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In the present work, two novel Br-BTN and CN-BTN compounds have been investigated theoretically. We
in-depth explore the excited state hydrogen bonding interactions and the excited state intramolecular
proton transfer (ESIPT) behaviors for the Br-BTN and CN-BTN system. We firstly verify the formation of
hydrogen bond effects of O-H---N based on reduced density gradient (RDG) versus sign(Az)p. The
simulated primary bond lengths and bond angles as well as infrared (IR) vibrational spectra reveal that the
hydrogen bond O—-H---N should be strengthened in the excited state. Combining the frontier molecular
orbital (MO) investigations, we infer that the charge transfer phenomenon (from HOMO to LUMO)
around hydrogen bonding moieties reveals the tendency of ESIPT reaction. Particularly, the increased
electronic densities around proton acceptor atoms facilitate attracting a hydrogen proton, which plays
a decisive role in opening the ESIPT reaction. Via constructing potential energy curves in both Sg and Sy
states, the ultrafast ESIPT process can be verified which explains previous experimental characteristics.
Furthermore, via searching the transition state (TS) structure and constructing the intrinsic reaction
coordinate (IRC) reaction path, we check and confirm the ESIPT mechanism for both Br-BTN and CN-
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1. Introduction

It is well known that hydrogen bonding is one of the most
important weak interactions in the natural world, which plays
a significant role in various branches of natural science and
engineering fields.*® It is operative in the crystallization of
materials, the formation of straightforward properties of asso-
ciated liquids, and the determination of the three-dimensional
structures adopted by biomolecules such as proteins and
nucleic bases. Particularly, the hydrogen bond can result in
relatively stable supramolecular structures. And it can also serve
as an active site for initiating a plethora of chemical reactions
due to the dynamic features of the proton.”® As one of the most
fundamental processes involved in biochemical and chemical
reactions along with hydrogen bonding, proton transfer (PT)
deserves the attention of vast numbers of scientists.**** Various
kinds of PT reaction have been identified and classified, such as

“College of Physics and Electronics, North China University of Water Resources and
Electric Power, Zhengzhou 450046, P. R. China. E-mail: dpyang ncwu@163.com
*State Key Laboratory of Molecular Reaction Dynamics, Theoretical and
Computational Chemistry, Dalian Institute of Chemical Physics, Chinese Academy of
Sciences, Dalian 116023, P. R. China

T Electronic  supplementary

10.1039/c9ra04258j

information  (ESI) available. See DOL

23004 | RSC Adv., 2019, 9, 23004-23011

BTN and CN-BTN compounds in future.

reaction in the ground or excited states, adiabatic or non-
adiabatic behaviors, and so on.'*?° It cannot be denied that
people pay more attention to the excited state dynamical
behaviors with the ever-accelerated experimental instruments
and methods. Therefore, excited state intramolecular proton
transfer (ESIPT) reactions have become the most fundamental
and important research focus in recent years.

As far as we know, the ESIPT reaction belongs to a kind of
photo-tautomerization process that happens along with a pre-
existing hydrogen bond in the excited state. Generally, the
hydrogen bond links the hydrogen acceptor moiety (O or N
atom) and the donor acidic parts (N-H or O-H). Based on the
photo-induced excitation, the initial stable ground-state enol
form could be excited to the excited states. After the de-
excitation behaviors from high excited states to the first
excited state as well as the thermal relaxations, the stable enol*
can be formed in the S; state with the normal emission peak.
Given the energy gap between FC and enol*, the driving force of
ESIPT could be provided, which further offers the relative
kinetics. Subsequently, the ESIPT reactions happens via con-
verting enol* into its photoproduct (i.e., the photo-tautomer
keto*) in the first excited state. Generally, the ESIPT behavior
is ultrafast with crossing a low potential energy barrier. Exper-
imentally, this kind of ultrafast process is in the region of
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femtosecond to picosecond. And the fluorescence band of keto*
exhibits a large Stokes shift, which could be as large as
8000-12 000 cm ™ ". In particular, the fast charge redistribution
resulting from ESIPT tautomer keto*, multiple optoelectronic
applications have been designed and developed, such as fluo-
rescence sensors, luminescent materials, UV absorbers,
molecular logic gates, and so forth.>**°

Recently, Santra and coworkers designed and synthesized
bent-shaped 1-(benzo[d]thiazol-2-yl)-6-substituted-naphthalen-
2-ol (BTN) compounds.” They characterized their photo-
physical and photochemical properties in both solution and
solid states. Among these compounds, the Br-BTN and CN-BTN
reveal the ESIPT phenomenon experimentally occurring along
with the intramolecular hydrogen bond O-H---N in the first
excited state. Santra and coworkers mainly focused on solid-
state emission behavior of the new dyes, and they showed
that the fluorescent nanoparticles could permeate cells and give
fluorescent microscopic images. We must say that their work
facilitates opening a door toward solid-state luminescent
organic compounds. Nevertheless, the excited state dynamics
are insufficient for Br-BTN and CN-BTN in solution. Since BTN
compounds exhibit potential application prospects, the
straightforward excited-state dynamic process should be very
helpful for further exploitations in future. Moreover, experi-
ments can only provide the indirect information about photo-
chemical and photophysical properties. For clarifying detailed
dynamical mechanism, the theoretical calculation should be
the critical mean currently. In this present work, therefore, we
mainly focus on the excited state dynamical behaviors and
ESIPT mechanism for Br-BTN and CN-BTN systems based on
density functional theory (DFT) and time-dependent density
functional theory (TDDFT) methods (see Fig. 1). The initial
stable Br-BTN and CN-BTN structures are named as Br-BTN-
enol and CN-BTN-enol, and the proton-transfer configurations
are named as Br-BTN-keto and CN-BTN-keto, respectively. Bond
lengths and bond angles relative to hydrogen bond and
homologous infrared (IR) vibrational spectra are analyzed. The
hydrogen bonding interactions reveal the tendency of ESIPT

behavior. Exploring photo-induced process, the charge
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Fig. 1 The structures of Br-BTN-enol, Br-BTN-keto, CN-BTN-enol
and CN-BTN-keto based on DFT and TDDFT methods.
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redistribution resulting from photoexcitation facilitates the
ESIPT reaction. Finally, the constructed S, and S, state potential
energy curves as well as reaction transition state (TS) show the
direct information about ESIPT mechanism for both Br-BTN
and CN-BTN systems.

2. Simulated methods

In this present work, all the quantum chemical simulations
have been performed and finished using the Gaussian 09
program suite.*” The geometric optimizations of the Br-BTN and
CN-BTN have been performed in the ground state based on DFT
method and the electronic excited state is performed depending
on TDDFT method, respectively. It is worth mentioning that the
TDDFT method has become a very useful tool to research the
hydrogen bond in the excited states of the hydrogen-bond
system theoretically.”*** Becke' three-parameter hybrid
exchange functional with Lee-Yang-Parr gradient-corrected
correlation (B3LYP functional) has been used in both the DFT
and TDDFT methods.**** The 6-311+G(d) is chosen as basis sets
throughout, which has sufficient flexibility to describe this
system. There were no constraints to all the atoms, bonds,
angles or dihedral angles during the geometric optimization.
To evaluate the solvent effect, DMSO has been selected as
solvent in the calculations depending on the model that the
Polarizable Continuum Model (PCM) using the integral equa-
tion formalism variant (IEFPCM).*>=** All the local minima are
confirmed by the absence of an imaginary mode in vibrational
analysis calculations. The topological properties of intra-
molecular hydrogen bond interaction are analyzed based on the
provision of Atoms-In-Molecule (AIM) method. The S, and S,
potential energy curves have been scanned by constrained
optimizations in their corresponding electronic state, and
keeping the O-H distance fixed at a serious of values. Harmonic
vibrational frequencies in both ground state and excited state
are determined by diagonalization of the Hessian. The excited
state Hessian is obtained by numerical differentiation of
analytical gradients using central differences and default
displacements of 0.02 bohr. The infrared intensities were
determined from the gradients of the dipole moment.

3. Results and discussions

As shown in Fig. 1, based on DFT and TDDFT methods, we
could locate the stable Br-BTN-enol, Br-BTN-keto (the proton-
transfer Br-BTN-enol form), CN-BTN-enol and CN-BTN-keto
(the proton-transfer CN-BTN-enol form) in both S, and S;
states. Within the framework of quantum theory of atoms in
molecule (QTAIM) theory, the identification of a critical point
(CP) and the existence of a bond path in the equilibrium
geometry are necessary and sufficient conditions for assigning
an interaction between two primary atoms. The relative AIM
topologic parameters involved in the optimized geometrics
show that the p(r) at the CP moiety is close to 0.04 a.u. (the
maximum threshold value to ensure the presence of hydrogen
bond). Furthermore, the relative Vp. value is also in the range
of 0.02-0.15 a.u. Therefore, we have the reasons to believe that
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the hydrogen bond O-H---N is formed in the ground state for
Br-BTN-enol and CN-BTN-enol forms. In another aspect, it is
well known that the noncovalent interaction (NCI) method (.e.,
reduced density gradient (RDG)) is a very popular method for
investigating weak interactions. Particularly, to reveal the intra-
and inter-molecular weak interactions in real space, the RDG
versus sign(A,)p and the lower panel low-gradient isosurfaces for
both Br-BTN-enol and CN-BTN-enol systems are calculated in
this work (seen in Fig. 2). The contour value is set as 0.5 a.u.,
and the value range of RDG isosurfaces is set form —0.04 a.u. to
0.02 a.u. According to the conclusion by Johnson and
coworkers,* the multiple weak effects could be clearly revealed,
namely, positive sign(A,)p refers to steric effects, negative values
of sign(4,)p stand for hydrogen bonding interactions, and the
values near zero exhibit the van der Waals (VDW) effects.® It
should be clear that the spikes located around —0.02 to —0.01
a.u. for both Br-BTN-enol and CN-BTN-enol reveal the hydrogen
bonding effects of O-H---N in the ground state.

To check the changes about bond lengths and bond angles
involved in hydrogen bonding moieties upon the photoexcita-
tion process, we list the prime geometrical parameters about
hydrogen bond O-H:--N for both Br-BTN-enol and CN-BTN-enol
in Table 1. It can be clearly seen that the O-H bond lengths of
both Br-BTN-enol and CN-BTN-enol are elongated from S, state
to the S; state. Meanwhile, the bond distances of hydrogen
bond H---N of both Br-BIN-enol and CN-BTN-enol are short-
ened in the S; state. In addition, comparing with the S,-state
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Tablel The simulated bond lengths (A) and bond angles (°) involved in
hydrogen bond for Br-BTN-enol and CN-BTN-enol in both Sp and S;
states based on the DFT and TDDFT methods and B3LYP/6-311+G(d)
theoretical level in DMSO solvent, respectively

Br-BTN-enol CN-BTN-enol
Electronic state So S: So S:
O-H 0.999 1.017 1.002 1.015
H---N 1.664 1.605 1.654 1.614
A(O-H---N) 146.8° 149.3° 147.0° 148.8°

bond angle 4(O-H:--N), it should be noticed that 4(O-H---N) in
the S, state increases for Br-BTN-enol and CN-BTN-enol.
According to previous theoretical results and decision rule, we
confirm the intramolecular hydrogen bond O-H:--N of both Br-
BTN-enol and CN-BTN-enol structures should be strengthening
in the first excited state.”*-*

In order to verify the strengthening phenomenon of
hydrogen bond in the excited state, we further perform the
infrared (IR) vibrational spectra at the O-H stretching mode for
Br-BTN-enol and CN-BTN-enol in both S, and S, states. To show
the IR results clearly, we only show the O-H stretching mode
from 2600-3200 cm ™' in Fig. 3. It is obvious that the O-H IR
stretching vibration frequency is redshift from S,-state
3067 cm ™! to S;-state 2737 cm ™ * for Br-BTN-enol and from S,-
state 3027 cm ™! to S;-state 2782 ¢cm ™' for CN-BTN-enol. That it
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Fig. 2 The reduced density gradient (RDG) (Y-axis) versus sign(a,)p (X-axis) as well as the lower panel low-gradient (s = 0.5 a.u.) isosurfaces for
Br-BTN-enol (a) and CN-BTN-enol (b) systems in the ground state. Herein, the interactions are shown below corresponding RDG (red: steric

effects; blue: hydrogen bonding interactions; green: VDW effects).
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Fig. 3 The theoretical IR vibrational spectra of O—H stretching mode for Br-BTN-enol (a) and CN-BTN-enol (b) molecules in both Sg and S;
states based on DFT and TDDFT methods and B3LYP/6-311+G(d) theoretical level in DMSO solvent.

to say, the O-H stretching vibration becomes weaker in the first
excited state, which should be attributed to the strengthening
hydrogen bond O-H:--N. Consistent with the conclusion about
analyzing geometrical parameters, we confirm that hydrogen
bond O-H:-‘N should be enhanced in the S, state, which
conduces to attractive hydrogen proton for N atom for both Br-
BTN-enol and CN-BTN-enol.

It cannot be denied that the explorations about photo-
excitation behaviors could reasonability reflect the excited
state dynamical process. Therefore, the vertical excitation
energy calculations are carried out using the S, state-optimized
configuration based on TDDFT method with five low-lying
absorbing transitions. The corresponding results about
vertical excitation energies for both Br-BTN-enol and CN-BTN-
enol are listed in Table 2. We find that only the first transition
(So — S;) owns the largest oscillator strength, which demon-
strates that most of Sy-state Br-BTN-enol and CN-BTN-enol
should be excited to the first excited state. In this work, we
mainly investigate the photochemical properties in the S; state.
The calculated absorption peak (S, — S,) for Br-BTN-enol and
CN-BTN-enol is located at 388 nm and 374 nm, respectively.
They are in good agreement with experimental values (400 nm
for Br-BTN-enol and 373 nm for CN-BTN-enol).*' It further
confirms that the theoretical level TDDFT/B3LYP/6-311+G(d) is
reasonable for these two system in this work.

In order to further investigate the characteristics of the
excited state, it is essential to investigate charge redistribution

Table 2 The theoretical first three low-lying transitions, absorption
energies A (hm), homologous oscillator strengths (f), corresponding
configurations and percentage (%) for Br-BTN-enoland CN-BTN-enol
forms

Transition A (nm) f Composition  CI (%)
Br-BTN-enol So = Sy 388 04794 H — L 97.55
So — S, 342 0.1371 H-2 — L 62.72
So — S3 312 0.0398 H-1 — L 49.71
CN-BTN-enol S, — S; 374 0.5087 H — L 95.98
So — S, 326 0.0566 H-1 — L 87.12
So = S; 308 0.0089 H-2 — L 72.35

This journal is © The Royal Society of Chemistry 2019

in electronic excited states. Therefore, the frontier molecular
orbitals (MOs) of Br-BTN-enol and CN-BTN-enol have been
calculated and shown in Fig. 4. Herein, we mainly focus on the
So — S; transition. Therefore, just the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) have been displayed in this figure since the
transition HOMO — LUMO occupies more than 95% for both
Br-BTN-enol and CN-BTN-enol. It can be found clearly that the
HOMO orbital owns 7 character and the LUMO orbital has the
7* character, which means the first excited state can be attrib-
uted to the w-m* transition. One thing should be noticed that
the electron density on N atom increases in the LUMO orbital
for both Br-BTN-enol and CN-BTN-enol, which mean the
increased electron density of N atom plays an important role in
enhancing the intramolecular hydrogen bonding O-H---N. In
the same time, the electronic densities of hydroxyl O atom
decrease from HOMO to LUMO orbital, which means the
attraction between O and H becomes weakened upon photo-
excitation, which is consistent the results via analyzing
geometrical parameters and IR spectra mentioned above.
Furthermore, the charge density difference (CDD) map is also
calculated in this work. The relative results of CDD for both Br-
BTN-enol and CN-BTN-enol systems are shown in Fig. S1, ESL.T
The regions with the increasing electron density are shown in

- s Mo
o e B,

Br-BTN-enol

CN-BTN-enol

Fig. 4 View of the simulated frontier molecular orbitals (HOMO and
LUMO) for Br-BTN-enol and CN-BTN-enol systems based on TDDFT/
B3LYP/6-311+G(d) theoretical level in DMSO solvent.
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green, and those with decreasing electron density are shown in
light blue. The CDD map displays that upon excitation from S,
to S; state net charge densities shift from hydroxyl O atom to N
atom. It suggests that after the excitation a driving force can be
induced to facilitate the proton transfer reaction in the S, state.
This is consistent with the physical picture obtained from the
HOMO-LUMO transition. Just due to this kind of charge
redistribution, ESIPT tendency of both Br-BTN-enol and CN-
BTN-enol can be promoted in the first excited state. Although
the ESIPT behavior of Br-BTN-enol and CN-BTN-enol could be
speculated via above discussions, the straightforward mecha-
nism of ESIPT process deserves to in-depth investigation.

In order to elaborate the specific ESPT mechanism for both
Br-BTN-enol and CN-BTN-enol molecules, the potential energy
curves of both S, and S; states are constructed in this work. The
process of scanning potential energy curves are based on the
constrained optimizations in their corresponding electronic
states.*** We show the Sy-state and S;-state potential energy
curves (PECs) of both Br-BTN-enol and CN-BTN-enol molecules
in Fig. 5. The PECs have been constructed via fixing the bond
distance of O-H from 0.9 A to 2.1 A in step of 0.04 A. Obviously,
the Sy-state potential energy curve increases along with the
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Fig. 5 The constructed potential energy curves for both Br-BTN (a)
and CN-BTN (b) based on fixing O-H bond lengths along with
hydrogen bond O—H---N in both Sg and S; states.
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increasing of O-H bond distance for both Br-BTN-enol and CN-
BTN-enol, which means the proton transfer process should be
forbidden in the ground state. While in the S; state, the
potential energy curve crosses a low potential energy barrier
(2.027 keal for Br-BTN-enol and 2.184 kcal mol ' for CN-BTN-
enol) with the elongation of O-H from 1.0 A to 1.3 A. Then
after crossing the barrier, the potential energy curve decreases
along with increasing O-H bond distance. Since the potential
energy barrier (2.027 keal for Br-BTN-enol and 2.184 kcal mol ™
for CN-BTN-enol) is too low to forbid the ESIPT reaction, thus
the ESIPT process is ultrafast to occur with forming Br-BTN-keto
and CN-BTN-keto forms in the S; state. Furthermore, we also
consider the Cam-B3LYP and wB97XD functionals to construct
the potential energy curves for Br-BTN and CN-BTN systems in
both S, and S; states. The corresponding results are shown in
Fig. S2, ESL} Obviously, the conformations of relative potential
energy curves are almost the same as the B3LYP functional.
Therefore, we further confirm the rationality and correctness of
B3LYP functional adopted in this work. We also consider the
differences bringing from different solvents with different
polarities for both Br-BTN and CN-BTN systems in this work.
We show our simulated results about potential energy curves in
cyclohexane and chloroform solvents in Fig. S3, ESLt It can be
found that the potential energy barriers among these three
aprotic solvents (cyclohexane, chloroform and DMSO) are
similar. Although the values of barriers are different, the
differences are little. Therefore, we can confirm that solvent
polarity plays little roles in the excited state behaviors for both
Br-BTN and CN-BTN systems.

In addition, based on the Berny optimization method
coupling with the TDDFT/B3LYP/6-311+G(d) theoretical level,
we search the transition state (TS) structure on the S;-state
potential energy curve (shown in Fig. 6). Our theoretical TS form
has been confirmed to be only one imaginary frequency, and its
vibrational eigenvector points to the correct direction. The zero-
point energy corrections have been also performed according to
the harmonic vibrational frequencies. The imaginary frequen-
cies of Fig. 6 are calculated to be —1687.3 cm " for Br-BTN-enol
and —1703.6 cm ™~ '. Furthermore, to the best of our knowledge,
the excited state dynamical reaction path could be constructed
via integrating the intrinsic reaction coordinate (IRC) at the
same level of theory. And this scheme of integration over the S;-
state potential energy curve can be obtained via combining the
first-order Euler predictor approach with the modified
Bulirsch-Stoer integrator for the corrector algorithm. The cor-
responding IRC curves of Br-BTN-enol and CN-BTN-enol
systems have been shown in Fig. 7. Beginning from the TS
structure, two minima (both reactant and product) could be
searched according to the direction of energy decrease, which
further verifies the ESIPT mechanism for Br-BTN-enol and CN-
BTN-enol in the S; state. Furthermore, beginning from the TS
structures for both Br-BTN and CN-BTN system, the classical
trajectory calculations are performed to explore the dynamical
behavior with adopting the Born-Oppenheimer molecular
dynamics (BOMD) method. The time evolution of the important
structural parameters are shown in Fig. S4, ESL. T In fact, it could
be noticed that the bond distance of H-N tends to become

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The searched transition state (TS) structure for both Br-BTN and CN-BTN systems along with the ESIPT reaction path in the S; state.
Herein, the bond length and corresponding imaginary frequency of TS structures are also listed.
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Fig. 7 The energy profile along with the first excited state IRC for Br-BTN (a) and CN-BTN (b) based on TDDFT/B3LYP/6-311+G(d) theoretical

level in DMSO solvent.

stable (1.05 A) for both Br-BTN and CN-BTN molecules after
evolving about 25 fs. The stable 1.05 A is consistent with the
optimized S;-state bond distance of H-N for Br-BTN-keto and
CN-BTN-keto systems. In addition, Given the O-H bond
distance, along with time evolution more than 300 fs, it can be
found bond distance of O-H tends to become 1.65-1.70 A. They
are also close to the S;-state stable O---H for Br-BTN-keto and
CN-BTN-keto structures. Therefore, from the view of kinetic
point, we further confirm the ESIPT mechanism for both Br-
BTN and CN-BTN systems.

4. Conclusion

In this work, we theoretically investigate the excited state
hydrogen bonding interactions and ESIPT behaviors for Br-
BTN-enol and CN-BTN-enol systems. Firstly, we check and
verify the formation of intramolecular hydrogen bond O-H:--N
of Br-BTN-enol and CN-BTN-enol in the ground state. Then, via
comparing bond lengths and bond angles involved in hydrogen
bonding moieties, we confirm that hydrogen bond should be
strengthening in the first excited state. The analyses about IR
vibrational spectra further verify the strengthening phenom-
enon. When it comes to the photoexcitation process, it should

This journal is © The Royal Society of Chemistry 2019

be mentioned that the charge redistribution plays important
roles in excited state dynamical tendency. The increased elec-
tronic densities around proton acceptor atom facilitate attract-
ing hydrogen proton, which plays a decisive role in opening
ESIPT reaction. Given the specific ESIPT mechanism, we
construct the potential energy curves and confirm the ultrafast
ESIPT behavior due to low potential energy barrier. Further, we
search the TS structure and calculate the IRC path, based on
which we further verifies the ultrafast ESIPT mechanism. We
sincerely wish this work could promote the corresponding novel
development and applications based on Br-BTN and CN-BTN
systems.
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