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A novel macromolecule based on 2-[3-(2-aminoethylthio)propylthioJethanamine covalently bound to
two 7-nitrobenzo-2-oxa-1,3-diazolyl moieties was prepared as a fluoroionophore and a chromophore
for the selective optical detection of Hg?*. The sensor was prepared in two steps and its fluoroionophoric
and chromophoric properties toward various transition metal, alkali, and alkali earth cations were inves-
tigated. Compound 4 selectively binds Hg?*, and the binding is indicated by both fluorescence quenching
and a chromogenic change which can be detected by the naked eye. In an 80:20 acetonitrile/water sol-
vent mixture, 4 acts as an ON-OFF fluorescence switch upon Hg?* binding, exhibiting efficient quenching
and a detection limit of 10~ M or 20 ppb.

© 2009 Elsevier Ltd. All rights reserved.

Mercury is a highly toxic and hazardous environmental con-
taminant, even at low levels. Bacteria living in the sediment of
aqueous and marine environments can transform inorganic mer-
cury (Hg?") into methylmercury, which can easily enter the food
chain and accumulate in the upper levels of the chain, particularly
in the tissues of large edible fishes and other marine mammals.!
Excessive exposure of the human body to mercury leads to DNA
damage,? brain damage,® and nervous system defects,? including
Minamata disease.* Considering the extreme toxicity of mercury,
the United States Environmental Protection Agency (EPA) provides
the standard for the maximum allowed level of mercury in dietary
and environmental sources, such as edible fishes, to be 0.55 ppm.!~

The design and synthesis of fluorescent sensors for mercury
ions has recently become attractive for developing chemical detec-
tors that offer high selectivity and sensitivity.® Recently, a number
of ligands have been investigated as mercury ionophores including
hydroxyquinolines,” cyclams?® dioxocyclams,® diazatetrathia
crown ethers,'° azines,!! and diaza-crown ethers.!? These studies
have illustrated that the nitrogen, oxygen, and sulfur atoms pres-
ent in the ionophores promote the coordination of mercury ions.

Although many fluorescent mercury sensors have been de-
signed for Hg?* sensing, they are often inefficient in the presence
of other ions, particularly copper (Cu?") and lead (Pb?*) due to their
close chemical behavior to Hg?*,'? as well as their abilities to com-
plex to sulfur- and nitrogen-containing ionophores.®%!! In this
study, a major challenge involves the development of a mercury
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sensor that offers a low detection limit and is highly selective for
mercury ions in the presence of other ions including transition me-
tal, alkali, and alkali earth cations in aqueous solution. The sensor 4
is fabricated from a sulfur- and nitrogen-containing ionophore
based on a 2-[3-(2-aminoethylthio)propylthio] ethanamine ligand
covalently bound to two 7-nitrobenzo-2-oxa-1,3-diazolyl (NBD)
moieties. Compound 4, bearing two NBD fluorophore units, is ex-
pected to increase the sensitivity of the fluorescence sensor
system.

Compound 4 exhibits Hg?" selective ON-OFF fluorescence sig-
naling behavior in aqueous acetonitrile solutions and is shown to
discriminate various cations such as Cu®*, Pb%*, Ni%*, Zn?*, Cd**,
Mn?*, Co?*, Ba?*, Ca?*, Na*, and K*. The detection limit of 4 is low
enough for the detection of sub-micromolar concentration ranges
of Hg?" ions as found in the environment and many biological sys-
tems.! Additionally, the binding of Hg?* ions causes a color change
of the sensor solution, providing a second means of ion detection
and further utility of 4 as a selective mercury sensor.

The major motivation for this work is the design and synthesis
of a mercury fluoroionophore with high sensitivity and selectivity,
but with a significantly reduced synthetic effort. In this study, fluo-
roionophore 4 was synthesized using a conventional two-step syn-
thesis, Scheme 1. 2-[3-(2-Aminoethylthio)propylthio]ethanamine
3 was prepared by the alkylation of cystamine hydrochloride 1
with 1,3-dibromopropane 2. Compound 4 was obtained by
nucleophilic aromatic substitution of 3 with 4-chloro-7-nitro-
benzofurazan.’®> Compound 4 is a podant, acyclic host with pen-
dant binding sites,'® containing two sulfur atoms and two
nitrogen atoms which are covalently bound to two NBD subunits.
We propose that 4 will exhibit high sensitivity and selectivity to
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mercury ions over other cations due to the well-known interaction
of mercury ions with sulfur and nitrogen atoms.>%°

The fluorescent spectral properties of 4 were investigated in
both organic solvent systems (e.g., dichloromethane and acetoni-
trile) and aqueous-acetonitrile solutions. It was found that fluoro-
ionophore 4 is sensitive to mercury ions in several solvents (S1-S2
Supplementary data). In order to optimize the conditions for prac-
tical applications in environmental and biological samples, the ef-
fects of water on the fluorescence emission of 4 in the absence and
presence of mercury ions were investigated in acetonitrile
solutions.

Figure 1 shows the effect of water concentration on the fluores-
cence behavior of 4 in acetonitrile solution. When the concentra-
tion of water increases, the fluorescence emission intensity of 4
decreases progressively. In the low water concentration range,
similar decreases in the response of 4 in the presence of 20 equiv
of Hg?* were observed, but with much larger changes compared
to the high water concentration region. Based on this observation,
we focused on the fluorescence behavior of 4 in response to various
metal ions in aqueous 80% acetonitrile solution.

Figure 2 shows the fluorescence spectra obtained for 4 in the
absence and presence of mercury(Il) ions in 80:20 acetonitrile/
water. In the absence of mercury(Il) ions, the fluorescence response
is at a maximum and this response decreases as the mercury con-
centration is increased.

The fluorescence behavior of 4 clearly demonstrates that an
ON-OFF switching mechanism occurs in response to ion complex-

- 120

2 & 4+Hg(ll)
[%]

G 04 only
E

8 s

TS

[&]

[%]

o

(o]

E

[T

/ 4only
4+Hg(Il)

%Water

Figure 1. Fluorescence intensity changes (345 nm) of 4 (0.5 uM) as a function of
water content in aqueous acetonitrile solution at 534 nm in the absence and
presence of mercury(Il) ions (20 equiv), Jex 458 nm.
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Figure 2. Fluorescence emission spectra (Jex 458 nm) of 4 (0.5 uM) in 80:20
CH3CN:H,0 as a function of [Hg?*]. (a) 0 uM, (b) 0.1 uM, (c) 0.2 pM, (d) 0.3 uM, (e)
0.5 uM, (f) 0.7 uM, (g) 1.0 uM, (h) 1.7 uM, (i) 2.7 uM, (j) 4.7 uM, (k) 5.3 uM, (1)
6.0 uM.

ation. The addition of mercury ions to 4 causes a decrease in the
fluorescence emission intensity up to a concentration of mercuric
acetate equal to 12 times the concentration of 4, where it begins
to reach the minimum point and more than 66% quenching of
the initial fluorescence of 4 was observed. The effective fluores-
cence quenching of 4 might be due to the inherent quenching nat-
ure of Hg?*, and similar quenching behavior was observed in many
mercury fluorescence sensors.”'° The fluorescence quantum yield
(¢¢) of 4 in acetonitrile was measured to be 0.90, using coumarin
153 with a ¢r of 0.87 in acetonitrile as a reference.!” The data col-
lected in Figure 2 show a good linear correlation between emission
response and mercury concentration over a range of 26-267 ppb.
The detection limit of 4 as a fluorescent sensor for the analysis of
Hg?* was determined from the plot of the fluorescence intensity
as a function of the Hg?* concentration.'® It was found that 4 has
a detection limit of approximately 10~ M or 20 ppb for Hg?" ions,
which is sufficiently low for the detection of sub-micromolar con-
centrations of Hg?" ions as found in many chemical and biological
systems.!

Sensitivity studies of 4 were performed in 80:20 acetonitrile/
water solution by a method similar to the Separate Solution Meth-
od (SSM) used in ion-selective electrode applications.'® SSM in-
volves the measurement of a series of separate solutions where
each solution contains a salt of the determined ion only.'®

Figure 3 shows the dependence of the fluorescence intensity of
4 as a function of cation concentrations for Hg?*, various transition
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Figure 3. Normalized emission intensity of 4 (0.5 pM) in 80:20 CH3CN:H,0 versus
the concentration of various metal ions: Hg?*, Ba®*, Ca®*, Cd%*, Co?*, Cu?*, K, Mn?*,
Na*, Ni%*, Pb?, and Zn*".
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metal, heavy metal, alkali earth, and alkali cations including Cu?*,
Pb%*, Ba%*, Ca?*, Cd?*, Co?", K*, Mn?*, Na*, Ni%*, and Zn?*. The values
in the plot are normalized to the fluorescence intensity in the ab-
sence of any metal ions. The results illustrate the high selectivity
of 4 for Hg?* in comparison with the other ions. The results show
that the fluorescence intensity decreases as a function of added
mercury ions until it reaches the minimum point, beyond which
it is constant up to the maximum concentration tested (4 uM). In
contrast, the fluorescence response of 4 shows negligible change
(<5%) after adding the other ions as detailed above. In particular,
4 shows selectivity for Hg?* over Cu?* and Pb?* which are potential
competitors since Cu?* and Pb?" can also bind to sulfur and nitro-
gen atoms.2*!! The association constant, K,ssoc, Was determined by
nonlinear curve fitting of the changes in the fluorescence titration
results?® and was found to be 4.36 x 10712 M~2 for 1:2 complex
formation of 4-Hg?* in 80:20 acetonitrile/water.

To further explore the utility of 4 as an ion-selective fluores-
cence sensor for Hg?*, competition experiments were conducted
in the presence of Hg?" (0.5 uM) with 10equiv of Cu®*, Pb**,
Cd?*, Mn?*, Co?*, Ba®*, Ni%*, Zn?*, and 100 equiv of Ca?*, Na*, and
K" as background (Fig. 4).

The bars represent the final fluorescence emission response (Ig)
over the initial fluorescence emission response (lp) at 534 nm. I¢ is
the fluorescence response of 4 in the presence of an appropriate
background metal ion (50 pM Ca?*, Na*, K*, and 5 pM Cu?*, Pb?",
Cd?*, Mn?*, Co?*, Ba®", Ni%*, Zn?*) and Hg?* (0.5 uM). The I/I, values
were found to lie between 0.79 and 0.88, which indicates that a rel-
atively consistent Hg?*-induced fluorescence quenching is ob-
served in the background foreign ions. Ig/ly where Ir is the
fluorescence emission intensity of 4 in the presence of Hg?*
(0.5 nM) was used as a reference.

The chromosensor behavior of 4 with other ions was investi-
gated in both dichloromethane and aqueous-acetonitrile solutions.
The UV-visible spectrum of 4 showed a broad absorption band
around 460 nm which is typical of NBD subunit.?®

The addition of Hg?" to a solution of 4 leads to a red shift of the
absorption maximum by approximately 70 nm (Fig. 5). This new
absorption band is responsible for the change of color in the solu-
tion from yellow to pink, which can be detected by the naked eye.
The absorption spectral change can indicate an interaction be-
tween Hg?* and the fluorophore 4 in the ground state. The batho-
chromic shift of the absorption maximum of 4 in the presence of
Hg?* presumably arises due to the involvement of the nitrogen
atom(s) at the 4-position of the NBD fluorophore(s) in coordina-
tion. The coordination of the nitrogen atom at the 4-position can
reduce the charge separation within the NBD-fluorophore, leading
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Figure 4. Competitive experiments in the 4-Hg?* system with common foreign
metal ions: [4] = 0.5 uM, Hg?* = 0.5 uM and [M™] = 5 uM or 50 uM in 80:20 CH5CN/
H,0 solution, (Zex 458 nm).
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Figure 5. UV-visible spectra obtained during the titration of 4 (1.3 uM) in 80:20
CH5CN/H,0 with mercuric acetate. (a) 0 uM (solid line), (b) 1.0 puM, (c) 2.3 uM, (d)
5.0 uM, (e) 11.6 pM.

to destabilization of the excited state energy.?' In contrast, titra-
tion of the other ions (20 equiv of Cu?*, Pb?*, Cd?*, Mn?*, Co%*,
Ba%*, Ni%*, Zn?", Ca?*, Na*, and K') induced negligible spectral
changes in both aqueous-acetonitrile and dichloromethane
solutions.

In summary, we have described a two-step synthesis of a new
member of mercury fluoroionophores that exhibits high sensitivity
and selectivity for mercury ions over other cations, but with a sig-
nificantly reduced synthetic effort. Compound 4, based on 2-[3-(2-
aminoethylthio) propylthio]lethanamine covalently bound to two
NBD moieties, shows selective fluorescence quenching behavior
toward Hg?" in aqueous acetonitrile solutions. The remarkable fea-
ture of 4 is the presence of a red shift (approximately 70 nm) in the
absorbance spectra toward Hg?* ions which changes the color of
the solution from yellow to pink. The high degree of selectivity
and dual signaling behavior of compound 4 for Hg* ions in aque-
ous solution make it attractive for potential use in molecular level
sensor devices for the analysis of sub-micromolar concentration
ranges of mercury contamination in actual environmental samples.
In addition, we are currently synthesizing other mercury fluoroion-
ophores based on 2-[3-(2-aminoethylthio)propylthio]ethanamine
and are studying their ion sensing ability. These results will be re-
ported shortly.
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