
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 209 (2019) 248–255

Contents lists available at ScienceDirect

Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy

j ourna l homepage: www.e lsev ie r .com/ locate /saa
Effect of intermolecular interaction on excited-state properties of
thermally activated delayed fluorescence molecules in solid phase: A
QM/MM study
Kai Zhang, Lei Cai, Jianzhong Fan, Yuchen Zhang, Lili Lin ⁎, Chuan-Kui Wang ⁎
Shandong Province Key Laboratory of Medical Physics and Image Processing Technology, School of Physics and Electronics, Shandong Normal University, 250014 Jinan, China
⁎ Corresponding authors.
E-mail addresses: linll@sdnu.edu.cn (L. Lin), ckwang@

https://doi.org/10.1016/j.saa.2018.10.053
1386-1425/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 September 2018
Received in revised form 20 October 2018
Accepted 28 October 2018
Available online 30 October 2018
Recently, thermally activated delayed fluorescence (TADF) molecules have attracted great attention since nearly
100% exciton usage efficiency was obtained in TADF molecules. Most TADF molecules used in organic light-
emitting diodes are in aggregation state, so it is necessary to make out the intermolecular interaction on their
photophysical properties. In this work, the excited-state properties of the molecule AI-Cz in solid phase are the-
oretically studied by the combined quantummechanics andmolecularmechanics (QM/MM)method. Our results
show that geometry changes between the ground state (S0) and the first singlet excited state (S1) are limited due
to the intermolecular π-π and CH-π interactions. The energy gap between S1 and the first triplet excited state is
broadened and the transition properties of excited states are changed.Moreover, the Huang-Rhys factors and the
reorganization energy between S0 and S1 are decreased in solid phase, because the vibrationmodes and rotations
are hindered by intermolecular interaction. The non-radiative rate has a large decrease in solid phase which im-
proves the light-emitting performance of themolecule. Our calculation provides a reasonable explanation for ex-
perimental measurements and highlights the effect of intermolecular interaction on excited-states properties of
TADF molecules.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

As the third generation electroluminescentmaterials, thermally acti-
vated delayedfluorescence (TADF)materials have attracted great atten-
tion, and significant progress has been achieved [1–10]. N400 kinds of
TADF molecular materials have been reported, while the red and blue
TADF materials are still limited and new methods for designing TADF
molecules are in urgent need [11–14]. In addition,most TADFmolecules
used in organic light emitting diodes (OLED) are prepared in filmwhere
molecules are in aggregation, and intermolecular interaction may
influence the light-emitting properties of TADF molecules and also the
performance of OLEDs. Aggregation-caused quenching (ACQ) phenom-
enon for organic light-emitting materials is often observed due to the
strong intermolecular π-π interaction [15,16]. Consequently, most
TADF emitters have to be dispersed into hostmatrices to suppress emis-
sion quenching and exciton annihilation. Nevertheless, most doped
TADF-OLEDs encounter a thorny problem of swift efficiency roll-off as
luminance increases [17]. Aggregation induced emission (AIE) and ag-
gregation induced enhancement emission (AIEE) are unique
sdnu.edu.cn (C.-K. Wang).
photophysical phenomena offering high possibility to solve the ACQ
problem [18,19]. All these phenomena indicate that intermolecular in-
teraction has significant influence on the light-emitting properties of or-
ganic molecules, and one should always consider the intermolecular
interaction in the design of organic molecules.

For TADFmolecules, twisted donor–acceptor (D-A) or D-A-D config-
urations are themost general configurationswhich tend to induce loose
stacking mode and weak intermolecular interaction in aggregation
[20,21].Moreover, previous investigations show that theweak intermo-
lecular interaction produced by special molecular stacking can effec-
tively inhibit out-of-plane vibration of the donor unit and rotation of
the receptor part [22–24]. So, theoretical studies to reveal the influence
of intermolecular interaction to the photophysical properties of TADF
molecules are helpful for the design of TADF molecules.

In this paper, a D-A-D type TADFmolecule AI‑Cz (as shown in Fig. 1a)
with a rigid N‑phenylphthalimide as the acceptor unit and two carba-
zole groups as donor parts are studied as a model [25]. The influence
of intermolecular interaction on the luminescent properties of AI-Cz is
investigated using the combined quantum mechanics and molecular
mechanics (QM/MM) method [26–30]. The influence mechanism will
be revealed, which could help one better understand the light-
emitting properties of TADF molecules in solid state and also help the
design of TADF molecules.
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Fig. 1. (a) Geometry structure of the studied molecule AI-Cz. (b) ONIOMmodel: the centered molecule is treated as a high layer and the surrounding molecules are fixed as a low layer.
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2. Computational Methods

Based on the crystal structure, the two layers ONIOMmodel is con-
structed (as shown in Fig. 1b) [31]. The interesting molecule is defined
as a high layer and computed by QM method. The surrounding mole-
cules are regarded as the low layer and calculated by MM method.

In order to select an appropriate functional, the absorption and emis-
sion wavelengths are calculated by different functionals including
B3LYP, PBE0, BMK, CAM-B3LYP, M062X and WB97XD. Corresponding
data are collected in Table 1. The absorption wavelength and emission
wavelength calculated with BMK in toluene are 381 nm and 489 nm re-
spectively, which agree with experimental values well (388 nm and
510 nm). The values calculated with BMK in solid phase are 370 nm
and 525 nm, which also agree well with the experimental values
(400 nm and 530 nm). Based on the absorption and emission wave-
lengths calculated, the optimization of geometries and excited states
properties are investigated with BMK/6-31G* level, and all those calcu-
lations can be achieved in Gaussian 16 package [32]. For the calculation
of ground states, the density functional theory (DFT) is adopted, while
the time-dependent DFT (TD-DFT) method is used to study the proper-
ties of excited states. Moreover, the polarizable continuum model
(PCM) is used to take into account the solvent effect in all simulations
[33].

The photoluminescence quantum yield (PLQY) is determined by the
competition between the radiative rate (kr) and the non-radiative rate
(knr). kr is computed by the Einstein spontaneous emission rate equa-
tion which is written as

kr ¼
fΔE2fi

1:499cm−2 � s : ð1Þ
Table 1
Absorption and Emission wavelengths calculated by different functionals for studiedmol-
ecule in toluene and solid phase respectively. Exp represents experimental data.

Toluene Solid

Absorption Emission Absorption Emission

B3LYP 483 nm 742 nm 456 nm 594 nm
PBE0 447 nm 670 nm 426 nm 537 nm
BMK 381 nm 489 nm 370 nm 525 nm
CAM-B3LYP 380 nm 446 nm 341 nm 493 nm
M062X 356 nm 452 nm 344 nm 485 nm
WB97XD 340 nm 440 nm 333 nm 477 nm
Exp 388 nm 510 nm 400 nm 530 nm
Here ƒ is the oscillator strength without dimension and ΔEfi in units
of wavenumber (cm−1) is the energy difference between the initial
state and the final state.

According to the Fermi's golden rule (FGR) and first-order perturba-
tion theory, the non-radiative decay rate can be written as follows:

knr ¼ 2π
ℏ2

X
μ;υ

Piυ Ĥ
0

fu;iv

��� ���2δ Eiv−Efu
� �

: ð2Þ

where Piυ is the Boltzmann distribution function of the initial state, H' is
the interaction between two different Born-Oppenheimer states, and it
contains two contributions as follows:

Hψiυ ¼ HBOΦi r;Qð ÞΦυ Qð Þ þ HSOΦi r;Qð ÞΦυ Qð Þ: ð3Þ

where HBO denotes the non-adiabatic coupling and HSO is the spin-orbit
coupling. When the small term ∂2ϕ/∂Qfi

2 is neglected, the first term
reads:

Φ fΘfu HBO
��� ���ΦiΘiν

D E
¼

X
l

Φ fΘfu PflΦi
� �

PflΘiν
� ���� �

: ð4Þ

In the equation above, l is the index of the normalmode and Pfl is the
normal mode momentum operator of the lth normal mode in the final
electronic state. So the internal conversion (IC) rate constant between
two electronic states with the same spin manifold can be written as:

kIC ¼ 2π
ℏ

X
kl

RklZ
−1
i

X
υu

e−βEiυ Φfu Pfk

�� ��Φiυ
� �

Φiυ Pfl

�� ��Φfu
� �

δ EIυ−Efu
� �

: ð5Þ

Here, Rkl = 〈Φf|Pfk|Φi〉〈Φi|Pfi|Φf〉 is the non-adiabatic electronic cou-
pling. Further, the equation can be written as follows by applying the
Fourier transform of the delta function:

kIC ¼
X
kl

1
ℏ2 Rkl

Z ∞

−∞
dt eiωif tZ−1

i ρIC t; Tð Þ
h i

: ð6Þ

Similarly, the intersystem crossing (ISC) rate constant between two
electronic states with different spin states can be written as:

kISC ¼ 1
ℏ2 Φ f H

SO
��� ���Φi

D EZ ∞

−∞
dt eiωif tZ−1

i ρISC t; Tð Þ
h i

: ð7Þ

Abovementioned applications can be achieved inMOMAP (Molecu-
lar Materials Property Prediction Package) program and detailed meth-
odology can be found in Peng's and Shuai's work [34,35].
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In addition, the root of themean of squared displacement (RMSD) is
adopted to characterize the geometry changes, and the formula is writ-
ten as

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

Xnatom
i

xi−x
0
i

� 	2
þ yi−y

0
i

� 	2
þ zi−z

0
i

� 	2

 �vuut : ð8Þ

where i is the atomic ordinal number. In order to better characterize the
intermolecular interaction in the aggregation state, the δg function
method of the subtraction between the initial molecular density gradi-
ent and the independent gradient model (IGM) is adopted [36]. The δg
formula is written as

δg rð Þ ¼ gIGM rð Þ−g rð Þ: ð9Þ

g rð Þ ¼
X
i

∇ρi rð Þ
�����

�����: ð10Þ

gIGM rð Þ ¼
X
i

abs ∇ρi rð Þ½ �
�����

�����: ð11Þ

where i is the atomic ordinal number, ∇ρ(r) is the gradient vector, abs
(∇ρ)(r) represent every component of ∇ρ(r) vector takes absolute
value.

3. Results and Discussions

3.1. Geometrical Structures

First, we optimized the geometry of themolecule in the ground state
(S0), the first singlet excited state (S1), the first-triplet excited state (T1)
and the second triplet excited state (T2) in the toluene and in solid
phase respectively. Geometry changes between these states are mea-
sured by the root mean square displacement (RMSD) values which
are calculated by Multiwfn, and the corresponding results are shown
in Fig. 2 [37]. It can be easily seen that the geometric change between
Fig. 2. Geometry comparisons between S0 (black), S1 (red), T1 (b
S0 and S1 is mainly located in the donor part in toluene (RSMD =
0.566 Å). However, the change in solid phase is obviously limited with
RMSD= 0.134 Å. It indicates that geometric structures of the molecule
are restrained due to the intermolecular interaction in the solid phase.
Moreover, the visible comparison between S1 and T1, are shown in
Fig. 2(b) and (e). The values of RMSD in toluene and in solid state are
0.474 Å and 0.119 Å respectively, which is slightly greater than the
RMSD (0.471 Å, 0.110 Å) between S1 and T2 in toluene and solid
phase (as shown in Fig. 2(c) and (f)). Our results indicates that molecu-
lar structure changes can be effectively hindered in solid state when the
molecule transits between two states, which may induce less non-
radiative energy loss of the excited state in solid state.
3.2. Energy Gaps and Transition Property

To gain deep insights into the photophysical properties in the toluene
and solid phase, the frontier molecular orbitals have been examined and
are plotted in Fig. 3. Results indicate that the highest occupied molecular
orbitals (HOMOs) aremainly distributed in the donor unit and the lowest
unoccupied molecular orbitals (LUMOs) are mainly distributed in the ac-
ceptor. The smaller overlap betweenHOMOs and LUMOs could result in a
smaller energy gap between S1 and T1. The energy of the HOMO in tolu-
ene is−6.37 eV, and the energy for LUMO is−1.83 eV. The orbital energy
of both HOMO and LUMO are increased in solid phase (−5.85 eV and
−1.16 eV respectively). The energy gap between HOMO and LUMO is
also broadened (4.69 eV in solid phase and 4.54 eV in toluene).

For TADF molecules, the energy gap between S1 and T1 (ΔEST) plays
an important role in the RISC process. Thus, the adiabatic excitation en-
ergies for AI-Cz in toluene and solid phase are calculated respectively,
and corresponding results are shown in Fig. 4. The calculated ΔEST is
0.40 eV and 0.47 eV in toluene and solid phase respectively, which indi-
cates that intermolecular interaction could induce larger ΔEST. This is in
consistence with our former results [38]. By analyzing the energy levels
in toluene (Fig. 4(a)), we find that T2 and T3 are also below S1 in energy,
and they are close to S1 in energy. It indicates that T1, T2 and T3 may be
all involved in the process of ISC and RISC processes. Furthermore,
through analyzing the energy levels in the solid phase (as shown in
lue) and T2 (green) in toluene (a,b,c) and solid phase (d,e,f).



Fig. 3. Energy levels and distributions of HOMO and LUMO for molecule in toluene and solid phase (isovalue = 0.02).
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Fig. 4(b)),we found that the energy of T2 is only 0.01 eV higher than that
of S1. Therefore, in the process of ISC and RISC, T2 may also be involved.
Comparing the energy structure of the molecule in toluene and in solid
Fig. 4. Adiabatic excitation energies for AI‑Cz in t
phase, we conclude that intermolecular interaction in solid phase could
affect the energy level structure of the molecule and also the decay
channels of excited states.
oluene (a) and solid phase (b) respectively.



Table 2
Calculated spin orbit coupling constants (cm−1) between selected singlet and triplet ex-
cited states for AI‑Cz in toluene and solid phase, based on their optimized structures.

Geometry Toluene Solid

S1jĤso jT1 S1jĤso jT2 S1jĤso jT3 S1jĤso jT1 S1jĤsojT2
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In addition, the excited-state properties play an important role in de-
termining the dynamics of excited states. LE, as a common state in or-
ganic light-emitting molecules, is a highly efficient radiative state,
arising from its large transition moment with a larger orbital overlap
[39]. The CT state, pictorialized as a pair of Coulomb bound holes and
Fig. 5. Transition characteristics for singlet and triplet sates of AI‑Cz in toluene (a) and solid
phase (b) respectively (isovalue = 0.02). The value below every arrow represents the
component of localized excitation in the corresponding transition.

S1 0.270 0.185 0.130 0.200 0.136
T1 0.270 – – 0.213 –
T2 – 0.312 – – 0.405
T3 – – 0.064 – –
electrons, staying on the donor and acceptor parts respectively, shows
a very low fluorescent efficiency, due to the forbidden electronic transi-
tion from the total spatial separation of orbitals [40]. The HLCT state is
that LE and CT are highly mixed (or hybridized) to a new state [41].
The natural transition orbital (NTO) analyses for related states are per-
formed, and the highest occupied natural transition orbital (HONTO)
and the lowest unoccupied natural transition orbital (LUNTO) are calcu-
lated (shown in Fig. 5(a), and (b)). The proportion of the local-excited
component in transition is also listed. Based on this value, CT (0–40%),
HLCT (40–75%), and LE (75–100%) characters of both singlet and triplet
excited states can be quantitatively classified [42]. We can easily find
that S1 is a charge-transfer (CT) state, while T1 state is a hybrid local-
excited and charge-transfer (HLCT) state in toluene. In the solid state,
S1 becomes the HLCT state and T1 becomes a LE state. This indicates
that the surrounding environment can change the transition properties
of excited states. Moreover, the HLCT feature of S1 in solid phase pos-
sesses the advantages of both CT states and LE states. Because CT states
are useful for obtaining smallΔEST, while LE states usually have large os-
cillator strengths and high fluorescent efficiency [43]. Nevertheless, we
find that the HLCT character of S1 in solid state did not induce smaller
ΔEST (0.47 eV in solid phase and 0.4 eV in toluene). This is due to the
transition property change of T1 which changed from HLCT to LE. Previ-
ous investigations show that triplet CT states (3CT) can result in a small
energy gap between singlet CT state (1CT) and 3CT, while triplet LE
states (3LE) often brings a stable triplet state and a large spin-orbit cou-
pling (SOC) constant [44]. The larger CT component in T1 in toluene
helps the decrease of the energy gap. Although both T2 and T3 in toluene
and T2 in solid phase are HLCT states, the LE component has large dis-
crepancy. For T2 and T3 in toluene, the LE component is about 45%,
while it is about 70% for T2 in solid phase. It may influence the spin
orbit coupling between S1 and T2 (or T3) [45].

3.3. Excited State Dynamics

Based on the energy levels of excited states, the excited state
dynamics of several excited states for AI-Cz is investigated. The
spin-orbit coupling (SOC) constants (with the unit of cm−1)
between related singlet and triplet states calculated both in
Table 3
Calculated radiative and non-radiative rates (s−1) from S1 to S0 as well as the ISC and RISC
rates (s−1) between singlet and triplet excited states. The calculated total fluorescence ef-
ficiency (ΦF) is listed.

Toluene Solid

kr(S1 → S0) 6.30 × 106 7.98 × 105

kIC(S1 → S0) 5.20 × 1010 1.30 × 108

kISC(S1 → T1) 2.98 × 107 7.48 × 106

kISC(S1 → T2) 7.30 × 105 4.48 × 105

kISC(S1 → T3) 7.62 × 104 –
kRISC(T1 → S1) 5.77 × 100 8.82 × 10−2

kRISC(T2 → S1) 2.01 × 106 5.95 × 106

kRISC(T3 → S1) 1.77 × 104 6.42 × 104

kISC
cal(S → T) 2.92 × 107 7.50 × 106

kRISC
cal(T → S) 1.99 × 106 5.89 × 106

ΦPF 0.01% 0.58%



Fig. 6. Calculated HR factors versus the normal mode frequencies in toluene (a) and solid phase (b) as well as the reorganization energies versus the normal mode frequencies in toluene
(c) and solid phase (d) respectively. Representative vibration modes are shown as insets.

253K. Zhang et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 209 (2019) 248–255
toluene and solid phase by Dalton 2013 package are listed in
Table 2 [46]. It can be found that the SOC constants between S1
and T1 in the liquid phase and solid phase (0.270 cm−1 and
0.200 cm−1) calculated based on the S1 structure have little varia-
tion comparing with the values calculated based on T1

(0.270 cm−1 and 0.213 cm−1). On the other hand, the SOC con-
stants between T2 and S1 calculated based on T2 structure are
0.312 cm−1 and 0.405 cm−1 in toluene and solid phase respec-
tively, which are much larger than those calculated based on S1 ge-
ometry (0.185 cm−1 and 0.136 cm−1). In addition, the SOC
constants between T2 and S1 calculated based on T2 are also much
larger than the SOC between T1 and S1. The SOC between T2 and
S1 in solid state is also larger than that calculated in toluene,
which may be induced by the enhancement of the LE component
in T2.

The kr, kIC, kISC and kRISC between S1 and triplet excited states are cal-
culated (as shown in Table 3). Owing to the quasi-degenerate triplet
Table 4
Reorganization energies (meV) from the bond length, bond angle, and dihedral angle in
toluene and solid phase are listed respectively. ΔToluene-Solid represents the energy differ-
ence between toluene and solid phase.

Toluene Solid ΔToluene-Solid

Bond length 229.1 167.8 61.3
Bond angle 28.9 127.9 −99.0
Dihedral angle 171.9 48.4 123.5
Total 429.9 344.1 85.8
excited states and intermediate energy levels between S1 and T1, we de-
fine the effective ISC and RISC rates as

kcalISC ¼ k2S1−T1
þ k2S1−T2

þ k2S1−T3

kS1−T1 þ kS1−T2 þ kS1−T3

: ð12Þ
Fig. 7. Contribution ratios to the reorganization energy from bond lengths, bond angles
and dihedral angles of AI‑Cz in toluene and solid phase respectively.



Fig. 8. (a) Intermolecular π-π and CH-π interactions. (b) Visualization of intermolecular interactions. (c) Out-of-plane vibrational of donors. (d) Rotational motion of acceptors.
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kcalRISC ¼ k2T1−S1 þ k2T2−S1 þ k2T3−S1

kT1−S1 þ kT2−S1 þ kT3−S1
: ð13Þ

It can be seen that the radiative decay rate kr is smaller in the solid
phase (1.9 × 105 S−1) than that in the liquid phase (6.3 × 106 S−1)
due to the decreased transition dipole moment for AI-Cz in solid
phase (2.72 Debye) compared with that in toluene (7.32 Debye). Fur-
thermore, the calculated IC decay rate kIC in solid phase (1.38 ×
108 s−1) is about two orders of magnitude smaller than that in toluene
(5.2 × 1010 s−1).Moreover, the calculated ISC rate in solid phase (7.48 ×
106 s−1) is smaller than that in toluene (2.98 × 107 s−1), and this is
caused by the increased S1-T1 gap and decreased SOC constant in solid
phase. Moreover, the RISC process mainly occurs from T2 to S1, and
the transition from T1 to S1 can be neglected, which is caused by the
large S1-T1 energy gap and the smaller SOC constant compared with
these data between T2 and S1. Furthermore, the effective ISC and RISC
rates are calculated to be 2.92 × 107 s−1 and 1.99 × 106 s−1 in toluene,
while they are 7.5 × 106 s−1 and 5.89 × 106 s−1 in solid phase respec-
tively. Although the effective ISC rate in solid phase is smaller than
that in toluene, the RISC rate is larger. The fluorescent efficiency (ΦPF)
calculated in toluene is 0.01%, and it increases to 0.58% in solid phase.
The luminescence efficiency is increased by N60 times in solid phase
than that in toluene.
3.4. Huang-Rhys Factor and Reorganization Energy

The increase ofΦPF in solid phase ismostly induced by the decreased
IC rate. To make out the influence mechanism, the Huang-Rhys factor
and reorganization energy close related with the IC rate are analyzed.
The reorganization energy (λ) can be expressed as a sum of the
contributions from normal mode analysis in the harmonic oscillator ap-
proximation

λgs ¼
X
k∈gs

λk ¼
X
k∈gs

ℏωkHRk: ð14Þ

λes ¼
X
k∈es

λk ¼
X
k∈es

ℏωkHRk: ð15Þ

HRk ¼
ωkDk

2

2ℏ
: ð16Þ

In the equation above, HRk is the Huang−Rhys factor for the kth
mode, and Dk represents the displacement for mode k between the
equilibrium geometries of S0 and S1. This can be realized by the
DUSHIN module in MOMAP [47]. The calculated Huang-Rhys factors
versus normal modes in toluene and solid phase are shown in Fig. 6
(a) and Fig. 6(b). It can be seen that the two largest Huang-Rhys factors
in toluene are larger than 20 (HR = 20.3, HR= 28.5), and correspond-
ing vibration modes are located at 26.45 cm−1 and 46.26 cm−1 respec-
tively. Corresponding vibration modes are mainly related to the out-
plane vibration of the donors and the rotation of the acceptor. However,
we easily find that the values of Huang-Rhys factor in solid phase de-
crease obviously and the maximum Huang-Rhys factor is b0.8. The cor-
responding amplitude of the out-plane vibration and the rotation is
obviously reduced.

Furthermore, the reorganization energy (λ) versus vibration modes
is analyzed both in toluene and solid phase, and corresponding data are
shown in Fig. 6(c) and (d). We find that the reorganization energies are
decreased in solid phase. Moreover, calculation results indicate that the
rotationalmotions in low frequency regions (b500 cm−1), especially for
the rotation motions of donors and acceptors, are hindered in the solid
phase. Meanwhile, the contribution of bond lengths, bond angles,
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dihedral angles are shown in Table 4 and Fig. 7. It is found that the total
reorganization energy of AI-Cz in toluene is 429.9 meV and it decreases
to 344.1 meV in solid phase. The decrease in the reorganization energy
(85.8 meV) in solid phase is mainly contributed by the dihedral angles
(123.5 meV) which are associated with the torsional motion of donors
and acceptors.

To check why the contributions to Huang-Rhys factors or reorgani-
zation energy can be effectively decreased due to the suppression of
the out-plane vibration and the rotation of donors and acceptors in
solid phase, the stacking structure is analyzed. Based on the X-ray struc-
ture of AI-Cz, the dimer with the closest distance is shown in Fig. 8(a).
The IGM method is used to analyze the intermolecular interactions of
the dimer. The visualization of interaction is shown in Fig. 8(b), and ob-
vious green sections are found. It indicates that intermolecular π-π and
CH-π interactions exist, which could effectively hinder the out-of-plane
vibrational and rotational motion of donors and acceptors (as shown in
Fig. 8(c) and (d)).

4. Conclusions

In this work, the influence of intermolecular interaction on the ex-
cited states properties of the TADF molecule AI-Cz have been theoreti-
cally studied in solid phase by QM/MM method. Our results indicate
that intermolecular interaction could hinder the geometric change
when the molecule transit between two states in solid phase. Both the
energy of HOMO and LUMO as well as their gaps are increased. The en-
ergy gaps between S1 and T1 are also enlarged. The transition properties
have also been significantly changed and the SOC values are also en-
hanced. Although the radiation rate is decreased in solid phase, the
non-radiative rate is also significantly suppressed. By analyzing the re-
organization energy, the Huang-Rhys factors and the weak intermolec-
ular interaction in a dimer, we conclude that intermolecular interaction
can effectively suppress the out-of-plane vibration mode and the rota-
tion of donors and acceptors. Our results give good explanation of the
experimental results, which could also help one better understand the
influence of intermolecular interaction on the exited properties of
TADF molecules.
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