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ective of the excited state
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with aggregation induced emission in the solid
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In this study, we have investigated the excited state intramolecular proton transfer (ESIPT) for the

diphenylethylene-modified 2-(2-hydroxyphenyl)benzothiazole derivative (HBT-d-Ph) with aggregation

induced emission (AIE) in the solid phase through a combined quantum mechanics and molecular

mechanics (QM/MM) approach and thermal vibration correlation formalism for non-radiative decay rate.

In comparison with the molecule in the solid phase, we find that the ESIPT for HBT-d-Ph is prone to

occur in toluene due to the intramolecular hydrogen bonding (H-bond). In addition, the rotation of

benzene units involved in the low frequency vibration modes (<500 cm�1) is effectively impeded due to

the intermolecular interaction in the solid state, thus the energy consumption pathway through the

rotation of benzene units could be blocked. Further, a dual fluorescence with blue and green emission in

the solid phase could be obtained. Our study could provide some useful information for designing highly

efficient emitting materials with ESIPT and AIE features.
1. Introduction

Recently, the excited state intramolecular proton transfer
(ESIPT) compounds have been extensively investigated due to
their wide application in serving as model systems in chemical
processes and in organic light emitting diodes (OLEDs).1–3 Since
the phenomenon was rst observed byWeller in 1955, a number
of theoretical and experimental studies have been reported.4–7

Moreover, the ESIPT is an ultrafast process which occurs in the
femtosecond to picosecond time scale (10�15–10�12 s). For
ESIPT compounds, the proton transfers from a proton donor to
an acceptor group via an intramolecular H-bond (or H-bonding)
bridge. Under photoexcitation, the ESIPT process is an intrinsic
peculiar four level photophysical cycle: absorption, proton
transfer, emission and proton back-transfer. Thus, ESIPT
compounds usually possess a large Stokes shi, which could
diminish self-absorption, and they are expected to be poten-
tially intrinsic luminescent materials.8 As reported in literature,
numerous investigations of ESIPT in luminescent organic
compounds were carried out in solution because their emission
in the solid state is usually weak, and uneven.9 This is generally
attributed to the so-called aggregation caused quenching (ACQ)
effect. Impeding the self-quenching or non-radiative processes
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in aggregates is a challenging task. Pioneering investigations
were carried out by Tang et al.; the group synthesized a series of
aromatic compounds that exhibited unique enhanced emission
rather than uorescence quenching in aggregates.10 These
aggregation induced emission (AIE) compounds are sensitive to
the surrounding environment due to their unique molecular
structures. Thus, it is important to reveal the environmental
effect on the ESIPT process as well as the AIE mechanism in the
solid phase, which is quite helpful for developing new efficient
OLEDs with ESIPT and AIE features.

In this article, we adopt the newly synthesized
diphenylethylene-modied 2-(2-hydroxyphenyl)benzothiazole
derivative (HBT-d-Ph) as a model (shown in Fig. 1a) to explore
the effect of the surrounding environment on ESIPT and AIE
based on rst-principles calculations.11 The results also provide
a few insights on the relationship between luminescence
properties and the molecular congurations and contribute to
the design of new organic light emitting materials.
2. Theoretical method and
computational details

In this paper, the optimization and the electronic structures of
the molecule in the ground state are performed using density
functional theory (DFT) method. The excited states are studied
using the time-dependent density functional theory (TD-DFT)
method. In all the above calculations, the PBE0 functional
and 6-31G(d) basis set are applied. The rst-principles
RSC Adv., 2017, 7, 44089–44096 | 44089
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Fig. 1 Chemical structure of HBT-d-Ph for the normal state (a) and the ESIPT state (b). ONIOM model: the centered molecule is treated as the
high layer and the surrounding molecules are fixed as the low layer (c).
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calculation would provide some insights on the relationship
between the structures and the proton transfer reaction. In
order to clarify the effect of the surrounding environment on the
molecular photophysical properties, the polarizable continuum
model (PCM) was used to simulate the solvent effect and the
combined quantum mechanics and molecular mechanics (QM/
MM) approach was adopted to consider the packing
surrounding in the crystal. In the QM/MM calculation, the
initial crystal structure for HBT-d-Ph is obtained from the
experimentally detected crystal structure. The QM/MM calcu-
lation was realized using the ONIOM method, which has been
applied in our previous study.12 The model consists of two
“layers” (shown in Fig. 1c). The central molecule is treated as
a high layer and is calculated by the quantum mechanical
method. The surrounding molecules are treated as a low layer
and are computed by the molecular mechanics method on
applying the universal force eld (UFF). Besides, the electronic
embedding scheme is adopted in the ONIOM calculation. Using
these methods, the potential energy surfaces (PES) of S0 and S1
states in toluene and in the solid phase are obtained. All
computations mentioned above were performed using the
Gaussian 09, Revision D.01 soware package.13

Based on the information obtained in the above calculations,
the excited states dynamics could be investigated. The radiative
decay rate is computed using the Einstein spontaneous emis-
sion equation:
44090 | RSC Adv., 2017, 7, 44089–44096
kr ¼ fDEfi
2

1:499
;

where f is the oscillator strength andDE is the vertical emission
energy with the unit of wavenumber (cm�1). The non-radiative
decay rate is deduced based on the Fermi's golden rule (FGR)
and rst-order perturbation theory, and could be written as
follows:

Knr ¼ 2p

ħ2
X
u;v

Piv

��Hfu;iv

��2d�Eiv � Efu

�
:

Piv denotes the initial state Boltzmann distribution function. u
and v denote the vibrational quantum numbers. H denotes the
interaction between two different Born–Oppenheimer states,
and it contains two components:

ĤJiv ¼ ĤBOFi(r,Q)Qiv(Q) + ĤSOFi(r,Q)Qiv(Q).

Where ĤBO denotes the non-adiabatic coupling and ĤSO

denotes the spin–orbit coupling. The non-radiative decay rate
constant from S1 to S0 could be written as:

Knr ¼ 2p

ħ

X
kl

RklZi
�1

�
X
vu

e�bEiv
�
Qfu

��P̂fk

��Qiv

��
Qiv

��P̂f l

��Qfu

�
d
�
Eiv � Efu

�
:
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Table 1 Dihedral angles of q1 (I–III), q2 (II–III), q3 (IV–III) and bond
lengths of B1, B2 and B3, which are marked in Fig. 1 for normal and
ESIPT states in both toluene and solid phases

Toluene Solid

Normal ESIPT Normal ESIPT

S0 S1 S0 S1 S0 S1 S0 S1

q1 118 123 120 124 163 161 162 164
q2 60 51 61 50 88 85 88 89
q3 178 178 179 175 174 177 176 173
B1 1.482 1.463 1.481 1.467 1.486 1.459 1.484 1.466
B2 1.487 1.453 1.487 1.463 1.490 1.488 1.491 1.489
B3 1.453 1.430 1.415 1.431 1.453 1.434 1.408 1.441
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Here, Rkl ¼ hFf|P̂fk|FiihFi|P̂fl|Ffi is the nonadiabatic electronic

coupling. Zi is the partition function and P̂fk ¼ �ih- v

vQfk
repre-

sents the normal momentum operator of the kth normal mode in
the nal electronic state. Finally, based on the Fourier transform
of the delta function, the equation could be written as

Knr ¼
X
kl

1

ħ2
Rkl

ðN
�N

dt
�
eiuif tZi

�1rICðt;TÞ�:

Here rIC(t,T) is the thermal vibration correlation function
(TVCF). Both the methodology and application of this
formalism could be found in Peng and Shuai's reports.14–16

In addition, the reorganization energy (l) is an efficient tool
to measure the energy consumption. Based on the harmonic
oscillator approximation, the reorganization energy could be
expressed as a summation of the contributions from the normal
modes (NM) relaxation:

l ¼ P
lj ¼

P
ħwjSj

Sj ¼ ujDj
2

2ħ

here, Dj represents the displacement for the mode j between the
equilibrium geometries of S0 and S1. Sj is the Huang–Rhys (HR)
factor for the jth mode, which could be realized using the
DUSHIN program.17 Based on the calculations mentioned
above, the non-radiative decay rate between S1 and S0 in toluene
is calculated using the TVCF method embedded in the MOMAP
(Molecular Materials Property Prediction Package promoted by
the institute of Chemistry Chinese Academy of Sciences and
Department of Chemistry in Tsinghua University), which shows
superiority in predicting and describing the optical properties
of polyatomic molecules.18–21
3. Results and discussions
3.1 Molecular geometric structures and orbital properties

As we all know, the photophysical properties of compounds are
related to their molecular structures. To gain a better under-
standing of the molecular geometric structure of HBT-d-Ph, the
key structural parameters for normal and ESIPT states in both
toluene and solid phases are summarized in Table 1. Through
analysis, we nd that angles q1, q2 and q3 change by about 5�, 9�

and 0�, respectively, for the normal state varied from S0 to S1 in
toluene, while the differences in these angles become 2�, 3� and
3�, respectively, in the solid phase. For the ESIPT state, the
dihedral angles of q1, q2 and q3 change by about 4�, 11� and 4�,
respectively, in toluene, and these variations become 2�, 1� and
3�, respectively, in the solid phase. Thus, a restricted intra-
molecular rotation (RIR) of dihedral angles could be found
when the molecule transfers from toluene to the solid phase.
Among these variations, the dihedral angle of q2 is the most
pronounced one, which means that the energy consumption
path through the rotation of the benzene unit (marked as II)
could be effectively hindered by the rigid environment. Besides,
This journal is © The Royal Society of Chemistry 2017
the units of III and IV exhibit a good planarity, which is largely
due to the six-membered-ring induced by the O–H/N intra-
molecular H-bond. Moreover, the same trend could be found for
the variation of bond lengths. B2 changes by about 0.034 Å and
0.024 Å from S0 to S1 in toluene for normal and ESIPT states,
respectively, and these variations all become 0.002 Å in the solid
phase. According to the energy gap law, the larger is the struc-
tural distortion, the faster is the non-radiative decay rate.
Consequently, we predict that HBT-d-Ph possesses enhanced
emission efficiency in the solid phase due to the restricted
intramolecular motion by rigid environments.

Further, we studied the electron distribution and energy levels
in the frontier molecular orbitals (FMOs). The contour plots of
the highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs) as well as the corre-
sponding energy levels are shown in Fig. 2. For all states, the
electrons in HOMOs are mainly distributed in the two benzene
units (I and III), while they are localized on benzothiazole (IV)
and benzene (III) in LUMOs. Thus, the overlap of HOMOs and
LUMOs occurs in part III. In addition, we could observe that S1 is
a locally hybridized charge transfer state with a p / p* transi-
tion nature. In comparison with the energy levels in the normal
state, a higher HOMO and a lower LUMO could be observed for
the ESIPT state. Moreover, the rigid environment could raise the
energy levels of both HOMOs (0.19 eV in normal and 0.24 eV in
ESIPT) and LUMOs (0.31 eV in normal and 0.28 in ESIPT). All
these changes are closely related to the photophysical properties
such as the ESIPT and AIE behaviors, and a more detailed anal-
ysis is performed in the following section.
3.2 Excited state intramolecular proton transfer

Herein, we studied the dynamics of ESIPT. As the interactions of
the hydrogen bond are dened as the important driving force in
the ESIPT process, the pre-requisite for ESIPT is the presence of
an intramolecular hydrogen bond. First, the intramolecular H-
bond between proton donor and proton acceptor in HBT-d-Ph
is visualized (Fig. 3). This could be represented with the
reduced density gradient (RDG) function which could be real-
ized using the Multiwfn package.22 The RDG function is

expressed as RDGðrÞ ¼ 1

2ð3p2Þ1=3
jVrðrÞj
rðrÞ4=3

, where r(r) is the total
RSC Adv., 2017, 7, 44089–44096 | 44091
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Fig. 2 Calculated energy levels, energy gaps (in eV) and orbital composition distributions of the HOMO and LUMO for normal and ESIPT states in
toluene and solid phases, respectively, at S0 optimized geometries. The percentage of the contribution from HOMO–LUMO transition for S1 is
also listed (red number).
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electron density. Based on this function, a clear intramolecular
H-bond (O–H/N) could be observed and an inner six-
membered-ring between the benzothiazole (IV) and benzene
(III) unit is formed. Besides, the van der Waals effect and strong
steric hindrance could also be observed. For more details, one
could refer to the study reported by Yang et al.23 In general,
when the molecule is photo-excited by photons with high
energy, the higher electronic excited state (SNormal

n ) is populated.
Then, two paths are provided: SNormal

n / SNormal
1 / SESIPT1 /

SESIPT0 / SNormal
0 and SNormal

n / SESIPTm / SESIPT1 / SESIPT0 /

SNormal
0 through internal conversion (IC) and vibrational relax-

ation (VR) processes. Thus, we calculated the potential energy
surfaces of S0 and S1 for normal and ESIPT states in both
Fig. 3 Visualization of intramolecular H-bond. r and l2 represents the
electron density and eigenvalue of the electron-density Hessian
(second derivative) matrix, respectively.

44092 | RSC Adv., 2017, 7, 44089–44096
toluene and solid phases (shown in Fig. 4) to illustrate the ESIPT
process. Besides, the transition states in S0-PES and S1-PES are
all calculated to obtain the energy barrier. For the molecule in
toluene, the barrier from normal to ESIPT state in S1-PES is
0.063 eV (1.45 kcal mol�1), and the reverse barrier (from ESIPT
to normal state) is 0.230 eV (5.30 kcal mol�1). Thus, two ways of
decay for the photo-excited molecule in S1 are shown: S

Normal
1 /

SNormal
0 and SNormal

1 / SESIPT1 / SESIPT0 . In addition, a small
barrier in S0-PES from ESIPT to the normal state is calculated to
be 0.004 eV (0.09 kcal mol�1), hence the process SESIPT0 /

SNormal
0 occurs easily, which means that S1 will decay to

SNormal
0 towards the end in any pathway. Nevertheless, for the

molecule in the solid phase, the forward barrier and reverse
barrier is 0.438 eV (10.1 kcal mol�1) and 0.524 eV
(12.08 kcal mol�1), respectively, in S1-PES. The process of SNor-
mal

1/ SESIPT1 is difficult to occur. As a result, when the molecule
is electro-excited in its normal state, the formation of the ESIPT
state in the solid phase is majorly due to the SNormal

n / SESIPTm /

SESIPT1 process. In addition, the molecule HBT-d-Ph could
possess dual electroluminescence in the solid phase. One is
generated by the normal state and the other is induced by the
ESIPT state. More evidence would be presented in the following
section. Based on the calculations in both the solvent and the
solid state, we observe that different energy barriers and relax-
ation processes are caused due to different environments,
which also result in different emission properties of the
molecules.
3.3 Aggregation induced emission

As discussed in the above section, the surrounding environ-
ment plays an important role in the photophysical process. To
analyze the inuence of the environment on the photophysical
process, the Huang–Rhys factor (HR) is used. HR characterizes
the modication of vibrational quanta when the molecule goes
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a, b) Potential energy surface of S0 and S1 for normal and ESIPT states in both toluene and solid phases. The index of l and Kr represent the
emission wavelength (with the unit of nm) and radiative decay rate (with the unit of s�1), respectively.
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from one electronic state to another, and it is an important
factor which determines the non-radiative decay rate. Corre-
sponding results are shown in Fig. 5. For normal (Fig. 5a) and
ESIPT (Fig. 5b) states in toluene, modes with large HR factors
Fig. 5 (a–d) The calculated HR factors of HBT-d-Ph in toluene and solid p
are shown as insets.

This journal is © The Royal Society of Chemistry 2017
(>1.0) all appear at the low frequency region (<500 cm�1). A few
selected HR factors and the corresponding normal modes are
presented as insets. By analysis, we observe that the modes with
large HR factors such as 25.82 cm�1 and 58.38 cm�1 in the
hases for normal and ESIPT states. The corresponding vibrationmodes

RSC Adv., 2017, 7, 44089–44096 | 44093
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normal state as well as 43.69 cm�1 and 241.31 cm�1 in the
ESIPT state majorly correspond to the rotations of the benzene
unit (I and II). These ndings are consistent with the results
shown in the Molecular geometric structures and orbital prop-
erties section. Moreover, the calculated non-radiative rate in
toluene is 2.88 � 1011 s�1 and 4.86 � 1011 s�1 for the normal
and ESIPT states, respectively. They are all higher than their
radiative decay rates (7.1 � 107 s�1 and 5.9 � 107 s�1 for the
normal and ESIPT states). Therefore, no luminescence could be
observed in toluene.

For normal (Fig. 5c) and ESIPT (Fig. 5d) states in the solid
phase, all HR factors are of lower values. The largest value is not
more than 0.7 (at 248.16 cm�1). In addition, the rotations of the
benzene unit (I and II) are largely restricted due to the rigid
environment. These results show that the rotation modes of
benzene in the low frequency region are hindered in the solid
phase because of the intermolecular interaction. Since the
radiative decay rate maintains the same order for the system in
the solvent and in the solid phase (shown in Fig. 4), the non-
radiative decay process is the key factor to determine the
emission properties. On analyzing the HR factors and reorga-
nization energy, we observe that excited energies in toluene are
mostly consumed by the C–C stretching, C–H stretching and the
rotation of benzene units. As for the molecule in the solid
phase, the rotations of benzene are effectively restricted by the
enhanced intermolecular interaction. Thus, the non-radiative
Fig. 6 (a–d) Reorganization energies in both toluene and solid phases f

44094 | RSC Adv., 2017, 7, 44089–44096
energy consumption route is hindered in the solid phase, and
the aggregation induced emission feature could be observed.
3.4 Non-radiative decay routes

To further understand the relationship between photophysical
properties and the molecular structures, we also plotted the
reorganization energies (l) versus the corresponding normal
modes (shown in Fig. 6) of normal and ESIPT states in toluene
and solid phases. The reorganization energy is correlated with
HR factors as follows: li ¼ Si � ħui. Unlike the HR factors, the
reorganization energies are distributed in both low and high
frequency regions. For a more detailed investigation, we project
the reorganization energies onto the internal coordinates of the
molecules. The reorganization energies contributed from bond
lengths, bond angles and dihedral angles are summarized in
Fig. 7. Detailed data are summarized in Table 2. It is noted that
the main contribution of reorganization energy comes from
bond lengths: 60.4% and 68.2% for normal and ESIPT states,
respectively, in toluene; 81.6% and 89.2% for normal and ESIPT
states, respectively, in the solid phase. Meanwhile, the contri-
butions from dihedral angles are 32.2% (132.2 meV) and 28.2%
(84.2 meV) for normal and ESIPT states, respectively, in toluene,
while they are sharply decreased in the solid phase: 4.4% (12.0
meV) for the normal state and 6.0% (13.9 meV) for the ESIPT
state. All these results indicate that the rotations of the benzene
unit in the low frequency vibrational modes are largely
or normal and ESIPT states.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a–d) Contributions to the reorganization energy from bond length (blue), bond angle (green) and dihedral angle (red) in toluene and solid
phases for normal and ESIPT states.

Table 2 Reorganization energies (with the unit of meV) obtained by
NM method for normal and ESIPT states in both toluene and solid
phases

Toluene Solid

Normal ESIPT Normal ESIPT

Bond length 248.2 203.9 224.7 206.8
Bond angle 30.3 10.8 38.4 11.0
Dihedral angle 132.2 84.2 12.0 13.9
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suppressed in the rigid environment due to the intramolecular
interactions, which effectively blocks the non-radiative decay
pathway. These ndings further conrm that the modes of
rotational motion are crucial to determine the photophysical
properties.
4. Conclusions

In summary, we theoretically investigated the exited state
intramolecular proton transfer for HBT-d-Ph with AIE in the
solid phase by employing the QM/MM method coupled with
thermal vibration correlation formalism for the non-radiative
decay rate. It is observed that the ESIPT process occurs more
easily in a dilute environment than in the solid phase.
Restricted intramolecular rotation of the benzene unit could
block the non-radiative decay pathways in the solid phase; thus,
a dual uorescence with blue and green emission could be
This journal is © The Royal Society of Chemistry 2017
obtained. Our theoretical study could provide a few insights on
the dynamics of electroluminescence in the solid phase with
ESIPT and AIE features.
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