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derivatives were synthesized for
anion sensor evaluation.
� It is a very good naked eye detection
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� The sensor has detection limit of

0.71 lM for acetate.
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A series of novel, highly selective azo dye-thiosemicarbazones based anion sensors (3e–f) have been syn-
thesized from the condensation reaction between thiosemicarbazide and six different azo salicylaldehy-
des. The structure of the sensors was confirmed by spectroscopic methods. The selectivity and sensitivity
in the recognition for acetate anion over other anions such as fluoride, chloride, iodide and dihydrogen-
phosphate anions were determined by naked-eyes and UV–vis spectra. The color of the solution contain-
ing sensor had an obvious change from light yellow to orange only after the addition of acetate anion in
aqueous solution (water/dimethylsulfoxide, 7:3, v/v) while other anions did not cause obvious color
change. The anion recognition property of the receptor via proton-transfer is monitored by UV–vis titra-
tion and 1H NMR spectroscopy. Under condition in aqueous solution of sensor 3e (water/dimethylsulfox-
ide, 7:3, v/v), linearity range for the quantification of acetate anion was 1–22 lM and limit of detection
(LOD) of acetate anion was 0.71 lM.
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Introduction

It is well known that azo colorants are the most versatile
class of dyes [1]. While compounds with a thiosemicarbazone
structure and their transition metal complexes have a wide
range of biological activities, some of them are antiviral [2], anti-
fungal [3], antibacterial [4], antitumor [5], antioxidant [6],
analgesic and anti-inflammatory properties [7]. Such thiosemi-
carbazones have been reported to be useful as chemosensors
[8]. The design of host molecules that can recognize and sense
anions selectively through visible has received considerable
interest in recent years because of the important roles played
by the anions in biological, industrial, and environmental pro-
cesses [9]. In biological and environmental systems, anion–sen-
sor interactions commonly occur in aqueous solution, therefore,
much attention has been paid to developing anion sensors that
work in the aqueous phase [10]. It is still a challenge to design
the anion sensors with high selectivity and sensitivity in a com-
petitive media. As a subset of the anion receptor, the chromo-
genic anion sensors have shown unique merit, because they
can reveal the host-anion binding information through a change
of color [11]. Generally colorimetric chemosensor is made up of
two main fragments, which involve the binding sites that inter-
act with anions either electrostatically or through hydrogen
bonding and the signal parts that connect to the binding sites
either directly or intramolecularly linked which show the color
changes in the anion recognition procession [12].

The sensors based on colorimetric determination of anions are
still challenges for investigators and they attract much interest.
In particular, to develop the naked-eye detection technique for
the analytes without using any expensive equipment is of great
interest in recent years.

In this paper, we designed and synthesized new and simple an-
ion receptors 3a–f containing both azo dye and thiosemicarbazone
unit and studied their anion recognition behaviors. In addition, the
sensing processes can be realized by the ‘naked-eye’ determination
as it has a remarkable color response.
Experiment

General

All solvents and reagents were purchased from commercial
sources and used as received. IR spectra were recorded on Perkin
Elmer SPECTRUM GX, FT-IR spectrophotometer. Spectra were
recorded as pressed KBr disc. The 1H and 13C NMR spectra were
measured with a Bruker AVANCE 400 spectrometer operating at
400 and 100 MHz, respectively. The chemical shifts (d) are reported
Scheme 1. Synthetic proced
in ppm, and coupling constants (J) are given in Hz. The spectra
were taken in CD3SOCD3 and the residual solvent signal of CH3-

SOCH3 at d 2.50 and 39.5 was used as reference for 1H and 13C
NMR spectra. The HRMS mass spectra were recorded on micrOTOF
spectrometer.

Synthesis

General procedure for sensors 3a–f synthesis
Synthesis derivatives of azo aromatic aldehyde 2a–f. The structures
of synthesized azo aromatic aldehyde are shown in Scheme 1.
A 0 �C solution I of aniline derivatives (10 mmol) in deionized
(DI) water (10 mL) and HCl (2 mL) was prepared. A 0 �C solution
II of NaNO2 (15 mmol) in DI water (5 mL) was dropwised into the
solution I. The mixture was stirred for 10 min. A solution of
Na2CO3 (30 mmol) in DI water (30 mL) at 0 �C was added alde-
hyde derivatives 1a or 1b (10 mmol). The solution of aldehyde
derivatives and Na2CO3 was dropwised into the mixture solution
of I and II and then the solution was stirred 2 h in cool bath. The
reaction was adjusted the pH to 7 by adding the solution of HCl.
The precipitated products 2a–f were filtered and heated in the
oven.

Synthesis derivatives of thiosemicarbazone 3a–f. Thiosemicarba-
zone (1 mmol) was added into the solution of azo aromatic alde-
hydes 2a–f (1 mmol) in ethanol (10 mL) and acetic acid (10
drops). The reaction was stirred and refluxed for 6–7 h. After
heating, the precipitated products 3a–f were filtered and heated
in the oven.

Sensor 3a

Yield: 99.91%, m.p. = 197–210 �C. IR (KBr, cm�1); 3432, 3256,
3162, 1602, 1514, 1559, 1107, 762. 1H NMR (d6-DMSO,
ures for sensors 3a–3f.
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400 MHz): d 3.93 (s, 3H), 7.02 (m, 2H, H-2 and H-5), 7.24 (m, 1H,
H-20), 7.47 (m, 2H, H-3 and H-4), 7.71 (d, J = 8.7 Hz, 1H, H-30), 8.08
and 8.15 (br s, 2H, NH2), 8.45 (s, 1H, ArACH@NA), 8.52 (s, 1H, H-
60), 11.48 (s, 1H, OH). 13C NMR (d6-DMSO, 100 MHz): d 55.9
(OCH3), 113.3, 116.3, 116.8, 120.4, 120.9, 122.3, 124.8, 132.1,
138.7, 141.6, 145.9, 156.2 (aromatic carbons), 159.0 (C@N),
177.8 (C@S). HRMS (+eV): m/z (% rel. intensity): 330.1005
[M + H]+ (100).
Sensor 3b

Yield: 58.92%, m.p. = 223 �C. IR (KBr, cm�1); 3306, 1601, 1531,
1559, 1111, 766, 686. 1H NMR (d6-DMSO, 400 MHz): d 3.91 (s,
3H, OCH3), 7.42 (s, 1H, H-20), 7.51 (m, 3H, H-3,4,5), 7.84 (d,
J = 7.5 Hz, H-2 and H-6), 8.10 and 8.16 (br s, 2H, NH2), 8.30 (br s,
1H, ArACH@N), 8.48 (br d, J = 2.2 Hz, 1H, H-60), 11.49 (br s, 1H,
OH). 13C NMR (d6-DMSO, 100 MHz): d 56.0 (OCH3), 101.3, 119.1,
120.8, 122.1, 129.3, 130.6, 138.4, 144.9, 148.7, and 149.4 (aromatic
carbons), 152.0 (ArAC@NH–), 177.9 (C@S). HRMS (+eV): m/z (% rel.
intensity): 352.0831 [M + Na]+ (100).
Sensor 3c

Yield: 45.63%, m.p. = 235–236 �C. IR (KBr, cm�1); 3356, 1596,
1503, 1539, 1123, 834. 1H NMR (d6-DMSO, 400 MHz): d 3.87
and 3.92 (s, 6H, 2 � OCH3), 7.07 (d, J = 7.9 Hz, 2H, H-3), 7.37
(s, 1H, H-60), 7.81 (d, J = 8.4 Hz, 2H, H-2), 8.05 and 8.13 (br s,
2H, NH2), 8.19 (s, 1H, ArACH@NA), 8.45 (s, 1H, H-20), 11.46
(s, 1H, OH). 13C NMR (d6-DMSO, 100 MHz): d 55.5 and 55.9
(2 � OCH3), 101.4, 114.5, 118.2, 120.7, 124.0, 138.5, 144.9,
146.1, 148.6 and 148.8 (aromatic carbons), 161.3 (ArACH@NA),
177.8 (C@S). HRMS (+eV): m/z (% rel. intensity): 360.1104
[M + Na]+ (100).

Sensor 3d

Yield: 75.95%, m.p. = 215 �C. IR (KBr, cm�1); 3451, 3366, 3325,
1601, 1469, 1532, 1129, 864, 827, 787. 1H NMR (d6-DMSO,
400 MHz): d 3.82 and 3.90 (s, 6H, 2 � OCH3), 7.06 (br s, 1H, H-
4), 7.42 (br m, 4H, H-2,5,6 and 60), 8.11 and 8.17 (br s, 2H,
NH2), 8.31 (s, 1H, ArACH@NA), 8.48 (s, 1H, H-20), 11.50 (s, 1H,
OH). 13C NMR (d6-DMSO, 100 MHz): d 55.3 and 55.9 (2 � OCH3),
101.2, 105.7, 115.8, 116.9, 119.4, 120.7, 130.1, 138.4, 144.6,
148.8, 149.9 and 153.3 (aromatic carbons), 160.0 (ArACH@NA),
177.8 (C@S). HRMS (+eV): m/z (% rel. intensity): 382.0938
[M + Na]+ (100).
Sensor 3e
Yield: 55.09%, m.p. = 213 �C. IR (KBr, cm�1); 3338, 1605, 1474,
1529, 1128, 753. 1H NMR (d6-DMSO, 400 MHz): d 3.89 (s, 3H,
OCH3), 7.28 (s, 1H, H-60), 7.69 (d, 1H, J = 7.6 Hz, H-6), 7.69 (t, 1H,
J = 7.6 Hz, H-4), 7.82 (t, 1H, J = 7.6 Hz, H-5), 8.07 (d, 1H, J = 7.6 Hz,
H-3), 8.10 (s, 1H, H-20), 8.17 and 8.38 (s, 2H, ANH2), 8.45 (s, 1H,
ArACH@NA), 11.51 (s, 1H, OH). 13C NMR (d6-DMSO, 100 MHz): d
55.9 (OCH3), 100.7, 118.7, 120.9, 121.1, 124.2, 130.6, 133.6,
138.0, 144.6, 144.9, 146.4 and 148.9 (aromatic carbons), 150.9
(C@N), 177.9 (C@S). HRMS (+eV): m/z (% rel. intensity): 397.0670
[M + Na]+ (100).



Fig. 2. Comparison of relative absorbance at 510 nm of sensor 3a–f to various
anions.
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Sensor 3f

Yield: 95.57%, m.p. = 194–197 �C. IR (KBr, cm�1); 3508, 3160,
2981, 2367, 1595, 1559, 1534, 1488, 1353, 1280, 1160, 1112. 1H
NMR (d6-DMSO, 400 MHz): d 7.07 (d, J = 8.6 Hz, 1H, H-50), 7.67
(m, 3H, H-60, 4 and 5), 7.83 (m, 1H, H-6), 8.08 (br d, J = 6.0 Hz,
2H, NH2), 8.19 (s, 1H, ArACH@NA), 8.44 (s, 1H, H-20), 8.63 (s,
1H, H-3), 11.51 (s, 1H, OH). 13C NMR (d6-DMSO, 100 MHz): d
117.6, 119.0, 121.7, 122.8, 124.5, 126.5, 131.2, 133.9, 138.5,
144.9, 145.9 and 147.1 (aromatic carbons), 160.8 (C@N), 178.3
(C@S).

General procedure for UV–vis experiments

Deionized water was used throughout all experiments. All UV–
vis spectroscopy was carried out just after the addition of anions in
DMSO or a DMSO/H2O binary solution, while keeping the sensor
Fig. 1. UV–vis absorption spectra of 3a–e (2.0 � 10�5 M) in the presence of 10 eq
concentration constant (2.0 � 10�5 M) on a Perkin Elmer Lamb-
da25 UV–vis spectrometer. All anions (AcO�, F�, Cl�, Br�, I� and
H2PO�4 ) were used as tetra-n-butylammonium salts.
Results and discussion

The synthesis of 3a–f were obtained in good yields by simple
condensation reactions between aldehyde and amine, followed
by coupling with thiosemicarbazide. The chemical structures of
the newly prepared compounds were confirmed by 1H NMR, 13C
NMR and HRMS spectra data (Scheme 1).

The colorimetric sensing abilities were primary investigated by
adding various anions such as F�, Cl�, Br�, I�, AcO� and H2PO�4
(tetrabutyl ammonium was used as a countercation) to DMSO
solutions of sensors 3a–f (2 � 10�5 M). The addition of 5 equiv.
of Cl�, Br�and I� anions did not result in any color or spectrum
uiv of various anions in DMSO; (a) 3a, (b) 3b, (c) 3c, (d) 3d, (e) 3e and (f) 3f.



Fig. 3. UV–vis absorption changes of 3e with various anions (10 equiv); (a) 3e = 5 � 10�5 M in 2:3 H2O/DMSO and (b) 3e = 2 � 10�5 M in 7:3 H2O/DMSO.

Fig. 4. (a) UV–vis spectrum changes of 3e (2 � 10�5 M) upon addition of acetate anion (0–4 equiv.) in 7:3 H2O/DMSO (v/v). (b) Job’s plot analysis of 3e-AcO� complex in 7:3
H2O/DMSO (v/v) indicates a 1:1 stoichiometry.

Fig. 5. Benesi–Hildebrand plot (495 nm) using Eq. (1), assuming 1:1 stoichiometry
for association between 3e and AcO� anion.
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changes. However, it was observed that the addition of AcO�,
H2PO�4 and F� anions, all sensors responded with dramatic color
changes from yellow to purple. In the corresponding UV–vis spec-
trum, a new and strong absorption peak appeared at 500–550 nm
(Fig. 1). Fig. 2 shows the comparison of relative absorbance at
510 nm of sensors 3a–f to various anions. Evidently, the changes
in the absorption spectral profile of 3e is better than other. The
most remarkable color based changes were observed with azo-sen-
sor, 3e appended with nitrophenyl substituent. The results indi-
cated the nitro group on the azobenzene unit could improve not
only anion binding ability of 3e but also their visible sensing
ability.

In H2O/DMSO binary solutions, as it can be anticipated, the an-
ion sense abilities of the sensor vary with the volume ratio of
water. As shown in Fig. 3a and b in H2O/DMSO (2: 3, 7:3, v/v,
respectively) solution, 3e showed an obvious color change upon
addition of AcO�, H2PO�4 and F�. For AcO�, sensor 3e showed the
color change from purple to orange in H2O/DMSO (2: 3, 7:3, v/v)
solution. Therefore, in H2O/DMSO (7:3, v/v)) solution, sensor 3e
has the single colorimetric selectivity to AcO�.

UV–vis titrations of 3e were carried out in H2O/DMSO (7:3, v/v)
solution at a concentration level of 5.0 � 10�5 M upon incremental
addition of tetrabutylammonium acetate up to 5 equivalents and
the resulting spectra are shown in Fig. 4a. The first band in the
wavelength 332 nm was assigned to the transition between the
p-orbital localized on the central band of azomethine group
(CH@NA). The second band located in the wavelength of 400 nm
is due to an intramolecular charge transfer (CT) transition within
the whole molecule [13]. This band is more important in salicyl-
aldimine compounds which indicate the presence of strong intra-
molecular hydrogen bond between the hydroxyl group and the
azomethine nitrogen that causes planarity of the molecules and
facilitates the charge transfer bands which are more sensitive to
solvent changes than bands resulting from local transition [13].
Upon addition of AcO�, the presence of AcO� resulted in the inten-
sity of the absorbance band at 332 nm decreasing gradually and
the absorbance band at 400 and 495 nm increasing gradually,
simultaneously accompanied with significant color changes from
light yellow to orange with an isobestic point at 383 nm (Fig. 4a)
indicating the sensor 3e reacted with AcO� and formed stable
complex.

The stoichiometry between the sensor 3e and acetate was
determined by Job’s plot with a total concentration of 20 lM,
which showed evident 1:1 stoichiometry for small quantities of
acetate in aqueous solutions (H2O/DMSO, 7:3, v/v) (Fig. 4b).

The association constant of 3e with AcO� was calculated based
on the UV–vis titration through the Benesi–Hildebrand equation
[14], which was given as follows:



Fig. 6. Partial 1H NMR titration of 3e (0.05 M) in DMSO-d6 with [BuN4]OAc.

Scheme 2. Proposed host–guest binding mode of 3e and AcO�.
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1
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A0, A, and A1 is the absorbance of free 3e, measured with AcO� and
measured with excess amount of AcO� at 510 nm, respectively and
K is the association constant and [AcO�]0 is the concentration of
AcO� anion added. Plotting of 1/(A�A0) versus 1/[AcO�] showed a
linear relationship (Fig. 5), which indicates that 3e associates with
OAc� in a 1:1 stoichiometry. The association constant (K) between
3e and AcO� is determined from the ratio of intercept/slope to be
2.7 � 103 M�1. The limit of detection of sensor 3e toward AcO�

was obtained according to UV–vis titration and was at least down
to 0.71 lM in aqueous solution (H2O/DMSO, 7:3, v/v). The linearity
range for the quantification of acetate anion was 1–22 lM [15].

In order to investigate the biding sites of sensor 3e for AcO�, 1H
NMR spectral changes upon the addition of AcO� as their tetrabu-
tyl ammonium salts to the DMSO-d6 solution of 3e (0.05 M) were
investigated with increasing amounts of AcO� as shown in Fig. 6.
The chemical shifts of the NAH proton of the amide groups, which
are associated with the binding process, did not appear in the pro-
ton NMR spectrum, even before anion was added, probably due to
chemical exchange with the solvent. Upon addition of 1.0 equiv of
acetate, the signals of phenol AOH and ANH2 shifted upfield from
11.51 ppm, 8.38 ppm and 8.17 ppm to 11.09 ppm, 7.79 ppm and
7.61 ppm, respectively. The signals of H02, H3, H5, H4 and H06 shifted
upfield from 8.10 ppm, 8.07 ppm, 7.82 ppm, 7.69 ppm and
7.28 ppm to 7.95 ppm, 7.76 ppm, 7.56 ppm, 7.27 ppm and
7.05 ppm, respectively. This was attributed to the increase of the
electronic density of the aromatic system and caused a shielding
effect, leading to progressive upfield shift of the signals [16]. In
addition, owing to the through-bond effects, the signal of AOH
and ANH2 shifted upfield and stopped after adding of 1 equiv. of
AcO�, indicating that AOH and ANH2 did not act as a biding site.
These results further support our interpretation that the interac-
tion of the anions with the sensor is mainly due to proton-transfer
to the anions rather than hydrogen-bonding. It seemed that the
selectivity of 3e for AcO� could be ascribed to the basicity of the
anions in aqueous solution. Consequently, according to the results
of 1H NMR titration, the proposed binding mode of 3e and AcO�

was given below in Scheme 2.
Conclusions

In summary, we have designed and synthesized sensors 3a–f
based on azo dye-thiosemicarbazones. UV–vis spectra showed that
3e is a good sensor in selective colorimetric recognition for acetate
over other anions such as F�, Cl�, Br�, I�, H2PO�4 in aqueous
solutions (H2O/DMSO, 2:3, v/v). Naked-eyes detectable color
changes and single colorimetric recognition for AcO� were realized
successfully in aqueous solution, which made it possible to detect
AcO� for practical analysis and application.
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