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7-Nitrobenzo-2-oxa-1,3-diazole (NBD) derived compound 1 bearing triazole binding site was used as
a selective fluorescent and colorimetric sensor for Hg>* in aqueous solution. Among the metal ions
examined, only Hg?* caused significant fluorescence quenching in EtOH/HEPES (v/v=9:1) at pH 7.4,
along with a remarkable red shift in both absorption and fluorescence spectra which then facilitated
naked-eye detection. 'H NMR titration and control experiments by using more rigid triazolyl NBD

derivative 2 were carried out to illustrate the complexation mode and the importance of cooperation of
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amino acid moiety and triazole ring in improving the binding ability of 1 to Hg>*.
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1. Introduction

Contamination of mercury is a worldwide concern for decades
due to its extreme toxicity, causing adverse effects on human
health. Accumulation of mercury in vital organs and tissues may
cause serious damages to the central nervous and endocrine
systems [1]. Therefore great efforts have been devoted to the design
of highly selective and sensitive chemosensors for detection of
Hg?" in recent years [2]. So far there have been several approaches
based on organic fluorophores [3], DNAzyme [4], nanoparticles [5],
protein [6] and conjugated polymers [7]. However, development of
facile and practical chemosensors for Hg?* is still a great challenge.

Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction
between azide and alkyne is widely used as versatile tools in organic
synthesis, medicinal chemistry, bioconjugated application and
material chemistry [8]. Recently it was found that triazole could be
a stabilizing ligand for coordination chemistry [9]. Incorporation
with appropriate fluorophores, chemosensors based on triazole
have been reported for various metal ions [10]. In our previous work,
we have also reported selective detection of Zn?*, Ni** and Cu®*
through precise introduction of triazole into various fluorophores
[10n—r]. However, up to now there are still rare reports for the
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detection of mercury using triazole group as the binding sites,
especially in aqueous solution [10a—c]. NBD derivatives have been
widely used as fluorescent labeling reagents for their good spectral
properties and cell permeability [11]. Furthermore, chemosensors
based on NBD have been reported for various transition metal ions
by virtue of ICT (intramolecular charge transfer) and PET (photo-
induced electron transfer) processes [12]. As a continuous work on
development of chemosensors for metal ions based on triazole
coordination chemistry, compounds 1 and 2 containing NBD as
signaling moiety and triazole as recognition moiety were used as
double-channel fluorescent and colorimetric sensors for metal ions
(Fig. 1). Meanwhile amino acid groups were integrated to investi-
gate structure-dependent sensitivity.

2. Experimental section
2.1. Reagents and instruments

The tested metal salts included Cu(ClO4);, AgNOs3, Ba(ClO4)2, Mn
(Cl04)2, Co(Cl0g4)2, Cd(ClOg4), Zn(ClO4);, Ni(ClO4),, Fe(ClO4),, Pb
(Cl04)2, Mg(Cl0g4),, Ca(ClO4); and Hg(ClO4),. Solvents of spectro-
scopic grade are purchased from SDS/Carlo Erba.

Absorption spectra were recorded on a Uvikon-940 KON-TRON
spectrophotometer and corrected emission spectra were per-
formed on a Jobin-Yvon Spex Fluorolog 1681 spectrofluorometer
(1 cm quartz cell was used). The fluorescence quantum yield (®f)
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Fig. 1. Molecular structure of compounds 1 and 2.

was determined by the standard method using coumarin 153 in
ethanol as reference. The refractive index of the solvent was taken
into account in the measurement. Fluorescence intensity decays
were obtained by the single-photon timing method with pico-
second laser excitation by use of a Spectra-Physics setup composed
of a titanium sapphire Tsunami laser pumped by an argon ion laser,
a pulse detector and doubling and tripling crystals. Data were
analyzed by a nonlinear least-squares method with Globals soft-
ware (Globals Unlimited, University of Illinois at Urbana-Cham-
paign, Laboratory of Fluorescence Dynamics). NMR spectra were
acquired on JEOL ECS400 spectrometer.

2.2. Spectral measurement

Stock solution of compounds 1 and 2 was prepared in DMSO
while metal perchlorate salts in MeCN. HEPES buffered solutions
with different pHs were adjusted with HNO3 and NaOH. For all the
spectral tests, concentrations of receptors were fixed at 10 uM.
Before recording absorption and fluorescence spectra in aqueous
solutions, the mixtures of receptor and metal ions were incubated
for 7 min. 'H NMR titration were tested in CD30D/DMSO-dg (4:1).

3. Results and discussion
3.1. Photophysical properties of 1

Compounds 1 and 2 can be easily synthesized by using Cu(I)-
catalyzed Huisgen 1,3-dipolar azide-alkyne cycloaddition reaction
which has been reported in our previous work [13]. As presented in
Table 1, compound 1 in ethanol exhibits a characteristic absorption
band centered at 456 nm (¢ = 19,858 Lmol ! cm™!) and emission
band at 534 nm. This is assigned to ICT process from electron-
donating amine group to electron-withdrawing nitro group, which
generally could be judged from solvatochromic effect and broad
structureless feature of the band. As shown in Fig. S1, a continuous
red shift of the absorption band is observed with increasing polarity
of solvents, from 447 nm in chloroform to 472 nm in DMSO. Fluo-
rescence spectra of 1 show the similar solvent-dependent behavior
which further indicates its ICT emissive state. Moreover, 1 shows
high quantum yield up to 0.44 in ethanol which is quite different
from the reported NBD derivatives with aminoethyl group directly
linked to 4-N of NBD fluorophore [12]. This is due to the trans-
formation of nitrogen hybridization form from sp> of amino group
into sp? in triazole, which reduces the availability of the lone
electron pair on nitrogen atom and suppresses the PET process.
Fluorescence decay of 1 was also performed in EtOH. It consists of

Table 1
Spectroscopic data of compounds 1 and 2.
Compound Solvent 2.« AM.x Alpa o0 & 1,08
[nm] [nm] [nm] [Lmol'cm™]
1 EtOH 456 534 78 19,858 044 7.37,2.90
2 EtOH 456 534 78 19,858 046 —

a long-lived major component (7.37 ns, 90%) and a short-lived
minor component (2.9 ns, 10%). This illustrated that emission of 1
arises mainly from ICT process and short-lived component could be
resulted from relatively weak PET from triazole ring to NBD fluo-
rophore [12b]. The other photophysical parameters of 1 are
collected in Table 1.

3.2. Spectral behavior of 1 to metal ions

Considering the flexible coordination chemistry of triazole, we
then first investigated fluorescence response of 1 to different metal
ions such as Ag™*, Ba’*, Ca®*, Cd%*, Co®*, Cu®*, Fe?*, Hg**, Mn?",
Mg?*, Ni>*, Pb** and Zn?* in ethanol. As shown in Fig. S2, fluo-
rescence intensity of 1 was quenched by Ag*, Co?*, Ni** and Hg?*
to different extents. Especially for Hg?*, its quenching efficiency can
be up to 80% and a remarkable red shift by 40 nm was observed.
Other metal ions showed almost no influence. In view of the
practical application of chemosensors, we then further tested the
selectivity of 1 to different metal ions in EtOH/HEPES (v/v=9:1) at
pH 7.4. As displayed in Fig. 2, the selectivity has been greatly
improved and only Hg?* shows remarkable quenching effect while
others display almost no influence even in large excess. This
selectivity was further confirmed through study of the fluorescence
behavior in the presence of a mixture of Hg?>* and other metal ions.
As shown in Fig. S3, Fe?* and Pb** do produce a little interference
while other ions show almost no influence on the binding process
of 1 to Hg?", which demonstrates the high selectivity of our
approach for the detection of Hg?*.

3.3. Spectral titration of 1 to Hg>*

Fig. 3 shows the evolution of absorption spectra of 1 in the
presence of varying [Hg?"] in ethanol. With increasing [Hg?*], the
absorbance at 455 nm decreases while a new band appears at
493 nm. Such a red shift (38 nm) led to the solution color changing
from light yellow to light orange. Three clear isosbestic points are
observed at 467, 381 and 329 nm, which indicates the intercon-
version of spectral species in the presence of Hg?*. Job plot
experiment was then carried out to investigate the stoichiometry
between Hg?* and 1. The results suggested 1:1 binding stoichi-
ometry (Fig. S4). Nonlinear regression analysis of absorption titra-
tion then gave a large association constant up to 3.23 x 108 M~!in
the ground state. This may come from cooperative interactions of
the multi-binding sites.

Fluorescence titration was also performed in ethanol, as shown
in Fig. 4. Upon addition of increasing [Hg?"], fluorescence intensity
of 1 at 533 nm deceases gradually (50% quenched in the presence of
10 pM Hg?"), concomitant with a red shift from 531 to 573 nm.
Fluorescence titration was also analyzed by nonlinear regression
based on 1:1 binding ratio, giving us the binding constant in the
excited state to be 3.97 x 108 M~!, which is almost the same as that
of ground state.

We then investigated the pH effect on the binding of 1 to Hg>* in
EtOH/HEPES (v/v=9:1). As shown in Fig. 5, when pH value of the
solution is lower than 7.4, decrease of pH suppresses the coordi-
nation interaction between 1 and Hg?*. However, 1 works well in
neutral or weakly basic conditions. Considering the practical
application of chemosensors, titration of Hg>* was further carried
out in EtOH/HEPES (v/v =9:1) at pH 7.4. As depicted in Figs. S5 and
S6, both absorption and fluorescence titrations show the similar
spectral behavior to that in EtOH. Nonlinear regression analysis
shows that the association constants are dramatically reduced
about one order magnitude which may be due to the conformation
change and ionic solvation effect. However, a detection limit
(S/N > 3) of 610 nM could be obtained for analyzing Hg?* under the
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Fig. 2. Absorption (a) and fluorescence (b) spectra of 1 in the presence of different metal ions in EtOH/HEPES (v/v =9:1) at pH 7.4. [1] =10 pM, [Hg?*] =40 uM, [M"*] =200 uM,

Aex =456 nm.

above conditions. Finally, reversibility of our protocol could be
easily realized by the addition of I” (Fig. S7).

34. Naked-eye detection of Hg**

The remarkable wavelength shift both in the absorption and
fluorescence spectra in the presence of Hg?* promoted us to
examine the selective naked-eye detection of Hg?*. As shown in
Fig. 6, only Hg?>" induces a color change from light yellow to light
orange (Fig. 6a). And when excited under hand-UV lamp at 365 nm,
fluorescence of 1 shows a color change from green to yellow
(Fig. 6b). Furthermore, even in the coexistence of 20 equiv of other
metal ions, only small influence has been detected with Fe?* and
Pb?* (Fig. 6¢,d).

3.5. Mechanism of the binding

In order to investigate effect of the terminal amino acid group on
the binding ability towards metal ions, compound 2 with more
rigid distal amino acid group was then examined. As shown in
Table 1, compound 2 displays almost the same photophysical
properties as that of 1. Absorption and fluorescence titration were
then carried out. Similar behaviors as that of 1 to Hg*" were
observed in absorption and fluorescence spectra (Figs. 7 and 8) and
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Fig. 3. Absorption spectra of 1 in the presence of varying concentrations of Hg?* in
ethanol and plot of absorbance of 1 at 455 nm as the function of [Hg?*], [1] = 10 uM.

the results of job plot experiments (Fig. S8) also demonstrated 1:1
binding stoichiometry between 2 and Hg?*. However, nonlinear
regression analysis of the spectral titrations show that its binding
constant with Hg?>* (~1 x 10° M) is one order magnitude lower
than that of 1, which might be explained by the participation of the
flexible distal amino acid group of 1 in the complexation with Hg?*
and demonstrated the importance of Lys amino acid moiety in
improvement of detection sensitivity. Therefore, incorporation of
additional binding sites could be a new way for further work on the
development of triazole chemistry for selective and sensitive
molecular sensing applications.

To better understand the complexation mode of 1 to Hg?*, 'H
NMR titration was then carried out in CD30D/DMSO-dg (1:1). As
shown in Fig. 9, with increasing [Hg>"], Ha on the triazole ring
undergoes a remarkable downfield shift by 0.24 ppm from 8.01 to
8.25. Meanwhile, CH}, and CH_ linked to triazole ring shift downfield
slightly. Furthermore, as shown in Fig. 10, when the assay is per-
formed under acidic condition like pH 3.0, only 20% fluorescence
quenching is observed immediately after the addition of 20 uM Hg>*
and then the spectra recover partially by itself within 15 min. As the
spectral properties of 1 show no changes from pH 3.0 to 10.4 (Fig. S9),
itillustrates that NBD fluorophore could not be protonated when pH
is equal to 3.0. Therefore, the self-recovery of the fluorescence is due
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Fig. 4. Fluorescence spectra of 1 in the presence of varying concentrations of Hg?* in
ethanol and plot of fluorescence integral area of 1 as the function of [Hg?*]; [1] =
10 UM, Jex = 476 nm.
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Fig. 5. Change of fluorescence intensity of 1 at 533 nm in the presence of Hg?* in
EtOH/HEPES (v/v =9:1) under different pH conditions. [1] =10 uM, [Hg?*] =40 uM,
Jex =459 nm, incubated time: 7 min and I indicate fluorescence intensity at 533 nm.

to the protonation of triazole moiety which suppresses the
complexation of 1 to Hg?*. These results clearly demonstrate that
triazole group participates in the complexation with Hg?*. However,
these observations couldn’t explain spectral behavior of 1 in the
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Fig. 7. (a) Absorption spectra of 2 in the presence of varying concentrations of Hg?* in
ethanol and (b) plot of absorbance of 2 at 455 nm as a function of [Hg?*], [2] = 10 M.

presence of Hg?+ because generally ICT process could not be affected
through nonconjugated spacer. We then suppose that the
complexation of Hg>" to the NBD fluorophore could lead to red shift
of the absorption and fluorescence spectra. Firstly, 4-NH might be
a good candidate. If it binds to Hg?* without deprotonation, reduc-
tion of the electron density of nitrogen atom would cause blue shift

Fig. 6. Photographs of 1 in the presence of different metal cations (a) color, (b) fluorescence and coexistence of different kinds of metal ions and Hg?* (c) color, (d) fluorescence in
EtOH/HEPES (v/v =9:1). [1] = 10 uM, [Hg?*] = 40 uM, [M™*] =200 M, illuminated under 365 nm.
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Fig. 8. (a) Fluorescence spectra of 2 in the presence of varying concentrations of Hg?"
in ethanol and (b) plot of fluorescence intensity of 2 at 533 nm as the function of
[Hg?"], [2] =10 uM, Aex =455 nm.

of the spectra; in contrast, if the addition of Hg** induces deproto-
nation of 4-NH, it will affect the chemical shift of CHy and CHy.
However, complexation of 1 with Hg?* led to a remarkable red shift
of the absorption band and no chemical shift of CHyq and CHf was
observed even in the presence of 2.0 equiv of Hg?>* (Fig. 9). These
results demonstrate that 4-NH isn’t the main binding site of 1 for
Hg?*. Samanta et al. have investigated spectral response of NAM
(4-amino-7-nitrobenzo-2-oxa-1,3-diazole) to metal ions and attrib-
uted the spectral changes to the binding of metal ions with the NBD
fluorophore [12b]. Worthy of notice is that no spectral shift was
observed in the presence of metal ions. These results indicated that
metal coordination of oxadiazole group in NBD could not induce
spectral shift. Consequently, the possibility of coordination of NBD
fluorophore to Hg>* could be precluded. Finally, there exists another
possibility because the mercury salt used in the experiment contains
hydration shell. The binding of triazole moiety to hydrated Hg?*
might increase local polarity around the NBD fluorophore which
result in remarkable red shift and fluorescence quenching. Therefore
we can suppose that triazole and amino acid moiety in 1 together
contribute to the complexation with Hg>" and the resulting more
polar microenvironment induces the related spectral changes. Our
work is consistent with the reported results which demonstrate that
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Fig. 9. Partial "H NMR spectra of 1 in the presence of varying concentrations of Hg?* in
CD3;0D/DMSO-ds (4:1).
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Fig. 10. Kinetics profiles of fluorescence intensity of 1 at 533 nm after addition of Hg?"
in EtOH/HEPES (v/v =9:1) at pH 3.0; [1] = 10 uM, [Hg?*] = 20 uM, Jex =459 nm and I
indicate fluorescence intensity at 533 nm.

triazole moiety, when coupled with some other weak binding site,
could show highly selective binding ability to Hg>" in appropriate
protic solvents [10a].

4. Conclusion

In conclusion, compound 1 with terminal Lys amino acid group
linked to NBD fluorophore by triazole ring was successfully applied
in selective recognition of Hg?" in aqueous solution. In the presence
of Hg?*, remarkable fluorescence quenching of 1 was observed.
Meanwhile a red shift was obtained both in absorption and fluo-
rescence spectra, which was utilized for naked-eye detection of
Hg?*. Other metal ions examined show almost no influence on
spectral properties of 1 in aqueous solution. Control experiments
by using more rigid compound 2 demonstrated the importance of
cooperative binding ability of amino acid group in improving the
sensitivity of sensing system, allowing wide structural diversity of
molecular sensory platforms based on triazole group. Furthermore,
TH NMR titration was performed to get insight into the complex-
ation mode of 1 to Hg?*, which verified the role of triazole group to
the spectral change.
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