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Circularly polarized luminescence molecules with both thermally activated delayed fluorescence (TADF)
and aggregation-induced emission (AIE) have been reported recently and are thought as potential
candidates for circular polarized organic light-emitting diodes. Since the study of these kinds of systems
is quite limited, it is of great importance to reveal the relationship between the geometry and the light-
emitting mechanism. In this paper, the TADF and AIE mechanisms were studied based on the study of a
series of binaphthalene-containing luminogenic enantiomers in both toluene and solid phases. It was
found that there was no influence on the light-emitting properties of enantiomers except for the
electronic circular dichroism (ECD). The radiative rates for both molecules were enhanced in the solid
phase, while the non-radiative rates were significantly suppressed. Both factors can induce the AIE
phenomenon. Based on the calculation of the decay rates and adiabatic excitation energy of the excited
states, we found that the TADF mechanisms of the two molecules were different. One is realized by the
up-conversion process between S; and T;, while a two-step process is involved for the other. Our
theoretical research successfully elucidates the experimental measurement and illustrates the AIE and
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Introduction

Circularly polarized luminescence (CPL) materials with potential
application in optical data storage,’ optical recognition sensors,>>
quantum computing,’ optical communication for spintronics’
and 3D displays® have attracted great attention for their potential
application in circularly polarized organic light-emitting diodes
(CPOLEDSs). The sorption loss to the polarizer can be effectively
avoided, and the energy in the CPOLED displays can be saved.
Although significant progress has been achieved since the first
observation of circularly polarized electroluminescence in chiral
conjugated polymers,’ the high external quantum efficiency (EQE)
and small efficiency roll-off remain as challenges. Thermally
activated delayed fluorescence (TADF) molecules, which could
achieve nearly 100% exciton usage efficiency, are thought
as third-generation organic light-emitting materials, and may
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TADF mechanism, which could provide valuable insights for the design of highly efficient CPL emitters.

effectively improve the electroluminescence efficiency. Great
efforts have been devoted to TADF materials and high efficiency
has been obtained, while the roll-off efficiency is quite severe.®™*
Aggregation-induced emission (AIE) provides an excellent
strategy to solve the problem of roll-off efficiency.”>™"” Thus,
the combination of the TADF and AIE properties with the CPL
materials are anticipated as promising emitting layers for
efficient CPOLEDs.

Recently, a series of chiral AIEgens based on the binaphtha-
lene unit with TADF (R/S-BN-CF, R/S-BN-CCB, R/S-BN-DCB and
R/S-BN-AF) were synthesized by Tang’ group.'® High EQEs
(up to 9.3% and 3.5%) and electroluminescence dissymmetry
factors were achieved for both doped and neat films for
these molecules as emitting layers. For all the systems, the
binaphthalene unit was used as the chiral unit, while different
donor groups were adopted as the TADF units. Due to the
limited CPL molecules studied until now, it is of great impor-
tance to figure out the relationship between the geometry and
the light-emitting properties. It is also quite necessary to reveal
the AIE and TADF mechanisms of CPL molecules with high
EQE in films. For the AIE phenomenon, several mechanisms
such as ] aggregation," isomerization,*® formation of the exciplex,”*
and intramolecular charge transfer’>>* have been provided.
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Fig. 1 (a) Chemical structure of S-BN-AF. 01: (34, 25, 3, 10), 62: (24, 15, 2,9),
03: (11, 12, 4, 35). (b) Chemical structure of R-BN-CF. 01: (49, 35, 3, 11),
02: (65, 51, 2, 12), 03: (10, 9, 6, 15). (c) ONIOM model: surrounding molecules
are regarded as the low layer and the centered S-BN-AF is treated as the
high layer. (d) ONIOM model: surrounding molecules are regarded as the
low layer and the centered R-BN-CF is treated as the high layer.

However, there are still some controversies, and the most
popular mechanism is the restricted intramolecular motions
submitted by Tang’ group.>* For the TADF mechanism, although
the up-conversion from T; to S; is the first mechanism
proposed,?® it was found to be quite a coarse recent description
and assistance from the intermediate local-excited triplet state
has been proven to be important.’*® In this paper, the R/S-BN-CF
and R/S-BN-AF molecules were chosen as models to investigate
the geometry-property relationship (as shown in Fig. 1). Theo-
retical simulations based on combined quantum mechanics and
molecular mechanics (QM/MM) and excited-state dynamics
can provide detailed information about the light-emitting
mechanisms of organic molecules in the solid phase.>*?° The
study of the photophysical properties and excited-state dynamics
of R-BN-CF and S-BN-AF in both the solid state and in toluene
would reveal the TADF and AIE mechanisms intuitively. Theo-
retical results will further provide insights on the design of high-
efficiency CPL molecules.

Theoretical methods

In our calculations, the geometric and electronic structures
for both R/S-BN-CF and R/S-BN-AF in the ground states (S,)
were investigated using the density functional theory (DFT).
The time-dependent density functional theory (TD-DFT) was
adopted for the optimization of excited states. The polarizable
continuum model (PCM) was adopted to include the solvent
effect in this paper.*' Although the TD-DFT method has been
widely used for the calculation of excited states, especially for
medium and large organic systems, the properties of the excited
states were found sensitive to the functionals with different HF
proportions (HF%) for different molecules.*” In this work, the
emission wavelengths of R/S-BN-AF and R/S-BN-CF in toluene
were calculated using different functionals (as shown in Table 1).
It was found that the R-molecules have almost the same
emission wavelengths as that of S-molecules calculated with

Phys. Chem. Chem. Phys.

View Article Online

PCCP

Table 1 Emission wavelength calculated by different functionals for
molecules in toluene. The wavelengths are given in nm (eV in parentheses)

HF%  RBN-AF  S-BN-AF RBN-CF  S-BN-CF
B3LYP 20 860(1.44)  862(1.44)  655(1.89)  654(1.90)
PBEO 25 772(1.61)  773(1.60)  593(2.09)  592(2.09)
BMK 42 617(2.01)  620(2.00)  490(2.53)  488(2.54)
MO062X 54 535(2.32)  535(2.32)  435(2.85)  434(2.86)
Exp* 585 585 495 495

¢ Exp are experimental data.

all the functionals. The emission wavelengths calculated with
the BMK functional for R/S-BN-AF and R/S-BN-CF in toluene are
617/620 nm and 490/488 nm, respectively, which is in good
agreement with the experimental values (585 nm for R/S-BN-AF
and 495 nm for R/S-BN-CF). Therefore, the BMK functional was
adopted in our following calculations. The basis set 6-31G(d),
which has been found reliable for organic light-emitting mole-
cules, was adopted here.>* The electronic circular dichroism
(ECD) spectra for all the molecules were also calculated using
the TD-DFT method at the BMK/6-31G(d) level.

To investigate the properties of both molecules in the solid
phase, the QM/MM method with a two-layer ONIOM approach
was used.>**> The computational models were built based on
the X-ray crystal structures of R-BN-CF and S-BN-AF,*® as shown
in Fig. 1(c) and (d). The central molecule was selected as the
high layer and was calculated using the QM method, while the
surrounding molecules were chosen as the low layer and were
simulated using the MM method. Both the DFT and TD-DFT
methods were used for the QM calculation, and the BMK/6-31G(d)
level was adopted. For the MM section, the universal force field
(UFF) was applied, and the electronic embedding was adopted
to describe the coupling of the QM/MM interfaces.?”*® During
the QM/MM geometry optimizations for the ground state and
excited states, the molecules of the MM part were frozen, and
only the QM section was free. All the calculations above were
carried out in the Gaussian 16 package.?”

Furthermore, the normal mode analyses were performed using
the DUSHIN program.*’ Based on the stable geometries of all the
excited states, the decay rates of all excited states were calculated.
For all the systems, the radiative rates for the first excited state (S;)
were calculated using Einstein’s spontaneous emission equation:

SAEg?
"7 .499 ()

where fis the oscillator strength and AEy is the vertical energy
in units of wave numbers (cm ™).

The intersystem crossing (ISC) rate Kisc and reverse inter-
system crossing (RISC) rate Kg;sc between the singlet and triplet
states were calculated based on the Marcus rate equation.*'**
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Here, V}; is the spin-orbit coupling between the initial state and
the final state; the spin-orbit coupling constants between S;
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and other triplet excited states were calculated using the
Dalton2013 package.”® / is the reorganization energy which is
defined as the energy change during relaxation in two states.
AGj; represents the energy differences between the two states,
and the temperature 7 was set as 298 K in this work.

Additionally, the non-radiative decay rate for S; (K.) was
calculated using the thermally vibrational correlation functional
(TVCF) method, which has been realized in the MOMAP (Molecular
Materials Property Prediction Package) program.**™® For detailed
information about the TVCF method, please refer to the ref. 47.
Here, we only present some key formulas used.

Based on the first-order perturbation theory and the Fermi-
Golden rule, the non-radiative rate K, can be written as:

nr: § P1V|Htu1v

The delta function ¢ is to ensure the conservation of energy.
p and v are vibrational quantum numbers. Hy, ;, is the inter-
action between two different Born-Oppenheimer states (f and i),
and there are two components in it:

Eiy — Epy) 3)

HYP = H0,(r,0)0,(0) + H°®(r,0)9,(0).  (4)

Here, H50 is the nonadiabatic coupling and H%° is the spin-orbit
coupling. The non-radiative decay rate from S, to S, can be written as:
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coupling.Pfk:—th represents the normal momentum

tk
operator of the kth normal mode in the final electronic state.

Z; is the partition function. Based on the Franck-Condon
principle, the equation can be written as follows by applying
the Fourier transform of the delta function:

m — thRMJ dt m),leflpIC(t T)] (6)

Here, pic(¢,T) is the thermal-vibration correlation function. For
TADF systems, the fluorescence efficiency is determined by the
K

rompt fluorescence efficiency (®Ppp) Popp = ——————.
P P ¥ [ PF) Pr Kr + Knr + KISC
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Results and discussion
Molecular geometries

The optimized geometric structures of S-BN-AF and R-BN-CF in
toluene are shown in Fig. 1(a) and (b), respectively. The typical
geometry parameters of Sy, S; and the first triplet excited state
(Ty) of S-BN-AF (marked in Fig. 1(a)) are listed in Table 2. The
geometric parameters of S-BN-AF in three states (S,, S; and T;)
in toluene are quite different from that in the solid phase. The
differences of dihedral angles (61 and 62) for all three states in
the two phases range from 2° to 7°, while the variation for 03 is
as large as 39.5°. The differences for 03 in the two phases may
result in significantly different electronic properties and light-
emitting properties. When the molecule is excited from S, to S,
or Ty, the geometry also changes in both phases. It is obvious
that the differences in the geometry of three states are mainly
caused by the changes of the dihedral angles between the
donor group and the acceptor group (63), both in toluene and
in the solid phase. However, the variation in the solid phase
is much smaller than that in toluene. It was found that 03
changes by 10.35° between S, and S; and by 20.37° between S
and T; in toluene, while it changes only by 3.11° and 3.56° in
the solid phase.

Similarly, three typical dihedral angles (marked in Fig. 1(b))
for R-BN-CF at Sy, S; and T; are shown in Table 3. It can be
found that the variations in dihedral angles 01 and 02 have
more or less variation when the molecule is excited from S, to
the excited states. The dihedral angle 03 accounts for the main
configuration differences between the S,, S; and T; states.
Similar to S-BN-AF, the restricted changes in geometry can be
found for R-BN-CF in the solid phase. All these parameters
indicate that compared with the situation in the solid phase,
the molecules in the solvent are more flexible and easier to
change when the molecules are excited. In addition, comparing
the geometric parameters of R-BN-CF and S-BN-AF, we can see
that the dihedral angles between the donor and the acceptor
(03) are totally different, which should be induced by different
interactions between D and A. The angle for S-BN-AF in the
solid phase is 70°, while it is only 45° (—135°) for the R-BN-CF in
the solid phase. The difference in 03 may induce different
charge transfer properties for the excited states. The dihedral
angles between the chiral group (binaphthalene) and the
acceptor group are also different for S-BN-AF and R-BN-CF,
which indicates that the change of donor can also influence
the interaction of the chiral group and the acceptor group to
some extent.

Table 2 Geometric parameters of the Sp, S; and T, states for S-BN-AF in toluene and the solid phase, respectively. 01, 62 and 03 (marked in Fig. 1(a))
represent the dihedral angles. 4 represents the variation between the two states

Toluene Solid

So S Ty 4 $,-S, ASI—T So S Ty Asl—so Asl—Tl
01 85.88 85.97 85.70 0.09 0.27 92.80 91.46 92.08 —1.34 —0.62
02 89.38 87.50 88.72 —1.88 —1.22 85.19 85.33 85.63 0.14 —0.30
03 98.78 88.43 108.80 —10.35 —20.37 69.76 72.87 69.31 3.11 3.56

This journal is © the Owner Societies 2019

Phys. Chem. Chem. Phys


http://dx.doi.org/10.1039/c9cp00402e

Published on 08 March 2019. Downloaded by Institute of Chemistry, CAS on 3/26/2019 2:21:59 AM.

Paper

View Article Online

PCCP

Table 3 Geometric parameters of the Sg, S; and T; states for R-BN-CF in toluene and the solid phase, respectively. 01, 62 and 03 (marked in Fig. 1(b))

represent the dihedral angles. 4 represents the variation between two states

Toluene Solid

So Sy Ty Asl—s0 Asl—Tl So Sy T, Asl—so Asl—Tl
01 —87.26 —84.98 —81.40 2.28 —3.58 —88.23 —87.96 —85.86 0.27 —2.10
02 —89.54 —87.47 —89.31 2.07 1.84 —82.62 —81.78 —81.35 0.84 —0.43
03 —121.69 —102.81 —121.52 18.88 18.71 —135.28 —131.27 —135.92 4.01 4.65

In order to quantitatively characterize the geometric
changes during excitation for the molecules, we calculated
the root-mean-square deviation (RMSD) between the two states
for S-BN-AF and R-BN-CF using Multiwfn.*® The RMSD values
between S, and S; for S-BN-AF and R-BN-CF are shown in Fig. 2,
and the RMSD values between S; and other triplet states are
collected in Fig. S1 and S2 (ESIf). It can be seen that the
geometric changes between S, and S; for S-BN-AF in toluene
(RMSD = 0.312 A) are more significant than those in the solid
phase (RMSD = 0.058 A). The structural changes of R-BN-CF
show a similar trend. The limited geometric variation in rigid
environments predicts that the non-radiative energy consump-
tion path is hindered, which may induce enhanced fluores-
cence efficiency in the solid phase. Moreover, the suppression
of geometric change for R-BN-CF in the solid phase is more
pronounced than that for S-BN-AF.

For R-BN-AF and S-BN-CF, similar emission wavelengths can
be found for their enantiomers S-BN-AF and R-BN-CF (as shown
in Table 1). The geometric and electronic structures are also
almost the same for the enantiomers. The ECD spectra for the
enantiomers are shown in Fig. S3 (ESI{). It was found that the
enantiomers have opposite absorption properties. Compared
with experimental results, we found that the small peak at
405 nm for R/S-BN-CF and at 436 nm for R/S-BN-AF were
missing in the theoretical results. Through detailed analysis,
we found that the peak is from a charge-transfer (CT) transition

(@)

Toluene Solid
SyVSS, Sy VSS,
RMSD=0.312A RMSD=0.058A
(b)
Toluene Solid
SoVSS, SoVSS;
RMSD=0.407A RMSD=0.043A

Fig. 2 Visible geometry changes between Sq (black) and S; (red) in toluene
and in the solid phase for S-BN-AF (a) and R-BN-CF (b), respectively.

Phys. Chem. Chem. Phys.

and that functional BMK is known to perform poorly for CT-like
transitions owing to an incorrect asymptotic behavior.**”*!
However, the main peaks for the enantiomers are in good agree-
ment with the experimental counterparts.>® Here, we should note
that the peaks at about 405 nm and 436 nm for the two molecules
detected experimentally are still quite weak, which also indicates
that they are from the absorption of the CT states. Although the
oscillator strengths which reflect the intensity of the spectra of
the CT states were described poorly by the functional, the
excitation energy is quite well obtained. Considering that the
excitation energy is quite an important parameter for TADF
molecules, it is a tradeoff decision to adopt the BMK functional
in all the calculations below. Since similar light-emitting prop-
erties for the enantiomers can be found and only the crystal
structures of S-BN-AF and R-BN-CF are available, the analysis in
this work is mainly based on the study of S-BN-AF and R-BN-CF.

Energy gap and transition property

A small energy gap between S; and T; is important for the
realization of the RISC process in TADF-OLEDs. The adiabatic
excitation energies of S-BN-AF and R-BN-CF in toluene and in
the solid phase are shown in Fig. 3. It can be seen that the
energy landscapes for both molecules are different. For the
S-BN-AF molecule, there is only one triplet state (T,) below S;,
and the S;-T; energy gap is 0.05 eV in both the toluene and
solid phases (Fig. 3(a) and (b)). Such a small energy gap can
efficiently promote the RISC process from T; to S; for S-BN-AF.
Nevertheless, T, is also quite close to S; in energy (with T,
0.05 eV higher in energy than S; in toluene and 0.13 eV higher
in the solid phase); thus, it also may participate in the ISC and
RISC processes. For the R-BN-CF molecule, the energy level
structure below S; is relatively complex. Four triplet states Ty,
T,, T3, and T, are lower in energy than S; with energy gaps of
0.43, 0.34, 0.34 and 0.11 eV in toluene, respectively (Fig. 3(c)).
The energy level of Ts is a little higher than S;, with a small
energy gap of 0.21 eV. According to the Marcus rate equation
Krisc oc e AEs7ReT large energy gaps are not favorable for RISC
process. From the energy structure of R-BN-CF in toluene, we
can deduce that ISC processes should happen between S; and
these triplet states (T4, T, T3, T4 and Ts), while RISC processes
should mainly happen between T4, Ts and S;. The similar
energy landscapes can be seen for the R-BN-CF molecule
in the solid phase (Fig. 3(d)), for which the four triplet states
(Ty, Ty, T3, T,) are lower than S;, and the energy gap is 0.67 €V,
0.49 eV, 0.35 eV and 0.34 eV, respectively. The energy level of Ts
is the closest to Sy, with a small energy gap of 0.07 eV. Based on
the energy structure, one can expect that the efficient RISC

This journal is © the Owner Societies 2019
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Fig. 3 Adiabatic excitation energies for S-BN-AF in toluene (a) and in the solid
phase (b); adiabatic excitation energies for R-BN-CF in toluene (c) and in the
solid phase (d) respectively.

process should happen from Ts to S;, due to the small Ts-S;
energy gap. It is noted that the energy difference AEgr is
important but is not the only index to realize the reverse
intersystem crossing. The transition properties and spin—-orbit
coupling (SOC) between the singlet and triplet excited states
also have an important effect on the ISC and RISC processes.
Natural transition orbital (NTO) analysis was performed for
S; and other triplet states of both molecules in toluene and in
the solid phase. The corresponding highest occupied natural
transition orbital (HONTO) and the lowest unoccupied natural
transition orbital (LUNTO) with transition ratios for S-BN-AF
and R-BN-CF are plotted in Fig. 4 and 5, respectively. Combined
with the local excitation (LE) ratio of each state (as shown in
Tables S1 and S2, ESIT), one can conclude that S; of S-BN-AF is a
CT state both in toluene and in the solid phase. Although the T,
states in both toluene and the solid phases are also CT states,
the LE components (40.70% and 39.06%) become more
significant than that in S; (16.31% and 20.56%). The T, states
in both phases are also CT states, while the variations for the
LE component in both phases are more obvious (19.32% and
38.90%). In addition, one can find that the transition for S,, Ty
and T, mainly happens between the donor and the acceptor
groups for the S-BN-AF in both phases. The chiral unit has no
influence on the transition for all three states of S-BN-AF. The
transition properties of the excited states of R-BN-CF in both
phases are illustrated in Fig. 5, Fig. S4 and Table S2 (ESIt). One
can also note that the transitions for S;, T; and T, of R-BN-CF
mainly happen between the D and A groups in both phases,
while the transitions for T; and T, have a relationship only with
the chiral unit. For Ts, the transition in the solid phase happens
between the chiral unit and the acceptor group, while it relies
on the D and A groups in toluene. For the R-BN-CF molecule,
the Ty, T,, T; and T, states are all significant LE states in
two phases, and S; are typical CT states in both phases.
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Fig. 4 Transition characteristics for S;, T; and T, of S-BN-AF in toluene (a)
and in the solid phase (b), respectively. The value above every arrow
represents the ratio of depicted NTOs in the corresponding transition.

However, the Ts changes from a CT state in toluene to an LE state
in the solid phase. The corresponding LE ratio of T5 changes from
32.98% to 74.55% (Table S2, ESIt), which indicates that the T;
state of R-BN-CF is a stable triplet state in the solid phase. The
local excitation feature of the triplet states is conducive to the
enhancement of spin-orbit coupling, which is expected for TADF
materials to realize the efficient reverse intersystem crossing
process.”* From the NTOs of the two molecules, we concluded
that the chiral unit would not influence the emission process,
since S; has no relationship with the transition of S,. Nevertheless,
it may have an effect on the (R)ISC process, because the chiral unit
participates in the transition of the triplet states of the R-BN-CF.
From our investigation, we also concluded that the variation of
donors may also influence the interaction of the chiral unit
with the D-A groups and also the transition properties of the
triplet excited states.

The spin-orbit coupling between the S; and triplet states
involved for both molecules studied are listed in Tables 4 and 5,
respectively. It was found that all the spin-orbit coupling values
in the solid phase were larger than that in toluene, which may
favor the (R)ISC process in the solid phase. For S-BN-AF, the
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Fig. 5 Transition characteristics for Sy, Ty, T, T3, T4 and Ts of R-BN-CF in
the solid phase. The value above every arrow represents the ratio of the
depicted NTOs in the corresponding transition.

(S1|Hso|T1) value in the solid phase is about 20 times larger
than that in toluene. For R-BN-CF, the spin-orbit coupling
between S; and Ty, T3, T, and Ts are all much larger than the
(S1|Hso|T,) value. Through the analysis above, it can be found
that the surrounding environment not only influences the
geometric structures of both molecules studied, but also
the energy landscapes, the transition properties as well as the
spin-orbit coupling values of the excited states.

One should note that all the SOC values are smaller than the
other organic molecules which are in the range of 1-40 cm ™ *.>
This may be a typical characteristic of TADF molecules whose
singlet and triplet states have significant CT character.’®
Although the SOC values are small, the small S-T energy gap

Table 4 Calculated spin—orbit coupling constants (in cm™) between
selected singlet and triplet excited states for S-BN-AF in toluene and the
solid phase based on the optimized Sy, T; and T, structures respectively

Toluene Solid
(S1|Hso|T4) 0.021 0.463
(S1|Hso|T2) 0.216 0.262
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Table 5 Calculated spin—orbit coupling constants (in cm™2) between the
selected singlet and triplet excited states for R-BN-CF in toluene and the
solid phase based on the optimized S;, Ty, To, T3, T4 and Ts structures
respectively

Toluene Solid
(S1|Hso|T1) 0.400 0.657
(S1|Hso|T2) 0.030 0.083
(S4]|Hso|T5) 0.294 0.376
(S1|Hso|T4) 0.639 0.715
(S1|Hso|Ts) 0.240 0.577

may induce large ISC or RISC rates.”” In addition, the radiative
rates for TADF molecules are usually smaller than the conven-
tional fluorescent emitters; the ISC and RISC processes would
also play a significant role in the excited decay process. Since
SOC values are quite dependent on geometric structures,>®
it is possible to obtain larger SOC values when considering
contributions from different conformers.”>>° Thus, the non-
adiabatic dynamics should be performed to obtain different
samples, which will be further considered in future study.

Huang-Rhys factor and reorganization energy

The non-radiative decay process is closely related to the geo-
metrical distortion and the vibronic coupling between the
emissive excited state and the ground state. Thus, to figure out
the structure-property relationship during the non-radiative
processes, the Huang-Rhys factor (HR) and the reorganization
energy (1) were calculated using the DUSHIN program. HR and 4
Dy
2
Here, w; represents the vibration frequency, and D; is the
normal coordinate displacement of mode k. The HR factors
and reorganization energy of S-BN-AF and R-BN-CF versus the
mode frequency are shown in Fig. 6 and 7, respectively. One can

are defined as HR; = and A = ) liwHRy, respectively.
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Fig. 6 Calculated HR factors versus the normal mode frequencies for
S-BN-AF in toluene (a) and in the solid phase (b) as well as the reorganization
energies versus the normal mode frequencies for S-BN-AF in toluene (c) and
in the solid phase (d), respectively. Representative vibration modes are shown
as insets.
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see that for the S-BN-AF molecule, the remarkable HR factor
(18.22) appears in the low-frequency region (36.47 cm™') in
toluene. The HR factor in the solid phase decreased with
the largest factor being 0.41 (at the mode with a frequency of
139.65 cm '), which is about 44 times smaller than that in
toluene. The reorganization energies of S-BN-AF are mainly
contributed by one low-frequency mode (54.98 cm™ ") and one
relatively high-frequency mode (1641.21 cm™ ) in toluene. In the
solid phase, the reorganization energies of S-BN-AF in low-
frequency regions sharply decreased, and the vibration in the
high-frequency region is also restricted, with the reorganization
energy being 117.07 meV (1641.21 cm ') in toluene and
92.48 meV (1642.92 cm ') in the solid phase.

For R-BN-CF, the large HR factors all appeared in the low-
frequency region in toluene, e.g., 22.12 cm ' and 47.12 cm ™ ?,
while the largest HR value in the solid phase was reduced to
only about 0.25 (emerging at 130.22 cm™'). Furthermore, the
change of reorganization energy from the solvent phase to the
solid phase is similar to that of S-BN-AF. The maximal value of
reorganization energy decreases from 154.34 meV (436.42 cm ™)
in toluene to 51.88 meV (1659.45 cm ') in the solid phase.
One can see that for both molecules studied, the values of HR
and / are significantly reduced in the solid phase because the
low-frequency vibrations are effectively restricted. Based on
the analysis above, one can deduce that the molecules in the
solvent phase are more flexible and easily induce significant
relaxation when the molecules are excited. Contrarily, in the
solid phase, the relaxation can be effectively hindered by
surrounding molecules.

Moreover, compared with S-BN-AF in the solid phase, the
contribution of both the low-frequency mode (383.62 cm™*)
and the relatively high-frequency mode (1659.45 cm ™) to the
reorganization energy for R-BN-CF in the solid phase is much
smaller (Fig. 6(d) and 7(d)). The reason can be found from
the difference between their chemical structures. The donor of

This journal is © the Owner Societies 2019
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S-BN-AF with two methyl groups is conducive to increasing the
spacing between two adjacent units and decreasing the inter-
molecular interaction, which makes the molecule more flexible
and induces stronger vibrations compared with R-BN-CF. In
other words, the non-radiative decay of S-BN-AF is much larger
than that of R-BN-CF. Therefore, one can speculate that in the
aggregate state, R-BN-CF has a higher fluorescence efficiency
than S-BN-AF. The corresponding decay rates are analyzed in
the following section.

Excited-state dynamics

In order to gain a deep insight into the excited-state dynamics,
the radiative (K;) and non-radiative (K,,) rates from S; to S, the
intersystem crossing rates (Kisc) and the reverse intersystem
crossing rates (Kgrisc) between the selected singlet and triplet
excited states of S-BN-AF and R-BN-CF both in toluene and in
the solid phase were quantitatively calculated based on the
methodology illustrated in Section 2. Furthermore, the prompt
fluorescent efficiency (®pr) was calculated for comparison with
experimental values. The corresponding data are listed in
Tables 6 and 7. It can be seen that the radiative decay rate K
increases from 1.74 x 10* s~ " in toluene to 9.85 x 10° s~ " in the
solid phase for S-BN-AF. For R-BN-CF, K, in the solid phase
(3.45 x 107 s7') is also larger than that (4.97 x 10° s7') in
toluene. The acceleration of radiation attenuation is due to the
increased oscillator strength (f) from toluene to the solid phase.
For S-BN-AF, the oscillator strength is increased from 0.0001 in
toluene to 0.0058 in the solid phase. For R-BN-CF, the oscillator
strength has a similar relationship as that for S-BN-AF. The
non-radiative decay rate (K,,) of both molecules in the solid
phase is significantly reduced compared with that in toluene.
It can be clearly seen that the value of K, is reduced from
7.50 x 10'° s~ " in toluene to 1.88 x 10° s~ ' in the solid phase for
S-BN-AF. For R-BN-CF, K, was reduced by nearly two orders of
magnitude from toluene to the solid phase (1.82 x 10'°s™* —
2.46 x 10% s™1). This confirms our previous deduction that the
reduction of HR factor and reorganization energy indicates
that the non-radiative decay channel is hindered due to the
restricted soft vibrations of the rigid environment in the
solid phase.

Table 6 Calculated radiative and non-radiative rates from S; to Sg as
well as the ISC and RISC rates between the singlet and triplet excited states
(T4, T2). The calculated prompt fluorescence efficiency (®pf) for S-BN-AF is
listed. Corresponding experimental results are also presented with the
superscript ‘exp’

Toluene Solid
K(S; = So) 1.74 x 10* 9.81 x 10°
Kne(S1 — So) 7.50 x 10" 1.88 x 10°
Kisc(S1 — T1) 2.31 x 10° 2.12 x 10°
Krisc(T1 — S1) 3.29 x 10* 3.03 x 10’
Kisc(S1 — T,) 10.91 6.63 x 10>
Krisc(T2 — S1) 76.48 1.05 x 10°
Ki(S - 1) 2.31 x 10° 2.12 x 10°
KEL(T - 9) 3.29 x 10* 3.03 x 107
- 0.0002%o 0.05%
[ — 4.71%
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Table 7 Calculated radiative and non-radiative rates from S; to Sg as well
as the ISC and RISC rates between the singlet and triplet excited states
(Ty, Ta, T3, T4 and Ts). The calculated prompt fluorescence efficiency (@pf)
for R-BN-CF is listed. The corresponding experimental result are also
presented with the superscript ‘exp’

Toluene Solid
K{(S1 = So) 4.97 x 10° 3.45 x 107
Kne(S1 — So) 1.82 x 10" 2.46 x 10°
Kiso(S1 — Ty) 4.07 x 10° 6.00 x 10’
Kisc(S1 — Ta) 8.51 x 10* 1.09 x 10°
Kisc(S1 — Ts) 1.94 x 10* 1.43 x 10°
Kisc(S1 — Ty) 1.20 x 10’ 2.21 x 107
KNC(S1 - Ts) 1.04 1.91 x 10°
Krisc(T1 — S1) 2.18 x 10?2 2.80 x 104
KRISC(T2 - sl) 1.47 x 10" 5.65 x 107°
Krisc(Ts — S1) 2.68 x 10> 1.72
KRM(T S1) 2.13 85.51
KRISC(T5 - S) 3.72 x 10° 2.92 x 10’
Kfé‘c(s - T) 1.15 x 10’ 4.73 x 10’
K&4e(T - ) 3.47 x 10° 2.92 x 107
Dpps 0.03% 10.52%
[ — 37.5%

Moreover, the Kigc and Kyisc between S; and other triplet
excited states are computed by the Marcus rate equation. It should
be noted that although the S;-T; energy gap of S-BN-AF in toluene
and in the solid phase is exactly the same (Fig. 3), the Kisc and Kgysc
in the solid phase (2.12 x 10® s7* and 3.03 x 10’ s™') are much
larger than that in toluene (2.31 x 10° s~ ' and 3.29 x 10" s™"). This
is due to the increased spin-orbit coupling effect in the solid phase
as shown in Table 4. In addition, we also calculated the ISC and
RISC rates between S; and T,. It was found that the rates are all
much smaller than those between S; and T,. Thus, the ISC and
RISC processes should mainly happen between the S; and T, states.

For R-BN-CF, the (R)ISC process is much more complicated.
From Table 7, we can see that the ISC rates between S; and all
the triplet states involved in the solid phase are larger than those
in toluene. Although the energy gap between S, and T; is as large
as 0.43 eV in toluene and 0.67 eV in the solid phase, the ISC rate
is as large as 4.07 x 10° and 6.00 x 107, respectively. However,
the S;-T; RISC rates in both phases are quite small, and it is
obvious that the RISC process mainly happens between Ts and
S;. That is to say, the RISC process for R-BN-CF in both phases
should be realized by two steps: (1) the up-conversion from T, to
Ts with the help of T,, T; and T,; (2) RISC from Ts to S;.

Particularly, in order to compare with experimental values,
we calculated the effective Kigc and Kgisc rates based on the
following formula considering all possible RISC decay channels.

Ks,—1,2 + Ks,-1,% + Ks,-1;,> + Ks,-1,> + Ks, 75>

Kcal ST =
isc(S—T) Ks, 1, + Ks,-1, + Ks,-T; + Ks, -1, + K5, T}
7)

K& (T —S) = Kr, s>+ Kr,s,> + K1y 5, > + K, 5, > + K155,

KT] —Si + KTz—S] + KT3—SI + KT4—S] + KTs—Sl
(8)

It can be seen that the KL rate for the R-BN-CF molecule
in the solid phase (2.92 x 10’ s7') is nearly four orders of
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magnitude larger than that in toluene (3.47 x 10° s ).
Consequently, efficient emission can be expected for R-BN-CF
in the solid phase. From Tables 6 and 7, we can see that @py for
S-BN-AF and R-BN-CF in the solid phase are 0.05% and 10.52%,
respectively, which are much larger than that in toluene. The AIE
phenomenon was found for both molecules. In both molecules, not
only were the radiative rates significantly enhanced in the solid
phase, but the non-radiative rates also decreased to a great extent.
Both factors can result in emission enhancement in the solid phase.

Conclusions

In summary, the AIE and TADF mechanism of two light-
emitting molecules S-BN-AF and R-BN-CF with CPL properties
were investigated. Through analyzing the variation of the
dihedral angles and RMSD values of the molecules in both
toluene and in the solid phase, we found that the geometrical
changes in toluene were much larger than those in the solid
phase, especially for the dihedral angles between donors and
acceptors. Moreover, the HR and A of the two molecules
calculated in the solid phase are much smaller than those in
toluene, which results in smaller non-radiation decay rates in
the solid phase. Besides, the radiative decay rates for both
molecules are increased in the solid phase. We conclude that AIE
is due to the suppressed non-radiative process and enhanced
radiative rates in the solid phase. In addition, the adiabatic
energy levels, the SOC constants and the transition properties of
the excited states were also different to some extent in both
phases. Based on the decay rates calculated, we conclude that
the TADF mechanism for S-BN-AF and R-BN-CF are different. For
S-BN-AF, the up-conversion process mainly happens between T,
and S;, while the two-step up-conversion process is involved
for R-BN-CF. Although a larger S;-T; energy gap was found for
R-BN-CF, a more efficient RISC can be found than that in S-BN-AF.
Theoretical calculations indicate that R-BN-CF has a higher
luminous efficiency than S-BN-AF, which is in agreement with
the experimental results. Our calculations indicate that a tiny
modification of the donor groups can significantly influence the
geometric structure and energy structure of the molecules as well
as their light-emitting mechanisms. In addition, our calculations
also indicate that a change of the donor groups may also lead to
a blue emission and without the loss of multifunctional proper-
ties. Our calculation results provide helpful insights into the
design of new-type CPL molecules with AIE and TADF.
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