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ABSTRACT: Tetradentate platinum(Il) complexes are promising
candidates for phosphorescent organic light-emitting diodes
(OLEDs), combining deep-blue emission, high color purity, and
potential for near-unity photoluminescence quantum yields
(PLQYs). However, despite their rigid structures, which should
suppress non-radiative decay, many of these complexes still show
surprisingly low PLQYs, and the mechanism underlying this
discrepancy has remained unclear. Here, through first-principle
calculations of multi-channel transition rates for 25 tetradentate
Pt(1I) complexes, we show that this apparent paradox arises from a
thermally activated S; non-radiative channel (T; — S; — S;) that
dominates the non-radiative decay. The rate of this channel
depends exponentially on the singlet—triplet gap AEgr, establishing
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AEgr as a key descriptor for PLQY. Electronic structural analysis reveals that donors on the pyridine unit can delocalize LUMO,
increase HOMO—LUMO overlap, and help enlarge AEg;r and PLQY. These results provide a unified mechanistic picture and a

direct design rule for high-efficiency deep-blue Pt(II) emitters.

rganic light-emitting diodes (OLEDs) are widely used

devices with promising prospects for further develop-
ment.'~* As a core component, light-emitting materials have
undergone several generations of evolution over the decades,
and new materials with superior properties continue to be
synthesized and reported.”~’ Among them, heavy-metal
complexes, particularly those based on platinum and iridium,
constitute a notably important class.*”'” Owing to the strong
spin—orbit coupling (SOC) arising from heavy atoms, these
molecules can convert singlet excitons to triplets via
intersystem crossing (ISC) and subsequently emit phosphor-
escence, achieving a theoretical photoluminescence quantum
yield (PLQY) of up to 100%. While green- and red-emitting
materials of this type have already been commercialized, blue-
emitting molecules have long faced development challenges,
primarily due to stability issues.” Furthermore, poor color
purity remains a common problem associated with these
phosphorescent emitters.

In 2014, Li et al. achieved a breakthrough with the synthesis
of PtON7 and PtON7-dth.'"® These two tetradentate Pt
complexes exhibit high rigidity, and minimal structural
relaxation results in a spectral full width at half maximum
(fwhm) of only 20 nm. In 2022, two blue-emitting molecules
with similar structures, BD-01 and BD-02, were reported,
demonstrating a device lifetime exceeding 1000 h and narrow
emission spectra.'” Inspired by these advances, over 100 new
molecules of this type have been synthesized and reported over
the past decade, many of which exhibit excellent properties,
(® ACs Publications
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such as high color purity and prolonged device lifetime.”’~>*

Collectively, these findings underscore the immense potential
of tetradentate platinum complexes as blue OLED materials.

Unfortunately, many such molecules exhibit surprisingly low
PLQYs, which has become a key factor limiting the application
and development of these materials.”” " In general, PLQY
depends on the relative magnitudes of radiative and non-
radiative decay rates (k,,), with the intersystem crossing from
T, to S, typically considered the primary pathway for non-
radiative processes in phosphorescent materials. However, the
rigid structure of the tetradentate Pt complexes results in very
small Huang—Rhys factors,”>** which significantly suppress
the direct ISC process. Therefore, this pathway alone is
insufficient to account for the large non-radiative rates
observed in molecules with low PLQYs. Some researchers
have proposed that the minimum energy crossing point
(MECP) plays a significant role, but this remains con-
troversial.”*™*® Due to a limited understanding of the
mechanisms underlying non-radiative transitions, there is a
theoretical lack of effective descriptors for PLQY and,
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consequently, a lack of targeted structural design strategies to
experimentally enhance PLQY.

In this work, the radiative and non-radiative transition rates
of 25 tetradentate Pt complexes are calculated, taking into
account four non-radiative decay channels: (a) direct ISC from
T, to Sy, (b) ISC from T, to S,, (c) internal conversion (IC)
from S, to S;, and (d) MECP pathway. By a comparison of the
results to experimantal values, it is found that the S; channel
accounts for the majority of the non-radiative transition rates
and that the rate of this process is strongly dependent on the
magnitude of AEg.. Consequently, AEgr can serve as an
effective descriptor for both the non-radiative transition rate
and the PLQY for this class of molecules. Furthermore,
electronic structural analysis reveals that electron-donating
substituents on the pyridine ring promote HOMO—-LUMO
overlap, thereby increasing AEgr and enhancing PLQY. This
work elucidates the mechanism underlying non-radiative
transitions in tetradentate Pt complexes and provides rational
design strategies for achieving high PLQY, which will
contribute to the development of high-performance OLED
materials.

The 25 tetradentate Pt(II) complexes examined in this study
are all previously reported compounds. They share four kinds
of skeletons, as shown in Figure 1, while their specific

a b
/
[N 7 \ [N/ a S,
N= ( N
NN Y N\/ . DEgrt, kol
d O Key Descriptor
o 5 O Fast » ) ) -
Ptoo7 PON7 Decay v 1
LA Indirect ISC
3 ¢\ C S Through S,
I _N\ /N\ N Blue
P N O /C( O Phosph
O 8 N s Direct ISC
"0 O 0
PtON1 PYNHC-1) o
[+
Lumo LUMO

Weak HOMO-LUMO overlap Strong HOMO-LUMO overlap
Small AEg; — High k,, Large AEg — Small k,,
Low PLQY High PLQY

Figure 1. (a) Skeletons of the molecules studied in this work. (b)
Diagram of the non-radiative transition mechanism. (c) Mechanism
by which molecular structure influences PLQY.

structures are given in Figure S1. In our previous work, we
found that density functional theory (DFT) and time-
dependent DFT (TDDFT) using TPSSh give rather good
predictions for the emission energies, and the spectra shape
provided by TPSSh along with the thermally vibrational
correlation function (TVCF) method agree well with experi-
ments.”” This (TD-)DFT + TVCF approach is not only
universal and eflicient but also capable of accurately
determining the transition rate constant, and a carefully
chosen functional could serve as a crucial guarantee for the
reliability of results. Therefore, TPSSh/def2svp™*~** in
Gaussian 16" is used for all structure optimization and
frequency analysis in this work. The SOCs, phosphorescent

transition dipole moments, and MECPs are obtained using
ORCA6.0,*® and Multiwfn*” is used for electronic structural
analysis. For details of the calculation, please see the
Supporting Information.

The four non-radiative transition channels considered in this
work are shown in Figure 2. The transition rate constant of the
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Figure 2. Four non-radiative transition channels considered in this
work. (a) T, channel: direct ISC from T, to S,. (b) T, channel:
thermally activated reverse IC from T, to T, followed by ISC from T,
to Sp. (c) S; channel: thermally activated reverse ISC from T, to S;
followed by IC from S; to S;. (d) MECP channel: non-radiative decay
from MECP between T, and S,.

MECP channel is evaluated via the transition state theory
Erying equation as™¥"

k,.(MECP) = kT -arir

h (1)
where AE denotes the electronic energy gap between MECP
and T, minimum, kg is Boltzmann’s constant, h is Planck’s
constant, and T is the temperature (T = 300 K unless
otherwise stated). This assumes no other barriers between
MECP and T, minimum and, thus, serves as an upper bound
of true transition rates. The other transition rates are calculated
using the TVCF method in MOMAP, which features very low
computational complexity and introduces no truncation error
for vibrational states.’’ >’ The transition between excited
states is very fast due to large SOCs and small energy gaps;
therefore, the population of all excited states is approximately
considered using the Boltzmann distribution. The effective
transition rate constants for the S; channel and T, channel are
thus given by

1
k(S) = LeEM-ES)/kTL (g
nr( 1) 3 1c( 1) (2)

where k;_ and k;, are the direct transition rates and all E denote
adiabatic energy. The sum of transition rates of all four
channels gives the total non-radiative transition rates, and with

the phosphorescence rate ko, the PLQY is then calculated as

knr = kisc(Tl) + knr(MECP) + knr(sl) + knr(TZ) (4)

https://doi.org/10.1021/acs.jpclett.6c03198
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Figure 3. (a) Calculated and experimental non-radiative transition rates. (b) Scatter plot of calculated rates for the S; channel against experimental
non-radiative rates. Molecule 10 is omitted due to too small k_(S,). (c) Error of non-radiative rates and PLQY, with or without consideration of
the S; channel. (d) Scatter plot of calculated S; channel rates and AEgr.
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The calculated non-radiative rate constants are presented in
Figure 3 alongside the corresponding experimental k,, values.
Among the four channels considered, the MECP pathway
yields the smallest rates for most molecules, owing to the high
energy barriers, typically ranging from 0.9 to 1.5 eV. Only
molecule § exhibits a relatively low energy barrier of 0.33 eV,
for which the MECP contribution to the non-radiative rate
could be non-negligible. Given that the rates calculated under
no barrier assumption represent an upper bound of true
transition rates, the MECP contribution can, in general, be
reasonably neglected. The rates derived from the T, channel
are also very small, all falling at least 2 orders of magnitude
below the experimental values. Although the SOCs between
the T, and S, states are as large as approximately 100 cm ™', the
energy gaps between T; and T, exceed 0.2 eV in most cases,
resulting in a low T, population and transition rates. With
regard to the direct ISC from T to S, the calculated rates are
generally several orders of magnitude lower than the
experimental values, with molecules 12 and 14 being the
only exceptions. As anticipated from the narrow emission
spectra of these molecules, the small structural relaxation
indeed inhibits effective direct ISC. As shown in the scatter
plots in Figure S2, not only are the results of the above three
channels generally much smaller than the experimental values,
but they also exhibit very poor correlation with them.
Therefore, these channels are unlikely to play a significant
role in the non-radiative transitions of these molecules.

12291

In contrast, the S; channel contributes the largest non-
radiative rate for most molecules, and the calculated values are
generally close to the experimental k,, values, with molecule 10
being the only exception. In molecule 10, the S, state lies 0.36
eV above T, a significantly larger energy gap compared to the
AEgr values of the other molecules, resulting in a very low S,
population and a negligible transition rate. As shown in Figure
3b, the calculated rates exhibit a good correlation with the
experimental data. We further calculated the PLQY of these
molecules both with and without considering the S; channel.
As illustrated in Figure 3c, the calculated k, without the S,
channel component is significantly smaller than the experi-
ment, and the PLQY is overall too large. When the S, pathway
is included, the results become much closer to the experiment,
with their mean value almost identical. These results indicate
that the S;—S transition plays a dominant role in the non-
radiative processes of tetradentate Pt complexes.

Given that the S; channel governs the total non-radiative
rates, identifying the key parameter that reflects its magnitude
is of critical importance. Since the molecules share similar
skeletons, their vibrational properties and direct internal
conversion rates from S, to S, are likely to differ only
marginally. Consequently, the Boltzmann population of the S,
state and, thus, AEgr may serve as the decisive variable. As
shown in Figure 3d, a strong linear relationship exists between
the logarithm of the calculated rates and AEgr, indicating that
AEgy serves as an excellent descriptor for the k,, values of
tetradentate Pt complexes. Typically, a AEg; of approximately
0.1 eV is associated with a non-radiative rate of around 10° s™*
and a low PLQY. In contrast, a AEgy of 0.15 eV or larger leads

https://doi.org/10.1021/acs.jpclett.6c03198
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Figure 4. Structure, energy diagram, and temperature dependence of rates and PLQY for molecules 3 and 21.
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to negligible non-radiative rates and a PLQY approaching
unity.

To gain a deeper understanding of the non-radiative
transition mechanism in tetradentate Pt complexes, the
temperature dependence of the transition rates and PLQY
was calculated for molecules 3 and 21. In addition to the four
non-radiative channels discussed earlier, we also considered the
MECP between S, and the metal-centered triplet state (*MC),
which has been suggested in some studies as a potential
contributor to non-radiative transitions.””>*~>* Optimizing the
’MC state is particularly challenging due to its highly twisted
structure and relatively shallow potential well. Nevertheless, we
successfully located the equilibrium structures for these two

molecules using the method described in ref 59. A large
displacement along the dihedral angle between the pyridine
and carbazole moieties is observed, consistent with previous
repor’cs.32’60

As shown in Figure 4, the MECPs all possess very high
energies, in agreement with previous reports.‘q’2’3’5’38’49’60
Consequently, the transition rates arising from the MECP
pathway are negligible across the entire temperature range
studied here. The S, states are significantly lower in energy
than the T, states, and given that internal conversion is
typically several orders of magnitude faster than intersystem
crossing, the rates contributed by the T, channel are also
negligible compared to those from the S; channel. In contrast,

12292 https://doi.org/10.1021/acs jpclett.6c03198
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the phosphorescence rate and the direct ISC rate from T, are
not sensitive to the temperature, rendering the latter
comparable to the S, channel rate at low temperatures,
where the population of S; decreases dramatically. The
calculated PLQY for molecule 3 shows excellent agreement
with the experimental value. For molecule 21, the calculated
PLQY is slightly higher than the experimental value due to a
slight overestimation of the phosphorescence rate, but they
show the same trend. These results further confirm that the S,
channel makes the dominant contribution to the non-radiative
transitions of tetradentate Pt complexes.

In the preceding subsections, we have established that the S,
channel constitutes the most important pathway for non-
radiative transitions in tetradentate Pt complexes and that
AEgr is a key parameter governing the rate of this process. To
explore the relationship between the molecular structure and
AEgr, the frontier orbitals of six representative molecules are
plotted in Figure S. Regardless of PLQY, the HOMO of these
molecules is predominantly distributed over the benzene and
carbazole moieties. In contrast, the distribution of the LUMO
varies significantly with PLQY. In molecules with lower PLQY,
the LUMO is largely localized on the pyridine ring and its
substituents. In molecules with higher PLQY, however, the
LUMO exhibits substantially greater delocalization, extending
across most regions of the molecule, including the pyridine,
benzene, and diazole units. Given that AEg; is approximately
positivelgf correlated with the degree of HOMO-LUMO
overlap,”"** differences in the LUMO distribution clearly
represent a direct factor contributing to the variation in AEgp
among these molecules.

Specifically, because pyridine is the strongest electron-
withdrawing moiety in the molecule, the LUMO generally
tends to localize on it. In molecules where the pyridine ring
bears conjugated substituents (e.g., molecules 4, 7, and 14),
the LUMO, localized on the pyridine ring, becomes spatially
separated from the HOMO, resulting in a relatively limited
HOMO-LUMO overlap and a small AEg;. Conversely, when
electron-donating substituents are attached to the pyridine
(e.g., molecules 9 and 10), these groups weaken the electron-
withdrawing character of the pyridine, thereby pushing the
LUMO away from the pyridine and distributing it over other
parts of the molecule. Once this occurs, the LUMO can
overlap more extensively with the HOMO, leading to a large
AEgr. This effect intensifies with an increasing electron-
donating strength of the substituent: for a weak donor, such as
tert-butyl, AEgr increases only modestly, whereas a strong
donor, such as dimethylamino, can raise AEgr to such an
extent that the S; channel no longer contributes appreciably to
non-radiative transitions. In the absence of substituents on
pyridine, AEgr and PLQY are governed by other structural
features and can be either high (e.g., molecules 18 and 19) or
low (e.g., molecules 1 and 21).

To further investigate the influence of the molecular
structure on PLQY, a series of new molecules are designed
and their PLQY values are calculated, with the results
presented in Figure 6. These molecules are based on PtNO1
and PtON7 skeletons, with substituents of varying electronic
character attached to pyridine, ranging from strong acceptors,
such as —NO, and —CF;, to strong donors, like alkoxy and
tetrahydropyrrole. As established in the preceding analysis, the
PLQY increases with the electron-donating strength of the
substituents. Acceptors further localize the LUMO onto the
pyridine ring, leading to limited HOMO—LUMO overlap and
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Figure 6. Structures and calculated PLQY of the designed molecules.
Here, only the rates of the S; channel are considered in k.

a small AEgr, thereby resulting in a PLQY close to zero. In
contrast, donors produce the opposite effect, yielding a PLQY
approaching unity. A dramatic change in PLQY from 0 to 1
occurs when the substituent exerts an electronic effect
comparable to that of a hydrogen atom, ie., in the absence
of a substituent. At this juncture, PLQY becomes highly
sensitive to the molecular structure, a finding consistent with
the conclusions drawn from the analysis of the 25 molecules.
In summary, to achieve high luminescence efficiency in this
class of molecules, it is advisible to attach electron-donating
groups to the pyridine ring.

The radiative and non-radiative transition rate constants
along four different channels are calculated for 25 tetradentate
Pt complexes, and the results are compared to corresponding
experiments. Among these channels, the pathway involving
reverse intersystem crossing from T, to S, followed by internal
conversion from S, to S is identified as the most significant.
This finding is further supported by an analysis of the
temperature dependence of the transition rates and PLQY.
Moreover, AEgy exhibits a clear correlation with the non-
radiative rates and, therefore, serves as a reliable descriptor for
PLQY. Through detailed electronic structural analysis and
additional validation calculations, we demonstrate that
attaching an electron-donating group to the pyridine ring
enhances HOMO—-LUMO overlap and increases AEqgry,
thereby reducing the population of the S, state and the non-
radiative transition rate, ultimately leading to a PLQY
approaching unity. This work is expected to inform the
rational design of high-performance Pt-based phosphorescent
materials and to contribute to the advancement of OLED
development.
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