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Excited state process of a novel NIR-BODI molecule in
toluene and acetonitrile solvents: A theoretical study
Jia Li*°, Meixia Zhangb, Can Du’, Peng Songb’* and Xiaodong L

Abstract. In this work, using DFT and TDDFT methods, we investigated the excited-state intramolecular
proton transfer (ESIPT) mechanism of a novel NIR-BODI system [Org Biomol Chem 15:4072, 2017.] in both
toluene and acetonitrile (CH;CN) solvents theoretically. Comparing the prime structural variations of NIR-
BODI involved in the intramolecular hydrogen bond, we can conclude that O-H-:-N should be strengthened in
the S; state, which may facilitate the ESIPT process. Concomitantly, infrared vibrational spectra analysis
further verify the stability of hydrogen bond. In good agreement with previous experimental results, NIR-
BODI reveals two kinds of excited-state structures (NIR-BODI-enol* and NIR-BODI-keto*). Analysis about
charge redistribution reveals the tendency of ESIPT process. Our scanned potential energy curves according
to variational O-H coordinate demonstrates that the proton transfer process should be more likely to occur
in the S; state due to the inappreciable potential energy barriers. In addition, due to the minute differences
of potential energy curves contrasting toluene (the NIR-BODI-keto could be not located) and CH;CN (the NIR-
BODI-keto can be located) solvents in Sy state, we deem that solvent effect could play roles NIR-BODI system.

Given the S;-state potential energy barriers, we confirm that the ESIPT process is easier in CH3CN solvent.

1. Introduction

It is well known that hydrogen bonding plays important roles in
many biological and chemical fields [1-4]. Based on the excitation of
hydrogen-bonded systems, reorganizations of hydrogen acceptor
and donor parts are inevitable due to the primary differences in
charge distribution of different electronic states, which could lead to
various photochemical and photophysical processes in the excited
states [5-9]. Proton transfer (PT) reaction, as one of the most
fundamental reactions interrelated with hydrogen bonding, exists in
most biological systems such as RNA, DNA, protein environment,
and so forth [10, 11]. PT processes have been investigated and
explained broadly in the Sy state, while we focus on the excited state
proton transfer (ESPT) reaction, since broad scale applications about
ESPT compounds have already become the hot topic via
development of novel materials for chemical sensing [12-14], bio-
sensing [15, 16], celling imaging [17], white light LED [18-20], and so
on.

In general, the excited state intra- or inter- molecular proton
transfer (ESIPT) starting from the ground state enol form and
returning back to the same state after a so-called “four-level
reaction cycle” is reversible [21-25]. Within the frame of ESIPT
process, the Sy-state enol could be excited to the excited-state
enol*. This form convers into the excited photoproduct (i.e. so-
called photo-tautomer keto*), then by the translocation of proton
and hence the alteration of the electronic structure. Keto* cold be
recoghized by the emission spectrum strongly shifted to longer
wavelengths. Then the relaxation of keto* results in the Sy-state
keto that undergo the reversed proton transfer with the recovery of

“Key Laboratory for Anisotropy and Texture of Materials (Ministry of Education),
School of Materials, Northeastern University, Shenyang, Liaoning 110819, E-mail
address: xdli@mail.neu.edu.cn

b'Department of Physics, Liaoning University, Shenyang, Liaoning 110036, E-mail
address: songpeng@Inu.edu.cn

This journal is © Copyright 2017, Global Science Press

enol structure to finish the reaction cycle. Experimentally, the
fluorescence band of the initial enol* could exhibit a normal Stokes
Shift (i.e. the difference between absorption and emission peaks of
the enol structure). While the keto* could emit another
fluorescence with longer wavelength. Basically, this kind of large
Stokes Shift observed in experiment might be as large as 6000 ~
12000 cm™.

It is known that the near-infrared (NIR) light could provide the
advantages of minimum photodamage to biological samples,
decreased interference from the background autofluorescence and
deep tissue penetration [26]. The fluorescent dyes owning NIR
emission are attributive for the construction of fluorescent imaging

NIR-BODI-keto

Figure 1: Views of the optimized structures of NIR-BODI-enol and the proton-
transfer structure NIR-BODI-keto based on TDDFT/B3LYP/TZVP theoretical level.
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sensors. Recently, Fei et al. designed and reported a novel NIR
fluorescent dye NIR-BODI (see Figure 1) system [27]. The significant
chemical feature of NIR-BODI is the pre-existing intramolecular
hydrogen bond, which could promote the ESIPT process and
introduces the NIR fluorescence. Particularly, the free hydroxyl
moiety of NIR-BODI could be readily modified to develop novel
fluorescent sensors in vitro and in vivo applications [27]. However,
the theoretical investigations about this novel NIR-BODI system is
absent, peculiarly, the specific excited state dynamical process is
missing in previous experimental work [27]. Furthermore, it is well
known that experiments could only provide the indirect information
about the photophysical and photochemical properties. The
theoretical study about the novel fluorescent NIR-BODI sensor could
further deepen the understanding its applications. Therefore, in-
depth investigations about the ESIPT reaction of NIR-BODI is
necessary. Given the most common theoretical level, the density
functional theory (DFT) and time-dependent density functional
theory (TDDFT) methods have been widely used to clarify
fundamental aspects about different electronic states. In this
present work, we mainly focus on studying the ESIPT mechanism
based on DFT and TDDFT methods. Bond lengths and bond angles
about the intramolecular hydrogen bond as well as homologous
infrared (IR) vibrational spectra have been analyzed in detail. Based
on the photoexcitation, the frontier molecular orbitals (MOs) and
corresponding Mulliken’s as well as NBO charge distribution analysis
explore the charge redistribution, which reveals the tendency of
ESPT reaction. At last, the constructed Sy and S; states potential
energy curves indicate the direct information about NIR-BODI
sensor.
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Figure2: The theoretical IR spectra of NIR-BODI-enol structure in both toluene (a)
and CH;CN (b) solvents at the spectral region of corresponding O1-H2 bond in
both Spand S; states.
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Our paper is organized such as that the next section describes
the details of the Computational Details. Then the Results and
Discussion part shows and discusses our theoretical results, and is
organized by subsections that consider geometries, electronic
spectra, frontier molecular orbitals and the analyses of mechanism.
A final section summarizes and provide the conclusions of this
present study.

2. Computational Details

In the present work, all the electronic structure calculations have
been carried out depending on the Gaussian 09 program suite [28].
The geometric optimizations of the NIR-BODI were performed in the
ground state using density functional theory (DFT) method and the
electronic excited state was performed depending on time
dependent DFT (TDDFT) method, respectively. Becke’ three-
parameter hybrid exchange functional with Lee-Yang-Parr gradient-
corrected correlation (B3LYP functional) was used in both the DFT
and TDDFT methods [29-31]. The triple-{ valence quality with one
set of polarization functions (TZVP) was chosen as basis sets
throughout, which is an appropriate basis set for this system. There
were no constraints to all the atoms, bonds, angles or dihedral
angles during the geometric optimization. To evaluate the solvent
effect, according to previous experiment [27], toluene and
acetonitrile (CH3;CN) were used as solvent in the calculations
depending on the model that the Polarizable Continuum Model
(PCM) using the integral equation formalism formalism variant
(IEFPCM) [32-34]. All the local minima were confirmed by the
absence of an imaginary mode in vibrational analysis calculations.
The S, and S; potential energy curves have been scanned by
constrained optimizations in their corresponding electronic state,
and keeping the O-H distances fixed at a serious of values.

3. Results and discussion

The structures of ground state and the first excited state of NIR-
BODI chromophore have been obtained based on B3LYP functional
with TZVP basis set level of theory, with a subsequent vibrational
frequency analysis to ensure the validity of the stationary points.
Both toluene and CH3CN solvents were used in the IEFPCM model
insuring consistency with previous experiment. After optimizations,
we found two kinds of configurations of NIR-BODI sensor (i.e., NIR-
BODI-enol (the normal NIR-BODI structure) form and NIR-BODI-keto
(the proton-transfer NIR-BODI structure) form) in both S, and S;
states (see Figure 1). Within the framework of AIM theory (manly
based on the analysis of electron density at the specific point (p

Table 1: The calculated bond lengths (A) and angles (2) for NIR-BODI-enol and NIR-BODI-
keto forms in Sy and S; states based on the DFT/TDDFT methods with IEFPCM (toluene
and CH3CN), respectively.

Toluene CH3CN
NIR-BODI-enol N'Ej:m' NIR-BODI-enol NIR-BODI-keto
So S So S So S So S
01-H2 0.990 0992 - 1.829 0993 1009 1.602  1.842
H2-N3 1732 1726 - 1026 1708 1650 1.061  1.025
5(01-H2-N3) 146.29° 146.89° - 131.4° 148.18° 148.62° 140.71° 130.85°
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(r))), identification of a critical point (CP) and the existence of a
bond path in equilibrium geometry are necessary and sufficient
conditions for assigning an interaction between two primary atoms
[35, 36]. And the AIM analysis of the title compounds ensure the
presence of an appreciable interaction between the atoms
concerned. The relevant AIM topological parameters involved in the
optimized geometries demonstrate that the p(r) at the bond critical
point (BCP) for NIR-BODI-enol system are close to 0.04 a.u. (the
maximum threshold value proposed by Popelier to ensure the
presence of hydrogen bond [35, 36]. What is more, the
corresponding VzpC values are also in the range (0.02 ~ 0.15 a.u.)
[35, 36]. Therefore, we can confirm that all these intermolecular
hydrogen bonds should be formed for NIR-BODI-enol complex.

The primary structure parameters of NIR-BODI system, such as
bond lengths and bond angles, have been listed in Table 1. For NIR-
BODI-enol form, it can be found that the O1-H2 bond is lengthened
from Sy-state 0.99 A to S;-state 0.992 A in toluene solvent, and that
the hydrogen bond H2--N3 is shortened from 1.732 A to 1.726 A.
Similarly, in CH3;CN solvent, bond lengths own larger changes (i.e.,
upon the excitation, 01-H2 bond is elongated from Sy-state 0.993 A
to S;-state 1.009 A, while hydrogen bond H2:--N3 is shortened from
1.708 A to 1.650 A.). Furthermore, the bond angle §(01-H2---N3) is
also increased in both toluene and CH5CN solvent in S; state. That is
to say, based on the photo-excitation, the intramolecular hydrogen
bond 01-H2--:N3 of NIR-BODI-enol form should be strengthened in
the S; state [37-41], which provides the possibility of the ESIPT
reaction [42-50]. And comparing these two kinds of solvents, it
should be noticed that O1-H2--:N3 could be affected larger in CH;CN
one. In addition, it is interesting to find that the proton-transfer NIR-
BODI-keto form could not be located in toluene, whereas this
structure could be found in CH;CN solvent.

In addition, the electronic excited-state hydrogen bonding
interactions could be detected based on the spectral shift with
corresponding special vibrational modes [37-41]. Therefore, we
theoretically studied the infrared (IR) vibrational spectra of NIR-

HOMO-1

Figure3: View of frontier molecular orbitals (HOMO-1, HOMO and LUMO) for NIR-
BODI-enol form.
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BODI-enol in both toluene and CH;CN solvents as shown in Figure 2.
One thing should be noted that the ground-state vibrational mode
of 01-H2 moiety in toluene solvent is located at 3255 cm'l, while it
changes to be 3058 em™in the S, state. The stretching band owns a
red shift of 197 cm™ in the S, state relative to S, state, which
indicates that the intramolecular hydrogen bond O1-H2:-:N3 of NIR-
BODI-enol should be strengthened in the excited state. In a similar
way, in CH3CN solvent, a larger red shift (279 cm™) could be resulted
in based on the photo-excitation from Sy-state 3182 em™ to S,-state
2903 ecm™. That is to say, polar CH3;CN solvent do largely affect the
excited state hydrogen bonding dynamics of NIR-BODI system. And
the strengthening intramolecular hydrogen bond could facilitate the
ESIPT reaction in the S, state.

Based on the TDDFT/B3LYP/TZVP calculated level, the
corresponding peaks of absorption and fluorescence spectra of NIR-
BODI structures have been listed in Table 2 in both toluene and
CH3CN solvents. It is worth mentioning that an intense S, - S,
transition for NIR-BODI-enol is predicted at around 541.85 nm in
toluene and at 515.53 nm in CH3CN, which are good reproductions
of experimental results (570 nm and 546 nm) [27], respectively. In
addition, the normal emissions of NIR-BODI-enol form are 619 and
615 nm in toluene and CH3CN solvents, which are also close to
experimental 586-600 nm [27]. Given the emissions of NIR-BODI-
keto form, the fluorescence is 822 nm in toluene and 790 nm in
CH3CN, which are consistent with experimental 808 and 765 nm,
respectively [27]. Even though some differences (less than 30 nm)
between previous experiment and our calculated electronic spectra,
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Figure 4: The constructed potential energy curves for NIR-BODI system in toluene
(a) and CHsCN (b) solvents in Sp and S; states.
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the NIR emission results in a large Stokes shift around 200 nm,
which is in complete agreement with experiment. Herein, we want
to mention that these little differences of spectra resulting from
theoretical method, which is nothing strange.

In addition, it is well-known that charge distribution over the
studied molecule can be changed upon the process of photo-
excitation, which effectively has an effect on excited-stated
dynamics [51-60]. Especially, the frontier molecular orbitals (MOs)
can provide information about properties of excited-stated
structures on qualitative discussions of charge distribution.
Therefore, in this part, we mainly focus on the excitation process in
both toluene and CH3;CH solvents. The calculated -electronic
transition energies and relative oscillator strengths as well as the
compositions have been shown in Table 3. Clearly, the S,-S; state
transition mainly corresponds to the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).
It can be assigned as a dominant nut* type transition from with the
percentage around 90% (shown in Figure 3) in both toluene and
CH;CH solvents. It should be noticed that the electron density of N3
atom increases, while that of Ol atom decreases upon the
transition from HOMO to LUMO. And quantitative electron density
changes of primary atoms were also calculated in our present work.
Due to the similar changing trend of charge redistribution in toluene
and CH3CN solvents, herein, we just provide the results in toluene
solvent. Based on analysis of Mulliken’s charge distribution, we
found that the contribution of N3 atoms increases from 1.056% to
5.194%, while that of both O1 atom drops from 7.864 % to 4.189 %.
That is to say, increased electron density of N3 atoms could enhance
intramolecular hydrogen bond O1-H2:--N3, which should promote
the ESIPT process.

To further understand the PT mechanism deeply, both the
ground state and the first excited state potential energy curves have
been scanned, which is based on constrained optimizations in their
corresponding electronic states with keeping the O1-H2 distance
fixed at a serious of values. Although the TDDFT/B3LYP calculated
level may not be expected to be accurate sufficiently to surmount
the correct ordering of the closely spaced excited states, researches
have indicated that this method may be reliable previously as far as
the shape of hydrogen-transfer potential energy curves is concerned
[61, 62]. The potential energy curves with only the variable
parameter of 02-H8 bond length from 0.90 to 2.25 A in steps of
0.05 A including NIR-BODI-enol and NIR-BODI-keto geometries in
both toluene and CH;CN solvents (shown in Figure 4), which should
provide qualitative energetic pathways for the ESIPT process of NIR-
BODI chromophore. One thing should be noticed that the potential
energy curve of Sy-state NIR-BODI is increased ceaselessly in
toluene, which confirms that there is not NIR-BODI-keto form
located in the S, state. Otherwise, in CH3CN solvent, the NIR-BODI-
keto could be located in the S, state. Obviously, the solvent plays

Table 2: The calculated absorption and fluorescence peaks for both NIR-BODI-enol
and NIR-BODI-keto structures in both toluene and CH3;CN solvents based on
TDDFT/B3LYP/TZVP level.

NIR-BODI-enol NIR-BODI-keto
Abs. Flu. Flu.
Toluene 541.85 619 822
CH3CN 515.53 615 790
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important roles in NIR-BODI system. Even though NIR-BODI-keto can
be found, the potential energy barrier in the S, state hinders PT
reaction. Given the S; state, it is worthwhile noticing that the first
excited state potential energy curves exhibit lower potential energy
barriers between the reagent enol* (from the vertical transition at
the geometry of the minimum in the ground state) and the product
keto*. That is to say, transferring the proton H2 from O1 to N3 for
NIR-BODI-enol overcomes a very low barrier in the S; state, thus
indicating that the ESIPT is more likely to be proceeded than GSIPT.
In addition, it can be found clearly in Figure 4 that the enlarged
potential energy curves constructed keeping O1-H2 bond length in
step of 0.05 A reveal the barrier (3.829 kcal/mol) in toluene solvent
is higher than that of 2.531 kcal/mol in CH;CN solvent. It might be
explained by the different changes of hydrogen bonding bond
lengths in these two solvents as mentioned above, since the
intramolecular hydrogen bond O1-H2:-\N3 seems to be more active
based on photo-excitation. The implication is that solvent effects
can more or less regulate and control excited state behaviors of NIR-
BODI system. For further revealing the changing tendency bringing
from solvents, we also add three other solvents (cyclohexane,
chloroform and DMSO). It is well known that the polarity of
cyclohexane is lower than toluene, that of chloroform is between
toluene and CH3CN, and that of DMSO is higher than CH5;CN solvent.
Our theoretical potential energy barriers for cyclohexane,
chloroform and DMSO are 4.173, 3.186 and 2.514 kcal/mol. That is
to say, we further reveal that the ESIPT reaction of NIR-BODI can be
controlled by solvent polarity, namely, polar aprotic organic solvents
can facilitate the ESIPT process for NIR-BODI. Therefore, we
conclude the ESIPT process and mechanism as follow: Upon the
excitation, the NIR-BODI-enol structure in the Sy state can be excited
to the NIR-BODI-enol* form in the S; state, then, ESIPT process
occurs with crossing a lower potential barrier forming the NIR-BODI-
keto* form in the S, state. Subsequently, the NIR-BODI-keto* decays
back to the ground state through radiating fluorescence, which
induces the distinct bathochromic shift in their fluorescence
emission spectra as compared with that of NIR-BODI-enol*
structure. The NIR-BODI-keto can also undergo the reverse GSIPT
process back to NIR-BODI-enol. In addition, due to the differences
of potential energy curves in both Sy and S, states, we believe that
solvent effect could play roles in controlling excited state behaviors
of NIR-BODI system.

4. Conclusions

In summary, based on the DFT/TDDFT method, the ESIPT

Table 3: The theoretical electronic excitation energies (nm), corresponding
oscillator strengths and corresponding compositions for NIR-BODI-enol

chemosensor in both toluene and CH3CH solvents.

Transition A (nm) f Composition Cl (%)
H->L 88.93%
So-S1 541.85 0.6306
Toluene H-1->L 10.03%
So-S2 506 0.6141 H-1->L 87.22%
H->L 88.51%
So-S1 515.53 0.6648
CH3;CN H-1->L 10.26%
So-S2 491 0.5099 H-1->L 86.62%
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mechanism of the NIR-BODI system has been investigated in both
toluene and CH3;CN solvents. We testified the intramolecular
hydrogen bond O1-H2::N3 should be formed in the S, state. The
phenomenon of hydrogen bond strengthening in the S; state based
on primary bond lengths, bond angles and IR vibrational spectra
indicated the tendency of excited state proton transfer. In addition,
the DFT/TDDFT method we adopted reappeared the absorption and
fluorescence spectra reported in the experiment, which
demonstrated that the TDDFT theory is reasonable and effective for
this chromophore. The corresponding frontier molecular orbitals
have been analyzed manifesting the ESIPT process could happen
due to the intramolecular charge transfer. The constructed potential
energy curves of the S; state and S; state demonstrated that the
proton transfer are more likely to happen in the S, state due to the
relative lower barrier. That is to say, the ESIPT was facilitated based
on the photoexcitation legitimately. In the end, comparing the
potential barriers in toluene and CH;CN solvents, we conclude that
solvent effect could regulate and control excited state behaviors of
NIR-BODI system.
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