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Thermally activated delayed fluorescence (TADF) molecules have attracted great attention as high efficient lumines-
cent materials. Most of TADF molecules possess small energy gap between the first singlet excited state (Sy) and the first
triplet excited state (T;) to favor the up-conversion from T; to S;. In this paper, a new TADF generation mechanism is re-
vealed based on theoretical simulation. By systematic study of the light-emitting properties of SOBF-OMe in both toluene
and in aggregation state, we find that the single SOBF-OMe could not realize TADF emission due to large energy gap as
well as small up-conversion rates between S| and T|. Through analysis of dimers, we find that dimers with intermolecular
hydrogen bond (H-bond) are responsible for the generation of TADF, since smaller energy gap between S; and T is found
and the emission wavelength is in good agreement with experimental counterpart. The emission properties of SOBF-H
are also studied for comparison, which reflect the important role of H-bond. Our theoretical results agree ith experimental
results well and confirm the mechanism of H-bond induced TADF.

Keywords: organic light-emitting diodes, thermally activated delayed fluorescence, intermolecular hydrogen

bond, decay rates
PACS: 33.50.j, 33.50.Dq, 33.50.Hv

1. Introduction

Compared with the liquid crystal display (LCD), organic
light-emitting diodes (OLEDs) display, which are thinner pro-
vide better image quality and contrast.!'! On the basis of the
spin-statistics, the ratio of singlet excitons produced in organic
electroluminescent materials is one-quarter, and the ratio of
triplet excitons is three-quarters./>3! For conventional fluores-
cent OLEDs, the internal quantum efficiency (IQE) is much
lower than other OLDEs due to the unavailability of triplet
excitons. Since OLEDs with thermally activated delayed flu-
orescence (TADF) emitters which can obtain luminous sin-
glet and triplet excited states through an effective reverse in-
tersystem crossover (RISC) process were reported to achieve
nearly 100% exciton efficiency, TADF materials have attracted
widespread attention.[*-%1 Although the current application of
TADF-OLED:s is still far inferior to phosphorescent OLEDs,
due to the high cost and limited resources of phosphorescent
materials, TADF-OLED:s still has a lot of room for develop-
ment as next-generation electroluminescent material.[’~!!! For
TADF molecules, the most common structure is the donor—
acceptor (D—A) or D-A-D configuration. The separation of
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) relies on such twisted,
spiral or bulky connection structures, which will effectively

DOI: 10.1088/1674-1056/ac1b91

reduce the overlap between HOMO and LUMO, and thus re-
duce the energy gap between S; and Ty (AEst).!'>"'%! There
is also TADF produced in the host—guest doped system.[!5-17]
The characteristics of the host can directly affect the energy
of the charge transfer (CT) state and the the AEgt of the sin-
glet state and the triplet state.!'®! As host usually has a large
energy gap, the vibration of singlet excitons on the TADF
guest are generally well restricted.!'”) Recent studies have
found that the production of TADF can be assisted by in-
tramolecular or intermolecular hydrogen bonds,?%?!! which
indicates that intra- or intermolecular interactions can also pro-
mote the formation of TADEF, while lack of theoretical verifi-
cation made it difficult to be understood. Therefore, theoreti-
cal studies of the photophysical properties of TADF molecules
with intra- or intermolecular hydrogen bonds will contribute
to the understanding of the TADF luminescence mecha-
nism. In this paper, we focus on 4-(4-((4-methoxyphenyl)
sulfonyl) phenyl) dibenzo[b,d]furan (SOBF-OMe) and 4-
(4-(phenylsulfonyl)phenyl)dibenzo[b,d]furan (SOBF-H) (as
shown in Fig. 1(a), Fig. S1(a)) reported by Chi’s group.?”
Therein, the TADF is observed for the SOBF-OMe in crys-
talline state, while no TADF is observed for it in solvent or
for SOBF-H in crystalline state. It is deduced that the TADF
for SOBF-OMe is generated through intermolecular hydro-
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gen bond. To verify the generation mechanism of TADF
in SOBF-OMe, adopting the quantum mechanics and molec-
ular mechanics (QM/MM) method to simulated the light-
emitting property of two molecules in crystalline state.!>]
Both monomers and dimers are used as models to exploring
the origin of TADF. Our results will help to better understand
the TADF phenomenon in SOBF-OME crystals, and expand
the luminescence mechanism of TADF molecules, thus pro-
moting the development of new multifunctional luminescent

TADF molecules.

2. Theoretical methods

In this work, density functional theory (DFT) was used
to optimize the ground state (Sp). We used the DFT method
to optimize the ground state structures of molecules SOBF-
OMe and SOBF-H. In addition, the excited state properties of
TADF molecules directly determine the luminescence proper-
ties, the time-dependent density functional theory (TD-DFT)
to optimize the excited states. The frequency calculation
of the optimized structure confirms the stability of the ob-
tained geometric structure. In order to simulate the solvent
of toluene, we used the polarizable continuum model (PCM),
which can accurately predict the effect of solvents on TADF
molecules.!?*~2%] The combination of quantum mechanics and
molecular mechanics (QM/MM) is used to simulate the prop-
erties of molecules in the aggregation state which has been

27-301 Meanwhile, we use a two-layer ONIOM

proven reliable. !
model (as shown in Fig. 1(b), and Fig. S1(b)) with the center as
the high layer and the surrounding as the low layer, where the
high layer is calculated using the QM method and the low layer
is calculated using the MM method. Further more, we use the
universal force field (UFF) and TD-DFT methods for the com-
ponents of MM and QM, respectively.*!=33] Three functionals
(TPSSH, B3LYP, BMK) and two range separation function-
als (CAM-B3LYP, ®wB97XD) are tested and the 6-31G(d) ba-
sis set is used (as listed in Table 1). For dimers, the above
functional combined with the empirical dispersion correlation
(GD3) is calculated.®*! The calculated emission wavelengths
of SOBF-OMe and SOBF-H in the solid phase calculated with
the B3LYP functional are found to be similar to the experimen-
tal results. Therefore, the subsequent calculations were carried
out at the level of B3LYP/6-31G(d). Perform the above calcu-
lation process in the Gaussian 16 program. 3!

Table 1. Emission wavelengths calculated value with different functionals
for SOBF-H and SOBF-OMe in aggregation state (in unit nm).

SOBF-H SOBF-OMe
TPSSH 389 457
B3LYP 357 408

BMK 305 311
CAM-B3LYP 299 305
©BY7XD 297 303
Exp. 350 380

prhiglizlayer QM)

Fig. 1. (a) Chemical structures of SOBF-OMe. (b) ONIOM model of SOBF-
OMe: the center molecule is the high layer, and the others molecules are the
low layer.

For the radiative decay rate, the Einstein’s spontaneous
emission formula is
/AR
- 149 cm2-s’
where f represents the oscillator strength and AEj the unit is
the wave number (cm™!) is the energy difference between S;
and Sp.130!

Similarly, the intersystem crossing (ISC) rate can be writ-

ke ey

ten as

1 ~
kisc = -7 <¢f‘HSO

<I>,~>/ de {eim‘fzflplsc ©T)|, 2

where Z; stands for partition function and prsc (¢, T') represents
the thermal vibration correlation function. We also use for-
mula (2) to calculate the reverse intersystem crossing (RISC)
rate. The ISC rate and RISC rates are calculated by MOMAP
(Molecular Materials Property Prediction Package). 373!
The independent gradient model (IGM) is used to mea-
sure interactions between molecules in the aggregated state

due to its accurate visualization.[*?! The equations are as fol-

lows:
g (r) =g M) —g(r), 3)
g(r) =L Vpi(r)], @)
g'M (r) = [y abs[Vp; (1]}, (5)

where i stands for the atomic ordinal number and Vp repre-
sents the gradient vector; abs(Vp) is that every component of
Vp vector takes the absolute value.

Besides, energy decomposition analysis based on the
molecular force field is performed to characterize various
weak interactions.[*!! Most molecular force fields use the form
of pair potential to calculate the electrostatic, exchange repul-
sion and dispersion attraction parts of the non-bonded inter-
action between atoms.*?! The relevant formula applied is as

follows:
Egp = T2, ©)
T'AB
EXY = Exp+Ey )
12

RO

Egp=¢ (AB> , (8)
T'AB
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. RY 6
EWP = —2eap <r::> , )

where A and B are the atomic labels, ¢ stands for the atomic
charge, r is the distance between atoms, € is the depth of the
van der Waals potential well, and RO is the non-bonded dis-
tance between atoms.

3. Results and discussion

The light-emitting properties of monomers are studied
first to check its possible contribution for TADF. Based on the
initial structure in crystal, we optimized the geometry of the
molecule in the ground state (Sp), the first singlet excited state
(S1), and the triplet excited state (Ty) in the toluene and ag-
gregation state respectively. At the same time, the root-mean-
square displacement (RMSD) method in Multiwfn is com-
bined to show the structural differences between the different
states (ground and excited). Moreover, due to different restric-
tion conditions, there is a difference between the optimized
molecular geometry in toluene and the optimized molecular
geometry in the aggregate state as shown in Fig. 2. It can
also be found that there are significant differences between the
dibenzofuran and benzene rings. The RMSD values in toluene
is much larger than that in aggregation state, indicating that
intermolecular interaction could limit the motion of the units
in aggregation when they are excited. For TADF molecules,
the up-conversion process is closely related to the energy dif-
ference between S| and T (AEsT).

Therefore, the adiabatic excitation energies for SOBF-
OMe in toluene and aggregation state are calculated respec-

tively (see Fig. 3). Further more, the calculated AEgt in

(a) S,

0.43 eV 7y -
—— Ty

012 ¢V quu— T
3

A

S,—T,;=1.22eV 0.62eV

A4
1r— TQ, T1

S,—8,=3.75 eV

T1—S;=2.53 eV,
. . L i
R —

toluene and aggregation state is 1.22 eV and 1.08 eV respec-
tively, indicating that AEgt can be reduced by intermolecular
interaction. It also indicates that it is difficult for them to real-
ize up-conversion from T; to S;. In addition, the comparison
of excited state energy levels in toluene shows that Ty, T3, T4,
and T are not only lower than S; but also close to Sy in terms
of energy. It is suggested that not only T; but also T, Tz,
T4, and Ts may participate in ISC and RISC processes. In the
aggregation state (as shown in Fig. 3(b)), we find that the en-
ergy of Sy is 0.01 eV lower than that of Ts. The higher triplet
states that close to S; in energy may favor the ISC process,
which would be disadvantage to the emission. By comparing
the energy structures of molecules in toluene and aggregation
state, it is concluded that the interaction between molecules in
aggregation state will affect the energy level structure and the
ISC and RISC processes of the excited state.

(a) (b) ()

toluene
Sy vs. S
RMSD =0.410 A

toluene
Sy vs. Ty
RMSD =0.796 A

toluene
S, vs. T,
RMSD =0.419 A

(d) (e) (0 m

solid solid solid
Sy vs. Sy S; ws. Ty S vs. Ty
RMSD =0.092 A RMSD =0.075 A RMSD =0.114 A

Fig. 2. Geometry difference between S (blue), S; (red), and T; (black) in
toluene [(a), (b), (c)] and in aggregation state [(d), (e), (f)].

b
(b) S, o— T
0.28 eV 2
T,
0.25 eV % T,
S;+T; =1.08 eV A '
0.56 eV v
— T, T,
A ’
S1—80=3.69 eV
T,—Sy=261eV g
So

Fig. 3. Energy levels for SOBF-OMe in toluene (a) and in aggregation state (b) respectively.

In order to further elucidate the excited state transition properties of SOBF-OMe, we analyzed the natural transition orbital
(NTO) and the corresponding transition properties of SOBF-OMe (as shown in Fig. 4). Through the transformation of molecular

orbital, we qualitatively describe the mechanism of electron excitation. [43.44] The local excited (LE) state (with the LE compo-

nents are 75%—-100%) predicts a large orbital overlap. While the charge transfer (CT) state with strong charge transfer properties

(with the LE components are 0%—40%) leads to a small S;-T energy gap due to significant orbital separation. The hybridized
local and charge transfer (HLCT) excited state (with the LE components are 40%—75%) is the LE and CT are mixed, with both

123302-3
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LE and CT properties.[*>*7] Figures 4(a) and 4(b) show the NTOs of S; and Ty obtained by Multiwfn in toluene and aggregated
state. We can intuitively see that S; is a typical hybridized local and charge-transfer excited state, there is significant overlap in

the conjugation chain between electron and hole, whether it is in toluene or in aggregation state. However, the transitions of the

triplet state are mainly distributed in the benzene ring and the dibenzofuran group, except for the T3 state. The aggregation state
has little effect on the transition properties, compared with that in toluene.

66% 85% 75%

Mi“ «ﬁ‘ m‘% W‘ﬁ::é "“wﬁ; "’*«-%,g,&,

S,(HLCT) T,(LE) T,(LE)

67% 85% 75%

iasi %asg;i ?aotge *«; 293 f

S,(HLCT) T,(LE)

c

<

83% 73% 59%

T4(LE) T,(HLCT) T;(HLCT)
? 5 ;‘4
999 R
-9 9
@ 9o
>d ° M
Pl
84% 73% 61%

T3(LE T,(HLCT) T4(HLCT)

Fig. 4. NTOs for S; and Ty sates of SOBF-OMe for monomer in toluene (a) and aggregation state (b) respectively (isovalue is 0.02).

Based on the energy levels of excited states, the ISC pro-
cesses from S| to Ty should be quite possible in both toluene
and aggregation state. The ISC process is not only related to
AEgT, but also to the spin—orbit coupling (SOC) constant. Ta-
ble 2 lists the SOC values in toluene and aggregation state,
calculated with the quadratic response function method in Dal-
ton package.*3] In aggregation state, the ISC rate between
S; and T; (2.03 x 107 s7!) is greater than that in toluene
(8.89 x 10°
in toluene. The RISC rates are also calculated based on the

s~ 1), may be induced by the small SOC constant

SOC values calculated in triplet states. The values are all quite
small due to the large energy gap between them. Although the
RISC values from Ts to S; is comparable to the ISC value,
it is meaningless since little excitons would distribute on Ts.
It proves that it is impossible for the RISC process to happen
in the single molecule. Moreover, the radiation decay rate in
toluene is 4.43 x 108 s~!, which is larger than that in aggre-
gate state (5.23 x 107 s~1). The main reason should be that
the energy difference between S; and Sp in aggregate state
(3.69 eV) is smaller than that of toluene (3.75 eV). The non-
radiation rate in aggregation (1.06 x 10'! s71) is a little lower

than that in toluene (2.92 x 10'! s=1), which may be induced
by the confinement of the surroundings.

Table 2. Spin-orbit coupling (SOC) constant, intersystem crossing (ISC)
rate, and reverse intersystem crossing (RISC) rate between Sy and Ty .

Neled kisc socP krisc
State

(em™h) s (em™h) shH
S;-T; 0.143 8.89x10° 0077 4.87x107°
S-T, 0.054 127x10° 0.031 3.06x10°°
Toluene S;-T3 0.630 4.96x107 0205 1.24x10°*
Si-Ty 0816 1.66x107 0864 7.31x107!
S-Ts 0.08 1.17x10> 0250  1.11x103
Si-T; 0731 2.03x107 0224 145x107°
Si-T, 0.667 1.02x10% 0401 3.43x1073
Aggregation S;-T3  0.633  3.83x107 0506 9.41x 1072
S;-T4 2010 7.03x10% 0639 3.12x10°
S-Ts 1360 1.28x10° 0286  1.63x10°

Notes: ?Calculated based on the optimized geometry of S;.
bCalculated based on the optimized geometry of Ty.

The photophysical properties for SOBF-H are also stud-
ied in both toluenet and aggregation state. From the energy
level of the excited state (see Fig. S2), we find that the excited
state energy level of SOBF-H is similar to the SOBF-OMe

123302-4
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molecule. In aggregation state, the energy gap between S the SOC constant between S; and Ts in aggregate state is
and Ty (1.18 eV) is slightly larger than that for SOBF-OMe decreased to (0.368 cm™!) and the ISC rate is increased to
(1.08 eV). The transition orbitals change slightly between the (4.30 x 107 s71) (see Table S1). The RISC rate between S;
two molecules (see Fig. S3), where the LE component for  and Ts of SOBF-H (4.44 x 10! s~!) is so small, it is difficult
SOBF-H decreases in S; and increases in T;. In addition, to produce thermally activated delayed fluorescence.

(b)

(b)

T L L
p>0 Xy<0 p=0 Ay=0 p>0 X>0
H bond Van der Waals Steric hindrance

Fig. 5. Intermolecular interactions for several dimers described [SOBF-H (a) and SOBF-OMe (b)] through the IGM method.
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In experiment, TADF was found for the SOBF-OMe in
aggregation. Our calculation results of single molecules indi-
cates that TADF could not be contributed by single molecules.
Thus dimers which may contribute to TADF emission are stud-
ied. Based on the crystal structure of SOBF-H and SOBF-
OMe, several dimers are studied, and the interaction between
molecules was analyzed by the IGM method (see Fig. 5).
Based on the energy decomposition of the AMBER force
field, the interaction energy between neighboring molecules
is shown in Table 3. For SOBF-OMe it can be seen that the
intermolecular interaction of dimer-2 and dimer-4 is weaker,
and the intermolecular interaction of dimer-1 is the strongest.
Through further analysis, it is found that the dispersion be-
tween the two molecules dominates the intermolecular inter-
action. In addition, there is a 7—x interaction in dimer-5, it is
mainly the 7—7 interaction between dibenzofuran groups. In
the same way, 71— interaction also exists in dimer-3, and the
7m—7 stacking exists in the donor benzene ring. For SOBF-H
the intermolecular interaction of dimer-1 and dimer-2 is weak.
Through further analysis, we find that the dispersion between
the two molecules dominates the intermolecular interaction.
Using IGM analysis, it is found that SOBF-OMe dimer-2 and
dimer-4 have obvious intermolecular hydrogen bond interac-
tions. Itis also found that dimer-3 and dimer-5 have significant
7m—n interraction. Then several pairs of dimers for SOBF-H
and SOBF-OMe are optimized with the QM/MM model. The
emission wavelengths and the S;—T; energy gap for all the
dimers are shown in Table 4. It can be seen that the calculated
emission wavelengths of dimer-2 and dimer-4 for SOBF-OMe
consistent with the experimental results of TADF. In addition,
the AEgT of S1 and T; in dimer-2 is also much smaller than

other dimers, which also predicts the possible up-conversion
from triplest states to S;. The NTOs of SOBF-H and SOBF-
OMe dimer are also analyzed (see Fig. S4). It is found that
both two dimers of SOBF-H have delocalized NTOs with elec-
tron distributed on both two molecules and significant overlap
can be found for transition orbitals. However, the NTOs for
dimers except for dimer-5 of SOBF-OMe indicate that elec-
trons transit from one molecule to the other when they are
excited. Although dimer-5 has strong 7—7 interaction, it is
meaningless to the TADF emission. It favors the emission of
phosphorescence. For the energy diagram of excited states, we
can find that there are several states lying between S| and T,
which may favor the ISC process and the emission of phos-
phorescence (see Figs. S5 and S6). The calculated wavelength
of T for all the dimers is also in consistent with the experi-
mental result, which further illustrates that dimers except those
with H-bond may favor the phosphorescence emission (see Ta-
ble S2). Therefore, we believe that the intermolecular H-bond
could induce smaller S;—T energy gap, thus the TADF could
be generated. Dimers with 7—x interaction would favor the
phosphorescence emission.

Table 3. Intermolecular interaction energy including electronic, repulsion,
and dispersion interactions in several dimers studied.

Compounds System Electrostatic Repulsive Dispersion — Total
(kJ/mol) (kJ/mol)  (kJ/mol) (kJ/mol)

SOBF-H d?mer—l 0.08 451 —13.10 —8.51
dimer-2 —1.01 8.93 —19.59  —11.67

dimer-1 —2.92 19.90 -70.23  —53.25

dimer-2 —3.82 7.55 —23.29 —19.55
SOBF-OMe  dimer-3 1591 31.70 —98.76  —51.15
dimer-4  —24.25 66.54 —81.15  —38.86

dimer-5 1.30 27.87 —-80.50 —51.33

Table 4. Calculated fluorescence wavelength, AEgt and oscillator strength of SOBF-OMe and SOBF-H for dimer based on their single crystal structures

using TD-DFT method.

SOBF-H SOBF-OMe
dimer-1 dimer-2 dimer-1 dimer-2 dimer-3 dimer-4 dimer-5
Wave (nm) 361 364 393 461 373 440 373
AEgst (eV) 1.14 1.08 0.91 0.52 1.08 0.64 0.99
f(S1—So0) 0.1708 0.0565 0.0010 0.0001 0.0981 0.0004 0.0060
Exp. 350 476

4. Conclusion

The excited state properties and decay rates of SOBF-
OMe in toluene and aggregation state are studied respectively.
The results show that the intermolecular interaction could limit
the geometric change of molecules when they are excited in
aggregation state. The energy gaps between Sjand T; are
reduced to some extent, while the transition properties have
little changed. Theoretical simulation of the single molecu-
lar emission in toluene and in aggregation state agrees well

the prompt fluorescence and phosphorescence. It is also indi-
cated that TADF could not be generated by single SOBF-OMe
molecules but dimers with intermolecular H-bond in crystal.
In addition, emission properties of SOBF-H are also investi-
gated for comparison, which shows that dimers without inter-
molecular H-bond are unable to generate TADF. Our calcula-
tion results confirms experimental results that TADF could be
induced by dimers with intermolecular H-bond, although that

single molecules with large S1—T; energy gap have no contri-
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bution to it. The results would favor the development of new

type light-emitting molecules with TADF emission.
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