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ARTICLE INFO ABSTRACT

Keywords: Multi-resonance thermally activated delayed fluorescence (MR-TADF) molecules charactering large emission
Multi-resonance thermally activated delayed oscillator strengths, effective reverse intersystem crossing (RISC), and narrow emission spectral width, have great
fluorescence

potential as laser materials. We propose a molecular descriptor for quick screening MR-TADF molecules as laser
Laser candidate molecules . . net,opt
Theoretical descriptor candidate materials, A = AEgrog

Density functional theory net stimulated emission cross section. These quantities can be calculated by combining quantum chemistry

Time-dependent density functional theory package Gaussian and our own MOMAP program. Through extensive computations benchmarked with existing
experiments, we suggest that A value should be larger than 0.311 X 1077 cm? eV for promising lasing mole-
cules. We virtually designed 119 molecules with MR-TADF property, and based on our theoretical protocol by
considering descriptor A, we are able to select 10 molecules as lasing molecules. We then further screen out 2
molecules through analyzing the spectral overlap, indicating that only eight molecules are prospective candi-
dates for laser materials. Particularly, we find that ADBNA-Me-BPy molecule possesses large radiative decay rate
and large reverse intersystem crossing rate, 1.90 x 10 s™! and 1.01 x 108 s7%, respectively, implying a low
lasing threshold, promising for electrically pumped lasing.

, namely, the product of singlet-triplet energy gap and the optical pumping

1. Introduction

Since the first dye-doped organic solid-state laser (OSSL) was re-
ported in 1966, OSSLs have attracted widespread attention due to its low
cost, high photoluminescence (PL) efficiency, high PL wavelength range
from ultraviolet to infrared, and flexible molecular structures design
[1-5]. A large number of organic materials based on different organic
small molecules or polymers were developed and applied to lasers [6,7].
Compared with optically pumped organic lasers, electric-driven OSSLs
still have great challenges [8]. Recombination of injected electrons and
holes would generate 25 % singlet and 75 % triplet excitons based on
spin statistics in the electroluminescence process [9]. The long-lived
triplet excitons are prone to accumulate and undergo triplet-triplet
absorption (TTA), which leads to light amplification quenching [10].
And singlet—triplet annihilation will reduce singlet excitons [5]. Other
species not involved in optical pumping lasers, such as polarons and
excitons, also can cause multiple annihilation and absorption [5,11]. It
is significant to develop organic gain materials that can improve the
utilization efficiency of triplet excitons.

Both thermally activated delayed fluorescent (TADF) and phospho-
rescent materials can effectively utilize triplet excitons, resulting in
nearly 100 % internal quantum efficiency under current injection
[12-15]. Most phosphorescent materials are limited to inorganic com-
pounds or expensive organometallic complexes, which dramatically
increases application limitations and economic costs [11-13]. TADF
emitters with a small singlet-triplet energy gap, could capture both S;
and T; excitons through an efficient reverse intersystem crossing (RISC)
process [14,15]. However, the charge transfer (CT) characters from S; to
So greatly suppresses the oscillator strength of TADF molecules [16-18],
which directly leads to a small emission cross section and effects light
amplification. Hatakeyama and co-workers proposed a “multi-resonance
thermally activated delayed fluorescence (MR-TADF)” molecule with
spatially separated frontier molecular orbitals, overcoming the disad-
vantage of small oscillator strength of TADF molecules [19].

In recent years, TADF and MR-TADF have been widely studied as the
most promising emitters in photoluminescent materials and electrolu-
minescent devices, while the reports as laser gain media are very limited
[20-22]. This is because that current TADF molecules as laser materials
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require a higher light-pumping threshold than prompt fluorescence
materials, much less the electrically pumped lasing [23,24]. The slow
RISC rate and the small Stokes shift of MR-TADF molecules simply as
optically pumped laser materials, caused serious self-absorption [25].
Molecular design descriptors for screening potential molecular struc-
tures and guiding the development of novel TADF and MR-TADF mol-
ecules as laser gain materials are urgent and significant.

In this paper, we report a theoretical descriptor for the molecular
design and prediction of laser performance of MR-TADF molecules based
on our group previously reported the computational screen-out protocol
and TADF and MR-TADF candidate molecules for laser materials [26,
27]. The proposed descriptor A, comprehensive considering the
singlet-triplet energy gap (AEsr), which could promote an effective
RISC, and optical pumping net emission cross section (¢ ®), can be
used as a criterion to quickly screen out molecules with optically pum-
ped laser properties. Density functional theory (DFT) and
time-dependent DFT (TD-DFT) are performed to calculate the electronic
structures and evaluate the absorption and emission wavelengths and
corresponding oscillator strengths. With the criterion of descriptor, A
and the photophysical parameters calculated by the thermal vibration
correlation function (TVCF) formalism [28] in our home-built molecular
material property prediction software package (MOMAP) [29,30], we
evaluated the electronic structure and laser properties of 119 MR-TADF
molecules (Fig. 1), and screened out 8 potential candidate molecules for
laser materials.

2. Methodological approach

The Gaussian 16 suite of ab initio programs [31] was employed to
perform DFT and TD-DFT calculation for B3LYP-D3, referring to the
benchmark calculations in previous studies [27,32,33]. Unless other-
wise noted, all computations in this work use the 6-31G(d) basis set
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[34]. The ground state geometry optimizations and vibrational fre-
quency calculations are performed at B3LYP-D3/6-31G(d) level. The
excited geometry optimizations of S; and T; are calculated by using
TD-DFT and unrestricted open-shell DFT at the same level, respectively.
The AEgr value is obtained from B3LYP-D3/def2-TZVP of S; [32,33,35,
36] and BMK/def2-TZVP of T; [35-37] for DABNA derivatives and
TPSSh/def2-TZVP of S; [35,36,38] and PBE38/def2-TZVP of T; [35,36,
39] for ADBNA derivatives. The spin—orbit coupling is evaluated at the
same level at S; and T; optimized geometry, respectively, in the Q-Chem
5.3 program [40]. All rate constant calculations are performed via
thermal vibration correlation function (TVCF) method in MOMAP
2020B [41], which has been successfully applied in a wide range to
predict various optoelectrical properties of organic molecules.

3. Results and discussion
3.1. Theoretical descriptor and corresponding range of values

Based on the research through extensive computations benchmarked
with existing experiments reported by our group [26,27], MR-TADF
molecules, DABNA-2, ADBNA-Me-Mes, ADBNA-Me-Tip and
ADBNA-Me-MesF (Fig. 2a), as the potential laser materials have the
similar geometric configurations. And the products of o7 °* and AEsy
are stable at the constant 0.490. Fig. 2b shows the corresponding
product distribution with a variance of only 9.2 % 107>. The small
singlet-triplet energy gap will effectively promote the RISC process,
which is beneficial for establishing population inversion to form
four-energy level system. A larger optical pumping net emission cross
section directly determines the light amplification. Both singlet-triplet
energy gap, AEgr, and optical pumping net emission cross section,

a:fft"’pt, are significant parameters for MR-TADF laser molecules [27,48].
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Fig. 1. The body (a) and substituent (b) of the designed MR-TADF molecular structures.
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Fig. 2. Molecular structures (a) and the value of descriptor A (b) of MR-TADF molecules.

The characteristic that the product of AEsr and U’e’feft“’pt is constant can
assist in determining whether this MR-TADF molecule can be used as a
potential laser material. Therefore, the theoretical descriptor A is
defined, where A is equal to the product of AEgr and 6% . Considering
the error of the measurement of the emission cross section in the
experiment, the value of the emission cross section is allowed to fluc-
tuate within + 1 % 10~'7 cm? and the fluctuated values are displayed in

columns five and six in Table S1. The theoretical descriptor A has

corresponding values ranging from 0.311%X 107! to 0.670 X 1077
cm? eV, as shown by the pink dashed line in Fig. 2b. The MR-TADF
molecule already has a relatively small AEgr, and the space for AEgr
to decrease is small. That a large emission cross section is beneficial for
light amplification is indisputable. Therefore, the value of descriptor A
should be larger than 0.311 X 1077 cm? eV for promising MR-TADF
lasing molecules. The detailed AEgr, optical pump net emission cross

. t.opt .
section o4 °”', and the value of descriptor A of four molecules are shown
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Fig. 3. The predicted emission oscillator strength of designed 119 MR-TADF molecules.
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in Table S1 in supporting information.
3.2. Predicted emission oscillator strength

The investigated molecules are displayed in Fig. 1. Every body
structure (Fig. 1a) could be linked to a substituent (Fig. 1b) and form
119 MR-TADF molecules. The emission oscillator strength is directly
proportional to the emission cross section and descriptor A, so we first
screen out molecules with very low fo, [48]. The calculated emission
oscillator strengths of 119 molecules are plotted in Fig. 3. Some obvi-
ously unreasonable molecules with almost zero oscillator strength are
excluded. Referring to the oscillator strength of experimentally reported
MR-TADF molecules [27], molecules with fen, less than 0.1 are further
excluded. As a result, 36 molecules were excluded as the candidates for
organic laser materials due to their small oscillator strength.

3.3. The application of descriptor A

After preliminary screened by the emission oscillator strength, the
value of descriptor A of the remaining molecules are calculated. The
second-order approximate coupled cluster (SCS-CC2) method for AEst
calculated is accurate [42]. However, applying this method to the large
number of molecules we investigated is too expensive. The higher ac-
curacy of AEgr calculated by SCS-CC2 is due to the consistent error
between the excitation energies of S; and T; [43]. And the different
errors in calculated excitation energies between S; and T; result in poor
accuracy of TD-DFT [43]. It should exist two different functions with the
similar error for the excitation energy of S; and T;. We attempted the
TD-DFT method to calculate the emission energy of S; and T;, respec-
tively, with the aim of finding such two functions to predict the AEgr
with relative precision. Seven different density functions with different
percentages of Hartree-Fock exchanges, including TPSSh [38], PBE38
[39], PBEO-1/3 [44], PW6B95 [45], PBEO [46], BMK [37] and B3LYP
[32] with Grimme’s GD3 dispersion correction (-D3) [33], and the
triple-zeta level def2-TZVP basis set [35,36], are performed to calculate
the emission energy of DABNA-2 and corresponding three derivatives,
and ADBNA-Me-R (R = Mes, Tip, MesF) [47], respectively. The emission
energy of S; and T; obtained from B3LYP-D3 and BMK, respectively, for
DABNA derivatived molecules, are reasonable. The mean absolute error
(MAE) of AEgr is only 0.038 eV compared with experimental values. For
ADBNA derivatived molecules, the resulting MAE of AEgr with S; and Ty
calculated by TPSSh and PBE38, respectively, is even smaller of 0.025
eV compared with experimental values. The emission energies, the
values of AEgt, molecular structures, and the average errors for different
functions are shown in Table S2-S3, Table S4, Fig. S1 and Fig. S2 in
supporting information, respectively.

Theoretically, laser emission cross section oy, is proportionate to the
emission oscillator strength fen, via [48]

62

Oem (U) g(“) em (€9)

- 4eqgmecong
Where e is the electron charge, ¢ is the vacuum permittivity, m, is the
electron mass, co is the speed of light, ny is the refractive index of the
gain material, v is the corresponding emission frequency, and g(v) is the
normalized line shape function with [ g(v) dv = 1. The 6., is rewritten

as a function of wavelength by inserting g(v) = % =g(4) g intoeq (1):

e21?

N2
Oem(4) 4eomecing

§(A)fem 2

where g(1) is the normalized line shape function expressed in the
emission wavelength domain, using the equation [g(4)di = 1. The
absorption cross section oy is similar to oep via:
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2
O_Xi—>xj ()= e’
abs 4egmecing

(Ao ®3)

where f;;:xj is various absorption oscillator strengths <Xi —Xj =Sp—

S1, S$1—S,, T1— Ty, and Dg/ ’—>DI/ 7). The normalized line shape
function expressed in the emission wavelength domain, using the
equation [ g(4) d4 = 1. Considering the broadened nature, a universal
Gaussian broadening with a 75 nm full-width at half-maximum (FWHM)
is applied to S;—S, emission and Sy—S; absorption, and a 125 nm
FWHM is applied to other absorption (Xi—Xj = S1—S,, T1—Th,

and Dg/ ~—D}/7) for all investigated molecules. For optically pumped
lasers, So—3S; self-absorption and photoinduced absorption to higher
excited states S;—S, will affect the emission cross section. Therefore,
the optical pumping net emission cross section ohg P is defined [25]

net,opt __ So—51 S1-Sn
Oef = O0em — Ogps  — Oaps C))
The electrical pumping net emission cross section o5 is defined
[25]

D;—Dy Dy —D,

net.ele So—S1 1—Sn T1—Th
4 - Gibs -0, ~ Oabs ~ Oabs )

eff — Oem — Ogpg abs

The calculated values of descriptor A for remained 83 molecules are
plotted in Fig. 4. As can be seen that six DABNA-PhCN derivative mol-
ecules, DABNA-PhCN-B, DABNA-PhCN-BFr, DABNA-PhCN-BTp,
DABNA-PhCN-ID, DABNA-PhCN-MeHd and DABNA-PhCN-Tp, and two
ADBNA-Me derivative molecules, ADBNA-Me-BPy and ADBNA-Me-Cx,
satisfy the value range of A. DABNA-PhCN-Fr and ADBNA-Ph-BPy
with the A of 0.304 and 0.303, respectively, and ADBNA-Ph-Cx with a
large optical pumping emission cross section, are also included in the
further screening. Among them, the electrical pump net emission cross
section of eight molecules, DABNA-PhCN-BFr, DABNA-PhCN-BTp,
DABNA-PhCN-MeHd, ADBNA-Me-BPy, ADBNA-Me-Cx, DABNA-PhCN-
Fr, ADBNA-Ph-BPy, and ADBNA-Ph-Cx, are relatively large, making it
possible to achieve electrical pump laser. The corresponding AEgr,
ohOP ghtele and A of 11 molecules screened above are displayed in
Table 1. The values of S; emission cross section, various absorption cross
sections at Aem, and AEgy for all molecules are displayed in Table S5-S18
in supporting information.

In order to better demonstrate the absorption situation near S;, the
stimulated emission cross section of S; and various above mentioned
absorption cross sections (if any) in the vicinity of the emission wave-
length (£125 nm, with the corresponding energy range +0.5-1 eV) are
plotted in Fig. 5. DABNA-PhCN-ID, ADBNA-Me-BPy and ADBNA-Ph-BPy
suffer from a part of Sy—3S; self absorption, which does not seriously
affect o °P'. Other molecules do not exhibit significant self absorption
nor singlet exciton-induced losses. Except for ADBNA-Ph-Cx, other
candidate molecules have almost no triplet-triplet absorption. All mol-
ecules have almost no polaron absorption. ADBNA-Ph-Cx is no longer
suitable as a laser candidate due to its severe triplet exciton and polaron
-induced losses. The large deviation of A between ADBNA-Ph-Cx and the
minimum value 0.311 X 1077 cm? eV also demonstrates the reliability
of the descriptor, that is, molecules that do not meet the A range have
little potential as candidate molecules for laser materials.

3.4. Photophysical properties of molecules screened by A

The main photophysical parameters for 10 remaining molecules are
listed in Table 2. As can be seen that ADBNA-Ph-BPy has a very small S;
emission rate constant and short excited state lifetime. It indicates that
the molecule may not have luminescent properties, so the possibility of
being a laser candidate molecule is further ruled out. ADBNA-Me-Cx is
also excluded, because it also has a small kS, and a larger kJ.. than kgisc
leading to singlet harvesting less efficient. Altogether, eight molecules,
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Fig. 4. The value of descriptor A for molecules with oscillator strength larger than 0.1. The A of purple triangle is larger than or close to 0.311 X 1077 cm? eV.

Table 1

The energy gap between lowest singlet and triplet states (AEgsr), optical pump

net,opt

net emission cross section (o ), electrical pump net emission cross section

(o61°'°) and descriptor A.
molecule AFEgp U:fefl.opl (>< 10717 O_z;eft.ele (X 10—17 A (sz
(eV) cm?) cm?) eV)

DABNA-PhCN-B 0.245 1.350 0.090 0.331

DABNA-PhCN- 0.258 1.605 0.517 0.414
BFr

DABNA-PhCN- 0.252 1.624 0.919 0.410
BTp

DABNA-PhCN- 0.268 1.406 —1.347 0.377
D

DABNA-PhCN- 0.240 1.528 0.298 0.367
MeHd

DABNA-PhCN- 0.228 1.451 0.070 0.331
Tp

ADBNA-Me-BPy 0.248 2.029 1.320 0.503

ADBNA-Me-Cx 0.189 1.825 0.386 0.344

DABNA-PhCN-Fr 0.214 1.423 0.402 0.304

ADBNA-Ph-BPy 0.142 2.126 1.466 0.303

ADBNA-Ph-Cx 0.081 2.390 0.473 0.194

including DABNA-PhCN-B, DABNA-PhCN-BFr, DABNA-PhCN-BTp,
DABNA-PhCN-ID, DABNA-PhCN-MeHd, DABNA-PhCN-Tp, ADBNA-
Me-BPy, and DABNA-PhCN-Fr, have relatively enormous potential as
laser molecule candidate materials. In a typical four-level system, a large
emission rate constant k¥ corresponds to a small laser threshold, since k,
is directly related to the Einstein’s B coefficient as expressed by the

equation: B (W) k;, which is inversely proportional to the lasing

threshold. Therefore, ADBNA-Me-BPy with large kf and kgisc of 1.90 x
10% and 1.01 x 10% s71, respectively, may have a small laser threshold
and realize electrically pumped lasing. Although the k¥ and kgisc values
of DABNA-PhCN-ID are also very large, its electrical pumping net

emission cross section a‘e‘fft‘ele

is negative, making it impossible to achieve
electrically pumped laser.

Most molecules among the candidates are DABNA-PhCN derivatives.
It indicates that attaching electron withdrawing substituents to rigid

bodies is advantageous for lasers.
4. Conclusion

In conclusion, DFT/TDDFT for electronic structure implemented in
Gaussian and TVCF formalism implemented in MOMAP package for
molecular photophysical parameters are employed to investigate the
potential of 119 MR-TADF molecules as laser candidate materials. A
simple and effective descriptor A is proposed for quick screening the MR-
TADF laser candidate molecules. A equaling to the product of AEsr and

ne9Pt comprehensively considers both the small singlet-triplet energy
gap of TADF molecules and the large emission cross section of laser
molecules. Its value is greater than 0.311 X 10~'” cm? eV for MR-TADF
laser candidate molecules. Based on our theoretical prediction, eight
molecules, DABNA-PhCN-B, DABNA-PhCN-BFr, DABNA-PhCN-BTp,
DABNA-PhCN-ID, DABNA-PhCN-MeHd, DABNA-PhCN-Tp, ADBNA-
Me-BPy, and DABNA-PhCN-Fr, are screened as laser candidate mate-
rials through descriptor A and photophysical properties. Among them,



R. Li and Z. Shuai

6.0x10™"

17 |]DABNA-PhCN-BFr
~  DABNA-PhCN-B 6.0x10™" -
< I\ £ 1A
: E
5’4 ox10" I ‘:‘40 107 (Y
s I s ! \
T =]
g Lo 1 / \
@ 2.0%10" ! \ 2 2.0x10" / \
o ] ] /
S - o -,
© /- /-
| = = o 0.0 —
00 0 600 400 600
‘wavelength (nm) wavelength (nm)
6.0%10°7 |PABNA-PRCN-MeHd 6.0x10" nAaNA-Pnc:J-Tp
! a
5 1 \\ _E_, ,[ \
§ 4.0x10" ! £ 4.0x10"7 \
= ! \ 2 I \
3 3
) ] \ L I \
gz.ono*" ! \ 8 2.0¢10" i \
(5] A o /A B
ool &= = N e T S
400 600 : 00 60
wavelength (nm) wavelength (nm)
6.0x10" DABNA-PhCN-Fr
= " _
" L
5 I £
= 4.0x1077 I g
S c
P o
% e g
L 7 ! \ @
@ 2.0%10 , .
4 \ ]
& / s 5]
=
0.0- Sl =

400
wavelength (nm)

600
wavelength (nm)

Organic Electronics 132 (2024) 107095

ABNA-PhCN-BTp

6.0%107| DABNA-PhCN-ID
’ \

E O
E . 5 4.0x10™7
g g
2 2. @ 2.0x10""
8 ]
o o
2%
0.0 —
400 400
wavelength (nm) wavelength (nm)
ax10"

ADBNA-Me-BPy 2x107 | ADBNAMe-Cx |
- \ -~ 1
"E 3)(1047 5 ] \
H § o
-1 17 =
e 8 ax10m 0!
s - asN, 7YX
- v
51:10" 8 71,7 \
S S 7 0N

& .

0

400 600
wavelength (nm)

400 6
wavelength (nm)

Fig. 5. Theoretically simulated S; emission cross sections and varied absorption cross sections. Black solid line and magenta dashed line correspond to the stimulated
emission cross section and self-absorption cross section of S, respectively. Varied absorption cross sections introduced by S;—S, (blue dashed), T;—T, (rose
madder dashed), Dj— D (blackish green dashed) and D;—D, (fawn dashed) are plotted around the emission wavelength (+125 nm).

Table 2
Theoretical photophysical parameters for 11 candidates.
molecule KehH k6H ks krisc ki Ts1
G G 6™ ©s)
DABNA- 1.55 x 5.40 x 1.77 x 1.19 x 3.03 x 185
PhCN-B 10° 10° 10° 10° 10*
DABNA- 3.56 x 2.06 x 2.41 x 1.97 x 2.20 x 485
PhCN-BFr 10* 10° 10* 10* 10?
DABNA- 3.29 x 2.03 x 129 x  9.85x 7.88 x 492
PhCN-BTp 10* 10° 10* 10% 10
DABNA- 5.27 x 2.96 x 6.29 x 8.05 x 8.29 x 34
PhCN-ID 107 10%° 107 107 10?
DABNA- 2.00 x 6.52 x 3.11 x 1.97 x 2.28 x 153
PhCN-MeHd  10° 10° 10° 10° 102
DABNA- 8.96 x 3.68 x 1.01 x 5.27 x 1.60 x 272
PhCN-Tp 10* 10° 10° 10* 10*
ADBNA-Me- 1.90 x 3.58 x 9.92 x 1.01 x 2.80 x 28
BPy 10° 101° 107 108 10°
ADBNA-Me- 7.57 x 1.38 x 5.64 x 1.45 x 4.38 x 722
Cx 10° 10° 10* 10* 10°
DABNA- 1.19 x 4.42 x 1.63 x 1.03 x 1.29 x 226
PhCN-Fr 10° 10° 10° 10° 10*
ADBNA-Ph- 3.04 x 1.31 x 1.11 x 1.34 x 2.41 x 76
BPy 10 10 102 102 10°

ADBNA-Me-BPy with large emission rate constant of 1.90 x 10 s™! and
reverse intersystem crossing rate constant of 1.01 x 108 571, corre-
sponding to a low laser threshold, is likely to realize electrically pumped
lasing. Excellent performance of laser potential of DABNA-PhCN de-
rivatives indicates that the rigid DABNA skeleton connected with elec-
tron withdrawing substituent -CN could effectively promote the light
amplification. The molecular descriptors and design strategies of MR-
TADF molecules proposed in this work can provide effective guidance
for the development of new laser materials.
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