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and synthesized on basis of the mechanism of intramolecular charge transfer (ICT). Upon addition of
ClO−, the probes displayed around 20 nm redshift in the absorption maximum, accompanied with the
color change from orange to pink, which were attributed to the reaction of the oxime groups with ClO−

to form aldehyde groups. The probes were highly selective for ClO− detection without the interference
of other ions and oxidants.

© 2010 Elsevier B.V. All rights reserved.

olorimetric probes
ypochlorite anion

. Introduction

Hypochlorite anion (ClO−) is encountered widely in our daily
ife. For example, sodium hypochlorite is frequently used as a
isinfectant and a bleaching agent. Typically, it is used in the con-
entration range of 10−5 to 10−2 M [1]. However, concentrated
ypochlorite solutions are a potential health hazard to human
nd animals [2]. On the other hand, hypochlorite anion is one of
he biologically important reactive oxygen species (ROS) [3–5],
nd it plays a critical role in the immune system. Endogenous
lO− is essential to life and has important antibacterial proper-
ies. However, the abnormal production of hypochlorite can lead
o tissue damage and diseases, such as cardiovascular diseases [6],
euron degeneration [7], arthritis [8], and cancer [9,10]. There-

ore, it is of great interest to detect hypochlorite by sensitive
nd selective methods. Unfortunately, only a limited number of
elective hypochlorite/hypochlorous acid fluorescent probes has
een constructed [11–15], most of which respond to hypochlo-
ite/hypochlorous acid with changes only in fluorescent intensity.
owever, in many cases, colorimetric-based probes are especially
ttractive, as it allows naked eye detection of the analyte without
esort to any expensive equipment [16–27]. To our best knowledge,
o colorimetric probes for hypochlorite have been reported thus
ar. We therefore wanted to develop a colorimetric probe which
isplayed a color response to hypochlorite using intramolecular
harge transfer (ICT) as a signaling mechanism. An ICT system con-
ains an electron donor and an electron acceptor. Modulation of

∗ Tel.: +86 21 6779 2436; fax: +86 21 6779 2306.
E-mail address: dqzhang@dhu.edu.cn.

386-1425/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2010.05.028
the electronic features of the substituents could manipulate ICT to
afford a large wavelength shift in the spectra of chemodosimeter
before and after treatment with an analyte [11,28–34]. Therefore,
we decided to employ this key feature of ICT in our colorimetric
probe design.

It is noted that aldehyde groups can be protected as oximes,
which are rapidly deprotected by ClO− at room temperature
[35]. In the present work, we attempted to apply this reac-
tion to design compounds 1 and 2 as colorimetric probes
for hypochlorite (Scheme 1). We hypothesized that the oxime
protective group could be removed by ClO− to give the alde-
hyde group [11]. Thus, oximes 1 and 2 were transformed into
aldehydes 6 and 7, respectively. As N,N-dimethylaniline is an
electron-donoring group and the electron-withdrawing ability of
the aldehyde group is stronger than that of the oxime group,
it was expected that the maximum absorption of compounds
6 and 7 should have a redshift relative to those of com-
pounds 1 and 2 due to stronger ICT. Therefore, “protected” 1,
2 and “deprotected” 6 and 7 may be suitable for the develop-
ment of colorimetric ClO− probes based on regulation of the
electron-withdrawing ability of the electron acceptor in the ICT
system.

2. Experimental

2.1. Apparatus
NMR spectra were recorded on Mercury Plus 400NB NMR spec-
trometer using tetramethylsilane (TMS) as an internal standard.
The elemental analyses were performed with Vario EL III Ele-
ment analyzer. UV–vis absorption spectra were recorded with a UV

dx.doi.org/10.1016/j.saa.2010.05.028
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:dqzhang@dhu.edu.cn
dx.doi.org/10.1016/j.saa.2010.05.028
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The miscellaneous competitive ions and oxidants did not lead to
any significant changes in the visible region. The wavelength shift
of absorption resulting from the addition of the ClO− ion was not
influenced by any subsequent addition of miscellaneous ions and
oxidants. All these experiments implied that the selectivity of 1
cheme 1. Synthetic routes to compounds 1 and 2 and the structure of control
ompound 3.

102 spectrophotometer of TECHCOMP with quartz cuvette (path
ength = 1 cm).

.2. Reagents

Unless otherwise stated, all reagents were purchased from
ommercial suppliers and used without further purification.
wice-distilled water was used throughout all experiments.
,N-dimethylaniline, 4-aminobenzaldehyde and hydroxylamine
ydrochloride were purchased from Shanghai Sinopharm Chem-

cal Reagent Co., Ltd. 4-Amino-3-nitrobenzaldehyde was prepared
ccording to the method of Nagano [36] in the yield of 58%.

.3. Synthesis and characterization of compounds 1–3

.3.1. 4-((4-(Dimethylamino)phenyl)diazenyl)benzaldehyde (6)
Compound 6 was synthesized according to documented proce-

ures [37].
1H NMR (400 MHz, 400 MHz, CDCl3) ı 10.06 (s, 1H), 7.90–7.99

m, 6H), 6.76 (q, 2H), 3.12 (s, 6H).

.3.2. 4-((4-(Dimethylamino)phenyl)diazenyl)benzaldehyde
xime (1)

Compound 6 (0.5 g, 2 mmol), hydroxylamine hydrochloride
0.16 g, 2.33 mmol) and Et3N (0.236 g, 2.33 mmol) in ethanol were
eated to 60 ◦C for 3 h. After the reaction, the solvent was removed
nder reduced vacuum. The resulting residue was purified by
ecrystallization from C2H5OH:H2O (1:1) to give magenta product
0.45 g, 84%). 1H NMR (400 MHz, d6-DMSO): ı = 11.39 (s, 1H), 8.21
s, 1H), 7.78–7.81 (m, 4H), 7.73 (d, J = 8.4 Hz, 2H), 6.84 (d, J = 9.2 Hz,
H), 3.07 (s, 6H). 13C NMR (100 MHz, d6-DMSO): 152.7, 152.6, 147.6,
42.6, 133.9, 127.2, 124.8, 122.1, 111.5. Elemental analysis Calcd for
15H16N4O (268.13): C, 67.15; H, 6.01; N, 20.88. Found: C, 67.01; H,
.24; N, 20.45.

.3.3. 4-((4-(Dimethylamino)phenyl)diazenyl)-3-
itrobenzaldehyde (7)

7 was synthesized according to the previous literature [37].
1H NMR (400 MHz, d6-DMSO): 10.08 (s, 1H), 8.51 (s, 1H), 8.22

d, J = 8.4 Hz, 1H), 7.88 (d, J = 8.4 Hz, 1H), 7.80 (d, J = 9.2 Hz, 2H), 6.90
d, J = 9.2 Hz, 2H), 3.14 (s, 6H).

.3.4. 4-((4-(Dimethylamino)phenyl)diazenyl)-3-
itrobenzaldehyde oxime (2)

Compound 7 (0.6 g, 2 mmol), hydroxylamine hydrochloride
0.16 g, 2.33 mmol) and Et3N (0.236 mg, 2.33 mmol) in ethanol

ere heated to 60 ◦C for 3 h. After the reaction, the solvent was

emoved under reduced vacuum. The resulting residue was puri-
ed by recrystallization from C2H5OH:H2O (1:1) to give purple red
roduct (0.5 g, 79.8%). 1H NMR (400 MHz, d6-DMSO): ı = 11.71 (s,
H), 8.28 (s, 1H), 8.14 (s, 1H), 7.95 (d, J = 8.8 Hz, 1H), 7.74–7.77 (m,
art A 77 (2010) 397–401

3H), 6.86 (d, J = 9.2 Hz, 2H), 3.11 (s, 6H). 13C NMR (100 MHz, d6-
DMSO): 153.5, 147.2, 146.3, 144.3, 142.8, 134.1, 129.9, 125.8, 121.4,
118.6, 111.7. Elemental analysis Calcd for C15H15N5O3 (313.12): C,
57.50; H, 4.83; N, 22.35. Found: C, 57.35; H, 4.95; N, 22.03.

2.3.5. N,N-Dimethyl-4-(p-tolyldiazenyl)aniline (3)
Compound 3 was prepared similarly to 1 and 2 in 87% yield.

1H NMR (400 MHz, d6-DMSO): ı = 7.76 (d, J = 9.2 Hz, 2H), 7.68 (d,
J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 9.2 Hz, 2H), 3.05 (s,
6H), 2.37 (s, 3H). Elemental analysis Calcd for C15H17N3: C, 75.28;
H, 7.16; N, 17.56. Found: C, 75.02; H, 7.38; N, 17.77.

3. Results and discussion

3.1. Spectral characteristics

The optical properties of 1, 2, 6, 7 and 3 were studied in 0.1 M
phosphate buffer, pH 9.2/DMF (4:1, v/v) at room temperature.
In comparison to the absorption spectrum of the reference com-
pound 3, those of probes 1, 2, 6 and 7 displayed a redshift peak
(Fig. 1). These bathochromic shift were apparently attributed to
ICT between the N,N-dimethylaniline moiety and the oxime or
aldehyde group, as designed. The presence of nitro group in 2
enhanced the intramolecular charge transfer character compared
with 1, and gave rise to 36 nm red shifted absorption spectrum
compared with 1. Additionally, the absorption spectra of 6 and 7
showed longer redshift than those of 1 and 2, respectively. These
were consistent with the fact that the aldehyde group has stronger
electron-withdrawing ability than the oxime group.

As shown in Fig. 2, 1 showed maximum absorption at 453 nm
with the molar extinction coefficients (ε) of 2.1 × 104 L mol−1 cm−1,
corresponding to the intramolecular charge transfer character (ICT)
of the chromophore due to the push–pull effect. Upon the introduc-
tion of ClO− (32 equiv.) into the solution of probe 1 (10 �M), the
absorption maximum of 1 shifted from 453 to 475 nm.

UV–vis spectral changes (Fig. 2) of 1 in competitive ions and
oxidants were undertaken in the presence of Na+, K+, Mg2+, Zn2+,
Cu2+, Al3+, Cl−, CH3COO−, SO4

2−, NO2
−, ClO4

−, NO, ClO3
−, CO3

2−,
Fe3+ and H2O2 in phosphate buffer solution, pH 9.2/DMF (4:1, v/v).
Fig. 1. Normalized absorption spectra of 1, 2, 6, 7 and 3 in 0.1 M phosphate buffer,
pH 9.2/DMF (4:1, v/v).
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Fig. 2. UV–vis spectra of probe 1 (10 �M) in the presence of ClO− and miscella-
neous ions and oxidants including Na+, K+, Mg2+, Zn2+, Cu2+, Al3+, Cl− , CH3COO− ,
SO4

2− , NO2
− , ClO4

− , NO, ClO3
− , CO3

2− , Fe3+ and H2O2 (32 equiv.) in phosphate buffer
solution, pH 9.2/DMF (4:1, v/v) at room temperature.
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ig. 3. UV–vis spectra of 2 (10 �M) in the presence of different concentration of
lO− (0–32 equiv.) in phosphate buffer solution, pH 9.2/DMF (4:1, v/v) at room
emperature. Each spectrum was recorded 1 min after ClO− addition.

or the ClO− ion over other competitive ions and oxidants was
emarkably high.

The presence of nitro group in 2 enhanced the intramolecular
harge transfer character compared with 1, the absorption spec-
rum of 2 showed a band centered at 489 nm with an extinction
oefficients of 3.2 × 104 L mol−1 cm−1. As shown in Fig. 3, upon
ddition of ClO−, the absorption peak of 2 centered at 489 nm grad-
ally decreased with the concomitant formation of a redshift band
eaked at 510 nm, corresponding to a color change from orange
o pink, which were clearly visible to the naked eyes (Fig. 4). The
itration profile of 2 with ClO− demonstrates that the detection of

−
lO is possible at the 2 �M level. The wavelength shift of absorp-
ion indicating 7 was formed by the interaction of oxime with ClO−,
ncreasing the electron-withdrawing ability, resulting in a stronger
CT of the chromophore. In addition, the probe was stable because
o obvious change in the absorption spectrum was observed

ig. 4. Visual color changes of 2 (10 �M) in the presence of different species
32 equiv.) in phosphate buffer solution, pH 9.2/DMF (4:1, v/v).
Fig. 5. Effect of pH on the reaction of 2 (10 �M) with ClO− (32 equiv.): 2 (�), 2 + ClO−

(�).

after the probe’s solution was stored at room temperature for a
week.

3.2. Optimization of experimental conditions

Various experimental conditions, such as the concentration of
the probe, reaction media, pH, temperature and time, were exam-
ined to optimize the reaction conditions. The results show that both
the background and response signals increase with increasing con-
centration of the probe. In this study a concentration of 10 �M of
the probe was used because sufficient absorption signal could be
obtained at this concentration. The water solubility of the probe
was limited, and the use of 20% (v/v) DMF as a co-solvent is required
in this system. Time-course studies revealed that the conversion of
1 and 2 into 6 and 7 by ClO−, respectively, was very rapid, this
suggested that probes 1 and 2 can be used to monitor ClO− in
real time. Fig. 5 depicts the effect of pH on the reaction. As can
be seen, 2 showed pH-dependence in the detection of hypochlo-
rite, the absorption ratio was increased above pH 7.5, considering
the pKa of HClO is 7.6 [12,15], we concluded that 2 detects ClO−

rather than HClO. We decided to study the photophysical and sens-
ing properties of probe 2 at pH 9.2, as the probe was much more
sensitive. As a result, a reaction medium of 0.1 M phosphate buffer
(pH 9.2) that contained 20% (v/v) DMF, and a reaction time of 1 min
at room temperature were chosen for the present reaction.

3.3. Selectivity

For an excellent chemosensor, high selectivity is a matter of
necessity. To evaluate the selectivity of 2 for ClO−, we measured
the absorption spectral changes of 2 in phosphate buffer solution,
pH 9.2/DMF (4:1, v/v) upon addition of other cations, anions and
oxidants. As shown in Fig. 6, no obvious absorption spectra changes
were observed upon addition of Na+, K+, Mg2+, Zn2+, Cu2+, Al3+, Cl−,
CH3COO−, SO4

2−, NO2
−, ClO4

−, NO, ClO3
−, CO3

2−, Fe3+ and H2O2
compared with the redshift of 2 with ClO−, indicating that deox-
imation reaction was a key for the selective recognition of ClO−.
These phenomena suggested the high selectivity of 2 for ClO− over
other cations, anions and oxidants.

Achieving high selectivity for the analyte of interest over a com-
plex background of potentially competing species is a challenge in
sensor development. Thus, the competition experiments were con-

ducted in the presence of 32 equiv. of different species at 10 �M of
2 mixed with ClO− (32 equiv.), respectively. No significant variation
in absorption intensity was found in comparison of that containing
only ClO− (Fig. 7). Moreover, no obvious interference in its absorp-
tion was observed when performing the titrations with ClO− in
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Fig. 6. UV–vis spectra of probe 2 (10 �M) in the absence and presence of 32 equiv.
of various species in phosphate buffer, pH 9.2/DMF (4:1, v/v).
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ig. 7. A510/A489 change profile of 2 (10 �M) to 32 equiv. of ClO− in the presence of
ifferent competing species (32 equiv.) in phosphate buffer solution, pH 9.2/DMF
4:1, v/v).

he mixture of other cations, anions and oxidants. These facts indi-
ated that probe 2 could be used for selective detection of ClO−

ven under competition from other related species.

.4. Mechanism

The reaction mechanism in the present system was studied.
he generation of 6 and 7 as a product might be responsible
or the shift of absorption spectrum of 1 and 2, respectively. To

rove this, the reaction product between 1 and ClO− was iso-

ated and subject to the standard characterization. In Fig. 8, the
eak at 11.39 ppm, which was assigned to oxime (–C N–OH),
isappeared after reaction of ClO− and at the same time a new

ig. 8. Partial 1H NMR (DMSO-d6, 400 MHz) spectra of (a) probe 1 and (b) the sep-
rated product of probe 1 + ClO− .
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peak at 10.06 ppm, which was the characteristic resonance of
aldehyde (–CHO), appeared. The 1H NMR of the isolated product
was identical with that of the standard compound 6, demon-
strating that 1 was deprotected by ClO− ions to give aldehyde
6. The determination of ClO− was based on this specific reac-
tion.

4. Conclusion

In conclusion, on the basis of a specific reaction for hypochlorite
and exploiting a ICT mechanism, we have successfully developed
two colorimetric probes, 1 and 2, which are highly sensitive and
specific for the detection of ClO−. Most importantly, the recognition
of ClO− gave obvious color changes from orange to pink, which
was clearly visible to the naked eyes. Moreover, the competition
experiments showed the interference from other common ions and
oxidants was minimal. Due to the simplicity and sensitivity of the
analysis, this sensor would have many opportunities in a variety of
settings requiring rapid and accurate ClO− analysis. We anticipate
that this probe will be of great benefit to biomedical researchers
for studying the effects of ClO− in biological systems.
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