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a b s t r a c t

2, 20-Dihydroxyazobenzene (DHAB) demonstrated high sensitivity and low selectivity toward three an-
ions: CN�, CO3

2�, and HCO3
�. In the presence of Cu(II), complex DHAB–Cu(II) could give rise to enhanced

fluorescence intensity by about 45-fold at 590 nm and visible red-to-reddish orange color change upon
the addition of cyanide by utilizing an indirect method, while no changes were observed in the presence
of other anions, including F�, Cl�, Br�, I�, H2PO4

�, CH3COO�, NO3
�, CO3

2� and HCO3
�, and SO4

2�, making the
DHAB–Cu(II) complex a selective and sensitive cyanide chemosensor.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Anions play a fundamental role in a wide range of chemical and
biological processes.1 However, in comparison with the relatively
large number of cation chemosensors, the development of anion
chemosensors is still a challenging area.2 Considerable attention
has been focused on finding better and more efficient ways to de-
tect anions that can be potentially harmful to the environment or
human health.3,4 One such anion is cyanide (CN�), which is prob-
ably one of the most toxic anions.5,6 Despite its acute toxicity, cy-
anide or hydrogen cyanide is used in many industries such as
synthetic fibers and resins, herbicides, gold extraction, etc., as well
as is found in many foods and plants.7 Therefore, reliable and ef-
ficient ways of detecting the presence of cyanide are quite neces-
sary. Among various approaches for the detection of cyanide,
fluorescence spectroscopy continues to play an important role in
molecular sensing on account of its high sensitivity, rapid response
rate, and relative low cost. Especially, colorimetric chemosensors
are most desirable, which could be widely used owing to the low
cost where a color change can be observed easily by the naked eye.8

Therefore, fluorescence or colorimetric probes are particularly at-
tractive.9 More recently, metal-based receptors have been estab-
lished as a class of anion receptors. The structural and geometrical
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flexibility of the metals provide an excellent way of organizing the
anion binding groups (e.g., hydrogen bonding moieties) for optimal
host–guest interactions.10 Copper complexes have been developed
as a new class for the detection of cyanide,11 considering that cy-
anide could form very stable complex with copper ions.12 Metal
coordination compounds with 2,20-dihydroxyazobenzene (DHAB)
are well known.13 However, there are no reports concerned with
the sensing of anions involving DHAB.

Herein, for the first time, we demonstrated that DHAB has
high sensitivity and low selectivity toward CN�, CO3

2�, and
HCO3

�. The high selectivity toward CN� was realized by the
complex DHAB–Cu(II), since the stability constant of the com-
plex formed by the anion (CN�) and the cation (Cu(II)) is larger
than that of the complex (DHAB–Cu(II)) of the cation (Cu(II))
and its ligand (DHAB).12 There are several advantages for this
‘new’ fluorescent system containing DHAB; first, the excitation
(490 nm) and emission (590 nm) wavelengths for the detection
of anions were in the visible range and large Stokes’ shift of
approximately 100 nm appeared in the presence of CN�; second,
the color change can be distinguished easily by the naked eyes
without any instruments; third, the chemosensor for CN� was
monitored by the fluorescent type ‘turn-on’ to get the maximum
signal-to-noise ratio; fourth, this observation indicates that the
DHAB–metal complexes may be a ‘new’ and useful class for
sensing of anions because DHAB can coordinate with many
metal cations.13
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Figure 3. Color changes of DHAB (3�10�5 M) in the presence (left) and absence (right)
of 3.0 equiv of copper ions in a mixture of H2O–MeOH (1/1, v/v, 10 mM HEPES at
pH 7.5).
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2. Results and discussion

2.1. Sensing of Cu(II) by DHAB

DHAB can coordinate with Cu(II) with 2/1 binding model (see
Fig. 1),13,14 however, there are no reports for the association con-
stant (Kass) between DHAB and Cu(II). DHAB (see Fig. 1) has two
tautomeric forms, the azo form and the hydrazone form.15a,b Fig-
ure 2 shows the UV–vis spectra of the solution of DHAB in the
presence and absence of copper ions. As indicated in Figure 2, the
bands at approximately 325 nm were assigned to the p–p* transi-
tion of the azo form and the bands at approximately 392 nm was
assigned to the p–p* transition of the hydrazone form.15 After ad-
dition of transition metal ions Cu2þ, the typical absorption peak for
the azo form of DHAB at 325 nm decreased and red-shifted, the
peak for the hydrazone form of DHAB at around 392 nm dis-
appeared, while a new absorption peak at around 499 nm appeared
due to the formation of complex between DHAB and Cu(II). Molar
extinction coefficient (3) of 1 was 1333 M�1 cm�1 at 499 nm, while
molar extinction coefficient (3) of 1 in the presence of 3.0 equiv of
Cu2þwas 20,133 M�1 cm�1 at 499 nm (Fig. 2). At the same time, the
original light yellow solution of DHAB became red after adding
Cu(II) (Fig. 3). The association constant (Fig. 2, right) of the complex
formed between DHAB and copper ions was calculated to be Kass of
2.24�108 M�2 (R¼0.997) (see Experimental part 4.6).16 The plot of
CDHAB/(A499ADHAB) as a function 1/CDHABCCu (Fig. 2, right) reveals
a straight line, further supporting the 2(DHAB)/1(Cu2þ)
stoichiometry.16
Figure 1. Two tautomeric forms of DHAB (a) azo form, (b) hydrazone form, and (c) the
chemical structure of the Cu (DHAB)2.

Figure 2. Absorption spectra of DHAB (3�10�5 M) in a mixture of H2O–MeOH (1/1, v/v, 10 m
(A499ADHAB) against 1/CDHABCCu at 499 nm (right). See text for the definition of parameters
2.2. Sensing of anions using DHAB

DHAB are well known coordination compounds with metals,13

while there are no studies for the sensing of anions based on
DHAB. For the first time, we tested the sensing ability of DHAB
toward anions. The anions examined included the following F�,
Cl�, Br�, I�with a spherical structure; CN�with a linear structure;
CO3

2�, HCO3
�, CH3COO�, NO3�with a trigonal planar structure; and

SO4
2�, H2PO4

� with a tetrahedral structure.17 Upon addition of CN�,
CO3

2�, and HCO3
� anions, the solution of DHAB changed from light

yellow to red (Fig. 4). As illustrated in Figure 5, after addition of
CN�, CO3

2�, and HCO3
� anions, the typical absorption peak for DHAB

at 325 nm decreased, the peak at around 392 nm disappeared,
while a new absorption peak at around 480 nm appeared due to
the formation of complex between DHAB and these three anions.
With lex¼480 nm, DHAB does not show any fluorescence, how-
ever, DHAB displayed enhanced fluorescence intensity at ap-
proximately 590 nm above 45-fold and about 40-fold after adding
CN�/CO3

2� and HCO3
�, respectively (Fig. 6). Also large Stokes’ shift

of about 100 nm was observed (Fig. 7, Fig. S1 and Fig. S2). Minimal
or no changes were observed with the other investigated anions
for the solution color changes, absorption spectra, and fluores-
cence emission at approximately 590 nm (Figs. 4–6). It may be
concluded that DHAB has sensitivity to CN�, CO3

2�, and HCO3
�

anions. Whereas it is difficult to distinguish CN� from CO3
2� and

HCO3
� anions, especially CO3

2�, because changes of the solution
color (light yellow to red), absorption spectra, and fluorescence
spectra were almost the same after adding CN� and CO3

2�. Thus,
DHAB has high sensitivity but low selectivity toward CN�, the
M HEPES at pH 7.5) upon titrating different molar ratios of Cu2þ (left) and plot of CDHAB/
.



Figure 4. Photographs of DHAB (3�10�5 M) in a mixture of H2O/MeOH (1/1, v/v, 10 mM HEPES at pH 7.5) in the presence of various anions (6.0�10�4 M). Anions from left to right:
blank, F�, Cl�, Br�, I�, CH3COO�, CN�, H2PO4

�, NO3
�, CO3

2�, HCO3
�, and SO4

2�.

Figure 5. Absorption spectra changes of DHAB (3�10�5 M) in a mixture of H2O–MeOH
(1/1, v/v, 10 mM HEPES at pH 7.5) in the presence of various anions (6.0�10�4 M).

Figure 7. Excitation and emission spectra of DHAB (3�10�5 M) in a mixture of H2O–
MeOH (1/1, v/v, 10 mM HEPES at pH 7.5) in the presence of CN� (6.0�10�4 M).
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limitation of the selectivity inhibits its application for sensing of
the toxic CN�.

2.3. Selectivity of CNL anion using DHAB–Cu(II) complex

The association constant of the complex formed between DHAB
and copper ions 2.24�108 M�2 (Fig. 2) was much smaller than the
Figure 6. Fluorescence intensity changes of DHAB (3�10�5 M) in a mixture of H2O/MeOH
lex¼480 nm. Anions from left to right: blank, F�, Cl�, Br�, I�, CH3COO�, CN�, H2PO4

�, NO3
�, CO

absence of various anions, respectively.
stability constant of copper ions and cyanide.11d Thus, we expect
that the limited selectivity of DHAB might be overcame if we used
DHAB–Cu(II) instead of only DHAB because the added CN� might
capture the copper ions from the complex of DHAB–Cu(II), whereas
CO3

2� and HCO3
� anions might be masked (Scheme 1).11 As shown in

Figures 8 and 9, only the addition of CN� to the DHAB/Cu(II)
complex solution caused the blue shifted and decreased absorption
peak at around 500 nm and the enhancement of the fluorescent
(1/1, v/v, 10 mM HEPES at pH 7.5) in the presence of various anions (6.0�10�4 M),

3
2�, HCO3

�, and SO4
2�. I and I0 are the fluorescence intensity of DHAB in the presence and



Figure 8. Absorption spectra changes of DHAB–Cu2þ (2.0�10�5 M/2.0�10�5 M) in
a mixture of H2O/MeOH (1/1, v/v, 10 mM HEPES at pH 7.5) in the presence of various
anions (5.0�10�4 M).

Scheme 1. The possible process for the sensing of cyanide (CN�) based on 2, 20-
dihydroxyazobenzene (DHAB).

Figure 9. Fluorescence intensity changes of DHAB/Cu2þ (2.0�10�5 M/2.0�10�5 M) in a mix
(5.0�10�4 M), lex¼490 nm, lem¼590 nm. Anions from left to right: blank, F�, Cl�, Br�, I�, CH
of DHAB–Cu2þ in the presence and absence of various anions, respectively.
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intensity at 590 nm by about 45-fold, while there is almost no
changes for both absorption spectra and fluorescent emission at
590 nm after adding other investigated anions, especially CO3

2� and
HCO3

� anions. Thus, CO3
2� and HCO3

� anions were efficiently mini-
mized by the complex of DHAB–Cu(II) and the high selectivity of
DHAB–Cu(II) for CN� was demonstrated (Figs. 8 and 9), which was
attributed to the large stability constants (Kass) between copper
ions and cyanide anions ([Cu(CN)2]�, K¼1.00�1024; [Cu(CN)4]3�,
K¼2.00�1030).11 At first, the addition of copper ions to the solution
of DHAB caused the appearance of the absorption peak at 499 nm
(Figs. 2 and 8), indicating the formation of the complex of DHAB
and copper ions, and the DHAB/Cu(II) did not show emission at
590 nm (Figs. 9 and 10); then in the second stage, due to the much
higher stability constant of cyanide and copper ions, the added
cyanide could snatch the copper ions from the complex of DHAB
and copper ions (Scheme 1);11 at last, the further added cyanide
could coordinate with DHAB, which induced the increased emis-
sion at 590 nm by about 45-fold (Figs. 6 and 10) and the color
changes of the solution was light yellow-red-reddish orange, which
could be observed by the naked eyes without any instruments
(Scheme 1). The plot (Fig. 10, right) of I0/(I–I0) versus [G]�2 shows
a good linear relationship with R¼0.992 based on the fluorescence
titration experiments (Fig. 10, left), which supported the 1/2
binding model between DHAB and CN� ions in the presence of
copper ions.18 The plot of I0/(I–I0) versus [G]�1 (Fig. S3), however,
showed a poor linear relationship with R¼0.954, suggesting that
the 1/2 binding model between DHAB and CN� ions was further
confirmed. The association constant (Kass) was estimated as
4.8�105 M�2 from the ratio of the y-intercept to the slope of the
plot in Figure 10 (right).18 Moreover, the sensitivity of DHAB in the
presence of copper ions toward CN� (Fig. S4) almost did not in-
terfere in the existence of CO3

2� and HCO3
� anions, even when the

concentrations of CO3
2� and HCO3

� ions were increased 30-fold
compared to that of the CN� ions. These results show that DHAB–
Cu(II) system has a high selectivity and sensitivity for CN� ions.
3. Conclusions

In conclusion, we report a ‘new’ colorimetric fluorescent ‘turn-
on’ chemosensory (DHAB–Cu (II)) for CN� ions by an indirect
method. The detection of CN� was monitored by fluorescence
spectroscopy, which provides advantages over UV–vis spectros-
copy11 because of its high sensitivity, rapid response rate, and rel-
ative low cost. DHAB could coordinate with many metal cations and
metal complexes can be used for the sensing of anions, 10,17 Thus,
ture of H2O/MeOH (1/1, v/v, 10 mM HEPES at pH 7.5) in the presence of various anions

3COO�, CN�, H2PO4
�, NO3

�, CO3
2�, HCO3

�, and SO4
2�. I and I0 are the fluorescence intensity



Figure 10. Fluorescence emission spectra of DHAB/Cu2þ (2.0�10�5 M/2.0�10�5 M) upon progressive addition of CN� in a mixture of H2O/MeOH (1/1, v/v, 10 mM HEPES at pH 7.5)
(left) and the plot of I0/(I–I0) versus [G]�2 (right) based on 1/2 binding model. I0 and I are the fluorescence intensity of DHAB–Cu2þ at 590 nm in the absence and presence of CN�

anions, respectively. [G] is the concentration of CN� anions.
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this observation indicates that the DHAB–metal complexes may be
useful fluorescent chemosensors for sensing of anions whose rec-
ognition process is based on the metal–ligand interaction. We are
currently working along these lines.
4. Experimental

4.1. Materials and instrumentations

DHAB, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), CuCl2, NaF, NaCl, NaBr, KI, NaCN, CH3COONa, NaH2PO4,
NaNO3, Na2CO3 and NaHCO3, and Na2SO4 were commercially
available, methanol (MeOH) was analytical grade, doubly distilled
water was used. All spectroscopic measurements were performed
in a mixture of H2O–MeOH (1/1, v/v, 10 mM HEPES buffer solution,
pH 7.5). The UV–vis spectra were measured using a Hitachi U-2010
spectrometer at 25 �C. The fluorescence emission spectra were
measured using a Hitachi F-4500 spectrometer at 25 �C. Excitation
slit size was 10.0 nm and emission slit size was also 10.0 nm. Scan
speed was set at 240 nm/min.
4.2. Preparation of solutions for the sensing of Cu(II) by DHAB

A solution of DHAB (60 mM) was prepared in H2O–MeOH (1/1, v/v,
10 mM HEPES buffer solution, pH 7.5); then 2.0 mL of the solution
of DHAB was placed in a quartz cell (10.0 mm width) and the UV
absorption spectrum was recorded before and after the addition of
2.0 mL of Cu2þ (0–180 mM) in H2O/MeOH (1/1, v/v, 10 mM HEPES
buffer solution, pH 7.5) to the solution of DHAB.
4.3. Preparation of solutions for the sensing of anions
by DHAB

A solution of DHAB (30 mM) was prepared in H2O–MeOH (1/1,
v/v, 10 mM HEPES buffer solution, pH 7.5); then 4.0 mL of the so-
lution of DHAB was placed in a quartz cell (10.0 mm width) and the
UV absorption spectra and fluorescence spectra were recorded
before and after the addition of 20.0 equiv of the investigated an-
ions to the solution of DHAB. The fluorescence spectra of each so-
lution were recorded with excitation at 480 nm. The anion
recognition behavior of DHAB was evaluated from the changes in
fluorescence spectra at the emission wavelength of 590 nm upon
addition of that sodium salt.
4.4. Preparation of solutions for the sensing of anions
by DHAB–Cu(II)

A solution of DHAB (20 mM) with Cu2þ (20 mM) was prepared in
H2O/MeOH (1/1, v/v, 10 mM HEPES buffer solution, pH 7.5); then
4.0 mL of the solution of DHAB–Cu (II) was placed in a quartz cell
(10.0 mm width) and the UV absorption spectra and fluorescence
spectra of each solution was recorded after adding 25 equiv of the
investigated anions. The fluorescence spectra of each solution were
recorded with excitation at 490 nm. The anion recognition behavior
of DHAB was evaluated from the changes in fluorescence spectra at
the emission wavelength of 590 nm upon the addition of that so-
dium salt.
4.5. Preparation of solutions for the sensing of CNL

by DHAB–Cu(II)

A stock solution of DHAB (40 mM) with Cu2þ (40 mM) was pre-
pared in H2O/MeOH (1/1, v/v, 10 mM HEPES buffer solution, pH 7.5);
the solution of NaCN was introduced in portions and the UV ab-
sorption spectra and fluorescence intensity changes were recorded
at room temperature each time.
4.6. Calculation of the association constant (Kass) between
DHAB and Cu(II)

Bearing the 2(DHAB)/1(Cu2þ) association stoichiometry in
mind,14 the relationship among absorbance of the mixture (A), the
initially prepared DHAB concentration (C0), and the concentration
of copper ions (Cg) can be expressed by the following equation:16

C0

A� 3MC0
¼
�

1
kað3D � 23MÞ

�
1

C0Cg
þ 4

3D � 23M

where 3M and 3D are molar extinction coefficients of the DHAB in
the absence and presence of copper ions, respectively, at a wave-
length of 499 nm. The association constant Kass can thus be calcu-
lated to be 2.24�108 M�2, extracted from intercept/[4�slope].
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