
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 29 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Supramolecular Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713649759

Simple colorimetric fluoride sensors based on nitrophenyl derivatives
Soosai Devaraja; Duraisamy Saravanakumara; Muthusamy Kandaswamya

a Department of Inorganic Chemistry, School of Chemical Sciences, University of Madras, Chennai,
India

To cite this Article Devaraj, Soosai , Saravanakumar, Duraisamy and Kandaswamy, Muthusamy(2009) 'Simple
colorimetric fluoride sensors based on nitrophenyl derivatives', Supramolecular Chemistry, 21: 8, 717 — 723
To link to this Article: DOI: 10.1080/10610270902795376
URL: http://dx.doi.org/10.1080/10610270902795376

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713649759
http://dx.doi.org/10.1080/10610270902795376
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Simple colorimetric fluoride sensors based on nitrophenyl derivatives

Soosai Devaraj, Duraisamy Saravanakumar† and Muthusamy Kandaswamy*

Department of Inorganic Chemistry, School of Chemical Sciences, University of Madras, Guindy Campus, Chennai 600 025, India

(Received 17 September 2008; final version received 21 January 2009)

Easy to prepare fluoride ion sensors bearing OH and NH groups as binding sites and nitrophenyl group as a chromophore [2-[(4-

nitrophenylimino)methyl]-4-methylphenol (1), 2-[(4-nitrophenylamino)methyl]-4-methylphenol (2), 2-[(2,4-dinitrophenylimi-

no)methyl]-4-methylphenol (3) and 2-[(2,4-dinitrophenylamino)methyl]-4-methylphenol (4)] were synthesised and

characterised. The visible colour changes, the UV–vis and 1H NMR spectral changes towards anions were studied. The

sensing ability of the receptor depends on the presence of electron-withdrawing group attached to the receptors and extended

conjugation in the receptor framework and the orderof the sensing ability is found tobe3 . 1 . 4 . 2basedon binding constant.

Keywords: colorimetric sensors; chemosensors; NMR studies; fluoride sensors

Introduction

Colorimetric molecular sensors are attractive because they

can be implemented into simple low-cost devices and can

often be monitored by the naked eye (1). The general

strategy to produce a colorimetric anion sensor is based on

an anion-binding group with a chromogenic moiety capable

of signalling the binding event through intramolecular

charge-transfer (ICT) process that leads to a change invisible

to the naked eye (2). Anions play an important role in

numerous kinds of chemical and biological processes, and

considerable efforts have been devoted to design the

receptors or sensors that have the ability to selectively bind

and sense anions (3). In particular, the selective sensing of

fluoride ions has gained attention because of their

importance in the clinical treatment of osteoporosis and

the fluoride produced as a result of over-accumulation of

fluoride in the bone. While a number of receptors that are

able to bind fluoride ions with high affinity and selectivity

have been reported (4–6), the sensing and detection of

fluoride ion to produce a measurable output still remains

challenging. Moreover, all of the attention has been focused

on receptors incorporating amides (7), ureas/thioureas (8, 9)

and pyrroles (10, 11), with only limited number of reports

available using OH as a binding site so far (12–19). Hence,

in this present study, we report chromogenic and selective

fluoride chemosensors possessing a phenolic OH group in 1

and 3, and OH and NH groups in 2 and 4 able to bind fluoride

via H-bond interactions or deprotonation, andp-conjugating

nitrophenyl group that acts as a chromogenic signalling unit

in continuation of our previous work (20–23). The nature of

these simple phenol-based sensors can be altered by

introducing one or two nitro groups on phenyl ring, which

are able to tune the anion recognition selectivity (24).

Results and discussion

Receptors 1 and 3were synthesised in good yield (Scheme 1)

by using Schiff’s base condensation of equivalent molar

5-methylsalicylaldehyde with 4-nitroaniline (1) and 2,4-

dinitroaniline (3), respectively. Furthermore, reduction of

receptors 1 and 3 with sodium borohydride yielded the

receptors 2 and 4. The microcrystalline of receptor 1 was

recrystallised from ethanol and the crystals suitable for XRD

were obtained on slow evaporation. Receptor 1 was

characterised by XRD (25) and the ORTEP plot is shown

in Figure 1.

FT-IR studies

FT-IR spectra for 1–4 were recorded in acetonitrile solution

in the absence and presence of fluoride ions (see Figures S1–

S8 of Supplementary data). The band at around 1620 cm21 in

the spectra (Figures S1 and S5) of receptors 1 and 3 is due to

n(CvN), which does not occur in the case of 2 and 4, but

showed a new band around 3100 cm21 for the presence

of n(NH) (Figures S3 and S7). As expected, the spectra of

receptors 1–4 display n(OH) band at around 3400

or 3300 cm21. When spectra were recorded in the presence

of 1 equiv. of F2, the stretching frequency of theZOH group

for 1 and 3 is found to be shifted from 3449 to 3409 cm21 and

from 3421 to 3396 cm21, respectively (Figures S2 and S6).

Both the stretching frequency of ZOH and ZNH groups for
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receptor 2 shifted from 3398 to 3378 cm21 and from 3092 to

3081 cm21, respectively (Figure S4). The same trend was

observed for receptor 4, with a shift from 3447 to 3417 cm21

(ZOH) and from 3135 to 3122 cm21 (ZNH) (Figure S8).

These shifts might be due to the participation of theZOH and

ZNH groups of the receptors in hydrogen bonding with

fluoride ions. Similar observations on the shifting of ZOH

and ZNH functionalities on H-bonding have been reported

earlier (26–30).

1H NMR studies

The 1H NMR (400 MHz) spectroscopy has been widely used

to investigate the receptor–substrate interactions as it

provides details of interactions between the host and the

guest. To evaluate the intermolecular interactions between

the receptors 1–4 with fluoride anion, we carried out

1H NMR studies in DMSO-d6. A partial 1H NMR spectra of

the receptors 1–4 are shown in Figures 2, S9–S11

(Supplementary data), respectively. The 1H NMR spectrum

in DMSO-d6 of 1 showed (Figure 2) changes on the addition

of fluoride ions: the ZOH proton signal (s, 1H) shifted from

d 12.01 to 10.05 ppm when 1 equiv. of F2 ions was added.

The 1H NMR spectrum of receptor 3 showed the signal at

d 12.8 (Figure S10) forZOH proton. TheZOH proton signal

(s, 1H) of receptor 3 was shifted from d 12.5 to 9.8 ppm

during the titration with 1 equiv. of tetrabutylammonium

fluoride (TBAF). The 1H NMR spectrum of receptor 4 is

shown in Figure S11, which shows the shifting of peaks

from d 9.82 to 9.39 ppm for ZOH and from d 5.3 to 5.2 ppm

for ZNH, respectively, upon addition of 1 equiv. of F2 ion.

With higher equivalents of F2, deprotonation of the receptors

1, 3 and 4 is possible to occur, and, indeed, we observed such

deprotonation and formation of HF2
2 in the 1H NMR spectra

of 1, 3 and 4 (DMSO-d6) as a new signal at 16 ppm (36–38)

(Figure 2). The 1H NMR spectrum of receptor 2 showed the

presence of ZOH and ZNH protons at d 9.32 and 5.15 ppm,

respectively (Figure S9). After the addition of 1 equiv. of F2,

the peaks were shifted from d 9.32 to 9.02 ppm forZOH and

from d 5.15 to 5.10 ppm for ZNH, respectively. This result

indicates that a hydrogen bond complex between 2 and

fluoride ion is formed (44). The increase of electron density in

the phenyl ring causes a shielding effect and should promote

an upfield shift that is expected to come from the formed

hydrogen bond (45). The absence of signal at 16 ppm might

be due to the strong formation of hydrogen bonds between the

fluoride ions and the ZOH and ZNH groups of receptor 2.

Colorimetric studies

The colorimetric sensing ability of receptors 1–4 with

halide anions (F2, Cl2, Br2 and I2) in CH3CN was

monitored by visual (naked eye) and UV–vis absorption

Figure 1. ORTEP plot of the crystal structure of 1.
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Scheme 1. Structures of receptors 1–4.
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methods. Microlitres of 1 £ 1022 M halide anions

(F2, Cl2, Br2 and I2) were added as tetrabutylammonium

salts to 5 £ 1025 M solutions of the receptors in CH3CN.

In the naked-eye experiments, receptors 1–4 (5 £ 1025 M

in CH3CN) showed dramatic changes from colourless

to yellowish brown (1 and 2), yellow (3) and red (4),

respectively, in the presence of 5 £ 1023 M TBAF

(Figures S12–S15). All the four receptors were found to

be insensitive to the addition of a large excess of Cl2, Br2

and I2 (up to 100 equiv.). Colour changes are most

probably due to the formation of hydrogen bond or

deprotonation between the ZOH groups (1 and 3) and

ZOH and ZNH (2 and 4), and fluoride ions. These H-bond

interactions or deprotonation affects the electronic proper-

ties of the chromophore, resulting in a colour change

along with a new charge-transfer interaction between the

fluoride-bound ZOH (1 and 3) and ZOH and ZNH (2 and

4), and the electron-deficient nitrophenyl group (42, 43).

Fluoride ions interact with the receptors more strongly due to

their higher electronegativity and their smaller size

compared with the other halides (44).

Observable changes also took place in CHCl3 and

DMSO solutions. Upon the addition of fluoride ions, the

colourless solutions became light yellow (1 and 3),

yellowish brown (3), red (4) in CHCl3 and, turned red (1, 3

and 4) and yellowish brown (2) in DMSO. The colours of

the receptors in CHCl3 and DMSO remained the same in

the presence of chloride, bromide and iodide.

UV–vis studies

The recognition behaviour of receptors 1–4 towards

halide anions was also investigated by UV–vis absorption

methods. Electronic spectra of the receptors showed

different transitions in CHCl3, CH3CN and DMSO and

the data are given in Table 1. UV–vis titrations were

carried out in CH3CN at a concentration level of

5.0 £ 1025 M upon addition of 0.01 ml (0.33 equiv.;

5 £ 1023 M) of TBAF and the spectra recorded are

shown in Figure 3(a)–(d). The band at around 220 nm is

assigned to the excitation of the p electrons of the

aromatic system. The band around 320 nm is due to

the transition between the p orbital localised on the

azomethine group (CvN) (45).

When fluoride anion was added to the solution of 1, the

intensity of bands at 323 and 366 nm decreased, while a new

peak at 503 nm appeared with a change of the solution from

colourless to yellowish brown as the fluoride concentration

increased, which indicated that a strong binding interaction

or deprotonation took place between the anions and receptor

1 with an isosbestic point at 405 nm. However, addition of

fluoride ions produced a shift around 18 nm in the

absorption for receptor 2 at 378 nm and also an increase

in the intensity of the absorption spectra with an isosbestic

point at 388 nm was observed with a colour change from

colourless to yellowish brown.

For receptor 3, the intensity of the peak at 300 nm

decreased with the addition of fluoride, whereas two new

peaks at 374 and 455 nm increased with an isosbestic point

at 363 nm was observed with a colour change of the

solution from colourless to yellow. Due to hydrogen bond

Table 1. UV–vis data for 1–4 in different solvents.

lmax (nm)

Solvent 1 2 3 4

CHCl3 334, 275, 241 372, 271, 210 349, 299, 243 385, 331, 220
CH3CN 366, 323, 215, 192 378, 286, 224, 197 347, 300, 299, 192 389, 336, 225, 210
DMSO 375, 328, 256 385, 292, 242 384, 317, 261 401, 342, 231

Figure 2. Partial 1H NMR (400 MHz) spectra of receptor 1 in
DMSO-d6 in the (a) absence, (b) presence of 1 equiv. and (c)
3 equiv. of [n-Bu4N]F.
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formation of ZOH (8) with F2 in organic medium, the

UV–vis absorption band was shifted to a longer

wavelength. It can be observed for receptor 4 that the

band at 336 nm decreased with two new peaks at 389,

535 nm and an increase with an isosbestic point at 361 nm

was observed with a colour change of the solution

colourless to red. Under the same conditions, there were no

significant changes with spectrum upon the addition of

tetrabutylammonium chloride, bromide and iodide ions

even in the presence of high concentration of anions

(.100 equiv.).

UV–vis titrations were carried out in CH3CN at a

concentration level of 5.0 £ 1025 M for the receptors 1–4

with a standard solution of n-Bu4OH [(0.01–0.06 ml)

5 £ 1023 M] and the spectra are shown in Supplementary

data (Figures S12–S15). In case of 1, 3 and 4, the receptors

absorbed at 366, 300 and 336 nm, respectively. Upon

titration with more than 1 equiv. of ZOH2, these bands

were decreased in intensity along with the appearance of

new absorption bands at 534, 533 and 529 nm,

respectively. With further successive addition of ZOH2

ions, these peaks increased in intensity stepwise. These

peaks reached their limiting value after the addition of

2 equiv. of OH2. This observation indicates that the

addition of more than 1 equiv. of ZOH2 deprotonates the

receptors indicated by the appearance of new absorbance

peaks (31–33).

On comparing the receptors 1–4, receptor 3 gave rise

to major changes in the ICT band at long wavelength in the

presence of 0–2 equiv. of F2. No such large variations at

longer wavelength absorption were observed for 1, 2 and 4

up to 2 equiv. of F2. Deprotonation of receptor 3 is more

favourable than other receptors because of the presence of

two nitro groups with extended p-conjugation. But

deprotonation of receptors 1 and 4 is favoured upon an

addition of more than 2 equiv. of F2. These observations

suggest that addition of more than 1 (3) or 2 (1 and 4)

equiv. of F2 resulted in the formation of the stable H-bond

complex [HF2]2 inducing deprotonation prevails the

Bronsted acid–base reaction (34, 35, 37–41). For receptor

2, no such absorption changes were observed. Hence, we

do not think that such deprotonation occurs in 2.

Consequently, we propose that the F2 recognition occurs

by the initial hydrogen bonding up to 1 (for receptor 3) or 2

(for receptors 1 and 4) equiv. of F2 to the receptor,

followed by deprotonation.

Similarly, the binding properties of receptors 1–4 with

AcO2 were investigated using UV–vis titration exper-

iments. The titrations were carried out in CH3CN at

5.0 £ 1025 M concentrations of receptors 1–4 upon

addition of incremental amounts of 0.01 ml (5 £ 1023 M)

of tetrabutylammonium acetate. No significant change was

observed with these receptors even after the addition of

3 equiv. of acetate ion, which may be attributed to their

lower basicity.

The binding constant for the fluoride complex for

receptors 1–4 was obtained from the variation in the

absorbance at the appropriate wavelength (503, 378, 455

and 336 nm, respectively). The binding constants (Ka) for

1–4 with fluoride were determined to be 5.2 £ 104,

1.6 £ 103, 1.7 £ 105 and 8.6 £ 103 M21. The higher

binding constant was achieved for receptor 3, which might

Figure 3. (a) UV–vis spectral changes observed for 1 upon
addition of fluoride anions in CH3CN. [1] ¼ 5 £ 1025 M;
[F2] ¼ 0–2 equiv. (b) UV–vis spectral changes observed for 2
upon addition of fluoride anions in CH3CN. [1] ¼ 5 £ 1025 M;
[F2] ¼ 0–2 equiv. (c) UV–vis spectral changes observed for 3
upon addition of fluoride anions in CH3CN. [1] ¼ 5 £ 1025 M;
[F2] ¼ 0–2 equiv. (d) UV–vis spectral changes observed for 4
upon addition of fluoride anions in CH3CN. [1] ¼ 5 £ 1025 M;
[F2] ¼ 0–2 equiv.
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be due to the introduction of another nitro group in 3,

which increases the acidity of phenolic ZOH group and

enhances the hydrogen bond-donating character of this

receptor (46). However, the decrease in the binding

constant values for 2 and 4 may be due to the absence of

extended p-conjugation.

Solvent effect can play a role in governing anion

binding and selectivity. Hence, the sensing ability of the

compound in the presence of halide anions has been

studied in different solvents, such as CHCl3 and DMSO.

The dipole and dielectric constant of DMSO are much

larger than that of CHCl3 and CH3CN is the reason for the

different behaviour observed for receptors 1–4 in the

presence of fluoride ions.

In aprotic solvents, the receptors 1–4 induced a colour

change with fluoride ions and upon addition of a few drops

of protic solvents (water, methanol, etc.), the colour

disappeared. This is because protic solvents compete for

fluoride ions with amide or amino groups. This

observation indicated that hydrogen bonding is involved

between the receptors and fluoride ions (47).

Experimental

Materials and methods

All the solvents CHCl3, CH3CN and DMSO were used as

HPLC grade and purchased from Qualigens (Mumbai,

India). Tetrabutylammonium salts of halides were pur-

chased from Aldrich Chemicals (Milwaukee, WI, USA).

The 1H and 13C NMR spectra were recorded on a JEOL

400 MHz spectrometer in DMSO-d6. The IR spectra were

recorded on a Perkin-Elmer FT-IR spectrometer. UV–vis

experiments were performed on a Perkin-Elmer FT UV–vis

spectrometer. Elemental analysis of the receptors was

obtained in Heraeus CHN rapid analyser. The EI-MS was

recorded using JEOL Gcmate. The crystal data were

collected on a Bruker Smart Apex CCD Diffractomer

equipped with a fine-focus sealed tube employing graphite

monochromatised Mo Ka radiation using v scan mode. The

structures were solved using SHELXS-97 and the model

was refined using SHELXL-97.

Synthesis of receptors

Synthesis of 4-methyl-2-[(4-nitrophenylimino)methyl]-

phenol (1)

Receptor 1 was synthesised by Schiff’s base conden-

sation between 2-hydroxy-5-methylbenzaldehyde and

p-nitroaniline. To a solution of 2-hydroxy-5-methylbenz-

aldehyde (0.5 g, 3.67 mmol) in methanol (25 ml),

p-nitroaniline (0.506 g, 3.67 mmol) in methanol (25 ml)

was added under stirring. The resulting mixture was

refluxed for 3 h and cooled to room temperature. The solid

product was collected by filtration and washed with cold

methanol. The microcrystalline compound was recrystal-

lised from hot ethanol; yellow coloured crystals suitable

for XRD were obtained on slow evaporation. Yield: 90%;

mp: 1488C. Elemental analysis: calcd: C, 65.62; H, 4.72;

N, 10.93%. Found: C, 65.60; H, 4.73; N, 4.70%. EI mass

(m/z): 257 (Mþ1)þ; IR [KBr, n (cm21)]: 3449, 1628,

1497. 1H NMR (400 MHz, (CD3)2SO): d 12.3 (s, 1H), 8.57

(s, 1H), 8.30–8.28 (d, 2H, J ¼ 8 Hz), 8.35–8.21 (m, 4H),

6.96–6.94 (d, 1H, J ¼ 7.76 Hz), 3.52 (s, 3H); 13C NMR

(100 MHz, (CD3)2SO): d 20, 117, 119, 122, 125, 129, 133,

136, 145, 147, 166.

Synthesis of 4-methyl-2-[(3-methyl-5-

nitrophenylimino)methyl]-phenol (2)

Receptor 2 was synthesised by the method as described

above from 2-hydroxy-5-methylbenzaldehyde (0.5 g,

3.67 mmol) and 2,4-dinitroaniline (0.672 g, 3.6 mmol) in

methanol (25 ml). Yield: 80%; mp: 1108C. Elemental

analysis: calcd: C, 65.11; H, 5.46; N, 10.85%. Found: C,

65.09; H, 5.47; N, 10.83%. EI mass (m/z): 259 (Mþ1)þ;

IR [KBr, n (cm21)]: 3398, 3092, 1497; 1H NMR

(400 MHz, CDCl3): d 9.25 (s, 1H), 8.06–8.04 (d, 2H,

J ¼ 7.6 Hz), 8.03–8.01 (d, 2H, J ¼ 7.2 Hz), 7.01 (s, 1H),

6.97–6.95 (d, 1H, J ¼ 7.1 Hz), 6.78–6.76 (d, 1H,

J ¼ 7.2 Hz), 5.15 (s, 1H), 4.38 (s, 2H), 2.24 (s, 3H);
13C NMR (100 MHz, (CD3)2SO): d 20.4, 43.7, 111.7,

113.3, 115.7, 123.7, 138.2, 158.3, 153.5.

Synthesis of 2-{(2,4-dinitrophenylimino)methyl}-4-

methylphenol (3)

To receptor 1 in methanol (25 ml), excess NaBH4 was

added in small portions and the mixture was stirred for 2 h

at 258C. The solvent was removed in vacuum and the

product was suspended in water (60 ml) and extracted with

CHCl3 (3£ 50 ml). The organic phase was dried with

anhydrous MgSO4, filtered and evaporated to dryness. The

product was recrystallised using chloroform to yield

receptor 2. Yield: 85%; mp: 1548C. Elemental analysis:

calcd: C, 55.82; H, 3.68; N, 13.95%. Found: C, 55.79; H,

3.70; N, 13.97%. EI mass (m/z): 303.1 (Mþ2)þ; IR [KBr,

n (cm21)]: 3421, 1624, 1484. 1H NMR (400 MHz,

(CD3)2SO): d 12.5 (s, 1H), 8.75 (s, 1H), 8.70–8.68 (d,

2H, J ¼ 7.9 Hz), 8.35 (s, 1H), 8.13–8.11 (d, 1H,

J ¼ 8.2 Hz), 8.10–8.08 (d, 1H, J ¼ 7.2 Hz), 7.09 (s, 1H),

2.49 (s, 3H); 13C NMR (100 MHz, (CD3)2SO): d 25.1, 119,

123, 128, 129, 131, 135, 142, 149, 152, 155, 169.

Synthesis of 2-{(2,4-dinitrophenylamino)methyl}-4-

methylphenol (4)

Receptor 4 was synthesised by the method as described

above.
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Yield: 78%; mp: 1788C. Elemental analysis: calcd: C,

55.45; H, 4.32; N, 13.86%. Found: C, 55.46; H, 4.31; N,

13.84%. EI mass (m/z): 305 (Mþ1)þ; IR [KBr, n (cm21)]:

3417, 3322, 1469; 1H NMR (400 MHz, CDCl3): d 9.82 (s,

1H), 8.33–8.31 (d, 2H, J ¼ 7.2 Hz), 8.29 (s, 1H), 6.92 (s,

1H), 6.84–6.82 (d, 1H, J ¼ 7.4 Hz), 6.81–6.79 (d, 1H,

J ¼ 7.7 Hz), 5.30 (s, 1H), 4.48 (s, 2H), 2.17 (s, 3H); 13C

NMR (100 MHz, (CD3)2SO): d 24.6, 45.1, 112.1, 113.1,

114.2, 129.1, 130.1, 132.2, 133.4, 149.2, 151.1, 152.3.

UV–vis spectroscopic methods

All solutions of receptors 1–4 (5 £ 1025 M) were made

up with HPLC grade CH3CN solvent. UV–vis absorption

titrations were carried by the addition of microlitres of

anions as tetrabutylammonium salts (5 £ 1023 M) and

cations as its perchlorate salts (5 £ 1023 M). The UV–vis

spectra were recorded after each addition.

Conclusion

In summary, we have designed and synthesised new

chromogenic receptors 1–4 containing phenolic moiety.

These receptors exhibit very high selectivity for fluoride

in the presence of large excess of Cl2, Br2 and I2. The

chromogenic receptors 1–4 developed yellowish brown

(1 and 2), yellow and red colours upon addition of fluoride

ions, respectively. Fluoride ions can be detected at ppm

level concentrations by the naked eye. Hence, the

receptors 1–4 can be used as a selective and simple

colorimetric sensor for fluoride ions.
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