

lexpt
(nm) Main conguration Assignment

1 T1 537/2.31 505 H / L (72%) MLCT/ILCT
H-2 / L (14%) MLCT/ILCT

2 T1 535/2.32 H / L (67%) MLCT/ILCT
H / L + 1 (10%) MLCT/ILCT

3 T1 529/2.34 H / L (52%) MLCT/LLCT
H-1 / L (17%) MLCT/LLCT

4 T1 532/2.33 H / L (65%) MLCT/ILCT
H / L + 1 (10%) MLCT/LLCT

This journal is © The Royal Society of Chemistry 2017
3.5 Radiative decay rate

Phosphorescence efficiency (FPL) of OLEDs is determined by the
radiative decay rate constant (kr) and non-radiative decay rate
constant (knr), hence the theoretical analysis of kr is imperative.
Based on the optimized geometries of emissive states for all
complexes, kr and ZFS parameters are evaluated by TDDFT with
the eqn (4) and (6). According to the eqn (4), the value of kr is
controlled by three factors including the SOC matrix elements
between the Sn and Tm states, the oscillator strength fn of Sn and
the energy gap among the coupled states. To ensure the effective
coupling, only the rst 10 singlet excited states and the low-
lying triplet excited states Tm which locate below the S1 are
taken into consideration. The calculated values of kr and ZFS for
all complexes are shown in Table 5.

Through the complete comparison, the kr of complex 1 is in
the same order of magnitude with the experimental value,
indicating that the theoretical method used here is credible.
The complexes 2–4 have sizable kr compared with 1 implying
that our design is reasonable for OLED materials. It is obvious
that the replacement of ancillary ligands is benecial to the
radiative decay process, because the increased conjugation and
rigidity of different ligands in cyclometalated Pt(II) complexes
can lead to a large kr. In addition, the tendency of DE(ZFS)
parameters are nearly consistent with the kr, except for 3. The
abnormal phenomenon of complex 3 is induced by the energy
shis of three near-equal substates.

In order to further analyze radiative decay process, the
diagrams of involved Sn and Tm are collected in Fig. 5 and the
relevant information is listed in Tables S7–S10.† The effective SOC
can be achieved when 1MLCT and 3MLCT excitation congura-
tions related to the Sn and Tm states possess the different occupied
5d(Pt) orbitals and identical unoccupied p* orbitals. From the
Table 5 Calculated radiative decay rate constants kr (10
4 s�1) and ZFS

(cm�1) of 1–4 at the optimized T1 geometries

kr
z kr

y kr
x kr kr,exp DE(ZFS)

1 13.45 0.39 0.09 4.64 1.0 15.34
2 84.58 9.99 30.45 41.67 — 40.55
3 11.04 3.40 3.99 6.14 — 14.84
4 90.58 17.00 4.20 37.26 — 20.27

RSC Adv., 2017, 7, 17368–17376 | 17373
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Fig. 5 Energy level diagrams of selected excited states between the
triplet excited states Tm and singlet excited states Sn with the MLCT
composition of major orbitals for complexes 1–4.

Fig. 6 The spin density of the lowest triplet excited state (left), 3MC
(middle) and MECP (right) states for complexes 1 and 4.
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Fig. 5, the T1 state of complex 1 has three coupling Sn states, S3, S4,
and S5 and three states (S3, S4 and S5) coupling with T3 state. There
are four states coupling with T1 state and six states coupling with
T3 state in complex 3. As for the complex 2, there are ve utilizable
singlet-excited states working on T1 state and six states can be
coupled with T3 state. What is more, the intersystem crossing
(ISC) from S1 state to T3 state is enhanced by the strong SOC
process due to the transition from T3 state to Sn states is able to
borrow intensity from the S1 state.62 Namely, the H-1 to L transi-
tion of T3 state has the similar effect with the H to L transition. As
a result, the S1 state is allowed to coupling with T3 state and the
vertical excitation energy gap between the two coupled excited
states is the closest, which also holds the same with 4. Therefore,
the newly designed complexes 2 and 4 have the larger radiative
decay rate constants markedly.
3.6 Nonradiative decay rate

The nonradiative decay rate (knr) is the other factor to govern the
FPL. There are temperature-independent and temperature-
dependent nonradiative decay processes. According to the
energy gap law, the key to qualitative evaluation of the
temperature-independent nonradiative decay rate are the energy
gap between T1 and S0 states and the structural distortion that can
be measured by Stokes shi.63 The more rigid the complex
structure, the smaller the Stokes shi value. The corresponding
values of Stokes shi are 0.84, 0.66, 0.68 and 0.67 eV. It demon-
strates that the introduction of different ligands is able to enhance
the rigidity and reduce the structural distortion. The energy
difference between T1 and S0 states is large and then the non-
radiative decay pathway is less accessible. The calculated param-
eters of energy gaps for all complexes are 2.05, 2.03, 2.03 and
2.04 eV, respectively. As mentioned above, the temperature-
independent nonradiative decay rates of 2–4 are smaller than 1.

There is another signicant process called temperature-
dependent nonradiative decay pathway. Concretely speaking,
the triplet excited state (3ES) gets to short-lived metal-centred
(3MC) by the thermal population and then returns back to the
17374 | RSC Adv., 2017, 7, 17368–17376
ground state (1GS) through the minimum energy crossing point
(MECP) in the relevant potential energy surfaces. From the
previous studies, the temperature-dependent nonradiative
decay rate constant will be decreased by the two factors: (1) a big
activation barrier between the 3ES and 3MC states; (2) a higher
relative energy of MECP. The MECP were constructed through
the code developed by Harvey et al.64,65 The spin density plots of
the studied complexes are depicted in Fig. 6 and S3.† The
detailed description related to the spin density of complexes 1–4
for all ligands and metal Pt are listed in Table S11.† Besides, the
intrinsic potential energy curves are shown in Fig. S4–S7.† At the
lowest triplet excited state (3ES), the spin density distributions
of all complexes are mainly concentrated on the bzq ligand
(93.85–95.50%) and metal Pt (3.98–4.60%). The electronic
congurations of 3MC states can be acquired by distorting the
geometric structures. And the most distinctive feature of 3MC
states is that the spin density plots are mainly concentrated on
the metal Pt. As shown in Fig. 6 and Table S11,† at the 3MC
states of complexes 1–4, there are about 65–75% contribution
from the metal Pt. The distributions of MECP are similar with
the 3MC states, which are also centralized on the metal Pt.
Unfortunately, the transition states (TS) between the 3ES and
3MC states have not been found out possibly due to the
enhancement of molecular rigidity, so the schematics of the
potential energy curves from 3ES to 3MC are smooth. The rela-
tive energies between the 3MC and MECP are 4.24, 4.78, 4.86
and 4.43 kcal mol�1, respectively. There are no obvious differ-
ences of the energy gaps for all complexes, which indicate the
temperature-dependent nonradiative decay rates of complexes
1–4 will not have too much difference.

4 Conclusions

The geometric structures, charge transfer performance, elec-
tronic and photophysical properties of four cyclometalated
platinum(II) complexes 1–4 are systematically investigated by
employing DFT and TDDFT methods. It should be noted that
the bond lengths and angles of complexes 2–4 with different
ligands instead of dpm ligand have no obvious differences from
S0 to T1 state. Thus, complexes 2–4 have better molecular
rigidity which can decrease the nonradiative decay rate. The
newly designed complex 3 has balanced charge carrier
This journal is © The Royal Society of Chemistry 2017
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injection/transport performance which is important for OLED
materials. As for the phosphorescence properties, the
3MLCT/3LLCT character is assigned for 3, while complexes 1, 2
and 4 are assigned as 3MLCT/3ILCT. The radiative decay rate
constants are presented in the following trend: 2 > 4 > 3 > 1.
Hence, it is inferred that complexes 2 and 4 may be excellent
phosphorescent materials for the higher phosphorescence
quantum efficiency. Combined with the above analysis, we
come to the conclusion that reasonable modication and vari-
ation of the ancillary ligand will be benecial to improve the
phosphorescence quantum efficiency of complexes for the
highly efficient OLED emitting materials.
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