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We theoretically investigate the excited state intramolecular proton transfer (ESIPT) behavior of the novel fluorophore
bis-imine derivative molecule HNP which was designed based on the intersection of 1-(hydrazonomethyl)-naphthalene-2-ol
and 1-pyrenecarboxaldehyde. Especially, the density functional theory (DFT) and time-dependent density functional theory
(TDDFT) methods for HNP monomer are introduced. Moreover, the “our own n-layered integrated molecular orbital and
molecular mechanics” (ONIOM) method (TDDFT:universal force field (UFF)) is used to reveal the aggregation-induced
emission (AIE) effect on the ESIPT process for HNP in crystal. Our results confirm that the ESIPT process happens upon
the photoexcitation for the HNP monomer and HNP in crystal, which is distinctly monitored by the optimized geometric
structures and the potential energy curves. In addition, the results of potential energy curves reveal that the ESIPT process
in HNP will be promoted by the AIE effect. Furthermore, the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) for the HNP monomer and HNP in crystal have been calculated. The calculation
demonstrates that the electron density decrease of proton donor caused by excitation promotes the ESIPT process. In
addition, we find that the variation of atomic dipole moment corrected Hirshfeld population (ADCH) charge for proton
acceptor induced by the AIE effect facilitates the ESIPT process. The results will be expected to deepen the understanding
of ESIPT dynamics for luminophore under the AIE effect and provide insight into future design of high-efficient AIE
compounds.
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1. Introduction

Molecules that exhibit the excited state intramolecular
proton transfer (ESIPT) property, first explored by Weller,!!]
have attracted considerable attention since they have impor-
tant applications for green fluorescent protein,!? for use in
bioimaging,! as organic light emitting diodes,!*! as fluores-

[5-7) and in photophysical studies.®1°1 It

cent chemosensors,
is well known that the molecules exhibiting the ESIPT prop-
erties involve a heterocyclic ring which is formed by the in-
tramolecular hydrogen bond between a hydroxyl group and
a neighboring proton acceptor. Most of the reported or-
ganic chromophores with ESIPT property are highly emissive
in solution with high fluorescence quantum efficiencies, but
weakly emissive (or non-fluorescent) in a rigid medium due
to the aggregation-caused quenching mechanism.!"*2%1 To
achieve solid state emission, it is necessary to suppress other
radiationless deactivation pathways which occur at the ex-

cited state by aggregation-induced emission (AIE) effect.[>]

DOI: 10.1088/1674-1056/28/1/018201

Recently, the development of AIE-ESIPT dual mechanism
based fluorophores has attracted extensive interest. Dwivedi
et al. have discovered that the ESIPT emission for deriva-
tives of 2-hydroxy-3-(quinazolin-2-yl)-benzaldehyde (HQz1—
HQz6) gets completely quenched in solvents with diverse
polarities which have been restored by AIE.!?*! In addition,
Samanta et al. designed and synthesized a novel fluorophore
bis-imine derivative molecule HNP which was based on the
intersection of 1-(hydrazonomethyl)-naphthalene-2-ol and 1-
pyrenecarboxaldehyde.®! It also had the potential to tune
several emission colors with variations of the water fraction
in a methanol-water mixture, owing to the AIE and ESIPT
phenomena. Especially, the AIE effect could regulate the ra-
tio of dual fluorescence and enhance the emission from ES-
IPT state.[>] The 1-(hydrazonomethyl)-naphthalene-2-o1!%6]
part has exclusively intramolecular O-H- - - N hydrogen bonds,
which forms a rather strong quasi-aromatic chelating ring,
possessing a potential possibility for proton transfer. More-
over, as pyrene more often participates in self-assembly to
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generate excimer emissions, the introduction of a pyrene moi-
ety might provide an AIE property.[?’28] However, the de-
tailed mechanism of the AIE effect facilitating the ESIPT pro-
cess, which enhances the emission from ESIPT state, is not
completely clear so far for the molecule. Therefore, it is nec-
essary to clarify the AIE behavior in the light of ESIPT pro-
cesses in depth by theoretical research.

In the present work, the HNP molecule is theoretically
investigated to provide the details of AIE effect on the ES-
IPT process. We have carried out the time-dependent den-
sity functional theory (TDDFT) calculations to systematically
explore the ESIPT phenomenon, as well as the quantum me-
chanics:molecular mechanics (QM:MM) calculations with our
own n-layered integrated molecular orbital and molecular me-
chanics (ONIOM) scheme!2°-31 to reveal the AIE mechanism.
The results will be expected to deepen the understanding of
photophysics for luminophore with the AIE-ESIPT property
and provide insight into the future design of high-efficient AIE
compounds.

2. Computation methods

In the present work, the density functional theory (DFT)
and TDDFTB>#01 methods are introduced to perform the
ground-state and electronic excited-state geometry optimiza-
tions, respectively. The Becke’s three-parameter hybrid ex-
change function with Lee-Yang-Parr gradient-corrected corre-
lation (B3-LYP)#!4?] functional and the triple- valence qual-
ity with one set of polarization functions (TZVP) basis set!*+]
are used in our DFT and TDDFT calculation throughout.
Moreover, no constrains for symmetry, bonds, angles, or di-
hedral angles are employed in the geometry optimization cal-
culations. In addition, a similar strategy at the ONIOM[2°-31]
(TDDFT:universal force field (UFF)) level is used for the AIE
mechanisms calculation. The initial structures of ONIOM cal-
culations are set up by subtracting a 45-molecule cluster (2205
atoms in total) from crystal structure reported by Samanta et
al.,’! in which one HNP luminophore in the middle was set
as model part and treated by high-level QM calculations, while
the surrounding molecules were computed by low-level UFF
force field!**! with charge equilibration (QEQ)* charges.
During geometry optimization, only the QM molecule is al-
lowed to move. %! This electron-localized model is not able
to describe the physical picture of the excited crystal pre-
cisely, but it can be supposed to be sufficient for the purpose
of the study. In ONIOM calculations, an electronic embed-
ding (ONIOM-EE)!*"! scheme is employed, which incorpo-
rates the electrostatic interaction in the QM Hamiltonian and
allows the wave function to be polarized by the charge distri-
bution of MM region. All the electronic structure calculations
are carried out using the Gaussian 09 program suite. 8! More-

over, further processing of data is executed using the Multiwfn
3.5 program suite. 4"

The nomenclatures are explained as follow: the re-
sults without particular illustration are calculated for HNP

monomer with QM method, while those starting with “c” are
obtained in crystal by ONIOM (QM:MM) method.

3. Results and discussion
3.1. Optimized geometric structures

The geometric conformations of the enol (Sy), enol* (S)),
and keto* (S1) forms have been optimized and shown in Fig. 1
to depict the ESIPT mechanism for HNP monomer. We can
obtain that two intramolecular hydrogen bonds (IMHBs) are
formed from the optimized geometries: one is formed be-
tween N and Hj in the enol and enol® form, while the other
is formed between O; and H, in the keto® form. Further-
more, the numerical values of the key geometric parameters
of different electronic states can be obtained from Table 1.
Obviously, being excited to enol* state, the distance between
N, and H, decreases from 1.691 A to 1.643 A; meanwhile,
the bond length between O; and Hj increases from 0.999 Ato
1.012 A. In addition, the bond angle O;C;5C3 in enol* state
is smaller than that in enol form and there exists a relatively
small change in enol* state bond angles C;3C3C;5 comparing
with the corresponding ground state bond angles. It signifies
that after being excited, the hydrogen bonded quasi-aromatic
chelating ring becomes smaller. And the interactions between
the involved atoms should increase as the spacing between
atoms decreases. Clearly, the IMHB becomes shorter so that
the interaction between N; and H, increases, which implies
that the Hj has the tendency to depart from the proton donor

Fig. 1. Schematic plots of the HNP structure optimized at the Sp and S;
states in the (a) enol, (b) enol*, and (c) keto* forms.
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O and get close to the proton acceptor N;. Subsequently, the
HNP evolves into the keto* form, i.e., the H; transfers from
O; to Nj. Specifically, the IMHB between N; and H; turns
into a covalent bond, concomitantly the new IMHB between
0O, and H; is formed. Therefore, the intramolecular hydrogen
bond in the HNP monomer facilitates the ESIPT process.

To reveal the AIE effect on the geometric conformations,
we provide the optimized c-enol (Sg), c-enol* (S1), and c-keto*
(S1) forms for HNP in crystal, as shown in Fig. 2. And the nu-

merical values of the key geometric parameters of different
electronic states are shown in Table 1. It is worth noting that,
under the AIE effect, there is a distinct difference between
enol® and c-enol* state. Especially, the N|—Nj is shorter in
c-enol* state than that in enol* state, which means that the in-
teraction between N; and N is enhanced by the AIE effect.
More detailed information about the variation of N1—N, bond

is investigated in the discussion below.

Table 1. Calculated bond lengths (A), bond angles (degree) of HNP and c-HNP in different electronic states.

Ni-N; N;-H, O01-H; 01-Cs5 C3-Cis C3-Cis N;-Cys N;-Oy CisC3Cis 0,C5C3

Enol 1.380 1.691 0.999 1.337 1.407 1.440 1.297 2.584 119.986 122.717
Enol* 1.335 1.643 1.012 1.330 1.433 1.428 1.321 2.559 120.407 121.662
Keto* 1.372 1.045 1.721 1.260 1.458 1.445 1.298 2.582 118.922 121.697
c-Enol 1.377 1.661 1.006 1.342 1.404 1.443 1.294 2.570 120.068 122.202
c-Enol* 1.244 1.810 0.974 1.370 1.406 1.429 1.322 2.672 122.602 122.046
c-Keto* 1.376 1.050 1.651 1.266 1.451 1.448 1.295 2.545 118.679 121.648

(a) (b) (c)

S

i

o

Fig. 2. Schematic plots of the c-HNP structure optimized at the Sy and S; states in the (a) enol, (b) enol*, and (c) keto* forms.

3.2. Frontier molecular orbitals

To investigate the nature of the excited state for the HNP,
the analyses of the frontier molecular orbits for HNP monomer
and HNP in crystal are introduced. Through the TDDFT
calculation, we demonstrate that the S; states of the HNP
monomer and HNP in crystal correspond to the HOMO—
LUMO transition. The frontier molecular orbital (HOMO and
LUMO, ¢c-HOMO and c-LUMO) are shown schematically in
Fig. 3. And we can discover that the HOMOs and LUMOs ex-
hibit the 7 and ©* character, respectively. That is to say, the S;
states have the rr* feature which is believed to facilitate the
proton transfer.34#?1 Clearly, the electron density on Oy in the
LUMO decreases in comparison with that in HOMO for both
HNP monomer and HNP in crystal. Interestingly, the electron
density of O; atom which is directly involved in the ESIPT
process, as mentioned above, decreases a lot after being ex-
cited to the S state. Furthermore, the electrostatic attraction
between O and H, decreases due to the reduced electron den-
sity around O; after being excite. Therefore, we suggest that
the electron density change of O; due to the intramolecular
charge redistribution upon excitation is not only tightly asso-

ciated with changes of the acid—base properties of hydroxyl
group and carbonyl group, but also promotes the ESIPT due to
the reduction in proton control.

Fig. 3. Schematic plots of frontier molecular orbitals: (a) HOMO and
(b) LUMO for HNP, and (¢c) HOMO and (d) LUMO for c-HNP.

3.3. Potential energy curves

In order to demonstrate the details of the ESIPT process
and explore the mechanism for de-excitation for HNP upon
excitation to the S; state, the calculations of the potential en-
ergy curves of HNP monomer and HNP in crystal at different
electronic states are introduced. The potential energy curves
of the ground state and the excited state for the HNP molecule

018201-3
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are optimized by fixing the spacing between O and H, (proton
transfer coordinate) at different values, which are recorded in
Fig. 4 for HNP monomer and in Fig. 5 for c-HNP. Form Fig. 4,
two stable geometries in S; state which are respectively corre-
sponding to the enol* form and keto* form can be discovered.
It depicts that there are two stable equilibrium geometries for
HNP monomer after Frank—Condon transition to the S; state.
The Hp will transfer from O; to N; to achieve the equilib-
rium geometry of S; state tautomer form. Consequently, a
new hydrogen bond between N; and H, can be formed. In-
deed, the existence of S; state tautomer equilibrium geometry
can act as the direct evidence for the ESIPT process for HNP
monomer. In addition, a similar phenomenon also exists in c-
HNP. On the other hand, it is noteworthy that the transferred
H, needs to move about 0.2 A to cross the barrier in S state
for HNP monomer, whereas only 0.1 A for HNP in crystal
through comparing Fig. 4 with Fig. 5. That is to say, under the
AIE effect, the moving distance of transferred proton to over-
whelm the barrier decreases. Moreover, the energy of keto*
state is 0.04 eV lower than the enol* state for HNP and it is
0.15 eV for c-HNP, which means that the keto* state fluores-
cence will be promoted by the AIE effect. It is because that the
lower energy for keto* state leads to Keto* state fluorescence
enhancement. 5"
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Fig. 4. Calculated potential energy curves along the proton transfer co-
ordinate (O1—H») of HNP in different electronic states.
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Fig. 5. Calculated potential energy curves along the proton transfer co-
ordinate (O1—H») of c-HNP in different electronic states.

3.4. Atomic charge distribution

To further investigate the mechanism of AIE effect on the
ESIPT process, we calculate the atomic dipole moment cor-
rected Hirshfeld population (ADCH) charge and Mayer bond
order of enol* state and c-enol* state, which are the reactants in
the ESIPT phenomenon, for HNP monomer and HNP in crys-
tal, respectively. In addition, the numerical values of the key
parameters can be found in Table 2. As mentioned in the sec-
tion of optimized geometric structures, there is an interesting
decrease of the bond length of Nj—Nj; in c-enol* state com-
paring with that in enol* state. Moreover, from Table 2, we
can see that the Mayer bond order for N;—N, of c-enol* state
is larger than that in enol* state. There is a consistence be-
tween the above two results which are obtained. It means that
the AIE effect enhances the interaction between N; and N; in
enol® state. From Table 2, the ADCH charge of N| which is
the proton acceptor directly involved in the ESIPT process can
also be obtained. It is worth nothing that the AIE effect makes
the ADCH charge of N; from positive value to negative value,
which increases the attraction to the transferred proton. Mean-
while, the AIE effect also makes the ADCH charge of N, from
—0.252 to —0.081. Therefore, we demonstrate that the bond
length change of Nj—N, and the variation of ADCH charge
for N and N in c-enol* state by the AIE effect, which causes
the enhancement of interaction between proton acceptor and
transferred proton, facilitate the ESIPT process.

Table 2. ADCH charge and Mayer bond order of enol* state for HNP
monomer and c-enol* state for HNP in crystal.

N; N, H, Ni-N,
Enol* 0.002 —0.252 0.170 1.110
c-Enol* —0.054 —0.081 0.317 1.414

4. Conclusions

The QM (TDDFT) method has been used to investigate
the details of the ESIPT process for the HNP monomer, and the
ONIOM (TDDFT:UFF) method has been introduced for HNP
in crystal to perform the AIE effect on the ESIPT process. For
the HNP monomer, the calculation of geometric structures re-
veals that the interaction between N; and H; increases upon
excitation due to the shorter IMHB, and subsequently the H,
transfers from O to Nj. Through the calculation of HOMO
and LUMO, we demonstrate that the electron density decrease
of O; due to the intramolecular charge redistribution in the S
state promotes the ESIPT. In addition, the results of calculated
potential energy curves act as a direct evidence for the ES-
IPT (enol*— keto™) and explain the dual fluorescence spectral
feature. As for the HNP in crystal, the calculation of geomet-
ric structures indicates that N1—N, is shorter in c-enol* state
than that in enol* state. In addition, the results of calculated
potential energy curves show that the moving distance of the
transferred proton to overwhelm the barrier decreases under
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the AIE effect. Moreover, through the calculation of ADCH
charge and Mayer bond order in enol* state and c-enol* state,
we find that the variation of ADCH charge for N; and N in c-
enol”* state due to the AIE effect facilitates the ESIPT process.
These results are helpful for us to deepen the understanding of
photophysics for luminophore under AIE effect and contribute
to the further design of high-efficient AIE compounds.
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