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T-induced multicolor
fluorescence emission in 2-(20-hydroxy-50-bromo)
phenylbenzimidazole: a spectroscopic and TDDFT
study†

Yumeng Wang,‡a Mingxia Hu,‡a Qianqian Yue,a Feng Xiaoqingb

and Yanying Zhao *a

Although multicolor luminescent materials are widely used in information encryption and decryption based

on the excited-state intramolecular proton transfer (ESIPT) reaction, there remains a significant gap in the

mechanistic understanding of how solvent and pH conditions influence the ESIPT process. Owing to their

ability to avoid self-absorption as well as provide large Stokes' shift and strong emission properties, ESIPT-

generated molecules (ESIPT gens) have recently emerged as highly potential fluorophores. Herein, the

ESIPT mechanism of bromine-based (20-hydroxy-50-bromo)phenylbenzimidazole (HBI-pBr) was

investigated in solvents using spectroscopic measurements and time-dependent density functional

theory (TD-DFT) calculations. The results indicated that multi-color fluorescence emissions were

observed at 470, 458 and 416 nm in CH3OH doped with a base and acid. The potential energy profile

rationalized the fluorescence mechanistic insights into the ESIPT reaction and pH-dependent dual

response. Notably, nucleus-independent chemical shift (NICS_ZZ) values were applied to reveal the

ESIPT process. We leveraged the bromine atom as an electron withdrawing group to manipulate ground

and excited-state proton transfer, thereby offering a strategic approach for designing and developing an

ESIPT fluorescence sensor for the detection of H+ and OH−. By studying the effect of solvent and pH

conditions on HBI-pBr, the multicolor fluorescence mechanism of ESIPT was elucidated, thus laying

a solid foundation for the design and synthesis of luminescent materials based on the ESIPT reaction.
Introduction

Excited-state intramolecular proton transfer (ESIPT) routinely
results in a large Stokes' shi and even strong uorescence
emission, effectively avoiding interference from self-absorption
and inner-lter effects.1–3 Intramolecular hydrogen bonds play
a crucial role in ESIPT reactions and contribute to enhancing
photostability as the typical photoacid.4–6 Based on the charac-
teristic four-level-energy photochemical cycle (enol / enol* /

keto* / keto), the ESIPT molecules are utilized as uorescent
probes for biomarker detection,7–9 optoelectronics for lasers,10

OLEDs11,12 and anticounterfeiting encryption materials,13,14

including Förster resonance energy transfer (FRET),15
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intramolecular charge transfer (ICT),16,17 multi-proton
transfer,18–20 and aggregated-induced emission (AIE)21 coupled
with ESIPT. More interestingly, ESIPT probes exhibit high
sensitivity for detecting and visualizing metal ions, SO2, H2O2

and other molecules.22–26 Furthermore, sensitivity to the envi-
ronment, such as solvent and pH, can promote multicolor
uorescence emission.27–30

Excited-state proton transfer in 2-(20-hydroxy)phenyl-
benzimidazoles (HBIs), a fascinating and typical ESIPT-
generated molecule (ESIPT gen), is of utmost importance in
chemistry and materials. The intricate process is understood
through a combination of spectroscopic methods and time-
dependent density functional theory (TDDFT).31–34 The proton
transfer (PT) requires a proton-donating entity (–OH, >NH and –

NH2) and a proton-accepting entity (]N– and –C]O), which
effectively enhance the uorescence quantum yield.35,36

Furthermore, HBI derivatives display the nature of uorescent
probes owing to the smart sensing of Zn2+ and Al3+ based on the
ESIPT reaction mechanism.37,38 Additionally, HBI derivatives
demonstrate multi-color uorescent and pH-dependent uo-
rescence properties due to special substituents.39 Thus,
substituted functional groups in HBIs enable the ne-tuning of
RSC Adv., 2024, 14, 39759–39768 | 39759
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Fig. 1 Normalized absorption (dotted) and fluorescence spectra
(solid, lex = 340.0 nm) in cyclohexane (c-C6H12), dichloromethane
(CH2Cl2), tetrahydrofuran (THF), acetonitrile (CH3CN) and methanol
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their photophysical and photochemical properties, providing
a strategy for designing and developing luminescent materials
while improving and even mediating efficient uorescent
quantum yields.40 In particular, heavy atoms in HBIs, such as Br
and S, can shi emission pathways from uorescence emission
to intersystem crossing (ISC).41,42

Herein, an ESIPT-based multicolor uorescence molecule
was initially synthesized via the introduction of a bromine atom
on the p-substituted position of hydroxyl group 2-(20-hydroxy)
phenylbenzimidazole (HBI), as shown in Scheme 1(a).
Combined with density functional theory (DFT) and time-
dependent density functional theory (TDDFT) calculations, we
revealed the multicolor uorescence mechanism through the
spectroscopic experiments, potential energy proles and
nucleus-independent chemical shi (NICS(1)_ZZ) values, which
are key indicators of aromaticity (negative values) and anti-
aromaticity (positive values).
(CH3OH).

max
Experimental and computational
methods

The synthesis route of 2-(20-hydroxy-50-bromo)phenyl-
benzimidazole (HBI-pBr) is shown in Scheme 1(a) and detailed
in the ESI.†43 Fig. S1† shows the 1H NMR spectrum (400 MHz,
DMSO-d6) d 13.32 (s, 2H), 8.32 (d, J = 2.5 Hz, 1H), 7.71 (s, 2H),
7.55 (dd, J = 8.8, 2.5 Hz, 1H), 7.37–7.30 (m, 2H), and 7.05 (d, J =
8.8 Hz, 1H). Various concentrations of HBI-pBr were prepared
using high-performance liquid chromatography grade acetoni-
trile (99.9%, Tedium Company, Inc., USA), methanol, cyclo-
hexane, dichloromethane, tetrahydrofuran, and dimethyl
sulfoxide (both 99.9%, Spectrum Chemical Mfg. Corp., USA). UV
absorption spectra were measured in cyclohexane, dichloro-
methane, tetrahydrofuran, methanol, acetonitrile and dimethyl
sulfoxide at concentrations of ∼10−5 mol L−1 using a UV-visible
spectrometer (UV-2501PC, Shimadzu Corp., Japan). Fluores-
cence emission spectra were recorded using an F-4600 FL
spectrophotometer at the same concentration.

Density functional theory (DFT) calculations were performed
to acquire the ground geometries.44–46 The vibrational analysis
was carried out at the same level of theory as geometry opti-
mization to identify the characteristics of all the obtained
Scheme 1 Synthesis route (a) and structural tautomers (b) of HBI-pBr.

39760 | RSC Adv., 2024, 14, 39759–39768
stationary points (minima and transition states). To obtain the
minima of the excited state, a time-dependent DFT (TD-DFT)
calculation was performed at the B3LYP functional.47–55 The 6-
311+G(d, p) basis was applied for all elements for both the DFT
and TD-DFT calculations.56 The solvation energies were evalu-
ated using the polarized continuum model (PCM).57 The
intrinsic reaction coordinate (IRC)58 calculations were analyzed
to conrm the transition states connecting the corresponding
reactant and product in Scheme 1(b). The NICS values were
computed as 1 Å above the ring center along the ZZ axis based
on the ZZ component of the nuclear shielding tensor at that
point.59,60 Notably, Baird's rule61 elucidates the molecular
behavior in the triplet excited state (T1), where molecules that
are aromatic in the ground state (S0) become antiaromatic in T1,
and vice versa. This principle has been extended to encompass
the singlet excited state (S1). Schleyer et al.62 proposed that
negative NICS(1)_ZZ values indicate S0 aromaticity, with more
negative values correlating to stronger aromaticity, while posi-
tive values suggest anti aromaticity. Recent studies have shown
Table 1 Experiments in different solvents and calculated labs /
nm, lmax

em /nm and Stokes' shift (Dn)/cm−1 of cis-phenol and keto HBI-
pBr in different solvents

Solvent

lmax
abs /nm

a lmax
em /nm b

Dn (cm−1) cExp Cal Exp Cal

Cyclohexane 344 333 477 454 8105(8004)
Dichloromethane 342 329 473 432 8098(7247)
Tetrahydrofuran 342 329 472 433 8053 (7300)
Acetonitrile 340 327 468 428 8044 (7217)
Methanol 338 327 458 428 7752(7217)

a Calculated at TD-B3LYP/6-311+G(d, p) on optimized S0 at the B3LYP/6-
311+G(d, p) level using the corresponding PCM solvent model.
b Calculated at TD-B3LYP/6-311+G(d, p) on optimized S1 at the TD-
B3LYP/6-311+G(d, p) level using the corresponding PCM solvent
model. c Data in parentheses calculated Stokes shi.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Bond distance (Å) and bond angle (°) of ground and excited
phenol and keto isomers optimized at the B3LYP-TD/6-311+G(d, p)
level using the PCM (solvent = methanol) model

Distance

Species

Phenol Keto

S0,min S1,min S0,min S1,min

O1–H2 0.998 1.015 1.742 1.974
H2–N3 1.690 1.639 1.036 1.016
d(O1–H2–N3) 148.3 150.2 133.4 124.0

Fig. 2 Potential energy curves for the S0 and S1 states of HBI-pBr
calculated at the TD-B3LYP/6-311+G(d, p) level (step size 0.05 Å) using
PCM (solvent = methanol) model.

Fig. 3 UV spectra of a 2.5 × 10−5 M HBI-pBr solution in CH3OH as
a function of 2.0 × 10−4 M [(Bu)4N]OH solution in CH3OH. The
absorbance evolution of HBI-pBr upon increasing concentration
[(Bu)4N]OH from 0 to 6.00 mL.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 1
:1

5:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
that changes in NICS(1)_ZZ during the ESIPT signal reduce
aromaticity, driving the ESIPT process.63,64

All DFT and TD-DFT calculations were carried out using the
Gaussian 09 program package.65
© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

Fig. 1 shows the UV-Vis absorption and uorescence emission
spectra in ve solvents. In the 300–360 nm region, two shoulder
absorption peaks were observed at∼340 and 330 nm, displaying
the solvent-dependent shi. As shown in Table 1, the absorp-
tion band was observed at 344 nm in c-C6H12, while in CH3CN
and CH3OH, it shied to 339.6 and 338 nm, respectively.
Simultaneously, similar absorptions were observed at 342.4 and
342 nm in CH2Cl2 and THF, respectively. The above-mentioned
results indicated that the maximum absorption peaks are blue-
shied with increasing solvent polarity.66,67

To further interpret the experimental results, four ground
congurations, cis-phenol, trans-phenol, cis-phenol-1, and keto
in CH3OH were optimized at B3LYP-TD/6-311+G(d, p) level. As
shown in Fig. S2,† the cis-phenol isomer is the most stable,
while both keto and trans-phenol are about 6.5 kcal mol−1

higher energy. Table S2† indicates the vertical transition ener-
gies calculated using the corresponding solvent model. The
transition energy at 332 nm for the cis-phenol aligns well with
the experimentally observed shoulder absorptions at 344 and
330 nm, which mainly corresponds to the p / p* transition.
The additional maximum absorption bands observed at 298
and 288 nm also matched the calculated values at 287 and
283 nm. As shown in Table S2,† the absorption band at 330 nm
seems close to the calculated electronic transition of the trans-
phenol at 323 nm. However, the potential energy prole scan
indicates that the torsional process from cis-phenol to trans-
phenol requires a barrier of 10.4 kcal mol−1, while the reverse
barrier is only 5.4 kcal mol−1 along the dihedral angle of D15-13-7-

21, as shown in Fig. S3.† Thus, cis-phenol is the dominant
isomer, both thermodynamically and kinetically.68,69

From Fig. 1, when excited at 340 nm, HBI-pBr exhibits the
solvent-dependent emission observed at 477 nm in c-C6H12,
473 nm in CH2Cl2, 472 nm in THF, 468 nm in CH3CN and
458 nm in CH3OH. As illustrated in Tables 1 and S1,† the Stokes'
shi exhibits a negative correlation with the solvent polarity.70

Table S1† indicates that para-bromine substitution modulates
the proton transfer dynamics and charge transfer efficiency
likely through its inuence on electronic distribution and steric
factors. The lowest unoccupied molecular orbital (LUMO) is
more localized than the highest unoccupied molecular orbital
(HOMO). With a bromine (Br) atom at the tip apex, there is
a pronounced localization of electron density within the phenol
group (fragment 2), particularly evident in the LUMO. As an
electron-attracting group, the bromine atom causes the electron
density to concentrate more within the phenol group, as
opposed to the more balanced charge transfer in HBI. The
reduction in the HOMO–LUMO charge distribution gap from
6.0% in HBI to 1.5% in HBI-pBr further validates that bromine
substitution enhances electron localization and diminishes
intramolecular charge transfer (ICT), inhibiting charge transfer
with minimal impact on the emission spectrum.71,72

Subsequently, TD-DFT calculations were applied to identify
the electronic spectrum. The calculated emission band at
454 nm for keto HBI-pBr corresponds well with the
RSC Adv., 2024, 14, 39759–39768 | 39761
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Fig. 4 (a) Excitation (lem = 419.0 nm) and (b) emission spectra (lex = 340.0 nm) of 2.5× 10−5 MHBI-pBr in CH3OH as a function of 2.0× 10−4 M
[(Bu)4N]OH solution in CH3OH from 0 to 6.00 mL.

Fig. 5 UV-Vis spectra of a 2.5× 10−5 MHBI-pBr solution in CH3OH as
a function of CF3COOH (TFA, 2.0 × 10−4 M) in CH3OH from 0 to 2.00
mL.
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experimental emission band at 477 nm in c-C6H12, as shown in
Table 1. Similarly, the calculated emission bands in the other
four solvents also align well with the experimental data illus-
trated in Table 1. Relatively large Stokes' shis were observed in
c-C6H12 compared to the other solvents. Table 2 compares the
bond distances of O1–H2 and H2–N3, and the bond angles of
O1–H2–N3 in both the ground and rst singlet excited states.
For phenol, the O1–H2 bond length was elongated from 0.998 Å
in S0 to 1.015 Å in S1, while the distance of H2–N3 was shortened
from 1.690 Å in S0 to 1.639 Å in S1. The above-mentioned results
indicate that HBI-pBr is a characteristic of photoacid, similar to
HBO.73 For keto, the H2–N3 bond length further decreased from
1.036 Å in S0 to 1.016 Å in S1, while the O1–H2 bond increased by
0.232 Å in S1. d(O1–H2–N3) angle was largest in S1 for phenol,
while a compact S1 of keto structure perhaps is attributed to the
smallest d(O1–H2–N3). Photoisomerization between cis-phenol
and keto is calculated along the O1–H2 bond distances, and the
potential energy curves of the ground and rst singlet excited
39762 | RSC Adv., 2024, 14, 39759–39768
states are also shown in Fig. 2. The energy barrier of PT is
6.1 kcal mol−1 in S0 along the O1–H2 bond, which, however,
reduces to only 1.5 kcal mol−1 in S1. More importantly, the
energy barrier on S1 reaches 10.4 kcal mol−1 from keto to cis-
phenol, contrary to S0.74–76 Thus, the ESIPT reaction is validated
both thermodynamically and kinetically. Fig. S4† shows the
natural atom charge on S1 and S0 of the phenol and keto forms.
For phenol, the charges on O1 and N4 are −0.710 and −0.531 in
S0 and -0.707 and −0.524 in S1, respectively, indicating a slight
decrease in the negative charge excited state. Meanwhile, the
positive charges on H2 and H5 increase by 0.001 and 0.022,
respectively, from S0 to S1 states, with the H2 proton showing
greater photoacidity than the H5 proton. Thus, H2 has perhaps
stronger photoacidity than H5. However, for keto, the positive
charges on H5 are consistently 0.433 larger than those in the
phenolic structure, making H5 protons more likely to be
deprotonated by OH−, which facilitates the formation of an
anion. These ndings are in accordance with the signicant
charge redistribution upon excitation, enhancing the mole-
cule's polarity. Consequently, we can comprehensively investi-
gate the photophysical process of HBI-pBr in relation to base
concentration, enabling us to conduct analogous spectral
measurements with enhanced precision.

When doped with [(Bu)4N]OH in HBI-pBr/CH3OH, as shown
in Fig. 3, a series of new absorption bands were generated at
363/360, 298, 289, 253 and 225 nm, displaying signicant blue
shis compared to the absorption bands at 338/326, 296, 286,
236 and 217 nm observed in pure CH3OH, respectively. Fig. 4(a)
further highlights new bands observed around 360, 300, 260,
and 220 nm, close to the absorption bands mentioned. A new
uorescence emission band is observed at 416 nm excited by
340 nm forHBI-pBr/CH3OH solution doped with [(Bu)4N]OH, as
shown in Fig. 4(b). This indicates a shi from the emission
band at 458 nm observed in pure CH3OH. These newly observed
absorption and emission bands are tentatively attributed to the
corresponding anions formed in the solution. Given the pres-
ence of multiple active hydrogen atoms of the –OH and –NH–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Excitation (lem = 391.0 nm) and (b) emission spectrum (lex = 340.0 nm) of 2.5 × 10−5 M HBI-pBr in CH3OH doped with different
volumes of as a function of 2.0 × 10−4 TFA solution in CH3OH from 0 to 2.00 mL. Note: Inset shows normalized fluorescence emission spectra
from VTFA = 0 to 2.00 mL.

Table 3 NICS(1)_ZZ values (in ppm) of possible HBI-pBr structures in
the optimized S0 and S1 states calculated at the B3LYP/6-311+G(d, p)
level

System S0 S1 Diffa

Diffb

S0 S1

Phenol −71.80 38.03 109.83 +10.57 −54.02
Keto −61.23 −15.99 45.24
Anion −69.44 3.77 73.21 +2.36(−8.21) −34.26(−8.21)
Cation −69.66 10.64 80.30 +2.14(−8.43) −27.39(+26.63)

a The difference of total NICS(1)_ZZ values from S1 minus S0 in the
corresponding keto and phenol isomers. b The difference of total
NICS(1)_ZZ values with the phenol isomer in the corresponding
minima of S0,min and S1,min, respectively. The values in parentheses
corresponds with the keto.
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groups in HBI-pBr, the mono- and divalent anions were opti-
mized at the B3LYP-TD/6-311+G(d, p) level. As shown in
Fig. S2,† four anionic species were identied: DA1 (proton H5
lost), DA2 (proton H2 lost), DA (divalent anion, both H2 and H5
protons lost), and DA3 (proton of H5 loss of phenolic isomer).
Among these, DA1 is the most stable. Compared to DA1,
a typically shorter C–O bond length of 1.268 Å exists in DA2. In
contrast, DA3 has an elongated O–H bond length of 1.014 Å,
together with a short N/H distance of 1.622 Å. The geometry of
the divalent anion DA tends toward non-planarity.

As shown in Fig. S5,† the ground state DA2 can spontane-
ously convert to ground DA1 through a very low barrier of only
0.7 kcal mol−1. Comparatively, in the rst singlet excited state,
the tautomeric reaction can occur from DA2 to DA1 when the
barrier exceeds 8.9 kcal mol−1. To sum up, it is impossible to
undergo from DA1 to DA2 in either a ground or excited state.
DA1 should be easily detected in the base solution.

In the excitation spectrum, as shown in Fig. 4(a), increasing
[(Bu)4N]OH in CH3OH leads to the appearance and
© 2024 The Author(s). Published by the Royal Society of Chemistry
strengthening of new bands at 358 and 343 nm, which corre-
spond to the broad absorption band observed at ∼360/363 nm,
as shown in Fig. 3. Conversely, other bands weaken and even
disappear. This indicates that the structure of the excited state
derived from the ground-state (DA1)77 has changed. As depicted
in Fig. 4(b), upon excitation at 340 nm, the emission peak at
458 nm gradually disappears; subsequently, a new emission
peak arises at 419 nm, which originates from the absorption
peak at 360 nm. Furthermore, the 419 nm emission peak aligns
with the calculated emission peak at 433 nm in the S1 state of
DA1, as shown in Fig. S6(a).† Thus, cis-phenol HBI-pBr
undergoes deprotonation in solution to form a monovalent
anion, DA1, with maximum absorption and emission peaks at
360 and 419 nm in an alkaline environment, respectively.
Perhaps, the emission spectral shi may indicate a stronger
interaction between the excited HBI-pBr and the charged OH−

ions from [(Bu)4N]OH, which we ascribe to coulomb
interactions.78

In the excited state, the energy barriers between DA1 and
DA2 are 17.0 and 8.9 kcal mol−1, respectively, as shown in
Fig. S5.† Compared with the ground state, both the forward and
reverse barriers are enlarged in the rst singlet excited state.
The potential energy surface proles indicate that large energy
barriers exist for the change from DA1 to DA2 in both the
ground and excited states, conrming that DA1 is the dominant
species in a basic environment. To further interpret the emis-
sion, we compared the transition energy and oscillator strength
(f) of DA1, DA2, DA3 and DA, as listed in Table S3.† It is found
that the calculated transition energy of DA1 closely matches the
experimentally observed maximum absorption. For example,
the maximum absorption for DA1, calculated at 374 nm,
matches well with that experimentally observed at 360 nm.
Additionally, Table S4† indicates that the S0 / S1 transition of
DA1 is a typical p / p* character with an intramolecular
charge transfer (ICT) from the bromophenyl group to the ben-
zimidazolyl unit. It is also evident that the additional
RSC Adv., 2024, 14, 39759–39768 | 39763
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Fig. 7 Total and separately NICS(1)_ZZ values (in ppm) of HBI-pBr and ions in the S0 and S1 states and the maximal absorption and emission
bands observed experimentally.
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absorption peaks at 298 and 289 nm are associated with the S4
and S5 states, respectively.

Similarly, when doped with triuoroacetic acid (TFA) inHBI-
pBr/CH3OH, a series of new absorption bands are produced at
346, 338, 300, 289, 240 and 217 nm, while the original bands at
339, 326, 296, 286, 236 and 217 nm disappear gradually, as
shown in Fig. 5. Considering only one electronegative nitrogen
(N3) position on the imidazole group, we tentatively identied
the new species as a monovalent cation, PA. As depicted in
Fig. 6(a), the excitation spectrum of HBI-pBr shows a broad
band in the 310–370 nm region, accompanied by a pronounced
tail that corresponds to the absorption band in the same region.
This suggests that the excited state originates from the ground
state structure, correlating with PA. As shown in Fig. 6(b), the
emission peak at 458 nm gradually diminishes, while a new
emission peak emerges at 391 nm in the insert of Fig. 6(b). To
accurately assign the new species, DFT and TD-DFT calculations
were performed to determine the stable structures and eluci-
date the spectral behaviour. Fig. S7† presents the optimization
structures of the PA in both the ground and rst excited elec-
tronic states. Table S5† lists the maximal transition energies
calculated at 339, 300, 295, 236 and 218 nm, which align well
with the experimentally observed peaks at 338, 300, 289, 240
and 217 nm, respectively. Table S6† demonstrates that the
above-mentioned light transition is associated with the typical
p / p*. As shown in Fig. S6(b),† the calculated emission peak
of PA at 395 nm is consistent with that observed at 391 nm.
Therefore, we can deduce that in acidic environments, HBI-pBr
can attract one H+ to a cationic HBO-pBr, PA.

ESIPT mechanism

To gain deeper insight into the aforementioned spectral results,
NICS(1)_ZZ values are predicted, as shown in Table 3. For the
39764 | RSC Adv., 2024, 14, 39759–39768
ground state cis-phenol isomer, the value of NICS(1)_ZZ is
−71.80 ppm, while the total NICS(1)_ZZ value of excited cis-
phenol* increases to 38.03 ppm, demonstrating lower stability
due to the change from aromaticity to antiaromaticity. Aer the
ESIPT reaction, the total NICS(1)_ZZ value of the excited keto*
decreases to −15.99 ppm from the cis-phenol*, suggesting that
the ESIPT reaction in HBI-pBr is favorable, as it enhances
stability by restoring aromaticity from antiaromaticity, consis-
tent with Baird's rule.61–63 This is why a large Stokes' shi is
observed in HBI-pBr. Moreover, both the anion and cation
forms of HBI-pBr exhibit aromaticity in the ground state, with
the total NICS(1)_ZZ values of −69.44 and −69.66 ppm,
respectively. However, the reversal of aromaticity occurred
using NICS(1)_ZZ values of 3.77 and 10.64 ppm in the excited
DA1 and PA, respectively, which shows that the S1 state would
return to the ground state by uorescence emission. For the
ground state, the total NICS(1)_ZZ values of cis-phenol HBI-pBr
are similar to DA1 and PA in S0; thus, the structures experience
minimal loss when adding or losing protons. This explains why
only small Stokes' shis are observed for DA1 and PA because
no signicant change is observed in the equilibrium structure
and NICS(1)_ZZ values from the ground to the electronic singlet
excited cation and anion, as shown in Fig. 7. Thus, in terms of
(anti)-aromaticity rationalized, the large Stokes' shis observed
can be attributed to signicant changes in the structures and
NICS(1)_ZZ values following the ESIPT reaction.79,80

Conclusion

In summary, the ground-state and excited-state proton transfer
in 2-(20-hydroxy-50-bromo)phenylbenzimidazole (HBI-pBr) are
signicantly inuenced by solvent and pH conditions. A
combination of spectroscopic techniques and a time-dependent
density functional theory (TDDFT) approach offers
© 2024 The Author(s). Published by the Royal Society of Chemistry
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comprehensive mechanistic insights into this intricate process.
The mechanism of the ground-state and excited-state proton
transfer of HBI-pBr was proposed experimentally and theoreti-
cally. The maximum absorptions at ∼340.0 and 330.0 nm were
assigned to the ground cis-phenol isomer. The strong FL
emission band observed at ∼470.0 nm was initiated from the
keto of HBI-pBr. The monovalent anion and cation were char-
acterized in CH3OH doped with acid and base, which displayed
416 and 458 nm emission, respectively. Para-Bromine substi-
tution localizes the electron distribution in the HBI framework,
thereby inhibiting charge transfer.

Finally, both the potential energy surface curves and NICS(1)
_ZZ values interpreted the mechanism of ESIPT reaction and
formation of cation and anion. This study opens a chapter on
the mechanistic understanding of ESIPT through NICS(1)_ZZ
values, laying a solid foundation for further designing and
developing applications of ESIPT-based uorescent probes in
related elds.
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Ö. Farkas; J. B. Foresman; J. V. Ortiz; J. Cioslowski;
D. J. Fox Gaussian 09, Revision D.01; Gaussian, Inc.,
Wallingford CT, 2009.

66 Y. Guo, Z. Cai, F. Yan, D. Lei, Y. Guo, S. Zhang and X. Dou,
Precise Electron-Withdrawing Strength Modulation of
ESIPT Probes for Ultrasensitive and Specic Fluorescence
Sensing, Anal. Chem., 2023, 95(23), 9014–9024.

67 H. Ren, F. Huo, X. Wu, X. Liu and C. Yin, An ESIPT-Induced
NIR Fluorescent Probe to Visualize Mitochondrial Sulfur
Dioxide During Oxidative Stress in Vivo, Chem. Commun.,
2021, 57(5), 655–658.

68 R. Omidyan and M. Iravani, Excited State Proton Transfer
and Deactivation Mechanism of 2-(40-Amino-20-
hydroxyphenyl)-1H-imidazo-[4,5-c]pyridine and Its
RSC Adv., 2024, 14, 39759–39768 | 39767

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06147k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 1
:1

5:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Analogues: A Theoretical Study, J. Phys. Chem. A, 2016,
120(7), 1012–1019.

69 M. Das, M. Brahma and G. Krishnamoorthy, Light-Driven
Switching between Intramolecular Proton-Transfer and
Charge-Transfer States, J. Phys. Chem. B, 2021, 125(9),
2339–2350.

70 M. Vidal, M. C. Rezende, C. Pastene, C. Aliaga and
M. Domı́nguez, Solvatochromism of Conjugated 4-N,N-
Dimethylaminophenyl-pyridinium Donor-Acceptor Pairs,
New J. Chem., 2018, 42(6), 4223–4231.

71 Y. Yang, Y. Ding and W. Shi, The effects of amino group
meta-and para-substitution on ESIPT mechanisms of
amino 2-(2'-hydroxyphenyl)benzazole derivatives, J. Lumin.,
2020, 218, 116836–116846.

72 C. Li, Y. Yang and C. Ma, Effect of amino group on the
excited-state intramolecular proton transfer (ESIPT)
mechanisms of 2-(2'-hydroxyphenyl)benzoxazole and its
amino derivatives, RSC Adv., 2016, 6, 5134–5140.

73 Y. Li, Y. Wang, X. Feng and Y. Zhao, Spectroscopic and
Mechanistic Insights into Solvent Mediated Excited-State
Proton Transfer and Aggregation-Induced Emission:
Introduction of Methyl Group onto 2-(o-Hydroxyphenyl)
benzoxazole, Phys. Chem. Chem. Phys., 2022, 24(42), 26297–
26306.

74 P.-Y. Fu, B.-N. Li, Q.-S. Zhang, J.-T. Mo, S.-C. Wang, M. Pan
and C.-Y. Su, Thermally Activated Fluorescence vs Long
39768 | RSC Adv., 2024, 14, 39759–39768
Persistent Luminescence in ESIPT-Attributed Coordination
Polymer, J. Am. Chem. Soc., 2022, 144(6), 2726–2734.

75 J. Hao and Y. Yang, Theoretical Investigation of the Excited-
State Dynamics Mechanism of the Asymmetric Two-Way
Proton Transfer Molecule BTHMB, J. Phys. Chem. A, 2021,
125(48), 10280–10290.

76 N. A. Shekhovtsov andM. B. Bushuev, Enol or keto? Interplay
Between Solvents and Substituents as a Factor Controlling
ESIPT, J. Mol. Liq., 2022, 361, 119611.

77 M.-A. Codescu, M. Weiß, M. Brehm, O. Kornilov,
D. Sebastiani and E. T. J. Nibbering, Switching Between
Proton Vacancy and Excess Proton Transfer Pathways in
the Reaction between 7-Hydroxyquinoline and Formate, J.
Phys. Chem. A, 2021, 125(9), 1845–1859.

78 M. K. Saroj, R. Payal, S. K. Jain and R. C. Rastogi, Study of
Prototropic Reactions of Indole Chalcone Derivatives in
Ground and Excited States Using Absorption and
Fluorescence Spectroscopy, J. Mol. Liq., 2020, 302, 112164.

79 C.-H. Wu, L. J. Karas, H. Ottosson and J. I. C. Wu, Excited-
State Proton Transfer Relieves Antiaromaticity in
Molecules, Proc. Natl. Acad. Sci. U. S. A., 2019, 116(41),
20303–20308.

80 B. Oruganti, J. Wang and B. Durbeej, Modulating the
Photocyclization Reactivity of Diarylethenes through
Changes in the Excited-State Aromaticity of the p-Linker, J.
Org. Chem., 2022, 87(17), 11565–11571.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06147k

	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k
	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k
	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k
	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k
	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k
	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k
	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k
	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k
	Insights into ESIPT-induced multicolor fluorescence emission in 2-(2tnqh_x2032-hydroxy-5tnqh_x2032-bromo)phenylbenzimidazole: a spectroscopic and TDDFT studyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06147k


