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Azulene is a bicyclic aromatic chromophore that absorbs in the visible region. Its absorption maximum
undergoes a hypsochromic shift if a conjugated electron-withdrawing group is introduced at the C1 posi-
tion. This fact can be exploited in the design of a colorimetric chemodosimeter that functions by the
transformation of a dithioacetal to the corresponding aldehyde upon exposure to Hg2+ ions. This chemo-
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dosimeter exhibits good chemoselectivity over other metal cations, and responds with an unambiguous
colour change clearly visible to the naked eye. Its synthesis is concise and its ease of use makes it appro-
priate in resource-constrained environments, for example in determing mercury content of drinking
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Introduction

Mercury (elemental symbol Hg; atomic number 80; atomic
weight 200.592 g mol™'; aqueous solubility at 25 °C = 2.8 x
1077 mol L") is a silvery-white group 12 metal, which is liquid
at room temperature." Mercury has the oxidation states +I
and +II and is ubiquitous in the environment, where it exists
as elemental, inorganic and organic mercury species. The
average mercury content of the earth’s crust is 0.05 mg kg™ ".*
Mercury occurs in rocks, usually below 0.02 mg kg™ but at
higher concentration in mercury minerals and organic sedi-
mentary deposits. Usually, mercury can be found in most
uncontaminated soils at concentration below 1 mg kg™, in
rivers (1-5 ng L"), lakes (0.2-80 ng L"), groundwater (0.1-16
ng L), rainwater (5.0-90 ng L"), ocean water (0.2-4 ng L")’
and in the atmosphere (0.8-1.8 ng m™>).° Biogeochemical
transport processes including transformation mechanisms of
mercury species are complex, while natural mercury fluxes and
its occurrence in the environment have been altered by human
activities.” Mercury is toxic to humans, animals, plants and
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water sources in the developing world.

microorganisms.® The World Health Organization (WHO) pro-
vides information documents on the most prevalent pathways
of human exposure to mercury.” Governments and inter-
governmental bodies such as the European Commission set the
maximum levels for mercury in food and water.'® The drinking
water standard for mercury is 1 pg L™" in Europe'' and 2 pg
L' in the US," respectively. Due to mercury’s harmful effects
on human health and ecosystems, the use of many products
containing mercury has been phased out. Reduction of anthro-
pogenic mercury emissions is an objective in most of the inter-
national efforts towards a sustainable economy, such as the
Minamata, Rotterdam and Basel conventions."® "’
Anthropogenic mercury emissions will depend on future
patterns of fossil fuel usage, on uptake of mercury removal
technologies'® and on continuing implementation of mercury
reduction policies.”* However, more mercury pollution is
caused by artisanal and small-scale gold mining (ASGM) than
any other human activity. In ASGM, elemental mercury is used
as a lixiviant (solubilising recovery agent) for gold ore,"’
forming an amalgam that is then heated to distil off the
mercury and recover the gold. ASGM is an unregulated activity
and typically no attempt is made to recover the mercury in this
step. This leads to high concentrations of mercury(0) in the
local environment with consequent severe adverse health
effects for local residents, including neurological and kidney
damage.”® Mercury passes into water by diffusion, and is oxi-
dised to Hg(n) by various bioprocesses.”" Additionally, in many
regions, miners can transfer the tailings (residues) from their
activities to larger processing centres, which then use cyanide
leaching techniques to extract additional gold. The combi-

This journal is © The Royal Society of Chemistry 2020
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nation of mercury residues in the tailings with cyanide leads
to the formation of soluble complexes such as Hg(CN), or
[Hg(CN),]>~ which may then be discharged directly to local
water systems.>” Constant monitoring of mercury in the waste-
water of these facilities is essential to reduce the environ-
mental impact and improve the sustainability of this sector. In
comparison to the inorganic Hg(u) species described above,
which are formed comparatively rapidly, formation of organic
mercury species (primarily methylmercury) occurs in micro-
biological soil and sediment processes that operate on a
longer timescale.>® Thus, detection of inorganic Hg(u) is the
most appropriate strategy for surveillance of unimproved
drinking water in communities affected by ASGM.

In view of the above, there is a significant impetus to
develop methods to quantify mercury in water, both in water-
courses in affected communities and in polluting industries.
Established analytical methods to determine total mercury
and its speciation include inductively coupled mass or atomic
spectrometry and gas chromatography,®™>” as well as fluo-
rescence titration.”® However, these techniques require a lab-
oratory setting and expert personnel. An ideal method of quan-
titation of mercury for use in the field would function without
recourse to specialised equipment, a power supply, or highly
trained users. In this context, a naked-eye colorimetric assay
would be ideal, as such assays have none of the above require-
ments, and could be performed by residents of the affected
communities. Furthermore, such a test does not require the
user to be literate.

Numerous colorimetric assays for Hg”" have been
reported,® and they may be divided into those that involve the
reversible coordination of mercury to a molecular receptor
(chemical sensors)*® and those that function by an irreversible
mercury-induced chemical reaction (chemodosimeters).
Designs for mercury chemodosimeters have been reported that
exploit several different mercury-induced transformations,
such as hydrolysis of thiocarbonyl functional groups to the
corresponding carbonyls, or mercury-induced heterocycle for-
mation.”® We opted to employ the mercury-mediated hydro-
lysis of a dithioacetal, a transformation that was first reported
in the field of organic synthesis, where it enables so-called
“umpolung” carbonyl reactivity. Its use in a mercury chemo-
dosimeter has precedent, with the first report in 2009 from Kim
and Kim describing a dithiane-appended coumarin, which
changed from colourless to yellow upon exposure to Hg>* and
also exhibited a fluorescence response.*> Many subsequent
reports of mercury chemodosimeters based on dithiane hydro-
lysis have been published, although most of these concern
fluorescent probes.>*>> Far less common are colorimetric
probes based on dithiane hydrolysis; of these, most reports
describe fluorescent probes which have been noted also to
exhibit a colour change >¥:&tmtvwy3aablrvxssa g gur knowl-
edge there are only two prior reports of dithiane probes whose
response is solely colorimetric. Li, Li and co-workers described
a dithiane azo dye which exhibited a yellow-to-red response to
Hg>" in MeCN.?® Li and co-workers later also reported a triaryl-
amine-dithiane-nitroaryl dosimeter, which upon exposure to
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Hg®" and subsequently to base, gave a colourless-to-purple
response in THF.?” It should be noted that colorimetric assays
for organic mercury species have also been reported.*® These
are conceptually distinct processes that operate through reac-
tions of organic mercury at the surface of gold nanoparticles.

In this work, we describe a colorimetric chemodosimeter
for Hg>" that employs an azulene as the chromophore.
Azulene, 1, is a non-alternant, bicyclic aromatic compound
comprising a five-membered and a seven-membered ring.
Although it is an isomer of naphthalene, its properties are
quite different. For example, although it is a hydrocarbon, it
has a significant dipole (1.08 D). Furthermore, its non-alter-
nant nature leads to a smaller HOMO-LUMO energy gap com-
pared to naphthalene. This leads to a transition in the visible
region, and hence azulene has a vivid blue colour.’® It has
been shown that introducing electron-donating or electron-
withdrawing substituents onto the azulene core results in a
change in colour, due to perturbation of the absorption spec-
trum. Systematic studies have determined trends relating the
position of a substituent (and its electronic nature) to the
resultant colour.”® Thus, any particular colour desired may be
accessed through a design strategy that exploits these trends.
Azulene derivatives have been employed as colorimetric
sensors for a variety of analytes.”’ There are reports of colori-
metric azulene-containing Hg>" sensors (i.e. species that coor-
dinate Hg>* reversibly to achieve a colorimetric response).
Wakabayashi and co-workers reported an azulene derivative
with thiazole substituents,*** as well as an azulene with
thioether and 2-pyridyl substituents*?” and a 1,3-bis(2-pyridyl)
azulene.”® Razus, Birzan and co-workers reported azulenes
bearing 2,6-bis(heteroaryl)-4-pyridyl groups.** Buica, Ungureanu
and co-workers reported an EDTA-bis(azulene) sensor.** Also of
note, Kubo, Mori and co-workers reported an azulene-appended
dithiacrown ether as a Hg”>* chelator for use in liquid-liquid
extraction.”> However to our knowledge, there has been no pre-
vious report of a colorimetric azulene-containing Hg”>* chemodo-
simeter (i.e. an irreversible, reaction-based probe). In view of our
continuing interest in stimuli-responsive azulenes,"® we targeted
the development of an azulene-dithiane colorimetric dosimeter
for detection of Hg”" ions, and we report our results here.

Results and discussion

Our design strategy for a Hg*"-responsive azulene chemodosi-
meter utilises the known characteristic of azulene that the
introduction of an electron-withdrawing group at the 1-posi-
tion affords maroon/red-coloured compounds.® Thus, azulene
1 has its So-S; band centred at Ap.x = 580 nm (in hexane),
resulting in the absorption of green and red light; its blue
colour arises as a result of a lack of absorption in the blue
region. In contrast, azulene-1-carbaldehyde 2 has a lower-lying
HOMO, resulting in a blueshift of the S,-S; band (to Anax =
542 nm in hexane), and hence the observed maroon/pink
colour. We reasoned that dithiane 3 ought to exhibit an
absorption spectrum much closer to that of 1 than 2, since the
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Scheme 1 Synthesis of colorimetric azulene

chemodosimeter.

mercury(i)

C1 substituent in 3 is an sp®-hybridised carbon and hence the
dithiane exerts no mesomeric effect on the azulene core.
While sulfur is moderately electronegative, any electron-with-
drawing effect will be lessened by distance. We therefore
anticipated that 3 would have a blue colour. Synthesis of 3 was
effected in one step from known aldehyde 2,"” as shown in
Scheme 1.

Novel dithiane 3 was fully characterised by spectroscopic
techniques including NMR, IR and MS. The identity of 3 was
further confirmed through X-ray crystallography (Fig. 1). To
the naked eye, 3 appeared blue in the solid state and in solu-
tion, with Aya, = 590 nm (H,O/MeCN 8:2).

The colorimetric response of 3 to Hg>" was assessed by pre-
paring a solution of 3 and Hg(NOj3), (H,O/MeCN 8:2), and
comparing this to a solution of 3 only. A distinct visible
response was observed, but instead of the expected formation
of the characteristic maroon/pink colour of 2, a much more
intense blue colour developed. A selectivity test was conducted,
comparing the response of 3 to other metal cations (Fig. 2). It
can be seen that Hg>" induces the most pronounced increase

Fig. 1 Solid state structure of 3, crystallised from CH,Cl,/petroleum
ether. Ellipsoids are represented at 50% probability. H atoms are shown
as spheres of arbitrary radius. CCDC 1958284.7
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Fig. 2 Naked-eye selectivity experiment of 3 (500 pM) exposed to
Hg(NOs3),, LiCl, NaCl, KCl, Mg(NOs),, CaCl,, FeSO,4, Ni(acac),, CuCl,,
Zn(NOs),, AgNO3, Pb(OAc),, Cd(OAc), and As(NOs)s (each at 500 pM).
The data were obtained in MeCN/H,O solutions (2:8, v/v) and the
photos were taken 30 min after mixing of 3 and the metal salts.
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in intensity of the blue colour, and less pronounced responses
were observed for Ag” and (weakly) for Cu®".

The solution of 3 treated with Hg(NO3), exhibited signifi-
cant absorption in the red region, with 4,,,x = 605 nm, hence
the intense blue colour. The absorption spectrum of this solu-
tion exhibited maxima different from those of both 3 and 2.
Thus, while coordination between 3 and Hg”* is undoubtedly
occurring, the desired deprotection reaction is not. However,
by modifying the conditions, we were able to induce the
expected colour change to maroon/pink in the presence of
Hg>'. Specifically, NaOH(,q) was used (at a concentration of
10 mM), in addition to the other reaction components (there
is precedent’® in the synthetic literature for the addition of
base to Hg”"-mediated dithiane hydrolysis reactions in H,0/
MeCN). In view of this finding, we then sought evidence to
confirm that the maroon/pink colour was indeed due to the
regeneration of aldehyde 2 in situ. A comparison of the absorp-
tion spectrum of 2 with that of 3 + Hg(NOs), + NaOH showed
their absorption maxima to be coincident (Fig. 3).
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Fig. 3 UV-Vis spectra of 3 (180 uM); 3 (180 pM), Hg(NO3), (180 uM) and
NaOH (10 mM); and 2 (180 uM). Spectra acquired 30 min after sample
preparation (MeCN/H,O, 2: 8, v/v).
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Fig. 4 'H-NMR spectra of 2 (top), 3 + NaOH (middle) and 3 + NaOH +
0.5 eq. Hg(NO3), (bottom). Spectra acquired in D,O/CDsCN.
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An NMR study was carried out, comparing the "H spectra of
2, 3 + NaOH, and 3 + NaOH + Hg(NOs;),. The spectrum of 2
contains azulenyl proton resonances in the range 6 =
7.4-9.6 ppm, typical of an electron-poor azulene. The diagnos-
tic aldehyde signal is clearly visible at § = 10.37 ppm (Fig. 4,
top). In the spectrum of 3, the azulenyl signals are shifted
upfield, and are observed in the range J = 7.2-8.6 ppm, as the
electron-withdrawing substituent is no longer present. The
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Scheme 2 Proposed mechanism of Hg?* recognition.
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aldehyde peak is no longer observed, and instead the diagnos-
tic dithiane methine signal is visible at § = 6.50 ppm (Fig. 4,
middle). The dithiane methylene signals are observed between
5 = 3.43 and 3.65 ppm (not shown). The assignment of the
peaks for 3 is based on interactions in the NOESY spectrum
between H* and H, and in the COSY spectrum between H°~H®
and between H'-H*-H-HE-H" (see ESI). In the spectrum of 3
treated with NaOH and with half an equivalent of Hg(NO3),,
resonances attributable to both 3 and 2 can be observed, both
of them having approximately equal integrations. Most clearly,
the aldehyde signal and the dithiane methine signal are both
present. No signals from any other species are observed. These
findings show that 2 is indeed formed from 3 upon exposure
to Hg®" under the conditions of the assay. Furthermore, they
indicate a 1:1 reaction stoichiometry between Hg*" ions and
3, i.e. Hg”" does not act as a catalyst in the transformation of 3
into 2. This may be rationalised by the Hg>" ion being seques-
tered in a chelate with the free ethane-1,2-dithiol after the
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Fig. 5 Top. Naked-eye selectivity experiment of 3 (500 pM) and NaOH
(10 mM), exposed to Hg(NOs),, LiCl, NaCl, KCl, Mg(NO3),, CaCl,, FeSOg,,
Ni(acac),, CuCl,, Zn(NOs),, AgNOs, Pb(OAc), Cd(OAc), and As(NOs)s
(each at 500 pM). The data were obtained in MeCN/H,O solutions (2: 8,
v/v) and the photos were taken 30 min after. Middle. Absorption spectra
of test solutions in the photo, diluted ten-fold. Bottom. Absorbance with
the various metal ions at 307 nm.
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Fig. 6 Top. Naked-eye titration experiment of 3 (500 uM) and NaOH
(10 mM) exposed to 50, 100, 150, 200, 250, 300, 350, 400, 450, 500,
550, 600, 650 and 700 pM of Hg(NOs),. Photos were taken after 30 min
in MeCN/H,O (2: 8, v/v). Middle. Absorption spectra of test solutions in
the photo, diluted ten-fold. Bottom. Dose-response curve, plotted
using the absorbance values at 375 nm.
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dithiane hydrolysis is complete, and hence being unable to
react further (Scheme 2).

A subsequent selectivity test was conducted, comparing the
response of 3 to other metal cations in the presence of NaOH
to induce the dithiane cleavage (Fig. 5). It can be seen that
only Hg”* induces the characteristic colour change to maroon/
pink. Responses were also observed for Ag" and (weakly) for
Fe®*, albeit not forming the same maroon/pink colour. We
propose that while some formation of 2 may be occurring with
Ag’, formation of silver oxide under the basic conditions is
likely the main source of the response; in the context of
mercury-contaminated watercourses, the co-occurrence of Ag"
is not expected.

Titration of 3 with Hg>" in acetonitrile/water showed a
linear response (r = 0.9963) between 0 and 1 equivalents of
Hg>", above which saturation of the signal was observed
(Fig. 6). This provides further confirmation of the 1 : 1 stoichio-
metry of the reaction between 3 and Hg>', in agreement with
the findings of the NMR study (Fig. 4). The limit of detection
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Fig. 7 Top. Naked-eye selectivity test of 3 (500 uM) and NaOH (10 mM)
exposed to Hg(NOs),, LiCl, NaCl, KCl, Mg(NOs),, CaCl,, FeSO,, Ni(acac),,
CuCl,, Zn(NOs),;, AgNOs, Pb(OAc),, Cd(OAc), and As(NOs)s (each at
500 pM). Photos were taken after 30 min water + 0.1% (w/v) Brij™ C10.
Middle. Absorption spectra of test solutions in the photo, diluted ten-
fold. Bottom. Absorbance with the various metal ions at 300 nm.
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of 3 towards Hg>" was determined to be 1.65 mg L™" (Fig. S17).
Evaluation of the fluorescence properties of 2 and 3 showed
that both species were weakly emissive, and had emission
maxima at similar wavelengths (Fig. S21). These observations
discouraged our evaluation of 3 as a fluorescent probe for Hg”".

While these results above vindicate our design strategy
insofar as the chemodosimeter shows both good analyte
selectivity and an unambiguous colour change, the require-
ment of using an organic co-solvent (acetonitrile) is less desir-
able for an in-the-field mercury test kit. In the initial evalu-
ation of 3 described above, we adopted the use of the co-
solvent out of necessity, as 3 itself is insoluble in pure water.
However, we then explored the alternative approach of using a
surfactant additive, in order to remove the need for an organic
co-solvent. Brij™ C10 is a non-toxic, non-ionic surfactant that
is known to be biodegradable.*” When using 0.1% w/v of
Brij™ C10 in water, 3 was effectively solubilised and showed a
colorimetric response to Hg>" ions. Furthermore, this response
was as selective as when using the organic co-solvent, with
confounding signals being observed only for Fe>" and Ag" ions
(Fig. 7). Here again, we ascribe this to the formation of silver
oxide.

Titration of 3 with Hg>" in the water/Brij system (Fig. 8)
showed a linear response once again (r = 0.9812), demonstrat-
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Fig. 8 Top. Absorption spectra of 3 (500 pyM) and NaOH (10 mM)
exposed to 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550 and
600 pM of Hg(NOs3),. Spectra acquired after 30 min in water + 0.1%
(w/v) Brij™ C10. Bottom. Dose—response curve, plotted using the absor-
bance values at 350 nm.
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ing the viability of quantifying the concentration of mercury
ions with this purely aqueous system.

Conclusions

We have synthesised and fully characterised a novel chemo-
dosimeter 3 in two steps from azulene 1 and demonstrated its
quantitative response to Hg”* ions. Evidence for the regener-
ation of azulene aldehyde 2 under the assay conditions has
been presented in the form of NMR and UV-vis absorbance
spectroscopic data. Selectivity for Hg>" over other metal
cations has been determined. The assay procedure is opera-
tionally straightforward and furthermore can be carried out in
the absence of an organic co-solvent if a surfactant is used.
This system may therefore find applications in drinking water
safety analysis in a developing world context.
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