
This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys., 2019, 21, 8073--8080 | 8073

Cite this:Phys.Chem.Chem.Phys.,

2019, 21, 8073

What accounts for the color purity of tetradentate
Pt complexes? A computational analysis†

Wanlin Cai,a Huize Zhang,a Xi Yan,a Anchong Zhao,a Rongxing He, a Ming Li,a

Qingxi Meng b and Wei Shen *a

In order to improve the texture of human visual perception and broaden the range of certain optical

applications, many phosphorescent complexes exhibiting narrow emission spectra have been prepared

through reasonable molecular design. For example, by adding a particular group such as tert-butyl (tbu)

to a suitable position of PtON1 and PtON7, the peak width of a relevant vibronic band caused by the

specific vibrational normal modes could be dramatically restrained in the emission spectra at room

temperature. For the purpose of finding an effective approach to replace the trial-and-error manner, the

microscopic mechanism of such high color purity was elucidated by computational investigation. In this

study, we aim to identify the reason that causes sharp emission associated with the relevant vibrational

normal modes. Here, these modes can be labeled to the emission peak by the vibrationally resolved

emission spectra. Based on the displacement vectors of relevant normal modes and the vibrationally

resolved spectra, the most possible reason for the higher color purity is that tbu in a specific location

can restrain the structural deformation between the first triplet excited state (T1) and the ground state

(S0). That is to say, the relevant Huang–Rhys factor (Sk) of specific vibrational modes would be

decreased. For these compounds, the total bandwidth and the height of the intermediate and high-

frequency regions which are in direct proportion to Sk would be decreased to obtain the higher color

purity by tbu in a particular position. What is more, the best position for tbu in order to suppress the

structural deformation was also considered. In the meantime, radiative (kr) and nonradiative (knr) decay

rates of T1 were investigated to seek the effective phosphorescent complexes.

1. Introduction

Phosphorescent organic light-emitting diodes (PhOLEDs) have
received significant attention, and tremendous progress has
been made with the efforts of many scientists.1 The spin-forbidden
transition between the singlet and triplet states is broken by the
heavy element effect of Ir and Pt to utilize all excitons.2 Notably, a
strategy to combine the high efficiency of organometallic materials
which are dopants with the long-term stability of thermally
activated delayed fluorescence (TADF) compounds was proposed
to achieve higher performance in recent research.3–5 However,
most attention has been focused on highly efficient and stable
deep blue phosphorescence to further development and appli-
cation in industry.6 There still exists a problem about high color
purity, which should be further optimized. The full-width at

half-maximum (FWHM) values of many metallic compounds
with a broad peak are typically between 40 and 70 nm; these
complexes would be unsatisfactory in some optical applications.7

What’s more, the broad peak could hinder the further growth of
organic electroluminescent devices by compromising the color
purities in displays.

Recently, J. Li and co-workers have synthesized a series of
tetradentate Pt complexes to solve the problem of high color
purity to some extent by suppressing vibronic sidebands of emission
spectra.8–10 Notably, these molecules have great phosphorescence
quantum efficiency and outstanding stability that could be used in
industrial application. The excellent operational lifetimes are partly
caused by the commendable tetradentate cyclometalated structure,
without fluorine electron-withdrawing groups that may lead
to electrochemical degradation.11,12 In Li’s study, the photo-
luminescence spectra of PtON1-tbu and PtON7-tbu had smaller
FWHM values than those of PtON1 and PtON7 at ambient
temperature. According to Li’s opinion, the spectral narrowing
was attributed to the increasing energy of the 1MLCT/3MLCT
and 3LC states of the carbazole pyridine (CP) moiety, resulting
in a larger energy separation to minimize the influence of the
CP. Here, to effectively estimate the relevant mechanism of this
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curious phenomenon and deeply understand the photochemistry,
quantum mechanical calculation was considered.

How does tbu account for this marked difference induced
by alteration on the CP? To understand the role of tbu more
profoundly, PtON1-p-tbu and PtON7-p-tbu were designed to
consider the most suitable position for increasing the color
purity effectively. All the molecular structures are illustrated in
Scheme 1. In this study, it was found that only introducing tbu
to the 4-position of pyridine could improve the purity of color of
these organometallic compounds. Here, the transition dipole
moments mS0-Sl

were plotted to understand whether tbu causes
the variance of different ligands to obtain high color purity.13

Furthermore, in order to elucidate the nature of this experi-
mental phenomenon, the mathematical expressions of emission
spectra were considered in order to understand the role of the
Huang–Rhys factors during the modulation process of color
purity. Meanwhile, the relationship between the Huang–Rhys
factors of the corresponding vibrational normal modes and the
shape of the emission peak was investigated.

2. Computational details

In this article, the geometry optimizations and vibrational frequency
calculations of S0 and T1 were calculated by using the restricted
density functional theory (DFT) and unrestricted DFT with the PBE0
hybrid functional.14 The 6-31G** basis and the LANL2DZ basis were
respectively adopted for the light atoms and transition metal atom
Pt. The relevant calculations were carried out using the program
Gaussian 09 with the polarizable continuum model (PCM) in
CH2Cl2.15 The MECP was obtained via the program sobMECP,
which was modified by Tian Lu.16,17 The program multiwfn18

and the software VMD19 were employed to plot the vectors of
transition dipole moments together.

As the conventional sum-over-state (SOS) method is slowly
convergent when considering bulky transition metal complexes,
response function theory containing the electric dipole and
spin–orbit operators was employed to enhance the effectiveness
of the calculations.20,21 The transition dipole moment and the
spin–orbit coupling matrix element between T1 and S0 were
respectively calculated by using the quadratic response and the

linear response with single residue. The spin–orbit coupling matrix
elements and the singlet–triplet splitting energies between Sl and T1

were evaluated via the linear response with double residue. These
calculations mentioned above were obtained with the assistance of
the program Dalton 2016.22 The non-equilibrium contributions of
the solvent to the response calculation were used for the PCM.

On the basis of the relevant information obtained above, the
phosphorescence spectra, the radiative rate and the intersystem
crossing rate were computed using the program MOMAP.23

3. Results and discussion
3.1 Electronic transition properties

Natural transition orbital (NTO) analysis, illustrated in Fig. S1
(ESI†), was computed to depict the motion of electrons from
occupied NTOs (holes) to unoccupied NTOs (electrons). Here,
PtON1-tbu and PtON7-tbu could have smaller kr than their
respective homologs, since they have a lower proportion of
3MLCT as shown in Fig. S1 (ESI†).24 However, the roles that
different ligands play cannot be clear from NTO analysis.

Based on the time-dependent perturbation method, the
transition dipole moment of mT1-S0

can be expressed as

mT1!S0
¼

X
l2singlets

S0h m̂j jSli Slh ĤSO
�� ��T1i

ET1
� ESl

þ
X

n2triplets

X
j¼�1;0;1

S0h ĤSO
�� ��Tn; j

�
Tn; j

�
m̂j jT1i

ES0 � ETn

;

(1)

where the second term could be ignored due to the relatively
large energy gaps between Tn and S0.25 Therefore, it is reason-
able to plot the transition dipole moments mS0-Sl

of the first
term in order to understand the role of various kinds of ligands
during the process from excitation to deexcitation.

In view of the fact that many electronic states are involved
during transition processes, it is necessary to find the crucial
electronic states connected with the transition dipole moments
(mS0-Sl

), the spin–orbit coupling matrix elements (hSl|ĤSO|T1i)
and the singlet–triplet splitting energies (DESl–T1

). Here, the
crucial electronic states denote that the singlet excited states
have a relatively large contribution to mT1-S0

according to eqn (1).
All of the above parameters for mT1-S0

are listed in Table 1. For all
studied compounds, the vectors of transition dipole moments for
the whole compound and for different ligands, which are phenyl
pyrazole (PP) and carbazole pyridine (CP) in PtON1 and its
derivatives in combination with phenyl imidazole (PI) and
carbazole pyridine in PtON7 and its derivatives, were plotted
in Fig. S2–S7 (ESI†). What is more, the vectors of plotted
dipole moments of the main electronic states in PtON1-tbu
and PtON7-tbu are shown in Fig. 1.

As shown, the electronic states S2, S7 and S9 with their relatively
large contribution are significant in the transition processes for
PtON1-tbu. In Fig. 1, the direction and value of mS0-S2

and
mS0-S7

, the essential parameters for excitation, attributed to PP
and CP have a similar contribution to the whole complex.13 For
PtON7-tbu, the contribution of PI and CP for the critical excited

Scheme 1 Chemical structures of studied complexes.
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states S2, S7 and S8, is similar. The same conclusions can be
drawn from the analysis of other molecules in Fig. S2–S7 (ESI†).

Clearly, these ligands, including CP, PP and PI, have a similar
influence on the transition processes. Therefore, we could not
simply consider Li’s opinion that the spectral narrowing is caused
by the introduction of CP resulting in larger energy separation.

3.2 Emission spectra

Thanks to recent developments of computational chemistry, it
is convenient to simulate the phosphorescence spectra, which
are helpful in understanding the luminescent properties of
transition-metal complexes.23,26 In particular, the vibrationally
resolved emission spectra calculated can be used to verify the

contribution of the vibrational normal modes to the relevant
emission bands. All the spectra mentioned above were evaluated
in Fig. 2 and 3 to understand the origin underlying the markedly
different color purity induced by alterations in ligands. In view
of the fact that we focus on the color purity rather than on the
absolute intensities of the phosphorescent emission, the spectra
in Fig. 2 and 3 were normalized by taking the maximum peaks
with equal height for a better comparison of the band shape.27

Compared with PtON1 and PtON7, the bandwidths of PtON1-tbu
and PtON7-tbu are obviously weakened after adding tbu to the
4-position of the pyridine ring. Meanwhile, there is no apparent
change in the intensity of relevant vibronic bands after adding
tbu to the 4-position of the benzene ring.

Table 1 Calculated transition dipole moments mS0-Sl
(Debye), singlet–triplet splitting energies DESl–T1

(eV), the SOC matrix elements hSl|Ĥ
SO|T1i (cm�1)

and the contribution of each excited state to mT1-S0
(Debye)

mS0-Sl
DESl–T1

hT1|ĤSO|Sli Contribution mS0-Sl
DESl–T1

hT1|ĤSO|Sli Contribution mS0-Sl
DESl–T1

hT1|ĤSO|Sli Contribution

PtON1 PtON1-tbu PtON1-p-tbu
S1 1.88 0.17 115.23 0.1551 2.17 0.60 30.89 0.0138 2.17 0.17 133.42 0.2096
S2 4.56 0.54 453.29 0.4724 4.48 0.98 227.48 0.1291 4.83 0.52 495.92 0.5671
S3 0.71 0.99 225.43 0.0199 0.67 1.02 74.22 0.0060 0.84 0.96 294.00 0.0318
S4 1.01 1.02 293.14 0.0361 1.53 1.14 35.26 0.0059 0.94 1.02 84.22 0.0096
S5 0.90 1.19 1455.91 0.1364 2.57 1.27 36.10 0.0091 0.66 1.19 1511.57 0.1044
S6 1.64 1.25 303.84 0.0494 0.91 1.39 191.49 0.0155 1.43 1.25 264.16 0.0375
S7 0.76 1.32 271.93 0.0194 6.86 1.41 119.49 0.0719 1.58 1.33 298.38 0.0441
S8 8.59 1.39 62.38 0.0479 2.61 1.59 63.81 0.0130 8.48 1.40 72.50 0.0546
S9 2.56 1.47 85.60 0.0184 1.92 1.65 609.85 0.0876 2.27 1.47 95.36 0.0183
S10 0.14 1.55 246.13 0.0028 0.09 1.73 153.65 0.0010 0.30 1.52 230.59 0.0057

PtON7 PtON7-tbu PtON7-p-tbu
S1 2.27 0.19 125.44 0.1828 2.63 0.55 24.23 0.0144 2.74 0.19 150.44 0.2670
S2 3.96 0.60 420.55 0.3410 3.26 0.90 121.83 0.0546 4.36 0.59 483.15 0.4441
S3 1.16 0.88 138.67 0.0227 1.57 1.02 168.68 0.0323 0.93 0.88 296.60 0.0387
S4 0.85 0.96 386.02 0.0424 1.22 1.12 28.98 0.0039 0.83 0.95 221.97 0.0241
S5 0.10 1.19 990.41 0.0104 0.36 1.25 11.92 0.0004 0.07 1.19 1252.46 0.0097
S6 1.73 1.24 1038.35 0.1797 1.12 1.29 156.33 0.0167 0.47 1.24 910.64 0.0427
S7 2.03 1.37 507.20 0.0928 6.09 1.42 155.69 0.0825 4.36 1.36 530.38 0.2106
S8 9.06 1.39 181.34 0.1464 5.74 1.60 638.07 0.2845 8.53 1.41 153.87 0.1152
S9 2.17 1.47 189.12 0.0346 2.62 1.61 194.01 0.0390 1.84 1.41 178.30 0.0289
S10 0.25 1.59 242.21 0.0048 0.19 1.69 189.31 0.0027 0.16 1.56 276.86 0.0036

Fig. 1 The contributions from different ligands to the transition dipole moment mS0-Sl
were plotted for PtON1-tbu and PtON7-tbu. The vectors of PI,

PP, CP and Pt atom are marked in red. At the same time, the whole compound vectors are marked in green. The length of the arrow indicates the
magnitude of the dipole moment.
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For a strong coupling case where the short-time approximation
is conducted, the quantum mechanical definition of the emission
coefficient that is the mathematical expression of the emission
spectra28 can be expressed as

where the factor a is introduced to take into account the
solvent effect and %nk = (eh�ok/kBT � 1)�1 denotes the phonon
distribution. The maximum emission is oT1!S0 �

P
k

Skok.

Meanwhile, the emission spectra show that the bandwidth

 
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln D2 þ 2

P
k

2�nk þ 1ð ÞSkok
2

� �s !
increases with T, where D

represents the consideration of the inhomogeneous broadening.

As is shown, the bandwidth is proportional to the Huang–
Rhys factors. The band would be broadened for organometallic
compounds with bigger total Huang–Rhys factors, especially
when temperatures rise.29 Considering all vibrational normal
modes, a diminution of the Huang–Rhys factors would cause a

Fig. 2 The calculated vibrationally resolved emission spectra at 0 K.

Fig. 3 The calculated phosphorescent emission spectra at room temperature.

aT1!S0 ¼
2po
3�hca

mT1!S0

�� ��2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p

D2 þ 2
P
k

2�nk þ 1ð ÞSkok
2

vuut exp �
o� �oT1!S0 þ

P
k

Skok

� 	2

D2 þ 2
P
k

2�nk þ 1ð ÞSkok
2

2
6664

3
7775; (2)
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narrowing of the emission peak. Therefore, the smaller
total Huang–Rhys factors contribute to the lower bandwidth for
PtON1-tbu and PtON7-tbu. Here, it should be noted that the
emission of PtON1, PtON1-p-tbu, PtON7 and PtON7-p-tbu should
have at least two peaks according to Fig. 2. However, there is only
one obvious broad peak of these compounds in Fig. 3. The
primary factor behind the phenomena could be attributed to the
inhomogeneous broadening effect produced by combination
with low-frequency modes and high-frequency modes,27,30 for
the temperature effect on systems with larger Huang–Rhys
factors is so great.

Closely associated with the Huang–Rhys factors, the well-known
Franck–Condon factors (Scheme 2a), the square of the vibrational
overlap integral between T1 and S0, determine the emission
strength.31,32 Here, another representation of the emission
coefficient can be represented as

aT1!S0 ¼
4p2o
3�hca

mT1!S0

�� ��2X
vk

Y
k

S
vk
k

vk!
e�Sk

 !
D oS0;vk ;T1;0

� o

 �

:

(3)

For simplicity, the Franck–Condon factor IS0,k,T1,0
is evaluated

at 0 K. In this case, we have

IS0;vk ;T1;0
¼ wS0;k

��� wT1;0

D E��� ���2¼ S
vk
k

vk!
e�Sk ; (4)

where vk represents the vibrational quantum number of the kth
vibrational normal mode. More relations about the peak intensity
can be obtained in general as follows:

ln IS0,k,T1,0
= vk ln Sk � Sk � vk ln vk + vk; (5)

@

@Sk
ln IS0;k;T1;0

¼ vk

Sk
� 1: (6)

Some useful results can be acquired by setting
@

@Sk
ln
S
vk
k

vk!
e�Sk ¼ 0.32 That is to say, the maximum of IS0,k,T1,0

can be obtained when vk = ISkm. In this case, the fractions of Sk

rounded down to 0 are denoted by ISkm. Furthermore, the

Franck–Condon factor of vk = ISkm is higher than vk = 0 when
Sk > 1. When Sk o 1, IS0,k,T1,0

is the maximum by taking vk = 0
when Sk o 1. For the relevant vibrational modes associated
with the pyridine ring, the Huang–Rhys factors of the inter-
mediate and lower-energy region are lower than 1. As shown in
Scheme 2a, for a Huang–Rhys factor lower than 1 when vk > 0,
the Franck–Condon factor is proportional to the Huang–Rhys
factor. Here, the emission intensity of PtON1-tbu and PtON7-tbu
in these areas would be relatively weaker than the 0–0 peak by
the diminution of the Huang–Rhys factor for the lower structural
deformation. To be sure, the Franck–Condon factors depend
on the Huang–Rhys factors. Furthermore, based on the lower
height of the intermediate and lower-energy regions, the whole
spectra would be pure blue. That is to say, the weaker emission
band shape, including bandwidth and peak intensity, is directly
decided by the lower Huang–Rhys factors.

What is the reason for the difference after the alteration on
the pyridine and benzene by tbu? Based on the fact that only
adding tbu to the 4-position of the pyridine can increase the
purity, the vibrational normal modes’ displacement vectors of
PtON1 and PtON1 that are mainly involved in the emission
spectra are shown in Fig. S9 and S10 (ESI†) to reveal the secret.
As shown, the high-frequency modes 101, 120, 135 and 136 for
PtON1 combined with 97, 128 and 129 for PtON7 contributing
to the emission spectra are more closely connected with the
pyridine rather than the benzene ring. What’s more, the 33
mode for PtON1 and the 30 and 43 modes for PtON7, only
associated with pyridine, contribute to the intermediate emis-
sion region between the two main spectral bands in Fig. 3.

Once tbu is added to the pyridine ring, structural deformation
of relevant vibrational modes could be effectively restrained.33,34

In Scheme 2b, the Huang–Rhys factor can be expressed as

Sk ¼
ok

2�h
DQk

2; where DQk is the vibrational displacement in

nuclear coordinates between the initial and final state. As
shown in Table 2, the smaller root mean square deviation
(RMSD) associated with DQk could indicate that the structural
deformation of PtON1-tbu and PtON7-tbu between T1 and S0

will be more restrained than their parent compounds. That is to

Scheme 2 (a) The Franck–Condon factors for the vibrational normal modes with different Huang–Rhys factors. Here, vk represents the vibrational
quantum numbers. (b) The relationship between DQk and the Huang–Rhys factor S. It should be noted that the DQk for each vibrational mode is different.
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say, the Huang–Rhys factor of these vibrational modes would
be decreased. What is more, the total bandwidth and the height
of the intermediate and high-frequency regions for these organo-
metallic complexes, which are contributed by the involved
vibrational modes associated with the pyridine ring, would be
weakened (Tables 3 and 4).

It should be noted that the number of vibrational normal modes
related to total Huang–Rhys factors are directly proportional to the
atomic number. The position for tbu to replace H atom can’t be
random, for example, PtON1-p-tbu and PtON7-p-tbu. Otherwise,
color purity would be decreased by the larger total Huang–Rhys
factors. Fortunately, the vibrationally resolved emission spectra
can help us to estimate the appropriate site.

3.3 Radiative and nonradiative decay rates

To further explore the effectiveness of these compounds, the
photoluminescence quantum yield (PLQY),35 an indispensable
part of the emissive properties, was also obtained by

FðTÞ ¼ kr

kr þ kISC þ knrðTÞ
; (7)

where kr denotes the radiative decay rate, and kISC and knr(T)
represent the intersystem crossing rate and the temperature-
dependent nonradiative rate, respectively.

What is more, kr was obtained by the Einstein A coefficient
of spontaneous emission,

krðT1 ! S0Þ ¼
8p2Z3ðET1

� ES0Þ3
3e0�h

mT1!S0

�� ��2: (8)

According to Peng’s works,36 the intersystem crossing rate
based on Fermi’s golden rule can be formulated as

ln kISC T1 ! S0ð Þ½ � ¼
ET1
� ES0 �

P
k

lk

� 	
4
P
k

lk �Ek

þ ln
1

�h
S0 ĤSO
�� ��T1i

��� ��2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pP

k

lk �Ek

vuut
0
B@

1
CA;

(9)

where lk, defined by lk = Skh�ok, is the reorganization energy of
the kth vibrational normal mode. In addition, to fully under-
stand the nonradiative decay process, the thermal deactivation

Table 2 The root mean square displacement of S0 and T1 for all complexes

Complexes PtON1
PtON1-
tbu

PtON1-
p-tbu PtON7

PtON7-
tbu

PtON7-
p-tbu

RMSD 0.100 0.048 0.144 0.115 0.055 0.134

Table 3 The calculated frequency, reorganization energy and the Huang–Rhys factor of the normal modes mainly involved in the vibrationally resolved
spectra

Mode o l S Mode o l S Mode o l S

PtON1 PtON1-tbu PtON1-p-tbu
2 40.08 77.27 1.93 2 27.51 2.97 0.11 1 21.59 17.17 0.80
3 58.1 40.35 0.69 11 139.92 0.72 0.11 2 28.36 22.4 0.79
9 142.06 20.93 0.15 125 1359.91 3.54 0.14 4 54.75 60.79 1.11
10 162.13 36.65 0.23 163 1684.27 0.68 0.27 5 62.34 8.97 0.14
11 171.97 16.57 0.10 164 1694.81 4.31 0.20 13 163.33 82.35 0.50
15 200.07 82.39 0.41 17 198 45.42 0.23
19 250.41 82.71 0.33 19 215.25 55.95 0.26
33 458.11 210.41 0.46 24 260.53 59.25 0.23
101 1305.26 146.31 0.11 43 460.05 183.92 0.40
120 1497.13 199.35 0.13 146 1498.47 188.5 0.13
135 1681.53 351.21 0.21 163 1681.4 356.49 0.21
136 1693.22 314.39 0.19 164 1693.06 344.21 0.20

PtON7 PtON7-tbu PtON7-p-tbu
2 42.49 62.06 1.46 1 22.7 2.89 0.13 1 22.76 24.67 1.08
4 77.37 19.35 0.25 2 30.45 5.23 0.17 2 36.16 20.36 0.56
9 153.77 17.95 0.12 9 114 19.26 0.17 3 42.06 9.34 0.22
10 163.69 32.84 0.20 16 202.12 29.42 0.15 4 57.1 15.02 0.26
13 202.82 85.55 0.42 120 1357.32 165.48 0.12 6 75.64 15.31 0.20
27 403.39 55.61 0.14 154 1665.16 177.97 0.11 12 154.77 19.65 0.13
30 456.13 92.77 0.20 156 1683.5 330.43 0.20 13 164.53 81.44 0.49
43 653.07 95.72 0.15 157 1694.01 351.46 0.21 16 202.08 59.58 0.29
97 1303.38 147.22 0.11 40 459.02 98.52 0.21
128 1680.65 296.15 0.18 116 1304.45 160.47 0.12
129 1692.67 274.17 0.16 155 1680.3 352.46 0.21

157 1692.48 292.8 0.17

Table 4 Experimental and theoretical photoluminescence properties

kr/s
�1 (cal) kISC (cal) kr/s

�1 (exp) knr/s
�1 (exp) F (exp)

PtON1 3.72 � 105 6.83 � 104 (2.15 � 105)a (8.79 � 104)a 0.71
PtON1-tbu 0.73 � 105 1.35 � 104 (1.07 � 105)a (0.56 � 104)a 0.95
PtON1-p-
tbu

3.78 � 105 10.30 � 104

PtON7 3.12 � 105 0.68 � 104 (1.86 � 105)a (5.24 � 104)a 0.78
PtON7-tbu 0.96 � 105 0.25 � 104 (1.26 � 105)b (2.22 � 104)b 0.83
PtON7-p-
tbu

2.84 � 105 1.65 � 104

a Ref. 42. b Ref. 7.
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about knr(T) via 3MC was also discussed. Once the 3MC is formed,
there are two main pathways for energy dissipation, either
returning back to the 3ES or relaxing to the GS. The latter route
is determined by the 3MC/GS minimum energy crossing point
(MECP).35,37 The activation energy (DElim = DE1 � DE2 + DE3) is
an important parameter to estimate knr(T) (Scheme 3).38,39 The
value of DE1, associated with the rate-determining step, and
DElim are inversely proportional to knr(T). The whole kinetic
scenario can be depicted as

3MLCT �! �
k1

k2

3MC �!k3 GS: (10)

Eqn (9) indicates that the kISC increases with the degree of
vibronic coupling deepening, the SOC interaction enhancing
and the energy gap narrowing between T1 and S0.24,40 All the
calculated results connected to kISC are listed in Table 5. As
shown, PtON1-tbu and PtON7-tbu have the lowest kISC in their
respective homologues, in accordance with the higher PLQY.
For organic emitting materials, vibronic coupling associated
with the Huang–Rhys factors has been found to be the foremost
factor for kISC.25,41 That is to say, the lower structural deformation
of PtON1-tbu and PtON7-tbu could be responsible for the smaller
kISC. What is more, the computed results about the energy gap in
Table 5 reveal that the knr(T) of PtON1-tbu and PtON7-tbu would

be similar to their respective homologues, on account of the
approximated DElim and DE1.

Therefore, based on the combination of kISC and knr(T), the
lower Huang–Rhys factors associated with structural deformation
play a significant part for PtON1-tbu and PtON7-tbu in obtaining
the higher PLQY in these systems.

4. Conclusions

In this study, quantum mechanical calculation has been used to
successfully rationalize the curious phenomenon about color purity
and to estimate the efficiency of these phosphorescent materials.

Based on the plotted transition dipole moment mS0-Sl
, PI, PP

and CP of these organometallic complexes have a similar influence
on the transition process, for these ligands have similar con-
tributions to mT1-S0

. In other words, the view that tbu results in
energy separation to obtain high color purity could be unreasonable.
Furthermore, we have successfully unveiled the relation between
color purity and structural change through vibrationally resolved
emission spectra. For the result that the structural deformation
would be restricted by adding a particular group (tbu) to the
4-position of the pyridine, the relevant Huang–Rhys factor of
specific vibrational modes would be decreased. To put it another
way, the total bandwidth and the height of the intermediate and
high-frequency regions for these organometallic complexes,
which are linked with the pyridine ring, can be diminished. In
the meantime, the higher PLQY of PtON1-tbu and PtON7-tbu
comes from the dramatic decline of kISC which is associated with
the Huang–Rhys factors.

That is to say, the improvement of efficiencies and color
purity could be attributed to the decreased Huang–Rhys factors.
For future molecular synthesis of high color purity materials,
vibrationally resolved emission spectra could be used to estimate
and search for an appropriate way to obtain narrow emission
bands. Our study could provide an idea for the future design
and manufacture of new electroluminescent materials with high
color purity.
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