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Anion detection using small molecules as chemosensors holds significant importance in the biological
and environmental fields, offering several advantages over conventional methods. In this report, we have
developed three anthrapyrazolone derivatives, hamely 2,7-dihydrobenzo(1,2,3-cd:4,5,6-c’d’]bis(indazole)
(DHBBI), 2-(benzol1,2,3-cd:4,5,6-c'lbis(indazole)-2(7H)-yl)ethanol (DHBBI-OH), and 2,2'-(benzoll,2,3-
cd:4,5,6-c’'d’lbis(indazole)-2,7-diyl)diethanol (DHBBI-2-OH), utilizing straightforward chemical reactions.
These compounds were investigated for the fluorometric detection of a series of anions viz. F~, Cl7, Br,
I=, OH~, CN~, ClO4~, SO42~, NOs~ and SCN~ in the form of tetrabutylammonium salts. Detailed
photophysical and mechanistic investigations were conducted to understand the interactions of three
fluorophores with different anions. Fluorescence analysis showed considerable changes in the emission
intensity of the three fluorophores in the presence of a series of anions as mentioned earlier. Among the
synthesized molecules, DHBBI (K, = 11.6 x 10* M™1) exhibited the highest selectivity with ~1.30 and
1.80 fold higher association rate constants and sensitivity with a limit of detection of ~10.3 mM towards
F~ ions compared to DHBBI-OH and DHBBI-2-OH. The selectivity and sensitivity towards F~ ions were
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DOI: 10.1039/d4ma00738g demonstrated in light of hydrogen-bonding interactions between DHBBI and F~ ions. Additionally, DFT
and TDDFT studies were employed for DHBBI and its derivatives to investigate their structural insights

rsc.li/materials-advances and electronic properties comprehensively.

environmental factors, their versatility and non-destructive
nature make them essential in scientific and industrial applica-

1. Introduction

The interest in creating new, compact, and efficient com-
pounds for precise qualitative and quantitative anion detection
as chemical sensors is growing rapidly.” Research on novel
chemosensors for anion detection through hydrogen bond
interactions® has been an active topic due to the significance
of anions in a wide range of therapeutic,®*'° environ-
mental,"™"* and biological activities."*'® Much of the research
has focused on optical sensors for anions, which detect
changes in colour or fluorescence intensity.'”*® Additionally,
these sensors using the spectroscopic technique for monitoring
anions have several benefits, including high selectivity, sensi-
tivity and real-time monitoring, and provide detailed molecular
information. These devices are easy to use and have acquired
attention for the above reasons.'®*® Despite being sensitive to
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tions. Consequently, selective anion detection using these
methods is vital. The ability of spectroscopic methods to detect
multiple analytes offers significant advantages over other sen-
sing techniques, such as electrochemical analysis, capillary
electrophoresis, and high-performance liquid chromatography
(HPLC), due to its rapid response and simplicity.>'>°

Fluoride ions (F), despite their small size, have significant
biological roles, including in dental health and osteoporosis
treatment, but they can also cause environmental and health
risks.”’*? Additionally, F~ is a crucial mineral for the proper
growth, development, and maintenance of healthy hair, nails,
teeth, and bones. Sodium fluoride (NaF) is a component of
toothpaste and plays a vital role in promoting body growth.
A F~ concentration of 0.5 to 1.0 ppm in drinking water is
believed to be effective for promoting metabolism. Whereas,
high amounts of F~ can result in environmental damage and
give rise to diseases such as dental or skeletal fluorosis,
nephrotoxic consequences and urolithiasis in human beings.
Moreover, there is a correlation between F~ toxicity with enhanced
bone density, elevated risks of cancer, gastrointestinal problems,
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and kidney damage.**** Hence, it is important to identify the
presence of hazardous levels of F~ using a straightforward
approach and take appropriate measures to reduce the
potential risks to both human health and the environment.>*

Recently, fluorophores have been designed and reported as
colorimetric and fluorometric anion sensors. These sensors
utilize various signalling blocks, such as anthracene,*®*’
dansyl*®*° imidazole,***" anthraquinone,**** indole,***" nitro-
benzene azo groups,’®"” and other conjugated moieties,*® which
are covalently connected to anion receptors.

Yadav and his team developed 1,8-naphthalimide-derived
chromo-fluorogenic chemosensors to detect F~ ions, with
detection limits of 1.34 nM.* Li et al. designed boronic acid-
pyrene derived carbon dot-based fluorophores and used them
to sense F~ with LOD of 5.9 x 10> M.*® Wu et al. developed
4-(2,2-dichloroacetamide)-N-n-butyl-naphthalimide and 1,8-
naphthalimide (CNA) probes to detect F~ ions using colori-
metric and fluorescence methods. The CNA was able to identify
F~ with LODs of 0.52 pM from fluorescence spectra and
1.41 uM from ratiometric absorption spectra.”

Besides the widely used fluorophore molecules mentioned
above, anthrapyrazolone stands out as a significant organic
fluorophore due to its remarkable properties, such as intense
fluorescence emission in the visible range, high photostability,
and exceptional sensitivity for analyte detection.*>** These
properties make it highly suitable for sensor applications,
particularly in biological samples and environmental pollutant
monitoring. Its versatility has led to widespread use in the
design of synthetic structures and materials. Prasad and his
coworkers studied the use of a small fluorescent molecule,
1,9-pyrazoloanthrone, as a “turn-on” fluorescence probe for the
detection of CN~ and F~ ions. Although this molecule has
primarily been employed as an inhibitor for c-JUN N-terminal
kinase (JNK1/2), its potential in ion detection was highlighted
and demonstrated selective fluorometric detection towards
CN™ and F~ ions among seven anions.>*> Maji et al. conducted
a study using copolymer and 1,9-pyrazoloanthrone derivatives
to detect 2,4,6-trinitrophenol with a LOD of ~83 uM.>?
In addition to this study, the same group designed an anthra-
pyrazolone derivative named 2-(benzo[1,2,3-cd:4,5,6-c'd]bis-
(indazole)-2(7H)-yl)ethyl methacrylate (DHBBI-MA) specifically
for the detection of SCN~ and F~ ions.>* To the best of our
knowledge, there have been few reports of a single molecular
probe capable of selectively detecting and distinguishing single
anionic species.

Thus, herein this study, we have synthesized and charac-
terized anthrapyrazolone-based molecules: 2,7-dihydrobenzo
[1,2,3-cd:4,5,6-c'd"]bis(indazole) (DHBBI), 2-(benzo[1,2,3-cd:4,
5,6-¢' ]bis(indazole)-2(7H)-yl)ethanol (DHBBI-OH), and 2,2'-(benzo-
[1,2,3-cd:4,5,6-c'd'|bis(indazole)-2,7-diyl)diethanol (DHBBI-2-OH),
and thoroughly examined their mechanism of molecular inter-
actions with F~ anions. The impact of increasing the number of
hydroxyalkyl units in anthrapyrazolone derivatives on the F~
anion’s selectivity and sensitivity was investigated using fluores-
cence methods to determine the effect of hydrogen bonding
interaction with the hydroxyl group that may influence the
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detection. Interference analysis with various other anions was
demonstrated for the selectivity of DHBBI. Computational ana-
lysis using the DFT method provided insight into the electronic
characteristics of molecular hydrogen bonding that support the
experimental observations.

2. Materials and methods

2.1. Materials

All solvents and chemicals utilized in this study were of ana-
Iytical grade and used without further purification. 1,5-Dichloro-
anthraquinone and hydroquinone were obtained from Sigma
Aldrich with purity >98%, while 2-bromoethanol (>97% Pur-
ity) was procured from TCI Chemicals (India) Pvt. Ltd. Pyridine
(98% purity) and sodium acetate (CH;COONa) (97% purity)
were obtained from Lobachemie Pvt. Ltd. India. Hydrazine
monohydrate (>98.0% purity), triethylamine (TEA) (99% pur-
ity), N,N-dimethylformamide (DMF), dichloromethane (DCM),
ethyl acetate (EA), methanol, and hexane were supplied by
Finar Chemicals Limited, India. Additionally, 4-dimethyl-
aminopyridine (DMAP), potassium carbonate (K,COs;) with
>99.0% purity, and acetonitrile (ACN) were acquired from
Sisco Research Laboratories Pvt. Ltd. (SRL), India. All these
solvents were distilled prior to use in reactions.

2.2. Characterization

The UV-vis absorption spectra for DHBBI, DHBBI-OH, and
DHBBI-2-OH were measured in acetonitrile (ACN) using an
Agilent Cary 60 UV-vis spectrophotometer. Fourier transform
infrared (FT-IR) spectra were analyzed within the 4000-400 cm ™"
range using a Shimadzu IRTracer-100 FT-IR spectrometer.
'H-NMR spectra were obtained using Bruker 500 MHz NMR
spectrometers with DMSO-d¢ as the solvent. The ESI-MS spectra
of DHBBI, DHBBI-OH, and DHBBI-2-OH were characterized using
an Agilent 6230B Time-of-Flight (TOF) mass spectrometer. The
Edinburgh FLS-1000 spectrofluorometer was used for room-
temperature fluorescence investigations. Fluorescence lifetime
decay in ACN was measured using a 380 nm LED and a 450 nm
diode laser as the excitation source. A cuvette was filled with a
solution of 3.0 mL DHBBI and its derivatives (10 puM), and the
preliminary emission was obtained with 400 nm excitation.
An aliquot of 10 pL of analyte solution prepared in ACN was
added to the cuvette. Following every addition of the analyte, the
cuvette was closed and thoroughly stirred, and a fluorescence
spectrum was recorded. This method was continued with differ-
ent analyte concentrations to get significant fluorescence quench-
ing. The Stern-Volmer equation (eqn (1)) was then used to
determine the Stern-Volmer association rate constants (K,).

I/I=1+ K, [Q] (1

where I, and I are the fluorescence intensities before and
after analyte addition, respectively, K, is the Stern-Volmer
constant, and [Q] is the analyte concentration. Quenching
efficiency and fluorescence emission spectra were examined,
and interference from various analytes was similarly investigated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Computational analyses were performed using Gaussian 09 and
Gauss View 6.0 for visualization. Ground and excited states were
optimized using density functional theory (DFT) and time-
dependent DFT (TDDFT) methods with a B3LYP/6-31g* basis
set. The interaction energy of DHBBI with anions was calculated
using the following equations (eqn (2)):

Eint = Ecomplex - (Ecompound + Eanion) (2)

Ecomplex 1S the energy of the complex formed between DHBBI
and the anion, whereas Ecompound and Eanion are the energies of
the isolated DHBBI and anion, respectively. Cyclic voltammetry
(CV) was conducted using a BioLogic VSP 300 with a three-
electrode setup in ACN with a supporting electrolyte. The
working electrode was glassy carbon (GC), with platinum as a
counter electrode, and a non-aqueous Ag/Ag’ electrode acted
as a reference electrode. Ferrocene was used as an internal
standard, and tetrabutylammonium hexafluorophosphate
(NBu,PFy) (0.1 M) was the supporting electrolyte. CV charac-
teristic studies were measured at scan rates ranging from
20 mV s' to 100 mV s under standard conditions of
25.0 = 0.1 °C to analyse the electrochemical behaviour of the
molecules.

2.3. Synthesis of 2,7-dihydrobenzo[1,2,3-cd:4,5,6-c'd']bis(indazole)
[DHBBI]

The DHBBI molecule was synthesized using the method out-
lined in the literature (Scheme 1).>* In a 250 mL round-bottom
flask, 5.0 g (18 mmol) of 1,5-dichloroanthraquinone and 3.6 g
(43 mmol) of sodium acetate were combined with 25 mL of
pyridine. To this mixture, 6 mL of hydrazine monohydrate was
added, and the reaction was refluxed at 120 °C for 24 h under a
nitrogen atmosphere. The progress of the reaction was moni-
tored by thin-layer chromatography (TLC). Vacuum distillation
was used to extract the pyridine once the reaction was
complete. The crude product was then purified using column
chromatography with a 70:30 solvent mixture of dichloro-
methane (DCM) and ethyl acetate (EA). Finally, pure 2,7-
dihydrobenzo[1,2,3-cd:4,5,6-¢'d'|bis(indazole) (DHBBI) was
obtained by removing the solvents under reduced pressure,
yielding 3.1 g (74%). 'H NMR (500 MHz, DMSO-d¢) é (ppm):
13.149 (s, 2H), 7.47-7.37 (m, 6H). ESI-MS -calculated for
C14HgNy: 232.07, found: m/z = 233.05 [M + H]".

o d NH,-NH,.H,0 N—NH
CH3COONa/Pyridine [/\\\'\/»]\TJ\*' Br ~OH
L
i 120°C, Reflux \f/\/ N K03 DMF
24h NH-N 80°C
5 Dichloro "
anthroquinone DHBBI
Ne_N—~OH NN~~OH
P! A AN
RN, N NN
LX) + L)
NN N
HN—N N—N
HO
DHBBI-OH DHBBI-2-OH

Scheme 1 Schematic representation for the synthesis of DHBBI, DHBBI-
OH, and DHBBI-2-OH.
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2.4. Synthesis of 2-(benzo[1,2,3-cd: 4,5,6-c'd']bis(indazole)-
2(7H)-yl)ethanol [DHBBI-OH] and 2,2’-(benzo[1,2,3-cd:4,5,6-
¢'d']bis(indazole)-2,7-diyl)diethanol [DHBBI-2-OH]

These compounds were synthesized following a procedure
from the literature.®® The reaction involved treating 1.94 g
(8.35 mmol) of dihydrobenzoindazole with 2 mL of 2-bromo-
ethanol in the presence of anhydrous K,CO; (3.5 g, 25 mmol)
using dimethylformamide (DMF) as the solvent. The mixture
was heated to 80 °C under N, conditions (Scheme 1). TLC was
used to monitor the reaction, revealing the formation of mono-
and di-substituted ethanol derivatives of DHBBI. After comple-
tion, the DMF was removed by vacuum distillation, and
the crude products were purified by silica chromatography
(60-120 mesh) using a 60:40% mixture of EA and DCM. The
solvents were then evaporated under reduced pressure to yield
DHBBI-OH (1.2 g, 37.5%) with 'H NMR (500 MHz, DMSO-d,) 6
(ppm): 13.19 (s, 1H), 7.51-7.40 (m, 6H), 4.97 (t, ] = 5.1 Hz, 1H),
4.50 (t,/=5.4 Hz, 2H), 3.89 (q,J = 5.6 Hz, 2H). ESI-MS calculated
for C6H1,N,0O: 276.10, found: m/z = 277.15 [M + H]', and
DHBBI-2-OH (0.520 g, 15.6%) with "H NMR (500 MHz, DMSO-
de) ¢ (ppm): 7.53-7.44 (m, 6H), 4.9 (t, J = 4.75 Hz, 2H), 4.490
(t, J = 5.45 Hz, 4H), 3.89 (q, J = 5.5 Hz, 4H) and ESI-MS
calculated for C;gH;¢N,0,: 320.13, found: m/z = 320 [M]".

3. Results and discussion

3.1. Synthesis and characterization of, DHBBI, DHBBI-OH,
and DHBBI-2-OH

In the current study, three fluorophore molecules, DHBBI,
DHBBI-OH, and DHBBI-2-OH were synthesized. To prepare
DHBBI, 1,5-dichloroanthraquinone, and hydrazine mono-
hydrate were initially subjected to a condensation process with
pyridine and sodium acetate at 120 °C for 24 hours. This
process yielded 74% after isolation (Scheme 1). DHBBI-OH
and DHBBI-2-OH were produced by reacting DHBBI with
2-bromoethanol at 80 °C in the presence of anhydrous K,COs3.
"H NMR, FT-IR, and mass spectrometry confirmed the chemical
structures of the compounds.

The 'H NMR spectrum of DHBBI (Fig. S1, ESIt) shows that
six aromatic protons appear in the region of ¢ 7.48-7.38 ppm
and the signal at 4 13.19 ppm corresponds to the -NH proton in
the indazole moiety. This reveals that 1,5-dichloroanthraqui-
none condensed with hydrazine hydrate and formed 2,7-
dihydrobenzo[1,2,3-cd:4,5,6-c'd'|bis(indazole). ESI-MS results
show that the molecular ion peak at m/z 233.05 [M + HJ'
validates the formation of the desired DHBBI (Fig. S2, ESIT).
The "H NMR spectrum of DHBBI-OH and DHBBI-2-OH (Fig. S3
and S4, ESIT) shows two new signals observed at ¢ 3.89 and ¢
4.50 ppm with the coupling constants of J = 5.6 Hz and J =
5.4 Hz due to the substitution of two methylene moieties. The
signal at J 3.89 ppm is due to the presence of a -CH, proton
attached to the -OH functional group, and the peak at ¢
4.50 ppm is owing to methylene protons linked to the aromatic
unit. In addition, the peak around ¢ 4.97 ppm represents the
hydroxyl group from the 2-bromoethanol. The mono-substituted

Mater. Adv., 2024, 5, 8909-8918 | 8911
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DHBBI-OH was further confirmed by one -NH proton in the
aromatic unit (Fig. S3, ESI{). The ESI-MS result of the molecular
ion peak at m/z 277.15 [M + H]" indicates the formation of
the expected compound (Fig. S5, ESIt). Similarly, the "H NMR
spectrum of DHBBI-2-OH was also further confirmed due to the
absence of the aromatic -NH group, which shows the bi-
functionalization of 2-bromoethanol on the DHBBI molecules
(Fig. S4, ESIT). The ESI-MS result of bi-functionalized DHBBI-2-
OH exhibits the molecular ion peak at m/z 320.0 [M]" indicating
the formation of the expected compound (Fig. S6, ESIt).

The FTIR spectrum of DHBBI showed a characteristic
stretching vibration that appeared at 3028 cm ™" due to -NH
stretching. Two stretching vibrations at 1660 cm ™" and 1057 cm™*
were attributable to C=N stretching and C-N bending vibrations
(Fig. S7a, ESIT). The FTIR spectra of DHBBI-OH and DHBBI-2-OH
are shown in Fig. S7b and c (ESIT) respectively.

In these spectra, a stretching vibration at 3114 cm™ ' and a
bending vibration at 1440 cm ™" are observed as a result of the
O-H stretching and bending vibrations of the -OH group
attached to the alkyl chain. An aromatic N-H stretching vibra-
tion appears at 3329 cm™ ', and an aliphatic C-H stretching
vibration is observed at 2861 cm™'. The C-O and C-N stretch-
ing vibrations appear at 1321 cm ™" and 1032 cm ™", respectively,
while a medium-poor stretching vibration at 767 cm™ ' is
corresponding to C—=C bending. The FTIR spectrum of
DHBBI-2-OH shows all the peaks present in DHBBI-OH, but
with improved intensity.

The photophysical properties of the DHBBI, DHBBI-OH, and
DHBBI-2-OH were analyzed through UV-visible and fluores-
cence spectroscopy in an ACN medium. The DHBBI exhibits a
wide absorption band at 299 £+ 2 nm due to the n — n*
transition together with a small absorption band at 369.63 £+
2 and 388.7 £ 2 nm owing to the intramolecular charge transfer
transition (Fig. 1a). The UV-vis absorption spectra of DHBBI-OH
and DHBBI-2-OH show short broad bands at 300 nm and
307 nm, respectively, with highly intense vibronic absorption
bands at 360, 377, and 400 nm for DHBBI-OH and 367, 386, and
408 nm for DHBBI-2-OH. In the case of DHBBI-OH and DHBBI-
2-OH, the absorption bands are primarily attributed to the 1 —
n* and n — w* transition. All three molecules show a similar
absorption pattern in ACN with minimal variations in the
absorption values that depend on the ethanol side chains on
DHBBI. In DHBBI, the electron density is primarily localized on
the n-conjugated anthrapyrazolone moiety. When hydroxyalkyl

1.00 1.2

— —— DHBBI (a) (b) —— DHBBI
E —— DHBBI-OH - 1.0 —— DHBBI-OH
s — ) X
< 075 onssi20n | g —— DHBBI-2-0H
e ; 0.8
© o
K] <
5 050 ’ g 06
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< \/ T 04
5 025 -
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z { f \ 202
<L L
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Fig.1 (a) UV-visible and (b) fluorescence emission spectra of DHBBI,
DHBBI-OH, and DHBBI-2-OH in ACN solution.
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groups are added to form DHBBI-OH and DHBBI-2-OH, this
electron density extends the anthrapyrazolone moiety to the
hydroxyalkyl groups. This extension causes a redshift in the
intramolecular charge transfer band. The significant redshift in
the absorption spectrum of DHBBI-OH and DHBBI-2-OH com-
pared to DHBBI suggests a highly planar molecular backbone
with electron density concentrated on the anthrapyrazolone
moiety.>® These findings are further validated by DFT and
TDDFT studies. Fig. 1b displays the fluorescence spectra of
three molecules upon excitation at A, = 368 nm. DHBBI
exhibits emission bands at 391 nm, 414 nm, and 439 nm.
The emission spectrum of DHBBI-OH shows highly intense
emission bands at 403, 425 nm, and 451 nm. Similarly, the
DHBBI-2-OH molecule shows intense emission bands at
410 nm, 435 nm, and 461 nm. All DHBBI derivatives exhibit
an intense blue emission in the ACN solvent with a Stokes shift
of 50 = 20 nm. The obtained emission spectra of all DHBBI
derivatives are independent of the excitation wavelength,
resulting in emission from the S; — S, state. Like the absorp-
tion spectra, the emission spectra also exhibited a red shift
from DHBBI to DHBBI-2-OH. Strong intramolecular interac-
tions in DHBBI derivatives cause a red shift in the emission
wavelength.

The optimized geometries of all studied molecules (DHBBI,
DHBBI-OH, DHBBI-2-OH) were obtained using the B3LYP/6-
31g* method in the Gaussian 09 suite of programs and as
shown in Fig. 2a. The selected bond lengths, bond angles, and
dihedral angles of the designed compounds are listed in Table
S1 (ESIt). The optimized structures of DHBBI, DHBBI-OH, and
DHBBI-2-OH are almost planar. Furthermore, the frontier
molecular orbitals of DHBBI and its derivatives showed that
the electron density of both the HOMO and LUMO was

DHBBI-OH

2-DHBBI-OH

Ko (B @,
1 e

acea sezev - : @ 2
- g e Equmo =-1.8324 A % / {
S v TR Y Lha
I e (N 9o
= Buouon 53729 TSel_ ses35120v ) e .
T Y | N E N =-1.8513
ac_, ~~~ Yoo umo
S Euowo=-5.3462 aEs3.as8 evi

S

DHBBIOH

2-DHBBI-OH

Fig. 2 (a) Optimized geometry and (b) energy profile diagram of DHBBI,
DHBBI-OH, and DHBBI-2-OH obtained using DFT/B3LYP/6-31g*.
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predominantly localized on the entire n-conjugated anthrapyr-
azolone moiety. The HOMO-LUMO energy levels, electron
density distribution, and band gap for the DHBBI, DHBBI-
OH, and DHBBI-2-OH were calculated. The HOMO and LUMO
energy levels of DHBBI are —5.37 eV and —1.79 eV, respectively,
with an estimated band gap of 3.58 eV (Fig. 2b). Functionaliza-
tion with 2-bromoethanol (DHBBI-OH and DHBBI-2-OH)
decreases the HOMO-LUMO energy gap, resulting in band
gaps of 3.51 eV for DHBBI-OH and 3.45 eV for DHBBI-2-OH.
Both mono and di-substituted derivatives exhibit the same
electronic structures, although the energy levels are lower due
to functionalization. The HOMO electron density of DHBBI is
located on the n-conjugated anthrapyrazolone moiety, while in
the case of DHBBI-OH and DHBBI-2-OH, it extends to the
functionalized ethanol units. The LUMO electron density
remains primarily on the central core, indicating a charge
transfer process similar to DHBBI.

Molecules with higher oxidation potential have a greater
tendency to lose electrons and be oxidized. Similarly, the
oxidation potentials of DHBBI are higher due to increased
electron density in its donor unit, as confirmed by cyclic
voltammetry (Fig. 3). The onset oxidation potentials follow
the order: DHBBI (1.01 V) > DHBBI-OH (0.97 V) > DHBBI-2-
OH (0.93 V). All three molecules exhibit reversible oxidation
and reduction peaks. The HOMO and LUMO energy levels, as
well as the bandgaps from CV and DFT, are summarized in
Table 1. All the DHBBI derivatives exhibit low-lying HOMO
energy levels, with DHBBI showing the lowest HOMO energy
level, as calculated from its oxidation potential peak position.

The LUMO energies calculated from reduction potential
indicate that the addition of hydroxyalkyl units to DHBBI
results in a notable decrease in the energy levels of DHBBI-OH
and DHBBI-2-OH. This reduction is more significant than that
predicted by DFT calculations. Functionalization (DHBBI-OH,
DHBBI-2-OH) results in lower HOMO energies and smaller band
gaps compared to DHBBI. The frontier orbital energies of these
D-n-A systems are suitable for hole and electron injection,
enhancing their optoelectronic functionality. The band gap cal-
culated from electrochemical measurements was almost similar
to the DFT band gap (Fig. 3 and Table 1).
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Fig. 3 Cyclic-voltammograms of DHBBI, DHBBI-OH, and DHBBI-2-OH.
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Table 1 Electrochemical and DFT data of DHBBI, DHBBI-OH, and
DHBBI-2-OH

Electrochemical DFT

a b d c
on,onset Ered,onset EHOMO/ELUMO Eg,opt Eg,opt

Complex (\%] (eV) (eV) (eV)
DHBBI 1.01 1.11 —5.81/-2.63 3.18 3.58
DHBBI-OH 0.97 1.20 —5.77/-2.67 3.10 3.51
DHBBI-2-OH 0.93 1.21 —5.73/-2.94 2.79 3.45

“ The onset of oxidation of DHBBI, DHBBI-OH, and DHBBI-2-OH. © The
onset of the reduction curves of DHBBI, DHBBI-OH, and DHBBI-2-OH.
° Optical gap = (1240/Aonset)- @ Friomo = —[Eoxonset + 4.8] €V, Erumo =
Enomo + Eg.

Electrostatic potential (ESP) surfaces of DHBBI, DHBBI-OH,
and DHBBI-2-OH show that the anthrapyrazolone core is an
attractive site for electron donors. In DHBBI, N17 and N16 are
highly negative. At the same time, DHBBI-OH and DHBBI-2-OH
show similar regions at N15, 033, and 031, 039 indicating sites
for electrophilic attack (Fig. S8a, ESIT). TD-DFT (B3LYP/6-31g*)
calculations were also performed to determine the orbitals
involved in the predominant excited-state electronic transi-
tions, and their corresponding energies and oscillator strengths
are summarized in Table S2 (ESIt). TD-DFT analysis indicates
that the primary electronic transitions (S, — S;) for these three
molecules are HOMO to LUMO transitions. Table S2 (ESIt)
demonstrates a gradual increase in oscillator strength from
DHBBI to DHBBI-2-OH. This increase is attributed to the
improved electronic coupling between the donor and acceptor
moieties, which aligns with our findings from optical spectro-
scopy. As the number of ethanolic groups on the DHBBI
molecule increases, the low-energy transition shifts from
approximately 360 nm (DHBBI) to 369 nm (DHBBI-OH) and
then to 377 nm (DHBBI-2-OH). The differences in absorption
maxima between theoretical calculations and experimental
observations may be attributed to factors such as solvent
molecules, which are not considered in the TD-DFT computa-
tions (Fig. S8b and Table S2, ESIt).

3.2. Detection of anions

To study the chemosensing behaviour of the DHBBI and its
derivatives, absorption and fluorescence studies were mea-
sured in ACN solution at 25 °C. The anion sensing ability
of DHBBI, DHBBI-OH, and DHBBI-2-OH was evaluated by
spherical anions (F~, Cl7, Br~ and I"), linear (OH ", CN ") and
large ions (ClO;~, SO,>7, NO; ) in the form of tetrabutyl-
ammonium salts.

Fig. 4a-c shows a change in the emission spectra of DHBBI,
DHBBI-OH, and DHBBI-2-OH upon the gradual incorporation
of various concentrations of F~ ions. Upon the gradual addition
of an F~ ion (1.7 x 10~* M) to the DHBBI, DHBBI-OH, and
DHBBI-2-OH, a gradual decrease in the fluorescence emission
intensity was observed. The emission intensity of DHBBI
decreased by 40% upon the addition of 167 uM of F~ ions
(Fig. 4a). The emission intensity only decreased by 7-18% when
other analytes were added. Fig. 4b shows that the initial
intensity of the DHBBI-OH solution was reduced by 19% when
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Fig. 4 Change in fluorescence emission behaviour of (a) DHBBI,

(b) DHBBI-OH and (c) DHBBI-2-OH in ACN (7 x 107° M) upon addition
of different concentrations of TBAF (167 uM).

167 uM of F~ anions was added. The initial fluorescence
intensity of DHBBI-2-OH is quenched by 18% under the same
conditions (Fig. 4c).

Fluorescence quenching experiments were conducted to
analyse the quenching rates, the selectivity for sensing various
anions, and their interactions with DHBBI, DHBBI-OH, and
DHBBI-2-OH molecules. These studies show that DHBBI exhi-
bits a superior quenching behaviour with the F~ ion than the
other two derivatives in the order of DHBBI > DHBBI-OH >
DHBBI-2-OH. Moreover, the other remaining anions (CN-,
OH~, CI-, Br_and I, OH™, CN, Cl0,~, SO,2~, NO;~, SCN")
did not show considerable change in emission spectra. DFT
and TD-DFT were used to study the binding mechanisms of F~
with DHBBI and its derivatives (Fig. S9, ESIT). The interaction
of the optimized DHBBI and DHBBI-OH probes with the F~ ion
revealed strong interaction energy between DHBBI and F,
consistent with experimental findings. ESP showed a substan-
tial reduction in electron density at the ring’s centre upon
complexation with F~ due to its high electronegativity.
DHBBI@F  displayed the most significant reduction in its
electron density as observed from the ESP image (Fig. S10,
ESIT). DHBBI-OH also showed reduced electron density with F~
(Fig. S11, ESIY), and very minimal changes were observed in the
ESP map of DHBBI-2-OH upon anion complexation. The
HOMOs and LUMOs were spread over the aromatic rings, with
energy differences of 3.582 eV and 3.512 eV for DHBBI and
DHBBI-OH, respectively (Fig. S12 and S13, ESIt). Anion com-
plexation led to a significant reduction in the HOMO-LUMO
energy gap, confirming intermolecular charge transfer transi-
tions. TD-DFT calculations (Tables S3 and S4, ESIf) provide
insights into electronic transitions, indicating redshifts in Ay,
with F~ causing the most prominent shift due to hydrogen
bonding interaction and increased electron density on the
nitrogen atom (Fig. S14a and b, ESIt). Fully functionalized
DHBBI-2-OH showed negligible changes as the free N-H is
not available. These findings enhance the understanding of
DHBBI and F interactions. Fig. $15-517 (ESIT) summarize the
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changes in emission intensity for the different analyte concen-
trations. The rapid drop in emission intensity was detected
with a rise in F~ ion concentration. Fig. 5 demonstrates the
variation of quenching activity while adding fixed (167 puM)
concentrations of various anions. The F~ with DHBBI displayed
the maximum selectivity and quenching efficiency.

The Stern-Volmer equation (Ky,) was employed to investi-
gate the sensitivity of fluorescence quenching of DHBBI and its
derivatives (eqn (1)). Fig. 6a displays the K, plot of the I/l
change in response to different F~ ion analyte concentrations.
In every case, the I,/ value linearly increased with an increase
in the concentration of the F~ ion. It is evident that the primary
cause of the emission intensity decrease is the static quenching
process. The calculated K, values are 11.6 x 10* M, 8.86 x
10* M™%, and 6.46 x 10* M~! for DHBBI, DHBBI-OH, and
DHBBI-2-OH. Among the synthesized molecules, DHBBI (K, =
11.6 x 10" M) exhibits association rate constants towards the
F~ ion that are approximately 1.30 and 1.80 times higher than
that of DHBBI-OH (8.86 x 10* M ') and DHBBI-2-OH (6.46 x
10* M), respectively. The larger K, values observed for DHBBI
indicate efficient binding efficiency with TBAF analyte than
other DHBBI derivatives (Fig. 6a and Fig. S18, S19, ESI). Fig. 6b
displays the K, data of DHBBI with different anionic analytes at
various concentrations. The order of sensitivity for the various
studied analytes is TBACN > TBAOH > TBACIO, > TBACI ~
TBANO; > TBAI > TBABr > TBAHSO, > TBASCN for the

(3) 130] = owesr
DHBBI-OH
DHBBI-2-OH

DHBBI-Hex

...
b
<renm

0 50 100 150 200 250
Concentration (uM)

o 50 100 150 200 250
Concentration (uM)
Fig. 6 (a) Variation in the Stern—-Volmer (Ky,) plot of DHBBI and its
derivatives treated with various concentrations of TBAF. (b) Ky, plot of
DHBBI upon addition of different anions.
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DHBBI molecule, according to Table S5 (ESIt), which sum-
marizes the K, values. From Table S5 (ESIt), it is clear that
DHBBI exhibits a maximum quenching rate constant compared
to its other derivatives for TBAF. The decrease in emission
intensity of DHBBI and DHBBI-OH is attributed to the free
anthrapyrazolone N-H group in the core structure. Conversely,
in DHBBI-2-OH, the anthrapyrazolone N-H group was functio-
nalized by 2-bromoethanol, which did not efficiently interact
with anions. This suggests that the free anthrapyrazolone N-H
group in DHBBI and DHBBI-OH interacts with anions through
hydrogen bonding. To understand the role of H bonding
interactions of free OH functionality with anions, we have
further investigated the emission behaviour with the model
compound having hexyl alkyl chains (DHBBI-Hex). Testing of
DHBBI-Hex with various anions did not show a response due to
the absence of anthrapyrazolone N-H group (Fig. S20 and S21,
ESIT) suggesting that free hydroxyl groups do not influence the
hydrogen bonding interaction with anions. The strength of
hydrogen bond formation for the anthrapyrazolone derivatives
with F~ anions decreases in the order of DHBBI > DHBBI-OH >
DHBBI-2-OH > DHBBI-Hex.

Hence, the interaction with anions is specifically due to the
presence of the anthrapyrazolone N-H group in the designed
molecules. Plotting of the emission intensities versus F—
concentration (Fig. S22, ESIt) helps in calculation of the LOD
for DHBBI. The signal-to-noise ratio (SNR) was determined by
calculating the final LODs using the formula LOD = 3.3 x o/m,
where ¢ is the standard deviation and m is the slope. 10.3 mM
was determined to be the LOD for DHBBI.

To perform competitive fluorescence quenching, the
DHBBI's emission spectra were first measured. To achieve an
efficient interaction, 150 uM of Cl~ was added to the solution
and left to stabilize for 5 min. The addition of Cl™ anions caused
no substantial change in the emission maximum of the solution.
A solution containing F~ at a concentration of 150 uM was
introduced into the solution, and the resultant emission spec-
trum was measured, revealing a substantial reduction in fluores-
cence intensity. The method of incorporating equal quantities of
F~ and Cl” ions was done multiple times, and the resulting
emission spectra were also recorded. The same outcomes were
also reported when other anions were employed instead of Cl™
(Fig. 7). The investigation demonstrates a reduction in the
quenching efficiency, confirming the excellent selectivity of
DHBBI for F~ ions even in the presence of other anionic analytes.

3.3. Sensing mechanism for F~ by DHBBI

To get more insight into the fluorescence emission quenching
mechanism of DHBBI in the presence of F~ deep understand-
ing is necessary. The fluorescence of the anthrapyrazolone
group is exclusively explained by the intramolecular charge
transfer (ICT) transition process. Fluorescence quenching was
detected and the intensity of the intermolecular charge transfer
transition was reduced upon the incorporation of an F~ anion.
The presence of the -NH group in the DHBBI causes it
to develop a hydrogen bond with the F~. The excitation of
DHBBI-F increases the efficiency of electron transfer and
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internal conversion, which facilitates the nonradiative transi-
tion essential for the quenching of fluorescence. This effect can
make the DHBBI a good candidate for sensing F~ anions
(Fig. 8a). To further clarify the binding mechanism of F~ with
DHBBI, analysis was performed by using FTIR (Fig. 8b). After
the F~ ion binding with the DHBBI, the strong and sharp peak
observed at 3023 cm ' became weaker and shifted to a wave-
number of 2938 cm ™' due to the DHBBI and F~ interaction.
Also, the small peak at 2857 cm ™" could be due to the N-H- - -F
stretching after F~ binding. The FTIR spectra confirmed that
the new peak at 2857 cm " is the N-H. - -F stretching after the
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Fig. 8 (a) Plausible sensing mechanism for binding of DHBBI with F~
anions. (b) The binding mechanism of F~ with DHBBI analyzed by using
FTIR. (c) Variation in the K, plot of DHBBI treated with different concen-
trations of F~. (d) Change in the fluorescence decay of DHBBI (7 x 10~ M)
in ACN and treated with different concentrations of F~ at Aeyy = 404 nm.
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F~ binding through electrostatic interaction. Thus, F~ can have
the capacity to bind with the DHBBI as a complex form.

The rapid quenching of DHBBI by F~ anions is due to the
development of a significant charge transfer complex in the
ground state, facilitated by ion pair electrostatic interactions.
Based on the Kj, plot method (Fig. 8c and Table S6, ESIY), it can
be shown that the variation in Iy/I in relation to the concen-
tration of F~ follows a linear pattern. This indicates that the
introduction of F~ causes the fluorescence to be statically
quenched. To verify this procedure, we conducted fluorescence
lifetime measurements for DHBBI both before and after the
incorporation of different amounts of F~ anions. The fluores-
cence lifetime decay spectra and lifetime values exhibit minimal
variation. This indicates that the quenching is a result of static
quenching phenomena, as seen in Fig. 8d and Table S6 (ESIY).
Thus, it can be confirmed that the presence of static quenching
phenomena is the motive for the quenching process.

3.4. Comparison study

The fluorometric detection of F~ ions was investigated by using
the DHBBI molecule and compared with previously reported
probes used for the detection of F~ ions. The results, which are
compiled in Table S7 (ESIt), demonstrate that the probes utilized
in this investigation perform exceptionally well, having high
binding constant, with high sensitivity, and selectivity towards F~.

4. Conclusion

In conclusion, we have developed three anthrapyrazolone deriva-
tives namely DHBBI, DHBBI-OH, and DHBBI-2-OH with an
increase in the alkyl ethanol chains. The successful application
of these derivatives as a fluorescence-based material for detecting
F~ anions has been investigated. Fluorescence experiments
demonstrated that, even in the presence of other competing
anions, the selectivity and sensitivity for F~ ions were significantly
higher in the case of DHBBI than that of other anthrapyrazolone
derivatives. The outcomes of our research demonstrate that the
DHBBI fluorescent molecule has a higher ability to reduce the
fluorescence intensity owing to F~ ions, with a response that is
~1.30 and 1.80 folds stronger compared to DHBBI-OH and
DHBBI-2-OH. The DHBBI exhibited a higher Stern Volmer rate
constant (Kg, = 11.6 x 10* M%), and LOD of 10.3 mM. The turn-
off fluorescence behaviour is triggered by a static quenching
mechanism involving intermolecular hydrogen bonding. The
interference investigations with various anions have been
explained to confirm the selectivity. Finally, DFT and TDDFT
studies were employed for DHBBI and its derivatives to investi-
gate their structural, photophysical, and electronic properties
comprehensively, which validates the experimental results.
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