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A new series of receptors were designed and synthesized based on benzohydrazide for the colorimetric
detection of fluoride ion. The receptors L1 and L2 are highly selective towards fluoride ion over other
anions. These receptors are able to detect inorganic fluoride such as NaF in aqueous solutions. The
presence of two carbonyl groups in the receptor molecule makes the -NH proton highly acidic and
hence these receptors are capable of competing with water molecules to bind fluoride ion. The
receptors L1 and L2 showed a significant colour change from colourless to yellow in aqueous
solutions of NaF with a Ay, of 149 nm and 147 nm respectively. The mechanism involved in the
colour change was deprotonation, formation of imidic acid intermediate followed by stabilization of
complex through Intramolecular Charge Transfer (ICT). This was further confirmed by "H NMR
titrations where the formation of imidic acid was observed. The receptor L1 proved itself to be
potentially useful for real-life applications by detecting fluoride ion quantitatively in sea water and

commercially available mouth wash.

Introduction

The design and synthesis of artificial organic receptors for
selective detection of anions is an attractive area of research in
supramolecular chemistry' due to their wide applications in
chemical, agricultural, industrial and biological processes.
However, among the wide range of anions the detection of
fluoride ion has gained greater attention because of its dual
functionality.>*

Colorimetric receptors with high selectivity and sensitivity,
which are easy and safe to handle, have received significant
attention. A number of colorimetric receptors which are capable
of detecting fluoride ions have been reported.” However, the
majority of these receptors could be operated only in non-
competitive organic solvents for the detection of tetrabutylam-
monium fluoride (TBAF) and in absolute non-aqueous
conditions. This drawback is due to the higher acidity of water
than that of protons which are involved in binding process and
hence the F~ ion readily gets solvated even with a trace amount
of water. On the other hand, the design and synthesis of receptor
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molecules capable of detecting inorganic fluoride such as sodium
fluoride in aqueous conditions for real-life applications is a
daunting task and has yet to be explored by chemists.

The detection ability of receptors with urea, thiourea, amide and
pyrrole/imidazole/indole functional groups® where -NH acts as the
binding site, depends on the acidity of -NH proton.® However, this
acidity can be tuned by inserting different electron withdrawing
groups to the molecular backbone. As the acidity of -NH increases,
the hydrogen bond donor tendency of -NH also increases, which at
extreme acidity leads to deprotonation of the receptor. This
deprotonation establishes the charge transfer complexes which
results in significant colour change of the solution with a large red
shift and hence the detection of anions by the naked eye becomes
feasible. Thus the stability of charge transfer complexes directly
depends on the acidic nature of -NH proton.’

Few receptors have been reported that are capable of detecting
fluoride ion in aqueous solutions (organic-water mixture).
However, the majority of these detection processes are restricted
either to TBAF® or only to test papers which require several
minutes for the detection process.” These drawbacks restrict the
use of reported receptors for real-life applications such as
detection of inorganic fluoride in ground water. However,
Kruger et al designed and synthesized 1,8-naphthalimide
derivatives for the detection of NaF in aqueous solutions.'
Recently Das et al. designed and synthesized a receptor to show
practical applicability by detecting inorganic fluoride ions in
organic media and extracting them from ground water to organic
solvent.!! Nevertheless, the challenges of designing and synthe-
sizing receptors with real-life applications, such as detection of
inorganic fluoride in aqueous media, still remain.
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Herein, we report new receptors L1-L4 (Scheme 1) based on
benzohydrazide for the detection of inorganic fluoride ion in
DMSO-H,0 (9 : 1 v/v) solution. Notably we have incorporated
two carbonyl (-C=0) groups adjacent to -NH and a nitro group
(-NO,) at the p-position of the phenyl ring in case of L1 and L2
to increase the acidity of -NH proton. Hence these receptors
would compete with water to bind with inorganic fluoride for
detection by the naked eye.

The receptors L1-L3 were designed to demonstrate the effect
of nitro substitution at the p-position of the phenyl ring on
Intramolecular Charge Transfer (ICT). Receptor L4 was
synthesized to study the role of -NH in the fluoride ion binding
process. Receptors L1-L4 were synthesized as depicted in
Scheme 1 and characterized using standard spectroscopic
techniques (ESIT).

Results and discussion

Initially the receptors L1 and L2 were investigated for
colorimetric detection application in the presence of different
anions in dry DMSO solvent. Both the receptor solutions (2.5 x
107° M) were treated with different anions (1 equiv.) such as
fluoride, chloride, bromide, iodide, nitrate, hydrogensulphate,
dihydrogenphosphate and acetate in the form of tetrabutylam-
monium (TBA) salts. These receptors showed a remarkable
colour change from colourless to red instantaneously with F~
ion whereas that associated with AcO™ ion was less intense. This
confirms the selective binding of F~ ion to the receptors.
However, no colour change was observed on addition of other
anions. Fig. 1 shows the change in the colour of receptor L1 on
addition of 1 equiv. of different anion solutions as TBA salts.

As a justification for selectivity, the changes in UV-vis
absorption of receptor L1 were recorded in dry DMSO (2.5 x
107> M), after adding 10 equiv. of different anions. As shown in
Fig. 2 only F~ ion and AcO ™ ion induced instantaneous red shift
in the absorption maxima and all other anions did not cause any
change in the absorption. Hence only the presence of AcO™ ion
can interfere with the detection of F~ ion, whereas other anions
did not show any interference with detection process (Fig. S9 and
Fig. S10 ESI¥).

The sensing ability of receptor L1 in dry DMSO solution
(2.5 x 107> M) was investigated using UV-vis spectrophoto-
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Scheme 1 Synthesis of L1-L4. (a) EDC-HCI, HOBt, DCM, 12 hours,
(b) POCl3, 80 °C, 6 h.
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Fig. 1 Change in colour of L1 (2.5 x 1073 M) in dry DMSO after the
addition of 1 equiv. of tetrabutylammonium salt of anions. (a) Free
Receptor L1, (b) F~, (¢c) CI7, (d) Br™ (e) I, (f) NO; ™, (g) HSO, ", (h)
H2P047 and (1) AcO™.

metric titration experiments by gradually adding a standard
solution of TBAF.

Fig. 3 shows the UV-vis spectral changes of L1 on titrating
with F~ ions. With the constant increase in the concentration of
F~ ion, the peak at 268 nm was slightly increased due to a
change in the m—n" transition. A new band at 446 nm formed
and developed with a red shift of 178 nm, which was ascribed to
the formation of Intramolecular Charge Transfer (ICT) complex.
The receptor reached saturation (Fig. 3, inset) at 3 equiv. of
TBAF. The same trend was observed in the case of the receptor
L2 where a red shift of 177 nm was observed (Fig. S18, ESI¥).

To explore the applicability of receptor L1, UV-vis titration
was carried out in aqueous DMSO (9 : 1 v/v) using a solution of
sodium fluoride (NaF) as the fluoride source.

Upon increasing addition of NaF to receptor L1, the intensity
of the peak at 268 nm slightly increased and a new peak at
417 nm with a A, of 149 was observed (Fig. 4). The saturation
point was reached after the addition of 15 equiv. of NaF solution
in water. The receptor L2 showed a new peak at 431 nm with a
red shift of 147 nm. These results revealed that the titration
spectra did not show much difference on addition of inorganic
fluoride to aqueous receptor solution (DMSO-H,0, 9 : 1 v/v)
when compared to TBAF with dry DMSO solution of L1. The
10% aqueous solution of receptor L1 was further titrated with
TBAF which showed similar spectral changes (Fig. S21, ESIY).
This indicates that the same ICT mechanism was followed in the
case of organic and aqueous media for detection of F~ ion. The
presence of two carbonyl groups adjacent to —-NH and the nitro
substitution at the p-position of the phenyl ring made the -NH
protons highly acidic'> and hence the receptors L1 and L2
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Fig. 2 UV-Vis absorption spectra of L1 in dry DMSO (2.5 x 107> M)
after addition of 10 equiv. of different anions in the form of TBA salts.
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Fig. 3 UV-vis titration of L1 (2.5 x 107> M) with increasing
concentrations of TBAF (0-10 equiv.) in dry DMSO. Inset: correspond-
ing titration plot of L1 at 446 nm (A-Ay) vs. [F7].

readily get deprotonated in the presence of basic F~ ion. Thus,
these receptors can detect both organic as well as inorganic
fluorides. However, slightly less red shift in the case of aqueous
DMSO when compared to dry DMSO was observed, perhaps
due to the solvation of F~ ions in water which decreased its
binding with receptors.'®

A colour change from colourless to yellow was observed on
addition of inorganic fluoride to 10% aqueous solution of
receptors (Fig. S11, ESIT). Experimental studies showed that the
receptors L1 and L2 could colorimetrically detect the presence of
inorganic fluoride even at the 0.5 ppm level, which is much lower
than the WHO permissible level of F~ ions (maximum of 1 ppm)
in drinking water.'* Furthermore, the receptor L1 was tested for
the detection of F~ ions in sea water, collected from the Arabian
Sea (latitude13°0'33.99"’, longitude 74°47'17.23"'"), and commer-
cial mouthwash. When a drop of sea water/mouthwash was
added to a DMSO solution of receptor L1, a permanent change
in colour from colourless to yellow was observed (Fig. S12 and
Fig. S13, ESIt). Thus, F~ ion in sample water can be detected
with the naked eye by adding a drop of water sample containing
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Fig. 4 UV-vis spectra of L1 (2.5 x 107° M) with increasing
concentrations of NaF (0-20 equiv.) in DMSO-H,O (9 : 1 v/v). Inset:
corresponding titration plot of L1 at 417 nm (A-Ao) vs. [F].

F~ ion to the receptor solution. The amount of F~ ions present
in sea water/mouthwash was determined using a calibration
curve which was established by plotting absorbance vs.
concentration of F~ ions (Fig. 5). The curve showed 1.54 ppm
of F~ ions in sea water (215.5 ppm in mouthwash), which is
comparable with standard values.'*’

The Al for organic and aqueous solutions of receptors L1—
L4 upon addition of TBAF and NaF are summarized in Table 1.
In the case of L1 and L2, extended conjugation was observed
upon binding of F~ ion due to the presence of the -NO, group at
the p-position of the phenyl ring and as a result ICT was
achieved with maximum red shifts of 178 nm and 177 nm
(149 nm and 147 nm in the case of 10% aqueous solution)
respectively. However, in the case of L2, the presence of two —
NO, groups at the p-positions of the phenyl rings did not make
much difference in the sensitivity. For the receptor L3, being
deficient in a -NO, group, ICT was not feasible and hence only
the broad band centred at 313 nm with a red shift of 39 nm was
observed due to hydrogen bonding on addition of F~ ion. The
receptor L4 did not showed any shift in absorbance on addition
of F~ ion. This further confirms that the -NH protons are
responsible for the binding process of F~ ion.

The stoichiometry of the F~ ion complexation with receptor
L1 in DMSO-H,0 (9 : 1 v/v) was determined by the Benesi—
Hildebrand method'® (Fig. 6) using NaF. This clearly confirmed
the formation of a stable 1 : 2 stoichiometric complex between
receptor L1 and F™ ions. The binding constants for the receptor
L1 in organic medium and aqueous solution were found to be
4.26 + 0.66 x 10® and 8.64 + 0.23 x 107 respectively. Thus, the
receptor L1 strongly binds to the F~ ions even in aqueous
solutions.

From stoichiometric studies it is clear that F~ ion detection
using receptor L1 is a two-step process. First, a F~ ion binds to
the receptor through hydrogen bonding and thus a 1 : 1 adduct
is generated to form a L1---F~ complex.'® The second F~ ion
causes deprotonation of —NH proton in receptor L1 which
results in increased electron density over the complex system.
This induces a charge separation in the molecule (Scheme 2) and
hence Intramolecular Charge Transfer (ICT) interaction is
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Fig. 5 Calibration curve to determine the amount of F~ ions in
seawater/mouthwash sample.
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Table 1 Change in absorption (A/yay) of receptors L1-L4 (2.5 x 10~° M) in the presence of F~ ion (10 equiv.)

Receptor (R)“ Jmax (R + TBAF)”

Jmax (R + NaF)*

Almax (Organic) Almax (Aqueous)

L1 446 nm 417 nm
L2 452 nm 431 nm
L3 313 nm 274 nm
L4 311 nm 311 nm

178 nm 149 nm
177 nm 147 nm
39 nm 0 nm
0 nm 0 nm

@ Absorption spectra were taken for receptors at a concentration of 2.5 x 107> M in DMSO. ? TBAF solution (10 equiv. in dry DMSO) was
added to receptor solution (dry DMSO). “ NaF solution (10 equiv. in H,O) was added to receptor solution (DMSO-H,0, 9 : 1 v/v)

100 —

» T . T ¥ T " T
0.0 4.0x10° 8.0x10° ) 1.2x10° 1.6x10°
1/[F"]

Fig. 6 Benesi-Hildebrand plot of receptor L1 binding with F~ ion
(NaF) associated with absorbance change at 417 nm in DMSO-H,0O
(9 : 1 v/v) solvent.

increased between the electron deficient nitro group and the electron
rich -N~ which results in the optical colour change.!” However, the
formation of ICT complex was not observed in the case of receptor
L3 as it has no electron withdrawing group attached. This resulted in
the low sensitivity of receptor L3 while detecting the F~ ion.

The —NH proton H, tautomerizes to imidic acid from the amide
form under basic conditions. However, at lower concentrations
(0-2 equiv.) of TBAF the fast exchange of this proton between the
two tautomers could be observed and at a higher concentration
(5 equiv.) of TBAF, the imidic acid tautomer was stabilized.

As evidence, the process of tautomerism can be clearly
observed in '"H NMR titration experiments of L1 carried out
in DMSO-d; solution (Fig. 7) using TBAF. Due to the fast
exchange between the two tautomers, the proton H, was
unavailable for resonance. As a result, the signal at ¢ 10.9 has
completely disappeared. At higher concentration (5 equiv.) the
reappearance of the signal at ¢ 10.4 confirmed the formation of
the stable imidic acid tautomer. Up to 2 equiv. of F~ ion the
resonance signal corresponding to Hy, (6 10.65) showed broad-
ening and splitting patterns in the aromatic region were retained.
On the other hand, at higher concentration of F~ ion (5 equiv.)
the peak corresponding to Hy, as well as the splitting pattern in
the aromatic region completely disappeared. This indicates the
formation of NH---F~ hydrogen bonding followed by deproto-
nation'” of receptor L1. Due to the formation of ICT, the
electron density of the phenyl rings increased and this resulted in
upfield shifts in the signals'® of all aromatic protons.
Furthermore, splitting in the signals of the aromatic protons
completely disappeared (Fig. 7). This observation was due to the
fast proton exchange within the molecule.
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Scheme 2 Predicted mechanism for the fluoride ion binding to receptor
L1.

IS

110 105 85 80 75 7.0

Fig. 7 Partial '"H NMR spectra of receptor L1 in DMSO-d, after
the addition of (a) 0 equiv., (b) 0.5 equiv., (c) 1 equiv., (d) 2 equiv., (e)
5 equiv. and (f) 10 equiv. of TBAF.

Experimental
General information

All chemicals were purchased from Sigma-Aldrich, Alfa aesar or
from Spectrochem and used without further purification. All the
solvents were procured from SD Fine, India of HPLC grade and
used without further distillation.

The "H NMR spectra were recorded on a Bruker, Avance I1
(500 MHz) instrument using TMS as internal reference and
DMSO-dy as solvent. Resonance multiplicities are described as s
(singlet), br s (broad singlet), d (doublet), t (triplet), q (quartet)
and m (multiplet). Melting points were measured on a Stuart-
SMP3 melting-point apparatus in open capillaries. Infrared
spectra were recorded on a Thermo Nicolet Avatar-330 FT-IR
spectrometer; signal designations: s (strong), m (medium), w
(weak), br.m (broad medium) and br.w (broad weak). UV-vis
spectroscopy was carried out with Ocean Optics SD2000-Fibre
Optics Spectrometer in standard 3.5 mL quartz cells (2 optical
windows) with 10 mm path length. Elemental analyses were done
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using Flash EA1112 CHNS analyzer (Thermo Electron
Corporation).

Synthetic procedure

Intermediates 1 and 2 were synthesized according to the reported
procedure.

General procedure for the synthesis of receptors L1, L2 and L3

To a solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC-HCI) (2.94 mmol) in 3 mL of dichloro-
methane, 1-hydroxybenzotriazole (HOBt) (0.147 mmol), benzoic
acid derivative (1.47 mmol), and triethylamine (2.94 mmol) were
added and stirred for 30 min. The starting material 1 or 2
(1.47 mmol) was added and stirred at room temperature for
overnight. The reaction mixture was diluted with 2 mL of
dichloromethane, washed with 2N HCI1 (3 mL x 2) followed by
10% sodium bicarbonate solution (3 mL x 2). The organic layer
was dried over anhydrous Na,SO, and concentrated under
reduced pressure to yield the product.

Synthetic procedure for L4

A mixture of compound L1 (0.35 mmol) and 2 mL of
phosphorus oxychloride was heated at 80 °C for 6 h. The
reaction mixture was cooled to room temperature and poured
into 20 mL ice cold water. The resulting precipitate was filtered,
washed with water and dried to yield the compound L4.

Spectroscopic data for benzohydrazide, 1

Yield: 92%. m.p. 114.6 °C.

Elemental analysis; Calculated for C;HgN,O: C 71.75, H 5.92,
N 20.58. Experimental: C 71.65, H 5.98, N 20.38 IR (FT-IR), ¥
(em™1): 3292.9 (m), 3190.4 (s), 3010.4 (s), 1607.9 (s), 1559.5 (s),
1335.5 (s), 671.9 (s).

Spectroscopic data for 4-nitrobenzohydrazide, 2

Yield: 89%. m.p. 216.4 °C.

Elemental analysis; Calculated for C;H,;N;O;: C 46.41, H
3.89, N 23.20. Experimental: C 46.25, H 3.62, N 23.38

IR (FT-IR), # (cm™'): 3316.8 (m), 3037.6 (w), 1608.6 (m),
1511.6 (s), 1313.8 (m), 926.2 (m), 857.1 (m), 589.7 (m).

Spectroscopic data for 4-nitro-/NV'-(phenylcarbonyl)benzohydrazide, L1

Yield: 89%. m.p. 234.9 °C.

Elemental analysis; Calculated for Ci4H [ N3O4: C 58.95, H
3.89, N 14.73. Experimental: C 58.65, H 3.95, N 14.78.

'"H NMR (DMSO-d,) 6 10.88 (s, 1H, NH), § 10.65 (s, 1H,
NH), ¢ 8.40 (d, 2H, ArH, J = 8.5 Hz), ¢ 8.17 (d, 2H, ArH, J =
9 Hz), 6 7.94 (d, 2H, ArH, J = 7.5 Hz), 0 7.62 (t, 1H, ArH, J =
7.25 Hz), 60 7.54 (t, 2H, ArH, J = 7.5 Hz),

IR (FT-IR), # (cm™'): 3341.5 (br.m), 3201.7 (br.m), 3060.5
(m), 1679.8 (w), 1641.2 (s), 1598.7 (m), 1516.9 (s), 1337.5 (s),
1270.0 (s), 690.2 (m).

MS (ESI): m/z: Calculated: 285.2548 [M]" Experimental:
284.0241[M — HJ*

Spectroscopic data for 4-nitro-/V'-|(4-nitrophenyl)carbonyl|benzohydrazide,
L2

Yield: 86% m.p. 234.8 °C.

Elemental analysis; Calculated for C4H;o(N4O4: C 50.92, H
3.05, N 16.96. Experimental: C 51.03, H 2.98, N 16.89.

"H NMR (DMSO-dy) 6 11.00 (s, 2H, NH), 6 8.41 (d, 4H, ArH,
= 8.5 Hz), 6 8.18 (d, 4H, ArH, J = 9.0 Hz).

IR (FT-IR), 7 (cm ™ Y): 3381.2 (br.m), 3211.8 (s), 3108.8 (m),
1578.9 (s), 1519.0 (s), 1455.7 (s), 1345.9 (s), 860.9 (m), 704.3 (m).

MS (ESI): miz: Calculated: 330.2523 [M]" Experimental:
331.2208 [M + H]*

Spectroscopic data for /N'-(phenylcarbonyl)benzohydrazide, L.3

Yield: 89%. m.p. 139.4 °C.

Elemental analysis; Calculated for C4H,N,0,: C 69.99, H
5.03, N 11.66. Experimental: C 69.74, H 5.10, N 11.68

"H NMR (DMSO-dy) d 11.56 (s, 2H, NH), 6 7.80-7.75 (m, 5H,
ArH), 6 7.58 (t, 2H, ArH, J = 7.75 Hz), 6 7.49 (t, 3H, ArH, J =
7.75 Hz).

IR (FT-IR), 7 (cm ™ !): 3382.7 (br.m), 3265.5 (s), 3058.6 (m),
1696.6 (s), 1651.7 (s), 1246.8 (s), 688.9 (m).

MS (ESI): m/z: Calculated: 240.2573 [M]" Experimental: 241.
1732 [M + H]*

Spectroscopic data for 2-(4-nitrophenyl)-5-phenyl-1,3,4-oxadiazole,
L4

Yield: 92%. m.p. 212.4 °C.

Elemental analysis; Calculated for C;4;HoN;O5: C 62.92, H
3.39, N 15.72. Experimental: C 63.01, H 3.36, N 15.68

"H NMR (DMSO-d;) 6 8.48 (d, 2H, ArH, J = 9 Hz), 6 8.42 (d,
2H, ArH, J = 9 Hz), 6 8.20 (d, 2H, ArH, J = 7.75 Hz), 6 7.65-
7.70 (m, 3H, ArH).

IR (FT-IR), 7 (cm™'): 3382.7 (br.m), 3265.5 (s), 3058.6 (m),
1696.6 (s), 1651.7 (s), 1246.8 (s), 688.9 (m).

Conclusion

To summarize, we have designed and synthesized benzohydra-
zide derivatives L1 and L2 for the instantaneous and selective
detection of inorganic fluoride (NaF) in aqueous media. The
receptors possess high sensitivity towards F~ ion with a
detection limit of 0.5 ppm in aqueous media which is much less
than the WHO permissible level (1 ppm) in drinking water. The
mechanism followed for the detection process is ICT and
formation of a stable imidic acid tautomer which was evidenced
by '"H NMR titrations. Hence on interaction with F~ ion the
receptors L1 and L2 showed a brilliant colour change from
colourless to yellow with large red shifts of 149 nm and 147 nm
respectively. These derivatives proved themselves as potent
colorimetric fluoride ion receptors by detecting the presence of
fluoride in sea water and commercial mouthwash.
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