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In this work, we theoretically probe into the photo-induced hydrogen bonding effects between SO state and S1 state
as well as the excited state intramolecular proton transfer (ESIPT) behavior for a novel 2-[1,3]dithian-2-yl-6-(7 aH-indol-
2-yl)-phenol (DIP) probe system. We first study the ground-state hydrogen bonding O—H- - - N behavior for DIP. Then we
analyze the primary geometrical parameters (i.e., bond length, bond angle, and infrared (IR) stretching vibrational mode)
involved in hydrogen bond, and confirm that the O-H---N of DIP should be strengthened in the first excited state. It is
the significant prerequisite for ESIPT reaction. Combining the frontier molecular orbitals (MOs) with vertical excitation
analyses, the intramolecular charge transfer (ICT) phenomenon can be found for the DIP system, which reveals that the
charge redistribution facilitates ESIPT behavior. By constructing potential energy curves for DIP along the ESIPT reactional
orientation, we obtain quite a small energy barrier (3.33 kcal/mol) and affirmed that the DIP molecule undergoes ultrafast
ESIPT process once it is excited to the S1 state and quickly transfers its proton, forming DIP-keto tautomer. That is why no
fluorescence of DIP can be observed in experiment, which further reveals the ultrafast ESIPT mechanism proposed in this

work.

Keywords: intramolecular charge transfer, ESIPT, molecular electrostatic potential, potential energy curves
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1. Introduction

Hydrogen bonds are ubiquitous and essential in the field
of chemistry and biochemistry, and govern chemical reac-
tions, supramolecular molecules, molecular assemblies, and
life process.!!=3! The strength of hydrogen bonding depends on
the electronegativity of donor atom which the hydrogen atom
is connected with, and also depends on the ability to absorb the
atom which the hydrogen atom interacts with through hydro-
gen bond. Both intramolecular and intermolecular hydrogen
bonding affect the absorption and emission properties of the
molecules. Often the fluorescent based probe molecule which
forms intramolecular and intermolecular hydrogen bond is
sensitive to the external environment. Therefore, there has
become an increasing interest in generating novel hydrogen
bonding sites in molecular probe and assemblies.*~®!

As one of the most elementary processes throughout na-
ture, proton transfer (PT) belongs to a fundamental class
of chemical field taking place along with intramolecular or
intermolecular hydrogen bond.[®~'*l In view of the photo-
excitation behavior, the photo-induced PT (i.e., excited state
intramolecular proton transfer (ESIPT)) has been regarded
as one of most significant photochemical and photo-physical
and photo-biological reactions in a variety of reactions.[!>~20]
Therefore, it has become one of the hotspots of experimental
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and theoretical researches in the field of chemistry. Due to the
ground-state transient property, molecules containing ESIPT
characteristics have been adopted in a variety of applications.
The basic photo-physical and photo-chemical role of ESIPT is
that the proton of one existing hydrogen bond transfers from
the donor atom to acceptor moiety, which facilitates forming
a transitory equilibration between enol configuration and keto
configuration, emitting double fluorescence peaks and large
Stokes shift. [21=30]

Generally, enol configuration should be photo-excited to
S1-state enol* structure. Subsequently, the ESIPT happens
and forms keto* structure in the S1 state. In view of the
differences between enol* configuration and keto* configura-
tion, normally, keto* configuration emits a longer wavelength
fluorescence.?1-381 Therefore, the dual emission band could
be detected. It covers a broad region of steady-state emission
by promoting ESIPT molecules to become suitable for cell im-
ages, UV filters, white emitting OLEDs, fluorescent probes,

¢.[21-38] Therefore, it cannot be denied

molecular switchers, et
that dynamics of ESIPT reaction is beneficial for more novel
applications in future.

Taking advantage of the modulations of fluorescence as
well as the sensitivity to surrounding environment for ESIPT
materials, advanced applications have been made in various

novel areas as mentioned above. Recently, Chang et al. re-
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ported a new mercury ion probe based on the ESIPT mode. [*!

Based on the classical 2-(2-hydroxyphenyl)benzoxazole and
2-(2-hydroxyphenyl)benzothiazole molecules and through the
two-step reaction, the novel 2-[1,3]dithian-2-yl-6-(7 aH-indol-
2-yl)-phenol (DIP) probe can be synthesized.**! They inferred
that the probe response might be due to the de-protection of
dithian function in aqueous solution. Also, using smartphone
as a signal-capturing device, the detection of metal ions is
tested based on the DIP system. Thus, it can be seen that
DIP molecule owns good prospects and potential for more
novel development of probes. Before developing new pur-
poses, the most fundamental excited state dynamical behav-
iors of DIP itself should be the primary one to be explored. In
other words, a clear dynamical process of excited state for the
DIP system could push and facilitate novel applications. To
the best of our knowledge, only spectroscopic techniques con-
taining time-resolved as well as steady-state electronic spectra
could just reveal oblique aspects about molecular photochem-
ical properties.?!38] Up to now, previous investigations and
observed phenomenon of DIP system are limited except exper-
iment study. In view of the significance of theoretical work, we
adopt the quantum chemical computational manner to study
photo-induced cases relevant to hydrogen bonding interactions
as well as ESIPT reaction. The ground-state investigations
are based on density functional theory (DFT), and excited-
state explorations are implemented by time-dependent DFT
(TDDFT) method. In this work, we mainly focus our atten-
tion on configurations and chemical bond changes involved in
intramolecular hydrogen bonding interactions. Moreover, all
the chemical vibrations and infrared (IR) vibrational spectra,
vertical excitation energy, frontier molecular orbitals (MOs),
charge density and electronic density redistribution, and re-
lated ESIPT kinetic curves of DIP system are calculated to
analyze the straightforward information about excited state dy-
namical process and ESIPT mechanism. Our simulated results
show an ultrafast ESIPT behavior for DIP, which explains ex-
perimental fluorescence phenomenon.

2. Computational methods

In the present work, all the calculations about electronic
structure are carried out by using the Gaussian 09 program
suit.[*91 The geometric optimization of DIP-enol and DIP-
keto systemsare performed in the SO state by using DFT and
in the S1 state via TDDFT method. Here, we should men-
tion that the reason why we select the TDDFT method is be-
cause it has become a very useful method to investigate the
hydrogen-bonding interactions occurring in the excited states.
Becke’s three-parameter hybrid exchange functional with the
Lee—Yang—Parr gradient-corrected correlation (B3LYP func-
tional) and the triple-§ valence quality with one set of polar-
ization function (TZVP) basis set are selected in both DFT

514131 Any constrain is imposed

process and TDDFT proces
on none of symmetry, bond lengths, bond angles or dihedral
angles in the geometric optimization calculations. In order
to evaluate the solvent effects and make them consistent with
previous experimental results, acetonitrile solvent is selected
through our calculations based on the polarizable continuum
model (PCM) by using the integral equation formalism vari-
ant (IEFPCM). #4461 1t is worth mentioning that the IEFPCM
model mitigates the computational burden of explicitly mod-
eling solvent molecules and the specific interactions with the
solute. The solvent can be treated as a constant dielectric re-
action field where the charge density of the solute is projected
onto a grid on the surface of a solvent cavity and polarized,
depending on the value of the solvent dielectric. The resulting
polarized charges on the cavity affect the charge density of the
molecule, efc., until self-consistency is achieved.

All the local minima are confirmed by the absence of
an imaginary mode in the vibrational analysis calculations.
In addition, the SO- and S1-state potential energy curves are
scanned by constrained optimization and frequency analyses
to obtain the thermodynamic corrections in their correspond-
ing electronic states by keeping the O—H bond length in step
of 0.05 A. Zero-point energy corrections and thermal correc-
tions to the Gibbs free energy are also carried out according
to the harmonic vibrational frequencies. Harmonic vibrational
frequencies in the SO and S1 states are determined via the di-
agonalization of Hessian matrix. The excited-stated Hessian
matrix is obtained by the numerical differentiation of analyti-
cal gradient via central differences and default displacement of
0.02 Bohr. The infrared intensity is determined from the gra-
dient of the dipole moment. Fine quadrature grids of size 4 are
employed. The self-consistent field (SCF) convergence thresh-
olds of the energy for both the ground state and excited state
optimization are set to be 107% (default settings are 1079).
Harmonic vibrational frequencies in the ground and excited
state are determined by diagonalizing the Hessian matrix.

3. Results and discussion

As shown in Fig. 1, to confirm the stable configurations of
DIP chromophore, we optimize the structure of DIP (i.e., DIP-
enol) and its proton-transfer tautomer DIP-keto via B3LYP
functional with TZVP basis set. For the DIP-enol molecule,
we first study and verify the hydrogen bonding interactions.
Our simulated electrostatic correlations of DIP-enol are shown
in Fig. 2. Herein, we adopt red color to refer to the negative
electrostatic potential, which reveals the acceptor site for hy-
drogen bond. Inversely, we adopt blue color to represent the
positive electrostatic potential, which means the potential of
hydrogen bonding donor. For DIP-enol molecule, it is ob-
vious that O atom owns negative electrostatic potential (i.e.,
—0.452 a.u.) that is also very weak, while N atom owns posi-
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tive electrostatic potential (i.e., 0.168 a.u.). In view of the pos-
itive and negative electrical interaction, intramolecular hydro-
gen bonding correlations (O-H- - - N for DIP-enol) comes into
being. Further, the simulated RDG versus sign(A;) and iso-
surface for DIP-enol are displayed in Fig. 3. According to the
priciple previously proposed by Cohen et al.,!*’! the spikes be-
tween —0.02 a.u. and —0.01 a.u. for DIP-enol further confirm
the hydrogen bonding effect O-H- - - N for DIP-enol molecule.

DIP-keto

Fig. 1. Structure of DIP-enol and its proton-transfer DIP-keto tautomer.

Fig. 2. Total molecular electrostatic potential for DIP-enol form.

In order to better explore the excited state dynamical
behavior and ESIPT process, we first pay attention to the
excited state hydrogen bonding behaviors for the DIP-enol
molecule. As mentioned in previous classical work, the ob-
tained hydrogen bond lengths, bond angles and other geo-

metrical parameters, [43-57]

and the corresponding optimized
chemical bond parameters involved in intramolecular hydro-
gen bond O—H: - - N of DIP-enol compound are all listed in Ta-
ble 1. Obviously, the O-H and H- - - N of DIP-enol are 0.995 A
and 1.704 A in the SO state, respectively; whereas, they change
into 1.007 A and 1.649 A in S1 state upon photo-excitation, re-
spectively. In other words, the lengthening of O—H bond dis-
tance and the shortening of hydrogen bond H---N (i.e., from
SO to S1) indicate that the hydrogen bond O-H---N of DIP-
enol is significantly enhanced in an excited state.[*337 Fur-
thermore, in view of bond angle V (O-H---N), it is obvious
that V (O-H- - -N) also increases from 148.0° to 151.2° via the
transition from SO state to S1 state, which also verifies that the
O-H- - -N of DIP-enol is enhanced in the S1 state.

2.0

1.6
1.2 [
0.8

0.4

Reduced density gradient

0 —0.04 —0:02-="0

sign(A2)p/a.u

Fig. 3. Reduced density gradient (RDG) versus sign(A,) and isosurface for
DIP-enol form.

Table 1. Simulated bond lengths and bond angles of DIP-enol and DIP-keto
structure in SO and S1 states, respectively.

DIP-enol DIP-keto
Electronic state SO S1 SO S1
O-H/A 0.995 1.007 1.662 1.894
H-N/A 1.704 1.649 1.048 1.023
V (O-H-N)/(°) 148.0 151.2 137.9 129.3

Monitoring the variations about vibrational spectral shifts
is also an effective method to study the hydrogen bonding dy-
namics. Particularly, the vibrational spectral shifts involved in
specific vibrational mode can also reflect the chemical bond-
ing changes in excited states.[*37] Therefore, the infrared
(IR) spectra of DIP-enol compound in vibrational region of
O-H stretching mode are also calculated and displayed in
Fig. 4(a). Clearly, in this figure, the O—H stretching vibra-
tional frequency is located at 3161 cm™! in the SO state. How-
in the S1 state. In
other words, the photo-excitation induces a large red-shift
of 244 cm~! for hydrogen bond O-H.:--N, which obviously
reveals that the hydrogen bond in the first excited state for

ever, it largely decreases to 2917 cm™!

DIP is strengthened.*8-7] Therefore, we can drastically prove
that the intramolecular hydrogen bond O-H- - -N of DIP-enol
is largely enhanced when photo-excitation behavior occurs,
which might promote the ESIPT reaction.

When we mention the photo-excitation process, we also
theoretically predict the low level absorbing transitions via
TDDFT/B3LYP/TZVP (i.e, vertical excitation energy of So—
S1, So-Sa, ...,
activations in high excitations, we only focus on the first ex-
cited state transition. Listed in Table 2 are the detailed re-

Sp—S9) in acetonitrile solvent. Given the de-

sults of vertical excitation energy to the low-lying single ex-
cited states for DIP-enol chemosensor. In addition, to qualita-
tively probe into charge and electron redistribution and charge
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transfer case in excited state, we also calculate and analyze
the frontier molecular orbitals (MOs) for the DIP-enol com-
pound. According to the transition case in Table 2, the So—S;
transition is the most important one due to the largest oscil-
lator strength 0.5532. This transition refers to the transition
from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO), and these two
molecular orbitals are displayed in Fig. 5. Due to the larger
composition (98.14%) from HOMO to LUMO transition, we
believe that the HOMO-LUMO transition dominates the So—
S| transition for the DIP-enol. Obviously, the HOMO owns &
characteristic, and LUMO possesses ©* property. Therefore,
it can be confirmed the Sp—S; transition owns the wz*-type
character. In fact, the HOMO-LUMO transition touches on
intramolecular charge transfer (ICT) peculiarity. Particularly,
for the charge redistributions around hydrogen bonding moi-
eties, the charge density of hydroxyl O atom decrease largely
and that of N atom increases. In other words, the increased
electronic density of proton acceptor N plays an important role
in facilitating the absorption of H atoms in first excited state.
Therefore, we can conclude that the orbital transition brings in
more negative charges’ distribution on N atom via Linus Paul-
ing’s valence-band theory. And the interaction between c*
orbital and lone pair electrons of N facilitates ESIPT behavior
for the DIP system.

4000} (a) — S0

—51

3000

2000

IR intensity

1000

3000 3200
Wavelength/cm~!

2800 3400

4000 F
(b) 50

—3S1
3000

2000 1

IR intensity

1000 [

0
2800

3000 3200
Wavelength/cm~1!

3400

Fig. 4. Theoretical IR vibrational spectra for (a) O-H vibrational mode of
DIP-enol structure and for (b) H-N vibrational mode of DIP-keto structure,
in both SO state and S1 state.

Table 2. Calculated electronic excitation energy (in unit nm), correspond-
ing oscillator strengths and the relative compositions of the low-lying three
excited states for compound DIP.

Transition A/mm f Composition Cl/%
S0 — S1 353.18 0.5532 H—-L 98.41
SO — S2 337.46 0.0622 H-1—-L 94.42
SO — S3 317.86 0.0017 H—-L+1 98.84

HOMO

Fig. 5. Related frontier molecular orbitals (HOMO and LUMO) for DIP-
enol system.

In order to clearly understand the ESIPT mechanism, the
potential energy kinetic curves with O—H- - - N are scanned via
optimization manner. To be specific, the scanning of ES-
IPT curves is through constrained optimization by keeping
O-H bond length. Our scanned potential energy curves are
shown in Fig. 6, which are obtained via only varying O-H
in steps of 0.05 A including both DIP-enol form and DIP-
keto form.[’8-601 For the SO-state potential energy curve, it
can be clearly seen that the potential energy increases with
the elongation of O—H bond, which means that the forward
proton transfer from DIP-enol cannot occur thermodynami-
cally. While for the S1-state potential energy curve, it should
be noticed that the proton transfer is an ultrafast process due
to the low barrier 3.3289-kcal/mol behavior. Following the ul-
trafast ESIPT process, the DIP-keto structure can be formed
that emits fluorescence to the SO-state DIP-keto structure. By
Berny optimization method, we investigate the transition state
(TS) structure along the ESIPT path. The TS structure is also
shown in Fig. 6. The vibrational eigenvector orientation of TS
structure points to the correct ESIPT reaction direction, which
confirms the ultrafast ESIPT mechanism for the DIP system.
In addition, using the similar analyses to those of the IR vi-
brational spectra mentioned above, 48581 we also present the
IR spectra of H-N stretching mode of both SO and S1 states
in Fig. 4(b). Obviously, the S1-state H-N stretching mode of
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DIP-keto structure is located at 3405 cm™—!, which changes to
2990 cm~! in the Sy state. That is to say, comparing with
S1-state intramolecular hydrogen bond O- - - H-N of DIP-keto
structure, this hydrogen bond should be strengthened in the SO
state due to a large redshift (415 cm™'). Unquestionably, via
radiation and non-radiation process, S1-state DIP-keto can be
automatically de-excited to SO-state DIP-keto structure, form-
ing more stable intramolecular hydrogen bond O- - - H-N. Sub-
sequently, because of the low barrier in the ground state, the re-
versed ground state intramolecular proton transfer (RGSIPT)
can spontaneously occur from the DIP-keto configuration to

the initial DIP-enol configuration.

FSIPT

—1981.60 1 W

: 3.3289 kecal/mol

=

[}

T _1981.62%

>

o0

B

S —1981.701

5|

— 1981, 72 themprmipearpptpspep—pm—giec—]
0.8 1.2 1.6 2.0 2.4

O—H length/A

Fig. 6. PECs for DIP system via fixing O—H bond distance along intramolec-
ular hydrogen bond O-H- - -N in SO and S1 states, showing TS structure and
its vibrational direction. 1 Hartree = 4.3597x 10718 J.

4. Conclusions

In this work, we carefully explore photo-induced hydro-
gen bonding dynamics and ESIPT behavior for a DIP system.
The dynamics about excited state hydrogen bonding effects
mainly focuses on the geometries and IR vibrational spectra.
Changes of chemical parameters reveal that the hydrogen bond
O-H- - -N of DIP should be strengthened via photo-excitation,
which should be the precondition of ESIPT reaction. Further-
more, the photo-induced charge redistribution and ICT prop-
erties promote the ESIPT tendency. Particularly, the increased
electronic densities around proton acceptor N moiety facilitate
the absorption of hydrogen proton. The analyses about poten-
tial energy curves along the possible ESIPT path demonstrate
that the ESIPT behavior of DIP system should be ultrafast due
to low barrier. According to the ultrafast ESIPT mechanism,
we can reasonably explain previous experiments. This work
clarifies the excited state dynamical behavior for DIP system,
but also fills the vacancy and inadequacy of previous experi-

ment.
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