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Towards boosting the exciton lifetime and
efficiency of near-infrared aggregation induced
emitters with hybridized local and charge transfer
excited states: a multiscale study†

Jianzhong Fan, ‡ Yuchen Zhang,‡ Kai Zhang, Jie Liu, Guanyu Jiang, Feiyan Li,
Lili Lin * and Chuan-Kui Wang*

Fluorescent emitters with long exciton lifetime and high luminescence efficiency show promising

application in organic light emitting diodes (OLEDs), especially those with an aggregation induced

emission (AIE) feature. However, theoretical studies on emitters with amorphous structure with the

consideration of the solid-state effect (SSE) are limited. In this work, a multiscale simulation is performed

to study the photophysical properties of the reported compound 4,40-(naphtho[2,3-c][1,2,5]thiadiazole-

4,9-diyl)bis(N,N-diphenylaniline) (NZ2TPA) and a theoretically designed promising compound 4,40-(naphtho-

[2,3-c][1,2,5]oxadiazole-4,9-diyl)bis(N,N-diphenylaniline) (NO2TPA), which both possess unique features of

near-infrared (NIR) emission, aggregation induced emission and hybridized local and charge transfer (HLCT)

excited states. The packing modes of the two kinds of molecules in film are obtained by molecular

dynamics (MD) simulations, and then the photophysical properties with the consideration of the SSE are

studied by using the combined quantum mechanics and molecular mechanics (QM/MM) method. Finally,

the exciton evolution process is revealed by the rate equations. The results show that geometrical changes

between the ground state (S0) and the first singlet excited state (S1) are restricted in film. Moreover, we find

that the Huang–Rhys (HR) factor and reorganization energy in film are much smaller than those in the gas

phase due to the suppressed rotation motion in the low frequency region. Thus, the non-radiative energy

consumption process is hindered by the restricted intramolecular rotation effect, which results in larger

values of fluorescence efficiency for NZ2TPA (28.5%) and NO2TPA (34.9%) in film compared to those (0.11%

and 0.21%) in the gas phase; this indicates the AIE and HLCT mechanisms. Furthermore, our designed

NO2TPA compound is demonstrated to be a more efficient AIE–HLCT-NIR molecule with a longer exciton

lifetime (600 ns) compared to that of NZ2TPA (25 ns). Thus, a promising molecule NO2TPA with boosted

exciton lifetime and efficiency is proposed. Furthermore, this work could enrich the theoretical calculation

method to investigate the luminescence properties of organic molecules in OLEDs.

1. Introduction

Recently, thermally activated delayed fluorescence (TADF)
materials have attracted continuous interest due to their high
exciton utilization in organic light emitting diodes (OLEDs).1–5

TADF materials have been regarded as third generation materials
after the first generation conventional fluorescence and the second
generation phosphorescence materials. As efficient TADF mole-
cules, the energy gap (DEST) between the first singlet excited

state (S1) and the first triplet excited state (T1) should be small
enough for the up-conversion process of triplet excitons. According

to the equation DEST ¼ 2
Ð Ð

FLð1ÞFHð2Þ
e2

r1 � r2
FLð2ÞFHð1Þdr1dr2,

one efficient way to obtain a small DEST is decreasing the spatial
overlap between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). Thus, a rapid
reverse intersystem crossing (RISC) rate from T1 to S1 can be
obtained, according to the equation kRISC E exp(�DEST/kBT),
where kB is the Boltzmann constant and T is the temperature.6–8

However, following the relationships f p m2 and m ¼Ð Ð
fL 1ð ÞfH 2ð Þr12fL 2ð ÞfH 1ð Þdr1dr2, where f and m represent the

oscillator strength and transition dipole moment respectively, one
negative effect is inevitably generated. Namely, a small orbital
overlap for S1 with a charge transfer (CT) feature gives a slow
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radiative rate and low luminescence efficiency.9–12 Thus, the
relationship between high exciton utilization and high effi-
ciency needs to be carefully balanced. To solve this problem,
Ma’s group put forward the design strategy of fluorescence
emitters with hybridized local and charge transfer (HLCT)
excited states. The HLCT state is an important excited state for
the design of efficient OLED materials, because two compatible
characteristics, high-efficiency fluorescence radiation from a local
excited (LE) state and a weakly bound exciton which is responsible
for the full exciton utilization from a CT state, are combined.
Thus, both a high photoluminescence efficiency and a large
fraction of singlet exciton generation in electroluminescence
can be simultaneously achieved in molecules with a HLCT
feature.13–17 Moreover, previous studies show that emitters need
to be dispersed into host matrices to suppress the effect of
aggregation caused quenching (ACQ) and exciton annihilation.
This makes the device fabrication process complicated and
gives serious efficiency roll-off at high luminance; all these
issues impede the wide application of new generation OLEDs.
Fortunately, Tang et al. proposed the aggregation induced
emission (AIE) concept. AIE is regarded as a promising strategy
to solve the abovementioned quenching and annihilation
problems, and the application of non-doped OLEDs with AIE
features has become a research hotspot in recent years.18–22

Furthermore, near-infrared (NIR) emitting materials show
promising application in bio-imaging, chemo-sensing, full-color
displays and so on.23–26 The development of highly efficient NIR
emitting molecules is necessary because NIR molecules typically
show relatively low luminescence efficiency due to their large non-
radiative decay rate, which increases exponentially with the emis-
sion wavelength, governed by the energy gap law. Thus, the
development of high efficiency non-doped NIR OLEDs is desired.
Tremendous efforts have been made, for example, Su and Yang
reported a non-doped device exhibiting excellent NIR emission
with a maximum external quantum efficiency of 0.82%.27 Lu et al.
reported a strong NIR fluorescent emitter with the external
quantum efficiency of a non-doped NIR OLED reaching 2.58%,28

and so on.29–31

Recently, Yang and Ma proposed a D–p–A–p–D type NIR
molecule 4,40-(naphtho[2,3-c][1,2,5]thiadiazole-4,9-diyl)bis(N,N-
diphenylaniline) NZ2TPA (shown in Fig. 1(a)), which possesses
HLCT and AIE characteristics.32 The non-doped device based
on NZ2TPA shows excellent performance with a maximum
external quantum efficiency of 3.9% and exhibits low efficiency
roll-off. NZ2TPA is the most efficient emitter in the reported
non-doped NIR fluorescent OLEDs. Thus, theoretical investiga-
tions to reveal the inner AIE and HLCT mechanisms as well
as the exciton evolution process for red or NIR emitters in
neat film are necessary to develop highly efficient non-doped
OLEDs. Recently, new HLCT emitters with enhanced device
efficiency and stability are reported.33,34 Moreover, Brédas
pointed out that much theoretical work remains to be done
for new generation emitting molecules; one important issue is
the consideration of the solid-state effect.35 This effect plays a
significant role in defining the nature of the excited states, and
their energies and dynamics. Thus, explicit consideration of

intermolecular interactions in the solid phase is required. This
goal can be achieved by hybrid methods involving quantum
mechanics and molecular mechanics (QM/MM) calculations
combined with molecular dynamics (MD) simulations.

In this article, a multiscale simulation is performed to study
the photophysical properties and reveal the fundamental factors
that lead to enhanced emission of NZ2TPA in neat film. The brief
process is described below. Firstly, the film structure of NZ2TPA is
obtained by MD simulations. Secondly, the molecular properties
in film are studied by using the QM/MM method, which takes
the surrounding molecular effects into consideration. Thirdly, the
excited-state dynamics and exciton evolution process are investi-
gated by MOMAP and home-built rate equations respectively.
Thus, the AIE and HLCT features as well as the exciton evolu-
tion process are illustrated and experimental measurements are
reasonably explained. Furthermore, a NIR AIE–HLCT molecule
4,40-(naphtho[2,3-c][1,2,5]oxadiazole-4,9-diyl)bis(N,N-diphenylaniline)
NO2TPA (shown in Fig. 1(b)) with the sulfur atom in NZ2TPA
replaced by an oxygen atom is designed and studied theoretically.
Higher quantum efficiency is found for the NO2TPA molecule than
NZ2TPA. Our study will help one better understand the AIE and
HLCT properties and also promote the design of new type NIR
molecules with boosted exciton lifetime and efficiency.

2. Methodology
2.1 Theoretical method

For emitting molecules with a HLCT feature, the fluorescence

efficiency (FF) can be expressed as FF ¼
kr

kr þ knr þ kISC
, where

kr and knr represent the radiative and non-radiative decay rate
from S1 to the ground state (S0) respectively, and kISC is the
intersystem crossing rate between the singlet and triplet states.
In order to quantitatively obtain the efficiency, these above-
mentioned rate parameters need to be calculated firstly.

As for the radiative decay rate kr, it is calculated by the
Einstein spontaneous emission equation, which is written as

kr ¼
fDEfi

2

1:499
: (1)

Here, f is the oscillator strength and DEfi is the vertical emission
energy with the unit of wavenumbers (cm�1).36

As for the non-radiative decay rate knr, it can be expressed as
the following form according to Fermi’s golden rule (FGR) and
first-order perturbation theory

knr ¼
2p
�h

X
kl

RklZi
�1

�
X
vu

e�bEiv Yfu
bPfk

��� ���Yiv

D E
Yiv

bPf l

��� ���Yfu

D E
d Eiv � Efuð Þ:

(2)

Here, Rkl ¼ Ff
bPfk

��� ���Fi

D E
Fi
bPf l

��� ���Ff

D E
is the non-adiabatic elec-

tronic coupling and Zi is the partition function. F and Y are the
electronic state and nuclear vibrational wave function respectively.
u and v are vibrational quantum numbers, and f and i represent
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the final and initial state respectively. Furthermore, applying the
Fourier transform of the delta function and the Franck–Condon
principle, eqn (2) can be written as

knr ¼
X
kl

1

�h2
Rkl

ð1
�1

dt eioif tZi
�1ric;klðt;TÞ

� �
: (3)

where ric,kl(t,T) is the thermal vibration correlation function (TVCF),

which is written as ric;kl t;Tð Þ ¼ Tr bPfke
�itf bHf bPf le

�iti bHi

� �
¼Ð1

�1dx
0 x0 bPfke

�itf bHf bPf le
�iti bHi

��� ���x0D E
. Here, the vector x0 represents

the excited-electronic state normal mode coordinates andbPfk ¼ �i�h
@

@Qfk
represents the normal momentum operator of

the kth normal mode in the final electronic state. All these
parameters can be calculated by MOMAP (Molecular Materials
Property Prediction Package). Details of the methodology and
application can be found in Peng’s and Shuai’s work.37–40

Besides, the vibration-mode mixing effect can be taken into

accounts as Qik ¼
P3n�6
l

SklQf l þDk. Here, S is the Duschinsky

rotation matrix representing the mixing of normal modes in the
initial and final states and the vector Dk is the displacement
along normal mode k. All these parameters and reorganization
energies can be projected onto the internal coordinates by
Reimers’ algorithm.41

As for the intersystem crossing rate kISC, it is calculated by
the Marcus rate equation, which is written as

kISC ¼
HSO

2

�h

ffiffiffiffiffiffiffiffiffiffiffiffi
p

kBTl

r
exp � lþ DEð Þ2

4lkBT

" #
: (4)

Here HSO is the spin–orbit coupling (SOC) coefficient and it can
be calculated by the Dalton 2013 package.42 l is the Marcus

reorganization energy and kB denotes the Boltzmann constant.
T represents the temperature, which is set as 298 K here. DE is
the adiabatic energy gap between the final state and the initial
state. For example, when we want to calculate the ISC rate
from S1 to T1, DE is expressed as DE = ET � ES where ET and ES

are the energy of T1 and S1 respectively. In addition, if we
need calculate the RISC rate from T1 to S1, DE is written as
DE = ES � ET.43–45

Moreover, in this work, the internal conversion (IC) rate kIC

from a highly excited state to a low excited state, such as the
second singlet excited state (S2) to S1, is roughly estimated by
the equation

log(kIC/s�1) E 12 � 2Dv/mm�1. (5)

Here, Dv = DE/hc and DE is the energy gap between the relevant
states.46

Furthermore, based on the abovementioned rate para-
meters, the exciton evolution process of NZ2TPA and NO2TPA
is described by the following four-energy-level and five-energy-
level rate equations respectively.

Details of the four-energy-level rate equation for NZ2TPA are
as follows

drS0
dt
¼ rS1kr þ rS1knr: (6)

drS1
dt
¼ �rS1kr � rS1knr þ rS2kS2!S1 þ rT2

kT2!S1 : (7)

drS2
dt
¼ �rS2kS2!S1 � rS2kS2!T2

þ rT2
kT2!S2 : (8)

drT2

dt
¼ �rT2

kT2!S1 � rT2
kT2!S2 þ rS2kS2!T2

: (9)

Fig. 1 Chemical structures of NZ2TPA (a) and NO2TPA (b). ONIOM models for NZ2TPA (c) and NO2TPA (d): surrounding molecules are regarded as the
low layer and the centered molecule is treated as the high layer.
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Details of the five-energy-level rate equation for NO2TPA are
as follows

drS0
dt
¼ rS1kr þ rS1knr: (10)

drS1
dt
¼ �rS1kr � rS1knr þ rS2kS2!S1 þ rT2

kT2!S1 : (11)

drS2
dt
¼ �rS2kS2!S1 � rS2kS2!T2

� rS2kS2!T5
þ rT5

kT5!S2 :

(12)

drT2

dt
¼ �rT2

kT2!S1 þ rS2kS2!T2
þ rT5

kT5!T2
: (13)

drT5

dt
¼ �rT5

kT5!T2
� rT5

kT5!S2 þ rS2kS2!T5
: (14)

In the above equations, rS0, rS1, rS2, rT2 and rT5 represent
the population number of S0, S1, S2, T2 and T5 respectively.
Thus, the singlet and triplet exciton evolution processes are
investigated. Detailed illustrations are shown in the following
section.

2.2 Computational details

2.2.1 MD simulations. All the all-atom molecular dynamics
simulations are carried out using the Gromacs-2016.1 package
based on the general AMBER force field (GAFF), which is a well-
established force field for organic molecules.47,48 Moreover,
partial charges for NZ2TPA and NO2TPA are obtained by the
restrained electrostatic potential (RESP) fitting method.49

A spherical cut-off of 1.2 nm for the summation of VDW and
real space electrostatic interactions and the particle-mesh
Ewald (PME) solver for long range electrostatic interactions
are used. The film structures of the two studied molecules are
simulated by the following procedure: (1) randomly inserting
molecules in a 10 � 10 � 10 nm3 box to generate an initial
packing model; (2) compression for an initial 5 ns at 600 K and
100 bar to make the molecules close together; (3) another 10 ns
simulation at 600 K and 1 bar, then cooling from 600 K down to
298 K gradually within 3 ns; and (4) equilibration simulation

for 20 ns at 298 K and 1 bar. Here, some issues need to
be clarified – the velocity rescaling (V-rescale) thermostat and
Berendsen barostat are applied for the temperature and pressure
control processes,50,51 while for the final 10 ns in the equili-
bration simulation process, the Noseé–Hoover thermostat and
the Parrinello–Rahman barostat are used to obtain equilibrium
configurations.52–54 Finally, the representative film structures
of NZ2TPA and NO2TPA are acquired by cluster analysis;
the corresponding results are shown in Fig. S1 and S2 (ESI†).

2.2.2 QM/MM calculations. After getting the structures of
the two systems by MD simulations, the molecular photophysical
properties in film are investigated by QM/MM calculations with
the two-layer ONIOM approach in the Gaussian 16 package;55 the
corresponding models for NZ2TPA and NO2TPA are shown in
Fig. 1(c) and (d). In this model, the central single molecule is
regarded as the high layer and calculated by the QM method with
cam-B3LYP and the 6-31G(d) basis set, while the surrounding
molecules are regarded as the low layer and treated by the MM
method. Moreover, electronic embedding is adopted and the sur-
rounding molecules are frozen in our QM/MM calculations.56–58

Furthermore, based on these basic molecular data, the normal
mode analyses for the Huang–Rhys (HR) factor and reorganiza-
tion energy are performed using the DUSHIN program,59 and the
SOC coefficient is calculated using the Dalton 2013 package.42

Then, the non-radiative decay rate and (R)ISC rate are calculated
by MOMAP and the Marcus equation respectively. Finally,
the exciton evolution processes of NZ2TPA and NO2TPA are
investigated using the four-energy-level and five-energy-level
rate equations respectively.

3. Results and discussion
3.1 Molecular geometries

Since the photophysical properties of light-emitting molecules
are closely related to their molecular structures, thus, we firstly
study the geometrical structures of NZ2TPA and NO2TPA for
the S0 and S1 states in the gas phase and film respectively. Some
dihedral angles and bond lengths are marked in Fig. S1(a and
b) (ESI†), and the corresponding data are collected in Table 1.
For NZ2TPA in the gas phase, the calculated y1 and y5, y2 and

Table 1 Geometry parameters of S0 and S1 for NZ2TPA and NO2TPA in the gas phase and film. y and B represent the dihedral angle and bond length
respectively, which are marked in Fig. S1 (ESI). D represents the variation between the gas phase and film

NZ2TPA NO2TPA

Gas Film Gas Film

S0 S1 D S0 S1 D S0 S1 D S0 S1 i

y1 111.1 112.0 0.9 69.6 70.7 1.1 111.8 114.1 2.3 84.8 83.0 1.8
y2 68.4 65.7 2.7 75.9 75.7 0.2 68.6 66.6 2.0 66.6 69.1 2.5
y3 121.9 135.1 13.2 94.4 91.1 3.3 129.4 147.0 17.6 126.5 133.8 7.3
y4 122.7 135.6 12.9 128.3 139.4 11.1 126.7 139.5 12.8 136.7 143.9 7.2
y5 111.4 114.2 2.8 65.7 59.4 6.3 114.0 116.2 2.2 66.2 60.0 6.2
y6 67.4 64.9 2.5 79.6 73.4 6.2 68.2 66.4 1.8 93.1 96.1 3.0
B1 1.413 1.402 0.111 1.409 1.408 0.001 1.411 1.400 0.011 1.412 1.408 0.004
B2 1.483 1.459 0.025 1.480 1.476 0.004 1.481 1.454 0.027 1.481 1.462 0.019
B3 1.483 1.458 0.025 1.477 1.447 0.030 1.480 1.543 0.063 1.473 1.448 0.025
B4 1.413 1.401 0.012 1.410 1.393 0.017 1.410 1.399 0.011 1.413 1.402 0.011
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y6 as well as y3 and y4 are almost the same in the S0 state with a
largest variation of 1.01 (68.41–67.41 = 1.01), and a similar
condition can be found for the S1 state. Thus, the molecular
structure of NZ2TPA is almost symmetrical in the gas phase,
either for the S0 or S1 state. Remarkable changes between S0

and S1 for the NZ2TPA molecule in the gas phase can be found
with a value of 13.21, 12.91 and 0.111 Å for y3, y4 and B1
respectively. Moreover, these changes are decreased to 3.31,
11.11 and 0.001 Å in film. Thus, restricted geometry changes are
found when the molecule is in film. Similar variations can be
found for NO2TPA in that the changes of y3 and y4 between S0

and S1 become smaller from 17.61 and 12.81 in the gas phase to
7.31 and 7.21 in film respectively. Thus, the surrounding
molecules’ effect on the geometric structures is highlighted.

In order to quantitatively characterize this effect, the root
mean squared displacement (RMSD) with the expression

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

Pnatom
i

xi � xi
0ð Þ2þ yi � yi

0ð Þ2þ zi � zi
0ð Þ2

h is
is ana-

lyzed and the value of the RMSD between S0 and S1 is calculated
using Multiwfn.60 The corresponding data are shown in Fig. 2.
The results show that the geometric changes of NZ2TPA between
S0 and S1 in the gas phase are more significant than that in film
with a RMSD value of 0.613 Å and 0.127 Å respectively. For
NO2TPA, the RSMD value between S0 and S1 is 0.626 Å in the
gas phase and it decreases to 0.096 Å in film. All these results
indicate that the geometry variations are restricted by the
environment. Furthermore, to confirm our deduction, the
dihedral angle is scanned with a step of 51 and the rotation
angle is defined as the dihedral angle after rotation minus the
dihedral angle at equilibrium. The corresponding data for
NZ2TPA and NO2TPA are shown in Fig. 3 and Fig. S3 (ESI†).
We know that the rotational energy barrier (kcal mol�1), which
is defined as the energy difference between the configuration
after rotation and S0, is much higher for the molecule in film

than that in the gas phase. The results confirm that the rotation
for the molecule in film is much more difficult than that in the
gas phase.

All these differences can influence the transition property,
Huang–Rhys factor and reorganization energy. Moreover, the
non-radiative energy consumption path of the excited state
could be hindered and enhanced fluorescence efficiency can
be expected for the molecule in film. The different geometric
change involved in the transition in the gas phase and in film is
shown to have a close relationship with the photophysical
properties in a later section.

3.2 Energy scheme and transition properties

In order to illustrate the exciton evolution process, the energy
scheme should be analyzed firstly. The calculated adiabatic

Fig. 2 Geometry changes between S0 and S1 in the gas phase and film for NZ2TPA (a and b) and NO2TPA (c and d) respectively.

Fig. 3 Rotational energy barriers (kcal mol�1) for NZ2TPA in the gas phase
(black line) and film (red line) respectively.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 0
3 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 I
ns

tit
ut

e 
of

 C
he

m
is

tr
y,

 C
A

S 
on

 3
/1

4/
20

20
 6

:0
8:

32
 A

M
. 

View Article Online

https://doi.org/10.1039/c9tc02144b


This journal is©The Royal Society of Chemistry 2019 J. Mater. Chem. C, 2019, 7, 8874--8887 | 8879

excitation energy landscapes for NZ2TPA and NO2TPA in film
and in the gas phase are shown in Fig. 4 and Fig. S4 (ESI†)
respectively. The results show that the S1–T1 gap is 1.275 eV for
NZ2TPA, which indicates that the measured exciton utilization
(33%), which is larger than the theoretical threshold for singlet
excitons (25%), is not derived from TADF, and the phosphores-
cence emission is not observed in neat film at 77 K. Moreover, no
additional energy level is found between S1 and T1; the spin–
vibronic mechanism proposed by Penfold and Marian can be
neglected, which proved to be an important factor for ISC and
RISC processes of TADF molecules.61–64 Thus, we can exclude the
routes of phosphorescence and TADF for NZ2TPA. Furthermore,
the calculated T2–T1 gap (1.725 eV) is large enough to block the
internal conversion process of triplet excitons from T2 to T1,
while the calculated T4–S2 gap (0.089 eV) and S2–T3 (T2) gap
(0.038 eV) as well as the T2–S1 gap (0.450 eV) are small enough to
promote the ISC and RISC processes, and the spin–vibronic
effect between these states may accelerate the conversion process.
All these results correspond well with the proposed HLCT
mechanism by Ma, and a ‘‘hot exciton’’ transition from a high
triplet state to a singlet state could occur for NZ2TPA. As for
NO2TPA, the S1–T1 gap (1.355 eV) and T2–T1 gap (1.980 eV) are
large, the RISC process from T1 to S1 and the internal conver-
sion process from T2 to T1 can be excluded, and ‘‘hot exciton’’
conversion can also be expected. Moreover, the calculated T2,
T3 and T4 are degenerate; the conversion process from a high
triplet state to a singlet state may be different from that of
NZ2TPA. More evidence is provided in a later section.

Furthermore, the excited state properties are related to their
transition properties. Thus, the highest occupied natural tran-
sition orbital (HONTO) and the lowest unoccupied natural
transition orbital (LUNTO) are calculated, and natural transi-
tion orbital (NTO) analyses of the involved states in the energy
landscape are also performed for NZ2TPA and NO2TPA in film,
with the corresponding results shown in Fig. 5 and 6. In order
to illustrate the effect of the molecular surroundings, NTO
analyses are also performed for the two molecules in the gas phase;

the results are shown in Fig. S5 and S6 (ESI†). In addition, the
excited-state wave functions are further exploited to quantita-
tively evaluate their LE and CT contributions; the results are
collected in Table 2 and Table S1 (ESI†). We know that the S1

state exhibits dominant LE characteristics with a ratio of 77%
and 80% for NZ2TPA and NO2TPA in film respectively, and the
predominant LE feature could give remarkable fluorescence
emission compared with TADF molecules whose S1 possesses
a CT feature. Moreover, for NZ2TPA in film, S2 and T2 are
dominated by CT with a ratio of 82% and 75% respectively.
As for T3 and T4, they possess substantial LE character (55%
and 76%), which indicates a large overlap between the corres-
ponding transition orbitals. As for NO2TPA, a significant LE
character (80%) is also observed for the S1 state, and S2 is
classified as CT with a ratio of 59%. As for the triplet states, they
all exhibit a LE feature with a ratio of 66%, 53%, 80% and 70%
for T2, T3, T4 and T5 respectively. Thus, different transition
characteristics can be found for singlet and triplet states.
In addition, non-adiabatic coupling between 3LE and 3CT
promotes the ISC and RISC processes through the second-
order coupling effect.65,66 Detailed studies on this issue for
HLCT molecules will be performed in the future.

3.3 Huang–Rhys factor and reorganization energy

In this section, the Huang–Rhys (HR) factor and reorganization
energy are analyzed to illustrate the non-radiative energy con-
sumption and the AIE mechanism. As for the HR factor, it is

calculated by the equation HRk ¼
wkDk

2

2�h
, where ok is the

vibration frequency and Dk is the normal coordinate displace-
ment of mode k. The calculated HR factors versus the normal
mode frequencies for NZ2TPA and NO2TPA in the gas phase
and film are shown in Fig. 7(a, b) and 8(a, b) respectively. For
NZ2TPA in the gas phase, the large values of the HR factor
are all in the low frequency region (o200 cm�1), such as 15.66
(8.54 cm�1), 2.07 (45.62 cm�1) and 1.26 (84.12 cm�1), which
correspond to the rotation motion of benzene as shown in the

Fig. 4 Adiabatic excitation energies for NZ2TPA (a) and NO2TPA (b) in film respectively.
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insets. Moreover, all HR factors are decreased for NZ2TPA in
film with HR factors of 0.68 (40.18 cm�1) and 0.90 (97.38 cm�1).
These results correspond well with the abovementioned geo-
metry analysis in Section 3.1 in which the RMSD is decreased
from 0.613 Å in the gas phase to 0.127 Å in film. As for NO2TPA,
a similar situation can be found. The large values of the
HR factor are also distributed in the low frequency region

(o200 cm�1), for example 3.94 (9.64 cm�1), 18.20 (10.79 cm�1),
2.54 (17.52 cm�1) and 2.13 (46.10 cm�1). These values are all
decreased in film with the largest one being 0.72 (157.58 cm�1).
The corresponding RMSD value is 0.626 Å in the gas phase and
it decreases to 0.096 Å in film. Thus, geometry variations are
restricted by the intermolecular interaction and the effect of the
surrounding molecules is highlighted.

Fig. 5 Transition characteristics for selected singlet and triplet excited states for NZ2TPA in film (isovalue = 0.02).
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As for the reorganization energy, it can be obtained by
the equation l ¼

P
k

�hwkHRk; the calculated reorganization

energies versus the normal mode frequencies for NZ2TPA and
NO2TPA in the gas phase and film are shown in Fig. 7(c, d)

and 8(c, d) respectively. The results show that the reorganiza-
tion energy of NZ2TPA in the gas phase is 81.6 meV in the low
frequency region (o200 cm�1) and 244.4 meV in the high
frequency region (4200 cm�1) respectively. While for the
molecule in film, it correspondingly changes to 39.6 meV in

Fig. 6 Transition characteristics for selected singlet and triplet excited states for NO2TPA in film (isovalue = 0.02).
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the low frequency region and 246.2 meV in the high frequency
region. The total decrease in reorganization energy from the gas
phase (326.0 meV) to film (285.8 meV) is 40.2 meV, which is
mainly contributed by the reduction in the low frequency
region (42.0 meV). As for NO2TPA in the gas phase, the
reorganization energy is 93.1 meV and 239.0 meV in the low
and high frequency regions respectively, and they accordingly
become 34.3 meV and 240.1 meV in film. The total reorganiza-
tion energy decreases from 332.1 meV in the gas phase to
274.4 meV in film. The reduced reorganization energy (57.7 meV)
still mainly comes from the reduction in the low frequency region
(58.8 meV). Thus, the reorganization energy in the low frequency
region is decreased in a rigid environment for both molecules.

In order to investigate the relationship between the photophysical
properties and the molecular structures, the reorganization energy
is projected onto the internal coordinates. Contributions from the

bond length, bond angle and dihedral angle are collected in Table 3
and the corresponding proportions are shown in Fig. S7 (ESI†). For
NZ2TPA, the contribution from the bond length takes the major
part either in the gas phase (60.5%) or in film (67.8%). Moreover,
the contribution from the dihedral angle is significantly decreased
from 28.9% (94.2 meV) in the gas phase to 14.8% (42.2 meV) in
film. Further, the total decrease in reorganization energy from
the gas phase to film is 40.2 meV and it is mainly contributed by
the reduction of the dihedral angle (52.0 meV). As for NO2TPA, the
contribution from the bond length also accounts for the majority
(58.6% in the gas phase and 72.5% in film), and the decreased
reorganization energy from gas to film (57.7 meV) is also mainly
contributed by the decrement of the dihedral angle (68.2 meV).
All these data correspond well with the analysis of the molecular
geometries in Section 3.1. Thus, the non-radiative energy consump-
tion process of S1 is measured by the Huang–Rhys factor and
reorganization energy. The results confirm that the rotation motion
in the low frequency region can be suppressed in film, non-
radiative energy consumption of the excited state is suppressed
and enhanced fluorescent efficiency could be expected in film.
Hence, the effect of the surrounding molecules is highlighted and
the AIE mechanism is revealed. In addition to restricted intra-
molecular motions, there are several mechanisms for AIE, such as
inaccessibility of the conical intersection, non-Kasha processes and
the impact of supramolecular organization and interactions.67–70

However, in this work, we think the non-radiative energy consump-
tion process is hindered by the restricted intramolecular rotation
effect. More precise illustrations are being pursued.

Table 2 Calculated charge transfer (CT) and local excitation (LE) character
(in %) for selected singlet and triplet excited states of NZ2TPA and NO2TPA
in film

NZ2TPA NO2TPA

LE (%) CT (%) LE (%) CT (%)

S1 77 23 80 20
S2 18 82 41 59
T2 25 75 66 34
T3 55 45 53 47
T4 76 24 80 20
T5 — — 70 30

Fig. 7 Calculated HR factors versus normal mode frequencies in the gas phase (a) and film (b) as well as the reorganization energies versus normal mode
frequencies in the gas phase (c) and film (d) for NZ2TPA. Representative vibration modes are shown as insets.
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3.4 Excited-state dynamics and exciton evolution process

In the abovementioned sections, the non-radiative decay process
and HLCT as well as the AIE mechanism are qualitatively studied
by analyzing the geometry changes, RMSD, energy landscape,
HR factor and reorganization energy. Here, radiative and non-
radiative rate parameters are quantitatively calculated and the
excited-state dynamics is investigated. Furthermore, the exciton
evolution process is illustrated. Firstly, the radiative and non-
radiative decay rates from S1 to S0 are calculated by the method
illustrated in the ‘‘Theoretical method’’ section, and the corres-
ponding data are collected in Table 4. The results indicate that
the calculated fluorescence wavelength in film is blue-shifted
compared with that in the gas phase; this is caused by inter-
molecular interactions in a rigid environment. Moreover, the
emission wavelength of NO2TPA (625.9 nm) is red-shifted
compared with that of NZ2TPA (613.3 nm); this could be caused

by the stronger electronegativity of oxygen than sulfur as well as
their different packing modes in film. From the experimental
measurement that NZ2TPA is a near-infrared molecule in non-
doped OLEDs, the designed NO2TPA is expected to be a highly
efficient NIR molecule. Furthermore, the calculated radiative
decay rate of NZ2TPA is smaller in film (6.37 � 107 s�1) than
that in the gas phase (7.81 � 107 s�1); this is due to the smaller
oscillator strength (0.3590) and transition dipole moment
(6.85 D) in film. The non-radiative decay rate is largely
decreased in film (1.60 � 107 s�1) compared with that in the
gas phase (7.28 � 1010 s�1). All results highlight the effect of the
surrounding molecules and verify the AIE mechanism. As for
NO2TPA, the radiative rate is also decreased from 1.06 �
108 s�1 in the gas phase to 8.48 � 107 s�1 in film, and this is
related to the smaller oscillator strength (0.4979) and transition
dipole moment (8.14 D) in film. Moreover, the non-radiative

Fig. 8 Calculated HR factors versus normal mode frequencies in the gas phase (a) and film (b) as well as the reorganization energies versus normal mode
frequencies in the gas phase (c) and film (d) for NO2TPA. Representative vibration modes are shown as insets.

Table 3 Reorganization energies (meV) from the bond length, bond angle
and dihedral angle in the gas phase and film are listed respectively.
DGas–Film represents the energy difference between the gas phase and film

NZ2TPA NO2TPA

Gas Film DGas–Film Gas Film DGas–Film

Bond length 197.3 193.9 3.4 194.5 198.9 �4.4
Bond angle 34.5 49.7 �15.2 27.6 33.7 �6.1
Dihedral angle 94.2 42.2 52.0 110.0 41.8 68.2
Total 326.0 285.8 40.2 332.1 274.4 57.7

Table 4 Calculated emission wavelength, oscillator strength (f) and
electric transition diploe moment (EDM) are listed. kr and knr represent
the radiative and non-radiative decay rate from S1 to S0 respectively

Wavelength
(nm) f

EDM
(D) kr (s�1) knr (s�1)

NZ2TPA Gas 648.1 0.4916 8.23 7.81 � 107 7.28 � 1010

Film 613.3 0.3590 6.85 6.37 � 107 1.60 � 108

NO2TPA Gas 645.1 0.6636 9.54 1.06 � 108 4.99 � 1010

Film 625.9 0.4979 8.14 8.48 � 107 1.58 � 108
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decay rate is also decreased from 4.99 � 1010 s�1 in the gas
phase to 1.58 � 108 s�1 in film; the non-radiative energy
consumption path of the excited state is hindered. In order to
verify the accuracy of the calculated Knr, the log Knr (DE)
parabola is shown in Fig. S8 (ESI†); no vibrational feature is
found in the gas phase and film. Furthermore, the calculated
SOC constant, reorganization energy and non-adiabatic energy
gap between S1 and T1 are 0.092 cm�1, 102.5 meV and 1275 meV
respectively for NZ2TPA in film; the ISC rate is estimated to be
zero. Similarly, the SOC constant, reorganization energy and S1–T1

gap are 0.647 cm�1, 107.7 meV and 1355 meV respectively for
NO2TPA in film; the calculated ISC is zero. Thus, the ISC process
from S1 to T1 for HLCT molecules NZ2TPA and NO2TPA can be

neglected. So, based on the equation fF ¼
kr

kr þ knr þ kISC
, the

calculated fluorescence efficiency of NO2TPA (34.9%) is higher
than that of NZ2TPA (28.5%). Thus, as NZ2TPA is the most
efficient NIR fluorescent molecule in the reported non-doped
OLEDs, a more efficient NIR molecule NO2TPA with HLCT and
AIE features is theoretically proposed.

In order to study the excited-state dynamics and exciton
evolution process of NZ2TPA and NO2TPA in film, the ISC and
RISC rates between selected singlet and triplet states are calcu-
lated and the corresponding data are collected in Tables 5 and 6.
For NZ2TPA, the calculated SOC constants between S2 and T3 are
2.665 cm�1 and 2.777 cm�1; the ISC (7.87 � 109 s�1) and RISC
(1.95� 109 s�1) between them are larger than the others. Moreover,
the triplet excitons translate to singlet excitons through the
channels T3 - S1 and T2 - S1 with a rate of 1.39 � 108 s�1 and
1.53 � 107 s�1 respectively. As for NO2TPA, the ISC and RISC
rates between T5 and S2 are 3.70 � 106 s�1 and 9.46 � 107 s�1;
this is caused by the larger SOC constant based on T5 (1.278 cm�1)
than that based on S2 (0.185 cm�1). Moreover, the calculated ISC
rates from S2 to T2, T3 and T4 are 8.42 � 107 s�1, 4.81 � 107 s�1

and 5.09 � 107 s�1 respectively, while for the RISC rates from T2,
T3 and T4 to S2, they are small and the RISC processes can be
neglected. Fortunately, triplet excitons can also be efficiently
utilized through the ISC channels from T2, T3 and T4 to S1 with
a rate of 1.06 � 107 s�1, 3.97 � 106 s�1 and 1.80 � 106 s�1

respectively. Thus, the ‘‘hot exciton’’ mechanism is revealed for
NZ2TPA and NO2TPA.

Based on the abovementioned rate parameters and the calcu-
lated energy landscapes (shown in Fig. 4), the exciton evolution

processes of NZ2TPA and NO2TPA in film are described by the
four-energy-level and five-energy-level rate equations respectively.
The corresponding results are shown in Fig. 9, and the time
enlargement sections are shown in Fig. S9 and S10 (ESI†). As for
NZ2TPA, the internal conversion rate from S2 to S1 is roughly
estimated to be 1.63 � 1011 s�1. Moreover, as T2 and T3

are degenerate, the ISC and RISC rates between S2 and T2 are

calculated by the equations kISC ¼
kS2!T2

2 þ kS2!T3
2

kS2!T2
þ kS2!T3

and

kRISC ¼
kT2!S2

2 þ kT3!S2
2

kT2!S2 þ kT3!S2

. Thus, the ISC and RISC between S2

and T2 are 7.56 � 109 s�1 and 1.86 � 109 s�1 respectively.
Similarly, the calculated ISC from T2 to S1 is 1.28 � 108 s�1.
As Fig. 9(c) and Fig. S9 (ESI†) show, the initial population
numbers of S2 (rS2

) and T2 (rT2
) are assumed as 0.25 and 0.75

respectively, and then the singlet exciton is rapidly transformed
from S2 to S1. After 0.004 ns, the population number of S1

exceeds that of S2. Moreover, the triplet exciton in T2 is also
quickly converted to S1, and they keep the same value at 0.23 ns.
Meanwhile, the occupancy of S1 reaches the maximum number
at 1.12 ns. At the same time, the singlet exciton in S1 converts to
S0 through radiative and non-radiative decay processes, and the
population number of S0 (rS0

) is dominant after 3.53 ns. Finally,
excited state excitons are depleted at about 25 ns; the exciton
evolution processes are finished. As for NO2TPA, representative
rate parameters and exciton evolution processes are shown in
Fig. 9(b), (d) and Fig. S10 (ESI†). In 0–0.1 ns, the population
numbers of S1 and especially T2 rapidly increase, which is due
to the large internal conversion rates from high energy levels.
After 3.03 ns, the population number of S0 exceeds that of S1.
Then, rS0

is further increased with the reduction of rT2
and they

reach the same value at 53.0 ns. Finally, the excited state
exciton processes are finished at about 600 ns. Thus, through
investigating the excited-state dynamics and exciton evolution
process, a more efficient AIE–HLCT-NIR molecule NO2TPA with
longer exciton lifetime is proposed, compared with NZ2TPA.

4. Conclusion

The solid-state effect on the excited-state dynamics of
NZ2TPA and NO2TPA in film is theoretically investigated by a

Table 5 Calculated intersystem crossing (ISC) and reverse intersystem
crossing (RISC) rates between selected singlet and triplet excited states
for NZ2TPA in film. SOC and DE represent the spin–orbit coupling
constant and adiabatic energy difference between two states. k is the rate
parameter

SOC (cm�1) DE (meV) k (s�1)

S2 - T3 2.665 �38 7.87 � 109

S2 - T2 0.673 �38 3.40 � 108

T3 - S2 2.777 38 1.95 � 109

T2 - S2 0.759 38 9.74 � 107

T3 - S1 0.631 �450 1.39 � 108

T2 - S1 0.219 �450 1.53 � 107

Table 6 Calculated ISC and RISC rates between selected singlet and
triplet excited states for NO2TPA in film

SOC (cm�1) DE (meV) k (s�1)

T5 - S2 0.185 �16 3.70 � 106

S2 - T5 1.278 16 9.46 � 107

S2 - T4 0.365 �415 5.09 � 107

S2 - T3 0.353 �416 4.81 � 107

S2 - T2 0.527 �416 8.42 � 107

T4 - S2 0.384 415 5.64 � 100

T3 - S2 0.573 416 1.10 � 101

T2 - S2 0.449 416 5.42 � 100

T4 - S1 0.222 �626 1.80 � 106

T3 - S1 0.345 �625 3.97 � 106

T2 - S1 0.735 �625 1.06 � 107
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multiscale simulation. The film structures are obtained by MD
simulations and the solid-state effect is taken into considera-
tion by the QM/MM method. Finally, the excited state proper-
ties of the molecules of interest are studied and the exciton
evolution process is revealed. Through the investigation, one
knows that the geometry changes between S0 and S1 are
restricted in film, and the torsion barriers are increased.
In addition, the rotation motions in the low frequency region
are effectively suppressed by the rigid environment in film,
which makes the HR factors and reorganization energies all
decrease. Thus, non-radiative energy consumption of the
excited state is hindered and enhanced fluorescence efficien-
cies are found for NZ2TPA and NO2TPA (28.5% and 34.9%) in
film compared with those (0.11% and 0.21%) in the gas phase.
Moreover, by combing the energy landscapes with the calcu-
lated ISC and RISC rates, the excited-state dynamics of the two
molecules are analyzed and the ‘‘hot exciton’’ channels are
revealed. The calculated exciton lifetimes of NZ2TPA and NO2TPA
are about 25 ns and 600 ns respectively. Thus, compared with the
reported NZ2TPA, a more efficient AIE–HLCT-NIR molecule
NO2TPA with boosted exciton lifetime and efficiency is theoreti-
cally proposed. This work not only explores the solid-state effect
on the excited state properties, but also promotes the develop-
ment of a theoretical method for practical device environments.
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