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In this study, density functional theory (DFT) and time-dependent density functional theory (TD-DFT) were
used to unveil the solvation effects on the excited-state intramolecular proton transfer (ESIPT) of nitrile-
substituted ortho-hydroxy-2-phenyl-oxazoline (NOHPO) three different solvents.
According to the functional analysis of the reduced density gradient, hydrogen bond in low-polar

molecules in

solvents is stronger compared to that in high-polar solvents, indicating that proton transfer (PT) can be
influenced by the polarity of the solvent. Moreover, the geometric parameters and infrared vibration
spectrum of NOHPO in different types of solvents in the Sp and S; state were compared, which
confirmed the above results. By analyzing electronic spectra and frontier molecular orbitals, it was found
that the spectral properties were affected by different polar solvents. Molecular electrostatic potential

surface calculations proved that PT took place between the H, atom and Nz atom, and the natural
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investigate the ESIPT progress intensively, the potential energy curves of NOHPO in three types of

DOI: 10.1039/d1ra04033b solvents were established. The findings revealed that NOHPO could transform from enol to keto form in
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Introduction

Excited-state intramolecular proton transfer (ESIPT), one of the
most elementary processes in chemistry and biology, plays
a crucial role in photophysics, photochemistry, and photobi-
ology.** Since Weller et al. observed a large Stokes shift in salicylic
acid and found the reaction of ESIPT, ESIPT has received consid-
erable attention from experimental and theoretical chemists.

The ESIPT progress needs proper distance between the proton
donor and proton acceptor to form intramolecular hydrogen
bonds, so that the ESIPT reaction may occur after photoexcitation.
The hydrogen bond is an important part of ESIPT; consequently,
the theory of hydrogen bond enhancement in the excited state has
been proposed and has proven numerous mechanisms of
ESIPT.”* ESIPT is very common in organisms, whether it is
a vision circle or the luminescence of green fluorescent protein,
they are all relevant to it.>** Apart from natural ESIPT progress, an
ESIPT unit can be synthesized chemically to mimic the optical
performance of green fluorescent protein; we can even get excel-
lent fluorescent materials with high fluorescence efficiency and
narrow bandwidth.> The most important application of ESIPT is
the chemical sensor, which is designed by the ESIPT mechanism

“School of Biological Engineering, Dalian Polytechnic University, Dalian 116034, P. R.
China. E-mail: wangyi@dlpu.edu.cn; gao_zq@dIpu.edu.cn; Fax: +86 0411 86323646;
Tel: +86 0411 86323646

*College of Physics and Electronic Information, Luoyang Normal University, Luoyang
471022, P. R. China

© 2021 The Author(s). Published by the Royal Society of Chemistry

the S; state spontaneously, and ESIPT progress was promoted with the decrease in polarity.

and is highly selective and highly efficient in detecting inorganic
ions, such as Zn*"* Cu®"?® AI>**” and As**.*® Due to the charac-
teristics of ESIPT, some researchers have reported on dual-channel
chemical sensors based on ESIPT for detecting AI**/F~* Zn?'/
Cd*>**® Cu*/Fe** " etc. In addition to detecting inorganic
compounds, an ESIPT sensor can also detect organic compounds,
and it has been widely used in vivo detection. Compared to other
traditional methods (HPLC or MS), fluorometric detection has
great selectivity, sensitivity, and in vivo imaging capability. Among
them, chemical sensors based on ESIPT have been a widespread
concern due to their ultra-fast reaction rate and large Stokes shift,
which impede auto-fluorescence in imaging.*>*

Although ESIPT is widely used in chemical sensors, the
application of ESIPT also faces numerous challenges. For
example, the ESIPT unit may happen concurrently with non-
radiative quenching processes, resulting in low emission effi-
ciency and quantum yields. In addition, the oversized ESIPT
molecule could influence metabolite traffic within cells in bio-
imaging.** Therefore, it is meaningful to design an organic
molecule with minimalistic and bright fluorescence for bio-
imaging and fluorescent sensors. Nitrile-substituted ortho-
hydroxy-2-phenyl-oxazolines (NOHPOs) with extremely efficient,
low molecular weight, single-benzene fluorophores, have been
synthesized in the experiment.*® In the experiment, NOHPOs in
different solvents have been studied, but the solvation effect on
the ESIPT progress has not been discussed in detail. Therefore,
the influence of the different solvent on the ESIPT progress of
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NOHPO should be investigated to grasp its ESIPT mechanism
and develop more efficient ESIPT units.

In the present study, we will theoretically reveal the ESIPT
progress of NOHPO in three different solvents: acetonitrile
(ACN), dichloromethane (DCM), and cyclohexane (CH). We use
DFT and TD-DFT in the Sy and S, states to optimize all config-
urations. To compare the hydrogen bond strength in ACN,
DCM, and CH by analyzing the infrared vibrational spectra (IR),
the functional analysis of reduced density gradient (RDG) iso-
surfaces and scatter plots was carried out. The frontier molec-
ular orbitals (FMOs), molecular electrostatic potential surface
(MEPS), natural population analysis (NPA), and Hirshfeld
charge are analyzed to research the charge distribution. More
importantly, we established potential-energy curves (PECs) to
further illustrate the mechanisms of ESIPT.

Computational methods

The Gaussian 16 program® was used to perform all of the
theoretical calculations reported in this study. We used DFT
and TD-DFT methods with B3LYP-D3(BJ)*’*** functional and
TZVP*** basis sets to calculate the geometric optimizations in
the ground (S,) and first singlet excited state (S,). To ensure the
optimized structures at minima without imaginary frequency,
we also analyzed vibration frequencies. The polarizable
continuum model (PCM) with the integral equation formalism
variant (IEF-PCM) was used in our calculations. IEF-PCM was
used in three types of solvents (ACN: ¢ = 35.688, DCM: ¢ = 8.93,
CH: ¢ = 2.0165). The potential energy curves (PECs) were
scanned in the S, and S; states to further investigate the ESIPT
process, and the N-H bond length (0.05 A) decreased with
a constant step in the S, state and the O-H bond length (0.05 A)
was decreased with a constant step in the S; state.

The hydrogen bond strength in numerous solvents was
compared using the RDG function,* and the results were calculated
and plotted using the Multiwfn software*® and VMD program.*

Result and discussion
Geometric structures, IR vibrational spectra, RDG isosurfaces

The geometric structures of NOHPO molecules were optimized
at the B3LYP-D3(B])/TZVP level in the S, and S; states, as shown
in Fig. 1.
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Fig.1 The optimized structures of NOHPO molecules: (a) Sg state and
(b) S state.
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Table 1 The calculated primary bond lengths (A) and angels (°) in the
So and S; states for NOHPO in different types of solvents

ACN DCM CH

So Sy So Sy So Sy
0,-H, 1.007  1.963  1.006  1.958  1.003  1.940
H,-N; 1.646  1.018 1.650  1.019  1.661  1.021
3(0;-H,-N;) 147.869 125.451 147.767 125.713 147.413 126.464

Table 1 shows the primary bond lengths and angles. The
hydrogen bond of H,-Nj; turns to covalent bond in the S; state,
and its bond length decreases in the trend 0.628 A (ACN) < 0.631
A (DCM) < 0.640 A (CH) in three types of solvents, respectively.
Therefore, the hydrogen bond is enhanced in the S; state. The
bond length of O;-H, in ACN, DCM, and CH are extended from
1.007, 1.006 and 1.003 A to 1.963, 1.958 and 1.940 A, respec-
tively. This phenomenon shows that in the S; state, O;-H,
binding is weakened.

The IR vibration frequency analysis is a good way to analyze
the strength of the hydrogen bond. In order to test the hydrogen
bond strength, H,-Nj; is analyzed in three types of solvents.
Fig. 2 shows frequencies in ACN, DCM, and CH are 3476 cm ™,
3466 cm ', 3432 cm ', respectively, which indicates that the
ESIPT reaction occurs more easily in low-polar solvents.

In addition, the RDG function is used to distinguish
different weak interactions mainly to unveil the characters of
the hydrogen bonds."” As shown in Fig. 3, the scatter graphs
show the weak interactions and the strength of the hydrogen
bond in numerous solvents. In Fig. 3(a), blue represents the
hydrogen bond, green represents van der Waals interactions
and red represents nonbond repulsive interaction. The bluer
the isosurfaces, the stronger the hydrogen bond strength is. By
comparing the color of RDG isosurfaces in Fig. 3, the hydrogen
bond strength in CH is the strongest. Fig. 3(b) shows the
hydrogen bond strength in the S, state in three types of solvents.
With the increase in the absolute value of sign((42) p(7)), the
strength of the hydrogen bond is enhanced. As the result, the
hydrogen bond strength in three types of solvents orders by CH
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Fig. 2 Calculated stretching vibrational frequencies of the H,—Nsz
bond in the S; state in three types of solvents.
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(a) The visual diagram of RDG isosurfaces and the color gradient axis. (b) Scatter graphs of the reduced density gradient (RDG(r)) versus Q(r)

Fig.3
in three types of solvents.

>DCM > ACN. The above result can also prove that the intensity
of the hydrogen bonds is reinforced as the polarity decreasing.

Electronic spectra, FMOs, MEPS, charge distribution

Fig. 4 shows the calculated absorption and fluorescence spectra
in three different solvents. The calculated absorption peaks (ACN:
315 nm, DCM: 313 nm, CH: 309 nm) and fluorescence emission
peaks (ACN: 468 nm, DCM: 470 nm, CH: 482 nm) are in accord with
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the experimental data.* The Stokes shift in three different solvents
is 153 nm, 157 nm, and 173 nm, respectively. The calculated results
show that emission is completely from keto tautomer. Furthermore,
with the decrease in the polarity of the solvent, the maximum
emission wavelength (from 468 nm to 482 nm) of the fluorescence
spectrum exhibits a bathochromic shift and the Stokes shift
enlarged. The influence of the solvent environment on the electronic
configuration could cause different solvent chromic effects.
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Fig. 4 The calculated absorption (a) and fluorescence (b) wavelength of NOHPO in different kinds of solvents. The values in parentheses are

experimental data.>®
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Table 2 The electronic excitation energy (nm), corresponding oscillator strength (f) of the low-lying electronically excited states for NOHPO in
three types of solvents, as well as orbital transition (OT) contributions to the electronic excited states (Cl)

Transition A (nmev ) f oT CI (%)

ACN Absorption So = S1 315/3.93 0.3005 H—-L 96.5%
Emission S: — So 468/2.65 0.2433 L—-H 96.9%

S, = So 389/3.18 0.0333 L —» H-1 95.7%

DCM Absorption So = S 313/3.96 0.2777 H—-L 96.1%
Emission S1 — So 470/2.64 0.2133 L—-H 95.6%

S, = Sy 394/3.15 0.0393 L - H-1 94.4%

CH Absorption So — S 309/4.02 0.2036 H—-L 94.7%
Emission S: — So 482/2.57 0.1234 L—H 88.4%

L - H-1 11.1%

S, = So 408/3.04 0.0554 L - H-1 87.2%

L—>H 11.3%

As is known, charge could be transferred and redistributed
after photoexcitation. The molecular charge analysis provides
proper evidence for the determination of what drives the proton
transfer process. FMOs are studied in order to gain a better
understanding of the ESIPT reaction. The results are listed in
Table 2. The oscillator strength of NOHPO in the S; state is
0.3005 (ACN), 0.2777 (DCM), and 0.2036 (CH). Fig. 5 shows the
FMOs of NOHPO and the energies in the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) in ACN, DCM and CH. In the S; state, the
orbital transition only happens from HOMO to LUMO. Hence,
only HOMO and LUMO are shown in Fig. 5. The HOMO displays
7 characteristic and the LUMO displays m* characteristic, so the
orbital composition from HOMO to LUMO (96.5% for ACN,
96.1% for DCM, and 94.7% for CH) could be assigned the
dominant rwrt*-type transition. Hence, the systems from S; to S,
are more likely to get deactivated by radiation (emitting fluo-
rescence), rather than by non-radiation. It is clear that the
transition energies in ACN, DCM and CH are different, which

LUMO LUMO
-2.702 eV
-2.732eV —m
-2.743 eV
- A A o
2 . | g
gs 3.152 eV 3.069 eV gr—:‘
8 3.175 eV %
£ 5.771 eV &
2 -5.884 eV )
o -5.918 eV CH =
_— DCM
ACN
v v
HOMO HOMO

Fig. 5 The calculated frontier molecular orbitals (HOMO and LUMO)
of NOHPO in the S; state and its transition energy.

25798 | RSC Adv, 2021, 11, 25795-25800

indicates that the polarity of the solvents can affect the ESIPT
progress of NOHPO.

MEPS (molecular electrostatic potential surface) has been
widely used to investigate the electrostatic interaction, pre-
dicting the reaction sites and properties of the molecule,
particularly in the study of intramolecular or intermolecular
hydrogen bonding interactions. Fig. 6 shows NOHPO molecules
in the S, state in the ACN solvent. It is clear that there is
a drastic polarization distribution of negative and positive
electrostatic potentials on the surface. The blue area represents
the most negative electrostatic potential, and the red represents
the most positive electrostatic potential. The positive electro-
static potential on H, demonstrates its potential to donate
a hydrogen bond, while the negative electrostatic potential on
N; demonstrates its potential to accept a hydrogen bond. This
indicates that the proton transfer takes place between the
positive electrostatic H, atom and negative electrostatic N;
atom.

Natural population analysis (NPA) and Hirshfeld charge are
used to analysis the charge transfer quantificationally, and the
results are shown in Table 3. The trend of NPA and Hirshfeld
charges are the same. In three types of solvents, the Hirshfeld
charges of N; are —0.143 (ACN), —0.144 (DCM), —0.146 (CH),
and O, are —0.211 (ACN), —0.209 (DCM), —0.200 (CH), respec-
tively, which shows that electronegativity of N5 is enhanced and
that of O; weakened with the polarity of the solvents decreasing.
Therefore, as the solvent polarity decreasing, the attraction of
N; to H, is improved, promoting the progress of ESIPT, which is
the same with our above verdict.

Fig. 6 The total electron density isosurfaces mapped with MEPS?*® for
the NOHPO-enol form in ACN.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculated charge NPA and Hirshfeld charge of O, H,, N3 atoms

NPA charge Hirshfeld charge
01 HZ N3 O1 H2 N3
So S So S1 So S1 So S1 So S1 So S
ACN —0.653 —0.732 0.503 0.463 —0.528 —0.518 —0.211 —0.389 0.102 0.122 —0.143 —0.048
DCM —0.651 —0.727 0.504 0.463 —0.528 —0.521 —0.209 —0.385 0.102 0.121 —0.144 —0.050
CH —0.641 —0.710 0.504 0.463 —0.530 —0.530 —0.200 —0.369 0.104 0.119 —0.146 —0.057
—a— ACN —=—ACN
157 ¢ —+—DCM 110+ P S ¢ ——DCM
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Fig. 7 Potential energy curves of the Sp (A) and S; (B) states of NOHPO as a function of the O;—H, bond length in ACN, DCM, CH.

Potential-energy curves

The PECs of NOHPO in the S, and S, states are established to
unveil the effects of different solvents on the progress of ESIPT.
PECs are shown in Fig. 7. The S, state has a lower relative energy
than that in the S, state, indicating that NOHPO is unstable in
the S, state. The reaction potential energy of ESIPT in the S; state is
17.74 kcal mol ' in ACN, 17.86 kcal mol™' in DCM, and
18.44 kcal mol ™ in CH, as shown in Fig. 7. With photoexcitation, H,
can transfer to N; easily, so that the NOHPO molecule can transform
from enol tautomer to keto tautomer. This also indicates that low-
polar solvents facilitate the reaction of proton transfer. Proton
transfer reaction barriers in the S, state are 4.34 kcal mol * (ACN),
4.61 keal mol™" (DCM), and 5.48 kecal mol™' (CH), respectively.
NOHPO molecules can be transformed from enol tautomer to keto
tautomer due to the low reaction barrier of proton transfer.
However, the unstable keto tautomer, whose energy is high, would
return to a stable enol tautomer.

In summary, the progress of ESIPT can generalize that
NOHPO molecules can be excited to the S; state upon photo-
excitation. In the S; state, all NOHPO molecules transform to
tautomeric structures via ESIPT, which when back to the S, state
via radiation transition finally turn back to the normal structure
spontaneously.

Conclusion

To sum up, the solvation effect and the ESIPT mechanism in
three different solvents are illustrated by employing DFT and
TD-DFT methods with the IEFPCM solvation model. Related

© 2021 The Author(s). Published by the Royal Society of Chemistry

structure parameters and PECs imply that the hydrogen bond is
greatly strengthened in the S; state, so that H, can transfer to N;
easily, and the hydrogen bond in H,-Nj; transforms into
a covalent bond. The results of electronic spectra show that the
maximum emission wavelength of the fluorescence spectrum
has a bathochromic shift as the polarity decreases, so the range
of emission wavelength can be regulated by solvents. In addi-
tion, the IR vibration spectrum, RDG analysis, charge distri-
bution and PECs imply that ESIPT are favorable as the polarity
decreases. Thus, the ESIPT of NOHPO in the different solvents
is in the order of CH > DCM > ACN. The solvation effect is
proved, and the relevance between the hydrogen bond and
ESIPT in numerous solvents are also investigated.
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