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Excited state properties of non-doped thermally
activated delayed fluorescence emitters with
aggregation-induced emission: a QM/MM study
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The excited state properties of dibenzothiophene-benzoyl-9,9-dimethyl-9,10-dihydroacridine (DBT-BZ-
DMAC) in the solid phase are theoretically studied through a combined quantum mechanics and
molecular mechanics (QM/MM) method. The results indicate that the non-radiative decay rate of the
molecule in the solid phase is significantly decreased due to the suppression of the rotation of the DMAC
and DBT units in the molecule, while the radiative rate is greatly increased owing to the enhancement of
the transition dipole moment. Moreover, the fluorescence efficiency in the solid phase (20.5%) is shown
to be much larger than that in the gas phase (0.01%o), which confirms that DBT-BZ-DMAC is a typical
aggregation-induced emission (AIE) system. The results further display that both the intersystem crossing
(ISC) and reverse intersystem crossing (RISC) processes take place between the first singlet excited state
(S1) and the lowest degenerate triplet excited states (T1 and T2). In addition, the charge transfer rate is
studied using the Marcus theory and the intrinsic charge mobility is calculated by performing the kinetic
Monte Carlo method. The results show that the DBT-BZ-DMAC crystal is a p-type semiconductor with a
hole mobility of 0.14 cm? V! s71 at room temperature. Our investigation elucidates the experimental
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measurements and helps one to understand the AIE mechanisms of the DBT-BZ-DMAC fluorescence
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1. Introduction

Recently, thermally activated delayed fluorescent (TADF) emitters
have attracted great attention owing to their potential applications
in both full-color flat-panel displays and new generation solid-state
lighting. Luminescent materials with thermally activated delayed
fluorescence can harvest both singlet and triplet excitons to afford
high electroluminescence (EL) efficiencies for organic light emitting
diodes (OLEDs) by an efficient reverse intersystem crossing (RISC)
process.’ Pioneers such as Adachi et al. have reported excellent
blue, green and red TADF emitters with external quantum efficien-
cies (EQEs) of 19.5%, 28.6% and 12.5%, respectively.*” Nevertheless,
most TADF molecules have to be dispersed into host matrices to
suppress exciton annihilation and concentration or aggregation
quenching, which usually results in swift efficiency roll-off as
luminance increases, and it becomes an obstacle to device
stability and practical applications.®™®

TADF molecules with aggregation-induced emission (AIE)
characteristics are thought as a promising strategy to solve this
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emitter, which is beneficial for developing new TADF emitters.

problem. AIE is a unique photophysical phenomenon and
offers a high possibility to solve the quenching and annihilation
problems.”™"" Usually, AlEgens are weak emitters in dilute
solutions, but become highly efficient emitters in a rigid
environment such as water or a solid film. Recently, a new
tailor-made luminance molecule dibenzothiophene-benzoyl-
9,9-dimethyl-9,10-dihydroacridine (DBT-BZ-DMAC) showing
both the AIE and TADF properties has been proposed (shown
in Fig. 1a). High performance of an OLED has been obtained
using the neat film of DBT-BZ-DMAC, which is one of the most
efficient non-doped TADF OLEDs."?

In this paper, we will perform a detailed study on the
photoelectric properties and the AIE mechanism of the
DBT-BZ-DMAC molecule based on first-principles calculations.
The environmental effect of the molecule in the film is
focused by using the combined quantum mechanies and
molecular mechanics (QM/MM) method. Because the charge
combination ratio y that influences the external quantum
efficiency (#rqr = Y1rHp1loue) Of OLEDs has a close relationship
with the charge transfer properties of the molecule in the neat
film, we also study both the electron and hole transport
properties. The AIE mechanism of the TADF molecule is
revealed and the experimental measurements are reasonably
elucidated.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Chemical structure of DBT-BZ-DMAC. (b) ONIOM model: surrounding molecules are regarded as the low layer and the centered DBT-BZ-
DMAC is treated as the high layer. (c) Molecular packing modes of the DBT-BZ-DMAC crystal.

2. Theoretical methods intersystem crossing rates (Krisc) between the selected singlet and

triplet states are calculated based on first-principles calculations.
In this paper, the radiative (K;) and non-radiative (K, decay

. K,
. R Further, the fluorescence efficiency | ®pr = — T  )ecan
rates from S1 to SO, the intersystem crossing (Kisc) and reverse

Kr + Knr + KISC
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be obtained.'® Moreover, the charge transfer rate of electrons and
holes in the DBT-BZ-DMAC crystal is calculated based on Marcus
theory. Then the kinetic Monte Carlo simulation approach is
adopted to investigate the charge diffusion process, and further

the charge mobility can be acquired.'*"

2.1 Excited state properties

The radiative decay rate is calculated as follows

K. = Jéem(w, T)do. (1)

40°
where 5em(w, T) ?ZPiv‘<@f14|ufi|@iv>|25(wi\nfu - (U) ugj =

3hc
(®rli|®;) is the electronic transition dipole moment between
two electronic states |®5) and |®;). Py, is the initial state Boltzmann
distribution function and @ are the nuclear vibrational wave
functions. u and v are vibrational quantum numbers.

The non-radiative decay rate is deduced based on Fermi’s
golden rule (FGR) and first-order perturbation theory, and it
can be written as follows

Ky = ZPlV}HﬁHV

The delta function é maintains the conservation of energy and
H is the interaction between two different Born-Oppenheimer
states; it contains two components

w - Efz4)~ (2)

quiv = [:IBoqji(rv Q)@W(Q) + I:[so¢i(r7 Q)@l\(Q) (3)

Here H"° is the nonadiabatic coupling and A°° denotes the
spin-orbit coupling. The non-radiative decay rate constant
from S1 to SO can be written as

Z RuZ;! Z e P (O, | P |03, (63, Yo(Eiy
- Eff,).
4)
Here Ry = (®¢| P | ®:)(®;|Ps1| @) is the nonadiabatic electronic
coupling. Z; is the partition function and ?f-k = —ih agfk represents

the normal momentum operator of the kth normal mode in the
8Q and ¢s; = vV M;R;;, where

Ry is the Cartesian coordinate of the Jth atom along the jth
direction, the electronic coupling term at the equilibrium posi-
ou
0

tion can be approximately written as
P 0
(0| P |®;) = —ih( Bp|——|P; ) = —ihM. (5)
s /1005 E) - Ef

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

ou > Z;se? ,
@ = Ei r5:Lsj, Eirse is the
< r aQﬂ( Z /——‘5 1:%:,2 i—f ,otdor, i—f,01
transition electric field and it can be calculated using TD-DFT

directly. Based on the Franck-Condon principle and applying

final electronic state. As Lys;; =
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the Fourier transform of the delta function, the equation can be
written as

Ky ZﬁRHJ de[e"'Z7 pic (1, 7). (6)

Here pc(t,T) is the thermal vibration correlation function
(TVCF).

The intersystem crossing rate constant from initial singlet/
triplet to triplet/singlet states can be recast based on the second-
order perturbation theory as

If§—z K}?lz + K}}lz + Kj(c%lz (7)
For the first-order contribution I<(<_,, due to the spin symmetry
requirement, the A®° term in eqn (3) does not make any
contribution between singlet and triplet states. So, the simplest
and the most commonly employed intersystem crossing rate
formalism can be written as

1 a3 o il s —_
Kisc = ﬁ@’f}HSO‘@OJ de[er' Z  pise (1, T)). (8)
Both the methodology and application of this formalism can be
found in Peng’s and Shuai’s works.'®*®

2.2 Charge transport properties

To calculate the charge carrier transfer rate from site i to site j,
the Marcus-Hush theory is adopted

2
W. — V/12 exp | — (AG/l + ;“)
T VKT A 4 KgT

Here, Vj; is the transfer integral between two sites 7 and j. 1 is
the reorganization energy between the neutral state and the
charge state. AG; is the site energy difference between two sites
iand j, and it is defined as AGj; = E; — E;, with E; the free energy
of site i.

The intrinsic charge mobility can be calculated using the
Einstein equation

©)

eD
KT’

p= (10)

Where D is the diffusion coefficient, and it can be obtained by
performing the kinetic Monte Carlo simulations. In the simulations,
the crystal structure is adopted and one charge is supposed at one
site (one molecule) k first. Then it is transported to another
molecule, and it is only allowed to transport to neighbor molecules

ki
= In the formula, the sum runs
Z Wki ’

J

over all the possible paths around site k. At each step, one
random number r is generated. If the number r satisfies

with the probability as Py; =

o—1 o
S P <r <)Y Py, then the charge will transport through
i=1 i=1
the o path. By repeating the process for thousands times, the
averaged value of the distances with respect to the time follows

a linear relationship. The ratio is the diffusion coefficient
2
. . LT
according to the equation D = Ihm I where r and ¢ are the
—00 2N
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averaged displacement and total time span and n represents
the dimension of the charge transport in the crystal. In our
calculation, the 10 x 10 x 10 supercell is adopted, and the limit
time for every track is set as 0.01 ns. The average value of the
diffusion coefficient D is obtained based on 2000 trajectories.
For the detailed simulation method, one can refer to ref. 19.

3. Computational details

The excited states of the DBT-BZ-DMAC molecule are studied
using the time-dependent density functional theory (TD-DFT).
Since the excited state properties of D-A type molecules are
functional dependent, an appropriate functional should be
determined firstly. Some ingenious approaches such as the
optimal Hartree-Fock (OHF) method, NTO method, LC-wPBE
method and LC-BLYP method have been proposed and well
applied recently.>* > In this work, the emission wavelength of
the DBT-BZ-DMAC molecule in gas and solid phases is calcu-
lated using functionals with different percentages of HF
exchange (HF%). As shown in Table 1, the emission wavelength
of the molecule in the solid state calculated with the BMK
functional is 490 nm, which is in better agreement with the
experimental value (505 nm in the neat film). Consequently, the
BMK functional is adopted in our following calculations. For
the investigation of the ground state, the DFT method is used.
In all the first-principles calculations, the 6-31G(d) basis set is
adopted.

In order to simulate the properties of the molecule in the
solid state, a combined quantum mechanics and molecular
mechanics (QM/MM) method with a two-layer ONIOM approach
is used.”®”” The computational model is built based on the
X-ray crystal structure shown in Fig. 1b and the detailed packing
structure is shown in Fig. 1c. The central molecule is chosen as
the QM section and is set as the high layer, whereas the
surrounding 44 molecules are treated as the MM section and
are defined as the low layer. The universal force field (UFF) is
used for the MM part, and the molecules of the MM part are
frozen during the QM/MM geometry optimizations for S0, S1, T1
and T2 states. Besides, the electronic embedding is adopted in
the QM/MM calculations by incorporating the partial charges
of the MM region into the quantum mechanical Hamiltonian.
All the calculations are carried out in the Gaussian 09 package.*®

Finally, the normal mode analyses are performed using the
DUSHIN program,”® and the radiative and non-radiative decay
rates as well as the ISC and RISC rates in gas and solid phases

Table 1 Emission wavelength (nm) calculated by adopting different
functionals for DBT-BZ-DMAC in gas and solid phases is listed respectively

Gas Solid
O3LYP 709 868
B3LYP 607 677
PBEO 556 614
BMK 454 490
M062X 405 440
wB97XD 391 402
Exp* — 505

This journal is © The Royal Society of Chemistry 2017
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are both calculated in the MOMAP (Molecular Materials Property
Prediction Package) which shows superiority in describing and
predicting the optical properties of the polyatomic molecules.>* >

4. Results and discussion
4.1 Geometrical structure

Molecular geometry determines both electronic structures and
properties. From the crystal structure of the molecule detected
using X-ray, we find two different configurations (shown in
Fig. S1, ESIt). In configuratin-1, the C=0 bond is above the BZ
surface, while it is under the BZ surface in configuration-2 from
the view shown in Fig. S1 (ESIT). The DBT units are also in
opposite positions in two configurations. Based on the two
configurations, we perform optimization in both the gas phase
and in the solid phase. The details of structure parameters for
both configurations in the ground state (S0), the first excited
state (S1) and the first triplet state (T1) are listed in Tables S1
and S2 (ESIt). Comparing the parameters in crystal structures
of two configurations, we can see that the dihedral angles of 62,
03 and 04 have the same absolute values but different signs,
which indicates different relative positions for three units in
two configurations. From the geometric parameters of S0 in the
gas phase, the solid phase and the crystal structure, we find
that the geometry in the solid phase is closer to the crystal
structure. The dihedral angles in the gas phase are significantly
different from those in the solid phase, but the angles and bond
lengths are almost the same. Since the geometry differences
between S0 and S1 have close relationship with the excited state
properties, the intuitive comparisons of the geometries of SO
and S1 are shown in Fig. S2 and S3 (ESIY). It is found that the
geometric changes between SO and S1 in the gas phase are
more significant than that in the solid phase. To quantitatively
characterize the geometric change, the root of the mean of
squared displacement (RMSD) between two states is calculated
using Multiwfn.** The RMSD for configuration-1 in the gas
phase is 0.342 A, while it is only 0.136 A in the solid phase. For
configuration-2, similar variations between SO and S1 can be
found. The different geometric change between SO and S1 in
both phases implies that the change in the geometry in the
solid phase is more difficult than that in the gas phase. It also
indicates that vibrational relaxation in the solid state will be
limited and the non-radiative decay may be suppressed. To
confirm our deduction, the energy is scanned when the dihedral
angle between BZ and DMAC units in configuration-1 is changed.
As shown in Fig. S4 (ESIT), the energy barrier for the molecule in
the solid phase is much higher than that in the gas phase. One
should note that the rotation angle in the figure is expressed by
the dihedral angle after rotation minus the dihedral angle at
equilibrium. Besides, the rotational energy barrier (kcal mol ™) is
defined as the energy difference between the configuration after
rotation and the SO geometry. The result confirms our deduction
that the rotation for the molecule in the solid phase is much
more difficult than that in the gas phase. In addition, remarkable
dislocated intermolecular n-m interactions (measured by the

J. Mater. Chem. C, 2017, 5, 8390-8399 | 8393
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reduced density gradient (RDG) function) can be found at DBT units
as well as at the DMAC units with a vertical distance of 3.52 A and
4.96 A respectively (as shown in Fig. 1(c)). In addition, J-aggregation
can be found in the crystal, which can efficiently enhance the
emission efficiency of the molecule in the solid phase.*

Although there are two configurations for the DBT-BZ-DMAC
molecule, we find that there are no significant differences in
its electronic properties and other photophysical properties
between two configurations except for the geometry and quite
a little difference in frequencies. Consequently, the calculations
below are only performed based on configuration-1.

4.2 Energy landscape and the transition properties

To analyze the exciton transfer process, the ground and excited
states are optimized using the BMK functional with the 6-31G(d)
basis set under the DFT and TD-DFT theories respectively.
Adiabatic energy landscapes of several low-lying excited states
in both gas and solid phases are shown in Fig. 2(a) and (b)
respectively. In the gas phase, there are two triplet levels lower in
energy than S1. The S1-T1 energy gap is 0.12 eV, and the S1-T2
gap is 0.08 eV. Such small gaps can efficiently promote the RISC
process from T1 (T2) to S1. In the solid state, the energy levels of
T1 and T2 are degenerate with a S1-T1 (S1-T2) gap of 0.10 eV,
which is consistent with the experimental value (0.08 eV).'
Moreover, the transition properties of excited states play an
important role in determining the excited state properties.
Based on the calculations above, we note that the S1, T1 and
T2 states have close relationship with the ISC process. As we
know, the HOMO-LUMO overlap has direct relationship with
the S-T energy gap and also the radiative rate. In Fig. S5 (ESIY),
the electronic distribution of the HOMO and LUMO for the
DBT-BZ-DMAC molecule in both the gas phase and the solid
phase is presented. It can be found that the electrons are
mainly located at the DMAC unit in the HOMOs, while they
are localized at the BZ and DBT units in the LUMOSs in both
phases. A separate distribution of the HOMO and LUMO can be
found, which is consistent with the small S-T energy gap of the

(a)
52 emmp— —7—1'3
1
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Slemp—— . #TZ
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! 1
1 1
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molecule. The oscillator strength for the S1 state of the molecule
in the gas phase and the solid phase is 0.0002 and 0.0124,
respectively, both of which are smaller than those of the normal
fluorescent molecules.

Natural transition orbital (NTO) analysis for S1, T1 and T2 in
the gas phase and the solid state are performed respectively
(shown in Fig. 3). For the molecule in the gas phase, we find
that S1 is a typical charge transfer (CT) state. For T1 and T2, a
significant local excitation (LE) feature can be found. In the
solid phase, the transition properties of S1 and T2 are similar to
that in the gas phase, while the nature of T1 changes to CT
transition. It indicates that the environment has an important
influence on the transition character of the excited state. Recently,
Gibson and Penfold found that *LE often brings a stable triplet
state and *CT can result a small energy gap between 'CT and
3CT.?® Nonadiabatic coupling between *LE and *CT opens up the
possibility for a significant second-order coupling effect and
promotes the RISC process.***” Thus an ideal TADF model is
proposed, where the *CT — *LE — 'CT up-conversion process is
beneficial to the up-conversion process. For the DBT-BZ-DMAC
molecule, we find that the energy levels and transition characters
in the solid state agree well with the ideal model proposed by them
and good performance is expected.

4.3 Huang-Rhys factor and reorganization energy

The Huang-Rhys (HR) factor characterizes the modification of
vibrational quanta when going from one electronic state to

D2
%, where wy is the
vibration frequency and Dy is the normal coordinate displacement
of mode k. The HR factors for S1 of the molecule in the gas
phase and in the solid phase are depicted in Fig. 4(a) and (b).
Representative large HR factors in the gas phase are 10.7
(19.6 em™"), 1.4 (76.4 em™ ') and 1.1 (122.5 cm '), which
correspond to the rotation of DMAC and DBT units as shown
in the insets. While, all the HR factors are decreased in the solid

phase with 1.9 (43.4 cm™") as the largest one. The calculation

another, and it can be written as HR; =

(b) m—T4
T4-T3=0.07eV
=13

1
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Fig. 2 Adiabatic excitation energies for DBT-BZ-DMAC in gas (a) and solid phases (b) respectively.
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Fig. 3 Transition characteristics for S1, T1 and T2 sates of DBT-BZ-DMAC
in gas (a) and solid phases (b) respectively.

results indicate that the rotation motions of DMAC and DBT
units in low frequency regions (<200 cm™") are hindered in the
solid phase due to the intermolecular interactions. Thus, the energy
dissipation via vibration decay can be suppressed due to aggregation
and the fluorescent efficiency can be enhanced in the solid phase.

Besides, the reorganization energies (A =3 hwkHRk) versus the
k

normal mode frequencies in both phases are shown in Fig. 4(c)
and (d). Contribution from the low frequency modes to the total
reorganization energies accounts for 24.9% (75 meV) in the gas
phase, while the corresponding result decreases to 13.0%
(30.1 meV) in the solid phase. It further confirms that the rotation
with low-frequencies can be suppressed in the solid phase.

To further understand the relationship between the photo-
physical properties and the molecular structures, we project the
reorganization energies onto the internal coordinate of the
molecule. Contributions from bond lengths, bond angles and
dihedral angles are demonstrated in Fig. S6 (ESIt), and corres-
ponding data are listed in Table 2. It is noted that the bond
lengths (mainly C—=O vibration) contribute most to the total
reorganization energy (55.6% in gas phase), and it increases
to 70.3% in total reorganization energy in the solid phase.
However, the contribution from dihedral angles is significantly

This journal is © The Royal Society of Chemistry 2017
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decreased from 26.6% (80.2 meV) in the gas phase to 14.7%
(33.9 meV) in the solid phase. There is also some decrease in
the contribution from bond angles. From Table 2, we find that
the total reorganization energy in the solid phase (230.6 meV) is
smaller than that in the gas phase (301.2 meV) with the
decreased energy 70.6 meV from the gas to solid phase, which
should mainly due to the decrease in the contribution from
dihedral angles (4dgassolia = 46.3 meV). These results further
confirm that the rotation of DMAC and DBT units in low frequency
regions can be effectively suppressed in the solid phase, and it is
also crucial to determine the photophysical properties.

4.4 Excited state properties and aggregation-induced
emission

Based on first-principles calculations, the spin-orbit coupling
(SOC) constants (with the unit of cm™") between S1 and two
lowest triplet excited states both in the gas phase and the solid
phase are calculated using the Dalton2013 package,*® and the
corresponding data are listed in Table 3. It can be found that
the SOC constants for the ISC process based on the S1 structure
(0.012 cm™" and 0.584 cm ™) are all smaller than those based
on T1 (0.355 cm™') and T2 (2.154 ecm ™) for the RISC process.
The similar results can be seen in the solid phase. Further, we
calculate the radiative (K;) and non-radiative (K,,) rates from S1
to SO as well as the ISC (Kisc) and RISC (Krisc) rates between
singlet and triplet excited states in both the gas phase and solid
phase, and all the calculated results and experimental data are
listed in Table 4. It is found that the radiative decay rate K, is
greatly increased in the solid phase (1.32 x 10 s '), this is due
to the enlarged transition dipole moment (1.14 D in solid phase)
compared with that in the gas phase (0.13 D). The non-radiative
decay rate K, from S1 to SO is 4.86 x 10° s~ in gas phase, which
is five orders of magnitude larger than K, (4.82 x 10* s~ ).
Consequently, weak or no light-emitting can be found for the
isolate molecule. Nevertheless, for the molecule in the solid
phase, K, in the solid phase (2.40 x 107 s~ ') is decreased about
two orders compared with that in the gas phase. It becomes
comparable with the radiative decay rate (1.32 x 10” s~ '), and
efficient light-emitting can be expected. To confirm the reliability
of the non-radiative decay rate in our calculations, we plot the
log K./(AE (eV)) parabola in Fig. S7 (ESI). No vibrational feature
is found in both lines, which indicates the accuracy of the
calculated K, values in gas and solid phases. As a result, the
significant decrease of the non-radiative rate in the solid phase is
caused by the intermolecular interactions.

Moreover, the ISC and RISC rates between S1 and T1 (T2) are
calculated. It is found that the conversion rates between S1 and
T2 are larger than the values between S1 and T1 in both the ISC
process and the RISC process. This is due to the larger SOC
constants and a smaller energy gap between S1 and T2 than
that between S1 and T1. The results indicate that both ISC and
RISC processes mainly occur between S1 and T2. Besides, an
interesting phenomenon is found in the gas phase. The RISC
rate (1.84 x 10* s™") from T1 to S1 is slightly larger than the ISC
rate (1.44 x 10* s™') from S1 to T1, which is because the calculated
SOC constant based on T1 (0.355 cm ') is about 28 times larger
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Fig. 4 Calculated HR factors versus the normal mode frequencies in gas (a) and solid phases (b) as well as the reorganization energies versus the normal
mode frequencies in gas (c) and solid phases (d) respectively. Representative vibration modes are shown as insets.

Table 2 Reorganization energies (meV) from the bond length, bond
angle, and dihedral angle in gas and solid phases are listed respectively.
Acas-solid represents the energy difference between gas and solid phases

Gas Solid AG&S*SOlid
Bond length 167.6 162.0 5.6
Bond angle 53.4 34.7 18.7
Dihedral angle 80.2 33.9 46.3
Total 301.2 230.6 70.6

Table 3 Calculated spin orbit coupling constants (cm™) between
selected singlet and triplet excited states for DBT-BZ-DMAC in gas and
solid phases, based on the optimized S1, T1 and T2 structures respectively

Table 4 Calculated radiative and nonradiative rates (s from S1 to SO as
well as the ISC and RISC rates (s7%) between singlet and triplet excited
states. The calculated prompt fluorescence efficiency (@pf) and ISC
efficiency (®sc) are listed. Corresponding experimental results are also
presented with the superscript ‘exp’

Gas Solid
Geometry  (S1|Hso|T1) (S1|Hso|T2) (S1|Hso|T1) (S1|Hso|T2)
S1 0.012 0.584 0.218 0.539
T1 0.355 — 0.545 —
T2 — 2.154 — 1.286

than that based on S1 (0.012 cm™%). A similar situation was also
observed in a recent experiment.*® The calculation results indicate
the important role of the SOC in the ISC and RISC processes, one
should always combine both the energy landscape and the decay
rate to analyze the excited state properties.

To compare with the experimental results, we define effective
Ksi_11? + Ksi_12?

and
Ksi—11 + Ksi-12

ISC and RISC rates as: K&L(S — T) =

2 2
Kt1-s1” + K12-51
Kti-s1 + K121

Kcal

Rsc(T—8) = . Based on these formulas,
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Gas Solid
K(S1 — S0) 4.82 x 10* 1.32 x 107
Kn(S1 — S0) 4.86 x 10° 2.40 x 107
Kisc(S1 — T1) 1.44 x 10* 5.62 x 10°
Kisc(S1 — T2) 1.61 x 10° 3.11 x 107
Krisc(T1 — S1) 1.84 x 10* 2.50 x 10"
Krisc(T2 — S1) 6.37 x 10° 6.59 x 10°
K3 - T) 1.60 x 10° 2.72 x 107
K&L(T - S) 6.20 x 10° 6.36 x 10°
Do 0.01%o 20.5%
Drsc 0.03% 42.2%
KPP(S1 — S0) — 7.04 x 10°
K5P(S1 — S0) — 1.74 x 10°
KZ2(S - T) — 1.60 x 10’
KRBc(T - S) — 7.76 x 10°
5P — 28.5%
fy — 64.5%

Ksi-11°> + Ksi-12

2 2 2
Kt1-s1” + K251
Kiisc(T = 8) = —————

KgL(S —T) =

Ksi-11 + Ksi-12 Kri—si + Kro-s1
€X] K’?X’DF
KRII;C(T —8)= KD
1 1SC

~ exp exp exp
K™ + Ko + K]sc

we can obtain the effective ISC and RISC rates as 2.72 x 107 s™*
and 6.36 x 10° s~ respectively in the solid phase, which agree
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well with experimental values (as shown in Table 4). Based on
our calculations in the solid state, the fluorescence efficiency
dpr is 20.5%, which is consistent with the experimental result
(28.5%). The calculated ISC efficiency @5¢ is 42.2%, which is
also comparable with the experimental value (64.5%). Theoretical
results based on first-principles calculations in the solid state show
good agreement with the experimental results, which confirms the
TADF mechanism of the molecule. In addition, comparison of the
non-radiative decay rate in the gas phase and in the solid phase
also proves that the DBT-BZ-DMAC molecule has significant AIE
properties.

4.5 Charge transfer properties

For TADF-OLEDs, the charge transport properties are important
factors to determine the external quantum efficiency and efficiency
roll-off of the device. Good injection, bipolar and balanced hole
and electron transfer in molecular neat films is expected to obtain
successful TADF-OLEDs. Experiment shows that the electron
transport of the DBT-BZ-DMAC neat film is inferior to those of
commercial electron transporting materials such as TmPyPB films,
but the hole transport is comparable to those of commercial
hole-transporting materials such as CBP and mCP films."> A
theoretical study on the intrinsic transport properties of the
DBT-BZ-DMAC crystals is systematically performed. Based on
the crystal data, the dominant charge transfer pathways are
shown in Fig. 5. One can see that there are only four effective
paths for charge transport. The paths of P1 and P2 play major
roles with transfer integrals (V) 15.3 meV and 11 meV in holes
and electrons respectively. The transfer integrals along other
two paths (P3 and P4) are 6.5 meV for holes and 1.9 meV for
electrons. Further, the charge mobility of both holes and electrons
can be calculated using the kinetic Monte Carlo simulations.
The temperature dependence of the charge mobility is also
investigated (shown in Fig. 6). One can see that the hole

6.589A

6.5me

\\ 3 s

7.057A

Fig. 5 Main hole-transfer pathways of DBT-BZ-DMAC in the single crystal.
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for DBT-BZ-DMAC in the single crystal.

mobilities are all higher in values than electron mobilities in
the temperature from 50 K to 300 K, which indicates that the
DBT-BZ-DMAC molecular crystal is a typical p-type organic
semiconductor with a hole mobility of 0.14 cm®* V' s7" in
298 K. Both the hole mobility and electron mobility increase
with the temperature, which also confirms the hopping transfer
mechanism of charges in the molecular crystal. In addition, the
reorganization energies (1) of holes (155 meV) and electrons
(480 meV) calculated by normal mode (NM) analyses are all
much larger than their transfer integrals. All these features

dr
BZ-DMAC molecular crystal.

(% >0,A> V) indicate a hopping mechanism for the DBT-

5. Conclusion

In summary, the excited state properties of the DBT-BZ-DMAC
molecule in the solid state are studied using the QM/MM
method. Based on the crystal structures, two kinds of configurations
are found for the molecule. First-principles calculations indicate
that the energy, electronic structures and photophysical properties
are almost the same for the two configurations. The geometric
change between the SO state and the S1 state in the solid phase is
much less than that in the gas phase. Moreover, the Huang-Rhys
factors and reorganization energies in the solid phase are smaller
than those in the gas phase, which is due to the suppression of the
rotational motion of the DMAC unit and the DBT unit with low
frequencies (<200 cm™"). Thus, the non-radiative rate from S1 to SO
in the solid state is greatly decreased compared to that in the gas
phase. All these results indicate the key role of the environmental
effect on the molecular properties. Furthermore, enhanced
fluorescence efficiency is found in the solid phase (20.5%)
compared with that in the gas phase (0.01%o), which results
from the AIE mechanism. First-principles calculations combined
with the Kinetic Monte Carlo simulations are used to study the
charge transport properties in the DBT-BZ-DMAC molecular
crystal. The results demonstrate that the DBT-BZ-DMAC molecular
crystal is a p-type organic semiconductor with a hole mobility of
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0.14 cm® V' s7" at room temperature. Our investigation can
help one to understand the TADF and AIE mechanisms of the
DBT-BZ-DMAC emitter.
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