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ABSTRACT: Multiresonant thermally activated delayed fluores-
cence (MR-TADF) emitters have recently attracted great interest
for application in organic light-emitting diodes due to their
remarkable electroluminescent efficiency and narrow emission
spectra. It is therefore essential to establish computational
methodologies that can accurately model the excited states of
these materials at manageable computational costs. With regard to
MR-TADF design and their associated photophysics, previous
works have highlighted the importance of wave function-based
methods, at much higher computational costs, over the traditional
time-dependent density functional theory approach. Herein, we
employ two independent techniques built on different quantum
mechanical frameworks, highly correlated wave function-based STEOM-DLPNO−CCSD and range-separated double hybrid density
functional, TD-B2PLYP, to investigate their performance in predicting the excited state energies in MR-TADF emitters. We
demonstrate a remarkable mean absolute deviation (MAD) of ∼0.06 eV in predicting ΔEST compared to experimental
measurements across a large pool of chemically diverse MR-TADF molecules. Furthermore, both methods yield superior MAD in
estimating S1 and T1 energies over earlier reported SCS-CC2 computed values [J. Chem. Theory Comput. 2022, 18, 4903]. The short-
range charge-transfer nature of low-lying excited states and narrow fwhm values, hallmarks of this class of emitters, are precisely
captured by both approaches. Finally, we show the transferability and robustness of these methods in estimating rates of radiative
and nonradiative events with adequate agreement against experimental measurements. Implementing these cost-effective
computational approaches is poised to streamline the identification and evaluation of potential MR-TADF emitters, significantly
reducing the reliance on costly laboratory synthesis and characterization processes.

1. INTRODUCTION
Thermally activated delayed fluorescence (TADF) compounds
have emerged as promising materials for next-generation
organic light-emitting diodes (OLEDs) due to their efficient
utilization of singlet and triplet excitons.1−3 Although tradi-
tional donor−acceptor TADF systems have shown significant
progress, the recent exploration of multiresonance TADF
(MR-TADF) compounds has opened up new avenues for
enhanced device performance. In the case of donor−acceptor−
donor (D−A−D) type of TADF compounds, the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are well separated due to highly
twisted structure such that there is minimum exchange
integral,2,4−8 which yields minimum energy gap (ΔEST)
between singlet and triplet states. Therefore, ΔEST in the
case of D-A−D type molecules is very small. However, these
emitters suffer from poor external quantum efficiency (EQE)
due to considerable reorganization energies and low oscillator
strength values.9 In contrast, multiresonance TADF com-
pounds are characterized by nanographene-like architecture
with site-specific doping of electron-withdrawing moieties
(e.g., boron and ketone groups) and electron-donating atoms

(e.g., nitrogen and oxygen).10 The opposite resonance effect
induced by the electron-donating and -withdrawing groups
reduces the exchange interaction and consequently ΔEST.
These fused-ring MR compounds offer distinct advantages
over traditional donor−acceptor TADF systems, e.g., large
oscillator strength due to relatively larger overlap of the
HOMO and LUMO; they possess color purity due to their
rigid structure, i.e., emit in a narrow band range, have small
Stokes’s shift, and show minimal positive solvatochromism
owing to the short-range charge transfer (SRCT) and perform
better in terms of efficiency (EQE).4,5,11−23

Among the critical factors influencing the performance of
TADF compounds, ΔEST, spin−orbit coupling H( )SO

S T1 1 , and
reorganization energies (λ) play pivotal roles.24 Over the past

Received: October 17, 2023
Revised: November 28, 2023
Accepted: November 28, 2023

Articlepubs.acs.org/JCTC

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.jctc.3c01147
J. Chem. Theory Comput. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
 G

A
N

D
H

IN
A

G
A

R
 o

n 
D

ec
em

be
r 

15
, 2

02
3 

at
 1

0:
31

:5
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanyam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rudranarayan+Khatua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anirban+Mondal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jctc.3c01147&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01147?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01147?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01147?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01147?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c01147?fig=tgr1&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jctc.3c01147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JCTC?ref=pdf
https://pubs.acs.org/JCTC?ref=pdf


years, density functional theory (DFT) and its time-dependent
(TD) variant have been widely used as the quantum
mechanical method that provides an efficient and accurate
approach to estimate ΔEST in traditional TADF compounds.

25

Within the TADF community, a range of exchange−
correlation functionals have been used�starting from hybrid
functionals such as B3LYP, PBE0, or M06-2X to range-

separated functional that include CAM-B3LYP and LC-
ωPBE.26−30 Several reports have summarized the advantages
of some DFT methods over others in predicting ΔEST in D−
A−D systems.25,31 However, when modeling MR-TADF
emitters, the standard DFT functionals fail to predict both
energies and associated rates dramatically.32 Sancho-Garciá
and co-workers demonstrated the poor performance of

Figure 1. Chemical structures of all the experimentally known compounds investigated in this work.12,15,16,23,47−58
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inherent single-excitation methods, including TD-DFT with
generalized gradient approximation (GGA), meta-GGA, and
hybrid functionals that predict a much larger ΔEST, which they
have coined due to a poorer account of the Coulomb
correlation.32,33 In addition to electron correlation, it is
understood that a proper account of double excitations plays
a significant role in MR-TADFs. The primary reason behind
the poor performance of these DFT functionals is that they
lack double excitation information. Further, it was shown that
the poor TD-DFT prediction of ΔEST can be overcome by
deploying wave function-based methods such as the spin-
component scaling second-order approximate coupled cluster
(SCS-CC2) approach or coupled cluster calculations including
higher-order excitations.32 In a recent report, Hall et al.
conducted a comprehensive quantum mechanical study on a
large pool of MR-TADF molecules at the SCS-CC2/cc-pVDZ
level of theory.32 They obtained a remarkable mean average
deviation (MAD) of 0.04 eV against the experimental data
when computing ΔEST. Similar performance was seen by other
wave function-based methods, such as scaled opposite-spin
coupled cluster (SOS-CC2) and coupled cluster (CC2). On
the other hand, in a related study, Shizu and Kaji highlighted
the significance of the equation-of-motion coupled-cluster
singles and doubles (EOM-CCSD) method.34 They specifi-
cally investigated the DABNA-135 compound and observed a
remarkable agreement between the predicted and experimental
measurements not only for ΔEST but also quantitatively
reproduced all rate constants relevant to the emission
mechanism. In addition, methods like second-order algebraic
diagrammatic construction ADC(2) and SCS-ADC(2) that
include partially double excitation have also been successfully
applied to MR-TADF.36 Within the wave function-based
framework, the (partial) inclusion of double excitations, which
are omitted in TD-DFT, is responsible for the greater accuracy
in predicting ΔEST, primarily attributed to a better description
of the Coulomb correlation interaction. However, the
improved accuracy owing to the inclusion of higher-order
electronic excitations also leads to an increased computational
overhead that could be a bottleneck when performing large-
scale screening. Another practical challenge in working with
the above-mentioned wave function-based methods is that
most are unavailable to the open-source research community.
As reported recently by Bred́as et al., the computational

complexities described above can be addressed using the
STEOM-DLPNO−CCSD method.37,38 Similarity transformed
equation of motion method augmented with domain-based on
local pair natural orbitals (STEOM-DLPNO−CCSD) is a
highly correlated wave function-based approach that can
adequately account for the higher-order excitations (singles
and doubles) and, hence, offers an accurate treatment for the
excited state characteristics of various molecules, including
(MR) TADF-based compounds while keeping manageable
computational costs.37,39,40 Although this computational
approach has been successfully utilized recently to investigate
ΔEST, HSO

S T1 1, and subsequently the rates of photophysical events
in the MR-TADF compounds, no comprehensive benchmark
studies are highlighting the accuracy compared to experimental
measurements performed on a significant set of MR-TADF
emitters. In addition, another efficient approach that includes
double excitations is the double-hybrid TD-DFT,41 which has
been recently shown to perform adequately in predicting ΔEST
of organic molecules with inverted gaps between first excited

singlet and triplet states by Aspuru-Guzik and co-workers.42

Although the range-separated double-hybrid TD-DFT approx-
imation, such as ωB2PLYP, accounts for the double excitations
for the excited singlet state, it is devoid of the perturbative
doubles correction for the excited triplet energies.43 However,
it includes static and dynamic electron correlation and
dispersion correction, providing a more accurate description
of the electronic properties.
In this work, we aim to examine the performance of two

independent approaches constructed on different frameworks,
STEOM-DLPNO−CCSD and range-separated double-hybrid
TD-DFT, in terms of their accuracy and applicability across a
large and diverse pool of MR-TADF emitters. Toward this end,
we have computed ΔEST, spin−orbit coupling, reorganization
energies, radiative/nonradiative rates, and the nature of excited
states of 37 reported MR-TADF complexes at STEOM-
DLPNO−CCSD/def2-SVP and B2PLYP/def2-TZVP levels of
theory. For completeness, we have also performed TD-DFT
calculations employing a hybrid functional, TPSSh/6-31+G-
(d,p). We used the MAD, root-mean-square deviation
(RMSD), and standard deviation as the metric to quantify
the accuracy of the prediction. Our study reveals that TD-DFT
calculations with the hybrid functional (TPSSh) fail to predict
accurate ΔEST. A satisfactory agreement with experimental
ΔEST was observed by employing double excitation methods.
Computed results exhibit a remarkable MAD of ∼0.06 eV for
the predicted ΔEST across the investigated MR-TADF emitters
when STEOM-DLPNO−CCSD or TD-B2PLYP techniques
are used. The estimated rate constants for radiative and
nonradiative events show adequate agreement with the
available experimental measurements. Finally, we have also
probed the nature of excited states based on the density
difference plots. These plots revealed SRCT character for the
examined MR-TADF complexes via both STEOM-DLPNO−
CCSD and TD-B2PLYP approaches. Our results affirm the
robustness of the two independent approaches for the
predictions of excited state energies, rate constants, and the
SRCT character of excited states, thus providing a cost-
effective route for future investigations of MR-TADF emitters.

2. METHODS
2.1. Quantum Mechanical Calculations. We deployed a

comprehensive computational approach to investigate 37
experimentally reported MR-TADF compounds in the
literature. The chemical structures of these molecules are
displayed in Figure 1. As used in the experimental reports, the
corresponding names are mapped in Table S1 of the
Supporting Information. The ground state (S0) optimizations
and frequency analysis for these complexes were carried out at
the TPSSh/6-31+G(d,p) level of theory using the Gaussian09
program.44 To account for solvent effects, dichloromethane (ϵ
= 8.93) was considered using the conductor-like polarizable
continuum (CPCM) solvent model.45 The selection of the
functional and PCM conditions was primarily driven by the
recent reports from Gao et al.,46 where the authors
demonstrated that the TPSSh/6-31+G(d)-PCM model
successfully reproduced the experimental DABNA-1 emission
and absorption wavelengths in CH2Cl2.
For the accurate assessment of the energies of the singlet

and triplet excited state manifolds, the corresponding energy
gaps, and the spin−orbit couplings, we performed highly
correlated wave function calculations at the STEOM-
DLPNO−CCSD/def2-SVP level of theory. We considered
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single and double excitations among five singlet or triplet
excited states. The ground-state DFT-optimized geometries
were utilized to perform single-point calculations to determine
the energies of the singlet and triplet states and the related
ΔEST values. Such protocol was employed primarily to control
the computational overhead and was already shown to
reproduce the experimental data reported for MR-TADF
molecules accurately.37,38 The def2-SVP basis set was used to a
great extent to reduce the overall computational cost. We
tested the convergence of the cutoff values used for the
STEOM-DLPNO−CCSD calculation. The converged cutoff
values used were othresh = 0.005, vthresh = 0.005, and
TCutPNOSingles = 1 × 10−11. In addition to these wave
function-based calculations, excited state energies, the
associated singlet−triplet energy gaps, and the spin−orbit
couplings were computed using a double-hybrid functional,
B2PLYP and def2-TZVP basis set. These wave function-based
and B2PLYP double-hybrid calculations were performed with
the ORCA v5.0.3 package.59 Finally, for the sake of
completeness, vertical ΔEST values were obtained using
TPSSh/6-31+G(d,p) method. The solvent and solvent model
used were consistent with the previous calculations.
We used the MAD, RMSD, and standard deviation (σ) as

the metric to estimate the accuracy of the computed quantities
across various methods. The following equations were used to
determine these quantities.
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where xi = yi
experiment − yi

theoretical with yi
experiment being either S1,

T1, or ΔEST values obtained from experimental measurements
refers to corresponding TPSSh, B2PLYP, and STEOM-
DLPNO−CCSD computed values for S1, T1 or, ΔEST and i
is the index over the series of 37 studied molecules.
The photophysical properties of the MR-TADF systems are

examined via parameters such as rates of prompt-fluorescence
(kPF), intersystem crossing (kISC), and reverse intersystem
crossing (kRISC). The rate of prompt fluorescence, which
occurs due to the radiative decay from the first singlet excited
state, can be expressed using Einstein’s formula60 as follows.

=k
E f

1.499PF
S S
2

S S0 1 0 1

(4)

Here, fS S0 1
is the oscillator strength and ES S0 1

is the energy
difference between S0 and S1 states in cm−1. The rate constants
of ISC (from S1 to T1) and RISC (from T1 to S1) were
estimated within the framework of Fermi’s golden rule.61,62
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Here, I and F denote the initial and final excited states, FCWD
represents the Franck−Condon weighted density of states, and
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term can be described classically in the high-temperature limit.
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Here, λ is the total reorganization energy, and ΔE is the energy
difference between the initial and final states, which is ΔEST in
this context, kB is the Boltzmann constant, ℏ is the reduced
Planck’s constant, and T is the room temperature (298 K).
The transition rate between the S1 and T1 (vice versa) was
determined by three key parameters: the spin−orbit coupling
(HSO), the energy difference between the two states, ΔEST (the
sign is opposite for RISC and ISC), and reorganization energy
λ. Large spin−orbit coupling and small coupling (ΔE + λ) are
advantageous for these processes. The total reorganization
energy is the sum of the inner and outer contributions to
reorganization energy. We have considered 0.2 eV as the outer
reorganization energy arising from solvation effects.61,63 The
following relations were used to calculate the inner
reorganization energies.

= E EISC T /S1 T /T1 1 1 (7)

Here, ET /S1 1
is the energy of the first excited triplet state in

singlet geometry, and ET /T1 1
is the energy of the first excited

triplet state in triplet geometry. Similarly, for the RISC, we may
write

= E ERISC S /T1 S /S1 1 1 (8)

Here, ES /T1 1
is the energy of the first excited singlet state in

triplet geometry, and ES /S1 1
is the energy of the first excited

singlet state in singlet geometry. The excited state geometries
were used to determine the reorganization energies. Two
independent methods were applied to perform single-point
calculations on each geometry (singlet and triplet)�B2PLYP
double-hybrid functional and wave function-based STEOM-
DLPNO−CCSD, as implemented in Orca v.5.0.3. The basis
sets and solvent models used were the same as those described
before.

3. RESULTS AND DISCUSSION
Figure 1 displays the chemical structures of the MR-TADF
complexes investigated in this study. As shown, the selected
complexes cover a diverse chemical space in terms of both
spectral range (400−550 nm) and different functional group
compositions (BN(O), NC�O, N(O)B, N(S)B, and NS�O
cores). The photophysical properties of these molecules from
experimental measurements are summarized in Tables S2, S3,
S7, and S10 of the Supporting Information.

3.1. ΔEST Prediction. The computed ΔEST from three
different approaches are compared against the experimental
measurements and are summarized in Table S2 of the
Supporting Information. As evident, TD-DFT results with
the TPSSh functional systematically overestimate ΔEST with a
maximum deviation of around 0.3 eV (B−O-dpAc). However,
there are a few exceptions to this observation in the case of
molecules 5a, 5b, and 6a, where the TD-TPSSh/6-31+G(d,p)
method predicted ΔEST values are lower than those of the
experiment. In emitters such as B4 and 2c, the TD-TPSSh
estimated (0.21 and 0.39 eV) ΔEST are the closest to
experimental values (0.15 and 0.31 eV). Such performance
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of TD-DFT calculations with hybrid functional agrees with
earlier reports.31,32 It is primarily attributed to an overstabilized
CT state due to a marked self-interaction error in DFT
functionals. In contrast to these observations, TD-DFT
computations employing a range-separated double-hybrid
functional, B2PLYP, exhibit a remarkable improvement in
the ΔEST prediction. Among the 37 emitters examined, only
for seven of them, the TD-B2PLYP method yields a ΔEST that
is ±0.1 eV different from the experiment. For most
compounds, the difference between the experiment and
predicted ΔEST is around ∼0.05 eV. Finally, the STEOM-
DLPNO−CCSD approach shows performance on a similar
level of accuracy as B2PLYP, as seen from the ΔEST values
listed in Table S2 of the Supporting Information. Table 1

summarizes the MAD, RMSE, σ, and linear correlation
coefficient (χ2) between the experiment and the computed
data to assess the accuracy of these methods. It is apparent
from Table 1 that TD-TPSSh calculations exhibit a MAD of
0.20 eV for these molecules, which is much larger than that of
TD-B2PLYP or STEOM-DLPNO−CCSD calculations. It is
interesting to note that the TPSSh functional yields much
smaller MAD when compared to other DFT functionals,
including the long-range corrected functionals such as CAM-
B3LYP or LC-ωPBE, as reported by Hall et al.31 A remarkable
improvement in the MAD for predicted ΔEST is observed,
around 0.06 eV, when either TD-B2PLYP or STEOM-
DLPNO−CCSD methods are utilized. Both STEOM-
DLPNO−CCSD and TD-B2PLYP yield very similar RMSE
and σ values as listed in Table 1, implying their close
agreement in ΔEST prediction. Such enhanced performance
demonstrates the importance and role of improved electron
correlation descriptions owing to the (partial) inclusion of
double excitations. This is even more apparent since the
double hybrid functional only accounts for the double
excitations for the excited singlet states, which produces a
MAD as good as that of the STEOM-DLPNO−CCSD
method. Moreover, the STEOM-DLPNO−CCSD or TD-
B2PLYP computed MAD (0.06 eV) is close to the one
obtained from the SCS-CC2 method (0.04 eV) as reported by
Hall et al.31

Figure 2 displays the correlation between the experiment
and the predicted vertical ΔEST gathered from three different
strategies. When all of the data points are included in the
analysis, we observe a correlation coefficient of χ2 = 0.70 from

the STEOM-DLPNO−CCSD method. However, χ2 improves
to 0.79 when we include only those emitters (14 out of a total
of 37) for which STEOM-DLPNO−CCSD predicted ΔEST is
within ±0.026 eV compared to the experiment. On the other
hand, the double-hybrid functional B2PLYP yields a much
poorer χ2 of 0.32 considering the entire data points.
Remarkably, χ2 improves to 0.85 when we include only those
complexes (30 out of a total of 37) for which TD-B2PLYP
predicted ΔEST is within ±0.1 eV compared to the experiment.
As is evident from Table S2 of the Supporting Information, the
TD-B2PLYP approach can produce an improved χ2 value for a
more extensive set of compounds than that of the STEOM-
DLPNO−CCSD method. This observation clearly demon-
strates the accuracy of the TD-B2PLYP method in predicting
ΔEST comparable to STEOM-DLPNO−CCSD or earlier
reported SCS-CC2 computed results by Hall et al.31 Given
the fact that the B2PLYP method only accounts for double
excitation for the excited singlet states and requires a minimal
computation time compared to wave function-based calcu-
lation, these observations are very promising and portray the
applicability of TD-B2PLYP as the least computationally
demanding method for future modeling of MR-TADF
complexes. Finally, the lowest χ2 value (0.25) is observed for
the standard TPSSh functional.

3.2. Excited-State Energies. The future design and
development of MR-TADF type emitter materials rely on
computational methodologies that can accurately predict ΔEST
and, simultaneously, the absolute energies of both S1 and T1
energies. The computed S1 and T1 energies are collected and
compared against the experimental results in Table S3 of the
Supporting Information. Figure 3 illustrates the correlation
between the experimental and predicted vertical excitation
energies (S1 and T1) computed using three different methods.
The computation of vertical excitation energies using the
ground state optimized geometries as an approximation to the
lowest-lying excited state energies is justified due to the small

Table 1. MAD, RMSE, σ, and Linear Correlation Coefficient
(χ2) of S1, T1, and ΔEST between
Experimental12,15,16,23,47−58 and Computed Data

TPSSh B2PLYP STEOM

MAD S1 [eV] 0.098 0.224 0.275
RMSE S1 0.165 0.263 0.330
σ S1 0.133 0.137 0.183
χ2 S1 0.66 0.81 0.69
MAD T1 [eV] 0.174 0.210 0.230
RMSE T1 0.198 0.250 0.280
σ T1 0.095 0.139 0.157
χ2 T1 0.71 0.71 0.67
MAD ΔEST [eV] 0.201 0.056 0.061
RMSE ΔEST 0.210 0.076 0.088
σ ΔEST 0.06 0.051 0.063
χ2 ΔEST 0.25 0.85 0.79

Figure 2. Experimental versus predicted vertical ΔEST using three
different theoretical approaches�TD-TPSSh, TD-B2PLYP, and
STEOM-DLPNO−CCSD. The straight lines represent the linear fit
of the data procured at each level of theory.
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Stokes observed owing to the rigid structures of the MR-TADF
complexes. As seen from Table 1, the TD-TPSSh approach
yields the minimum MAD of 0.098 eV for the S1 energy
compared to TD-B2PLYP (0.224 eV) or even STEOM-
DLPNO−CCSD (0.275 eV). A similar order in MAD is
followed in the case of T1 energy; however, the MAD for T1
energy (0.17 eV) from the TD-TPSSh method is almost
double as compared to the MAD for S1 energy. Whereas both
TD-B2PLYP and STEOM-DLPNO−CCSD approaches pro-
duce T1 MAD values (0.21 and 0.23 eV) in the same order as
the S1 MAD (0.224 and 0.275 eV). This is why the remarkably
small ΔEST is observed from the latter methods. We compared
our results to that of SCS-CC2 outcomes as reported in ref 31.
The MAD for S1 and T1 obtained using the SCS-CC2 method
was reported to be 0.55 and 0.56 eV, much larger than our
results obtained from any of these three approaches.
Considering the diverse nature of emitters examined, the
presence of such small MAD values is a testament to the
accuracy of the TD-B2PLYP and STEOM-DLPNO−CCSD
methods employed in this study. Figure 3 shows a remarkable
linear correlation (χ2 = 0.81) between the experimental and
TD-B2PLYP computed S1 energies. Similar correlation
coefficients obtained via STEOM-DLPNO−CCSD (0.69)
and TD-TPSSh (0.66) methods are smaller in magnitude.
However, in the case of T1 energies, the magnitude of χ2 is
reduced to 0.71 at the TD-B2PLYP level of theory whereas for
the STEOM-DLPNO−CCSD (0.67) and TD-TPSSh (0.71)

methods yield χ2 in a similar order as seen for S1 energies. Such
a reduction in the χ2 value when TD-B2PLYP is utilized can be
attributed to the lack of electron correlation due to the absence
of double excitation information for the triplet excited states
within the double-hybrid functionals. These quantitative
comparisons once again ascertain the efficacy of the TD-
B2PLYP technique in predicting excited state energies at par
with wave function-based simulations, but of course, at much
lower computational expenses. In the following sections, we
describe the radiative/nonradiative rates and exciton character-
istics, whereby we provide a comparison between TD-B2PLYP
and STEOM-DLPNO−CCSD results with the available
experimental measurements. The TD-TPSSh method is not
included thus far since it lacks the accuracy to describe ΔEST,
which is one of the critical parameters in governing the
radiative rates.

3.3. Reorganization Energy. Figure S1 of the Supporting
Information displays the correlation between reorganization
energies associated with ISC and RISC processes computed
using two different approaches�STEOM-DLPNO−CCSD
and TD-B2PLYP. We have also included the ΔEST comparison
between these two methods in Figure S1a for completeness. It
is important to note that this analysis includes only those
emitters for which experiential rates of radiative/nonradiative
processes are available. This is primarily because we aim to
compare those experimental rates against the computed rates
in the following section. The computed reorganization energies

Figure 3. Experimental S1 and T1 vs predicted vertical excitation energies of each emitter using three different theoretical approaches�TD-TPSSh,
TD-B2PLYP, and STEOM-DLPNO−CCSD. The straight lines represent the linear fit of the data procured at each level of theory.

Figure 4. Experimental versus predicted rate constants of kPF, kISC, and kRISC�obtained using STEOM-DLPNO−CCSD and double-hybrid (TD-
B2PLYP) approaches across different emitters investigated in this study.
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considering internal and outer-sphere contributions are
tabulated in Tables S5 and S6 of the Supporting Information.
Similar to our previous observation, it is apparent from Figure
S1a that there is a strong agreement between STEOM-
DLPNO−CCSD and TD-B2PLYP methods while predicting
the ΔEST in these MR-TADF emitters, as both procedures
yield a MAD of 0.06 eV (see Table 1). As seen from Figure
S1b, TD-B2PLYP predicted reorganization energies involving
RISC events correlate satisfactorily with STEOM-DLPNO−
CCSD calculations. Contrary to this, reorganization energies
for the ISC processes do not compare well between these two
methods, as shown in Figure S1c. It is to be noted here that the
reorganization energies were evaluated using eqs 7 and 8. It is
evident in the formulation that while the organization energies
for the RISC process depend on the excited singlet state
energies (at two different geometries), the similar quantity for
the counterpart (ISC events) are determined by the excited
triplet state energies (at two different geometries). Since the
double-hybrid functional B2PLYP only accommodates double
excitation information for the excited singlet state, it can
describe the S1 energies in close agreement with STEOM-
DLPNO−CCSD computed values. At the same time, it
deviates from the STEOM-DLPNO−CCSD results when it
comes to the T1 energies.

3.4. Radiative and Nonradiative Rates. The rates of
different processes, kPF, kISC, and kRISC were estimated using
eqs 4 and 5. The evaluated rate constants via STEOM-
DLPNO−CCSD and TD-B2PLYP methods are collected and
compared against the experimental measurements in Table S7
of the Supporting Information. Figure 4 displays the
logarithmic ratio of the rate constants between experimental
and computed values for a few MR-TADF emitters. Thus, an
ideal agreement would yield a magnitude of the ratio of around
zero on the y-axis. The blue squares and purple circles
represent STEOM-DLPNO−CCSD and TD-B2PLYP results,
respectively. Figure 4a illustrates a comparison for fluorescence
rate constants. It is evident that there is an excellent agreement
between predicted and experimental fluorescence rates across
all the emitters, as shown by the log of ratio to be less than ±1.
The maximum deviation observed is less than an order of
magnitude for both STEOM-DLPNO−CCSD and TD-
B2PLYP approaches. The double-hybrid procedure consis-
tently exhibits a slightly larger magnitude of kPF compared to
that of STEOM-DLPNO−CCSD predictions. On the other
hand, the rates of ISC and RISC events are compared in Figure
4b,c. It is apparent that for both kISC and kRISC, the deviations
are larger for both methods compared to kPF. In general, while
the rate constants of ISC are underestimated, the RISC rates
are overestimated by almost a similar magnitude. Except for
three molecules, the differences in kISC and kRISC between
experimental measurements and predictions from both
approaches fall within 2 orders of magnitude. Such a
quantitative difference of 2 orders of magnitude between the
experiment and computed kISC rates using the STEOM-
DLPNO−CCSD method was earlier reported by Bred́as and
co-workers in MR-TADF complexes.37 This discrepancy could
be attributed to the description of excited state energies and
the determination of spin−orbit coupling based on ground-
state geometries rather than the true adiabatic potential energy
surfaces. Nevertheless, what is most important here is that the
differences observed are consistent across the examined
emitters, and the trend in the rate constants compares well
with the order in experimental values. Thus, the two

approaches presented here can provide physically meaningful
rates of fluorescence, ISC, and RISC events that can be used in
future modeling of MR-TADF emitters. It is worth mentioning
that the TD-B2PLYP procedure provides an almost similar
level of accuracy as compared to the wave function-based
STEOM-DLPNO−CCSD method at a much reduced
computational overhead.
The above rate constants consider only the transitions

involving S1 ↔ T1. Dias et al. demonstrated that coupling
between various triplet states facilitates the TADF mechanism,
with an intermediate triplet state playing a crucial role.64 The
TADF mechanism via the mediated triplet state is attributed to
vibrational frequency resonance in MR-TADFs, elucidated in
recent work by Kim et al.65 They expound on the role of an
intermediate state in the ISC and RISC mechanism and
showed that in MR-TADF compounds the S1,T1,T3 states play
an analogous role to CT1/CT3/LE3 in the D−A type TADF
system. Drummond et al. illustrated that high-lying triplet
excitons, which were initially nonaccessible, can be made
accessible and involved in the mechanism under specific
energy conditions, spin−orbit coupling, and the nature of
interacting states.66 Moreover, Elsayed’s rule asserts that for
effective interaction between singlet and triplet states, they
should possess different characters�if one is of charge transfer
(CT) type, the other should be locally excited (LE) type. The
transitions between states of the same type (CT−CT or LE−
LE) must be mediated via LE and CT states, respectively.
Another investigation involving ν-DABNA molecule revealed
the coupling between T1 and T2 states and the mechanism of
RISC via the T2 state.

67 Furthermore, Northey and Penfold
discussed the nature of the intermediate T2 state. They
obtained a sizable singlet−triplet energy gap between the first
singlet and triplet states, with reduced spin−orbit coupling
(SOC) compared to the energy gap and SOC obtained from S1
and T2 state. Consequently, the intermediate state was
identified as T2.

68 Therefore, we investigated the role of
higher-lying triplet states in ISC and RISC events in these MR-
TADF emitters. Accordingly, these rates were evaluated using
STEOM-DLPNO−CCSD and TD-B2PLYP procedures con-
sidering S1 ↔ T2 transitions and are summarized in Table S8
of the Supporting Information. To discern the role of T2 states
in the TADF mechanism, we first compare the relative
positions of T1 and T2 states with respect to S1 state. Figure 5
displays the S1−T1 and S1−T2 energy differences in the
selected MR-TADF complexes in this study. As evident from
Figure 5, both methods generally exhibit a T2 state at much
higher energy relative to the S1 state in these studied emitters.
Since the T2 state lies above the S1 state, the energetically
downhill RISC process becomes highly favorable as opposed to
the uphill ISC counterpart. Consequently, the RISC rate
constants computed involving T2 ↔ S1 transitions are
significantly higher than that of S1 ↔ T2 ISC transitions.
The magnitudes of these rates are tabulated in Table S8 of the
Supporting Information. As can be seen, the much higher
(lowered) RISC (ISC) rate constants are unphysical when
compared to the available experimental measurements. These
observations thus conclude that the TADF mechanism in these
MR-TADF complexes is primarily due to transitions involving
S1 and T1 states, corresponding to results reported in the ref
31.

3.5. Exciton Characteristics. One of the critical signatures
of MR-TADF-based emitters that separates them from their
regular TADF counterpart is the nature of excitons, primarily
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of short-range or local charge transfer (SRCT) character
promoted by the MR effect. Such hallmarks of MR-TADF
emitters represented by SRCT excited states are often accessed
by analyzing density difference plots. An accurate and reliable
design of future MR-TADF complexes driven by a computa-
tional approach thus depends on a particular method’s ability

to adequately describe the nature of excited states in these
exotic materials. The difference density plots (Δ) were
obtained using the following relation: Δ = ρex − ρ0. Here,
ρex and ρ0 represent the excited-state (S1) and ground-state
densities, respectively. In addition to Δ, we have evaluated an
important descriptor, the overlap integral (S±), for quantitative
assessment of exciton characteristics. S± accounts for the
overlap between ρ+ and ρ− (increased and decreased electron
density)�an overlap of 1 suggests an SRCT (LE) state, while
a value of 0 resembles a CT state. These calculations were
based on the difference density plots employing the Multiwfn
program.69 The density difference plots were generated using
the VESTA software package.70 The computed S± values are
summarized in Table S9 of the Supporting Information.
Figure 6 displays the computed difference density plots by

using the STEOM-DLPNO−CCSD method for the selected
MR-TADF emitters in this study. For the remaining molecules,
the density difference patterns are shown in Figure S3 of the
Supporting Information. A similar plot obtained utilizing the
TD-B2PLYP approach is shown in Figure S4 of the Supporting
Information. As seen from Figures 6 and S3−S4, the decreased
and increased density represented by blue and yellow lobes,
respectively, are localized on adjacent atoms�thereby
confirming the SRCT nature of these MR-TADF emitters as
assigned experimentally. Similar patterns were also confirmed
by Hall et al. employing the SCS-CC2 method.31 To further
confirm the SRCT character of the excited states, we analyze
the S± values as tabulated in Table S9 of the Supporting
Information. It is apparent from Table S9 that all molecules,
except for 6a, possess an S± close to 1, implying a strong short-
range nature of the excited state. Another hallmark of MR-
TADF type emitters is the presence of narrow full width at
half-maximum (fwhm) values. The computed fwhm employing
STEOM-DLPNO−CCSD and TD-B2LYP methods are
collected and compared against the available experimental
measurements in Table S10 of the Supporting Information. As
can be seen, the predicted fwhm resembles an experiment

Figure 5. Relative positions of T1 (cyan-triangle) and T2 (purple-
circle) states with respect to the S1 (red-colored dotted line) state in
the investigated MR-TADF complexes: (a) TD-B2PLYP and (b)
STEOM-DLPNO−CCSD.

Figure 6. Difference density patterns calculated using the STEOM-DLPNO−CCSD method for the emitter molecules for the first singlet excited
state (S1), where blue and yellow lobes represent decreased and increased density, respectively (isovalue = 0.001). Density difference plots of the
remaining compounds are shown in Figure S3 of the Supporting Information. Similar patterns computed using the TD-B2PLYP approach are
shown in Figure S4 of the Supporting Information.
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within a maximum deviation of around 10 nm. Strong
agreement between the experiment and computed results via
the two approaches is indeed encouraging and shows the
robustness of the employed strategies. An essential outcome of
these analyses is the accuracy of the double-hybrid functional,
B2PLYP, in determining exciton characteristics. It is not
surprising to see the ability of a wave function-based approach,
STEOM-DLPNO−CCSD, to capture such critical aspects of
MR-TADF emitters. However, the capacity of the double-
hybrid functional within the TD-DFT framework should be
considered a crucial finding of this study. The significance is
more since TD-B2PLYP can deliver such accuracy while
considering double excitation information only for the excited
singlet states. More importantly, performing TD-B2PLYP
computations is not as CPU-intensive as the wave function-
based methods, helping reduce the overall computational
overhead.

4. CONCLUSIONS
We investigated MR-TADF emitters employing hybrid and
range-separated double-hybrid functionals within the TD-DFT
framework and the wave function-based STEOM-DLPNO−
CCSD method to establish an accurate and cost-effective
methodology for the prediction of ΔEST, rate constants of
radiative and nonradiative events, and the nature of excited
states in these exotic materials. We demonstrated the
importance of including double excitations while predicting
the correct excited state energies and ΔEST, an observation well
documented in earlier reports.31,32 Reaffirming previous
studies, we showed that the hybrid density functional
(TPSSh) within the TD-DFT framework fails drastically to
capture the correct description of excited state energies due to
its inability to account for Coulomb electron correlations
accurately. Our findings illustrated the robustness of STEOM-
DLPNO−CCSD and TD-B2PLYP approaches in predicting
ΔEST, as quantified by a significantly small MAD of 0.06 eV
across 37 emitters. The accuracy of these methods is at par
with earlier reported MAD of 0.04 eV associated with ΔEST
prediction in MR-TADF complexes by Hall et al.31 In addition
to ΔEST, the double-hybrid B2PLYP and STEOM-DLPNO−
CCSD predicted MAD for excited singlet and triplet state
energies are around ∼0.2 eV, much smaller than SCS-CC2
predicted MAD for the exact quantities reported in ref 31.
These quantitative comparisons, obtained from a chemically
diverse set of MR-TADF complexes, evidently depict the
transferability and applicability of the two approaches
investigated in this study. It is, therefore, highly recommended
that a computational methodology described here that
incorporates (partial) double excitations to examine and
design MR-TADF materials in the future. Apart from an
accurate prediction of excited state energies and ΔEST, both
TD-B2PLYP and STEOM-DLPNO−CCSD methods demon-
strated the capacity to capture the short-range (local charge
transfer) charge transfer nature of the low-lying excited states,
a hallmark of this particular class of emitters.
We further examined the rate constants of radiative and

nonradiative events and their associated elements via TD-
B2PLYP and STEOM-DLPNO−CCSD approaches. While the
predicted kPF using these methods display excellent agreement
with experimental rate constants (Figure 4a) across all the
emitters, the computed kISC and kRISC show deviation of
around 2 orders of magnitude compared to experimental
observations. It is worth mentioning that such differences were

also observed in earlier reports employing STEOM-DLPNO−
CCSD theory by Bredas and co-workers.37,38 Such a
discrepancy could be attributed to the description of excited
state energies and spin−orbit coupling based on ground-state
geometries rather than the actual adiabatic potential energy
surfaces. Nevertheless, the predicted trend in the rate constants
follows the order in the experimental measurements. We also
characterized the higher-lying triplet (T2) excited states in
these complexes to confirm whether those states contribute to
the RISC mechanism. We found via both methods that in most
cases, these states are located at much higher energy,
producing unphysically increased magnitudes of RISC rates
compared to the experiment, thus confirming their absence in
the TADF mechanism in these studied MR-TADF complexes.
These critical observations and the quantitative estimation of
energies and rates with available experimental data testify to
the strength of the two computational approaches described
here, precisely their versatility, transferability, and robustness
in capturing the correct (excited state) chemistry. It is often
seen that primarily due to the computational overhead of wave
function-based methods, the community tends to adopt the
single-excitation TD-DFT methods to describe the excited
states of MR-TADF complexes even though such TD-DFT
formalism fails to predict both energies and the nature of
excited states in these complexes. Methodologies presented in
this work will be helpful to the community, as it opens up a
new computationally cost-effective avenue for accurate design
and development of MR-TADF emitters for future light-
emitting applications.
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