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A computational scheme for evaluating the
phosphorescence quantum efficiency: applied
to blue-emitting tetradentate Pt(II) complexes†

Yu Wang,a Qian Peng b and Zhigang Shuai *a

Phosphorescent organic light-emitting diodes (PhOLEDs) are lead-

ing candidates for displays or lighting technologies. Recently, blue

phosphorescent tetradentate Pt(II) complexes have been attracting

extensive attention due to their high phosphorescence quantum

efficiency and numerous chemical structures on account of flexible

ligand frames and modifications. Using quantum chemistry coupled

with our thermal vibration correlation function (TVCF) formalism,

we investigated the triplet excited state energy surface and the

decay processes involving both direct vibrational relaxation and

minimum energy crossing point (MECP) via the transition state (3TS)

to the ground state (S0) for 16 recently experimentally reported

blue-emitting tetradentate Pt(II) emitters containing fused 5/6/6

metallocycles. We found that (i) in most cases, the direct vibrational

relaxation deactivations dominated the triplet non-radiative decay

because either the 3TS is too high or the MECP is not reachable.

Hence, results from the TVCF formalism agreed well with the

experiments for the phosphorescence quantum efficiency; (ii) only

when both 3TS and MECP are low, for instance, for PtON1-oMe,

deactivations via MECP dominated the triplet non-radiative decay.

Introduction

Phosphorescent organic light-emitting diodes (PhOLEDs) are
the most employed components in the organic electronics
industry.1–3 Phosphorescent emitters, including cyclometalated
Ir(III) and Pt(II) complexes, have attracted considerable attention
due to the 100% electroluminescence internal quantum effi-
ciency (IQE) caused by strong spin–orbit coupling effects that
could efficiently harness both singlet and triplet excitons.4–6

However, the development of highly efficient deep-blue

organometallic emitters is still of significant challenge, mainly
due to their attainable metal-centered d–d quenching states.7,8

Recently, a rapid progress has been made in the development
of efficient deep-blue OLEDs employing Pt(II) complexes that
have met or even exceeded the performance of Ir(III) complexes
in many aspects.9,10 On the one hand, Pt(II) complexes have
demonstrated phosphorescence quantum efficiencies (Fp)
close to unity and a short luminescence lifetime in the range
of microseconds at room temperature, thus making them
advantageous as phosphorescent emitters.11 On the other
hand, square planar Pt(II) complexes have multiple chemical
structures that could be assigned with various frames of ligands,
including bidentate, tridentate, and tetradentate ligand
scaffolds.12–14 Typically, Pt(II) complexes with bidentate or triden-
tate ligands suffer from low quantum efficiencies or poor stabi-
lities owing to their readily distorted geometries or monoanionic
ligands.15,16 In contrast, Pt(II) complexes with a tetradentate ligand
frame, which afford rigid structural scaffolds, exhibit high Fp as
well as good thermal and electrochemical stabilities.17 Given the
diverse metallocycle arrangements, several types of tetradentate
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New concepts
Organometallic complexes have been widely applied in phosphorescent
organic light-emitting diodes (PhOLEDs). It is essential to quantitatively
predict phosphorescence quantum efficiencies for these light-emitting
materials from a theoretical aspect. In this study, we quantitatively
calculated all possible triplet decay rates for a series of newly developed
blue-emitting tetradentate Pt(II) complexes under the framework of
thermal vibration correlation function (TVCF) and transition state
theory (TST). For blue-emitting organometallic complexes, it was
generally believed that the metal-centered (MC) state is the leading
deactivation channel. We found for the first time that commonly for
newly developed Pt-complexes, deactivation channel via MC is usually
prohibited due to either the transition state 3TS is too high or the
minimum energy crossing point (MECP) is unreachable. Therefore, the
TVCF framework can serve as an efficient and accurate tool in evaluating
phosphorescence quantum efficiencies for blue-emitting tetradentate Pt
complexes.
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Pt(II) complexes have been developed by now. It is noteworthy to
mention that tetradentate Pt(II) complexes with 5/6/5 or 5/5/6
fused metallocycles exhibit planar molecular geometries and are
apt to form excimer emissions, enabling them to act as ideal
emitters for single-doped white OLEDs.18 Correspondingly, tetra-
dentate Pt(II) complexes with 5/6/6 or 6/6/6 fused metallocycles are
more twisty in structure that prevent intermolecular interactions,
thereby making them suitable for monochromic lumine-
scence.19,20 In this study, sixteen blue-emitting tetradentate Pt(II)
emitters containing fused 5/6/6 metallocycles that have been
synthesized and characterized in experiments were chosen for
theoretical investigations, as shown in Scheme 1.21–24 These
tetradentate Pt(II) emitters are similar in structure yet different
in monomeric photophysical properties.

The photophysical model adopted in this study is depicted
in Scheme 2. The electro-pumped carriers form the lowest
triplet excited state, which would undergo several processes.
The radiative decay rate for a two-level system could be eval-
uated by the Einstein spontaneous emission rate as

kr ¼
8p2v3fi
3e0�hc3

m2fi �
fv2fi
1:5

, which ranges B102�6 s�1 for phosphores-

cent with mfi ( f ), the cross spin–manifold transition electric dipole
moment (oscillator strength) between the initial and final states to
give rise to photon with transition energy nfi in wavenumber.
When vibrational levels were considered, a more elaborated
formula was given by eqn (1). Within the harmonic oscillator
approximation, the non-radiative decay rates (knr

TVCF) from the
triplet emissive state (3ES) to the ground state (S0) can be
evaluated via the thermal vibration correlation function (TVCF)
rate theory, which was earlier developed by us, in combination
with the quantum chemistry calculations for relevant molecular
parameters. This theory has been demonstrated to be precise and

efficient in numerous cases if the potential energy surface cross-
ing effects can be ignored.25–28 For organometallic compounds,
the metal-centered (3MC) states could play an essential role in
triplet deactivations. Among the complexes considered in this
study, the most significant geometry change in the processes
of 3ES - 3MC - MECP is the variations in the dihedral angle
N1–C1–N2–C2, and soft scans of the lowest triplet excited states
over this dihedral angle in complex 1 are depicted in Fig. S1
(ESI†), which illustrates that the non-radiative decay including
3MC is beyond the harmonic region. In such cases, the additional
non-radiative decay rate knr

MC (beyond the harmonic region)
should be considered and be quantitatively evaluated via a kinetic
model, involving equilibration between 3ES and 3MC states before
irreversible return to the S0 state.29,30 More details can be found
under the ‘‘Methods’’ section. The calculated phosphore-
scence quantum efficiencies without and with considerations of
knr

MC are expressed as Fp
TVCF = kr/(kr + knr

TVCF) and Fp
MC =

kr/(kr + knr
TVCF + knr

MC), respectively. This study will show that
only one complex, PtON1-oMe, possesses both low 3TS (transition
states between 3ES and 3MC) and MECP, contributing consider-
ably to the triplet deactivations. In principle, Fp

MC is more general
than Fp

TVCF, but MC is much more complicated to evaluate. For
the rest of the blue-emitting tetradentate Pt(II) complexes, phos-
phorescence efficiencies calculated via the TVCF framework
(Fp

TVCF) are comparable with experimental measurements owing
to their unreachable 3TS or MECP.

Methods

The vibrational relaxation decay rates of kr and knr
TVCF are

calculated via a home-built MOMAP program.31 kr can be
obtained by the integration over the whole range of the emis-
sion spectrum:32

kr ¼
ð
sem o;Tð Þdo (1)

Scheme 1 Structures of 16 blue-emitting tetradentate Pt(II) emitters
containing fused 5/6/6 metallocycles. (2-ptz = 2-phenyl-1,2,3-triazole;
1-ptz = 1-phenyl-1,2,3-triazole; ppz = phenyl-pyrazol; pzpy = pyrazol-
pyridine; czpy = pyridyl-carbazole; clpy = pyridyl-carboline; iPr = iso
propyl; mesi = mesityl)

Scheme 2 Schematic representation of the competing excited-state
deactivations of Pt(II) complexes. kr and knr

TVCF are the radiative and
non-radiative decay rates from the triplet emissive state (3ES) to the
ground state (S0) within the harmonic region, and knr

MC is the thermally
activated nonradiative decay rate beyond the harmonic region. Ea, Eb, and
Ec are the electronic energy barriers among 3ES, 3TS, 3MC, and MECP
states (3TS represents the transition state between 3ES and 3MC states, and
MECP is the S0/3MC minimum energy crossing point).
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where

sem o;Tð Þ ¼ 4o3

3�hc3

X
vivf

PiviðTÞ yf ;vf mfij jyi;vi
� ��� ��2d oivifvf � o

� �
(2)

mfi = hFf|~m|Ffi is the electric transition dipole moment between
the final and initial electronic states; Pivi

is the Boltzmann
distribution function for the initial state vibration manifold; F
and y are the electronic and vibrational wavefunctions, respec-
tively. Under the Franck–Condon approximation, the emission
spectra se,m(o,T) in TVCF formalism can be expressed as:

sFCem o;Tð Þ ¼ 2o3

3p�hc3
mfij j2

ð1
�1

e�i o�oifð ÞtrFCem;0 t;Tð Þdt (3)

where rem,0
FC(t,T) is the TVCFs and can be formulated as

Z�1i Tr e�itf Ĥf e�itiĤi

h i
, which can be analytically solved by multi-

dimensional Gaussian integrations; ti = �ib � t/h�; tf = t/h�;
b = (kBT)�1 and Ĥf (Ĥi) is the harmonic oscillator Hamiltonian
of the final (initial) electronic states. As for knr

TVCF, which is the
non-radiative decay rate within the harmonic region, can be
expressed as:26

knr
TVCF � 1

�h2
HSO

fi

�� ��2ð1
�1

eioif trð0Þfi ðtÞdt (4)

where Hfi
SO = hFf|ĤSOC|Fii is the spin–orbit coupling matrix

between two electronic states; r(0)
fi (t) is the same with rFC

em,0(t,T).
For the calculation of knr

MC that is beyond the harmonic
region, a kinetic model, which assumes equilibrium between
the 3ES and 3MC states before irreversible return to the ground

state, is employed as 3ESÐ
ka

kb

3MC �!kc S0. Using the steady-

state approximation, the kMC
nr can be expressed as

kMC
nr ¼

kcka

kc þ kb
¼ A0ka (5)

where A0 ¼ 1

�
1þ exp

Ec � Eb

kBT

	 
� �
(Eb and Ec being the elec-

tronic energy barriers, as shown in Scheme 2) and ka can be
evaluated via the transition state theory (TST) Eyring equation
as:33

ka ¼
kBT

h
exp �DG

a
a

RT

	 

(6)

where DGa
a is the Gibbs free energy of activation between 3ES

and 3TS states, which was evaluated using the Shermo pro-
gram;34 kB is the Boltzmann’s constant, h is the Planck’s
constant, and T is the temperature (T = 298 K).

As appeared in the above formula eqn ((1)–(6)), there con-
tained numerous molecular parameters, including electronic
structures and vibrational modes as well as their couplings.
These were evaluated with the density functional theory (DFT)
and time-dependent DFT (TDDFT), as implemented in the
Gaussian16 software.35 Geometry optimizations were performed
for the S0, 3ES, 3TS, and 3MC states, as well as the S0/3MC
minimum energy crossing point (MECP) with the hybrid
Perdew–Burke–Ernzerhof (PBE0)36 functional in combination

with the third version of Grimme’s atom pair–wise dispersion
corrections with Becke–Johnson damping (D3BJ).37,38 The 3MC
states are searched by rotating the aromatic rings containing the
N–Pt coordination bond in the tetradentate ligand scaffold on
account of strong electronic repulsion between the metal and
nitrogen atom when the electronic excitation is of metal-centered
character. The MECPs were optimized by the sobMECP
program.39 All structural optimizations were carried out using a
polarizable continuum model (PCM) taking solvent effects into
account.40 The unrestricted formalism was used for the geometry
optimizations of triplet states. Vibrational frequency calculations
at the same level of the theory for geometry were conducted to
affirm the nature of the stationary points of geometries. For S0,
3ES and 3MC minimum states, there was no imaginary frequency,
while for 3TS states, there exists one mode with an imaginary
frequency. The basis set combining with Stuttgart Dresden ECP
(SDD)41 is chosen for heavy atom Pt(II), and the 6-31G** basis set
is adopted for light atoms. Four kinds of functionals, namely
PBE0, M06,42 M062X,42 and PBE38,37 were employed for triplet-
emitting spectral calculations, and PBE38 was chosen as the most
suitable one. All single-point calculations were calculated via
PBE38 functional, with the same basis sets as optimizations.
Spin–orbit coupling (SOC) of singlet and triplet states calculations
are carried out with the PySOC package.43 The Dalton
program44,45 was employed for the calculations of the 3ES - S0

transition dipole moment mfi at the B3LYP46,47/6-31g**/SDD the-
oretical level. The hole–electron distribution analysis for 3ES - S0

excitations was conducted by the Multiwfn program.48,49

Results and discussion
Triplet excitation properties

First, geometries of S0 and 3ES states for these 16 tetradentate
Pt(II) complexes are optimized via PBE0 functional, which has
been demonstrated accurately for Pt(II) complex optimizations
in numerous documents.15,16,50 Next, triplet emission proper-
ties were evaluated with four different functionals. The triplet
emission peaks in solutions of experimental and theoretical
results are given in Table 1. It can be seen that PBE38 func-
tional has the least mean absolute error (MAE), which was
chosen for the triplet emission property calculations.

The tetradentate ligand is divided into three parts, as shown
in Fig. 1a, for the sake of analysis. Fig. 1b presents the
calculated hole–electron distributions of 3ES - S0 excitations
for Pt(II) complexes, where red represents the hole distribution
and green represents the electron distribution. Transition
characters of 3ES - S0 processes for these Pt(II) complexes
are dominated by the triplet ligand to ligand charge transfer
(3LLCT) or intraligand (3IL), mixed with metal to ligand charge
transfer (3MLCT), as listed in Table 2. Comparing complexes
1–5, the introduction of an electron-donating group such as
methyl or tertiary butyl on the para position of pyridine (just as
2 and 5) decreases charge distributions on the L1 part effi-
ciently, whereas the introduction of a methyl group on the meta
or ortho position of pyridine has no such effect. Note that
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introducing tertiary butyl on the para position of pyridine
within complex 7, whereby the L3 part (imidazole carbene) is
different from that (pyrazole) in complexes 1–5, cannot
decrease electron distributions on the L1 part. The 3ES - S0

excitations listed in Table S1 (ESI†) show that coefficients in the

configuration interaction expansions are higher than 10% for
seven representative complexes. Comparing 2 and 7, it was
found that both of them have an electron-donating group
substituted on the para position of pyridine in the L1 part,
although their spatial distributions of the highest occupied
molecular orbital (HOMO) are similar, while their spatial dis-
tributions of the lowest unoccupied molecular orbital (LUMO)
are quite different, as depicted in Fig. S2 (ESI†). For complex 2,
the LUMO was diffused over the whole molecule, while for 7, it
was more localized on the L1 partowing to the stronger
electron-donating capability of imidazole carbene in complex
7 that prevented charge diffusions.

When the pyrazole moiety in the L3 part was replaced with
triazole, like complexes 8–11, the electron distribution was
mainly concentrated on the L3 part. Comparing complexes
1 and 8, it was found that both of them were dominated by
H - L transition in 3ES - S0 excitations, as shown in Table S1
(ESI†). However, on account of the stronger electron-
withdrawing ability of triazole in complex 8, the spatial dis-
tribution of LUMO in 8 spread mainly over the L3 part, while
the LUMO of 1 was primarily localized on the L1 part, as shown
in Fig. S2 (ESI†).

For complexes 12 and 13, in which the phenyl moiety in the
L3 part was replaced with pyridine, the electron distributions
were also mainly localized on the L3 part. Since pyridine is
more electron-withdrawing than phenyl, the LUMO of 12 is
mainly distributed on the L3 part, as presented in Fig. S2 (ESI†).
When the carbazole group in the L2 part was replaced by the
carboline moiety, which is less electron-donating, the transi-
tions of 3ES - S0 are typically concentrated on the L2 part, as
exhibited in complexes 14–16.

Radiative and non-radiative decay within the harmonic region

The calculated kr and knr
TVCF via the TVCF framework are listed

in Table 3. Critical parameters relating to kr and knr
TVCF,

including 3ES - S0 adiabatic energy difference (DEad),

Table 1 Experimental and computational results of triplet emission peaks
for 16 chosen Pt(II) complexes in solutions at their optimized 3ES
geometries

lem
a

(nm,exp)
lem

a

(eV,exp)
lem

(eV,PBE38)
lem

(eV,PBE0)
lem

(eV,m06)
lem

(eV,m062x)

1 478 2.5941 2.8404 2.4999 2.4919 3.1629
2 444 2.7928 2.6619 2.5875 2.5599 2.9569
3 476 2.6050 2.8471 2.5226 2.5089 3.1435
4 450 2.7556 2.9021 2.5990 2.5935 3.1989
5 444 2.7928 2.6644 2.5892 2.5601 2.9586
6 452 2.7434 2.8619 2.5300 2.5245 3.1861
7 446 2.7803 2.9303 2.5994 2.5926 3.2549
8 464 2.6724 2.7297 2.4607 2.4242 3.0889
9 468 2.6496 2.6723 2.4047 2.3648 3.0170
10 476 2.6050 2.6694 2.4008 2.3603 3.0135
11 480 2.5833 2.6206 2.3677 2.3287 2.9481
12 456 2.7193 2.6959 2.5326 2.4977 2.9637
13 458 2.7074 2.6659 2.5111 2.4753 2.9412
14 466 2.6609 2.4738 2.4228 2.3950 2.7571
15 464 2.6724 2.4747 2.4240 2.3943 2.7548
16 481 2.5780 2.3644 2.3083 2.2779 2.6343
MAE 0.1279 0.1993 0.2255 0.3051

a Experimental results of 1–7 are from ref. 21 in CH2Cl2, of 8–11 are
from ref. 22 in 2-MeTHF, of 12 and 13 are from ref. 23 in CH2Cl2, of
14–16 are from ref. 24 in CH2Cl2, respectively.

Fig. 1 (a) The tetradentate ligand was divided into three parts, namely L1 (red),
L2 (yellow), and L3 (blue); (b) distributions of hole and electron of 3ES - S0

excitations for Pt(II) complexes in this study (isovalue = 0.002), where red
represents the hole distribution and green represents the electron distribution.

Table 2 The electron–hole difference of atom Pt, L1, L2, and L3 parts of
Pt(II) complexes as well as transition characters of 3ES - S0 processes.
(3L2L1CT means charge transfer from L2 to L1; 3IL2 means intraligand
character centered on the L2 part)

DPt % DL1 % DL2 % DL3 % Character

1 �13.32 57.85 �39.48 0.28 3L2L1CT/3MLCT
2 �2.31 5.61 1.06 �0.15 3IL2/3MLCT
3 �12.57 56.26 �40.54 1.03 3L2L1CT/3MLCT
4 �10.89 43.77 �30.18 1.81 3L2L1CT/3MLCT
5 �2.61 5.81 1.07 �0.10 3IL2/3MLCT
6 �10.87 49.73 �30.89 �1.32 3L2L1CT/3MLCT
7 �12.97 45.79 �22.03 �4.01 3L2L1CT/3MLCT
8 �7.81 1.31 �22.91 40.56 3L2L3CT/3MLCT
9 �12.48 0.79 �24.67 46.43 3L2L3CT/3MLCT
10 �12.52 0.03 �24.20 46.80 3L2L3CT/3MLCT
11 �14.75 0.34 �20.64 43.40 3L2L3CT/3MLCT
12 �14.33 �0.09 �3.11 21.62 3IL3/3MLCT
13 �12.97 0.13 �2.72 19.90 3IL3/3MLCT
14 �2.03 1.67 5.34 �1.31 3IL2/3MLCT
15 �1.85 1.43 5.43 �1.40 3IL2/3MLCT
16 �1.78 1.56 5.01 �1.61 3IL2/3MLCT
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transition dipole moment (mtran.), spin–orbit coupling (SOC)
and reorganization energies (Reorg.), are also laid out in
Table 3. It can be seen that the calculated radiative decay rates
kr (cal.) have the same order of magnitude of experimental
results kr (exp.), which is in the range of 104 s�1–105 s�1,
indicating the reliability of the TVCF method, which is the first
principle without any empirical parameters.

To investigate the processes of non-radiative decay within
the harmonic region, the reorganization energies of 3ES - S0

are further decomposed into internal coordinates, namely bond
lengths, bond angles and dihedral angles. The internal coordi-
nates with the first five highest contributions to the total
reorganization energies are depicted in Fig. S3 (ESI†). It is
interesting to note that the area of these internal coordinate
vibrations exactly corresponds to the electron distribution of
each complex, as shown in Fig. 1b. For example, the electron
distributions are focused on the L1 part in complex 1, so that its
bond length stretching vibrations contributing the most to total
reorganization energies were also located on the L1 region.
There has been a general correlation between the absolute
amount of charge transfer on metal Pt atom in 3ES - S0

processes (|DPt| %) and SOC values, except for complexes 12
and 13, as shown in Fig. 2. Comparing 10–13, although they
have nearly the same |DPt| %, the SOC of 10 and 11 is more
than two orders of magnitude larger than that of 12 and 13. It is
because the excitation coefficients of H - L in 10 and 11
(B0.8) are higher than that in 12 and 13 (B0.6) in 3ES - S0

processes (see Table S2, ESI†), as SOC integrals are proportional
to the excitation coefficients and coefficients of AO basis.51

Note that when the carbazole group in the L2 part was replaced
by the carboline moiety as in 14–16, |DPt| % decreased the
most, thus leading to small SOC. The reorganization energies of
3ES - S0 for these 16 blue-emitting tetradentate Pt(II) com-
plexes were less than 0.4 eV, and together with SOC ranging
from 49 cm�1 to 215 cm�1, their non-radiative decay rates of

3ES - S0 within the harmonic region were less than 105 s�1

(knr
TVCF o 105 s�1).

Non-radiative decay beyond the harmonic region

As is known, the transfer of thermal population to the 3MC
state state from the 3ES is an effective pathway for the non-
radiative decay of organometallic complexes, so that the acces-
sibility of the 3MC state can always be expected to have
significant impacts on triplet deactivation processes. Herein,
3MC states for all 16 tetradentate Pt(II) complexes were opti-
mized at first, and then 3TS states between 3ES and 3MC states
were confirmed. For these 16 Pt(II) complexes, stable 3MC states
could be found when rotating the pyridine ring in the L1 part,
and the spin density of 3MC states is presented in Fig. S4 (ESI†).
As the complexes investigated in this study were highly unsym-
metric, more than one MC state should be considered.52 There-
fore, for representative complexes 1 and 8–12, stable 3MC’
states of the rotating triazole ring in the L3 part were also
found and are shown in Fig. S5 (ESI†). The structures of 3TS
states were confirmed by the vibrational displacements of
only one imaginary frequency, as depicted in Fig. S6 (ESI†).

Table 3 Calculated adiabatic energy difference between 3ES and S0 states (DEad), transition dipole of 3ES - S0 processes (mtran.), spin–orbit coupling
between 3ES and S0 states (SOC), reorganization energies of 3ES - S0 processes (Reorg.), kr (cal.) and knr

TVCF (cal.) of 3ES - S0 processes within the
harmonic region, as well as experimental results of kr (exp.)

DEad (eV) mtran. (Debye) SOC (cm�1) Reorg. (cm�1) kr (s�1, cal.) knr
TVCF (s�1, cal.) kr

a (s�1, exp.)

1 3.21 0.30 215 2144 3.16 � 105 3.19 � 103 2.15 � 105

2 2.99 0.20 68 2047 1.06 � 105 1.10 � 104 8.90 � 104

3 3.20 0.32 208 2096 3.39 � 105 9.33 � 104 2.34 � 105

4 3.22 0.36 121 1952 4.75 � 105 2.92 � 102 1.77 � 104

5 2.99 0.19 69 1787 9.88 � 104 1.12 � 104 1.07 � 105

6 3.18 0.24 121 1892 1.89 � 105 1.10 � 103 1.86 � 105

7 3.24 0.24 117 1788 2.07 � 105 3.53 � 104 1.57 � 105

8 3.04 0.33 118 2024 3.42 � 105 9.27 � 101 1.89 � 105

9 2.99 0.34 164 2063 3.42 � 105 6.61 � 102 2.77 � 105

10 2.99 0.35 171 2072 3.56 � 105 8.13 � 102 7.14 � 105

11 2.94 0.37 183 2091 3.73 � 105 1.14 � 104 2.70 � 105

12 2.81 0.33 81 1982 3.27 � 105 5.49 � 102 2.40 � 105

13 3.00 0.31 81 2203 2.77 � 105 7.80 � 102 2.40 � 105

14 2.86 0.08 54 2572 1.42 � 104 8.07 � 104 3.00 � 104

15 2.86 0.08 54 2585 1.42 � 104 2.85 � 104 8.00 � 104

16 2.78 0.08 49 3185 1.17 � 104 1.48 � 104 1.00 � 105

a Experimental results of 1–7 are from ref. 21 in CH2Cl2, of 8–11 are from ref. 22 in 2-MeTHF, of 12–13 are from ref. 23 in CH2Cl2, of 14–16 are from
ref. 24 in CH2Cl2, respectively.

Fig. 2 Line graphs of calculated the absolute amount of charge transfer in
3ES - S0 processes on Pt atom (|DPt| %) and SOC values for 16 Pt(II)
complexes.
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The displacement vectors of the imaginary frequency in Fig. S6
(ESI†) are all rotational vibrations of the pyridine ring in the L1
part, indicating the rationality of these 3TS states. In addition,
the displacement vectors of the imaginary frequency in 3TS’
states for complexes 1, and 8–12 exhibited in Fig. S7 (ESI†) also
indicate the reasonability of these 3TS’ states.

The calculated Gibbs free energies (DGa
a) for these Pt(II)

complexes are listed in Table S3 (ESI†), and the bar graph
depicted in Fig. 3 shows that complex 4 (i.e., PtON1-oMe) has
the lowest val. According to eqn ((5) and (6)), ka and knr

MC can
be quantitatively calculated, and the results are listed in
Table 4. Complexes except for 1, 3, 4, 6 and 7 have ka of not
more than 104 s�1, which are uncompetitive with their kr and
knr

TVCF; therefore, deactivations via 3TS and MECP can be
ignored (ka

0 was also uncompetitive with kr and knr
TVCF for

8–12, as given in Table S4, ESI†). Although ka
0 (2.85 � 106 s�1)

for complex 1 was comparable to its ka (3.15 � 106 s�1), the
MECP’ was so high in energy (Ec = 1.21 eV, as listed in Table S5,
ESI†) that the calculated knr

MC was only B10�14 s�1. Hence, the
non-radiative decay via this channel not need be considered. As
for 1, 3, 4, 6 and 7, the structures of MECP were optimized by

increasing the torsion angle of the L1 part, as shown in Fig. S8
(ESI†). Comparing calculated Fp

TVCF andFp
MC with experi-

mental measurements of Fp (exp.), as shown in Fig. 4, Fp
TVCF

was in accordance with Fp (exp.) for the majority of these blue-
emitting tetradentate Pt(II) complexes owing to either their high
3TS or unreachable MECP, deactivations via direct vibrational
relaxation were dominant (see schematic case in Fig. 5a). Only
for complex 4, whereby both 3TS and MECP are low in energy
(as the schematic case shown in Fig. 5b), the deactivations
beyond the harmonic region must be taken into account.
Therefore, the TVCF framework was fairly accurate in the Fp

predictions for most of these blue-emitting tetradentate Pt(II)
complexes.

Conclusion

In summary, this study presents a computational scheme to
evaluate the phosphorescence quantum efficiency by consider-
ing all possible triplet deactivation rates. It was applied to
16 blue-emitting tetradentate Pt(II) complexes characterized
recently in experiments. Although all these Pt(II) complexes
contained fused 5/6/6 metallocycles, their monomeric photo-
physical properties are dissimilar. Within the harmonic deac-
tivation region, their 3ES - S0 transitions are 3LLCT or 3IL
mixed with 3MLCT characters. The calculated kr of these

Fig. 3 Bar graph of the calculated Gibbs free energy (DGa
a) of activation

energy between 3ES and 3TS.

Table 4 Calculated rates (ka) between 3ES and 3TS states, values of knr
MC

beyond the harmonic region, and calculated phosphorescent quantum
yields without considerations of knr

MC (Fp
TVCF) and with considerations of

knr
MC (Fp

MC), as well as experimental measurements Fp (exp.)

ka (s�1,cal.) knr
MCa (s�1,cal.) Fp

TVCF % Fp
MC % Fp

b (exp.) %

1 3.15 � 106 1.95 � 104 98.78 93.11 71.00
2 2.41 � 102 — 90.57 90.57 89.00
3 2.39 � 106 3.83 � 10�11 78.44 78.44 82.00
4 6.70 � 1010 8.06 � 105 99.94 37.05 45.00
5 1.22 � 102 — 89.81 89.81 95.00
6 2.63 � 105 1.10 � 103 99.42 98.29 78.00
7 2.99 � 106 3.05 � 10�3 85.45 85.45 85.00
8 8.24 � 102 — 99.97 99.97 100.00
9 1.12 � 102 — 99.81 99.81 100.00
10 1.55 � 100 — 99.77 99.77 100.00
11 4.51 � 10�1 — 97.04 97.04 100.00
12 1.11 � 104 — 99.83 99.83 95.00
13 7.44 � 101 — 99.72 99.72 90.00
14 4.99 � 10�6 — 14.95 14.95 34.00
15 1.20 � 10�5 — 33.21 33.21 44.00
16 3.85 � 10�6 — 44.20 44.20 33.00

a ‘‘—’’ means there is no need to consider knr
MC due to the small ka.

b Experimental results of 1–7 are from ref. 21 in CH2Cl2, of 8–11 are
from ref. 22 in 2-MeTHF, of 12 and 13 are from ref. 23 in CH2Cl2, of
14–16 are from ref. 24 in CH2Cl2, respectively.

Fig. 4 Comparison between calculated Fp
TVCF (green hollow triangle) or

Fp
MC (red solid circle) and experimental Fp (exp.) for 16 Pt(II) complexes.

Fig. 5 Schematic representation of the competing excited-state deacti-
vations of (a) complexes other than 4 that either 3TS is high or MECP is
unreachable; (b) complex 4 that both 3TS and MECP are low in energy.
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complexes are in the range of 104 s�1–105 s�1, which is
consistent with experiments, and the computed non-radiative
decay rates within the harmonic region (knr

TVCF) are less than
105 s�1. By going beyond the harmonic deactivation region, the
structures of 3TS and 3MC are optimized for all complexes, and
non-radiative decay rates knr

MC are quantitatively calculated. It
is noteworthy that for the majority of these tetradentate Pt(II)
complexes, the phosphorescence quantum efficiencies within
the harmonic region Fp

TVCF are in well accordance with experi-
mental observations. Only for PtON1-oMe, with both 3TS and
MECP low in energy, considering knr

MC is necessary. Given the
accuracy of the TVCF framework, potential valuable blue-
emitting tetradentate Pt(II) complexes can be designed and
screened out efficiently.
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