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ABSTRACT: Excited state properties of a thermally activated delayed
fluorescence molecule (4-(10H-phenoxazin-10-yl)phenyl)(dibenzo-
[b,d]thiophen-2-yl)methanone (DBT-BZ-PXZ) are theoretically stud-
ied in liquid (tetrahydrofuran (THF)) and solid phases, respectively.
Solvent environment in THF is considered by polarizable continuum
model (PCM) and the molecule in solid phase is investigated by a
combined quantum mechanics and molecular mechanics (QM/MM)
method. Results show that the geometrical changes between ground
state (S0) and lowest singlet excited state (S1) are hindered in solid
phase by the restricted intramolecular rotation (RIR) and restricted
intramolecular vibration (RIV) effects, which brings smaller values of
Huang−Rhys (HR) factors and reorganization energies compared to
those in liquid phase. Thus, nonradiative energy consumptions are
suppressed and enhanced fluorescent efficiency is found in solid phase. The calculated prompt fluorescence efficiency (ΦPrompt)
and delayed fluorescence efficiency (ΦTADF) in solid phase are 14.2% and 31.2% respectively, which demonstrates the aggregation
induced emission (AIE) mechanism for DBT-BZ-PXZ. Moreover, temperature dependence of the reverse intersystem crossing
(RISC) rate is theoretically illustrated. Furthermore, a hybridized local and charge transfer (HLCT) property of the lowest triplet
excited state (T1) is found. This transition feature brings a large spin−orbit coupling (SOC) constant and a small energy gap
(ΔEst) between S1 and T1, which facilitates the RISC process. Our calculations give reasonable explanation for the previous
experimental measurements and provide underlying perspectives for nonradiative assumptions of excited state energy.

1. INTRODUCTION
Recently, organic light emitting diodes (OLEDs) have attracted
significant attention as next generation full color display
devices, and they are beginning to be widely used in mobile
phones, OLED television sets and solid-state lighting
sources.1−3 According to spin statistics, the singlet and triplet
excitons are generated with the ratio of 1:3.4−6 For conven-
tional fluorescent OLEDs, only singlet excitons (25%) can be
used and all triplet excitons (75%) are wasted, this brings low
internal quantum efficiency (IQE) for fluorescent OLEDs. In
contrast, phosphorescent OLEDs can achieve full exciton
utilization due to the strong spin orbit coupling enabled by the
presence of heavy metal atoms such as iridium and
platinum.7−10 However, the phosphorescent materials are
limited to Ir and Pt complexes, thus both fluorescence and
phosphorescence OLEDs have advantages and disadvantages.
Until 2012, Adachi’s group successfully achieves 100% IQE by
the use of pure organic thermally activated delayed fluorescence
(TADF) OLEDs.11−13 TADF is a promising mechanism for
converting triplet excitons to singlet states by the reverse
intersystem crossing (RISC) from lowest triplet excited state
(T1) to lowest singlet excited state (S1) under thermal
activation. According to the equation kRISC ≈ exp (−ΔEst/

kBT) where kB is the Boltzmann constant, T is the temperature
and ΔEst is the energy gap between S1 and T1, we know a small
ΔEst plays an important role in realizing fast RISC.14

A c c o r d i n g t o t h e e q u a t i o n
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, one effec-

tive way to obtain a small ΔEst is decreasing the overlap
between highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), success has
been achieved in many previous works.15 However, a stubborn
problem for TADF materials in practical application is that
most TADF emitters suffer from aggregation-caused quenching
(ACQ) in solid phase. Thus, TADF emitters have to be
dispersed into host matrices to suppress the effect of ACQ and
exciton annihilation.16,17 Fortunately, Tang et al. find the
aggregation-induced emission (AIE) materials which show a
wide application in medicine and biology and so on.18

Furthermore, TADF materials with AIE feature show promising
applications in optoelectronic devices and corresponding
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investigations become research hotspots because these AIE-
TADF-OLEDs are anticipated to contribute to high efficiency,
low roll-off, and low-cost nondoped OLEDs.19−22 However, the
mechanisms of TADF and AIE are still unclear. Fundamental
factors that lead to enhanced emission of dyes in viscous and
solid state environments are of ongoing interest.
In this work, we perform a detailed study on the latest

reported TADF molecule (4-(10H-phenoxazin-10-yl)phenyl)-
(dibenzo[b,d]thiophen-2-yl)methanone (DBT-BZ-PXZ) based
on first-principles calculations. DBT-BZ-PXZ exhibits prom-
inent AIE and TADF properties, and remarkably high
performance electroluminescence (EL) efficiency with small
efficiency roll-off is detected.23 Photophysical properties of
DBT-BZ-PXZ in tetrahydrofuran (THF) solution is theoret-
ically investigated by using the polarizable continuum model
(PCM).24 Besides, in order to take the environment effect of
the molecule in film into consideration, the combined quantum
mechanics and molecular mechanics (QM/MM) method is
adopted.25−28 Furthermore, the nonradiative rate as well as the
intersystem crossing (ISC) rate and reverse intersystem
crossing (RISC) rate are calculated based on the thermal
vibration correlation function (TVCF). Finally, the excited state
dynamics for DBT-BZ-PXZ with TADF and AIE mechanisms
in solid phase is illustrated, and the experimental measurements
are reasonably elucidated.

2. THEORETICAL METHOD

For TADF systems, the total fluorescence efficiency (ΦF)
includes prompt fluorescence (PF) efficiency (ΦPF) and
thermally activated delayed fluorescence (TADF) efficiency
(ΦTADF). The photoluminescence (PL) quantum efficiencies of

PF and TADF can be written as Φ = + +
k

k k kPF
r

r nr ISC
and

Φ = ΦΦ Φ
− Φ ΦTADF 1 PF

ISC RISC

ISC RISC
, where ΦISC and ΦRISC are the

intersystem crossing (ISC) efficiency and reverse intersystem
crossing (RISC) efficiency, respectively.29 Schematic of the
different transition processes is shown in Figure S1, kr is the
radiative decay rate from S1 to ground state (S0), knr is the
nonradiative decay rate from S1 to S0 and kISC is the ISC rate
from S1 to T1. Thus, in order to obtain the luminescence
efficiency, we should first calculate the rate parameters.
The radiative decay rate is calculated by Einstein

spontaneous emission equation as follows

=
Δ

k
f E

1.499r
fi

2

(1)

Here f is oscillator strength and ΔEfi is the vertical emission
energy with the unit of wavenumber (cm−1).
As for the nonradiative decay rate, it is deduced based on

first-order perturbation theory and the Fermi’s golden rule
(FGR)

∑π δ=
ℏ

| | −k P H E E
2
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,

,
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Here Piv is the initial state Boltzmann distribution function and
H is the interaction between two different Born−Oppenheimer
states, it contains two components

̂ Ψ = ̂ Φ Θ + ̂ Φ ΘH H r Q Q H r Q Q( , ) ( ) ( , ) ( )iv
BO

i iv
SO

i iv (3)

Here ĤBO is the nonadiabatic coupling and ĤSO denotes the
spin−orbit coupling. The nonradiative decay rate constant from
S1 to S0 can be written as

∑ ∑π δ=
ℏ
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Figure 1. (a) Chemical structure of DBT-BZ-PXZ. (b) Atomic labels, interesting bond lengths, bond angles, and dihedral angles. (c) ONIOM
model: surrounding molecules are regarded as the low layer and the centered DBT-BZ-PXZ is treated as the high layer. (d) Intermolecular
interactions of the DBT-BZ-PXZ crystal.
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Here Rkl = ⟨Φf |P̂fk|Φi⟩⟨Φi|P̂f l|Φf⟩ is the nonadiabatic electronic

coupling. Zi is the partition function. ̂ = − ℏ ∂
∂P ifk Q fk

represents

the normal momentum operator of the kth normal mode in the

final electronic state. Following the equations =δ
∂

∂
δLf j k

q

Q,
j

fk
and

=δ δ δq M Rj j, where Rj is the Cartesian coordinate of the δth

atom along the jth direction, the electronic coupling term at the
equilibrium position is

⟨Φ | ̂ |Φ⟩ = − ℏ Φ ∂
∂

Φ = − ℏ
Φ Φ

−

∂
∂

P i
Q

i
E Ef fk i f

fk
i

f
U

Q i

i f

0 0

0 0
fk

(5)

U is the electron−nuclear potential term in the Hamiltonian.

Φ Φ = −∑ ∑δ τ δτ δτ
∂

∂ = →
δ

δ
E Lf

U
Q i

Z
M x y z i f k

0 0 e
, , , ,

fk

2

, Ei→f,δτ is the

transition electric field and it can be calculated by time-
dependent density functional theory directly. On the basis of
the Franck−Condon principle and applying the Fourier
transform of the delta function, the eq 4 can be written as

∫∑ ρ=
ℏ

ω

−∞

∞
−k R t Z t T

1
d [e ( , )]nr

kl
kl

i t
i ic kl2

1
,

if

(6)

Here ρic,kl (t,T) is the thermal vibration correlation
func t ion (TVCF) and i t can be expres sed as

ρ = ̂ ̂τ τ− ̂ − ̂t T Tr P P( , ) ( e e )ic kl fk
i H

fl
i H

,
f f i i . Similarly, the intersystem

crossing rate constant between two electronic states with
different spin states is written as

∫ ρ=
ℏ

⟨Φ | ̂ |Φ⟩ ω
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d [e ( , )]ISC f
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Both the methodology and application of this formalism can
be found in Peng’s and Shuai’s works.30−32 Besides, the
vibration-mode mixing effect can be taken into accounts as

= ∑ +−Q S Q Dik l
n

kl fl k
3 6 . Here, S is the Duschinsky rotation

matrix representing the mixing of normal modes in the initial
and final states and the vector Dk is the displacement along the
normal mode k. All these parameters and reorganization
energies can be projected onto the internal coordinate by
Reimers’ algorithm.33

3. COMPUTATIONAL DETAILS
The ground state geometry of DBT-BZ-PXZ (as shown in
Figure 1a) is optimized by density functional theory (DFT)
method and the photophysical properties of excited states are
studied by time-dependent density functional theory (TD-
DFT). The properties of excited states are functionals
dependent especially for donor−acceptor type structures.
Thus, an optimal functional should be determined for our
investigated DBT-BZ-PXZ. On the basis of the ground state
structure, some ingenious approaches such as LC-wPBE
method, LC-BLYP method, NTO method and optimal
Hartree−Fock (OHF) method are proposed and well applied
to calculate the S1−T1 gap for TADF molecules.34−39 In this
work, the emission wavelength of the DBT-BZ-PXZ in solid
phase is calculated by using different functional with different
percentage of HF exchange (HF%), corresponding data are

listed in Table 1. The emission wavelength of the DBT-BZ-
PXZ in solid state is 528 nm calculated by BMK functional,

which is in better agreement with the experimental value (549
nm in the neat film). Consequently, the BMK functional with
6-31G(d) basis set is adopted in our following calculations.
In order to investigate the case in solid phase, we perform

calculations by using the combined quantum mechanics and
molecular mechanics (QM/MM) method with two-layer
ONIOM approach.40 The computational model is built based
on the X-ray crystal structure as shown in Figure 1c. The
central single molecule is regarded as high layer and calculated
by QM method. The surrounding molecules are treated as MM
part which is defined as the low layer. The universal force field
(UFF) is adopted for the MM part and the electronic
embedding is selected in our QM/MM calculations. Beside,
molecules of MM part are frozen during the QM/MM
geometry optimizations for S0, S1 and T1 states. All these
calculations are performed in Gaussian 09 package.41

On the basis of the calculated electronic structure data, the
normal-mode analyses are carried out by the DUSHIN
program.33 Furthermore, the nonradiative decay rate from S1
to S0, ISC and RISC rates between S1 and T1 in THF and solid
phase are all calculated by MOMAP (Molecular Materials
Property Prediction Package) which shows superiority in
describing and predicting the optical properties of the
polyatomic molecules.

4. RESULTS AND DISCUSSIONS
4.1. Molecular Geometries. Molecular geometry deter-

mines both the electronic structures and photophysical
properties. Thus, the geometric structures of DBT-BZ-PXZ
for S0, S1 and T1 states are both theoretically studied in THF
and solid phase by BMK functional with 6-31G(d) basis set.
Detailed parameters for interesting bond lengths, bond angles
and dihedral angles (marked in Figure 1b) are collected in
Table 2. Comparing data of S0 and S1 in THF and in solid
phase respectively, we know that the dihedral angle of θ2 and
θ4 changes 10.9° and 18.9° respectively in THF, and these
changes become 12.5° and 7.9° in solid phase. Thus, the
rotation motion of θ4 is restricted in solid phase by the
intermolecular interaction which is shown in Figure 1d
measured by the reduced density gradient (RDG) function

which is expressed as =
π

ρ
ρ
|∇ |rRDG( ) r

r
1

2(3 )
( )

( )2 1/3 4/3 , where ρ(r) is

the total electron density.42 In this calculation, a dimer is
selected from crystal data and calculated by QM method with
the consideration of dispersion effect. Remarkable intermo-
lecular π−π interaction between two PXZ units and CH−π
interaction between PXZ and DBT units can be found through

Table 1. Emission wavelengths calculated by adopting
different functionals for molecule in solid phase are listed

HF (%) solid (nm)

O3LYP 11.61 1085
B3LYP 20 757
PBE0 25 680
BMK 42 528
M062X 54 462
wB97XD − 419
expa − 549

aExp is experimental data.
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Table 2. Geometry Parameters of S0, S1, and T1 States in THF and Solid Phasea

DBT-BZ-PXZ

THF solid exp

S0 S1 T1 |ΔS0−S1| |ΔS1‑T1| S0 S1 T1 |ΔS0−S1| |ΔS1‑T1| S0

θ1 51.2 44.1 44.6 7.1 0.5 62.6 56.3 60.8 6.3 4.5 61.6
θ2 79.2 90.1 58.1 10.9 32.0 64.1 76.6 65.9 12.5 10.7 65.5
θ3 25.0 32.7 32.6 7.7 0.1 43.9 43.2 45.4 0.7 2.2 47.8
θ4 27.7 8.8 9.9 18.9 1.1 16.1 8.2 11.7 7.9 3.5 10.5
α1 120.2 117.2 117.6 3.0 0.4 120.3 119.0 119.1 1.3 0.1 119.9
α2 120.3 120.9 121.1 0.6 0.2 118.5 118.4 118.3 0.1 0.1 119.1
α3 119.5 121.9 121.3 2.4 0.6 121.2 122.6 122.6 1.4 0.0 121.0
B1 1.505 1.513 1.512 0.008 0.001 1.508 1.512 1.514 0.004 0.002 1.496
B2 1.509 1.448 1.449 0.061 0.001 1.501 1.452 1.450 0.049 0.002 1.489
B3 1.426 1.427 1.407 0.001 0.020 1.421 1.442 1.426 0.021 0.016 1.429
B4 1.219 1.255 1.253 0.036 0.002 1.217 1.248 1.246 0.031 0.002 1.221

aθ, α, and B (marked in Figure 1b) represent the dihedral angle, bond angle and bond length, respectively. Δ represents the variation between two
states.

Figure 2. Geometry comparisons between S0 (black), S1 (red) and T1 (blue) in THF (a, b) and solid phase (c, d).

Figure 3. Adiabatic excitation energies for DBT-BZ-PXZ in THF (a) and the solid phase (b), respectively.
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analyzing the crystal. Besides, the variation of central CO
unit is hindered in solid through analyzing the changes of bond
length and bond angle in THF and solid phase, respectively.
The root of the mean of squared displacement
( R M S D ) w i t h t h e e x p r e s s i o n

=

∑ − ′ + − ′ + − ′x x y y z z

RMSD

[( ) ( ) ( ) ]i
n

i i i i i i
1
N

atom 2 2 2

, i s an

effective tool to quantitatively characterize the geometric
changes, and the value of RMSD between two states is
calculated by Multiwfn.43 It is found that the geometric changes
between S0 and S1 in THF are more significant than that in
solid phase with the RMSD value is 0.325 Å and 0.114 Å
respectively shown in parts a and c of Figure 2. Thus, the
nonradiative energy consumption path is hindered and
enhanced fluorescence efficiency can be expected in solid
phase. In order to illustrate the influence of molecular
surrounding environment on S1 and T1 geometries, RMSD is
calculated and comparisons are shown in Figure S2. Large
values of RMSD and obvious changes can be found. This
means the necessity of investigation for molecule in solid phase.
Furthermore, for investigating the ISC and RISC processes, the
geometry parameters are compared between S1 and T1 states.
In THF, θ2 changes 32° when molecule transfers from S1 to T1,
and a restricted rotation is found in solid phase with the change
of θ2 decreases to10.7°. The central CO unit is slightly
changed. Besides, visible comparisons between S1 and T1 in
THF and solid phase are shown in Figure 2b and 2d, the value
of RMSD in solid phase is 0.089 Å which is much smaller than
that in THF (RMSD = 0.586 Å) and this indicates a small
variation of the reorganization energy for the ISC and RISC
processes. In order to provide benchmarking results, calcu-
lations with the consideration of dispersion (BMK-GD3BJ) are
carried out and corresponding data are collected in Table S1.
Different geometry changes in the transition process in THF
and solid phase are shown to have close relationship with the
photophysical properties in the following section.
4.2. Energy Gap and Transition Property. For TADF

molecules, the energy gap (ΔEst) between S1 and T1 plays an
important role for the RISC process. Thus, the adiabatic
excitation energies for DBT-BZ-PXZ in THF and solid phase
are calculated as shown in Figure 3. The calculated ΔEst is 0.11
eV in THF and it decreases to 0.06 eV in solid phase.
Moreover, it is corresponding well with the experimental value
(0.09 eV) that is determined from the onsets of fluorescence
spectra at room temperature and phosphorescence spectra at
77 K. As Gibson and Penfold point out, the vibronic coupling
effect between the lowest local excitation triplet (3LE) and
lowest charge transfer triplet (3CT) can facilitate the RISC for
TADF.44,45 No additional energy level is found between S1 and
T1 for DBT-BZ-PXZ. Thus, this effect can be neglected.
Moreover, the transition properties of excited states play an

important role in determining the excited state properties.
Natural transition orbital (NTO) analyses of S1 and T1 in THF
and solid phase are performed respectively, and the highest
occupied natural transition orbital (HONTO) and the lowest
unoccupied natural transition orbital (LUNTO) are calculated.
As shown in Figure 4, HONTO and LUNTO predominates the
transition for S1 and T1. As for S1, it is a typical charge transfer
(CT) state with the HONTO is localized in PXZ unit and
LUNTO is mainly distributed on the BZ unit, such efficient
separation between HONTO and LUNTO brings small ΔEst
(0.06 eV). However, for T1, a hybridized local and charge

transfer (HLCT) feature can be seen both in THF and solid
phase with remarkable overlap between HONTO and LUNTO
in BZ unit. Previous investigations show that the 3LE often
brings a stable triplet state with enhanced RISC from 3LE to
1CT, and 3CT can result a small energy gap between 1CT and
3CT.46 Thus, the HLCT state possesses the advantage of 3LE
and 3CT, and efficient RISC process from T1 to S1 can be
expected.

4.3. Huang−Rhys Factor and Reorganization Energy.
Huang−Rhys (HR) factor and reorganization energy are two
effective parameters to measure the nonradiative consumption
of excited state energy. Schematic representation of the
adiabatic potential energy surfaces (PES) for S0 and S1 is
shown in Figure S3. Reorganization energy is calculated by
normal mode (NM) method with the consideration of zero-
point energy (ZPE) corrections. To figure out the structure−
property relationship during the energy conversion process
from S1 to S0, the HR factors are first calculated according to

the equation =HRk
w D

2
k k

2

. Here, ωk represents the vibration

frequency and Dk is the normal coordinate displacement of
mode k. Then, HR factors versus the normal-mode frequencies
in THF and solid phase are drawn in Figure 5a and 5b. For
DBT-BZ-PXZ in THF, the large values of HR factor are all in
low frequency regions (<200 cm−1) such as 1.46 (13.30 cm−1),
3.64 (21.31 cm−1), 2.33 (52.78 cm−1), and 1.97 (92.54 cm−1)
which correspond to the rotation of dihedral angles as shown in
the insets. While for DBT-BZ-PXZ in solid phase, HR factors
are all decreased with the largest one is 2.00 (68.55 cm−1).
Thus, geometry variations are restricted by the intermolecular
interaction in solid phase and this result is corresponding well
with the above geometry analysis in section 4.1 with a
decreased RMSD is 0.114 Å in solid phase compared with that
in THF (RMSD = 0.325 Å). Nonradiative energy con-
sumptions can be suppressed due to aggregation and enhanced
fluorescent efficiency can be expected in the solid phase.
Besides, the reorganization energies versus the normal-mode
frequencies in THF and solid phase are shown in Figure 5,

Figure 4. Transition characteristics for S1 and T1 sates of DBT-BZ-
PXZ in THF (a) and solid phase (b), respectively (isovalue = 0.02).
The value above every arrow represents the ratio of depicted NTOs in
the corresponding transition.
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parts c and d. The largest one comes from CO bond
vibration both in THF (1813.24 cm−1) and solid phase
(1829.69 cm−1), and remarkable reduction can be found both
in low and high frequency regions.
Furthermore, in order to better illustrate the relationship

between molecular geometry and nonradiative energy dis-
sipation, the reorganization energies are all projected onto the
internal coordinate both in THF and solid phase. The
contributions from bond length, bond angle and dihedral
angle are shown in Figure 6, and corresponding data are
collected in Table 3. Results show that the bond length
contribution to reorganization energies takes the major part
with the ratio 67.4% (237.1 meV) in THF and 70.1% (196.8
meV) in solid phase, respectively. Besides this, the decreased
reorganization energy (70.8 meV) from THF to solid phase
mainly comes from the decrement contributed by bond length
(40.3 meV) and dihedral angle (29.4 meV), and all of these
changes are related to the motion of central CO unit.
Thus, from detailed analysis for HR factors and reorganiza-

tion energies in THF and solid phase as well as their changes
from THF to solid phase, we know that two kinds of mode are
responsible for the nonradiative decay: one is the low frequency
twisting motion of dihedral angle θ4 and the other is the high
frequency stretching motion of bond length B4. All these
motions are effectively hindered through the restricted
intramolecular rotation (RIR) effect and restricted intra-
molecular vibration (RIV) effect, respectively. So, the non-
radiative energy consumptions of the excited state are hindered
in solid phase, and the aggregation induced emission (AIE)

mechanism is revealed for DBT-BZ-PXZ; more evidence is
provided in the following section.

4.4. Excited State Dynamics. In this section, the excited
state dynamics of DBT-BZ-PXZ is illustrated, the prompt
fluorescence and delayed fluorescence efficiency are calculated.
As we know, the ISC and RISC processes are not only related
to the adiabatic energy gap between S1 and T1, but also have
relationship with the spin−orbit coupling (SOC) between

Figure 5. Calculated HR factors versus the normal-mode frequencies in THF (a) and solid phase (b) as well as the reorganization energies versus the
normal-mode frequencies in THF (c) and solid phase (d), respectively. Representative vibration modes are shown as insets.

Figure 6. Contribution ratios to the reorganization energy from bond
length, bond angle and dihedral angle of DBT-BZ-PXZ in THF and
solid phase, respectively.
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singlet and triplet states. The SOC constants (with the unit of
cm−1) between S1 and T1 are calculated both in THF and solid
phase by the Dalton 2013 package.47 Corresponding data are
collected in Table 4. Results show that the SOC constant based

on T1 structure is 0.757 cm−1 in THF and 0.700 cm−1 in solid
phase, and they are larger than that calculated based on S1
geometry. This is related to the transition properties of T1. As
illustrated in section 4.2, T1 possesses the HLCT feature which
can facilitate the conversion between S1 and T1. Furthermore,
we calculate the radiative and nonradiative decay rates from S1
to S0, as well as the ISC and RISC rates between S1 and T1 both
in THF and solid phase. Finally, the prompt fluorescence
efficiency (ΦPrompt), delayed fluorescence efficiency (ΦTADF)
and the total fluorescence efficiency (ΦF) are obtained by the
equation shown in theoretical method section. All calculated
data and experiment values are listed in Table 5. It can be seen
that the radiative decay rate in solid (9.30 × 106 s−1) is about 2
orders of magnitude larger than that in THF (7.45 × 104 s−1),
this is caused by the enlarged transition dipole moment for
DBT-BZ-PXZ in solid phase (2.09 D) compared with that in
THF (0.19 D). Besides, the calculated nonradiative decay rate
Knr in solid phase (2.05 × 107 s−1) is about 3 orders of
magnitude smaller than that in THF (2.03 × 1010 s−1). This is
corresponding well with the restricted geometry changes and
decreased HR factors and reorganization energies in solid
phase. Moreover, the calculated ISC rate in solid phase (3.55 ×
107 s−1) is larger than that in THF (1.75 × 105 s−1), and this is
due to the decreased S1−T1 gap and increased SOC constant in
solid phase. Moreover, different molecular geometries of S1 and
T1 bring different transition properties for S1 (CT) and T1
(HLCT), this further affects the RISC process. As for the RISC
rate, the calculated value in solid phase is comparable with
reported efficient TADF molecules, because of the large SOC
constant (0.700 cm−1) which is due to the HCLT feature of T1
state. Thus, not only the S1−T1 gap but also the transition
property of T1 plays an important role in realizing efficient
RISC. On the basis of our calculated rate constants in solid
phase, the values of ΦPrompt, ΦTADF and ΦF are obtained. No
emitting is found in THF, remarkable prompt fluorescence
(ΦPrompt = 14.2%) and delayed fluorescence (ΦTADF = 31.2%)

are generated in the solid phase. All these data are
corresponding well with the experimental values. Furthermore,
the temperature dependence of RISC rate in THF and solid
phase is shown in Figure 7, and the structural effect induced by

temperature is excluded in our calculation. As the temperature
increases from 100 to 300 K, the RISC rate whether in THF or
solid phase is significantly increased. This trend is more
pronounced when the temperature exceeds 200 K. The
calculations reasonably elucidate the experimental measure-
ments. Thus, our theoretical investigations provide inner
perspectives for nonradiative assumptions of excited state
energy, and the TADF and AIE mechanisms are illustrated.

5. CONCLUSION
In this work, the photophysical properties of S0, S1, and T1 are
theoretically studied in the solid phase by the QM/MM

Table 3. Reorganization Energies (meV) from the Bond
Length, Bond Angle, and Dihedral Angle in THF and Solid
Phasea

THF solid ΔTHF‑Solid

bond length 237.1 196.8 40.3
bond angle 42.9 41.8 1.1
dihedral angle 71.7 42.3 29.4
total 351.7 280.9 70.8

aΔTHF‑Solid represents the energy difference between THF and solid
phase.

Table 4. Calculated Spin Orbit Coupling Constants (cm−1)
between Selected S1 and T1 for DBT-BZ-PXZ in THF and
the Solid Phase, Based on Their Optimized S1 and T1
Structures, Respectively

⟨S1|Hso|T1⟩ (cm
−1)

geometry THF solid

S1 0.025 0.437
T1 0.757 0.700

Table 5. Calculated Radiative and Non-Radiative rates (s−1)
from S1 to S0 as Well as the ISC and RISC Rates (s−1)
between S1 and T1

a

THF solid

Kr (S1 → S0) 7.45 × 104 9.30 × 106

Knr (S1 → S0) 2.03 × 1010 2.05 × 107

KISC (S1 → T1) 1.75 × 105 3.55 × 107

KRISC (T1 → S1) 1.87 × 105 2.82 × 106

ΦPrompt 0.0004% 14.2%
ΦTADF 0.0004% 31.2%
ΦF 0.0008% 45.4%
Kr
exp (S1 → S0) − 2.14 × 106

Knr
exp (S1 → S0) − 3.48 × 106

KISC
exp (S1 → T1) − 2.05 × 107

KRISC
exp (T1 → S1)

b − 9.95 × 106

Φprompt
exp − 8.2%

ΦTADF
exp − 29.9%

ΦF − 38.1%
aThe calculated prompt fluorescence efficiency (ΦPrompt) and delayed
efficiency (ΦTADF) as well as the total fluorescence efficiency (ΦF) are
listed. Corresponding experimental results are also presented with the

superscript “exp”. b → =
−

+ +

K T S( )RISC
Kexp

1 1
1

TADF
KISC

Kr Knr KISC

exp

exp

exp exp exp

Figure 7. Temperature dependence of RISC rates for DBT-BZ-PXZ in
THF (blue line) and solid phase (red line).
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method. The geometrical changes between S0 and S1 in solid
phase are restricted compared with those in THF. Besides, HR
factors and reorganization energies are all decreased in solid
phase, which is caused by the RIR effect for the low frequency
twisting motion of dihedral angle θ4 and RIV effect for the high
frequency stretching motion of bond length B4. Thus,
nonradiative consumptions of excited state energy are sup-
pressed with the calculated total fluorescence efficiency ΦF is
45.4% in solid phase, compared with that in THF (ΦF =
0.0008%). This illustrates the AIE mechanism for DBT-BZ-
PXZ. Furthermore, the calculated temperature dependence of
RISC rate and the small energy gap (ΔEst =0.06 eV) between
S1 and T1 are used to confirm the TADF mechanism.
Moreover, T1 state possesses HLCT feature both in THF
and solid phase, and this transition property facilitates the RISC
process by increasing the SOC constant and decreasing the
energy gap ΔEst. Our calculations reasonably elucidate the
experimental measurements, and help one to understand the
TADF and AIE mechanisms of the DBT-BZ-PXZ molecule,
which is beneficial for developing new efficient TADF emitters.
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