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Unveiling the photophysical and excited state
properties of multi-resonant OLED emitters
using combined DFT and CCSD method†

Pandiyan Sivasakthi ab and Pralok K. Samanta *ab

Multi-resonance thermally-activated delayed fluorescence (MR-TADF) is predominantly observed in

organoboron heteroatom-embedded molecules, featuring enhanced performance in organic light-

emitting diodes (OLEDs) with high color purity, chemical stability, and excellent photoluminescence

quantum yields. However, predicting the impact of any chemical change remains a challenge.

Computational methods including density functional theory (DFT) still require accurate descriptions of

photophysical properties of MR-TADF emitters. To circumvent this drawback, we explored recent

investigations on the CzBX (Cz = carbazole, X = O, S, or Se) molecule as a central building block.

We constructed a series of MR-TADF molecules by controlling chalcogen atom embedding, employing a

combined approach of DFT and coupled-cluster (CCSD) methods. Our predicted results for MR-TADF

emitter molecules align with the reported experimental data in the literature. The variation in the positions of

chalcogen atoms embedded within the CzBX2X framework imparts unique photophysical properties.

1. Introduction

In recent years, pure organoboron molecules with heteroatoms
are attractive candidates that are receiving considerable
attention and are a hot topic of research because of their
narrowband emissive property, purity of color, and versatile
applications in fields such as optoelectronic devices, photo-
catalytic synthesis, quantum information technologies, and
organic light-emitting diodes (OLEDs).1–8 Researchers are par-
ticularly focused on the characteristics of triplet excited states
to enhance the luminescence efficiency.9–16 The conversion
between singlet and triplet states occurs through intersystem
crossing (ISC) and reverse intersystem crossing (RISC), respec-
tively, with these processes playing a pivotal role in achieving a
high quantum yield for the luminescence process.17–19 Efficient
ISC and RISC processes efficiently occur for low energy gap
(DEST) between the lowest excited singlet (S1) and the lowest

excited triplet energy (T1) states. DEST o B0.3 eV promotes the
molecule’s role as a thermally-activated delayed fluorescence
(TADF) emitter. The TADF mechanism involves the thermal
up-conversion of triplet excitons into singlets via RISC.19–23

Conversely, if DEST exceeds B0.4 eV, delayed luminescence
at room temperature is most likely due to the room tempera-
ture phosphorescence (RTP) and triplet–triplet annihilation
(TTA).24–29 Rate constants for RISC (kRISC) and ISC (kISC) are
intrinsic characteristics dependent on their electronic structure
and configuration of molecules. The interplay between the
lowest energy gap (DEST) and high spin–orbit coupling (SOC)
between the singlet and triplet excited states are two important
factors that determine the path for the RISC and ISC processes.
To harvest the lowest excited states (i.e., ISC for S1 - Tn and
RISC for T1 - S1 conversion), a strong SOC matrix element
(SOCME) is essential. In the case of MR-TADF, the rate of RISC
is a key factor for efficiently harvesting triplet excitons and
thereby converting them into radiative singlet excitons to
achieve an internal quantum efficiency (IQE) of B100%.30,31

In some rare cases of MR-TADF molecules, where the S1 state
energy is close to the energies of two triplets (T1 and T2) with a
low DES1–Tn

o 0.25 eV, the T1 exciton can also be harvested via
RISC from S1 ’ T2.32 Hatakeyama et al. observed MR-TADF
features in DABNA derivatives containing boron and nitrogen
atoms.33 Although the kRISC was initially slow, it was improved
significantly in recently developed MR-TADF materials.9,34–37

A narrow full-width at half-maximum (FWHM) of less than
35 nm is beneficial for enhancing the spectral purity.38–40
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Extending the molecule (donor–acceptor) or introducing sub-
stitution (heavy atoms) gradually increases the performance
and reduces the FWHM value.38–40 Recent studies by Park et al.
explored organoboron emitters doped with chalcogens to
enhance the MR-TADF property for achieving excellent color
purity and high luminescence efficiency.41 Using the design
concept by Hatakeyama et al., featuring the MR effects as a new
approach to the development of narrowband TADF emitters,
MR-TADF molecules used polyaromatic compounds based on
organoboron.33 Hatakeyama and others have introduced a new
strategy for the design of embedding methods in organoboron-
based polyaromatic molecules.42–45 Organoboron-based poly-
aromatic adjacent phenyl units have two hydrogen bonds
converted to a heavy atom or chalcogen atom bond in MR-
TADF molecules, and this type of embedded molecule shows
excellent performance in OLEDs.34,44–46 Moreover, Park et al.
identified a novel ideal superimposed fluorescence mechanism
for the CzBSe molecule, exhibiting a high kRISC up to B108 s�1.
The kRISC significantly increases with an upsurge in the chalcogen
atomic number (9.0 � 103, 4 � 105 and 1.5 � 108 s�1 for O, S and
Se, respectively) in toluene solvent.41 In this article, we unravel the
photophysical properties of the recently published CzBX (X = O, S,
or Se) molecules and successfully reproduced the experimental
data with the combined DFT and CCSD approach results.47,48 The
chalcogen-embedded framework for CzBX2X molecules signifi-
cantly improved the narrowband emission and optical properties.
In addition to that, we investigated a comparative study of the
MR-TADF CzBX skeleton molecules: CzBO (5-oxa-8b-aza-15b-
borabenzo[a]naphtho[1,2,3-hi]aceanthrylene), CzBS (5-thia-8b-
aza-15b-borabenzo[a]naphtho[1,2,3-hi]aceanthrylene) and CzBSe
(5-selena-8b-aza-15b-borabenzo[a]naphtho[1,2,3-hi]aceanthrylene).
We also proposed and calculated the photophysical and excited
properties of a series of CzBX2X-type MR-TADF molecules by
controlling chalcogen atom embedding: CzBO2O (6,10,13-
trioxa-3a2-aza-5a2-boraindeno[1,2,3,4-pqra]naphtho[3,2,1,8-ghij]-
perylene), CzBO2S (10-oxa-6,13-dithia-3a2-aza-5a2-boraindeno-
[1,2,3,4-pqra]naphtho[3,2,1,8-ghij]perylene), CzBO2Se (10-oxa-
6,13-diselena-3a2-aza-5a2-boraindeno[1,2,3,4-pqra]naphtho[3,2,1,
8-ghij]perylene), CzBS2O (6,13-dioxa-10-thia-3a2-aza-5a2-borain-
deno[1,2,3,4-pqra]naphtho[3,2,1,8-ghij]perylene), CzBS2S (6,10,13-
trithia-3a2-aza-5a2-boraindeno[1,2,3,4-pqra]naphtho[3,2,1,8-ghij]-
perylene), CzBS2Se (10-thia-6,13-diselena-3a2-aza-5a2-borain-
deno[1,2,3,4-pqra]naphtho[3,2,1,8-ghij]perylene), CzBSe2O (6,13-
dioxa-10-selena-3a2-aza-5a2-boraindeno[1,2,3,4-pqra]naphtho-
[3,2,1,8-ghij]perylene), CzBS2S (6,13-dithia-10-selena-3a2-aza-
5a2-boraindeno[1,2,3,4-pqra]naphtho[3,2,1,8-ghij]perylene) and
CzBSe2Se (6,10,13-triselena-3a2-aza-5a2-boraindeno[1,2,3,4-pqra]-
naphtho[3,2,1,8-ghij]perylene) (see Fig. 1).

2. Theoretical methodology and
computational details
2.1 Geometries optimization and optical absorption

Ground state (S0) optimizations were carried out using den-
sity functional theory (DFT) employing the optimally tuned

screened range-separated hybrid (OT-SRSH)15,49,50 oB97XD
functional (o values are listed in Table S1a, ESI†) and 6-31G(d)
basis set for H, B, C, N, O and S atoms except for Se atom, for
which the ECP (effective core potential) type basis set LANL2DZ
was used. Excited state geometry optimizations were performed
using time-dependent DFT (TDDFT) method with OT-SRSH-
oB97XD functional with the abovementioned basis set. The
toluene solvent was modeled with polarizable continuum model
(PCM) with dielectric constant (e) = 2.3741 to compare with the
reported experimental data available in the literature.51 For
TDDFT calculations, Tamm–Dancoff approximation (TDA) were
considered to avoid triplet instability.49 The range-separation
parameter, o for OT-SRSH-oB97XD functional was determined
by minimizing J2 as follows.52–54

J2 ¼
X1
i¼0

eHðN þ iÞ þ IPðN þ iÞj j2 (1)

where IP and eH denote the ionization potential and HOMO
(highest occupied molecular orbital) energy of a given molecule,
respectively, and N is the number of electrons in the molecule.
All the DFT and TDDFT calculations mentioned above were
carried out with the Gaussian 16 software.55 In a previous study,
Olivier and coworkers showed that linear-response DFT
approaches consistently overestimate the DEST gaps in MR-TADF
molecules.56 We carried out similarity transformed equation-of-
motion coupled-cluster (with single and double excitations)
method augmented with domain-based on local pair natural
orbitals (STEOM-DLPNO-CCSD), which is a highly correlated
wave function-based approach. It offers an accurate treatment
for the excited state characteristics of various molecules, includ-
ing MR-TADF molecules. These wavefunction-based calculations
were performed with def2-TZVP basis set, as implemented in the
ORCA V5.0.3 package.57,58 To avoid prohibitive computational
costs, the energies of the singlet and triplet states and the related
DEST values were calculated using STEOM-DLPNO-CCSD/def2-
TZVP on the basis of the excited-state geometries (for S1, T1 and
T2) obtained using the OT-SRSH-oB97XD/6-31G(d)/LANL2DZ
level of theory. This protocol provides manageable computa-
tional costs, while accurately reproducing the experimental data
reported for known MR-type molecules.59,60 Thus, in our com-
bined DFT and CCSD method, we used the OT-SRSH-oB97XD/
6-31G(d)/LANL2DZ level of theory for geometry optimization and
STEOM-DLPNO-CCSD/def2-TZVP level of theory for single-point
energy calculation. Vertical excitation calculation of STEOM-
DLPNO-CCSD configuration details is provided in the ESI.†

2.2 Intersystem crossing (ISC) rate

The rate constant for the ISC process from S1 - Tn conversions
and RISC process from T1 or T2 - S1 conversions were
calculated using the Fermi’s Golden Rule61,62

knISC=RISC ¼
2p
�h
rFC S1 ĤSOC

�� ��Tn

� ��� ��2 (2)

where hS1|ĤSOC|Tni and rFC denote the spin–orbit coupling
matrix element (SOCME) between the S1 and Tn state and
Franck–Condon weighted density of states, respectively. We used
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optimized excited state geometry (T1, T2-state optimized geometry
for RISC and S1 state optimized geometry for ISC) obtained using
OT-SRSH-oB97XD/6-31G(d)/LANL2DZ//STEOM-DLPNO-CCSD/
def2-TZVP (DFT-CCSD) for the calculation of the SOCME
between the S1, T1 and T2 states. According to the Franck–
Condon principle, electronic transition happens first and then
relaxation of the geometry occurs. Thus, we considered the T1,
T2-state optimized geometry for the calculation of the SOCME
between the S1 and T1, and S1 and T2 states as we studied the
transition (i.e., ISC and RISC) from the T1, T2 state to S1 state
(RISC), and S1 state to T1, T2 state (ISC). The rFC was estimated
using the Marcus–Levich–Jortner theory.63

rFC ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4plMkBT
p

X1
n¼1

expð�SÞS
n

n!
exp � DEST þ n�hoþ lMð Þ2

4lMkBT

" #
(3)

where lM is the reorganization energy, kB is the Boltzmann
constant, T is the absolute temperature, S is the effective
Huang–Rhys factor (S) associated with non-classical high-
frequency intramolecular vibrational modes, and we found
that S is less than 0.05 and the RMSD is less than 0.04 Å between
the S1 and T1 optimized geometries. Thus, the reorganization
energy between the S1 and T1 optimized geometries tends to zero
(see Table S1b, ESI†). Thus, the S values were considered to be zero.
The total reorganization energy has two components: the intra-
molecular reorganization energy is B0.006 eV (see Table S1c, ESI†)
and the contribution of reorganization energy from the surround-
ings and solvent effect approximated to 0.2 eV. It is worthy to note
that DEST = DES1–Tn

for the ISC process whereas DEST = DETn–S1
for

the RISC process. We used our own FORTRAN code to calcu-
late kRISC/ISC using eqn (2) and (3) (available on https://Github.-
Com/Pralok87/Fortran-Code-for-ISC (https://Github.Com/Pra
lok87/Fortran-Code-for-ISC)). The overall intersystem crossing

Fig. 1 Chemical structures of the CzBX and CzBX2X series are investigated in this work where X = O, S and Se. CzBX molecules are experimentally
reported before, and CzBX2X molecules are proposed in this work.
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rate constant (kISC) from the excited S1 state to the triplet
manifold (Tm) is given by63

kISC ¼
X
m

kmISC (4)

2.3 Fluorescence and phosphorescence rate

The fluorescence and phosphorescence calculations were done
based on excited state geometries optimized using the OT-
SRSH-oB97XD/6-31G(d)/LANL2DZ method. In order to account
for the solvent effect, the toluene conductor-like polarizable
continuum model (CPCM) was used. The fluorescence rate
constants (kr) were calculated using Einstein A coefficient63,64

kr ¼ Afi ¼
Ef � Ei

� �3
3e0p�h4c3

f m̂j jih ij j2 (5)

where Ef and Ei are the energies of the excited ( f ) and ground
states (i), respectively, and f|m̂|i is the corresponding transition–
dipole moment.

The phosphorescence rate constant, kph and radiative life-
time tph from each sublevel i (i = I, II, III) of the T1 state to the
ground S0 state were calculated by making use of the transition
energy DEi and the transition dipole moment Mi, as defined in
eqn (6)65,66

ki ¼
1

ti
¼ 4

3t0
a03 DEið Þ3

X
a¼x;y;z

Mi
a

�� ��2 (6)

where t0 = (4pe0)2h�3/mee4. e0, h�, me, e and a0 are the vacuum
permittivity, reduced Planck constant, electron mass, electron
charge and the fine structure constant, respectively. The con-
tribution to the transition moment was calculated from the
first-order (higher order is neglected in this study) corrected
wave functions. The sublevels of the triplet state are considered
to be energy degenerate; thus, the final expression for Mi

a is

Mi
a ¼

X1
n¼0

S0 m̂aj jSnh i Sn ĤSOC

�� ��Ti
1

� �
E Snð Þ � E T1ð Þ

þ
X1
n¼1

S0 ĤSOC

�� ��Tn

� �
Tn m̂aj jTi

1

� �
E Tnð Þ � E S0ð Þ

(7)

The transition dipole moment operator m̂ can be expanded in
terms of vibrational normal modes.67,68

dm Qð Þ ¼ bm0 þX
k

@m̂
@Qk

� 	
Qk¼0

Qk þO Qk
2

� �
(8)

The first order correction term (i.e., the Herzberg–Teller (HT)
term) was taken into account in eqn (8) as it can significantly
impact the spectra and rate constant calculations.69 For the
calculation of kF and kph, we considered the adiabatic hessian
(HESSFLAG AH) method along with the Cartesian coordinate
systems using the excited state dynamics (ESD) module of the
ORCA package.68,70 A broadening parameter of 200 cm�1 was
used. Both the emission calculations were done using the
OT-SRSH-oB97XD and def2-TZVP basis set as implemented in
the ORCA V5.0.3 package.58

We note that the computational methodology used here
works relatively well as we compared our calculated results

with the available experimentally reported data. The harmonic
approximation to the vibrational normal modes works well for
the calculation of radiative rate constant, but it is more prone to
errors for the calculation of non-radiative rate constants.68

However, the approximation works well for present molecules
due to the less structural relaxation of their ground and excited
states optimized geometries. Also, the PCM solvent (toluene)
model was used to mimic the surrounding environment effect
in the bulk. As the properties of any thin film depends on
its thickness, it is difficult to mimic the properties of thin films
in reality.

3. Results and discussion
3.1 Structural and electronic properties

The optimized geometrical parameter of the ground-state (S0)
shows the accuracy of the experimental molecule nature. The
bond lengths and angles of CzBX (X = O, S, or Se) molecules well
match with that of the experimental single crystal structure
(CIF).41 The bond lengths of carbon and chalcogen atoms (C–X,
X = O, S, Se) are 1.37, 1.75 and 1.90 Å, as reported in the
experimental study, and are well comparable with our predicted
results of 1.36, 1.77 and 1.89 Å, respectively. The bond lengths
between the boron and carbon (C–B) bonds are B1.54–1.56 Å.
The distance between the carbon and nitrogen (C–N) atoms
are B1.40–1.43 Å and are well comparable with the
reported experimental data (see Table 1 and Fig. 2). The angle
of CXC, CBC and CNC decreased correspondingly to the
chalcogen atoms.

The HOMO and LUMO (lowest unoccupied molecular orbi-
tal) energy levels and their associated DEH–L help to explain the
origins of the energy shifts of the singlet and triplet states upon
the substitution of O, S and Se. In CzBX-type molecules, both
the HOMO and LUMO energies decrease in the order O, S and
Se (EHOMO = �7.537, �7.421 and �7.408 eV; ELUMO = 1.183,
1.111 and 1.081 eV, respectively, see Table S2, ESI†). The HOMO
and LUMO gap (DEH–L) decreases in the same order (8.720,
8.532 and 8.489 eV for O, S and Se, respectively). It is the reason
behind the red shift in the S1 and T1 energies going from
O to S and Se for CzBX molecules (see Fig. 3). The results can
be explained from the electronegativity of the chalcogen
atoms. A similar observation was found for doubly substituted
chalcogens CzBX2X series, following the same trend (see
Table S2, ESI†).

3.2 Excited state optical properties

The calculated photophysical properties of the CzBX molecules
are compared with the available experimental data (see
Table 2). The UV-visible absorption spectrum calculated for
the CzBX molecules exhibits a characteristic spectral signature
with the lowest energy absorption maximum (lmax

abs ) in the range
of 422–450 nm. For the CzBO molecule, the calculated labs is
422 nm (f = 0.3415), which is well comparable with the
experimental results (labs is 426 nm). On the other hand, the
calculated lmax

abs for S and Se substituted for the CzBS molecules

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
23

/2
02

5 
3:

34
:3

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00637b


20676 |  Phys. Chem. Chem. Phys., 2024, 26, 20672–20683 This journal is © the Owner Societies 2024

are 441.8 nm ( f = 0.3169) and 450.0 nm ( f = 0.2881), respec-
tively. This result is well comparable to the reported experi-
mental values for CzBX (447 nm and 451 nm for S and Se
substitution, respectively). These results show the importance
of the combined DFT and CCSD method used in this work (see
Table 2). Orbital configurations of the transitions are provided

in Table S3 (ESI†). The combined DFT and CCSD method
effectively reproduces the fluorescence data of the CzBX mole-
cules. The calculated (experimental) fluorescence energies are
446.4 (445) nm, 468.3 (471) nm, and 476 (477) nm, respectively
for O, S and Se substituted CzBX molecules, respectively
(see Table 3).

Fig. 2 Chemical structures of the CzBX: left distances, middle angles of CzBX, and right substitution of chalcogen (CzBX2X) atoms (X = O, S, or Se),
see Table 1.

Table 1 Comparison data from the experimental single crystal structure and theoretically optimized (OT-SRSH-oB97XD/6-31G(d)/LANL2DZ) geometry

Molecules C–Xa C–Xb C–Bc C–Bd C–Ne C–Nf CXCg CBCh CBCi CNCj CNCk

Expt.41

CzBO 1.37 1.38 1.54 1.55 1.41 1.43 122.2 114.7 130.6 121.5 130.5
CzBS 1.75 1.75 1.55 1.56 1.41 1.42 106.8 114.1 125.6 121.2 130.6
CzBSe 1.90 1.90 1.54 1.54 1.41 1.43 101.8 113.9 123.9 120.7 129.9

Calculated results
CzBO 1.36 1.37 1.53 1.55 1.40 1.41 122.7 114.6 130.7 121.6 130.2
CzBS 1.77 1.77 1.55 1.55 1.40 1.41 106.0 114.4 125.7 121.2 130.3
CzBSe 1.89 1.89 1.55 1.55 1.40 1.41 102.6 114.2 124.2 121 130.4

a Carbon and chalcogen atom distance. b Carbon and chalcogen atom distance. c Carbon and boron atom distance. d Carbon and boron atom
distance. e Carbon and nitrogen atom distance. f Carbon and nitrogen atom distance. g Angle of carbon, chalcogen and carbon atoms. h Angle of
carbon, boron and carbon atoms. i Angle of carbon, boron and carbon atoms. j Angle of carbon, nitrogen and carbon atoms. k Angle of carbon,
nitrogen and carbon atoms.Distances are given in Å and angles are given in degrees. See Fig. 2 for angles and distances mentioned in footnotes a–k.

Fig. 3 HOMO and LUMO of CzBX (X = O, S, or Se) molecule (isosurface value is 0.02 a.u.). HOMO (EH), LUMO (EL) and energy gap (DEH–L) energies are
given in eV (obtained from the combined DFT-CCSD method).
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3.3 Intersystem crossing and reverse intersystem crossing
process

3.3.1 Origin of SOC and intersystem crossing (ISC). The
interesting thing about light sources is that SOC depends
on the structure, shape of the molecules and heavy atom effect,
which will have a significant impact. Nowadays, organic
molecule-based MR emitters are mostly constructed with heavy
atoms (S, Se, Te and Br) and twisted-shape structures to achieve
faster RISC rate constants for fluorescence. Additionally, the
DEST plays a crucial role in fluorescence-based emitters.
Both DEST and SOCME are important components in the over-
all TADF process. In this work, we explored a series of CzBX
(X = O, S, Se) and substituted series of CzBX2X-based emitters.
In the CzBX series of molecules, the fluorescence emission and
delayed emission are purely dependent upon the puckered
shape of the structure, heavy atoms and low DEST. The DES1–T1

values decrease with an increase in the atomic number of
the chalcogen atoms (0.155, 0.113 and 0.095 eV for O, S and
Se-substituted CzBX, respectively). On the other hand, the
experimentally reported DES1–T1

values are 0.15, 0.11 and
0.12 eV for O, S and Se-substituted CzBX, respectively. The
calculated DES1–T1

values are well comparable with the reported
experimental results (Table 4).

On the other hand, the DES1–T2
increases with the chalcogen

atom decreasing order (�0.054, �0.146 and �0.173 eV for O, S
and Se-substituted CzBX, respectively). The negative DES1–T2

value indicates that the T2 state is higher in energy than the S1

state. The DES1–Tn
energies between the S1 and Tn (n = 1, 2)

states and SOCME are reported in Tables 5 and 6 for the CzBX
series. Based on the above DEST gap, we have calculated the rate
constants of two possible transition ISC and RISC processes.
Both the ISC and RISC process of MR-TADF emitters are greatly
connected with the strength of SOC between the singlet and
triplet states. In this study, for both CzBX and CzBX2X series,
the strength of SOCME strongly depends on the excited state
geometry and the presence of chalcogen atoms. Fig. 4 illus-
trates the top and side views, depicting the puckered shape for
the CzBX series, the umbrella curve shape (UCS) for a few
molecules, and the planar shape structure in the CzBX2X series
(X = O, S, or Se). Also, the bond lengths (see Table S5, ESI†)
increase in the same chalcogen order (O - S - Se). CzBO
(d(C–O) is B1.36–1.37 Å), CzBS (d(C–S) is B1.75–1.76 Å), and
CzBSe (d(C–Se) B1.87–1.89 Å) greatly increased this puckered
shape structure, which helps to achieve the higher value of SOC
matrix elements. For the ISC rate (kISC), SOCME is calculated in
the geometry of S1 for the ISC from S1 - Tn (n = 1, 2) states. The
SOCME between the S1 and T1 states increases with an increase
in the atomic number of chalcogen atoms (0.086, 0.381 and
2.495 cm�1 for O, S, and Se-substituted CzBX, respectively).
A similar observation was noted for the SOCME between the S1

and T2 states for CzBX molecules (0.099, 0.527 and 3.833 cm�1,
respectively). For the calculation of the RISC rate constants
(kRISC), the SOCMEs were calculated in the T1 state optimized
geometry for the T1 - S1 RISC process and the T2 state
optimized geometry for the T2 - S1 state RISC process. Similar
to the SOCME for the ISC process, the SOCME for the RISC
process increases with an increase in the atomic number of

Table 2 Calculated low energy optical absorption (in eV) spectra compared with different functionals and the experimental reported results (ref. 41)

Molecules Expt.41 B3LYP BHandHLYP CAM-B3LYP M062X PBE0 ob97xD o*B97XD Combined DFT and CCSD

CzBO 2.910 3.036 3.625 3.520 3.489 3.138 3.580 3.427 2.938
f = 0.330 f = 0.488 f = 0.488 f = 0.476 f = 0.357 f = 0.507 f = 0.455 f = 0.342

CzBS 2.774 2.887 3.476 3.375 3.334 2.986 3.435 3.272 2.806
f = 0.301 f = 0.442 f = 0.413 f = 0.394 f = 0.324 f = 0.463 f = 0.413 f = 0.317

CzBSe 2.749 2.810 3.418 3.318 3.270 2.910 3.380 3.210 2.755
f = 0.274 f = 0.412 f = 0.444 f = 0.429 f = 0.296 f = 0.432 f = 0.383 f = 0.288

MAD* 0 0.100 0.695 0.593 0.554 0.200 0.654 0.492 0.022

�MAD ¼
P Calc:� Expt:j j

n
.

Table 3 Comparison data of experimental (ref. 41) and theoretical
absorption, emission profile data using the DFT-CCSD level of theory.
f is the oscillator strength

Molecules

labs (S0 - S1) in nm lF (S1 - S0) in nm

Expt. Cal. Expt. Cal.

CzBO 426 422.0 ( f = 0.3415) 445 446.4 ( f = 0.2985)
CzBS 447 441.8 ( f = 0.3169) 471 468.3 ( f = 0.2803)
CzBSe 451 450.0 ( f = 0.2881) 477 476.0 ( f = 0.2666)

Table 4 Calculated and experimental (ref. 41) DES1–T1
(in eV) with different DFT functionals and CCSD methods

Molecules Expt. B3LYP BHandHLYP CAM-B3LYP M062X PBE0 ob97xD o*B97XD Combined DFT and CCSD

CzBO 0.15a, 0.16b 0.46 0.87 0.73 0.60 0.51 0.67 0.55 0.155
CzBS 0.11a, 0.14b 0.46 0.73 0.63 0.57 0.50 0.63 0.51 0.113
CzBSe 0.12a, 0.15b 0.45 0.62 0.61 0.54 0.49 0.61 0.50 0.095
MAD 0 0.330 0.616 0.528 0.442 0.373 0.512 0.393 0.011

a Experimental values are measured in toluene. b Experimental values are measured in film state.The MAD value is calculated with respect to the
experimental values obtained in toluene solvent. The tuned o for o*B97XD are provided in Table S1 (ESI).
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chalcogen atoms (viz., 0.077, 0.438 and 2.209 cm�1, respectively,
between the S1 and T1 states, see Table 6 and Table S5, ESI†).
The ISC rate for the CzBX series is calculated using eqn (2)–(4)
and compared with the available experimental data.41 In this
CzBX series of molecules, intramolecular H� � �H steric repul-
sions between the phenyl rings progressively increases, leading
to the geometries becoming more puckered. This results in a
twisted shape with heavy Se atoms, enhancing the spin–orbit
coupling (SOC) and intersystem crossing rate (ISC and RISC)
constants. The calculated ISC rate constants of CzBO and CzBS
molecules are 4.0 � 106 s�1 and 6.0 � 107 s�1, respectively.
The same for the heavy chalcogen atom Se substituted in the
CzBSe molecule is 2.11 � 109 s�1 and the corresponding
reported experimental data is 1.28 � 109 s�1. RISC is mostly
favorable for this type of pure organic MR-TADF molecules. The
kRISC values were calculated by taking into account the RISC
not only directly from T1 to S1 but also from T1 to S1 via the T2

states. The relative population in the T2 state with respect
to that in the T1 state was obtained by considering thermal
equilibrium.15

The calculated rate constant of RISC for the CzBO molecule
is 1.26 � 104 s�1, while the reported experimental value is 9.0 �
103 s�1 (in film). For the CzBS molecule, the calculated and
experimentally reported RISC rate constants are 9.48 � 105 s�1

and 4.0 � 105 s�1, respectively. The heavy chalcogen atom
Se substituted in the CzBSe molecule results in RISC rate
constants of 0.41 � 108 s�1 (calc.) and 1.50 � 108 s�1 (exp.),
respectively (see Table 6), which is the experimentally recorded
high kRISC in recent times.41 The presence of heavy atoms
gradually increased the kRISC due to an increase in SOCME.
In the CzBX2X series, the molecules are categorized into two
types, i.e., planar and UCS shape. The excited state geometry of
these planar shapes has a 01 to 1.21 dihedral angle for CzBO2S

(1.21), CzBO2Se (0.41), CzBS2S (0.11), CzBS2Se, CzBSe2S and
CzBSe2Se. The planar emitters have a very low SOCME, and
in the presence of doubly substituted Se molecules with a high
SOCME of above 0.088 cm�1 compared to other (non-Se atom
and single substituted Se) SOCME of less than 0.009 cm�1

(except for CzBSe2S, 0.073 cm�1). Similarly, the excited
state geometry of UCS molecules is significantly increased
(40.09 cm�1 due to the curve moiety). The dihedral angles of
20.81 (CzBO2O), 13.11 (CzBS2O), and 5.51 (CzBSe2Se) make
the USC construction feasible, and the O atom has a shorter
bond length with the nearest C atom distance (d(C–O) is
B1.37–1.4 Å), chalcogen has a longer bond length with the
nearest C atom (C–O B1.37–1.4 Å, C–S B1.76 – 1.82 Å and C–Se
B1.92–1.99 Å), as shown in Table S6 (ESI†).

The UCS-shaped CzBO2O in the CzBO2X series has lower
DES1–T1

(= 0.043 eV) and comparatively higher SOCME
(0.082 cm�1) with a total ISC rate constant of 1.17 � 106 s�1.
Similarly, for RISC, CzBO2O has a higher value of SOCME
(S1 ’ T1 is 0.091 and S1 ’ T2 is 0.213 cm�1) and less energy
gap (DES1–T1

= 0.043, ES1–T2
= �0.36 eV), and the conversional

total RISC rate constant is 2.70� 105 s�1. The other two CzBO2S
and CzBO2Se molecules are planar in nature due to the high S
and Se atom distances, and the RMSD is also less than B0.02 Å.
The CzBO2S molecule has a lesser SOCME of 0.009 cm�1 and a
smaller energy gap (DES1–T1

= 0.028, DES1–T2
= �0.075 eV), and

the rate of RISC is 1.13 � 103 s�1. The doubly substituted
Se-based CzBO2Se molecule has a high SOCME (0.012 cm�1 in
S1 ’ T1 and 0.085 cm�1 in S1 ’ T2) and increased the total
kRISC of 9.35 � 103 s�1. In comparison, the CzBO2X series of
rate ISC and RISC in CzBO2O, CzBO2O and CzBO2Se have high
kISC (see Tables 7 and 8). In the CzBS2X series, the CzBS2O
molecule, with a UCS, has less DES1–Tn

(DES1–T1
is 0.137, DES1–T2

is �0.196 eV) and high (in CzBS2X series only) SOCMEs

Table 5 Calculated singlet–triplet energy difference (DEST), spin–orbit coupling matrix element (SOCME), and ISC rate constants (kISC) for the CzBX
series

Molecule

DEST
a (eV) SOCMEa (cm�1) kISC (s�1) Expt. [ref. 41] kISC (s�1)

S1 2 T1 S1 2 T2 S1 - T2 S1 - T2 S1 - T1 S1 - T2 Total kISC Tolueneb/filmc

CzBO 0.155 �0.054 0.086 0.099 3.86 � 106 2.45 � 105 0.4 � 107 —/2.5 � 107

CzBS 0.113 �0.146 0.381 0.527 5.79 � 107 4.74 � 105 0.6 � 108 2.1 � 108/1.9 � 108

CzBSe 0.095 �0.173 2.495 3.833 2.10 � 109 9.75 � 106 2.11 � 109 1.28 � 109/1.10 � 109

a DEST and SOCME were calculated using the combined DFT-CCSD method considering PCM (toluene) solvent. b Experimental ISC rate in toluene.
c Experimental ISC rate in film.

Table 6 Calculated singlet–triplet energy difference (DEST), spin–orbit coupling matrix element (SOCME), and RISC rate constants (kRISC) for the CzBX
series

Molecules

DEST
a (eV) SOCMEa (cm�1) kRISC (s�1) Expt. [ref. 41] kRISC (s�1)

S1 2 T1 S1 2 T2 S1 ’ T1 S1 ’ T2 S1 ’ T1 S1 ’ T2 ’ T1
d Total kRISC Tolueneb/filmc

CzBO 0.155 �0.054 0.077 0.286 7.44 � 103 5.11 � 103 1.26 � 104 —/9 � 103

CzBS 0.113 �0.146 0.438 0.496 9.43 � 105 5.17 � 103 9.48 � 105 4 � 105/2.2 � 105

CzBSe 0.095 �0.173 2.209 4.054 4.08 � 107 2.6 � 105 0.41 � 108 1.5 � 108/1.8 � 108

a DEST and SOCME were calculated using the combined DFT-CCSD method considering the PCM (toluene) solvent. b Experimental ISC rate in
toluene. c Experimental ISC rate in film. d The kRISC values were calculated by taking into account the RISC from T1 via T2 to S1; the relative
population in the T2 state with respect to that in the T1 state was obtained by considering the thermal equilibrium (ref. 15).
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(S1 - T1 is 0.137 cm�1 and S1 - T2 is 0.233 cm�1); the
conversional total ISC rate reached 4.22 � 106 s�1. Similarly,
for RISC, CzBS2O has a high SOCMEs (S1 ’ T1 is 0.094 cm�1

and S1 ’ T2 is 0.196 cm�1) and less (DES1–T1
= 0.137, DES1–T2

=
�0.196 eV) energy gap, and the total kRISC reached 2.04 �
104 s�1. The other two CzBS2S and CzBS2Se molecules are
planar in nature. Also, these two molecules have low DES1–Tn

and SOCMEs; hence, their kISC becomes low as well as that of

B105 s�1. The CzBS2S molecule has low SOC matrix elements
(S1 ’ T1 is 0.003 cm�1 and S1 ’ T2 is 0.007 cm�1), a smaller
energy gap (DES1–T1

= 0.086, DES1–T2
=�0.129 eV), and the rate of

RISC is 1.02 � 102 s�1. For the CzBS2Se molecule, the heavy Se
atom has a high SOCMEs (S1 ’ T1 is 0.088 cm�1 and S1 ’ T2 is
0.246 cm�1), which increased the kRISC up to 2.41 � 105 s�1.

The ISC and RISC rates went up a lot because of the heavy Se
atoms in the CzBSe2X series and the molecule CzBSe2O, which

Fig. 4 The S1 excited state structures of CzBX and CzBX2X. Excited state (S1/T1/T2) different chalcogens bond distances with carbon atom (d(X–C) when
X = O, S, or Se), collected in Table S6 (ESI†).
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has both UCS and heavy Se atoms. Among the CzBX2X series,
CzBSe2O exhibited a high ISC rate due to its higher SOCMEs
(S1 - T1 is 0.463 cm�1 and S1 - T2 is 2.448 cm�1) value
and the lowest energy gap (DES1–T1

= 0.207 eV and DES1–T2
=

�0.085 eV). It reached a very high ISC rate constant of 1.9 �
108 s�1. The RISC rate of CzBSe2O is the highest in the CzBX2O
series, with a kRISC of 4.06 � 105 s�1 due to its low energy gap
and high SOC matrix elements (S1 ’ T1 is 1.485 cm�1 and S1 ’

T2 is 0.917 cm�1). The other two molecules are planar with the
heavy Se atom of CzBSe2S as the low energy gap and a low
SOCMEs (S1 - T1 is 0.008 cm�1 and S1 - T2 is 0.046 cm�1)
value to reach kISC of 2.09 � 104 s�1. But the RISC rate in
CzBSe2S (single Se and double S atom) is low SOCMEs (in S1 ’

T1 is 0.007 cm�1 and S1 ’ T2 is 0.073 cm�1) value to achieve
5.02 � 102 s�1. The CzBSe2Se molecule with three Se atoms
and planar geometry has lower rate (ISC and RISC) constants
(see Tables 7 and 8). The CzBSe2Se molecule has a low energy
gap (DES1–T1

= 0.058, DES1–T2
= �0.240 eV) and good SOC matrix

elements (S1 - T2 is 0.788 cm�1) to increase the kISC up
to 1.41 � 106 s�1. The rate of RISC also had good SOCMEs
(S1 ’ T1 is 0.089 and S1 ’ T2 is 0.106 cm�1) to achieve the kRISC

up to 1.79 � 105 s�1. The highest RISC rate constant for the
CzBSe2Se molecule, as reported in a previous work by
Pratik et al.,47,48 showed that increasing the chalcogen heavy
Se atom greatly increases the RISC rate constants for non-
planar molecules, but in our study, due to the planar geometry
(01 dihedral angle) with triple Se heavy atoms, the kRISC

becomes B105 s�1.

The RISC values are higher for doubly substituted chalcogen
atoms: 2.7 � 105 s�1, 2.04 � 104 s�1 and 4.06 � 105 s�1 for
CzBO2O, CzBS2O and CzBSe2O, respectively, due to the UCS
shape (high bond distance in C–Se and less bond distance in

Table 7 Calculated singlet–triplet energy difference (DEST), spin–orbit coupling matrix element (SOCME), and ISC rate constants (kISC) for CzBX2X
molecules

Molecules

Calc. DEST (eV) Calc. SOCME (cm�1) kISC (s�1)

Tot. kISC (s�1)S1 2 T1 S1 2 T2 S1 - T1 S1 - T2 S1 - T1 S1 - T2

CzBO2O 0.043 �0.360 0.082 0.236 1.17 � 106 7.60 � 100 1.17 � 106

CzBO2S 0.028 �0.075 0.009 0.008 1.11 � 104 9.32 � 102 1.20 � 104

CzBO2Se 0.013 �0.239 0.018 0.050 3.41 � 104 1.22 � 102 3.42 � 104

CzBS2O 0.137 �0.196 0.094 0.233 4.20 � 106 1.52 � 104 4.22 � 106

CzBS2S 0.086 �0.129 0.004 0.009 4.90 � 103 2.42 � 102 5.14 � 103

CzBS2Se 0.045 �0.275 0.071 0.109 9.03 � 105 1.17 � 102 9.04 � 105

CzBSe2O 0.207 �0.085 0.463 2.448 1.23 � 108 6.65 � 107 1.90 � 108

CzBSe2S 0.090 �0.208 0.008 0.046 2.05 � 104 3.72 � 102 2.09 � 104

CzBSe2Se 0.058 �0.240 0.080 0.788 1.38 � 106 2.91 � 104 1.41 � 106

Table 8 Calculated singlet–triplet energy difference (DEST), spin–orbit coupling matrix element (SOCME), and RISC rate constants (kRISC) for CzBX2X
molecules

Molecules

Calc. DEST (eV) Calc. SOCME (cm�1) kRISC (s�1)

Tot. kRISC (s�1)S1 2 T1 S1 2 T2 S1 ’ T1 S1 ’ T2 S1 ’ T1 S1 ’ T2 ’ T1

CzBO2O 0.043 �0.360 0.091 0.213 2.70 � 105 1.17 2.70 � 105

CzBO2S 0.028 �0.075 0.004 0.009 7.36 � 102 3.97 � 102 1.13 � 103

CzBO2Se 0.013 �0.239 0.012 0.085 9.14 � 103 2.13 � 102 9.35 � 103

CzBS2O 0.137 �0.196 0.094 0.196 2.03 � 104 5.43 � 101 2.04 � 104

CzBS2S 0.086 �0.129 0.003 0.007 9.71 � 101 4.95 1.02 � 102

CzBS2Se 0.045 �0.275 0.088 0.246 2.41 � 105 1.04 � 102 2.41 � 105

CzBSe2O 0.207 �0.085 1.485 0.917 4.03 � 105 2.96 � 103 4.06 � 105

CzBSe2S 0.090 �0.208 0.007 0.073 4.73 � 102 2.93 � 101 5.02 � 102

CzBSe2Se 0.058 �0.240 0.089 0.106 1.79 � 105 5.52 � 101 1.79 � 105

Fig. 5 The effect of dihedral angle in MR-TADF and how it affects the
RISC rate constants in different shapes (planar (brown), UCS (grey) and
puckered (turquoise)). Here, blue and red circles denote the molecules
with and without Se atoms in both CzBX and CzBX2X.
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C–O, see Table S5 for the UCS, ESI†) moiety. The majority of
heavy atom compounds in MR-TADF reached the kRISC, which is
approximately 104–7 s�1.71–73 This study shows the lightest atom
with UCS, resulting in a kRISC B105 s�1 for the CzBX2O series.
The natural transition orbitals (NTOs) presented in Fig. S2
(ESI†) shows the intramolecular charge transfer nature. The
rate of emission can decide the path; taking a deep look into
the kF and kP decides the best way of converting the exciton
energy of S1 $ Tn (ISC and RISC) to reach B100% of IQE.

3.3.2 Dihedral angle vs. RISC rate constants. The dihedral
angles of CzBX and CzBX2X series are calculated in the C–N–
B–C middle part (see Fig. 4). The dihedral angle and SOCME are
the major phenomena that enhance the RISC rate constants
plotted in Fig. 5. The shapes of molecules are described using
different layer colours. The planar (unsubstituted Se atom)
structure, having lower SOCME values B0.009 cm�1 (in S1 ’

T1 and S1 ’ T2), reached the RISC rate constants lower than
103 s�1. Similarly, the similar planar structure with Se atom
molecules reached the highest RISC rate up to 103–105 s�1

(CzBO2Se, CzBS2Se and CzBSe2Se), and the dihedral angle is
1.21 for CzBO2S (due to the O distance, see Table S5, ESI†) while
CzBS2S is planar (see Fig. 4). The UCS structure has a high RISC
rate constant due to the non-planar shape and dihedral angle of

20.81 for CzBO2O (triple O atom high dihedral angle in CzBX2X
series), 13.11 for CzBS2O and 5.51 for CzBSe2O. These dihedral
angles boosted the SOCME values and hence increased the
RISC rate constants up to 104–105 s�1. The main series of CzBX
has a puckered shape and is twisted in the excited state;
the dihedral angle also greatly increases in the 621–761 range.
High dihedral angle increases the SOCME and RISC rate
constants up to 1.26 � 104 s�1 (CzBO), 9.48 � 105 s�1 (CzBS),
and 0.41 � 108 s�1(CzBSe). The presence of heavy or metal
atoms will significantly increase the intersystem rate constants
(ISC and RISC), and SOCME always plays an important role in
the twisted or bent shape of the structure.

The different rate constants of fluorescence (kF), ISC (kISC)
and RISC (kRISC) are compared in Table 9 (and Table S7, ESI†).
Because of the higher rate constant for RISC compared to that
of phosphorescence, these molecules show TADF features
(see Fig. 6).

4. Conclusions

In conclusion, we investigated how chalcogens (O - S - Se)
affect the MR-TADF features and properties for a series of CzBX
and CzBX2X molecules obtained either by the substitution of O
atoms with S or Se in CzBX or by fusing intramolecular H� � �H
bond with chalcogen atoms, the CzBX adjacent phenyl position
to create the new MR-TADF CzBX2X series. The results of
calculations based on highly correlated wave functions show
the following.

(i) The CzBX and CzBX2X series of MR-TADF emitters
have high radiative (fluorescence) rate constants (kF) of about
B107–8 s�1.

(ii) The ISC and RISC rate constants that follow are signifi-
cantly influenced by the molecules electronic structure and
geometry. While the CzBX series has the same chemical com-
positions, the ISC and RISC rate constants are found to be
much larger due to the increasing chalcogen molecular size
order (O - S - Se) compared to the CzBX2X series, which has
lower SOCME values due to the planer and puckered geometry.
UCS structures have higher SOCMEs.

(iii) The selenium-containing (CzBX) molecules exhibit
higher ISC and RISC rate values (kISC B 109 s�1 and kRISC B
108 s�1), which is due to the higher spin–orbit coupling inter-
actions. The higher RISC rate constants in the CzBX2X series
for both types of planar and UCS geometries reach B105 s�1.

Table 9 Comparison of the calculated rate constant for fluorescence (kF), ISC (kISC) and RISC (kRISC) processes in s�1 (here, f is the dihedral angle in
degrees)

Molecules f (1)

O

f (1)

S

f (1)

Se

kF (107) kISC (107) kRISC (104) kF (107) kISC (107) kRISC (104) kF (107) kISC (107) kRISC (105)

CzBX (expt.) — 15/13 —/2.5 —/0.9 — 1.5/3.3 21/19 40/22 — 0.05 128/110 1500/1800
CzBX 62.2 17.4 0.41 1.26 75.9 15 5.84 94.8 67.4 14.6 211 411
CzBO2X 20.8 11.4 0.17 27 1.2 9 1.2 � 104 0.13 0.4 9.13 3.42 � 104 0.093
CzBS2X 13.1 12.2 0.42 2.04 0.1 9.24 5.1 � 103 1.02 � 102 0 8.51 0.09 2.41
CzBSe2X 5.5 14.2 19 4.06 0 8.62 2.1 � 104 5.02 � 102 0 8.33 0.14 6.21 � 102

Fig. 6 MR-TADF mechanism in harvesting triplet excitons. Here B. RISC is
T1 to S1 conversion via the T2 state. The relative population in the T2 state
compared with the T1 state was obtained by considering thermal equili-
brium (using the Boltzmann factor).
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(iv) The phosphorescence rate constants (kP) are in the range
from B101 to 104 s�1 (calculated). Due to faster RISC and
fluorescence rate constants, these CzBX and CzBX2X series of
MR-TADF emitters show bright fluorescence (kF B107–8 s�1).

(v) This CzBX series of molecules has a unique deep-sky blue
luminescence with sharp narrow band emission peaks and
CzBX2X as bright bluish emitters.

Overall, we demonstrated that the chemical nature of the
chalcogen atoms, as well as their changing position(s), have a
significant influence on the optical and electronic features of
the CzBX and CzBX2X-based MR-TADF emitters and their
accurate prediction using combined DFT and CCSD methods.
We compared our calculated results with available experimen-
tally reported data to validate our computational methodology
used in this study. We used PCM solvent (toluene) model to
mimic the surrounding environment effect in the bulk.
In reality, it is difficult to mimic the properties of thin films
as the properties of any thin-film depend on its thickness. Here
in, we explained the origins of MR-TADF properties in organo-
boron heteroatom-embedded molecules from the molecular
point of view. We believe that the present methodology and
findings will aid in the development of narrow-band blue OLED
emitters with a high level of efficiency.
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