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Pure organic molecules with blue emission have attracted much attention due to its important application in or-
ganic light emitting diodes (OLEDs), especially for which with aggregation induced emission (AIE) and thermally
activated delayed fluorescence (TADF) properties. Theoretical study to reveal the inner luminescent mechanisms
can promote its development. In this work, four kinds of molecules with perfluorobiphenyl (PFBP) unit as accep-
tor, non-substituted and tert-butyl substituted 9,9-dimethyl-9,10-dihydro-acridine (DMAC) unit as donors, are
selected and their photophysical properties are studied in detail. The surrounding environment effects in toluene
and solid phase are taken into consideration by the polarized continuum model (PCM) and the combined quan-
tum mechanics and molecular mechanics (QM/MM) method respectively. Results show that geometric changes
between the first singlet excited state (S;) and ground state (Sp) are restricted in solid phase with decreased root-
mean squared displacement (RMSD). Moreover, the Huang-Rhys factors and reorganization energies we calcu-
lated are all decreased in solid phase, which indicates that the non-radiative energy consumption process of Sy
is hindered by enhanced intermolecular interactions in rigid environment, and it brings aggregation induced
emission phenomenon. Furthermore, the substitution effect of tert-butyl in donor unit can efficiently decrease
the energy gap and increase the spin-orbit coupling (SOC) constant, further promotes the intersystem crossing
(ISC) and reverse intersystem crossing (RISC) rates. Meanwhile, molecules with donor-acceptor-donor (D-A-
D) configuration have more efficient luminous performance than D-A type molecules due to the enhanced ISC
and RISC processes. Thus, tert-butyl substituted D-A-D type molecules have outstanding TADF features. Our in-
vestigations provide a theoretical perspective for AIE and TADF mechanisms and propose a design strategy for ef-
ficient TADF molecules, which could promote the development of OLEDs.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Thermally activated delayed fluorescence (TADF) which known as
E-type fluorescence, has attracted much attention due to its high utiliza-
tion of both singlet and triplet excitons in organic light emitting diodes
(OLEDs) [1]. For the electroluminescence process, the generation ratio
of singlet and triplet excitons is 1:3 [2-4]. Thus, it is of great importance
to improve the utilization of triplet excitons. In 2012, Adachi's group
found that unlike traditional fluorescence and phosphorescence, mole-
cules with TADF phenomenon can make full use of the singlet and trip-
let excitons by a fast reversed intersystem crossing (RISC) process. As
we all know, the efficient RISC process is related to the energy gap
(AEg;) between the lowest singlet excited state (S;) and the lowest trip-
let excited state (T;) with a non-vanishing spin-orbital coupling (SOC).
One of the most effective ways to decrease the S;-T; energy gap is
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constructing D-A type molecules by connecting electron-donating
(D) groups and electron-accepting (A) groups with a large torsion
angle between them [5-9]. The above mentioned strategy can effec-
tively separate the spatial overlap between the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). Thus, a small AEg; can be obtained. However, the structural
changes, strength and TADF efficiency of D-A type molecules also de-
pend on the environment, temperature, external force, and bonding
mode, etc. [10-12]. Thus, theoretical investigations to reveal the rela-
tionship between molecular geometry and TADF properties are impor-
tant for developing new efficient emitter in OLEDs [13]. Furthermore,
the majority of organic emitters suffer from aggregation-caused
quenching (ACQ) and exciton quenching effects, which extremely hin-
ders the stability and fabrication of devices and affects the practical ap-
plications [14]. Fortunately, Tang et al. discovered the molecules that
aggregate to induce luminescence, namely, aggregation induced emis-
sion (AIE) phenomenon [15,16]. AIE materials can be applied in many
fields, such as biology, physics, and chemistry, etc. The use of molecules
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with AIE property verified that the device can be effectively increased
luminous efficiency and stability. TADF molecules with AIE feature are
characterized by low cost, high efficiency and long lifetime, and AIE-
TADF molecules show the wide application in OLEDs [17]. Through the
detailed study of TADF properties in solid phase, it was found that the
existence of AIE effect was confirmed by restricted intramolecular
rotation-limiting molecules in the form of non-radiative transition.
Moreover, monochromatic emitters can produce chromatic aberrations,
it usually caused by intramolecular or intermolecular interactions such
as m-1t stacking, hydrogen bonding, and conformational changes, thus
TADF molecules with discoloration properties can be studied based on
these characteristics [18]. In current studies, the luminous efficiency of
multi-color TADF molecules is still very low, so clear theoretical design
strategies to develop more efficient TADF molecules are expected
[19,20]. Recently, Hladka's group synthesized the blue-emitting mole-
cules which used 9,9-dimethyl-9,10-dihydro-acridine (DMAC) as
donor and perfluorobiphenyl (PFBP) as acceptor, which possesses
both TADF and AIE properties [2]. In this work, four kinds of blue emit-
ting TADF molecules (denoted as PFBP-1a, PFBP-1b, PFBP-2a, and PFBP-
2b) are studied with geometry changes from D-A to D-A-D configura-
tion and tert-butyl substitution in DMAC unit (shown in Fig. 1). TADF
and AIE properties of different types of molecules are revealed. The so-
lution effect in toluene is considered by polarized continuum model
(PCM) [21,22]. Moreover, the quantum mechanics and molecular me-
chanics (QM/MM) method is used to simulate molecules in solid
phase [23-26]. The radiative and non-radiative energy consumption
processes are studied by Einstein's spontaneous emission equation
and thermal vibration correction function (TVCF) method respectively.
Moreover, the ISC and RISC rates are calculated by the Marcus equation.
Thus, the AIE-TADF property in solid phase is revealed.

2. Theoretical method
in order to study the effects of molecular configuration of D-A and D-

A-D on TADF properties, the excited state properties are studied by
time-dependent density functional theory (TD-DFT) [27]. The specific

luminescent physical properties can be measured by different rate pa-
rameters. When calculating the processes S; and Sy states, the radiative
decay rate k, and non-radiative decay rate kj, are required. Radiative
decay rate k, is calculated by Einstein spontaneous emission equation
with the consideration of refractive index of the medium, and it can
be written as

AE2
ke = { 295" M
where fis oscillator strength, AEy is the vertical emission energy and n
represents the refractive index of the medium. Here, the value of n for
toluene is set as 1.496. More details can be found in reference [28,29].

As for non-radiative decay rate ki, it is calculated by first-order per-
turbation theory and Fermi's golden rule (FGR).

2n
knr = hTZ Piv|Hfu.iv|26(Eiv_Efu) (2)
v

Here P;, is Boltzmann distribution function of the initial state and H is
the interaction between two different Born-Oppenheimer states, which
includes two components,

A3, = H0y(r, )04, (Q) + B Di(r, Q)01 (Q) 3)

A is the nonadiabatic coupling and B is the spin-orbit coupling
(SOC). The non-radiative decay rate from S; to Sg is written as

2n _ _pE; A S
knr = ?ZlclelZi 1Zvue P)E"'<Ofu‘Pﬂ<"®1’11><Oiv“)ﬂlefu>“S(Eiv_Efu) (4)

Here, Ry = (d5|Py|d;)(dD;|Pg|dy) is the nonadiabatic electronic
coupling.
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Fig. 1. Molecular configuration of PFBP-1a, PFBP-1b, PFBP-2a and PFBP-2b.
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Py = —i is the normal momentum operator of the kth normal

0
haQﬂf
mode in the final electronic state. Z; is the partition function. By
employing the Franck-Condon principle and Fourier transform of the
delta function, Eq. (4) can be expressed as

1 ® iyt 7—
knr = Z,dh—sz, /7 dt [ew'ftzi 1pic_kl(tv T) (5)

where py(t,T) is the TVCF.
Moreover, the ISC and RISC rates between singlet and triplet states
can be calculated by utilizing the classical Marcus rate equation,

Vi g AG*
_ . _
=% VKN &P { KyT 6)

where Kj is the Boltzmann constant, T the temperature of 300 K, and Vj;
the spin-orbit coupling between Sy and T; states. Vj; can be calculated by
using the quadratic response function method, which is implemented in

2
the Dalton program [30].In Eq. (6), AG* = W where AG;;is the
energy difference between the S; and T, states, and A is the correspond-
ing reorganization [31-33].In calculation of the ISC rate, AGj; = Es; — Eny,
and AGj; = Epy — Es; for the reverse RISC process. In our calculation, the
reorganization energy A is obtained by four-point calculations according
to the adiabatic potential energy surface. E(T; @ S;) represents the en-
ergy of the triplet state at the singlet geometry, E(S; @ T;) is the energy
of the singlet state at the triplet geometry, E(T;) is the minimum energy
in T; surface and E(S;) is the minimum energy in S; surface. Thus, the
reorganization energy can be calculated as follows

Vo
h | KgTA

Kji =

oo (AGi + M)’
ANKT

N = {E(T1QS51)—E(T1)} + {E(51QT1)—E(S1)}

Moreover, based on the Marcus equation, the ISC rate is calculated
with Nisc= E(T; @ S;) — E(T;). While for calculating the RISC rate, the
energy is set as Agisc= E(S; @ T;) — E(S1) [34,35]. All above mentioned
methodologies and applications of these functions are illustrated in de-
tail in Peng's and Shuai's previous works [36-40].

3. Computational approach

In the calculation, density functional theory (DFT) is used to opti-
mize the geometric structure of ground state molecules, while time-
dependent density functional theory (TDDFT) is used to optimize the
geometry of excited states [41]. It is determined that the appropriate
functional is closely related to the study of the properties of excited
states. Thus, several functions including B3LYP [42], BMK [43], PBEO
[44], and M06-2X [45] are tested for PFBP-1a, PFBP-1b, PFBP-2a and
PFBP-2b respectively. The emission wavelengths we calculated are col-
lected in Table 1. By comparing the wavelength and adiabatic energy
with the experimental value, the functional of BMK with 6-31 g
(d) [46] basis set is determined. For molecule in toluene, the surround-
ing environment is simulated by PCM method with the chosen func-
tional BMK and 6-31g (d) basis set. Moreover, after the geometry
optimizations of ground and excited states, corresponding frequency

Table 1
The calculated emission wavelengths by different functional and the experimental data
are listed for comparison.

HF% PFBP-1a PFBP-1b PFBP-2a PFBP-2b
B3LYP 20% 605nm 575 nm 636 nm -
PBEO 25% 565 nm 542 nm 594 nm -
BMK 42% 503 nm 503 nm 535 nm 527 nm
M062X 54% 478 nm 473 nm 495 nm -
Exp? 493 nm 497 nm 528 nm 516 nm

2 Experimental data.

calculations are performed. Since no imaginary frequency is found, the
optimized ground and excited state geometries represent the true min-
imum on respective potential energy surfaces. Specifically, the equilib-
rium solvation method is employed in both geometry optimization
and vibrational frequency calculation for singlet and triplet states in-
volved in this paper. The nonequilibrium solvation method is used to
obtain the vertical transition energies for both singlet and triplet states.
As for molecule in solid phase, we perform calculations by QM/MM with
two-layer ONIOM approach based on the X-crystal data and corre-
sponding data are shown in Fig. 2 [47,48]. The central molecule is
regarded as high layer, calculated by QM method. Meanwhile the sur-
rounding molecules are regarded as low layer and calculated by MM
method [49]. Moreover, the universal force field (UFF) is adopted for
the MM part and the electronic embedding is selected in our QM/MM
calculations. In addition, molecules of MM part are frozen during the
QM/MM geometry optimizations for Sy, S; and Ty states. All these calcu-
lations are performed in Gaussian 16 package [50]. Furthermore, we use
the Marcus equation to calculate the ISC and RISC rates. Meanwhile, the
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Fig. 2. ONIOM model: the centered PFBP-1a, PFBP-1b, PFBP-2a is treated as the high layer
and the surrounding molecules are regarded as the low layer.
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Fig. 3. Energy gap in liquid phase for PFBP-1a (a), PFBP-1b (b), PFBP-2a (c), PFBP-2b (d).

luminous properties of the four molecules either in toluene or in solid
phase are studied by MOMAP (Molecular Materials Property Prediction
Package) [36]. At the same time, the Huang-Rhys factor and recombina-
tion energy which can be used to measure the non-radiative energy
consumption processes are calculated by DUSHIIN program and the re-
organization energies can be projected on internal coordinates follow-
ing Reimers' algorithm [51].

4. Results and discussion
4.1. Effect of D-A-D structure on luminescence properties

In this section, the effects of molecular configuration of D-A and D-A-
D on TADF properties are studied. Firstly, based on the determined func-
tional of BMK and 6-31 g (d) basis set, the energy landscapes for all mol-
ecules in toluene and solid phase are calculated for ground state and
excited state by DFT and TDDFT method respectively. Corresponding re-
sults are gathered in Figs. 3 and 4. In the liquid phase, the adiabatic en-
ergy gap between S; and T is 0.22 eV for PFBP-1a which possesses D-A
structure, and it reduced to 0.18 eV for PFBP-1b (b) which possesses D-
A-D structure. A similar result can be found by comparing the data of
PFBP-2a with PFBP-2b. As for in solid phase, the S;-T; gap of PFBP-1b
is also decreased compared with that of PFBP-1a. This shows that the
adiabatic energy gap can be reduced by adding a donor group to form
D-A-D type molecule based on the basic D-A structure. Decreased en-
ergy gap can facilitate the RISC process and promote the delayed fluo-
rescence. Thus, the symmetric molecular structure of D-A-D is helpful
for further improving the TADF feature.

Moreover, as another important factor which can influence the RISC
process, the transition properties of excited states play an important
role in the study of excited state properties. Natural transition orbital
(NTO) analyses of S; and Ty in toluene and solid phase are shown in
Fig. 5. Moreover, the transition dipole moment (EDM) is gathered in
Table 2. As shown in Table 2, the EDM in solid phase are bigger than
in toluene, which is largely depended on that the larger overlap (S) be-
tween the highest occupied natural transition orbital (HONTO) and the

lowest unoccupied natural transition orbital (LUNTO) in solid phase
than that in toluene. Thus, the overlap of natural transition orbits is
closely related to the energy gap. The overlap of PFBP-1a is 0.6001 and
it becomes 0.5967 for PFBP-1b, with the corresponding AEsr changing
from 0.220 eV to 0.182 eV. Moreover, the tert-butyl substitution in
donor unit can also decrease the overlap and further bring small energy
gap.

The ISC and RISC rates between the singlet and triplet states are
quantitatively calculated using Marcus equation are collected in
Table 3. As shown in this table, PFBP-1a has an ISC rate of 5.3 x10° s~
and it increases to 1.2 x 10° s~! for PFBP-1b. Similar result can also be
obtained for PFBP-2a and PFBP-2b. Thus, the addition of donor unit to
form D-A-D structure is easy to reduce the S;-T; gap due to the enlarged
orbital distribution. However, there is no obvious increase in solid
phase. It is shown that the addition of a donor group in the liquid
phase will increase the RISC rate and make the exciton transfer more
easily and further accelerate the delayed fluorescence process. Accord-
ing to the Marcus equation, the ISC rate is related to SOC value, reorga-
nization energy and adiabatic energy difference between the S; and T,
states. As for organic molecules, the SOC effect is weak and correspond-
ing value is usually smaller than 1 cm™! [52,53]. However, a high ISC
rate can also be achieved by small reorganization energy and energy dif-
ference between singlet and triplet states. In addition, by comparing
PFBP-1a with PFBP-2a as well as PFBP-1b with PFBP-2b, it can be con-
cluded that the ISC and RISC rates are all increased to a certain extent.
So, the tert-butyl substitution in donor unit can further decrease the en-
ergy gap. As for the effect of surrounding, the ISC and RISC rates are all
increased. Moreover, the relationship between temperature and reverse
intersystem crossing rate is investigated, and corresponding data are
shown in Fig. 6. Results show that RISC rates increase with the improve-
ment of temperature from 100 to 300 K whether in solution or solid
phase. This trend is more pronounced when the temperature changes
from 100 K to 200 K than that exceeds 200 K, this confirms the TADF
property. Thus, through comprehensive comparison, we propose a mo-
lecular design strategy that molecule with D-A-D structure and tert-
butyl substitution in donor unit can achieve efficient TADF feature.
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Fig. 4. Energy gap in solid phase for PFBP-1a (a), PFBP-1b (b), PFBP-2a (c).
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Fig. 5. Transition characteristics for S; and T, states of four molecules in toluene (a) and solid phase (b), respectively. The values under the arrows represent the ratio of NTOs of the
corresponding transition.

4.2, Effect of tert-butyl substitution on luminescence properties 2a. Similar results can be found for PFBP-1b (0.18 eV) and PFBP-2b
(0.14 eV). Thus, it can be found that the energy gap becomes smaller

In this section, we compare the photophysical properties of PFBP-1a after substitution with tert-butyl group. As for the molecule in solid
with PFBP-2a as well as PFBP-1b with PFBP-2b, and the effect of tert- phase, the energy gap of PFBP-2a is less than PFBP-1a. It shows that
butyl substitution in DMAC is also illustrated. The energy gap between the molecular structure is more stable after adding tert-butyl group.
S; and Ty is 0.22 eV for PFBP-1a and it decreases to 0.15 eV for PFBP- Meanwhile, as for the ISC and RISC process, not only the energy gap

Table 2
Electric transition diploe moment (EDM), overlap (S) between HONTO and LUNTO, energy level of S; and T; as well as the S;-T; energy gap (AEsr).
Liquid Solid
PFBP-1a PFBP-1b PFBP-2a PFBP-2b PFBP-1a PFBP-1b PFBP-2a PFBP-2b
EDM 0.0359 D 0.0359 D 0.0440 D 0.1969 D 1.8119D 0.2244D 1.3870 D
S 0.6001 0.5967 0.4669 0.5000 0.5843 0.5070 0.4897 -
S 3.175 eV 3.137 eV 3.041 eV 3.015 eV 3.300 eV 2.745 eV 2.975 eV -
T, 2.955 eV 2.957 eV 2.889 eV 2.868 eV 3.140 eV 2.729 eV 2.899 eV -

AEgr 0.220 eV 0.182 eV 0.152 eV 0.147 eV 0.160 eV 0.016 eV 0.076 eV -
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Table 3
Calculated the ISC rates from S; to T; and the RISC rates from T; to S;. (Unit s~ ).

PFBP-1a PFBP-1b

PFBP-2a PFBP-2b

Toluene Solid Toluene Solid

Toluene Solid Toluene Solid

1.2 x 108
7.0 x 10°

1.9 x 10°
2.0 x 10°

IsC 53 x10°
RISC 1.2 x107

1.4 x10°
8.4 x 10°

3.3 x 10° -
1.1 x108 -

9.8 x 107
1.2 x 107

2.9 x 10°
2.3 x 107

(a)10

—&@— Solution
—@— Solid

log(Krisc)
N o [-;]

0 1 1 1 1 1
100 150 200

Temperature (K)

—&@&— Solution
8 —@— Solid

+ P

log(Krisc)

4
")
3l " g
J e
2
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Temperature (K)

(c)10
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@ ~ o
T

log(Krisc)

100 150 200 250

Temperature (K)

Fig. 6. Temperature dependence of RISC rates for PFBP-1a (a), PFBP-1b (b), PFBP-2a (c) in
solution (black line) and solid phase (red line).

can affect it but also the spin-orbit coupling (SOC) plays an important
role. Based on the quadratic response functions, the SOC constants be-
tween singlet and triplet states are calculated by Dalton 2013 package.
As shown in Table 4, the SOC constant of PFBP-1a is 0.089 cm™~! and it
changes to 0.085 cm™! for PFBP-2a in toluene, while PFBP-1b is
0.072 cm~! and PFBP-2b is 0.108 cm ™. In solid phase, the SOC con-
stants for PFBP-1a and PFBP-2a are 0.247 cm ™' and 0.312 cm ™' respec-
tively. Thus, the tert-butyl substitution in DMAC unit can increase the
SOC constant and further accelerate the ISC and RISC processes. Both
the ISC and RISC rates as shown in Table 3 are all increased either in so-
lution or in solid phase due to the tert-butyl substitution effect. Through
the above mentioned investigations and by comparing with the struc-
ture of D-A-D configuration, the tert-butyl substitution is also an effi-
cient way to decrease energy gap and increase SOC constant, further
improving the ISC and RISC processes.

4.3. Effect of surrounding environment on luminescence properties

In this section, we compare the photophysical properties of four kind
molecules in solution and solid phase and reveal the effect of surround-
ing environment on luminescence properties. Through analyzing the di-
hedral angle between donor and acceptor, we know that the rotation
amplitude in solid phase is smaller than that in liquid phase. Taking
PFBP-1b as an example, the configuration changes are more affected
by the configuration of D-A-D than that of D-A, and there are
different rotation angles in liquid phase and solid phase. The
rotation angle is effectively reduced in rigid environment. The
geometry changes between two states are measured by root-mean
squared displacement (RMSD) with the expression of RMSD=

natom
J % > (=) + (vi—y))® + (z—2)") which is regarded as an effec-
1

tive tool to quantitatively characterize the geometric changes. These
changes between Sy and S; are calculated by Multiwfn [54] for all mol-
ecules both in solution and solid phase. Corresponding results are
shown in Fig. 7. Results show that the RMSD for PFBP-1a in solution is
1.214 A, and it changes to 0.062 A in solid phase. As for PFBP-1b, it is
0.935 A in solution and decreases to 0.117 A in solid phase. A similar sit-
uation can also be found for PFBP-2a. Thus, due to the restricted dihedral
rotation in solid phase, the RMSD values are all decreased in solid phase
and this could further suppress the energy consumption process of S;.

In order to measure the non-radiative energy consumption, the reor-
ganization energy and Huang-Rhys (HR) factor are further calculated

Wiy, D2
< b k where Dy represents the nor-

using DUSHIN package [51]. HR =

mal coordinate displacement of mode k and y is the vibration

Table 4
Calculated SOC constants based on S; (SOC® (cm™")) and T; (SOC* (cm™ 1)) for four mol-
ecules in solution and solid phase.

SOC® (cm™1) SOC* (em™")

Solid
0.247

Solid
0.381

Toluene Toluene

PFBP-1a
PFBP-1b
PFBP-2a
PFBP-2b

0.089
0.072 0.084
0.085 0.312
0.108 -

0.732
0.682 0.080
0.970 0.487
0.629 -
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(a)

1a:toluene
S, vs S,
RMSD= 1.214A

(b)

1b:toluene
S, vs S,
RMSD= 0.935A

(c)

2a:toluene
S, vs S,
RMSD= 0.895A

1a:solid
S, vs S,
RMSD= 0.062A

1b :solid
S,vs S,
RMSD= 0.117A

2a:solid
S, vs §,
RMSD= 0.129A

Fig. 7. Geometry changes between Sy and S; in liquid and solid phase for PFBP-1a (a), PFBP-1b (b) and PFBP-2a (c).

frequency. The calculated HR factors versus the normal mode frequen-
cies for all molecules in solution and solid phase are shown in Fig. 8.
As shown in Fig. 8, the largest HR factor of PFBP-1a in the liquid phase
is about 64 (565.75 cm™!). While in solid phase, the largest one be-
comes 0.53 (62.62 cm™!). As for PFBP-1b, the largest HR factor is
about 93 (17.45 cm™!) in liquid phase and only about 1.8 cm™! in
solid phase, which is obviously reduced to low frequency mode. This
shows that the stronger interaction between molecules in solid phase
suppresses the rotation of molecules.

Reorganization energies versus the normal-mode frequencies are
displayed in Fig. 9. It is clearly shown that the reorganization energies
of PFBP-1a and PFBP-1b in liquid phase are extremely larger than
those in solid phase. While for the molecule in solid phase, reorganiza-
tion energies both in low and high frequency modes are obviously re-
duced. The largest reorganization energy of PFBP-2a in liquid phase is
about 3000 cm™! and it is significantly decreased in solid phase. In
order to further reveal the influence of molecular geometry on lumines-
cence properties, we analyzed the reorganization energy projection in
the internal coordinates of the molecule. Through analyzing the data,
it is concluded that the contributions from bond length, bond angle
and dihedral angle are different for molecule in solution and in solid
phase. For example, the contributions of the bond length in the solid
phase for PFBP-1a, PFBP-1b and PFBP-2a are 67%, 55%, 60% respectively.
However, they decrease to 9%, 27%, and 29% respectively for molecule in
solution. As for dihedral angle, the contributions are 87%, 88%, 66% for

PFBP-1a, PFBP-1b and PFBP-2a in solution, while for molecule in solid
phase, they decrease to 17%, 31%, and 24% respectively. Thus, the reor-
ganization in the solid phase can be significantly reduced due to the de-
creased contribution from dihedral angle. These results confirm that the
rotation motion in low frequency regions can be effectively suppressed
in solid phase, and this brings different photophysical features for mol-
ecule in solution and solid phase.

Furthermore, through analyzing the dihedral angle, RMSD value, HR
factor, and reorganization energy, it can be concluded that the torsion
angle is efficiently suppressed in solid phase. Thus, the non-radiative
energy consumption process is hindered and the excited state energy
can be released in the form of radiative transition, which subsequently
brings aggregation induced emission phenomenon. Finally, we compare
the difference between the ISC and RISC rates in solid phase and liquid
phase. By comparing the solid phase and liquid phase environments of
the three derivatives, it can be found that the ISC rate in solid phase is
much higher than that in liquid phase. It is shown that the binding of
the three derivatives is stronger due to the stronger interaction
between the molecules in the solid phase. More excitons will transfer
from the S, state to the T; state. Through comprehensive comparison,
we know the ISC and RISC are all increased to a certain extent in solid
phase, which is more beneficial to the occurrence of delayed fluores-
cence induced by aggregation. Moreover, the tert-butyl substitution in
donor and D-A-D structure are all efficient ways to promote the delayed
fluorescence.
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Fig. 8. HR factors versus the normal-mode frequencies of PFBP-1a (a), PFBP-1b (c), PFBP-2a (e) in toluene and PFBP-1a (b), PFBP-1b(d), PFBP-2a (f) in solid phase respectively.

5. Conclusions

The influences of D-A and D-A-D configurations, as well as the tert-
butyl substitution effect on luminescence properties, are theoretically
studied both in solution and solid phase. Excited states dynamics in so-
lution and solid phase are investigated using PCM and QM/MM
methods, coupled with TVCF method. The variation of geometric config-
uration between different states is characterized by RMSD value and ge-
ometry changes are restricted in solid phase. Moreover, the energy gap
can be decreased for D-A-D configuration rather than the D-A type mol-
ecule, and tert-butyl substitution in donor unit can further promote the
delayed fluorescence. In addition, the HR factor and reorganization en-
ergy are all decreased in solid phase, especially for those in low

frequency regions. Thus, non-radiative energy decay process is hindered
and AIE mechanism is revealed. Furthermore, the substitution effect of
tert-butyl can efficiently decrease the energy gap and increase the SOC
constant, further promote the ISC and RISC rates. So a wise molecular
design strategy is proposed that molecule with D-A-D structure and
tert-butyl substitution can achieve efficient emitting. The present
study provides reasonable explanations for experimental results and il-
lustrates the inner AIE and TADF mechanisms.
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