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Abstract—Two new chromogenic receptors 4-nitro-2-[(phenylhydrazoimino)methyl]phenol (1) and 4-nitro-2-[(4-nitrophenylhydra-
zoimino)methyl]phenol (2) containing a nitro group as a signalling unit and OH and NH groups as binding sites have been synthe-
sized and characterized by spectroscopic techniques and XRD. Both receptors show colorimetric responses and UV-vis spectral

changes in the presence of fluoride ions in organic solvents.
© 2007 Elsevier Ltd. All rights reserved.

The recognition and the sensing of anions have received
considerable attention because of their important roles in
many biological, industrial and environmental pro-
cesses.! In particular, the selective sensing of fluoride
has gained attention due to its significance in clinical
treatment for osteoporosis and the detection of fluoride
as a result of its over-accumulation in bones.? In this con-
text, a colorimetric chemosensor is of particular interest
due to its simplicity. ‘Colorimetric chemosensors’ are
molecules that allow ‘naked-eye’ detection of anions
without resort to any spectroscopic instrumentation.?
Such sensor systems are generally composed of two
parts: one is the anion binding part (receptor), which is
typically based on various combinations of pyrrole,*
urea/thiourea,’ amine® or phenol’ moieties, and the
other is a chromophore, which converts binding induced
changes into an optical signal such as the appearance of
colour. These two parts are either linked directly® or
intramolecularly associated.® With reference to binding
groups, only a limited number of reports are available
using OH as a binding site.'? In most cases, F~ is bound
to the receptor through F---H-O hydrogen-bonding
interactions. The presence of excess F~ may even cause
deprotonation, resulting in a classical Bronsted acid-
base type reaction.!'"'# Hence, we report chromogenic
receptors possessing a phenolic OH and hydrazine NH
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groups, which are able to bind fluoride via H-bond inter-
actions or deprotonation with an electron withdrawing
nitro group which acts as a chromogenic signalling unit.
The nature of these simple Schiff’'s base phenol-hydra-
zone receptors is altered by incorporation of an addi-
tional nitro group in the receptor, which is able to tune
the anion recognition selectivity.

The chromogenic receptors 1 and 2 were synthesized by
Schiff’'s base condensation between S-nitrosalicylalde-
hyde and phenylhydrazine (1) or 4-nitrophenylhydrazine
(2). Crystals of receptor 1 suitable for single crystal X-ray
diffraction analysis were obtained from acetonitrile. An
ORTERP plot of 1 along with the atom labelling is shown
in Figure 1. The receptor 1 crystallized as monoclinic with
the space group P2,/c and cell parameters a = 12.8167 A
(13),5=8.2176 A (8), c = 12.5848 (12) A and Z =4 and
the final R-value was found to be 0.048.'> The elemental
and spectroscopic analysis results were consistent with
the proposed structures of the receptors.'®
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Figure 1. ORTEP plot of the crystal structure of 1.

To investigate the hydrogen bonding ability of receptors
1 and 2, FTIR spectral studies were carried out. The
FTIR spectra of receptors 1 and 2 were recorded in ace-
tonitrile in the absence and the presence of fluoride ions
(see Figs. S1-S4, Supplementary data). The expected
bands for receptor 1, OH and NH stretching were
observed at 3624 and 3541 cm™', respectively, in the
absence of fluoride. The stretching frequency of the OH
group shifted to 3615 cm ™! and that of the NH group
shifted to 3535 cm™! when the spectra were recorded in
the presence of nearly 1 equiv of F~ (Fig. S2). The same
trend was observed for receptor 2, in the presence of
nearly 1 equiv of F~, the OH stretching frequency shifted
from 3630 to 3616 cm ' and the NH shifted from 3542 to
3535 cm™ ! (Fig. S4). These shifts might be due to the par-
ticipation of the OH and NH groups of the receptors in
hydrogen bonding with fluoride ions. Similar observa-
tions on the shifting of OH and NH functionalities on
H-bonding have been reported earlier.!”-!8

The binding ability of receptor 1 for F~ was also evident
from 'H NMR titration experiments in DMSO-ds. A
partial '"H NMR spectrum of receptor 1 is shown in
Figure 2. Before the addition of F~, the '"H NMR chem-
ical shifts of the OH and NH protons of receptor 1 were
0 11.65 and 10.64 ppm, respectively. After the addition
of 1 equiv of F~, the resonances were shifted upfield to
0 10.65 ppm for OH and 6 10.21 ppm for NH. This
might be due to the formation of hydrogen bonds
between the fluoride ions and the OH and NH groups
of receptor 1.'%2° On further addition of more than
2 equiv of F~, deprotonation of the receptor can possi-
bly occur, and indeed, we observed such deprotonation
and the formation of HF,~ in the "H NMR spectra of 1
(DMSO-dq) as a new signal at ca. 16 ppm?! (Fig. 2).

The colorimetric sensing ability of receptors 1 and 2 with
halide anions (F~, CI", Br~ and I") in CH3CN was
monitored by visual (naked-eye) and UV-vis spectro-
scopic methods. Solutions of 5x 10~* M halide anions
(F~, CI', Br™ and I") were added as tetrabutylammo-
nium salts to 5 x 107> M solutions of the receptors.

In the naked-eye experiments, receptors 1 and 2
(5x10°M in CH3CN) showed dramatic colour
changes from colourless to orange and fluorescent
yellow, respectively, in the presence of TBAF
(2.5x 10~* M) (Figs. 3 and 4). Both the receptors were
found to be insensitive to the addition of large excess
of CI7, Br™ and I™ (even up to 100 equiv). The colour
changes are most probably due to the formation of
hydrogen bonds or deprotonation of receptors 1 and 2
on the addition of fluoride ions. These H bonds or
deprotonations affect the electronic properties of the
chromophore, resulting in a colour change along with
a new charge-transfer interaction between the fluoride-
bound OH and NH and the electron deficient nitro
group.2>23

Observable colour changes also took place in CHCl;
and DMSO. Upon the addition of fluoride ions, the
colourless solutions of 1 and 2 became yellow and fluo-
rescent yellow coloured solutions, respectively, in
CHCl3, and orange in DMSO. The colours of the recep-
tors in CHCl; and DMSO remained the same in the
presence of chloride, bromide and iodide.

The anion binding ability of receptors 1 and 2 with F~
were investigated using UV-vis titration experiments.
The titrations were carried out in CH3;CN at
5.0 x 10> M concentrations of receptors 1 and 2 upon
the addition of incremental amounts of 0.02ml
(5% 10~* M) of tetrabutylammonium fluoride, the spec-
tra of the receptors are shown in Figures 5 and 6. The
electronic spectra of receptors 1 and 2 showed four tran-
sitions. The first two bands (190-230 nm) could be as-
signed to excitation of the m electrons of the aromatic
system. The third band (around 300 nm) is due to the
transition between the m orbital localized on the azo-
methine group (C=N). The band in the region of
350 nm may occur due to intramolecular charge-transfer
transitions within the whole structure of the Schiff’s
base.?® In the case of receptor 1, the intensity of the
peaks at 232, 300 and 348 nm progressively decreased
on the addition of F~ ions. However, beyond 0.12 ml
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Figure 2. Partial '"H NMR (400 MHz) spectra of receptor 1 in DMSO-d, (a) in the absence, (b) presence of 1 equiv and (c) 3 equiv of [nBu4N]F.

Figure 3. Colour changes of receptor (R) 1 in CH;CN (5.0 x 107> M)
before and after the addition of 2 equiv of representative anions (from
left to right: R, R+ F ,R+CI",R+Br ,R+1").

(slightly higher than 1 equiv) addition of F~, the colour
of the solution gradually turned to light orange and new
peaks at 369 and 457 nm were formed (Fig. 5). On
further addition of F~, the orange colour became more
intense and the intensity of the peaks at 369 and 457 nm
increased stepwise. The intensities of these peaks
reached their maxima after the addition of 4 equiv of
F~. With receptor 2, the intensity of the peaks at 233,
301 and 362 nm decreased on the addition of F~ ions.
However, beyond 0.1 ml addition of F~, the colour
turned to fluorescent yellow and a new peak at 417 nm
was observed. Also an increase in the intensity of the
peak at 362 nm occurred (Fig. 6). On further addition
of F~, the fluorescent yellow colour became more

Figure 4. Colour changes of receptor (R) 2 in CH;CN (5.0 x 107> M)
before and after the addition of 2 equiv of representative anions (from
left to right: R, R+ F,R+CI",R+Br, R+1").

intense and the intensity of the peaks at 362 and
417 nm increased in a stepwise manner reaching a
limit after the addition of 4 equiv of F~. To confirm
that degrotonation had occured, receptors 1 and 2
(5% 107> M) were titrated with a standard solution of
[nBuyNJOH (0.01-0.1 ml; 5x10"*M). In the case of
receptor 1, the intensity of the peaks at 232, 301 and
348 nm decreased following the addition of OH_ ions
(Fig. 7). Beyond 0.5 equiv of OH™, new peaks at 371
and 459 nm appeared along with a colour change from
colourless to orange and with further successive
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Figure 5. Changes in the electronic spectra for acetonitrile solutions of receptor 1 (5.0 x 107> M) at different fluoride [F~](0.02-0.2 x 10™* M).
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Figure 6. Changes in the electronic spectra for acetonitrile solutions of receptor 2 (5.0 x 107> M) at different fluoride [F~] (0.02-0.2 x 10~* M).

additions of OH™ ions, these peaks increased intensity
stepwise. These peaks reached their limiting values after
the addition of 2 equiv of OH™. Similarly, for receptor
2, the intensity of the peaks at 234, 303 and 362 nm
decreased upon the addition of OH™. Beyond 0.5 equiv
of OH™, a new peak at 417 nm appeared and the inten-
sity of the peak at 362 nm increased with a colour
change from colourless to fluorescent yellow. On further
addition of OH™, the peaks at 363 and 418 nm increased
in intensity stepwise (Fig. S5). The new peaks at 363 and
418 nm reached their limiting value after the addition of
2 equiv of OH™. From these results, the decrease in peak

intensities at 348 and 362 nm up to 0.5 equiv may be due
to H-bond complex formation [R-OH--OH].'> How-
ever, when approaching 0.5 equiv of OH™ (Fig. 7 and
S5) for the receptors 1 and 2, new peaks appeared and
this might be due to deprotonation of the receptors.'3
The same spectral behaviour was observed for receptors
1 and 2 on titration with F~, however, new peaks were
observed after the addition of 1 equiv. From this study,
we infer that the receptors 1 and 2 formed hydrogen
bonds with F~ ions up to the addition of 1 equiv
and that deprotonation took place after the addition
of 1equiv, which was evidenced by the appearance
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Figure 7. Changes in the electronic spectra for acetonitrile solutions of receptor 1 (5.0 x 107> M) at different [OH™] (0.01-0.1 x 10~ M).

of new peaks at 369 and 457 nm for receptor 1 and
at 417 nm for receptor 2. These observations suggest
that the addition of more than 1 equiv of F~ resulted
in the formation of the stable H-bond complex [HF,]~
inducing deprotonation and hence the Bronsted acid-
base!!"!* reaction prevails, whereas, up to 1equiv of
F~, hydrogen-bonding [F"—H-O-R] interactions are
operative.

Similarly, the binding properties of receptors 1 and 2
with AcO~ were investigated using UV-vis titration
experiments. The titrations were carried out in CH3CN
at 5.0x 107> M concentrations of receptors 1 and 2
upon the addition of incremental amounts of 0.02 ml
(5% 107* M) of tetrabutylammonium acetate. The spec-
tra of the receptors showed similar behaviour for AcO™
upon the addition of 1 equiv (0.1 ml) as in the case of
F~. In the case of acetate, the deprotonation took
place after the addition of 1.4 equiv (0.14 ml) for the
receptors 1 and 2 and the solutions turned yellow-
ish brown. But in the case of F~, the deprotonation
was observed upon the addition of 1.2 equiv (0.12 ml).
The deprotonation occurred at slightly higher concen-
tration of AcO™ than F~, which may be attributed to
the higher electronegativity and smaller size of the fluo-
ride ions that makes them to bind strongly with the
receptors.5d

On the other hand, exposure to chloride, bromide and
iodide did not result in any spectral changes in the recep-
tors. Moreover, the fluoride-induced colour changes
remain the same even in the presence of other halide
anions. Upon the addition of less than 1 equiv of fluo-
ride (1 x 107® M), the colour of the solution changed
from colourless to orange and fluorescent yellow for
the receptors 1 and 2, respectively. Hence, fluoride
anions could be detected even at low concentrations
(107° M).

The binding constant for the fluoride complexes of
receptors 1 and 2 were obtained from the variation
in the absorbance at 458 and 422 nm, respectively.
The binding constants (K,) for 1 and 2 with fluoride
were determined to be 2.52x10°M~! and 6.20 x
10® M ™', respectively. Receptor 2 showed a higher bind-
ing constant than receptor 1 due to the introduction of
another nitro group in 2, which increased the acidity
of the OH and NH protons and enhanced the hydrogen
bonding ability, resulting in a strong binding with
fluoride.?*

In aprotic solvents, solutions of receptors 1 and 2 under-
went a colour change with fluoride ions; upon the addi-
tion of a few drops of a protic solvent (water, methanol,
etc.) the colour disappeared. This is because protic sol-
vents compete for fluoride ions with OH and NH
groups. This observation also indicated that hydrogen
bonding was involved between the receptors and fluo-
ride ions.!!

In conclusion, chromogenic receptors 1 and 2 were syn-
thesized in good yields via Schiff’s base condensation.
Solutions of 1 and 2 became orange and fluorescent
yellow in colour, respectively, upon the addition of fluo-
ride, which could be detected by the naked-eye at ppm
level concentrations of fluoride ions. Hence, receptors
1 and 2 can be used as selective colorimetric sensors
for fluoride ions.
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