

View

Online


Export
Citation

RESEARCH ARTICLE |  DECEMBER 15 2025

Computational protocol for emission spectra and PLQY for
thermally activated delayed fluorescence derived from
sulfur/selenium-incorporated multi-resonant molecules 
Special Collection: Yijing Yan Festschrift

Rongrong Li  ; Zhigang Shuai  

J. Chem. Phys. 163, 234302 (2025)
https://doi.org/10.1063/5.0301546

Articles You May Be Interested In

A critical overview of rate models for the determination of the rate constants associated with thermally
activated delayed fluorescence

Chem. Phys. Rev. (September 2024)

AI-driven advances in the design of RTP and TADF luminescent material

Chem. Phys. Rev. (September 2025)

High performance TADF-phosphorescence hybrid warm-white organic light-emitting diodes with a simple
fully doping-free device structure

J. Appl. Phys. (October 2020)

 19 D
ecem

ber 2025 02:01:54

https://pubs.aip.org/aip/jcp/article/163/23/234302/3374764/Computational-protocol-for-emission-spectra-and
https://pubs.aip.org/aip/jcp/article/163/23/234302/3374764/Computational-protocol-for-emission-spectra-and?pdfCoverIconEvent=cite
https://pubs.aip.org/jcp/collection/577653/Yijing-Yan-Festschrift
javascript:;
https://orcid.org/0000-0002-9192-4545
javascript:;
https://orcid.org/0000-0003-3867-2331
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0301546&domain=pdf&date_stamp=2025-12-15
https://doi.org/10.1063/5.0301546
https://pubs.aip.org/aip/cpr/article/5/3/031312/3313987/A-critical-overview-of-rate-models-for-the
https://pubs.aip.org/aip/cpr/article/6/3/031309/3363944/AI-driven-advances-in-the-design-of-RTP-and-TADF
https://pubs.aip.org/aip/jap/article/128/16/165501/568452/High-performance-TADF-phosphorescence-hybrid-warm
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3318679&setID=1044501&channelID=0&CID=1578976&banID=524060176&PID=0&textadID=0&tc=1&rnd=6526234309&scheduleID=3474739&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&metadata=%5B%5D&mt=1766109714193030&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjcp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0301546%2F20837438%2F234302_1_5.0301546.pdf&request_uuid=f9ddb378-9368-4323-9c3c-3829d4531c65&hc=b7513024efdf3cca83ce3e330143aa9e398b6ffb&location=


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

Computational protocol for emission
spectra and PLQY for thermally activated
delayed fluorescence derived
from sulfur/selenium-incorporated
multi-resonant molecules

Cite as: J. Chem. Phys. 163, 234302 (2025); doi: 10.1063/5.0301546
Submitted: 9 September 2025 • Accepted: 25 November 2025 •
Published Online: 15 December 2025

Rongrong Li1 and Zhigang Shuai1,2,a)

AFFILIATIONS
1 Guangdong Basic Research Center of Excellence for Aggregate Science, School of Science and Engineering, The Chinese
University of Hong Kong, Shenzhen, Guangdong 518172, People’s Republic of China

2MOE Key Laboratory for Organic OptoElectronics and Molecular Engineering, Department of Chemistry, Tsinghua University,
Beijing 100084, People’s Republic of China

Note: This paper is part of the Special Topic, Yijing Yan Festschrift.
a)Author to whom correspondence should be addressed: shuaizhigang@cuhk.edu.cn

ABSTRACT
Full width at half maximum (FWHM) is an important indicator for color purity in molecular optical emission. In addition, brightness is
determined by photoluminescence quantum efficiency (PLQY). Thermally activated delayed fluorescence (TADF) can convert the electro-
pumped triplet states into emissive singlets. Especially, recent experiments suggest that multiple resonance TADF molecules doped with
heavy atoms S/Se could effectively avoid the efficiency roll-off by promoting the reverse intersystem crossing (RISC) process. We propose a
computational protocol to evaluate FWHM and PLQY based on quantum chemistry calculations and thermal vibration correlation function
formalism, which is of great potential to design highly efficient and color-pure molecules. We further build a robust correlation between the
reorganization energy of emission state λem

S1S0
with FWHM and the inverse of reorganization energy of the intersystem crossing (ISC) process

1/λS1T1 with experimental reverse ISC rate constant kexp
RISC, crucial for TADF. Our computational method and findings can be used for the

molecular design of organic light-emitting diode materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0301546

I. INTRODUCTION

Designing and developing highly efficient narrowband emis-
sion materials remains a key objective not only for organic light-
emitting diodes (OLEDs),1–4 but also for perovskite,5,6 quantum
dots,7,8 and phosphors.9–11 Multi-resonance thermally activated
delayed fluorescence (MR-TADF) molecules12–15 have been found
to be especially interesting for achieving narrowband emission and
high efficiency. Despite considerable progress, it is still challenging
to simultaneously enhance stability, device lifetime, and high color
purity.16 Further development of more environmentally friendly,
low-cost materials and manufacturing methods is needed.

MR-TADF molecules, as the next generation of displays,
exhibit high efficiency and narrowband emission.17,18 The long
delay lifetime of tens of microseconds leads to severe efficiency
roll-off, which hinders their commercial applications. Recently, a
series of novel MR-TADF molecules that fuse S/Se atoms into the
B-N based frameworks, effectively promoting the reverse inter-
system crossing (RISC) process and avoiding efficiency roll-off,
are reported.19–29 The incorporation of heavy atoms enhances
spin–orbit coupling (SOC), thereby significantly avoiding efficiency
roll-off. However, structural relaxation upon electro- or photoexci-
tation generally results in a broadened emission spectrum, with full
width at half maximum (FWHM) values commonly ranging from 20
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FIG. 1. Chemical structures of literature MR-TADF molecules modeled within this study.
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to 100 nm.30–37 Therefore, reducing FWHM to achieve higher color
purity is particularly important for MR-TADF molecules containing
heavy atoms.

Since current theoretical methods cannot directly and accu-
rately predict FWHM, different models have been proposed.38–42

Ahmad et al.38 showed a displaced harmonic oscillator model
(DHO), merely using ground state frequency and excited state
gradient calculations for the prediction of FWHM. The DHO
model is limited within the Franck–Condon approximation and is
only suitable for charge transfer or polycyclic aromatic type struc-
tures. Furthermore, additional studies involve utilizing the bond
order–bond length (BOBL) relationship to correlate variations in
bond length or bond order with photophysical properties, thereby
improving the performance of organic emissive materials. Wu
and co-workers39 proposed two substitution-driven design strate-
gies to reduce the emission spectrum, according to the contribu-
tions of bond length alterations (BLAs) to reorganization energies.
Building upon BLA analysis, Troisi and colleagues40 developed a
high-throughput screening approach aimed at identifying organic
emission materials exhibiting superior color purity. In 2024, Wang
et al.41 reported a simplified one-mode model approximation for
FWHM estimation with comparable accuracy to that of all vibra-
tional modes model. Nevertheless, most of the existing investiga-
tions center on polycyclic aromatic hydrocarbons or a restricted
number of conventional TADF systems, limiting their applicability
to the recently developed MR-TADF molecules.

In this study, we propose a computational scheme to eval-
uate FWHM and photoluminescence quantum efficiency (PLQY)
and to perform systematic computational simulations on a series of
MR-TADF molecules containing chalcogen atoms (S/Se). Figure 1
shows the chemical structures of modeled molecules.19–37 Com-
bining the quantum chemistry packages and thermal vibrational
correlation function (TVCF) we developed earlier as implemented
in the home-built MOMAP program,43–45 we found that B3LYP or
PBE0 calculated excited energy based on the optimized electronic
structure from the CAM-B3LYP exhibits reasonable FWHM values
with mean absolute error (MAE) ∼ 8 nm. A convincing linear rela-
tionship (R2

= 0.844) between FWHM and reorganization energy
λem

S1S0
enables a robust and explicit judgment of color purity for these

MR-TADF molecules. The TVCF combined with CAM-B3LYP opti-
mized electronic structure yields the best prediction for PLQY with
a MAE of 26%. The main error contribution originates from the
non-radiative rate constants (kIC) calculation. Furthermore, we plot
the experimental RISC rate constant kexp

RISC with respect to 1/λem
S1T1

.
Although the linear fitting coefficient R2

= 0.700 is not ideal, it
still helps rapidly and qualitatively compare RISC rates of different
molecules.

II. METHODOLOGY
We employ the Gaussian 16 program46 to perform all the

quantum chemistry calculations. Each of the singlet ground (S0)
and excited state (S1) geometries of the 30 MR-TADF molecules
are optimized using five functionals, including PBE0,47 TPSSh,48

ωB97X-D,49 and B3LYP50 in combination with the third ver-
sion of Grimme’s atom pairwise dispersion corrections with
Becke–Johnson damping (D3BJ)51,52 and CAM-B3LYP53-D3BJ
for density functional theory (DFT) and time-dependent DFT

(TDDFT), respectively. The geometries of the triplet states (T1) are
optimized using three functionals, PBE0, B3LYP-D3BJ, and CAM-
B3LYP-D3BJ, under unrestricted open-shell DFT levels. Unless
otherwise noted, the geometry optimization and frequency anal-
ysis use the 6-31G(d) basis set.54,55 All calculations employ the
linear-response polarizable continuum model (LR-PCM) with the
solvation model based on density (SMD), using toluene (ε = 2.37)
as the solvent in accordance with the experimental conditions.56,57

Geometry optimizations use equilibrium solvation, whereas ver-
tical absorption and emission energies are evaluated under the
non-equilibrium solvation treatment.

All the rate constants and emission spectrum calculations are
based on the TVCF formalism we developed and implemented in
a home-built and commercially available package, MOMAP. The
TVCF method transforms the line shape function L(ω) into the time
domain correlation function χ. The correlation function χ possess-
ing a known analytical expression can be expressed in terms of the
partition function Zvib and the vibrational Hamiltonians Hi and Hf
for the initial and final states. Therefore, the TVCF method effec-
tively avoids the truncation errors of the sum-of-states method. The
calculation formula is as follows:

L(ω) =
1

2π ∫
ω3e−it(ΔEad/

̵h−ω)χ(t, T)dt, (1)

χ(t, T) = Z−1
vib Tr (e(iĤ i/

̵h−βĤ i)te−iĤ ft/̵h
), (2)

where ω is the frequency of the ith normal mode, the ΔEad is the
adiabatic excitation energy, and T is the temperature, which is set to
300 K in this study; Ĥf and Ĥi are the harmonic oscillator Hamil-
tonians of the final and initial electronic states, respectively, and
β is the reciprocal of temperature T times Boltzmann constant kB.
Unless otherwise specified, the Adiabatic Hessian (AH) model with
linear Duschinsky relation and Cartesian coordinates is used for all
calculations. A Lorentzian-type broadening with 100 cm−1 FWHM
is applied to all investigated systems in the calculation of emission
spectra and radiation rate constant (kR), and the Herzberg–Teller
(HT) effect is not considered in all calculations. The calculation of
kR is to integrate the emission spectrum,

kR(T) = ∫ σem(ω, T)dω, (3)

σem(ω, T) =
2ω3

3π̵hc3 ∣μfi∣
2
∫

+∞

−∞

e−i(ω−ωif)tρem(t, T)dt, (4)

where σem(ω, T) is the emission spectrum, μfi is the electric transi-
tion dipole moment between the final and initial electronic states,
ρem(t, T) = Z−1

i Tr (e−iτfĤ f e−iτiĤ i
) is the TVCFs, and τ = t/h. The

nonradiative rate constant kIC between the two electronic states
within the same spin manifold can be expressed as

kIC =
1
̵h2∑

kl
Rkl∫

+∞

−∞

eiωiftρIC
fi,kl(t, T)dt, (5)

where Rkl is the non-adiabatic coupling matrix between two elec-
tronic states Φf and Φi, Rkl = ⟨Φf∣P̂fk∣Φi⟩⟨Φi∣P̂fl∣Φf⟩, P̂fk and P̂fl
are the nuclear momentum operators for the corresponding vibra-
tional normal mode, P̂ = −i̵h δ

δQ , Q is the vibration normal mode
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coordinate, ρIC
fi,kl(t, T) = Z−1

i Tr (P̂fke−iτfĤ f e−iτiĤ i
) is the internal con-

version correlation function, and Zi = ∑
∞

υ=0 e−βEiυ is the partition
function for the vibrational normal mode. Non-adiabatic coupling
calculations are performed using the NACME module in MOMAP,
employing transition electric fields and vibrational information
from Gaussian output. The adiabatic excitation energy ΔEad is cal-
culated by subtracting the S0 energy obtained from DFT from the
S1 energy obtained from TDDFT. For the intersystem crossing (ISC)
and RISC processes with electron spin changes between singlet and
triplet states, the corresponding rate constant should be expressed as

kISC/RISC =
1
̵h2 ∣⟨Φf∣Ĥ

SO
∣Φi⟩∣

2
∫

+∞

−∞

eiωiftρISC/RISC
fi (t, T)dt, (6)

where ∣⟨Φf∣Ĥ SO
∣Φi⟩∣ is the spin–orbit coupling (SOC) term and

ρisc/risc
fi (t, T) = Z−1

i Tr (e−iτfĤ f e−iτiĤ i
) is the ISC/RISC correlation

function. The electronic structure information required for the the-
oretical formulations of MOMAP is obtained within the framework
of density functional theory and time-dependent density functional
theory. For the calculation of the ISC rate constant kISC and RISC
rate constant kRISC, SOC is evaluated at the CAM-B3LYP-D3/6-
31G(d) level for S1 and T1 optimized geometry, respectively, in
the Q-Chem 5.3 program.58 The significant contribution of dou-
ble excitations of MR-TADF systems makes the TDDFT method no
longer suitable for calculating their singlet–triplet energy gap ΔEST.

Therefore, based on the same S1 electronic structures with SOC
calculations, a high-level wave function SCS-CC259 method with a
def2-TZVP60,61 basis set is applied to calculate the ΔEST.

III. RESULTS AND DISCUSSION
A. Benchmarking of investigated MR-TADF molecules

The accuracy of photophysical property calculations depends
on the input electronic structure information. To identify a reli-
able function for evaluating the electronic structure information,
we used five different density functions with different percent-
ages of Hartree–Fock exact exchanges to calculate the maximum
absorption (λabs) and emission wavelength (λem) of 30 MR-TADF
molecules doped with sulfur or selenium atoms. Figure 2(a) dis-
plays the MAE of λabs and λem compared with experimental values.
Figures 2(b)–2(f) show the experimental λem vs that of five function-
als, PBE0, TPSSh, ωB97X-D, B3LYP-D3BJ, and CAM-B3LYP-D3BJ,
and the calculated values for each molecule, respectively. Both λabs
and λem are directly obtained from the vertical TDDFT calculation
based on the corresponding optimized S0 and S1 structures. The
explicit numbers of experimental and TDDFT calculated λabs and
λem are listed in Tables S1 and S2 in the supplementary material,
respectively.

Among the five functionals, the MAE trend of the same
functional is consistent for the absorption and emission. B3LYP

FIG. 2. MAE of different functionals calculated maximum absorption and emission wavelengths with respect to the experiment (a). The experimental vs different functionals
calculated maximum emission wavelength (b)–(f). The fitting excluded the obviously incorrect orange data points in panel (c).
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characterizes the smallest MAE for both absorption and emission
wavelengths. While the MAE for CAM-B3LYP and ωB97X-D is rel-
atively large, ranging from 79 to 94 nm. Generally, range-separated
functionals can accurately describe charge-transfer excited states.
However, since the S1 state of MR-TADF molecules is a multiple-
resonance state, it is reasonable that these two long-range corrected
functionals exhibit relatively large computational errors. Except for
TPSSh, other functionals all have a better linear correlation between
the experimentally determined and calculated maximum emission
wavelength. The correlation of TPSSh is modest with a 0.652 R2

value. The qualitative prediction of maximum emission wavelength
using TDDFT methods for such molecules is reliable. Although the
MAE is large, CAM-B3LYP features the best correlation with R2

of 0.888. Comprehensively considering the MAE and linear corre-
lation, we further evaluated the photophysical properties based on
B3LYP, CAM-B3LYP, and PBE0 calculated electronic structures.

B. The evaluation of FWHM
Table I displays the FWHM for different functionals com-

bined with TVCF methods. The calculated FWHM values align
more closely with experimental data without Duschinsky rota-
tion. Therefore, the displaced harmonic oscillator with different

frequencies (DODF) model is used in this section. Indeed, Chen
et al. have reported that the DODF model, which neglects Duschin-
sky rotation, performs better in the prediction of phosphorescence
spectra.62 B3LYP (or PBE0/CAM-B3LYP) means that both the elec-
tronic structure information and the adiabatic excitation energies
(Ead) are obtained using the B3LYP (or PBE0/CAM-B3LYP) func-
tional. CAM-B3LYP/B3LYP indicates that the electronic structure
information required for calculations in Eqs. (1) and (2) is derived
from CAM-B3LYP, while the adiabatic excitation energy is com-
puted using B3LYP based on the S0 and S1 geometries optimized
with CAM-B3LYP. Similarly, CAM-B3LYP/PBE0 follows the same
convention. As we can see, the MAE of FWHM directly calculated
by B3LYP, PBE0, and CAM-B3LYP is large with values of 12, 11, and
13 nm, respectively. The FWHM values obtained with CAM-B3LYP
are significantly smaller than those with B3LYP. This is because
the adiabatic excitation energy calculated by CAM-B3LYP is larger
than that by B3LYP, and according to Eq. (1), the FWHM value
with CAM-B3LYP should indeed be smaller. The FWHM of most
of these molecules ranges from 20 to 40 nm. The deviations around
12 nm are nearly 1/2 to 1/3 the experiments and are clearly unrea-
sonable. The accuracy is improved effectively, with the MAE of both
CAM-B3LYP/B3LYP and CAM-B3LYP/PBE0 decreased to 8 nm,

TABLE I. Experimental and TVCF combined with different functionals calculated FWHM (nm) for S/Se-incorporated MR-TADF
molecules.

Molecule Exp. B3LYP PBE0
CAM

-B3LYP
CAM-B3LYP

/B3LYP
CAM-B3LYP

/PBE0

Cz-PTZ-BN 37 58 54 23 34 32
2Cz-PTZ-BN 38 64 63 24 36 33
BOBS-Z 21 20 26 13 19 18
BSBS-Z 20 49 46 29 42 39
BSBS-N1 21 27 24 14 20 18
2PTZBN 39 45 42 25 38 35
SBSN 27 — 23 16 31 29
DBSN 28 23 22 19 29 27
BSS-PA 35 41 36 25 35 33
BSS-Cz 28 — 21 17 23 22
BN-Se 42 64 59 22 34 31
BTPT 33 58 48 17 24 22
PhCz-TOSBA 32 21 20 16 22 21
TPA-TOSBA 34 31 49 17 25 23
CzBS 28 19 18 12 17 15
CzBSe 33 20 20 15 21 20
BNSSe 39 58 54 35 54 50
BNSeSe 38 58 54 35 54 50
Spiro-BNCz 42 54 — 32 47 45
BTC-BNCz 23 11 11 7 10 9
Me-PABS 21 22 18 15 21 20
BN4 43 42 41 22 33 31
BN5 44 41 40 22 33 31
Cz-BSeN 30 19 19 14 19 18
DB-S 23 26 — 9 13 12
MAE 12 11 13 8 8
R2 0.402 0.467 0.344 0.369 0.371
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FIG. 3. Correlation between S1 emission reorganization energy (λem
S1S0

) and emission FWHM calculated by three different functionals: B3LYP (a), CAM-B3LYP (b), and PBE0
(c). In panel (a), the red solid line is the fitted trend line after excluding the blue data points, while the red dashed line is the fitted line including all data points.

indicating a reliable calculated result. The absorption and emission
spectrum of all 29 molecules calculated by the TVCF method com-
bined with CAM-B3LYP/B3LYP and the explicit numbers of λem
calculated by TVCF with CAM-B3LYP are shown in Fig. S1 and
Table S2 in the supplementary material, respectively. TVCF shows
good evaluation performance for maximum emission wavelengths,
with a MAE of only 12 nm compared to experimental values. While
two molecules, SeNBN and SetBuNBN, are given incorrect spec-
tra that violate experiment data, indicating problematic results of
electronic structure calculations, so the corresponding FWHM val-
ues are not included in Table I. The unphysical spectra (too broad)
of DCz-BSeN, which may be due to the inapplicability of the har-
monic oscillator approximation, are also not included in Fig. S1 and
Table I. However, the FWHM correlation between all five calcula-
tion schemes and the experiment is poor, and all R2 values are less
than 0.5.

Under the harmonic oscillator approximation, the total reor-
ganization energy of the system can be evaluated through normal
mode analysis, as shown below:

λ =∑
i

1
2

ω2
i ΔQ2

i , (7)

where ωi is the frequency of the ith normal mode, and ΔQi is the
displacement along the ith normal mode coordinate between S0
and S1. EVC calculation in MOMAP directly provides the reor-
ganization energy and Huang–Rhys factors based on the output
from the quantum chemistry programs (Gaussian in this study).
The correlations between S1 emission reorganization energy (λem

S1S0
)

and corresponding FWHM evaluated by three functionals are plot-
ted in Figs. 3(a)–3(c), respectively. The explicit numbers of λem

S1S0

are listed in Table S3 in the supplementary material. The emis-
sion reorganization energy of all three functionals possesses better
linear correlations, and PBE0 has the best performance with an
R2 value of 0.844. Although the R2 values of B3LYP and CAM-
B3LYP are poorer than those of PBE0, they are close to 0.7, which
is enough for qualitative comparisons. Therefore, we consider the
use of reorganization energy λem

S1S0
to qualitatively assess the FWHM

to be functional-insensitive. Furthermore, the reorganization energy
calculation based on electron–vibration coupling is very fast and

has low computational consumption. Therefore, λem
S1S0

as the descrip-
tor to qualitatively predict FWHM is convincing. Based on the
linear relationship between λem

S1S0
and the FWHM calculated by

B3LYP, when λem
S1S0

is less than 0.124 and 0.053 eV, the FWHM is
correspondingly less than 39 and 20 nm.

C. The evaluation of PLQY
The calculated PLQY and different photophysical properties

are shown in Table II. The explicit numbers for ΔEST from both
experiments and SCS-CC2 calculations are provided in Table S4 of
the supplementary material. The calculation results of SCS-CC2 for
ΔEST are excellent, yielding a MAE of only 0.043 eV compared to
experimental values. We also attempt three functionals for PLQY
evaluation, and CAM-B3LYP showed the best accuracy with an
error of 26%. By comparing the rate constants of different photo-
physical processes, we found that the error in PLQY prediction for
these molecules mainly came from the evaluation of kIC. The cal-
culation deviation for kR and kISC is generally within 1 to 2 orders
of magnitude, while the deviation for kIC reaches 2 to 3 orders of
magnitude. Furthermore, kIC vs adiabatic excitation energies Ead is
plotted in Fig. S2 in the supplementary material. As we can see, kIC
decreases with increasing Ead, in accordance with the energy gap law.
The large errors of the internal conversion process may be intro-
duced by the harmonic oscillator approximation.63,64 The kR, kIC,
and kISC computed with B3LYP and PBE0, along with experimen-
tal data, are listed in Tables S5–S7 in the supplementary material,
respectively.

D. The correlation between λS1T1 and kexp
RISC

The kRISC also has large deviations from the experimental val-
ues, as shown in Table S8. According to the Marcus–Levich–Jortner
theory,

kRISC =
2π
̵h

V2
SOC

1
√

4πλMkBT

∞

∑

n=0
exp (−S)

Sn

n!

× exp
⎡
⎢
⎢
⎢
⎢
⎣

−

(ΔEST + n̵hωeff + λM)
2

4λMkBT

⎤
⎥
⎥
⎥
⎥
⎦

, (8)
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TABLE II. Experimental and calculated PLQY (%) and photophysical properties based on CAM-B3LYP optimized structures.

PLQY (%)

Molecule Exp.
CAM

-B3LYPa
kR

(⨉ 108 s−1)
kIC

(s−1)
kISC

(⨉ 108 s−1)
SOC

(cm−1)
ΔEST
(eV)

Cz-PTZ-BN 84 86 1.89 3.50× 103 2.95× 107 2.27 0.11
2Cz-PTZ-BN 87 77 1.78 1.52× 107 3.79× 107 0.370 0.09
BSBS-N1 59 23 2.23 2.61× 104 7.43× 108 0.995 0.06
SBSN 76 50 1.49 8.24× 107 6.75× 107 0.367 0.10
DBSN 98 71 1.78 7.37× 107 6.89× 104 0.016 0.15
BSS-Ac 90 34 0.889 2.49× 102 1.72× 108 1.11 0.17
BSS-SpAc 89 28 0.905 7.84× 10 2.29× 108 1.12 0.17
BN-Se 99 68 1.97 2.57× 103 9.16× 107 0.381 0.08
PhCz-TOSBA 39 50 0.980 2.76× 103 9.76× 107 0.835 0.16
BNSSe 99 90 1.11 2.26× 104 1.29× 107 0.210 0.10
BNSeSe 100 92 1.21 2.41× 104 1.05× 107 0.174 0.10
DB-S 95 84 1.48 1.42× 104 2.74× 107 1.19 0.13
Cz-BSeN 87 35 1.77 1.64× 103 3.31× 108 2.27 0.13
aTheoretical PLQY is evaluated via Φ = kR/(kR + kIC + kISC).

FIG. 4. Experimental RISC rate constant kexp
RISC with respect to calculated the

1/λS1T1
.

where λM is the reorganization energy, S is the Huang–Rhys factor,
hωeff is the effective energy, kB is Boltzmann’s constant, and T is tem-
perature. We plotted the experimental RISC rate constant kexp

RISC with
respect to the calculated 1/λS1T1 , as shown in Fig. 4. The linear fit-
ting coefficient R2 is 0.700, indicating a better correlation between
experimental kexp

RISC and theoretically computed 1/λS1T1 . It demon-
strates that the reciprocal reorganization energy λS1T1 to qualitatively
compare the RISC rates of MR-TADF molecules containing heavy
atoms is reasonable. When 1/λS1T1 calculated by B3LYP is larger than
44 eV−1, kRISC is accordingly greater than 105 s−1. The λS1T1 values in
Fig. 4 are displayed in Table S9.

Figure 5(a) summarizes the computed reorganization energy
λem

S1S0
and 1/λS1T1 to predict the FWHM and kRISC, respectively. Both

experiment and calculation indicate that BSBS-Z and BTC-BNCz
perform narrowband emission and fast RISC rate. Subsequently, we

analyzed the vibrational coupling constants and emission spectra of
the S1 states of these two molecules, as shown in Figs. 5(b)–5(e).
The Huang–Rhys factors of high-frequency vibrational modes for
both BSBS-Z and BTC-BNCz are very small. For BSBS-Z, the vibra-
tional modes with large Huang–Rhys factors (>0.5) focus on the
low-frequency (<25 cm−1). The Huang–Rhys factors of all vibra-
tional modes are less than 0.25 for BTC-BNCz, so the emission
spectrum is also very narrow.

Convinced by our reasonable predictions of FWHM and kRISC
through reorganization energies, we can now design a series of
MR-TADF molecules with similar structures to BSBS-Z and BTC-
BNCz, which are further optimized by embedding sulfur and sele-
nium atoms. The geometry structures and computed reorganization
energy λem

S1S0
of designed molecules are displayed in Figs. 5(f) and 6,

respectively. Since the significant improvement of both RISC and
efficiency roll-off in heavy atom doped molecules reported by exper-
iment, we did not further calculate λS1T1 to evaluate the kRISC. In
addition, the molecules with λem

S1S0
larger than 0.620 eV (5000 cm−1)

are excluded. As we can see, five molecules, B2-Se, BNCz-S, DB′-
Se, t-BuCz-DABNA-S, and t-BuCz-DABNA-Se with small λem

S1S0

(<0.053 eV), characterize narrow FWHM less than 20 nm. The emis-
sion reorganization energy of B2-S, BNCz-Se, and DB′-S is 0.064,
0.058, and 0.054 eV, respectively, also corresponding to narrowband
emission. While the FWHM of the parent molecule, Π-CzBN, is
16 nm, the FWHM of S/Se doped Π-CzBN derivatives significantly
increases. It indicates that the heavy atom effect improves efficiency
roll-off while increasing FWHM, which is unfavorable. For the body
structure of ADBNA-Me, doped with a Se atom, it is better than with
an S atom. The large conjugated systems, such as m-v-DABNA-S
and Π-CzBN-S/Se, are not suitable for embedding heavy atoms
due to broadening FWHM. The explicit number of reorganization
energy λem

S1S0
for virtually designed MR-TADF molecules is shown in

Table S10 in the supplementary material.
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FIG. 5. Reorganization energy λem
S1S0

and 1/λS1T1
for 16 experimental MR-TADF molecules (a). Histogram of vibrational coupling constants (Huang–Rhys factors) based on

S1 normal modes for BSBS-Z (b) and BTC-BNCz (d). Normalized vibronic fluorescent emissive spectra of BSBS-Z (c) and BTC-BNCz (e). Virtually designed MR-TADF
molecules containing heavy atoms (f).
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FIG. 6. Emission reorganization energy of 13 MR-TADF molecules with predicted
narrowband emission. The green dashed line and red dashed line represent
FWHM less than 20 and 39 nm, respectively.

IV. CONCLUSION
In summary, we established a robust computational scheme for

qualitative and quantitative prediction of FWHM based on system-
atic simulation of photophysical properties of 30 novel MR-TADF
molecules containing S/Se atoms by DFT/TDDFT, SCS-CC2, and
TVCF rate formalism. It is found that λem

S1S0
as a good descriptor

for FWHM is quite robust, almost independent of the choice of
functionals. CAM-B3LYP achieves a relatively good accuracy in cal-
culating the PLQY of these molecules with an error of ∼26%, which
mostly stems from the evaluation of the non-radiative rate con-
stant, a very challenging issue. The moderate linear correlation (R2

= 0.700) between 1/λS1T1 and kexp
RISC can be employed for a quick and

qualitatively correct prediction of RISC rate. Five virtually designed
molecules, B2-Se, BNCz-S, DB′-Se, t-BuCz-DABNA-S, and t-BuCz-
DABNA-Se, show a narrow FWHM of less than 20 nm. Given
the challenge of color purity for OLEDs, we believe the theoretical
investigations presented in this study can serve as guidance to both
theoretical and experimental research in the future.

SUPPLEMENTARY MATERIAL

The explicit numbers of experimental and calculated maxi-
mum absorption and emission wavelengths, absorption and emis-
sion spectra, emission reorganization energy, and singlet–triplet
energy gaps, as well as photophysical properties, are available in the
supplementary material.
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