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This paper presents a new colorimetric reversible fluorescent turn-on chemosensor molecule for zinc ion
based on an azobenzene derivative. The basal fluorescence intensity of the chemosensor molecule is little
affected under physiological pH 5-9, whilst the excitation (507 nm) and emission (610 nm) wavelength
of the molecular probe for zinc ion is in the visible range.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The design and synthesis of chemosensors with high se-
lectivity and sensitivity for heavy and/or transition metal
(HTM) ions continues to be an active area of supramolecular
chemistry.!~® Since Zinc is the second-most-abundant transi-
tion-metal ion in the human body, the detection and imaging
of Zn?* in biological samples are of paramount interest owing
to the role of this cation in physiological functions. As Zn%* is
invisible to most analytical techniques, fluorescence techniques
stand out as the method of choice. This method utilizes a probe
molecule that recognizes Zn>* and emits a specific wavelength
upon binding, which in turn allows tracking of zinc ions in live
cells with fluorescence microscopy.!%-2> Metal coordination
compounds with 2,2'-dihydroxyazoarenes are well known.?627
Studies on complexes involving 2,2’-dihydroxyazobenzene as
ligand have been described.?8-39 However, derivatives of 2,2'-
dihydroxyazobenzene suggested for sensing of metal ions is
still rare.4°

Herein, we present a new colorimetric fluorescent turn-on
chemosensor molecule that responds to zinc ion using an
azobenzene-containing fluorescent molecule, compound 1 (see
Scheme 1). There are several advantages for this new fluores-
cent Zn’>* chemosensor molecule. First, 1 has no emission
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signal at 610 nm in the absence of Zn?", and the emission
signal at 610 nm and large Stokes shift of 103 nm appear in the
presence of Zn?*. Second, the colour change from light yellow
(in the absence of Zn?*) to reddish orange (in the presence of
Zn?>*) can be distinguished easily by the naked eye, while
subsequent addition of ethylenediamine tetraacetic acid (EDTA)
results in recovery of the original colour. Third, the chemo-
sensor molecule is selective for Zn?* without interference
other biologically important metal ions, such as Cu?>* and Mg?*.
Fourth, the excitation and emission wavelength of the molec-
ular probe is in the visible range that can minimize cell and
tissue damage. This observation indicates that the molecular
probe may be useful for sensing and imaging of zinc ions under
physiological conditions.
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Scheme 1. Synthetic route to the fluorescent chemosensor molecule, compound 1.
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2. Results and discussion
2.1. Synthesis and characterization

1 was derived from 2,2-dihydroxyazobenzene (DHAB) and 10-
undecenoyl chloride, and was characterized by Fourier-transform
infrared (FTIR) spectroscopy, 'H nuclear magnetic resonance (NMR)
spectroscopy, thin layer chromatography (TLC) and electrospray
ionization mass-spectrometry (ESI-MS). The synthesis of com-
pound 1 is straightforward and is illustrated in Scheme 1.

1 has two tautomeric forms, the azo form and hydrazone form
(see Fig. 1). Intramolecular hydrogen bonds*! are present irre-
spective of the form that it takes. The FTIR spectra showed a weak
narrow band at 3072 cm™!, indicating the absence of free OH and
NH groups due to the formation of stable intramolecular hydrogen
bonds. The band at 3072 cm™! was assigned to the vibration of a N-
H group, which participates in the intramolecular hydrogen bond,
NH---O (see Supplementary data, Fig. S1).
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Figure 1. Two tautomeric forms (azo form (left) and hydrazone form (right)) of 1.

2.2. Effect of pH

The deprotonation and protonation behaviour of 1 at various pH
values were examined (Scheme 2). A strong base, sodium hydrox-
ide, was used to deprotonate 1. A change in the UV-vis spectra and
fluorescence intensity was observed while the colour of the solu-
tion changed from light yellow to reddish orange (see Figs. 2-4 and
Supplementary data, Fig. S2). As indicated in Figure 3, the bands at
approximately 325 nm and 477 nm were assigned to the -+
transition of the azo form and the band at approximately 384 nm
was assigned to the m-m+ transition of the hydrazone form.*!
Clearly, the w—7t* band of 1 at approximately 325 nm decreased and
that at 384 nm disappeared, while a new peak appeared at 477 nm
with increasing pH, i.e., 1 exists as the azo form alone. The red-shift
in absorption encountered after adding a base is consistent with the
deprotonation of the hydroxyl group (pK,=9.38, see Fig. S3) in the
neutral form to yield an anionic species. This results in an increase
in the electron density of Ph—-N=N-Ph, which leads to an increase
in electron delocalization (Scheme 2). This delocalized ®-conju-
gated bond is energetically higher, resulting in a red shift in the
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-7+ transition from 325 nm to 477 nm and a significantly higher
fluorescence intensity. Importantly, this process can be reversed
completely by adding acid (hydrochloric acid), thereby recovering
the absorption and FL spectra. The protonation of 1 was also ex-
amined (see Scheme 2) using a strong acid, hydrochloric acid.
When H" approaches 1, it should attack the electron-rich nitrogen
atom,*? but the absorption and FL spectra changed slightly (see
Figs. 3 and 4 and Supplementary data, Fig. S2). The results suggest
that the basal fluorescence intensity of 1 is little affected under
physiological pH 5-9. It should be noteworthy that this aspect is
quite important for many further biological applications that the
sensor molecule doesn’t respond to changes in pH.

2.3. Selectivity to metal ions

The metal selectivity of 1 is illustrated in Figure 5, Figures S4 and
S5. Upon adding alkali and alkaline earth metal ions such as K* and
Mg?*, the absorption spectra changes slightly. After addition of
transition metal ions except for Fe>*, the typical absorption peak
for 1 at 325 nm decreases, while a new absorption peak at around
500 nm appeared due to the formation of complex between 1 and
metal ions. In order to further study the selectivity of 1 toward
metal ions, fluorescence spectra were measured using two excita-
tion wavelengths (320 nm and 507 nm) based on the two absorp-
tion peaks. For Aex=320 nm, alkali and alkaline earth metal ions
such as K™ and Mg?* do not result in any significant response from
1. However, transition metal ions increase or quench the fluores-
cence intensity at 355 nm slightly. Surprisingly, a new peak at
around 600 nm appeared only after adding Zn?*. With Aex=507 nm,
1 displayed a large CHEF (chelation-enhanced fluorescence) effect
only with Zn®>*, whereas minimal or no changes were observed
with the other metal ions. When Mg®*, Cu®*, Co?* or Cd** were
added to the 1/Zn** system, the fluorescence intensity was little
affected, meaning that the sensing of 1 for Zn®>* was not influenced
by other metal ions. Thus, it may be concluded that 1 has special
selectivity and sensitivity to Zn>".

2.4. Detection of Zn?"*

At neutral state, upon coordinating Zn®", the deprotonation of 1
is promoted,’® the elevated electron density after Zn®**-co-
ordination decreases the energy gap between HOMO and LUMO of
the -7 transition, and the absorption spectra undergoes a red-
shift, the typical absorption peak for the hydrazone form of 1 dis-
appeared, and the colour of the solution changed from light yellow
to reddish orange (Figs. 6-8 and Fig. S6). For Aex=507 nm, free 1
(®r=0.0029) has little detectable fluorescence at 610 nm, a distinct
enhancement of the fluorescence intensity at 610 nm (®r=0.17) and
large stokes shift of 103 nm was observed upon interaction with
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Scheme 2. Deprotonation and protonation behavior of 1.
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Figure 2. Images of 1 at different pH in a mixture of H,O/MeOH (4:6, v/v, with 10.0 mM buffer), the number on each bottle represents the pH of the solution.
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Figure 3. (a) Change in the UV-vis absorption spectra of 1 (6x10~> M) in a mixture of H,O/MeOH (4:6, v/v, with 10.0 mM buffer) at different pH; (b) effect of pH on the change in
the absorption spectra of 1 (6x10~> M) in a mixture of H,O/MeOH (4:6, v/v, with 10.0 mM buffer) at 325 nm, 384 nm and 477 nm.
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Figure 4. Effect of pH on the changes in fluorescence intensity of 1 (6x10> M) in
a mixture of H,0/MeOH (4:6, v/v, with 10.0 mM buffer).

5 equiv Zn>* (Fig. 6a and Fig. S7). An enhancement factor (EF, I/lo) of
above 15 at 610 nm was found in the presence of 5 equiv of Zn**
which was attributed to the formation of the complex between 1
and Zn?* (Fig. 6a). A peak at m/z 825.2 in the electrospray ionization
(ESI) HPLC mass spectra (Fig. S8) provides strong evidence for the
formation of the complex for 2(1)-Zn?*.#32 The approximate Job’s
plot*? also suggests that 1 forms a 2:1 complex with Zn?* (Fig. 6b),
with a K,s of 4.0x10° M2, as calculated from non linear least-
square equation (see Supplementary data, Eq. 1544). In addition, we
confirmed the reversibility of the fluorescence intensity and color
change of 1 by removing the Zn>* ion bound to 1 by treatment with
a strong chelate ethylenediamine tetraacetic acid (EDTA) due to the
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Figure 5. Fluorescence intensity changes of 1 (3x10~> M) in a mixture of H,0/MeOH
(4:6, v[v, 10 mM HEPES at pH 7.0) in the presence of various metal ions (1.5x10~4 M),
Jex=507 nm. Metal ions from left to right: blank, K*, Mg?*, Co?*, Ni**, Cu®*, Zn*",
Pd?*, €d?*, Fe?*, Zn?* and Mg?*, Zn?* and Cu?*, Zn?* and Co?*, Zn?>* and Cd?*.Tand I,
are the fluorescence intensity of 1 in the presence and absence of various metal ions.

great difference in association constant (K,ss) between EDTA and 1
with Zn®* ions (log Kass of EDTA with Zn?* is 16.4, which indicates
that EDTA binds much more strongly with Zn?* ion than 1%°) (see
Fig. 8). As expected, the reddish orange color of 1 in the presence of
Zn?* ion was changed into the original light yellow upon the EDTA
treatment. Because Zn®>* ion bound to 1 is dissociated by EDTA, 1
can be repeatedly used by renewing with EDTA. Moreover, the
absorption spectra and the fluorescence intensities of 1 in the
presence of 5 equiv of Zn>* ion at pH values ranging from 4.0 to
12.0 were measured (see Supplementary data, Figs. S9-S11). As
expected, 1-Zn(II) complex is not subject to interference induced by
pH changes and exhibits almost constant fluorescence intensity at
pH values above 5.0.
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Figure 6. (a) Fluorescence emission spectra of 1 upon progressive addition of Zn?>* and fluorescence intensity at 610 nm versus concentration of Zn®* ions (3x10~> M) in a mixture
of H,0/MeOH (4:6, v/v, 10 mM HEPES at pH 7.0), Aex=507 nm. The arrow indicates the spectral change upon addition of Zn?*; (b) Job’s plots of 1 and Zn?*, Aex=507 Nm, Aer,=610 nm;
I and Iy are the fluorescence intensity of 1 in the presence and absence of Zn?*, respectively; the total concentration of 1 and Zn?* ion is 0.1 mM, pH 7.0.
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Figure 7. Metal ion-coordination-promoted deprotonation causes the bathochromic
shift of the spectra of 1.

3. Conclusions

In conclusion, we report a new colorimetric reversible fluo-
rescent turn-on chemosensor molecule for zinc ion. The long-
visible-wavelength excitation (507 nm) and emission (around
600 nm) profile of the molecular probe minimizes cell and tissue
damage. The remarkable difference in the emission color of the
molecular probe before and after Zn®>* binding is of advantage for
imaging applications. A ‘turn-on’ emission or shift in the emission
color upon binding to Zn®>* should be ideal for in vivo imaging.
This observation indicates that the probe may be useful for
sensing and imaging of zinc ions under physiological conditions. It
is likely that the observations made in this effort will provide the
basis for a new strategy for the design of azobenzene based
fluorescent chemosensor molecules. The insensitivity of 1-Zn(II)
complex to pH opens the way to the design of fluorosensor
molecules for anions, whose recognition processes are based on
the metal-ligand interaction. We are currently working along
these lines.
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Figure 8. Fluorescence emission spectra of 1 (3x10~> M) in a mixture of H,0/MeOH
(4:6, v/v, 10 mM HEPES at pH 7.0), Ax=507 nm and visual color changes of 1 in
a mixture of H,0/MeOH (4:6, v/v, 10 mM HEPES at pH 7.0) upon addition of 5 equiv
Zn** and 12 equiv EDTA.

4. Experimental
4.1. General

Thin layer chromatography (TLC) was carried out on alumina
backed plates coated with Merck silica gel Fy54. Column chroma-
tography was performed on silica gel 60F (Merck 9385, 0.040-
0.063 nm). The Fourier-Transform Infrared (FTIR) spectra were
recorded at room temperature on a JASCO FTIR 460 Plus operated at
a resolution 4 cm~!. TH NMR spectra were recorded on a Varian
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Gemimi-2000 (300 MHz) spectrometer. Electrospray lonization
(ESI) Mass-Spectrometry was performed using agilent 1100 LC/
MSD SL instrument. The UV-vis spectra were measured using
a Hitachi U-2010 spectrometer. The fluorescence emission spectra
were measured using a Hitachi F-4500 spectrometer. Stock buffer
solutions (20 mM) of various pH values were prepared in a MeOH/
H,0 cosolvent (v/v, 6/4). PHP (potassium hydrogen phthalate, pH
2.5-5.0), MES (2-morpholineoethanesulfonic acid, pH 5.5-6.5),
HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, pH
7.0-8.0), EPPS (4-(2-hydroxyethyl)piperazine-1-propanesulfonic
acid, pH 8.2-8.5), and CHES (2-(cyclohexylamino)-1-ethanesulfonic
acid, 9.0-10.0) were used to cover different pH ranges. pH above 10
was obtained by adding small amount of NaOH. 0.06 mM of 1 and
10.0 mM of buffer were used for both absorption and fluorescence
measurements.

4.2. pK, determination

The pK; values were determined spectrophotometrically.*® The
spectra were observed from 200 nm to 600 nm initially and after
each subsequent pH adjustment. The pH adjustments and spec-
troscopic measurements were made until an end-point was
reached, and the pK; values were obtained using the following
equation:

A—Ap-
pKa = pH + log;g (ﬁ)
n

where A is the absorbance, In~ and HIn are the deprotonated form
(at 477 nm) and the protonated form (at 325 nm) of the compound,
respectively. The reliability of an individual pK, value was de-
termined graphically and repeated twice for confirmation.

4.3. Quantum yield measurements

Quantum yields for fluorescence were measured by comparing
the integrated area of the corrected emission spectrum of the
samples with that of a solution of fluorescein in 0.1 N NaOH, which
has a quantum efficiency of 0.95.14%7 The quantum efficiency of the
metal-free 1 was measured by using a dilute sample of 1
(1x10-%M) in 10 mM HEPES, pH=7.0. The quantum efficiency of
metal-bound compound was measured by using a dilute sample of
1 (8x10~7M) and 5 equiv ZnCl, in 10 mM HEPES, pH=7.0. The
concentration of the reference was adjusted to match the absor-
bance of the test sample at the wavelength of excitation. Emission
for 1 and 1-Zn?* was integrated from 550 to 650 nm with excita-
tion at 507 nm. The quantum yields were calculated with the fol-
lowing equation:

son - () () (2) o

where s is the standard, x is the unknown, A is the absorbance at the
excitation wavelength, F is the integrated area under the emission
curve, 7 is the refractive index of the solvent and @ is the quantum
yield.

44. Synthesis of compound 1

10-Undecenoyl chloride (2.3 mmol, 466 mg) was added to
a mixture of 2,2'-dihydroxyazobenzene®>“® (1.5 mmol, 321 mg),
K,CO3 (4.5 mmol, 621 mg) and 18-crown-6 (50 mg) in dry acetone
(50 ml) and the mixture was refluxed for 15 h. After cooling to room
temperature, the mixture was filtered and evaporated. The residue
was dissolved in ethyl acetate, washed with water and dried over
MgSOg4. The resulting residue was then dried. The crude product

was purified by column chromatography and eluted with a solvent
gradient ranging from 10 to 20% ethyl acetate in petroleum ether to
yield 1 as an orange solid (425 mg, 75% yield). '"H NMR (300 MHz,
CDCl3, 25 °C, TMS): 6=7.01-7.94 (m, 8H), 5.81 (m, 1H), 4.95(t, 2H),
2.69 (m, 2H), 2.05 (m, 2H), 1.79 (m, 2H), 1.29-1.33 (m, 10H). MS-ESI
(m/z): [M+1]" 381.3.
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