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Abstract. Two colorimetric indole-based Schiff base receptors containing electron-deﬁcient 1,3-dinitrobenzene motif, R1 and R2 were developed as a potential receptors for F- anion. Detailed UV-visible and
1
H NMR studies revealed that the interactions of the receptor R2 with F- anions were driven by H-bonding
followed by anion-induced deprotonation. The anion-receptor interactions produced distinct colorimetric
changes in solution, which was visible to the naked eye.
Keywords. Fluoride; Schiff base; Hydrazone; Charge transfer; Anion recognition.

1. Introduction
Recent studies have demonstrated that Schiff bases
can be utilised for the construction of anion receptors
speciﬁcally F- anion which apparently bind to anions
through strong N–Hanion interactions.1–6 Among
the Schiff bases the anion-sensing capabilities of
hydrazone derivatives have got immense attention due
to the ﬂexible nature of –HN–N=C– bonds through
tautomerism, availability of coordinating nitrogens,
easier synthesis and stability towards hydrolysis than
their imine derivatives. Moreover, the presence of
H-bond donor (N-H) or an acidic H makes them highly
suitable for the development of receptors and molecular chemosensors.7–10 Hydrazones are widely applied
in the ﬁeld of coordination chemistry, supramolecular
chemistry and medicinal chemistry.11–13 They are
essential building blocks for various organic syntheses, bioactive compounds with antibacterial, antifungal, antiviral and anticancer properties.14–21 Till date
different types of hydrazone derivatives had been
designed and explored as potential anion-receptor
speciﬁcally F- anion receptor.10,22–30
Indole-based Schiff bases as anion receptors
have been reported only recently and they have
exhibited high selectivity in their anion binding

capability.25,31–33 With most Schiff base receptors, the
main force of interaction with anions (speciﬁcally halide)
were reported to involve H-bonding and in some cases,
H-bonding followed by deprotonation.22,31
Recently a few examples of Schiff base receptors
containing electron-deﬁcient p-systems have been
reported which depicts the involvement of chargetransfer interaction along with H-bonding.26–28,34–39
Recently some nitro group containing receptors have
been developed which could selectively respond to Fanion among other halides. The main forces of interaction were found to be the H-bonded complex followed by deprotonation along with a new chargetransfer interaction between the F- bound OH and NH
and the electron-deﬁcient nitro group.40,41 Studies
suggest that such chromogenic receptors have got
different practical application such as chemosensors
for detection of anions in the living cell and for estimating ﬂuorine contents in tap water.2,22,36,38,42,43

2. Experimental
All chemicals and reagents were commercially available from Sigma-Aldrich or Spectrochem (India) and
used as received. Solvents for spectroscopic
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CH), 7.9 (1H, d, Ar CH), 7.79 (1H, d, Ar CH), 9.758
(1H, indole NH), 8.791 (1H, s, imine CH), 7.68 (1H, s,
indole CH), 6.887-6.856 (4H, m, indole CH); 13C
NMR (75 MHz, CDCl3): d 185.32, 150.14, 138.87,
137.34, 135.39, 129.67, 128.95, 124.39, 123.79,
122.45, 121.13, 120.10, 118.44, 112.74.

experiments were distilled under nitrogen atmosphere
before use. All 1H and 13C NMR were measured on a
300 MHz Bruker spectrometer and reported in d/ppm.
The electronic absorption spectra were recorded on a
Shimadzu UV-VIS spectrophotometer. Experimental
procedures for synthesis, characterisation and copies
of 1H/13C NMR spectra are provided as supplementary
materials. Relevant UV-vis and 1H NMR titration
plots for R1 and R2 with other halide ions viz. Cl-,
Br-, I- and other basic anions OH-, OAc-, PO43-,
HPO42-, H2PO4- in both DMSO and DMSO-H2O
have also been provided (Figure S6-S10, SI). All the
1
H NMR experiments of R1 and R2 with ﬂuoride
anions were performed in DMSO, with speciﬁc ligand
concentration and by varying the concentrations of
TBAF solutions.

2.2b Receptor R2: Intense violet solid (Yield 90%);
1
H NMR (300 MHz, DMSO-d6): d11.563 (1H, s,
indole NH), 8.23, (1H, d, Ar CH), 8.067 (1H, d, Ar
CH), 8.436 (1H, s, Ar CH), 11.795 (1H, S, hydrazone
NH), 8.874 (1H, s, imine CH), 7.912 (1H, s, indole CH
J= 7.2 Hz), 7.483-7.259 (4H, m, indole CH J= 7.2
Hz).

3. Results and Discussion
As shown in Scheme 1, the receptors R1 and R2 were
designed and synthesized incorporating electron-deﬁcient 1,3-dinitrobenzene motif as a part of an imine
and hydrazone system.
We hypothesized two possible binding modes of
interaction of the receptor R2 with F- anions viz.,
through the hydrazone NH and the indole NH and the
electron-deﬁcient 1,3-dinitrobenzene group as potential sites for anion coordination (Scheme 2). Based on
a previous study, we anticipated that the presence of
1,3-dinitrobenzene moiety would facilitate favourable
anion-receptor interaction between the electron-deﬁcient 1,3-dinitrobenzene and ﬂuoride anion compared
to indole NH.10 The interaction between the F- anion
with receptors R1 and R2 would possibly involve
H-bonding and charge-transfer interaction between the
electron-deﬁcient 1,3-dinitrobenzene ring and ﬂuoride
anion.

2.1 Synthesis of receptors R1 and R2
The receptors R1 and R2 could be prepared by using a
simple condensation method (Scheme 1).44
A solution of 3-indolecarboxaldehyde (1 mmole,
0.145 g) in CH3CN was mixed with 2,4-dinitroaniline (1
mmole, 0.183 g) in acetonitrile at room temperature.44
The reaction mixture was allowed to reﬂux for 4 h at 60
C and the solvent was allowed to evaporate slowly.
Receptor R1 was obtained as a yellow solid. The solid
obtained was ﬁltered and washed with acetonitrile.
Similarly, receptor R2 was prepared starting with 2,4dinitrophenylhydrazine (1 mmole, 0.198 g) and obtained
as an intense red solid. Receptors R1 and R2 were
characterised by using UV-visible, 1H/13C NMR spectroscopy and Single-crystal X-ray diffraction techniques.

2.2 Characterization
3.1 Single-crystal X-ray of R2

Receptor R1 and R2 were characterised by using UVvisible, NMR spectroscopy and SCXRD techniques.

Receptor R2 could be crystallized from DMSO as red
blocks as the corresponding solvate (Figure 1). The
crystal structure analysis revealed that the DMSO

2.2a Receptor R1: Yellow solid (Yield 85%); 1H
NMR (300 MHz, CDCl3-DMSO-d6): d 8.01 (1H, s, Ar
H2N
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Scheme 2. Proposed modes of interactions of receptor R2 with F- anion

Figure 1. (a) The SCXRD structure of R2 showing H-bonding with DMSO; (b) packing structure of R2 in the crystal.

molecule was H-bonded to the indole NH group
through N-H…O, H-bonding interaction [0.86 A0,
1.934 A0, 2.78 A0, 1680]. The cell parameters were
found to be as follows:
a = 7.2186(6), b = 8.3097(6), c = 15.9504(13), a =
95.453(4), b = 95.419(4), c = 101.934(4)
The molecule R2 crystallized in triclinic P-1 space
group, as a solvate of DMSO. The packing structure
indicated the molecule adopted a planar conformation,
such that the relative orientations between the indole
and 2,4-dinitrobenzene groups of R2 in the lattice
were head to tail. Moreover, the planar molecular
conformation of R2 enabled extensive p-stacking
between the molecules, viz., electron-rich indole and
the electron-deﬁcient 2,4-dinitrobenzene (p–p distance
=3.354 Å).
Whereas the crystal structure of receptor R1 (in
CH3CN) was found to be unstable, which decomposed
with both the reactants 3-indolecarboxaldehyde and
2,4-dinitroaniline in co-crystallized form.

3.2 Anion recognition studies; UV-visible
spectroscopy
The nature of the interaction of R1 and R2 with halide
ions and other basic anions were analysed with the
help of UV-visible spectroscopy. The UV-visible
spectra of R1 and R2 were recorded in DMSO and
DMSO-H2O.
In the case of R1, the absorption bands were
observed at 392 nm and 541 nm, while for R2 the
prominent absorptions were observed at 491 nm and
619 nm. The red-shifted absorption at 412 nm to 491
nm (Dk= 79 nm) could be attributed to charge transfer
interaction between the ﬂuoride anion and the 1,3dinitrobenzene moiety.
As shown in Figure 2, the interaction of F- anions
(as Bu4NF) with receptor R1 in DMSO triggered
distinct changes in the UV-visible spectra as well as in
the colorimetric behaviour. The gradual addition of Fanions (as Bu4NF) to a solution of R1 produced a new
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Figure 2. Changes in the UV-visible spectra of receptor R1 in DMSO (conc. 16x10-5 mmoles) upon addition of F- anion
(as Bu4NF): (a) 0-30 equiv.; (b) plot of absorbance at 334 nm, 392 nm and 541 nm vs. [F-] (in mmoles), where X1 indicates
0.0022 mmoles (15 equiv.) of F- in case of receptor R1 in DMSO solution; inset: visual color change of the receptor R1
before and after addition of F- (30 equiv.).

absorption band 541 nm which increased until saturation with *20 equiv. of F- anion. A similar increase
was observed for the absorption at 392 nm, while the
absorption at 322 nm was red-shifted to 334 nm, saturating at *20 equiv. of the anion. The changes could
be also visualized by a one-step colour change from
yellow to pink colour solution corresponding to the
receptor-F- interactions. The chromogenic changes
were most probably caused by the formation of an
H-bonded complex of receptors R1 followed by the
addition of F- anions.22,35
Following this, we have investigated the effect of
F- anion on receptor R2 through UV-visible spectroscopy. As shown in Figure 3, the gradual addition
of F- anion to R2 in DMSO produced notable changes
in the absorptions at 412 nm and 491 nm. The
absorption peak at 412 nm could be assigned to p-p
transition in the aromatic rings and at 491 nm peak
could be assigned to intramolecular charge transfer
(ICT) originating from the ﬂuoride anion to the electron-deﬁcient dinitrobenzene group of R2 (Figure 3a).10,26–28 The changes were also visible with the
naked eye, with a chromogenic change from dark
yellow to pink-violet and ﬁnally to intense violet
(Figure 3, inset). On addition of F- anion to R2, the
absorbance at 412 nm ﬁrst increased slightly and then
started decreasing with the appearance of a new
absorption at 491 nm. On further addition of F- to R2,
the absorption at 491 nm increased gradually, leading
to the appearance of a new shoulder between 600–700
nm regions (*619 nm). The absorptions at 491 nm
and 619 nm reached saturation with only 5 equiv.

(0.0004 mmole) of F- anion (Figure 3b). An isosbestic
point was observed at 461 nm (Figure 3a), which
suggested the formation of only one UV-visible active
species.10,22,26–28,35 This bathochromic shift of the
absorption at 412 nm to 491 nm (Dk= 79 nm) led us to
propose possible intramolecular charge transfer
(ICT).26–28 At higher ﬂuoride concentration it led to
possible deprotonation at hydrazone NH which could
be assigned to the band at 619 nm. As such, protic
solvents could be expected to impede the formation of
a hydrogen-bonded complex between the receptor and
the F- anion, leading to a substantial reduction in the
chromogenic response.45,46 To conﬁrm this we did the
same experiment in DMSO-H2O (Figure S10, SI),
where we did not see the ﬂuoride-induced colour
transition like in pure DMSO which led us to propose
the initial H-bonding in DMSO was followed by
deprotonation.
Thus, in the case of R2, the intense colour change
could be assigned to originate from charge-transfer
interactions between the F- anion and the 1,3-dinitrobenzene groups which were red-shifted in the polar
solvents.40,41
It was also observed that the interactions of receptors R1 and R2 with other anions in DMSO (Figure S6, SI) were almost negligible except for OHanion. Receptors R1 and R2 showed interaction
selectively with F- anion among all the halide anions
which could be observed visually from the drastic
color changes in presence of F- anion and also from
the changes in the UV-visible spectra of R1 and R2
with the addition of F- anion (Figures 2 and 3).
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Figure 3. Changes in the UV-visible spectra of R2 in DMSO (conc. 9.0x10-5 mmoles) upon addition of F- anion (as
Bu4NF): (a) 0-5 equiv. (b) plot of absorbance at 412 nm, 491 nm and 619 nm vs. [F-] (in mmoles) in DMSO solution; inset:
visual color change of R2 before and after addition of F- anion.

As monitored by UV-visible spectroscopy, the
addition of OH- anions (as Me4NOH) to receptor R1
in DMSO produced pink solutions with absorptions at
329 nm, 384 nm and 531 nm. As shown in Figure S7
(SI), the interaction of OH- anions with R1 triggered
distinct changes in the absorptions at 329 nm, 384 nm
and 531 nm. For instance, the absorption at 541 nm
increased gradually with the addition of OH-, which
got saturated with 5 equiv. of OH- (0.00084 mmoles).
Again the absorption band at 384 nm also increased
and got saturated at about 5 equiv. of OH-. Moreover,
the peak at 329 nm also increased and reached saturation with * 3 equiv. of OH-. Since OH- is a strong
base it could be manifested that the intense colour
changes originated from the H-bonding followed by
deprotonation of the indole NH by OH- anion.
On addition of OH-, receptor R2 demonstrated a
colour change from dark yellow to violet and ﬁnally to
reddish-brown colour (Figure S8, SI). The absorption
peak of R2 at 417 nm increased gradually showing a
red shift to 543 nm (Dk = 126 nm) with the emission
of a broad absorption peak at 643 nm. The absorption
band at 534 nm and 643 nm got saturated with 6-8
equiv. of OH-. It was expected that OH- anion as a
strong base involved H-bonding with R2 followed by
deprotonation which led to conjugation in the system
resulting in intense colour changes.6
Further, the UV-visible spectra of R1 and R2 were
also monitored following the addition of OAc- (as
Me4NOAc) in DMSO. While receptor R1 did not
show any characteristic UV-visible change with
OAc-, receptor R2 displayed distinct colorimetric
colour changes from yellow to intense pink (Figure S9,
SI). This was characterized by a gradual reduction in

the absorption at 412 nm and the appearance of a new
absorption at 474 nm. In this case, the absorptions at
412 nm and 474 nm attained saturation with *10
equiv. of OAc- anion. At higher concentrations, a
broad shoulder could be seen at 619 nm for R2 with
OAc- anion. Since OAc- anions are weakly basic,
and there was only one step colour transition, it was
likely that the addition of OAc- anion to R2 produced
an H-bonded complex with subsequent deprotonation.
Following these ﬁndings, we analysed the receptor-anion interactions for R2 in DMSO-H2O (1:1). It
was found that in DMSO-H2O, the addition of F- (as
KF) to R2 led to slight changes in the UV-visible
spectra as well as in the chromogenic behaviour.
Among the anions viz., F-, HF2-, Cl-, Br-, I-,
PO43-, HPO42-, H2PO4-, the effect of HPO42- (as
Na2HPO4, Figure S10, SI) on the receptor R2 was
found to be quite signiﬁcant. On addition of HPO42(Figure 4), the absorption of R2 at 401 nm steadily
diminished on the addition of HPO42- resulting in
red-shifted absorption at 476 nm. At a higher concentration of HPO42-, the absorption at 476 nm
became broad with a new shoulder at 619 nm. The
addition of HPO42- to R2 resulted in a chromogenic
change from yellow to pink and ﬁnally light pink
solution (due to precipitation).

3.3 1H-NMR studies; Interaction of receptor R2
with F- anions
To gain further insight into the nature of interactions
of R1 and R2 with F- anions, we undertook 1H NMR
titration studies.
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Figure 4. (a) Changes in the UV-visible spectra of receptor R2 (conc. 9.0x10-5 mmoles) in 1:1 DMSO-H2O with
increasing concentration of HPO42- (as Na2HPO4, 0-0.008 mmoles, in H2O); (b) variation in absorbances at 401 nm, 476
nm and 619 nm vs. [HPO42-] (in mmoles), in DMSO-H2O solution; inset: visual color change of the receptor R2 on the
addition of different equiv. of HPO42-.

As monitored by 1H NMR, the receptor R1 was
found to be unstable for a long time in solution (Figure S12, SI). Therefore R1 could not be studied
through 1H NMR titration. However, the addition of
F- anions to R2 in DMSO led to visible changes in the
hydrazone NH proton and indole NH proton resonances. The addition of 0.5 equiv. of F- anions were
accompanied by a gradual broadening of hydrazone
NH resonances at 11.563 ppm. Again, the addition of
0.5 equiv. of F- to R2 caused the indole NH resonance
to shift upﬁeld from 11.795 ppm to 11.752 ppm
(Figure 5), which indicated the increase in electron
density over NH group. The imine proton represented
an upﬁeld shift from 8.874 ppm to 8.806 ppm (Figure 5c). Aromatic protons experienced an upﬁeld shift
as shown in Figure 5d indicating shielding of the
proximal aromatic C-H proton of the dinitrobenzene
moiety.
As shown in Figure 5, on the addition of 1 equivalent of F-, the hydrazone NH was disappeared. On
the other hand, indole NH experienced a further
upﬁeld shift from 11.752 ppm to 11.692 ppm. Imine
proton was shifted further upﬁeld from 8.806 ppm to
8.711 ppm. The aromatic CH resonances due to 2,4dinitrobenzene moiety were slightly shifted upﬁeld.
It was noted that, due to the coordination of F- to
the receptor, the indole group experienced an increase
in electron density in its environment which was
reﬂected in the upﬁeld shift of the resonances of the
indole group (Figure 5b, box). Also, the resonances
due to 2,4-dinitrobenzene motif shifted slightly upﬁeld
(Dd = 0.1 ppm) and remained invariant to further
increase in F- concentration ([ 2.0 equiv.) indicating

an increase in electron density which in turn suggested
the possibility of charge transfer (CT) from F- to the
electron-deﬁcient 1,3-dinitrobenzene system (Figure 5a).
When the [F-] were 2.0 equiv., the indole NH
resonances of R2 was shifted further upﬁeld (from
11.692 ppm to 11.641ppm) and got saturated.
As shown in Figure 5, the addition of F- to R2,
caused the hydrazone NH proton to disappear, possibly due to the formation of a strong H-bond, followed
by anion induced deprotonation event. This led to
extended conjugation in the system which was evidenced by a gradual upﬁeld shifting of the aromatic
CH resonances for the 2,4-dinitrobenzene moiety and
the indole NH.

3.4 DFT computational studies
To gain more insight into the binding of F- anions to
R2, we optimised the ground-state structures of R2
and the possible binding models of R2.F- using density functional theory (DFT). The geometrical minima
for R2 before and after binding of F- anions were
calculated at B3LYP/6-31?G(d) level of theory.
As shown in Figure 6a, the calculated H-bond
parameters for the N-H…F- interactions in structure
S1 were found to be 1.152 Å and 1.290 Å, 166.410
while the C-H…F interactions were 2.184 Å, 1.092 Å
and 128.820. Again, the calculated H-bond parameters
for the indole N-H…F- interactions in structure S2
were found to be 1.177 Å and 1.252 Å, 179.910. From
different studies, it could be inferred that the global
energy obtained from the DFT optimized structure,
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Figure 5. (a) Proposed nature of interactions of ﬂuoride with the 1,3-dinitrobenzene and the hydrazone NH motif,
(b) partial 1H NMR spectra of R2 followed by the addition of F- anions (as Bu4NF) in DMSO-d6; changes in the chemical
shifts of the (c) indole NH, (d) imine CH and (e) aromatic protons of 2,4-dinitrobenzene motif.

was not an appropriate measure to determine the stability of geometry. However, different studies have
explained that a molecule with a high HOMO-LUMO
energy gap (DE) has low chemical reactivity and high
kinetic stability.47,48 From DFT structure optimization,
the DE value (Figure S13, SI) for structure S1
(0.09494H) was found to be higher compared to S2
(0.06002H). Hence, the interaction of ﬂuoride with
hydrazone NH (S1) could be assigned as the more
stable interaction compared to the indole NH-ﬂuoride
interaction (S2).

Also, from 1H NMR titration studies, the hydrazone
N-H…F- binding was seemed to be the preferred
interaction. This observation was in accordance with
the DFT optimized geometries for the interaction of
ﬂuoride with R2.
From the calculations, it was apparent that binding
of the F- anion caused polarization of the molecule. In
other words, the coordination of F- to the hydrazone
NH proton was accompanied by a change in conformation so that the indole and 2,4-dinitrobenzene
groups were about coplanar.
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Figure 6. DFT optimized structures corresponding to the binding of F- anions to R2 through (a) hydrazone NH and CH
(S1), and (b) indole NH (S2).

decomposed to produce the starting materials. We
found that receptor R2 was relatively stable in the
solution. Detailed UV-visible and 1H-NMR experiments suggested that the binding of F- anions to the
receptor was assisted by hydrazone N-H…anion
H-bonding interaction which was accompanied by a
CT from the F- anion to the electron-deﬁcient 1,3dinitrobenzene moiety. The proposed binding model
for R2-F- complex was optimized using DFT calculation, which favoured the coordination of F- to the
hydrazone NH group. Subsequently, we evaluated the
potential application of R2 in the preparation of a
colorimetric chemosensor for F- anion.
Figure 7. Chromogenic changes of test paper containing
R2 (0.00001 mmoles) in presence of different anions.

3.5 Development of receptor R2 as an F- sensor
using simple paper stripe
On the basis of these ﬁndings, we tried to develop a
paper-based chemosensor that could be potentially
used for F- anion recognition. For this purpose, we
have prepared a test kit using Whatman-40 ﬁlter paper
onto which the DMSO solution of receptor R2 was
drop cast. It was then allowed to dry in air. As shown
in Figure 7, the addition of F- to the chemo-sensor
caused a perceptible colour change from colourless to
red. Our experiments revealed that only F- ion
exhibited a bright red colour (Figure 7) among all the
halide anions.
4. Conclusions
We have developed Schiff base receptors based on
indole-3-carboxaldehyde and 2,4-dinitroaniline and
2,4-dinitrophenylhydrazine, R1 and R2. However, we
found that R1 was unstable in solution and
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