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ABSTRACT: Heavy metal complexes are important organic light-
emitting diode (OLED) materials, with the advantage of theoretically
up to 100% quantum efficiency, but suffer from low color purity,
specifically due to a large emission spectral width. Recently, several
tetradentate platinum(II) complexes have been found to demonstrate
a narrow emission width. In order to suggest a molecular design
strategy to achieve narrow emission width, we combine density
functional theory (DFT) and its time-dependent formalism coupled
with the thermal vibrational correlation function (TVCF) formalism
to evaluate the emission energy and spectral line shape for 50
tetradentate platinum(II) complex compounds. We have bench-
marked the computational approach by testing 14 xc-functionals and
4 potential energy surface models. We find that the pyridine-
carbazole-oxygen structure is the essential moiety to achieve high color purity for the Pt(II) coordination compounds, which can
suppress the excitation of low-frequency vibrational relaxation motion during phosphorescence emission, leading to a narrow
emission spectrum.

1. INTRODUCTION
Organic light-emitting diode (OLED) materials have become
integrated into modern industry due to their exceptional display
and lighting properties. Organometallic molecules, particularly
those incorporating heavy metals such as platinum and iridium,
have been extensively utilized in the second-generation
phosphorescent OLED materials.1 The efficient intersystem
crossing (ISC) process in these materials enables the conversion
of electrically excited carriers into triplet (T1) states, facilitating
phosphorescence with a theoretical luminescence efficiency
approaching 100%. This advancement has allowed phosphor-
escent materials to surpass the low internal quantum efficiency
of first-generation fluorescent OLEDs, thereby shifting the focus
toward blue emitting and color purity as critical performance
indicators. Researchers have explored a diversity of coordination
groups and substituents, synthesizing numerous phosphorescent
molecules emitting across various colors.2−26 It was found that
the Pt(II) coordinated compound can emit blue light. However,
these molecules exhibit low color purity, primarily due to
significant structural relaxation from the T1 state to the ground
state (S0).

27−29 Despite several theoretical studies aimed at
addressing these challenges,30−37 a systematic approach to
enhancing the color purity of their emission spectra remains
elusive.
In 2014, the tetradentate platinum(II) complexes PtON7 and

PtON7-dtb were synthesized, representing significant advance-
ments in blue phosphorescent materials.38 These molecules not
only exhibited external quantum efficiencies (EQEs) exceeding

20%, but also PtON7-dtb demonstrated high color purity,
characterized by an emission spectrum with a full width at half-
maximum (FWHM) of merely 20 nm. This work underscored
the potential of tetradentate platinum complexes as superior
candidates of materials with high color purity, and then a series
of compounds with analogous structures were synthesized and
characterized.39 In 2022, another two blue molecules, BD-01
and BD-02, were synthesized, which not only maintained high
color purity and EQE but also exhibited device lifetimes
exceeding 1000 h.40 The consistent narrowband emission
properties observed in these structurally similar molecules
suggest a strong correlation between the high color purity and
their tetradentate configurations. Theoretical elucidation of this
relationship is imperative as it would significantly enhance the
rational design of new molecules and devices with optimized
performance.
To analyze the relationship between the structure and

emission color purity of organic materials, it is essential to
develop efficient theoretical methods that accurately capture the
effects of vibrational properties on emission spectra. The
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formulations for the vibrationally resolved emission spectra have
been derived in detail by Strickler and Berg.41,42 Moreover,
utilizing the thermal vibration correlation function (TVCF)
method enables these calculations to be performed effi-
ciently.43−50 In a previous work by our group, we revealed the
characteristics of the deactivation process in these platinum
molecules, showing that direct vibrational relaxation is their
main nonradiative deactivation channel, while the minimum
energy crossing points are usually unimportant, which partly

explains the higher luminescence efficiency of tetradentate
platinum complexes.51 This method is also widely employed in
studies of radiative and nonradiative processes in other
systems.52−54

However, two essential prerequisites must be met to
accurately employ the TVCF method for these tetradentate
platinum compounds. First, the electronic information is
required, including the equilibrium geometries and vibrational
frequencies of the initial and final electronic states. Although the

Figure 1. Structures of the molecules studied in this work.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.4c08452
J. Phys. Chem. A 2025, 129, 2493−2509

2494

https://pubs.acs.org/doi/10.1021/acs.jpca.4c08452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c08452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c08452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c08452?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c08452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) may provide these data efficiently,
it is well known that the accuracy of these calculations is
significantly influenced by the choice of the functional.55−59

Thus, identifying a suitable functional for these systems is of
paramount importance. Second, a propermodel for the potential
energy surface is required, which relates the vibronic wave
functions of the two states. The model constructed using
Cartesian coordinates is widely employed, while that con-
structed by internal coordinates sometimes gives more reliable
results for flexible molecules.60−63 Furthermore, the consid-
eration of vibrational mode mixing�also known as the
Duschinsky rotation effect (DRE)�can introduce additional
differences in the results.54

In this study, we investigate the performance of 14 functionals
in predicting the photophysical properties of 50 tetradentate
platinum(II) complexes. By comparing the computed emission
energies and spectral shapes with experimental data, we
identified the functionals that provide the best agreement.
Meanwhile, the results of different potential energy surface
models are compared. We then analyze the vibronic properties
and electronic transition characteristics of molecules exhibiting
either narrow or broad emission bandwidths. Our analysis
reveals that the presence of a pyridine-carbazole-oxygen moiety
is a critical factor in achieving high color purity. For molecules
lacking this moiety, numerous low-frequency vibrational modes
are activated during the T1-S0 transition, leading to the
broadening of the emission peak. In contrast, for molecules
containing this moiety, especially those with no other structure
significantly conjugated to it, only two high-frequencymodes are
slightly activated, thus maintaining a high color purity of
phosphorescence emission. Our work elucidates the structure−
property relationships of tetradentate platinum(II) complexes
and provides theoretical support for the efficient screening and
design of newmolecules with superior photophysical properties.

2. METHODOLOGY
The 50 tetradentate platinum(II) complexes examined in this
study are all previously reported compounds; their molecular
structures and corresponding literature sources are depicted in
Figure 1. The relevant experimental data, including the peak
emission energies and FWHMof their phosphorescence spectra,
are summarized in Table S2. Here, only the main emission peak
for each molecule is considered, ignoring all possibly existing
shoulders. All experimental data are taken from dilute solutions
of dichloromethane (DCM) at room temperature, which
facilitates the systematic calculation and enables a consistent
comparison of results.
The functionals used in this paper include B3LYP,80 ωB97X-

D,81 CAM-B3LYP,82 MN15,83 M06-2X,84 TPSSh,85,86 BMK,87

BHHLYP,88 B3LYP*,89 PBE0,90 PBE38,91 PBE,92 TPSS,85 and
BP86.93,94 For each molecule and each functional, DFT and
UDFT methods are employed, respectively, for optimization to
get the S0 structure and T1 structure, followed by vibrational
frequency calculation to confirm that a trueminimum is reached.
A TDDFT single-point energy calculation is conducted at the T1
structure, while a UDFT single-point energy calculation is
performed at the S0 structure. All the above calculations are
carried out using the Gaussian1695 software package with the
def2-svp96,97 basis set. The polarizable continuum model
(PCM) is used to introduce the DCM solvent environment.98

Dispersion corrections are applied for all functionals except
B3LYP*, with correction coefficients detailed in Table S1.

Electronic structure analysis and charge density difference
(CDD) data are provided by Multiwfn in combination with
TDDFT data.99,100

Since the phosphorescence emission energy of a molecule is
contributed by both electronic and vibrational components, to
obtain its emission peak energy, one needs to consider both the
electronic state energy gap and the vibrational energy difference
with the largest Franck−Condon factor. However, usually, the
electronic energy gap is dominant; thus, the adiabatic or vertical
energy gap of the electronic states can usually be used as an
approximation of the emission peak energy. The former is
defined as the energy difference between the two electronic
states at their respective equilibrium structures, whereas the
latter refers to the energy difference between the two electronic
states under the equilibrium structure of the initial state.
Meanwhile, triplet state energies can be given by both UDFT
and TDDFT methods, so that, in combination with the
aforementioned adiabatic or vertical models, four different
quantities can be generated to estimate the emission peak
energy:

E E E

E E E

E E E

E E E

v,td t,td gt

v,u t,u gt

ad,td t,td g

ad,u t,u g

=

=

=

= (1)

Here, v, ad, u, and td denote vertical, adiabatic, UDFT, and
TDDFT, respectively, g and gt denote the ground state energy in
optimized S0 or T1 structure, and t denotes the T1 state energy in
optimized T1 structure. Their physical meanings are listed in
Figure 2. For each set of quantities, the statistics AVR (average),

RMSD (root mean squared error), and MAR (mean absolute
residual) are given by

N
x y

x y N

N
y kx b

AVR
1

( )

RMSD ( ) /

MAR
1

i
i i

i
i i

2

i
i i

=

=

= | |
(2)

Here, xi and yi denote the calculated and the corresponding
experimental values, respectively, while k and b are the
regression coefficients given by the ordinary least-squares
method.

Figure 2. Annotation diagram of the potential energy surface.
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According to Fermi’s golden rule (FGR), the spectral line
shape L(ω) of spontaneous emission is given by

L T
E

( ) ( )
i,f

3
i i f

2
f i

ad= | | | | +i
k
jjjj

y
{
zzzz
(3)

where ρ, ψ, μ, and ΔEad denote, respectively, the Boltzmann
population, wave function, transition dipole operator, and the
adiabatic energy gap, and i and f run over all initial and final
vibrational states. Introducing the Franck−Condon (FC)
approximation and the harmonic approximation, the above
equation can be further transformed as

L T Q Q

E

( ) ( ) ( ) ( )T S
i,f

3
i

2
i f

2

f i
ad

1 0
= | | | | | | |

+i
k
jjjj

y
{
zzzz (4)

where Φ and Ψ denote the electronic and vibrational wave
functions, respectively. Now the vibrational wave function is the
product of a series of one-dimensional harmonic oscillator wave
functions, whose variables, Q and Q’, are linked by the linear
Duschinsky relation

Q JQ K= + (5)

with J the Duschinsky rotation matrix, and K the mode
displacement. Calculations of J and K can be conducted using
either Cartesian or internal coordinates, the former being
straightforward but likely to fail when dealing with flexible
molecules, that is, molecules with significantly different
structures at initial and final states.60−63 Since some of the
molecules studied here have distinctly flexible structures, such as
isopropyl and biphenyl, internal coordinates are used unless
otherwise stated.
Full consideration of the linear Duschinsky relation is also

called the Adiabatic Hessian (AH) model, among other popular
potential energy surface models such as Vertical Hessian (VH),
Adiabatic Shift (AS), Vertical Gradient (VG), and displaced
ha rmon i c o s c i l l a t o r w i th d iffe r en t f r equenc i e s
(DODF).54,63,101,107−109 In AH and VH models, the Hessian
in the excited state may be different from that in the ground
state, while in AS and VG models, the two Hessian matrices are
approximately treated as the same�that is, taking J as an
identity matrix. Besides, the AH and AS models perform

optimization to find the exact equilibrium structure of the
excited state. In contrast, the VH and VG models obtain the
excited state equilibrium structure by extrapolation according to
the gradient in the ground state structure. The DODF model is
intermediate between AH and AS, allowing the two potential
energy surfaces to have different shapes but ignoring the
difference in orientation. All calculations in this study employ
the AH model with a linear Duschinsky relation, except for the
section specifically devoted to investigating the DRE.
Given the relation between the two sets of normal

coordinates, there are two ways to derive the overlap integrals
of the vibrational wave functions in L(ω). The time-
independent method directly solves and sums the overlap
integrals pairwise and is thus also known as the sum-of-states
method. This method has been widely used, for example, in the
calculation of absorption and emission spectra of several organic
molecules.110 However, since there are an infinite number of
vibrational states, practical calculations need truncation, which
can introduce errors.101 Moreover, the computational effort of
this method grows exponentially with the number of vibrational
modes, making it unsuitable for large systems. The time-
dependent method, also known as the thermal vibrational
correlation function (TVCF) method, transforms L(ω) into a
correlation function χ in the time domain via a Fourier
transform. χ can be expressed using the partition function Zvib
and vibrational Hamiltonian Hi and Hf for the initial and final
state, and it possesses a known analytical expression. Therefore,
the TVCF method exhibits only polynomial complexity and
does not introduce truncation errors. In this work, all spectra are
calculated using the TVCF method, and the software package
MOMAP47−50 is used for these calculations, taking temperature
T = 300 K.

L e t T t

t T Z Tr e e

( )
1

2
( , )d

( , )

it E

iH H t iH t

3 ( / )

vib
1 ( / ) /i

ad

i f

=

= [ ] (6)

3. RESULTS AND DISCUSSION
3.1. Emission Peak. The calculated results for each

functional applied to each molecule are presented in Table S4,
with statistical analyses comparing these results to the
corresponding experimental values summarized in Table 1.
Across all functionals, Ev,td consistently yields the lowest values,
and Ead,u yields the highest, while the magnitudes of Ead,td and

Table 1. AVR and RMSD of Emission Peak Energy between Computed and Experimental Data

pred. - exp. (eV) AVR/RMSD Ev,td Ev,u Ead,td Ead,u
CAM-B3LYP −0.23/0.38 −0.13/0.19 0.22/0.37 0.32/0.33
TPSSh −0.46/0.47 −0.29/0.30 −0.26/0.26 −0.09/0.11
BMK −0.06/0.18 −0.14/0.20 0.33/0.38 0.25/0.26
ωB97X-D −0.13/0.33 −0.08/0.15 0.32/0.44 0.37/0.38
PBE0 −0.34/0.39 −0.21/0.27 −0.02/0.12 0.11/0.12
M06-2X 0.09/0.29 0.05/0.21 0.56/0.61 0.52/0.52
PBE38 −0.35/0.44 −0.19/0.24 0.07/0.29 0.23/0.24
TPSS −0.66/0.66 −0.43/0.43 −0.51/0.51 −0.27/0.28
PBE −0.71/0.72 −0.45/0.46 −0.58/0.58 −0.32/0.33
B3LYP* −0.39/0.40 −0.24/0.24 −0.18/0.18 −0.02/0.06
BP86 −0.72/0.72 −0.46/0.46 −0.58/0.59 −0.32/0.33
MN15 −0.11/0.24 −0.04/0.10 0.26/0.33 0.33/0.34
BHHLYP −0.53/0.66 −0.17/0.27 −0.01/0.40 0.35/0.37
B3LYP −0.36/0.38 −0.23/0.24 −0.09/0.12 0.05/0.08
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Ev,u vary with the functional employed. The RMSD of the
TDDFT results is generally larger than that of the corresponding

UDFT results, suggesting that UDFT provides a better
reflection of the trend in the phosphorescence emission
energies, as will be demonstrated later. A comparison among
the functionals reveals that the calculated emission energies
increase roughly with the proportion of Hartree−Fock (HF)
exchange included in the functional, with the pure functionals all
significantly underestimating the emission energy. TPSSh (10%
HF), B3LYP* (15% HF), and B3LYP (20% HF) give the
smallest emission energies among the hybrid functionals, and
those given byM06-2X (56%HF) are always the largest. Among
all four sets of quantities of all the functionals, B3LYP*/Ead,u
performs the best, followed by B3LYP/Ead,u and MN15/Ev,u,
which all achieve AVR not exceeding ±0.05 eV and RMSD less
than 0.10 eV.
To better illustrate the trend, scatter plots of the predicted

emission wavelength against the experimental values are
constructed (see Figure S1 for all plots). Since the errors have
been discussed above, here, we focus on the degree of linearity
between the computed and experimental values. The results
show that 14 functionals can be roughly classified into two
categories. The first category includes TPSSh, TPSS, PBE,
B3LYP*, and BP86, which exhibit a high and roughly
comparable degree of linearity between the four sets of
calculated results and the experimental values (Figure 3).

Figure 3.Maximum and minimum among the R2 given by the 4 sets of
quantities for each functional.

Figure 4. Scatter plots of TPSSh results of emission peak wavelengths against experimental values.
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Taking TPSSh as an example (Figure 4), the R2 values of all four
sets relative to the experimental data exceed 0.92, indicating a
highly significant linear relationship. The second category
contains the remaining functionals, for which only Ead,u shows
a good linear correlation with the experimental values. In the
case of BMK (Figure 5), for example, the R2 of Ead,u reaches 0.93,

whereas those of the other three are all below 0.75. It is worth
noting that PBE0, although ostensibly belonging to the second
category, has a significant outlier in its scatter plot (molecule
14). Upon removal of this outlier, the R2 values for both Ead,u and
Ev,u exceed 0.90, while those for the other two sets remain below
0.75. PBE0 therefore performs roughly in between the two

Figure 5. Scatter plots of BMK results of emission peak wavelengths against experimental values.

Table 2. R2 between Predicted and Experimental Values for the Emission Peak Wavelengths. For those with R2 > 0.9,
Corresponding MAR are also given

exp. ∼ pred. R2/MAR (nm) Ev,td Ev,u Ead,td Ead,u
CAM-B3LYP 0.19 0.74 0.16 0.90/11.4
TPSSh 0.92/8.0 0.94/8.0 0.95/6.9 0.93/8.8
BMK 0.57 0.72 0.47 0.93/9.2
ωB97X-D 0.20 0.74 0.16 0.91/10.6
PBE0 0.74 0.92/9.5 0.72 0.94/7.5
M06-2X 0.29 0.55 0.27 0.90/10.3
PBE38 0.34 0.70 0.26 0.92/10.1
TPSS 0.91/10.2 0.94/8.2 0.91/10.2 0.90/10.6
PBE 0.90/11.0 0.94/8.6 0.90/10.6 0.88
B3LYP* 0.92/8.3 0.94/7.5 0.95/6.9 0.93/8.6
BP86 0.90/11.0 0.94/8.4 0.90/10.6 0.88
MN15 0.43 0.86 0.45 0.92/9.3
BHHLYP 0.20 0.56 0.14 0.71
B3LYP 0.79 0.85 0.88 0.91/9.2
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categories mentioned above. All R2 values are listed in Table 2,
and for those larger than 0.90, corresponding MAR values are
also provided. There are several sets that limit the error to less

than 10 nm. Among them, TPSSh/Ead,td and B3LYP*/Ead,td

perform the best. It is also worth noting that Ev,td, which results

Figure 6.Calculated and experimental emission spectra of molecules 4, 22 and 23. All the spectra are shifted here for better visualization. Reproduced
with permission.38,70 Copyright 2014, Wiley-VCH. Copyright 2017, American Chemical Society.
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from a single-point calculation of TDDFT and is commonly
used, is not the best for any functional.
3.2. Emission Spectrum Shape. Based on the shape and

width of the experimentally measured emission spectra, the 50
molecules studied in this work can be classified into two
categories. The first category comprises molecules whose
emission spectra feature a very narrow main peak, accompanied
by a weak shoulder in the long-wavelength region. Due to the
low intensity of the shoulder peak, these molecules exhibit
FWHM of less than 30 nm and high color purity. A total of 12
molecules belong to this category: 4, 10, 11, 17, 18, 19, 22, 23,
31, 45, 46, and 47, and they will be referred to as narrowband
molecules. The rest of the molecules belong to the second
category, characterized by emission spectra that typically display
a broad main peak and are usually without a distinct shoulder
peak. These molecules all have FWHM’s exceeding 45 nm and
are called broadband molecules.
3.2.1. Comparison of Functionals. We calculate the

vibrationally resolved emission spectra of the T1 state for each
functional and each molecule and compare their shapes with the
experiment. We find that the spectral shapes predicted by

TPSSh, TPSS, PBE, and BP86 are generally in better agreement
with the experiment, especially for the narrowband molecules,
followed by B3LYP* and B3LYP. As illustrative examples, the
experimental and predicted spectra of molecules 4, 22, and 23
are presented in Figure 6. Since the emission wavelengths have
been explored in the previous section, all spectra are
appropriately shifted here for better visualization. It can be
seen that the spectral shapes obtained using TPSSh, TPSS, PBE,
and BP86 are in high agreement with the experimental spectra,
differing only slightly in the relative intensities of the shoulder
peaks. The spectra obtained using B3LYP and B3LYP* are of
similar form but exhibit noticeably higher shoulder peaks,
whereas the spectra given by the other functionals deviate
significantly from the experiments. For molecule 4, BMK,
PBE38, and MN15 even give incorrect spectra that violate
physical laws, indicating problematic results of electronic
structure calculations. In fact, each functional gives unphysical
spectra for a few molecules (e.g., with negative values, violently
oscillating, or too broad), but there is a clear difference in the
proportion of incorrect spectra produced by different func-
tionals. The number of unphysical spectra given by TPSSh,
TPSS, BP86, PBE, and B3LYP* does not exceed 5, showing
good robustness for these molecules, while M06-2X and MN15
produce more than 10. A detailed list of molecules with
problematic spectra can be found in Supporting Information.
To better demonstrate the relation between experimentally

measured FWHM’s and calculated ones for each functional, in
Figure 7, the calculated FWHM’s of broadband molecules are
box-plotted, while those of narrowband molecules are plotted as
red “x”. The results show that the three pure functionals give
FWHM’s very close to the experiment for narrowband
molecules, but tend to underestimate those for broadband
molecules. In contrast, the boxplots of B3LYP, B3LYP*, and
TPSSh align closely to the experimental data, indicating better
performance for broadband molecules, but at the same time,
they tend to predict the emission band of the narrowband
molecules as wider. The remaining functionals yield FWHM’s
that are far from the experiment for both broadband and
narrowband molecules. It seems that functionals with a small
proportion of HF exchange give better predictions, which agrees

Figure 7. Calculated and experimental FWHM’s of the emission
spectra. Data of broadband molecules are shown as boxplots, while
those of narrowband molecules are shown as red “x”.

Figure 8. The χ2 of each functional to distinguish between narrowband
and broadband molecules.

Figure 9. Difference between reorganization energies given by
Cartesian coordinate, internal coordinate, and four-point method.
Values over 3000 cm−1 are drawn as 3000 cm−1.
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with previous studies where B3PW91 with 20% HF exchange
performs well for Pt(II) and Ir(III) complexes.111,112

However, the distributions of predicted FWHMof broadband
and narrowband molecules always overlap, and no single
functional can completely separate the two types of molecules.

In order to quantitatively characterize the ability of each
functional to distinguish between the two types of molecules, a
χ2 test is conducted. Specifically, a cutoff value A is chosen, and
molecules with calculated FWHM larger than A are classified by
this functional as broadband molecules, while those with

Figure 10.Calculated spectra of TPSSh functional with Cartesian/internal coordinate, with or without consideration of the Duschinsky rotation effect.
All the spectra are shifted here for better visualization. Reproduced with permission. Copyright 2014, Wiley-VCH. Copyright 2022, Springer Nature.
Copyright 2017, American Chemical Society. Copyright 2022, American Chemical Society.
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FWHM smaller than A are classified as narrowband molecules.
Further, depending on how well the prediction corresponds to
the experiment, the χ2 statistic of the functional can be calculated
(see Supporting Information for details). A larger χ2 indicates a
greater ability of the functional to correctly distinguish between
the two types of molecules. As shown in Figure 8, BMK,
B3LYP*, and B3LYP provide the largest χ2, followed by PBE0,
PBE38, TPSSh, and MN15, consistent with the observations
from Figure 7, where most of the red “x” in their plots falls to the
left of the main box. The rest of the functionals perform poorly
when distinguishing between the two types of molecules.
Notably, for the three pure functionals, despite their good
prediction of the spectral shapes of narrowband molecules, they
still have small χ2 due to poor performance for broadband
molecules.
3.2.2. Cartesian Coordinate vs Internal Coordinate. To

investigate the effect of the two coordinates, we employ the
quantum chemical results of the TPSSh functional and calculate
the reorganization energies using the two coordinates,
respectively, which are defined by the difference between
single-point energies of the same electronic state in two
equilibrium structures. The reorganization energy can be
estimated under harmonic approximation in both Cartesian
and internal coordinates as

Q1
2i

i
2

i
2=

(7)

where ωi and ΔQi represent the vibrational frequency and mode
displacement of normal mode i. It can also be directly calculated
by quantum chemical software such as Gaussian, the latter also
called the four-point method and is used as a reference here. All
these results are listed in Table S3, and the residuals are plotted
in Figure 9. It can be observed that the internal coordinate
method gives reorganization energies in very good agreement
with those of the four-point method, whereas the results of
Cartesian coordinates are significantly less accurate. In
particular, for several molecules containing flexible structures,
such as molecules 5 and 9, Cartesian coordinates give
reorganization energies over 10,000 cm−1, which is clearly
incorrect and leads to excessively broad spectral predictions.
Therefore, for molecules with flexible structures, only the
internal coordinate method may provide reasonable spectra.
Further, we use the above TPSSh results to calculate emission

spectra with both coordinates. For most molecules, especially for
narrowband molecules, the spectral shapes obtained from the
two coordinate systems show minimal differences. As shown in
Figure 10, for 4, 18, and 23molecules, the twomethods give very
similar spectral shapes , with only negligible differences in
shoulder height, and they both agree well with experiments. For
molecule 22, they give a shoulder peak significantly higher than
that of the experiment, but there is still little difference between
themselves.
However, as mentioned above, for molecules with highly

flexible structures, the results given by internal coordinates are
significantly closer to the experimental values. Taking molecule
27 as an example, the spectrum obtained from Cartesian

coordinates is excessively broad due to an unrealistically large
reorganization energy. Internal coordinates, in contrast, produce
results that align well with the experimental data. Besides, using
Cartesian coordinates to calculate the spectra for molecule 33
results in a numeric error and program failure. In this case,
internal coordinates give a spectrum in the same form as the
experiment, although it is a little broader and with a lower
shoulder.
3.2.3. DRE vs No DRE. To assess the importance of DRE in

this system, we calculate the spectra under the DODF
approximation using both coordinate methods and compare
them with the results presented above. Under the DODF
approximation, the Duschinsky rotation matrix is assumed to be
identity, so that only the distribution of the reorganization
energy among the vibrational modes affects the spectral shape.
For most molecules, the inclusion of DRE does not significantly
impact the form of the spectra. Specifically, as shown in Figure 8,
taking DRE into account lowers the shoulder peaks of molecules
4, 18, 22, and 23 to varying degrees, while it increases that of
molecules 33. Additionally, accounting for the DRE appears to
slightly broaden the spectra of narrowband molecules, but this
effect is minimal. However, this phenomenon is much more
noticeable for molecule 27, a broadband molecule, whether with
Cartesian coordinates or internal coordinates. The calculated
spectrum with Cartesian coordinates and DRE is much broader
than that of the experiment, and the result of DODF is even
worse.
However, DODF sometimes may rescue the calculation from

failure. Calculations using Cartesian coordinates with DRE fail
for molecule 33, but DODF does give a spectrum close to the
experiment, with only a slightly higher shoulder, suggesting that
the Duschinsky rotation matrix derived from Cartesian
coordinates may be problematic. This is noteworthy since
molecule 33 is a narrowband molecule with reorganization
energies smaller than 2000 cm−1. It is well known that the
internal coordinates method is more effective for flexible
molecules because it typically gives smaller reorganization
energies than the Cartesian coordinates method. But in this case,
internal coordinates outperform Cartesian coordinates for a
rigid molecule, not due to minor differences in reorganization
energy, but because of the different Duschinsky rotation
matrices they give.
In order to reveal the cause of the problematic spectra, the

molecules with problematic spectra produced by the four
methods are listed in Table 3. Even with DODF, Cartesian
coordinates still give problematic spectra for five molecules,
which suggests that the main problem may stem from the
excessive reorganization energies. As Table S3 shows, all five
molecules give reorganization energies over 5000 cm−1 when
using Cartesian coordinates, which are far from the results of the
four-point method. On the other hand, since the reorganization
energies of all molecules using internal coordinates are below
3000 cm−1, the failures of this method are likely due to
problematic Duschinsky rotation matrices. Previous studies
have reported that theDuschinsky rotationmatrices given by the
internal coordinates method are nonorthogonal,63,102 which
may contribute to the generation of problematic spectra.
Another notable observation is that all the spectra containing
negative values originate from the internal coordinates method,
and these problems do disappear when applying DODF.
Uncovering the cause of these problems remains challenging,
but given that the inclusion of DRE has a minimal effect on the

Table 3. Molecules with Problematic Spectra Are Given by
theFour Methods

molecules DRE DODF

Internal coordinates 9, 13, 20, 21, 28 None
Cartesian coordinates 8, 9, 26, 27, 33, 46, 47 9, 26, 27, 46, 47
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spectral shape of most molecules, DODFmay be a goodmethod
to improve the robustness of the calculations.

3.3. Electronic Structure and Vibrational Analysis. In
order to elucidate the structure−property relationships of

Figure 11. Bottom: CDD plots and the two modes with the largest reorganization energies for narrowband molecules 4, 10, 17, and 31. Purple/green
shows where charge density increases/decreases in the S0-T1 transition (isovalue: 0.001). Top: reorganization energy distribution along vibrational
modes.
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tetradentate Pt(II) molecules and reveal the key factors affecting
their color purity, we investigate the electronic structure and
vibrational properties of several representative molecules in both

the narrowband and broadband categories using the TPSSh

functional.

Figure 12. Bottom: CDD plots and the two modes with the largest reorganization energies for broadband molecules 15, 27, 48, and 50. Purple/green
shows where charge density increases/decreases in S0-T1 transition (isovalue: 0.001). Top: reorganization energy distribution along vibrational modes.
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3.3.1. Narrowband Molecules. Here we select four
representative molecules, 4, 10, 17, and 31, for our study. The
emission spectra of all four molecules are narrow, and their
shapes are correctly predicted by TPSSh. As shown in the CDD
plots (Figure 11), the T1 states of all four molecules display
electron transfer from the platinum center and carbazole-oxygen
moiety to pyridine. Meanwhile, their reorganization energies are
predominantly concentrated in two vibrational modes near 1290
and 1667 cm−1, whichmainly correspond to the vibrations of the
carbazole and pyridine groups. It is evident that the regions
exhibiting electron density change are highly consistent with
those associated with these vibrational modes. This correlation
can be understood as follows: in regions where the electron
density undergoes substantial alteration upon excitation, there is
a corresponding significant change in the forces acting on the
nuclei, leading to notable differences between the equilibrium
structures of the two electronic states. Consequently, the
reorganization energies are primarily distributed into the
vibrational modes associated with these structural changes. In
addition, these two vibrational modes should be the cause of the
shoulder peak. The rest of the vibrational modes contribute
minimal reorganization energies, and thus the main peak of the
spectrum is very narrow.
3.3.2. Broadband Molecules. Here we choose molecules 15,

27, 48, and 50 as examples for further study. As before, TPSSh
correctly predicted their spectral shapes. As depicted in Figure
12, the nature of the electronic transitions of molecules 15, 27,
and 50 differs markedly from that of the four narrowband
molecules described previously. Although the electrons still
transfer mainly from the platinum center and the carbazole
moiety, the electron-accepting region is significantly larger due
to the conjugation of the pyridine ring with other structures.
Some low-frequency modes, which represent the overall
deformation vibrations of the molecule, thus contribute
significant reorganization energies. Activation of these low-
frequency modes leads to a broadening of the main emission
peak, which, together with the suppression of the vibrational
mode around 1290 cm−1, results in a spectrum that no longer
exhibits significant shoulder peaks. In addition, there are several
molecules that display spectral shapes with very high shoulder
peaks, such as 48, where electron transfer occurs mainly from the
two benzene rings due to the absence of the carbazole unit. The
vibrational modes associated with these benzene rings are
significantly different from those of carbazole, resulting in a high
shoulder peak in the emission spectrum.
Based on the analysis above, it can be concluded that the

presence of the pyridine-carbazole-oxygen moiety is a key factor
in achieving high color purity in these tetradentate Pt(II)
molecules, where the pyridine group should not conjugate with
other structures. Since the electron density changes mainly in
this unit, only two specific high-frequency vibrational modes are
activated, producing low shoulder peaks in the spectra, whereas
the low-frequencymodes contribute little reorganization energy,
allowing the main peaks to be narrow. Otherwise, when other
structures participate significantly in electron transfer, the low-
frequency vibrational modes are likely to be activated, leading to
a broadening of the spectrum and a decrease in color purity.
From the experimental results, all 12 narrowband molecules in
our data set possess the pyridine-carbazole-oxygen moiety.
Moreover, recent syntheses of 11 tetradentate Pt(II) complexes
not included in our data set further corroborate this trend.
Among these new molecules, the three containing the pyridine-
carbazole-oxygen moiety exhibit very high color purity,103,104

while the other eight molecules lacking this structure exhibit low
color purity.105,106 Therefore, we assert that the pyridine-
carbazole-oxygen moiety is essential for achieving high color
purity in these tetradentate Pt(II) molecules.

4. CONCLUSION
Using DFT, UDFT, and TDDFT methods, we investigated the
performance of 14 different functionals for calculating the
photophysical properties of 50 tetradentate Pt(II) molecules in
dichloromethane solution. The adiabatic energy gap calculated
using (U)B3LYP* exhibits the smallest error (−0.02 ± 0.06 eV)
relative to the experimentally measured phosphorescence
emission peak energies. Besides, the adiabatic energy gap
calculated using either the TD-TPSSh or TD-B3LYP* method
shows the best conformity with the experimental trend, yielding
an average absolute residual of 6.9 nm after linear fitting. By
combining these methods with FGR and TVCF, we find that the
computed spectral shapes using the TPSSh, TPSS, BP86, and
PBE functionals are in good agreement with the experiments.
Overall, the use of the internal coordinate method effectively
improves the spectral calculations by providing more accurate
reorganization energies compared to Cartesian coordinates,
although at the cost of slightly reduced robustness in the
Duschinsky rotation matrices. The differences between the
spectra obtained with the linear Duschinsky relation and those
with the DODFmodel are generally insignificant, indicating that
the spectral shape is not affected much by DRE for most
molecules.
Furthermore, by analyzing the electronic structures and

vibrational properties, we have identified the pyridine-carbazole-
oxygenmoiety as a crucial structural unit for achieving high color
purity in such molecules. When the T1 state mainly exhibits
electron transfer from the platinum and carbazole-oxygen
structure to pyridine, two vibrational modes near 1290 and
1667 cm−1 are activated and produce a low shoulder peak in the
emission spectrum. Meanwhile, the low-frequency vibrational
modes are suppressed, keeping the main peak narrow. In
contrast, when electron transfer in the T1 state involves other
structures, more low-frequency modes are activated, resulting in
a broadening of the main peak and a decrease in color purity.
This work will help with understanding the structure−property
relationship of Pt complexes and will contribute tomore efficient
screening and synthesis of molecules and OLED devices with
high color purity.
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