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ABSTRACT

The selectivity and sensitivity of a benzothiazolium hemicyanine dye toward mercury(ll) in aqueous solutions are described. Mercury ions
coordinate to the dye forming a 1:1 complex. This interaction induces a color change in the dye at micromolar concentrations of mercury.
Furthermore, the color change and quenching of the dye emission are selective for mercury when compared with other ions such as lead(ll),
cadmium(ll), zinc(ll), or iron(ll).

Selective optical sensing is attracting strong interest due toattractive approach because of the sensitivity and mercury-
the use of “low-tech” spectroscopic instrumentation to detect selective properties of such complexXgdowever, the use
relevant chemical species in biological and environmental of such complexes might be seen as a demanding step toward
processed? In particular, one aspect of environmental the development of cheap sensing technology. For this
monitoring is the detection of low levels of heavy metals in reason, we have decided to move forward and synthesize an
aqueous solutions. Of these, mercury is of particular concernorganic molecular probeOQMP) as mercury selective and
worldwide because of its high toxicity. Mercurial species colorimetrically responsive as ruthenium dyes but less
may be released into the environment through coal-fired expensive from a synthetic point of view. Furthermore, we
power plants and into water streams from chemical, gold have taken into account the possibility of using &P
mining, and chlor-alkali industrial plants. not only for colorimetric but also for fluorometric mercury
Recently, several colorimetric probes, so-called “naked eye sensing, increasing the sensitivity by using fluorescence
chemosensors”, have been developed for the detection ofemission spectroscopic methods.
small quantities of mercury/Several groups have shown that ~ On the basis of previous literature repdrise decided to
molecular sensing based on ruthenium complexes is ansynthesize a molecular probe consisting of a charge-transfer
complex whose electronic properties (YVisible and
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fluorescent emission spectra) can be strongly affected when The results in Figure 2 are in good agreement with the
mercury is present. Moreover, the molecular probe should Job’s plot analysis (Figure 3), where the binding stoichiom-
contain mercury-coordinating elements to ensure high se-

lectivity in the presence of other heavy metals. Hemicyanine ]

dyes (Figure 1) provide such features. These molecules
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Figure 1. Molecular structure o©OMP. 2
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combine high molar extinction coefficients at the maximum
absorption wavelength (in most cases 10° M~ cmtin 0.000
the visible region) with excellent emission quantum yields ; . ; . ; . ; . r
and good solubility in aqueous solutions. 0.00 0.25 0.50 0.78 1.00

. ) . X(H
OMP is a hemicyanine dye composed of an electron-donor o)

aniline moiety and an electron acceptor that in this case is aFigure 3. Job’s plot of the complexation betwe@MP and Hg*.

benzothiazolium species where the sulfur atom provides theTotal concentration 0OMP + Hg?* was kept constant at 10 mM

mercury-coordinating element. This compound was easily in ethano/HEPES buffer, pH 7.0, v/v 1:10.

synthesized in two steps from 2-methylbenzothiazole, bro-

moacetic acid, and 4-diethylamino-2-hydroxybenzaldehyde ,

as a dark-green solid, in 54% overall yiékd. etry for the mercur;t_l)l\/_IP complex was found to be 1:1 ywth
Figure 2 shows the changes on the Ysible spectra & calculated association con_stahg, of 1.0 x 10/ M1 in

of OMP upon addition of mercury chloride at pH 7. As can ethanol/_HEPES buf_fer S°|Ut'°_n (1:10'_ Vi) fit_ PH 7 (see

be observed, the addition of mercury induces a clear Suppozrilng Information), showing the high affinity GMP

isosbestic point corresponding to the presence of only two for Hg™.

species at a constant total concentratiorOMP. In fact, the presence of mercury, at neuFraI pH_, can be
detected without the use of any instrumentation as illustrated

_ in Figure 4 The selectivity toward mercury has been

Figure 4. Digital picture of OMP in ethanol/HEPES buffer (pH
7) solution (v/v 1:10). From left to right: no metal, Pig CcP™,
PB?t, Zrét, Fet, CU#*, Nat, Ni2t, Mg?*, equivalent amounts of
all the cations and Hg. The cation total concentration was 0.1

Absorbance (a.u.)

mM.
V 380 " 230 480 580 r demonstrated even in the presence of similar amounts of
other metal cations catalogued by the Environmental Protec-
Wavelength (nm) tion Agency (EPA) as toxic substances. Moreover, the

. . i ) presence of common anions such as phosphate, chloride,
Figure 2. Changes in the U¥vis spectra ofOMP (10 uM) in

aqueous solution (ethanol/HEPES buffer, pH 7.0, v/v 1:10) upon iodide, .and fluoride also did not change the electronic
addition of increasing amounts of HgGh water (1 mM). The properties ofOMP. . o
total volume was 3 mL. Furthermore, to show the high mercury selectivity at low

metal concentrations and to determine the sensitividiP
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s ishes, and when a basic pH is used, the-t¥isible spectra

has a bathochromic shift of 25 nm. We expected this pH

i el TR TS effect because of the nature of the charge-transfer band of
§ °Fealig B 8 2 § ¢ f the hemicyanine molecule, which depends on its protonation
L R . state.
s 02 a As can be seen in Figure 7, the presence of mercury
< n chloride induces changes on the absorbanceOMP.
% 44 P However, as expected, the response towartf liggdifferent
S 04 ; depending on the pH of the aqueous solution, obtaining the
o = H A
§ o5 | B 2 highest sensitivity at neutral pH.
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Figure 5. UV—uvisible titration of OMP in an aqueous solution A R
(ethanol/HEPES buffer, pH 7 solution, v/v 1:10) in the presence
of selected cations. The absorption wavelength was fixed=at < 2 4
538 nm. < §.50 N
A
toward mercury, we used UWisible spectroscopy. Figure
5 shows that in the presence of other metals the selectivity o254/ * P:2-5 ~ 2
and sensitivity of our molecular prob®MP is barely . gHe 4 A
affected. & pHT 2 N
Taking into account that most of the common metal cations .
could precipitate in basic pH conditions, we decided to ~ *® M " w2 a2
perform some additional experiments using acidic and neutral [Hg™] M

pH controlled solutions. To evaluate the photophysical

properties of the dye in acidic or basic media, we measuredFigure 7. UV—vis response ofOMP toward Hg" at different
the UV—visible absorbance as a function of pH Our pH values reglstered at= 535 nm. TheOMP concentration was
experiments showed that the maximum of the -tixs 0.1 mM.

spectra was hardly affected in acidic and neutral conditions
(Figure 6); however, in highly acidic media (p# 3.5), the

molar extinction coefficient for the organic molecule dimin-  Turning to the fluorescent emission propertiesP,
it is well-known that fluorescent emission spectroscopy is

_ more sensitive toward small changes that affect the electronic

properties of molecular receptors. Several authors have based

14 their chemosensors on this appro&di check this method,
= gﬂ = ' we measured the fluorescent emission propertie® P
12 - pH 6.0 _ in the presence of mercury.
e As illustrated in Figure 8, mercury has a strong quenching
7 ! effect, where almost 85% of luminescence is quenched at
3 - room temperature. Moreover, the emission yield is barely
E ' affected by other toxic cations commonly used for mercury-
3 os interference experiments. Thu®MP not only shows
S excellent colorimetric properties for mercury sensing but also
ﬁ 0,4 can be used as a “turn-off” fluorometric molecular probe
with high selectivity toward mercury and a detection limit
0,2 of 100 ppb®
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Figure 8. Fluorescent emission spectra under normal conditions
of OMP in an aqueous solution (ethanol/HEPES buffer, pH 7
solution, v/v 1:10) (excitation wavelengih—= 530 nm). As can be
seen, the emission is only strongly quenched by*Hg-15 uM).

Finally, we would like to consider the chemical nature of
the high selectivity ofOMP toward mercury.*H NMR
experiments olOMP in CD;0OD at different temperatures
showed that the ligand is present as a mixtur&arfis- and
cis-cyanines (trans-OMPRand cis-OMP) in dynamic equi-
librium, with trans-OMP being the most stable isomer due
to a minimum of steric repulsions. The planarity of thens-
OMP isomer optimizes the conjugation of the donor and
acceptor moieties resulting in a strong coloration. In the
presence of HY, OMP forms a relatively stable metal
complex with a 1:1 stoichiometry, involving the sulfur atom
of the benzothiazolium moiety and most probably also the

(6) The response limit was calculated as the minimum concentration
that can be determined with 99% of confidence that the true concentra-

oxygen atom of the phenolic group, forcing the hemicyanine
to adopt a cis configuration. In thes-OMP isomer, both
chromophores are nonplanar, inducing a hypsochromic shift
on the U\~visible spectrum. Other groups have reported a
similar stabilization of a relatecis-merocyanine isomer via
intramolecular chelation to transition met&<. This hy-
pothesis is supported by the fact that in a highly acidic media
the sensitivity ofOMP toward mercury decreases. Most
probably, the nitrogen atom of the donor moiety will be
protonated, inhibiting the thermal trans/cis isomerization of
the central double bond.

In conclusion we have demonstrated selective colorimetric
and fluorometric mercury sensing using a benzothiazolium
hemicyanine dye in aqueous solution with a response limit
in the case of fluorescence spectroscopy of 100 ppb. The
high selective nature of the molecular probe toward mercury
is probably due to the presence of the sulfur atom and to the
fact that mercury ions induce a geometric change from the
trans isomer to the cis form, as can be deduced from the
results of simple spectroscopic measurements. Further efforts
toward understanding and controlling the mercury uptake by
light switching between both dye stereoisomers are currently
in progress. We see these initial results as the first step toward
light-induced molecular sensors in the presence of mercury
ions.
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