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Abstract
In this work, the �uorescence mechanism of Hypochlorous Acid (HOCl) chemosensor JBD with 2-(20-
Hydroxyphenyl) benzothiazole (HBT) as �uorophore has been investigated by density functional theory
(DFT) and time-dependent DFT methods. For JBD probe, the potential energy barrier for the forward
excited-state (S 1 ) intramolecular proton transfer (ESIPT) is 0.71kcal/mol, while for reversed ESIPT is
8.47kcal/mol. The stability of Keto isomers provides reliable evidence for the existence of two isomers of
JBD in S 1  state. Dual �uorescence of JBD has been observed in the experiment, which is a typical
feature for the ESIPT. Through the analysis of the change of intramolecular charge transfer (ICT) extent, it
is found that JBD undergo a signi�cant geometric rearrangement upon photoexcitation, which leads to
the large Stokes shift. After adding HOCl, the double emission is closed and the �uorescence disappears.
We use hole-electrons to analyze the charge distribution, providing evidence for possibility of ICT
processes occurring.

Introduction
HOCl, as a kind of biological reactive oxygen species (ROS), plays a key role in the immune defense of
invasive pathogens [1-3]. In general, HOCl can be produced in the chemical reaction of H2O2 and Cl- ions

mediated by myeloperoxidase (MPO) [4,5]. As an antiseptic germicidal agent, HOCl is common in daily
life, such as household bleach, deodorant and disinfectant of swimming pool water [6,7]. Researches
have shown that the Chlorine could strongly inactivate novel coronavirus in a short time according to the
concentration containing free active chlorine (FAC). However, excessive and abnormal HOCl can cause
cardiovascular disease [8], arteriosclerosis [9], and cystic �brosis [10], and so on [11,12]. Thus, it is
necessary to dynamically monitor the activity and small concentration changes of HOCl in living systems,
which has become the driving force for the development of various HOCl detection tools.

Numerous probes have been shown to be excellent tools for monitoring HOCl due to their fast response
time, high sensitivity, low cost, and multistage �uorescence imaging [13-17]. Moreover, the combination of
�uorescent probes and �uorescence imaging can also provide a powerful tool for visualization [18-
20]. For example, it has been reported that the photo�uorescence imaging of HOCl in lysosomes can be
achieved by combining photosoluble protective groups (PPGs) with traditional �uorescent HOCl probe
[21]. However, most �uorescent probes are subject to pH-dependence, interference from other ROS and
interference from biological �uorescence itself, which impair the applicability of real-time detection of
ClO−. HOCl, as a strong oxidant, can mediate speci�c reactions of sulfur compounds (S, Se, Te) atoms,
Schiff bases, hydrazone and other parts [22,23]. Using the strong oxidation property of HOCl, oxidizable
recognition groups such as dibenzoyl hydrazide were selected to undergo �uorescence reaction with
HOCl [24]. It also provides ideas for designing more ideal �uorescent probes.

  In recent years, more e�cient and nondestructive HOCl probes have been explored. In 2021, based on
HBT derivatives, a colorimetric �uorescent probe JBD for the detection of HOCl has been synthesized
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[25]. In this contribution, HBT acts as an ESIPT-based �uorophore and is linked to pyridine by “C=C”
bonds. Moreover, the “C=C” double bond, which serves as the recognition site, is activated by the strongly
electron-withdrawing -CN group, resulting in sensitivity to HOCl. Additionally, the ESIPT is realized in this
process (Scheme 1). It is worth noting that after adding HOCl, the emission is closed and the �uorescence
disappears [25]. Based on the synergistic effect of �uorophore and reaction site, the probe JBD can detect
the changes of tiny concentration of intracellular endogenous HOCl with low detection limit and high
sensitivity. The physical properties of light and the process of photo-excited electron relaxation are
indispensable research contents [26,27]. However, there are still some de�ciencies in the study of the
physical properties of light in the whole experiment. Moreover, the mechanism of the reaction between
�uorophore and HOCl and the mechanism of emission �uorescence are still unclear. Therefore, we
theoretically study a detailed and clear ESIPT mechanism and the dynamic process of detecting HOCl.
Here, we employ DFT and TD-DFT methods to study the geometrical structure of JBD probe. The
theoretical simulations of spectra reproduce the �uorescence phenomena observed in the experiments
well. The charge transfer process is studied by hole-electron analysis and the variation of various
parameters. Meanwhile, it also provides research ideas for exploring the mechanism of HOCl in oxidative
stress and its immune role.

Computational Details
  In this paper, all the calculations were carried out using Gaussian 16 program [28]. PBE0/TZVP was
selected to serve the calculation [29-31]. The reason is that the functional bearing of Hartree-Fock
exchange should not be too high when calculating the vertical transition energies of the excited states.
The Hartree-Fock exchange of the PBE0 is relatively low. Moreover, to comply with the previous
experiment, the polarizable continuum model (PCM) using the integral equation formalism variant with
ACN/H2O (3:7 v/v) solvent was considered [32-34]. Additionally, we calculated the frequencies of JBD
molecule and there exist no imaginary frequencies. What is more, the atom charge was calculated using
the Multiwfn program based on the Hirshfeld and Mulliken’s charge analysis methods [35-37]. The bond
length of O1-H2 was increased by a �xed step size, and the potential energy curves (PECs) of the JBD of
the S0 and S1 states were scanned by PBE0/TZVP level.

Results And Discussion
By adjusting the position of 2-(pyridin-4-yl)propanenitrile (referred to as NP) group, three optimized
isomers of probe JBD are obtained in the S0 state, which are shown in Fig. 1. The dihedral angles of C1-
C2-C3-C4 for JBD-Enol, JBD-Enol-a and JBD-Enol-b structures are 8.9°, 143.7° and -141.1°, respectively.
Fig. 2 shows the energy barriers for the torsion of the C1C2C3C4 dihedral between three isomers in the
ground state. The energy of JBD-Enol-b is 0.03 kcal/mol lower than JBD-Enol-a, however, the energy of
JBD-Enol is 4.00 kcal/mol lower than JBD-Enol-b. Therefore, the structure JBD-Enol is chosen for the
subsequent calculation because of its most stable con�guration.
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The electron spectra of JBD molecular at TDDFT/PBE0/TZVP level are plotted in Fig. 3. The absorption
peak of JBD-Enol is situated at 498 nm, which is comparable with the experiment (493 nm). The -OH
group and the =N- group in probe JBD induce proton transfer through Keto-Enol tautomerism. Fig. 3 also
shows the �uorescence spectra of JBD-Enol and JBD-Keto in the ACN/H2O solvent. The main emission
bands of JBD-Enol and JBD-Keto are located at 506 and 610 nm, respectively, and the JBD-Keto structure
is relatively consistent with the experimental data (607 nm). During ESIPT, JBD-Keto structure becomes
the most stable structure, and large Stokes shift (114 nm) is observed for probe JBD.

The results of geometric con�gurations of JBD-Enol, JBD-Keto, and JBD-open in ACN/H2O are shown
in Fig. 4. The probe JBD has a non-planar structure. As shown in Table 1, the dominant transition of JBD
is the S0→S1 transition, with the oscillator strength of 0.4697 lying at 498 nm, which is mainly assigned
to HOMO→LUMO (87.2%) with smaller components of HOMO-1→LUMO. The FMOs analysis reveals that
the HOMO for S0→S1 has electron density dispersal over benzothiazole unit, while benzothiazole does
not contribute to the LUMO (as shown in Fig. 5). Moreover, the 0.94 electrons transferred signify that the
electron excitation of HOMO→LUMO exhibits complete charge transfer (CT) feature. On the other hand,
The electron-hole analysis reveals that electron-hole density for S0→S2 transition is dispersed over the
complete molecular units and the determine the centroid distance (0.86 Å), and their degree of separation
(-1.67 Å) indicate the transition as local excitation (LE).

Table 1 Excitation and emission energies of the JBD, including the oscillator strength (ƒ) and
con�guration contributions to the electronic exited states (CI). 

 transition λ(nm/eV) f Contirbution CI (%)

JBD-Enol-S0 S0→S1 498/2.48 0.4697 H→L

H-1→L

87.2

9.5

S0→S2 435/2.84 0.2745 H-2→L 95.0

S0→S3 425/2.91 0.0421 H-3→L

H-1→L

79.3

14.5

S0→S4 417/2.96 0.0146 H-1→L

H-3→L

H→L+1

51.0

19.6

17.3

JBD-Enol-S1 S1→S0 506/2.45 0.7799 L→H 98.5

JBD-Keto-S1 S1→S0 610/2.03 0.9325 L→H 99.3

Table 2 The exponent of the for JBD-Enol, including the centroid distance (D), the degree of overlap (Sr),
the width distribution (H), degree of separation (t), hole delocalization index (HDI) and electron
delocalization index (EDI).
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 D(Å) Sr H(Å) t(Å) HDI EDI Δr

S0→S1 7.21 0.24 2.87 5.09 8.24 7.28 6.80

S0→S2 0.86 0.78 4.38 -1.67 5.95 6.19 1.87

S1→S0 6.87 0.66 3.42 3.94 7.10 6.90 6.28

Table 3 lists the geometric parameters of JBD-Enol, JBD-Keto and JBD-open. For JBD-Enol, the O1-H2

bond length is 0.999 Å in the S0 state, which increases to 1.033 Å in the S1 state, growing 0.034 Å; the

hydrogen bond length of H2
…N3 decreases from 1.685 Å in the S0 state to 1.568 Å in the S1 state.

Moreover, the bond angle of O1-H2
…N3 changes from 147.9° in the S0 state to 149.6° in the S1 state, which

extends 1.7°. It can be seen that the δ tended to 180° in the S1 state. These observations indicate that the
intramolecular hydrogen bonds become stronger in the S1 state than that in the S0 state. Thus, we
conclude that enhanced intramolecular hydrogen bonding may be a prerequisite for proton transfer in S1

state.

The O1-H2 bond lengths of JBD-Enol and JBD-open are 0.999 and 0.976 Å, respectively, which verify the
formation of hydrogen bond between O1-H2 and N3 in the JBD-Enol form. Additionally, we also
constructed the energy curve and shifted the hydroxyl part of the JBD-Enol form by 180° to obtain the
JBD-open form, which has non-hydrogen bond (Fig. 6). According to the potential energy curve, JBD-Enol
needs to consume 15.02kcal/mol to be converted into JBD-open form. Therefore, it is di�cult to form
JBD-open structure. Moreover, the electrostatic potential isosurface on the excited state of JBD-Enol is
plotted, as shown in Fig. 7. The N3 atom of JBD exists negative potential value of −16.17 kcal/mol, and
the hydrogen atom of H2-N3 group has a positive potential value of 3.58kcal/mol. These data suggest
that intramolecular proton transfer may occur between such positive and negative sites.

Table 3 Calculated important bond lengths (Å) and bond angles (°) for the optimized structure of JBD-
Enol, JBD-Keto and JBD-open in ground-state (S0) and excited-state (S1).
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JBD-Enol S0 S1

O1-H2 0.999 1.033

H2-N3 1.685 1.568

δ(O1-H2-N3) 147.9 149.6

JBD-Keto

O1-H2 1.778 1.857

H2-N3 1.044 1.002

δ(O1-H2-N3) 133.9 129.2

JBD-open

O1-H2 0.976 1.036

H2-N3 3.813 3.816

δ(O1-H2-N3) 164.7 171.6

As shown in Fig. 8, the infrared vibration spectra of JBD-Enol and JBD-Keto in the ACN/H2O solvent have

been calculated. For JBD-Enol, the O1-H2 peak shifts from 3526 cm-1 in the S0 state to 3201 cm-1 in the S1

state. A red shift of 325 cm−1 is observed for the S1 state, which shows that enhanced hydrogen bonding

results in a red shift. For JBD-Keto, the H2-N3 peak shifts from 2524 cm-1 in the S0 state to 3392 cm-1 in

the S1 state. The blue shift of 868 cm−1 is a good re�ection of the fact that the O1⋯H2-N3 in JBD-Keto is
stronger in the S0 state than that in the S1 state.  

In addition, Mulliken’s charge, Hirshfeld charge and Mayer bond level analysis methods are used to
further study the atomic charge distribution in molecules, as shown in Table 4. For JBD-Enol, the negative
charges on O1 that are based on the Mulliken's and Hirshfeld charge analysis change from −0.293 (S0) to
−0.282 (S1), and −0.204 (S0) to −0.202 (S1), respectively. The negative charges of N3 atom that are based
on the Mulliken's and Hirshfeld charge analysis change from −0.123 (S0) to −0.132 (S1), and −0.156 (S0)
to −0.172 (S1), respectively. Generally, the value of Mayer bond level approximates 1.0 for monoatom. If
the is close to zero, there is no or almost no bonding existing between two atoms. The Mayer bond levels
of two bonds (O1-H2 and H2-N3) are 0.740 (S0), 0.727 (S1) and 0.213 (S0), 0.212 (S1), respectively. Above

all, the O1-H2
…N3 hydrogen bond is enhanced in the excited state.

Furthermore, the analysis of FMOs reveals the qualitative representation of electronic charge density
(Fig. 9) and it is observed that the HOMO is located at benzothiazole unit, while benzothiazole does not
contribute to the LUMO. Thus, HOMO→LUMO transition has the character of ICT and π→π* transitions
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for probe JBD. The geometrical relaxation of probe JBD in the S1 state also reveals the similar behavior.
The electron transfer from electron donor to excited �uorophore has strong quenching effect on the
�uorophore. Brie�y, this �ts perfectly with the de�nition of photoinduced electron transfer (PET)
mechanism, which well explains the �uorescence quenching effect. And no �uorescence occurs in the
JBD-Enol structure. Additionally, for Keto tautomer, the electron distribution is essentially overlapping. The
reactivity can be determined by the energy gap between HOMO and LUMO. As shown in Fig. 9, the Egap

values are 3.085 and 2.596 eV in JBD-Enol and JBD-Keto, respectively, which clarify that JBD-Keto has
lower kinetic stability and higher chemical reactivity than JBD-Enol. In the S1 state, the Keto-tautomeric
form is stable, and therefore, the emission of probe JBD has resulted from the proton transfer assisted
PET phenomena.

Table 4 Calculated Mulliken’s charge and Hirshfeld charge of O1, H2, N3 atoms; Mayer bond order of O1-H2

and H2-N3.

  Mulliken’s charge Hirshfeld charge Mayer bond level

  O1 H2 N3 O1 H2 N3 O1-H2 H2-N3

S0 -0.293 0.287 -0.123 -0.204 0.112 -0.156 0.740 0.213

S1 -0.282 0.311 -0.132 -0.202 0.098 -0.172 0.727 0.212

 

Fig. 10 shows the PECs along the O1-H2 bond. In the S0 state, the standard Enol form of probe JBD is
more stable than JBD-Keto form (2.97kcal/mol). Thus, after transferring, the structure is unstable, and PT
will not occur in the S0 state. In the S1 state, at bond length of O1-H2 with 1.778 Å, there is a local
minimum. Excited by photoexcitation to the S1 state, it is JBD-Keto form, which is stabilized by
7.76kcal/mol than JBD-Enol form. It is further proved that the JBD-keto structure becomes the most
stable structure in ESIPT process. First, after photoexcitation, JBD-Enol is excited into the form of JBD-
Enol* in the S1 state. The lower energy barrier between the JBD-Enol* and JBD-Keto* forms ensures the
ESIPT process.

The stability of Keto isomers provides reliable evidence for the existence of JBD-Keto isomers of JBD in
the S1 state. So, the �uorescence can be emitted by Keto form, which is consistent with the experiment.
Additionally, the energies with ZPE of the JBD-Enol, JBD-Keto, and their transition state are also shown in
Fig. 11. Adding ZPE correction, the reaction barrier is 2.64kcal/mol in the S1 state, which provides a
strong evidence for the occurrence of ESIPT.

In summary, the �uorescence emission of JBD from Keto form can be well explained by the above
theoretical results. Notably, adding HOCl to JBD, a new compound, HBT-COOH, is formed and the
�uorescence emission is switched off. HBT-COOH-a structure as the initial structure is carried out the
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following research. To investigate the optimal conformation, relaxation scanning of the N3C1C2C3

dihedral was performed, and a rotamer with a N3C1C2C3 dihedral angle of 138°, abbreviated as HBT-
COOH-b (Fig. 12c), was obtained. As shown in Fig. 12b, in the S0 state, the relative energy of HBT-COOH-a
is 10.15 kcal/ mol lower than that of HBT-COOH-b, indicating that HBT-COOH-a is more stable. By the
ground state relaxation scanning the C2C3O1H2 dihedral, a new isomer HBT-COOH-c (Fig. 13c) was
obtained. As depicted in Fig. 13b, the HBT-COOH-a is more stable than HBT-COOH-c. Thus, the HBT-COOH-
a structure is the optimal conformation. 

As shown in Fig. 14, in the S1 state, after optimization, the proton transfer of HBT-COOH-a could occur
spontaneously, and the Keto structure was obtained. Thus, potential energy curves are constructed with a
function of O1-H2 bond length at PBE0/TZVP level, as depicted in Fig. 15. In the S0 state, there is no
stable point, and PT will not occur in the S0 state. In the S1 state, at bond length of O1-H2 with 1.124 Å,
there is a local minimum. After photoexcitation to the S1 state, Keto form is stabilized by 8.95kcal/mol
than Enol form, which indicates that the most stable of the HBT-COOH-a molecule should be the Keto
structure. Furthermore, in order to explore the reasons for the �uorescence quenching of HBT-COOH-a, in
the S1 state, the torsional potential energy curve of the optimized structure was analyzed. Variation of
energy as a function of rotation of the dihedral angle of N3-C1-C2-C4 for transformation of the HBT-COOH-
a (S1) was obtained at the PBE0/TZVP level, as shown in Fig. 16. It is worth nothing that the energy of the
twisted structure at 90° is signi�cantly higher than the initial energy, which means that the twisted
structure is unstable. Thus, the �uorescence quenching of HBT-COOH-a is not caused by the twisted
intramolecular charge transfer (TICT). Meanwhile, the FMOs of HBT-COOH-a were analyzed, shown in
Fig. 17. The S0→S1 transition is assigned to HOMO-1→LUMO (98.4%) during the excitation process. The
S0→S1 transition for HBT-COOH-a is a dark state, and its oscillator strength is almost zero (0.0001). This
is the main reason for the �uorescence quenching of HBT-COOH-a. Thus the accuracy of the previous
experimental and theoretical results is veri�ed.

Conclusions
In summary, the �uorescence mechanism for a benzothiazole-based colorimetric probe has been
researched. In the experiment, the probe JBD has �uorescence emission and a very large Stokes shift in
ACN/H2O mixed solvent. The theoretical investigation suggests the coupling of the deprotonation in the
S1 state with the disappearance of PET process is responsible for this emission. It is worth noting that
after adding HOCl, the emission is closed and the �uorescence disappears. The calculated PEC indicates
that HBT-COOH-a needs to overcome a high energy potential barrier to reach the TICT state. It was further
veri�ed that the �uorescence quenching of HBT-COOH-a was not caused by TICT. Our work not only
strongly con�rmed the phenomenon of �uorescence of the probe JBD in the experiment, but also
explained the reason for the non-�uorescence of HBT-COOH-a. Therefore, we should further study the
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physical and chemical properties of HOCl and design more effective and sensitive probes to monitor the
activity capacity of HOCl in the future work.
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Scheme 1
Scheme 1 is available in Supplemental Files section.

Figures

Figure 1

Optimized geometries of JBD-Enol, JBD-Enol-a, and JBD-Enol-b in the S0   state based on PBE0/TZVP
level.
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Figure 2

Energy barriers for the torsion of the C1C2C3C4 dihedral in the ground state (energies are given in
kcal/mol).

Figure 3

Theoretical absorption and �uorescence humps for the JBD in the ACN/H2O solvent using the
PBE0/TZVP method.
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Figure 4

The optimized structures of JBD normal form (a), JBD tautomeric form (b) and JBD open form (c); red: O;
gray: H; orange: N; blue: C; yellow: S.
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Figure 5

Excitation processes of probe JBD-Enol in the ACN/H2O solvent (Molecular orbitals are given in blue and
red iso-surfaces, holes are given in blue iso-surfaces and electrons are given in green iso-surfaces).

Figure 6

(a) Geometry of JBD-Enol in S0 state; (b) Variation of energy as a function of rotation of the torsional
angle (θ) for transformation of the intramolecular hydrogen bonded JBD-Enol form to the non-hydrogen
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bonded JBD-open form as obtained at the PBE0/TZVP level; (c) Geometry of the JBD-open in S0 state.

Figure 7

The total electron density isosurfacemapped with molecular electrostatic potential surface (MEPS) for
the JBD-Enol form.

Figure 8

Calculated IR spectra of JBD in the relevant spectral of O1-H2 (a) and H2-N3 (b) stretching band in the S0

and S1 states for JBD-Enol and JBD-Keto based on the PBE0/TZVP/IEFPCM theoretical level,
respectively.
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Figure 9

FMOs of probe JBD for S0 and S1 states (JBD-Enol), and S1 state (JBD-Keto).
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Figure 10

Potential energy curves of the ground and excited states for the probe JBD.

Figure 11

Sum of electronic and zero-point energies pro�les of JBD-Enol, JBD-Keto, and the TS in S0 and S1 states.
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Figure 12

(a) The structure of HBT-COOH-a; (b) Energy barrier and transition state for the torsion of the N3C1C2C3

dihedral in the ground state (energies are given in kcal/mol); (c) The structure of HBT-COOH-b.
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Figure 13

(a) The structure of HBT-COOH-a; (b) Energy barrier and transition state for the torsion of the C2C3O1H2

dihedral in the ground state (energies are given in kcal/mol); (c) The structure of HBT-COOH-c.
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Figure 14

A: Optimization process from the S0 state structure to the S1 state structure of HBT-COOH-a; B: Calculated
important bond lengths (Å) and bond angles (°) for the optimized structure of HBT-COOH-a in ground-
state (S0) and excited-state (S1).
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Figure 15

Potential energy curves of the S0 and S1 states for the HBT-COOH-a.

Figure 16
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Variation of energy as a function of rotation of the dihedral angle of N3-C1-C2-C4 (degree) for
transformation of the HBT-COOH-a (S1) as obtained at the PBE0/TZVP level.

Figure 17

The frontier molecular orbitals of HBT-COOH-a.
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