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Abstract A novel fluorescent ligand, (4-[(E)-2-(4"-methyl-
2,2"-bipyridin-4-yl)vinyl]phenol) (abbreviated BSOH), has
been designed and prepared for simultaneous determination
of heavy metals in water. Its photophysical and photochemical
properties in the absence and in the presence of Cd(Il), Cu(II),
Hg(IT), Ni(Il) and Zn(IT) were determined, and the respective
complexation constants (7.4x10°-2.8x10° 1 mol™') and
stoichiometries were extracted thereof. The Stern—Volmer
emission intensity and lifetime plots indicate an efficient static
quenching of the indicator dye with the heavy metals. The
BSOH fluorescent reagent has been successfully immobilised
in a silica sol-gel matrix for automation of the analytical
method, and the sensing phase demonstrated a reversible
response to Cu(Il), Hg(Il) and Zn(II) but not to Cd(Il) and Ni
(IT). Characterisation of the sensor showed that its response to
those heavy metals is linear in the 2.5 to 50 umol 1" range,
with a response time (¢9o) on the order of 100 min, providing
detection limits of 9.0x1077, 4.7x10" and 2.9x10"" mol 1 !
for Zn(1I), Cu(Il) and Hg(II), respectively. Due to the stability
of the immobilised ligand, which presented no leaching from
the sol-gel matrix, the simultaneous determination of the three
cations in water was feasible by employing multivariate
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calibration techniques coupled to fluorescence quenching
measurements. The sensor was validated with recovery tests
by addition of Cu(Il) and Hg(Il) ions to spring waters,
providing results with standard errors lower than 4.1 umol 1 .
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Introduction

The occurrence of heavy metal ions in waters, soils and
sediments is negatively impacted by human activities such
as industrialisation and the input of contaminated sewage
into rivers and lakes [1]. Several heavy metal ions are very
toxic to the environment and to human beings, even in low
concentrations [2], while others are essential in low
concentrations but hazardous in higher concentrations.
Among the latter, copper(Il) and zinc(Il) can be mentioned
due to their significance to the living organisms’ metabolism,
while among the former mercury(Il) also plays an important
role due to its high toxicity.

As a consequence of their toxicity and risks to the
environment and human health, the development of
analytical methods for their determination has been plenti-
ful. Atomic absorption spectrometry, inductively coupled
plasma optical emission spectrometry, inductively coupled
plasma mass spectrometry and X-ray fluorescence are
among the most employed techniques for laboratory
determination of heavy metals in water. Although well
established and extremely useful, these techniques present
some disadvantages such as their high cost, large size of the
associated instruments and impossibility of deploying them
for online in situ measurements in relevant matrices [3].
Only electrochemical (such as stripping voltammetry)
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or spectrophotometric methods are devoid of those
limitations.

An alternative to the determination of heavy metals by
conventional techniques is the development of chemical
sensors or miniaturised analytical devices capable of
delivering real-time online information on the presence of
specific chemical species in complex samples [4]. Among
the different types of chemical sensors, optical devices are
widespread due to their inherent advantages of selectivity,
ease of miniaturisation and robustness. Optical chemosensors
applied to the determination of heavy metals based on
absorbance [5, 6], reflectance [2, 7, 8] and fluorescence [9—
11] measurements have been reported. Regardless of the
sensing principle employed, the robustness of the indicator
layer is essential for obtaining satisfactory results. As a
general rule, the immobilised reagent cannot significantly
leach out from the solid support but must be accessible to the
target analyte. For metal ion determinations, various strategies
have been employed for immobilisation of the indicator dye
using poly(vinyl chloride) films [12, 13], cellulose [14, 15],
Nafion [16], cross-linked acrylates [17], silica nanotubes
[18] and sol-gel materials [19, 20] as supports.

The well-established sol-gel process leads to materials with
capacity for reagent encapsulation and useful properties for
optical sensing [21]. In general, a metal or non-metal alkoxide
such as tetramethoxysilane (TMOS) or tetracthoxysilane is
mixed with a co-solvent (ethanol or methanol) and water to
yield a homogeneous sol. In this process, hydrolysis and
condensation reactions occur, which can be accelerated with
the use of appropriate acidic or basic catalysts. As the reaction
progresses, the viscosity of the sol gradually increases until
formation of a rigid and porous material. After ageing and
drying steps, which may be carried out at ambient tempera-
ture, a xerogel is obtained. The physicochemical properties of
the gel depend on the process parameters, which are
controlled to yield a final material with desired features. The
precursor type, pH, nature and concentration of the catalyst,
water/alkoxide ratio and co-solvent(s) determine the sol-gel
characteristics such as porosity, surface area, refractive index
and mechanical properties. The mild reaction conditions,
together with their thermal and mechanical stability and
transparency in the UV-VIS, make these materials suitable for
immobilising indicator molecules. Moreover, sol-gels can be
obtained in different shapes and configurations, such as thin
films, fibres, monoliths and powders [21-24].

Different fluorescent reagents, such as calcein [25],
rhodamine [25] and N,N,N',N'-tetrakis(2-pyridylmethyl)
ethylenediamine [26], have been used for the determina-
tion of heavy metals to exploit the intrinsic sensitivity of
luminescence spectroscopy. However, these reporters
display poor selectivity to the analyte. As a means of
circumventing this disadvantage, two main strategies have
been adopted for the development of optical sensors. The
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first one is the synthesis of new reagents with specific
structural characteristics to selectively react with a target
metal ion. Eichen et al. [27] prepared the reagent 3-(3-
ethoxymethyl-1H-imidazol-2-yl)-3-(1-ethoxymethyl-1H-
imidazol-2-yl)-3 H-benzo[d,e]isochromen-1-one that is selective
to Zn(II), whose metal-ligand complex presents a fluorescence
signal approximately 900 times more intense than that of the
free ligand. Macrocyclic compounds such as calixarenes have
been also used in the synthesis of complexing reagents for
metal ions. Varma et al. [28] modified the calix[4]-aza-crown
complexing agent with dansyl chloride, producing the fluores-
cent reagent dansyl amide-armed calix[4]-aza-crown, whose
selectivity to Hg(Il) is approximately 50 times higher than to
other metal ions. A thiacalix[4]arene derivative in a 1,3-
alternate conformation, bearing four quinolinoloxy groups
through propyl chains, was synthesised and showed remarkable
selectivity for Hg(II). Based on the fact that lumazine
derivatives have been employed as a tool for the construction
of functional ligands for cation recognition, Saleh [29]
proposed a receptor containing the 6-thienyllumazine moiety.
Preliminary studies carried out in solution showed that Cd(II)
increases the fluorescence intensity, while Hg(Il) and Ag(I)
cause suppression of the signal. Bastida et al. [30] synthesised
macrocyclic ligands holding 8-hydroxyquinoline units able to
recognise heavy metals. Solution studies indicate that these
ligands can be applied to the development of fluorescent
sensors for the determination of Cd(Il), Cu(Il) and Zn(II).
Duan et al. [31] have described a “turn-on”-type fluorescent
sensor for Hg(Il) detection. The coordination compound Cu-
NB (H,NB = bis(2-hydroxyl-naphthalene-carboxaldehyde)
benzyldihydrazone) exhibits low fluorescence due to the
presence of Cu(Il) (“off” state). After the addition of Hg(Il),
Cu(Il) ions are displaced from the complex, yielding a product
whose fluorescence is more intense (“on” state). The coordi-
nation of Cu(Il) in the ligand structure avoids cross-sensitivity
of other cations, making the reagent selective to Hg(II).

As the design and preparation of a highly selective
molecular sensor are difficult tasks, a second strategy to
overcome the lack of reagent selectivity for multiple metal
ion analysis is the use of multivariate calibration techniques
[32]. Among the methods of multivariate calibration for the
simultaneous determination of metal ions, principal component
regression (PCR) [32, 33], artificial neural networks [8, 34,
35] and partial least square (PLS) [32, 33] have been
successfully used. These methods have been applied to
spectroscopic analysis due to their ability to deal with
problems regarding spectral data collinearity and absorption
band overlap. Although such tools have been extensively
employed for simultaneous determination of multiple species
in solution [32-35], their application to optical sensors is still
scarce, mainly due to the stability of the sensing phase. As a
multivariate calibration requires a large number of measure-
ments, leaching of the immobilised reagent, even at a low rate,
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produces inconsistent spectral data in which variability does
not only represent the differences among the calibration/
sample solutions but also the change in the amount of
polymer-supported indicator. In addition, sensors based on
fluorescence quenching bring about an extra challenge, as the
emission spectrum is due to the free ligand and, therefore, the
same for all metal-ligand complexes formed. In this case,
differentiation between signals due to distinct metal ions can
arise as a consequence of the reaction kinetics or mass transfer
rate of the analytes from the solution to the sensing layer [8]
as well as some disturbance that the interactions with specific
metal ions cause to the free ligand.

The usefulness and importance of 2,2'-bipyridine and
1,10-phenanthroline in chemical analysis have been put
forward in most textbooks. Colourimetric or fluorometric
determination of many metal ions is based on the
coordination compounds formed in solution by those
chelating ligands and most metal ions (including rare
earths) in the Periodic Table [36]. Therefore, bipyridine
and phenanthroline are the paradigm of intrinsically
unselective ligands, yet specific metal ions can be analysed
if adequately substituted derivatives are prepared due to the
different coordination number and geometry of the former
[36]. Cu(ll) salts yield a variety of complex species
depending on the metal-to-ligand ratio and the conditions
employed. Bipyridine binds Cu(Il) in a 1:1 ratio with K, of
2.95x10® 1 mol '. A similar constant has been measured for
Hg(I) (4.36x10° 1 mol™"), but Zn(Il) displays a much
lower affinity for this ligand (1.44x10° 1 mol") [37].
Interestingly enough, Zn(II) has also the lowest rate
constant of adduct formation of the three investigated metal
jons (10° vs. >10” I mol ' s71) [36].

The aim of this is work has been the design, preparation
and characterisation of a new fluorescent reagent for the
simultaneous determination of copper, mercury and zinc
ions in water. The 2,2"-bipyridine ligand seemed to be an
appropriate starting point for complexation to a variety of
metal ions; however, bipyridines are non-fluorescent so that
tailored functionalisation was essential to achieve a fluorescent
molecular sensor for high sensitivity. With the aim of using
silica sol-gel materials to immobilise the indicator dye, the
presence of a hydroxyl group in the latter was deemed essential
for the attachment of the fluorescent molecular sensor to the
sol-gel network during the polymerisation process. Obviously,
attachment to the indicator to its solid support is advantageous
to avoid leaching and increase the operational lifetime of the
sensor layer but should not affect its optical properties. With
such a molecular design in mind, the novel fluorescent ligand
BSOH (Fig. 1) was prepared and evaluated regarding its
complexing ability for metal ions in connection to its
spectroscopic properties. Once its fitness to purpose was
assessed, BSOH has been immobilised in a sol-gel matrix and
its reversible response to Cu(Il), Hg(Il) and Zn(Il) was evaluated.
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Fig. 1 Reagents and conditions: (i) #-butyldimethylsilyl chloride/
DBU/acetonitrile/Ar/room temp.; (if) lithium diisopropylamide/THF/
Ar/=78 °C; (iiif) THF/=78 °C/1 h; then room temp./12 h followed by
hydrolysis; (iv) p-toluene sulphonic acid/Ar/70 °C/20 h. The metal ion
complexing and fluorophoric and chemically reactive moieties of
BSOH have been emphasised (see text)

The sensor phase has been employed to simultaneously
determine those ions in water using multivariate-calibration-
based on PLS regression and fluorescence quenching, which
would not be feasible in solution as the analytical signals comes
from the free ligand and would be the same regardless the kind of
metal ion.

Experimental
Synthesis of the fluorescent indicator dye

The chelating ligand BSOH was prepared from commercial
4,4'-dimethyl-2,2"-bipyridine and 4-hydroxybenzaldehyde
(Fig. 1). (a) A mixture of 1.0 g (8.19 mmol) of p-
hydroxybenzaldehyde (98%, Aldrich) and 1.51 g
(10.02 mmol) of #-butyldimethylsilyl chloride (97%, Fluka)
is dissolved in 10 ml of anhydrous acetonitrile (Fluka).
After introducing argon for 20 min in the reaction flask,
1.6 ml (10.65 mmol) of 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU, 98%, Aldrich) in 5 ml of anhydrous acetonitrile is
added, and the reaction mixture is stirred at room
temperature. After checking that the starting aldehyde has
been consumed (approximately 2 h), the solvent is
evaporated under reduced pressure, and the resulting yellow
oil is subject to vacuum distillation (126 °C, 3 Torr) to yield
the pure colourless O-silyl derivative (1) in 50% yield. (b)
A solution of lithium diisopropylamide (2.6 mmol, Aldrich)
in 4 ml of anhydrous tetrahydrofuran (THF) (Fluka) is
cooled to =78 °C while argon is being introduced in the
flask. Then a solution of 4,4'-dimethyl-2,2'-bipyridine
(2.6 mmol, Aldrich) in 25 ml of anhydrous THF is added
dropwise to the reaction flask. Formation of the dimethyl
bipyridine carbanion is signalled by the appearance of an
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intense dark red colour. After 2 h of stirring at —78 °C,
3.15 mmol of the benzaldehyde derivative 1 dissolved in
4 ml of anhydrous THF is added. The cooling bath is
removed, and the reaction is left to evolve at room
temperature for 14 h. Then 5 g of ice is added to the
reaction mixture; the solvent is evaporated at reduced
pressure, and the sought alcohol (2) is isolated as a yellow
solid by suspension of the residue in methanol/chloroform.
(c) The arylhydroxymethylbipyridine 2 (0.60 g, 1.96 mmol)
is dissolved in 10 ml of anhydrous toluene (Fluka), and
argon is introduced into the reaction flask. Then 0.255 g of
p-toluene sulphonic acid (Panreac, purified by recrystallisa-
tion from ethyl acetate) in 10 ml of anhydrous toluene is
added. The resulting yellow suspension is heated to 70 °C and
left to react for 24 h. The original yellow solid dissolves, and a
red precipitate appears over time. The solid is filtered out,
dissolved in methanol and re-precipitated with acetonitrile to
yield 0.51 g of BSOH (90% yield). The product structure is
confirmed by its 500-MHz 'H-nuclear magnetic resonance
(NMR) data in methanol-d, (see Fig. S1 in the Electronic
Supplementary Material).

Analytical reagents and apparatus

Analytical-grade reagents from Sigma-Aldrich Quimica
(Madrid, Spain) and water purified with a Millipore Direct-Q
system (Millipore, Bedford, MA, USA) were used throughout.
Buffer solutions (0.1 mol 1) in the pH 2.0 to 12.0 range were
prepared from dipotassium hydrogen phosphate, potassium
dihydrogen phosphate, potassium phosphate and hydrochloric
acid or sodium hydroxide solutions. Anhydrous methanol
(over molecular sieves) was from Fluka. Stock solutions of
the different metals were prepared in methanol from mercury
chloride (HgCl,), zinc chloride (ZnCl,), copper sulphate
pentahydrate (CuSO4-5H,0), nickel chloride hexahydrate
(NiCl,'6H,0) and cadmium nitrate tetrahydrate (Cd
(NO3),"4H,0) obtained from Vetec (Sao Paulo, Brazil).
Lower concentrations were prepared by serial dilutions of
the stock with phosphate buffer of adequate pH.

The pH of samples and buffer solutions was adjusted
with a Corning 4431 pH metre (Sao Paulo, Brazil) equipped
with a combination glass electrode. The 500-MHz 'H-NMR
spectra have been obtained at UCM Central NMR
Instrumentation Facilities with a Bruker AVANCE AV-500
spectrometer. Surface area of the sol-gel material was
determined with an Autosorb I from Quantachrome Instru-
ments (Boynton Beach, FL, USA). UV-VIS absorption
spectra were recorded using a Varian Cary 3-Bio (Palo
Alto, CA, USA). The metal-ligand equilibrium constants
and stoichiometry of the corresponding complexes were
determined with Hyperquad 2006 software (Protonic Software,
www.hyperquad.co.uk). Hyperquad is a computer programme
which provides (1) a system for simulating titration curves and
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(2) a system for providing speciation diagrams. The calcu-
lations relate to equilibria in solution; there are no restrictions as
to the number of species that may be present or the number of
complexes that may be formed. Fluorescence data from
solutions were collected using a Perkin-Elmer LS50B spectro-
fluorometer (Sussex, UK), setting slit widths at 6 nm. A Varian
Cary Eclipse fluorescence spectrometer was employed for
measurements with the sol-gel sensing phase, adopting slit
widths of 10 nm and a 430-nm cutoff filter in the emission path.
Emission lifetime measurements were carried out using a
Horiba Jobin Yvon Fluoromax-4TCSPC spectrofluorometer
(New Jersey, USA) equipped with a Horiba NanoLed-370 laser
diode (700-ps 370-nm pulses at 500 kHz). Fluorescence decays
were measured with a 200-ns window (4,096 channels) by
accumulating 10,000 counts in the peak channel, and emission
lifetimes were extracted from the exponential curve fittings
using the proprietary H-J-Y hybrid grid-search minimisation
algorithm (without deconvolution) for stable chi-squared
minimisation. Any observed decay component equal to or
below the laser pulse width was discarded.

Sol-gel preparation and instrumental setup

The sol-gel sensing phases were prepared by mixing 5.0 ml of
TMOS (99%, Aldrich), 6.0 ml of methanol (J.T. Baker) and
2.4 ml of water in a beaker. The mixture was stirred for 5 min
followed by the addition of a solution containing 1.38 mg of
BSOH and 250 ul of 1.30x 10 ¢ mol 1I"' NH,OH (Aldrich) in
9.0 ml of methanol. The sols were allowed to gel and dry at
room temperature to constant weight for approximately
20 days. The resulting sol-gel was mechanically crushed
and sieved, and the 100-150-um sol-gel particles were
packed in a 100-pul 3-mm path fluorescence flow-through
quartz cell (Hellma, Germany) for the metal ion analysis. At
the top of the cell chamber, a small nylon mesh plug was
placed to prevent particle displacement by the flow stream.

The flow-through cell was placed in the spectrofluorometer
sample holder. The sample flow stream was generated by a
peristaltic pump (Ismatec IPC 8, Switzerland). The carrier
solution consisted of pH 5.0 phosphate buffer that was pumped
for 20 min through the sensing phase at a constant flow rate of
0.3 ml min"'. Once a stable baseline was obtained, 3.00 ml
(10 min) of the heavy metal sample solution was pumped
through the system and the decrease of the fluorescence signal
was evaluated. Finally, the sensing phase was regenerated with
550 ul (2 min) of 0.1 mol I"" HCI, and buffer solution was
pumped through the flow cell, in order to obtain the reference
signal. All determinations were carried out in triplicate.

Multivariate calibration

For the simultaneous determination of the metal ions,
binary and ternary mixtures were prepared according to a
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central composite design. A concentration range from 2.50
to 50.0 pumol I'' was employed for all species. The
excitation wavelength was set at 410 nm, and emission
spectra from 420 to 650 nm were acquired every 2 min for
a total time interval of 10 min. The multivariate calibration
models were constructed by employing the Iy/I; spectral
ratio, where /, is the reference spectrum (obtained in buffer
solution) and /; is the fluorescence spectrum obtained by
pumping sample solution through the flow cell after i min (i=
2,4, 6, 8 and 10 min). The Iy/I; spectral data were submitted
to different smoothing pre-treatments, based on moving
average, median filter and Savitzky—Golay filter (with
various different windows), aimed at improving the signal-
to-noise ratio of the data. Unscrambler 9.7 (CAMO) and
MatLab 6.5 (MathWorks) software were employed for the
construction of the PLS calibration models, which were
based on PLS regression.

Results and discussion
Characterisation of the BSOH ligand in methanol

The chemical structure of the novel BSOH ligand is shown
in Fig. 1. The BSOH structure depicts the three distinct
functional moieties sought in the molecular design of an
optimum fluorescent indicator for unspecific heavy metal
ion analysis to be incorporated into a sol-gel matrix. The £
configuration of the stilbene moiety is evidenced by the
Jn coupling constant measured in the NMR spectrum
(16.5 Hz). Since the last step of the synthesis of BSOH
involves thermal dehydration of the precursor alcohol in the
presence of a strong acid, predominant formation of the
thermodynamically most stable product is warranted.
Nevertheless, approximately 15% of the Z stilbene isomer
is also obtained, as deduced from the "H-NMR spectrum of the
product. No attempt to separate the diastereoisomers was made.

The stilbene feature is associated with intense absorption
and fluorescent properties [38]. Due to its scarce solubility
in water, the spectroscopic features of the BSOH ligand
were characterised firstly in methanol solution. Figure 2
shows its absorption spectrum recorded in this solvent. It
can be observed that the free ligand presents three
absorption bands, centred at 235, 282 and 336 nm. At the
latter wavelength, the molar absorption coefficient at 25 °C
is 1.29x10* 1 mol™' ecm™'. Figure 2 also depicts the
excitation and emission spectra, demonstrating that the
wavelength of maximum absorbance at lowest energy
coincides with that of the excitation peak. The fluorescence
peak occurs at 440 nm in methanol, significantly red-shifted
compared to the Stokes shift of stilbene [38] due to the
intramolecular charge transfer (ICT) nature of the emissive
state of BSOH in polar solvents.
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Fig. 2 Electronic absorption, excitation and emission spectra of
BSOH (3.61x107° mol 1) in methanol (excitation at 336 nm and
emission at 440 nm)

Complexation of BSOH with different heavy metal ions
of interest, namely Cd(II), Cu(Il), Hg(II), Ni(Il) and Zn(II),
was screened in methanol by employing 5.13x 107> mol 17!
solutions of the molecular reporter containing each of them
1.0x107* mol 1" of the investigated metal ion. It can be
observed from Fig. 3 that the absorption spectra of the
metal-ligand complexes are all different, always displaying
a bathochromic shift, the extension of which depends on
the heavy metal ion. Different profiles and intensities are
also observed for the emission spectra of BSOH in the
presence of the selected metal ions, as illustrated in Fig. 4.
Cd(1I) and Hg(Il) slightly enhance the fluorescence of the
ligand, while Zn(II), Cu(Il) and Ni(II) act as fluorescence
quenchers (the last two ions have a dramatic effect, as the
emission intensity reaches a value close to zero). These
differences found in both types of spectra make BSOH a
very appropriate ligand for simultaneous determination of
metal ions.

According to the different ease of reduction of the
investigated metal ions, a photo-induced electron transfer
(PET) from the phenolic bipyridine BSOH ligand to the
coordinated metal ion would be expected, particularly
efficient for Hg(II), Cu(Il) and Ni(Il) (i.e. the easiest to
reduce ions). Surprisingly, coordination to Hg(Il) does not
lead to fluorescence quenching in solution. In the absence
of a more detailed photochemical study (far from the aim of
this paper), we speculate that under the experimental
conditions of Fig. 4 the reducing phenol moiety of the
BSOH fluorophore is fully coordinated to Hg(II), efficiently
preventing the PET deactivation mechanism. Coordination
of the phenol group to the other metal ions would be less
favourable, and chelation by the bipyridine moiety would
prevail. Recovery of the PET quenching of the fluorophore
upon immobilisation into the sol-gel (see below) lends
further support to this hypothesis.
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12 Table 1 Determined stoichiometry and overall association constants
E’;ﬁ;}H of the metal ion—-BSOH complexes in methanol (BSOH=3.0x
pmm— -5 -1
10 cu(ll) 10 mol 1)
—Ni(ll} X -1
Zn(ll) Metal BSOH:M(II) K (1 mol )
0.8 — Cd(ll) 3
9 Cd(I1) 1:1 7.44%10
= . 8
' Cu(Il 2:1 2.79x 107
s Hg(ID) 2:1 1.98x10
< Ni(ID) 1:1 1.21x10*
0.4+ Zn(I) 11 3.88x107
0.2 -
irreversibly with the ligand when it is immobilised in a sol-gel
0.0 —T T matrix, as will be discussed later. Due to these facts, further
200 250 300 350 400 450 500

Wavelength (nm)

Fig. 3 Absorption spectra of BSOH (5.13x 10> mol 1" in methanol
in the absence and in the presence of 1.02x10™* mol 1! of Cd(ID),
1.03x10* mol "' of Cu(Il), 1.09x10™* mol I"! of Hg(ll), 1.04x
10 mol 1! of Ni(IT) and 1.02x10~* mol 1" of Zn(II)

The stoichiometry of the complexes formed between the
ligand and each of the investigated metal ions was
determined by the molar ratio method, in which the ligand
absorption spectra are evaluated as a function of the metal
ion concentration for a fixed host concentration. In
addition, the stability constants were calculated from those
spectra with the aid of the Hyperquad software v.2006
(Protonic Software). Table 1 summarises the results
obtained, showing that the metal-ligand complexes formed
with Cu(ll), Hg(II) and Zn(II) are much more stable than
those with Ni(Il) and Cd(II). Moreover, in spite of their low
association constant with BSOH, these last two ions bind

1000
—— bpySOH
—— Hg(ll)
800 4 —'C'_J(")
— Ni(ll)
Zn(ll)
= — Cd(ll)
= 600
e
=
o
&
£ 400+
200 4
DE R —
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Wavelength (nm)

Fig. 4 Fluorescence spectra of BSOH (5.13x107° mol 1) in

methanol in the absence and in the presence of 1.02x107* mol 17!

of Cd(II), 1.03x10™* mol I'" of Cu(II), 1.09%x10™* mol I"! of Hg(II),

1.04x10* mol I"" of Ni(Il) and 1.02x10* mol 1" of Zn(II). All the
spectra have been recorded with excitation at 336 nm
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photophysical studies focused only on Cu(Il), Hg(I) and Zn
(IT) ions.

Solutions with different BSOH concentrations were
prepared in methanol, and the fluorescence lifetime values
of the indicator dye were measured. A lifetime of 3.8+
0.2 ns was obtained regardless the ligand concentration or
the presence of dissolved oxygen, a result that is compatible
with the ICT nature of the emissive excited state (the
excited state lifetime of stilbenes without conjugated donor/
acceptor groups attached to the aromatic system is typically
below 1 ns [38]). For the determination of the lifetime of
metal ion complexes, a 3.92x107> mol 1! BSOH solution
was prepared and the fluorescence decay profiles were
measured upon increasing the concentration of metal ions
from 1.50x107° to 1.50x 10> mol I"'. As it can be seen in
Table 2, the fluorescence lifetime values of BSOH (but not
the emission intensity, see above) remain constant and
independent of the metal ion concentration, indicating the
static nature of the emission quenching observed upon
formation of the metal-ligand adduct.

Characterisation of the BSOH ligand in water

Further UV-VIS absorption studies were carried out with
BSOH (2.95x10° mol I'") in Britton—Robinson buffer

Table 2 Fluorescence lifetime of BSOH as a function of the heavy
metal concentration in methanol (BSOH=3.9x10"° mol I'")

[M@D] (mol 171 T @s)
+Cu(Il) +Hg(IT) +Zn(10)

0 3.67 3.65 3.98
1.50x10°° 3.63 3.68 3.95
3.50x10°° 3.64 3.63 3.96
7.50%x107° 3.71 3.84 3.90
1.00x107° 3.69 3.76 4.05
1.50x107° 3.73 3.61 4.17
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solutions, with ionic strength of 0.5 mol I"! and pH interval
from 2 to 12 (Fig. 5). It can be observed that the absorption
band around 380 nm is practically constant up to pH 4.0,
presenting a decrease up to pH 8.0, increasing again at pH
values higher than 9. In addition, the absorption spectra
display two isosbestic points, one just above 350 nm
(occurring from pH 2.0 to 7.0) and the other just below
350 nm that appears at pH values higher than 8.0, a fact that
evidences the complexity of the system under equilibrium (the
BSOH molecule has two protonation and one deprotonation
site, Fig. 1). Figure 6 depicts the emission spectra of the
ligand as a function of pH, upon excitation at 336 nm. There
are three sets of emission bands, with maximums at 523 nm
(pH 2.2-4.2), 453 nm (pH 5.1-11.0) and 385 nm (pH 11.8),
which are the consequence of the protonation state of the
indicator molecule. A more detailed photochemical discussion
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Fig. 5 Absorption spectra of BSOH (2.95x 107> mol 17") in Britton—
Robinson buffer solutions (ionic strength of 0.5 mol 1) in the pH
intervals a 2.0-7.0 and b 8.0-11.8
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Fig. 6 Fluorescence spectra of BSOH (2.95x 107> mol ") in Britton—
Robinson buffer solutions (ionic strength of 0.5 mol 1) in the pH
intervals a 2.0-7.0 and b 8.0-11.8 (excitation at 336 nm)

on this issue would require more elaborate physicochemical
data and is out of the scope of this work. As can be seen in
Fig. 6, the most intense fluorescence is measured in the
pH 6.1-8.0 range; thus, solutions buffered at pH 7.0 were
employed for studying the interaction of the ligand with metal
ions, as this value favours the conditional formation constants
avoiding the precipitation of metal ions hydroxides.

A predictive calculation of the ionisation constants of
BSOH using the ACD/pKa v5.0 software yields pK, values
of 9.75+0.15 and 4.884+0.37 for the deprotonation of the
phenol group and the protonation of the bipyridine moiety
(in the 4-methylpyridine ring), respectively. Therefore, the
ligand is expected to be unprotonated (electrically neutral)
in pH 7.0 buffered solution.

The formation of BSOH-metal ion complexes was
evaluated in 20 mmol 1" buffer solutions at pH 7.0.
Absorption spectra were different for each metal ion, similar
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to the results obtained in methanol solution. However, only
Hg(1l) produced an enhancement of fluorescence intensity,
while Cu(Il), Ni(Il), Cd(Il) and Zn(II) all quenched the
fluorescence intensity (but not the BSOH emission lifetime,
see Table 2). The emission spectra for all metal ions
displayed a maximum at 455 nm and a linear response
range from 1.50x1077 to 6.00x107° mol 17", values which
guided the studies with the sol-gel sensing phase.

Evaluation of the BSOH immobilised in a sol-gel matrix

The solid obtained in the sol-gel process showed a light-
yellow colour even after thorough washing with methanol
and other organic solvents where BSOH is very soluble,
indicating the chemical immobilisation of the ligand in the
matrix. Preliminary experiments demonstrated the efficient
immobilisation of the ligand, as its leaching from the solid
support was never observed. This observation confirms that
the BSOH indicator dye is covalently tethered to the SiO,
matrix through its ~OH group, imparting a high chemical
stability to the sensing phase.

The surface area (Sggt) of the sol-gel was determined by
nitrogen adsorption based on the BET method, providing a
value of 470.4 m* g '. A porous diameter of 17.8 A and a
porous specific volume of 0.21 cm® g were obtained,
characterising the sol-gel as a microporous material.

The evaluation of the excitation and emission spectra of
the solid phase in pH 7.0 buffer solution revealed peaks at
410 and 515 nm, respectively, which differ from the values
obtained in solution (380 and 455 nm), as a consequence of
the encapsulation of the ligand in the sol-gel matrix via
covalent binding by the phenol group. Figure 7 shows the
emission spectra of the immobilised ligand obtained in
solutions with different pH values. As it can be observed,
the signal decreases as the pH increases, and no significant
band shift occurs, a different behaviour from that in
aqueous solution. However, the fluorescence signals
obtained at pH 2.3, 3.1 and 4.1 display the same intensity,
and the decrease in the fluorescence at pH 5.0 coincides
with the shift observed in aqueous solutions at the same
values of pH. These results may suggest that a proton
attached to the nitrogen atom of the bipyridine moiety (see
above) is being titrated between pH 4.0 and 5.0, a fact that
is in agreement with the pKa calculated value of 4.88. Thus,
solutions buffered at pH 5.0 were used throughout the
studies because below this value protonation of the BSOH
ligand impairs the complexing reaction of the metal ions.

The reaction of the immobilised ligand with the selected
heavy metal ions showed an irreversible response to Cd(II)
and Ni(Il), as regeneration of the free ligand was not
achieved even after flowing 0.10 mol ™' HCI solution for a
long period of time. No interference of Ca(Il), Fe(Ill) and
Pb(I) was observed at 50 pmol 1'. On the other hand,
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Fig. 7 Fluorescence spectra of BSOH immobilised in the sol-gel
matrix obtained in Britton—Robinson buffer solutions at different pH
values (excitation at 410 nm)

dissolved Zn(II), Hg(I) and Cu(Il) ions tightly bound to the
sensing phase cause a decrease in the fluorescence intensity,
and the baseline signal had to be recovered with a
0.1 mol I"" HCI solution. Remarkably enough, Hg(II) also
quenched the BSOH fluorescence, unlike the behaviour
observed in solution. Recovery of the expected fluorescence
quenching by PET to the metal ion might be a consequence of
the covalent binding of the BSOH ligand to the siloxane
backbone by its phenol moiety during formation of the sol-
gel. In this way, phenol coordination to the Hg(I) ion would
not occur, and efficient PET from the unshared electron pair of
the oxygen atom to the bpy-coordinated Hg(II) would be
recovered.

Figure 8 illustrates the fluorescence signal of the sensor
phase in the presence of different Hg(Il) concentrations at
pH 5.0, setting the excitation and emission wavelengths at
410 and 515 nm, respectively. The response curve was
obtained by pumping pH 5.0 buffer solution for 20 min (I
signal), metal ion sample solution for 10 min and
0.1 mol I"! HCI solution for an additional 2 min (regeneration
of the free ligand) at a flow rate of 0.3 ml min'. As it can be
observed, the repeatability of the signals is adequate (relative
standard deviation lower than 3.0%) and the baseline is stable,
indicating the regeneration of the free ligand. Similar curves
were obtained for Cu(Il) and Zn(Il) ions, although with
different sensitivities (Hg > Cu > Zn) following the ease of
reduction of the corresponding 2+ ions. These features are
important for a successful multivariate calibration. Indepen-
dent of the metal ion sensitivity, under the experimental
conditions employed, the sensing phase was saturated for
solutions with concentrations higher than 50 umol 1" as the
fluorescence signal reached a plateau value. The response
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time (foge,) Was determined by using 25-umol 1™ solutions of
the metal ions flowing at 0.3 ml min"", yielding values of 88,
107 and 114 min for Cu(Ill), Hg(Il) and Zn(II), respectively.
By performing univariate calibrations, detection limits of 8.9 x
107, 4.7x1077 and 2.9x10"7 mol I were obtained for Zn
(1), Cu(Il) and Hg(Il), respectively, values that are below the
limits established by legislation, except for Hg(II). However, it
is important to mention that these values can be further
improved if the analytical signal is taken closer to the
response time of the sensor and not after just 10 min of
reaction, signal, at the expense of a lower sample throughput.
Moreover, the sensing phase was not optimised to achieve the
best limit of detection for a given metal ion but to balance the
sensitivity among the species studied. By this approach, it was
possible to demonstrate the feasibility of simultaneous
determination of those metal ions using a covalently

immobilised reagent, fluorescence quenching and multivariate
calibration.

Regeneration of the free ligand was also evaluated by
employing 0.10 mol 1" EDTA, 0.01 mol 1" H;PO,
solutions, which were inefficient to perform this task, and
0.01 mol 1™" HCI solution, which required a very long time
for full regeneration of the sensitive phase.

Simultaneous determination of metal ions

The sensing phase was evaluated for the simultaneous
determination of Cu(ll), Hg(Il) and Zn(Il) in binary and
ternary mixtures. The central composite design was
employed to prepare the set of solutions in the concentra-
tion range from 2.50 to 50.0 wmol I"'. This experimental
design combines a complete fractional design of one or two
levels, with additional points (star point) and at least one
point in the centre of the design. This point is selected to
provide an evaluation of the variance of the predicted
response. It is an alternative to the full-factorial design, as it
requires a lower number of experiments, keeping the
quality of the results [39, 40].

The strategy adopted for the construction of the
calibration models was based on the evaluation of emission
spectra (420-650 nm) obtained with excitation wavelength
set at 410 nm and along a reaction time of 10 min, acquired
at time intervals of 2 min. A scanning rate of 120 nmmin
was employed, as it provides emission spectra with better
signal-to-noise ratio. All the calculation was performed
with the relative [Iy/I; spectra, where [, refers to the
reference spectrum and /; stands for the spectrum at the
time 7, as the fluorescence signals obey the Stern—Volmer
model. The Iy/I; spectra were initially submitted to a pre-
processing in order to minimise instrumental noises and
baseline offset [41, 42]; smoothing procedures of moving
average, median filter and Savitzky—Golay filter, all of the

Table 3 Results obtained for the prediction Cu(Il) and Hg(II) concentrations in a binary mixture in aqueous phosphate buffer solution pH 5.0

Cu(Il) (umol I'1y?

Hg(Il) (umol 171)°

Expected Predicted Error (%) Expected Predicted Error (%)
17.3 16.8 -29 5.16 5.41 4.8
17.3 17.0 -1.7 15.5 15.5 0.0
11.5 11.0 —4.3 3.06 3.18 3.9
3.39 3.68 8.6 10.3 10.2 -0.9
11.5 11.3 -1.7 23.7 24.0 1.3
34.6 347 0.3 31.0 30.8 -0.6

 From the Iy/I spectra; smoothing procedure:

0.46 pmol !

moving average (31-point window), 1,155 variables (time interval=2—10 min), three latent variables, RMSEP=

® From the 1Io/I spectra; smoothing procedure: moving average (31-point window), 1,386 variables (time interval=0—10 min), three latent variables, RMSEP=

0.26 pmol I"!
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Table 4 Results of the prediction of the Cu(Il) and Zn(II) concentrations in a binary mixture in aqueous phosphate buffer solution pH 5.0

Cu(Il) (umol I'1y?

Zn(IT) (umol 17H°

Expected Predicted Error (%) Expected Predicted Error (%)
5.76 7.93 37.7 19.7 18.1 -8.1
11.5 12.6 9.6 11.5 11.5 0.0
11.5 12.2 6.1 5.76 6.25 8.5
23.0 234 1.7 15.0 17.0 13.3
28.8 28.3 -1.7 28.8 28.0 -2.8
34.6 354 2.3 26.5 24.5 -7.6

# From the I/l spectra; smoothing procedure: moving average (41-point window), 693 variables (time interval=6—10 min), two latent variables, RMSEP=

1.56 pmol !

® From the o/ spectra; smoothing procedure: median filter (21-point window), 1,155 variables (time interval=2—10 min), three latent variables, RMSEP=

1.38 pmol !

them based on different window sizes, were used. In
addition, an exploratory analysis was performed, aimed at
extracting information regarding the behaviour and the
influence of the samples on the calibration models.

Models were constructed by employing PLS regression, as it
is efficient to deal with experimental noise and data collinearity.
In this regression, all the relevant variables are included in the
model and the calibration can be adequately performed even in
the presence of interfering species. PLS is based on latent
variables, maximising the covariance between the fluorescence
spectra (matrix X) and analyte concentrations (matrix Y). This
approach is slightly different from PCR, which is based on
principal components and maximises the variance on the
matrix X for the direct regression against matrix Y [43]. The
models for prediction were constructed by the cross-validation
(leave-one-out) approach. This strategy consists of removing
one sample of the calibration set and constructing a model in
its absence. This sample is then tested as a validation sample
of the prediction model. Such procedure is employed for all
samples of the calibration set, allowing construction of the
final model for this set of solutions [44].

The variability of the calibration set must represent the
whole set of samples, including those for prediction. In
order to improve the variability of the calibration set,
different strategies have been described in the literature,
such as the successive projection algorithm [45] and the
Kennard—Stone algorithm [46]. In the latter algorithm,
which was employed throughout this work, the first sample
selected is the one that represents the highest distance from
the mean sample; the second sample selected is the one that
displays the highest distance from the first one, and so on.

The results shown in Tables 3, 4 and 5 (binary mixtures
between Cu(Il), Hg(Il) and Zn(Il)) and Table 6 (ternary
mixture of these ions) were obtained from prediction
models constructed with 20 calibration samples in the
concentration range from 2.5 to 50 pumol 1™'. Different data
pre-processing approaches were employed as indicated. The
root mean square error of prediction (RMSEP) values
obtained in all experiments are within the standard
deviation of the measurement, demonstrating the robustness
of the prediction model. As it can be noted, the results for
prediction are in agreement with the expected values, as

Table 5 Results of the prediction of the Hg(Il) and Zn(II) concentrations in a binary mixture in aqueous phosphate buffer solution pH 5.0

Hg(Il) (umol 11y

Zn(1l) (umol 171)°

Expected Predicted Error (%) Expected Predicted Error (%)
10.3 10.1 -1.9 11.5 11.2 -2.6
5.16 4.84 —6.2 5.76 6.60 14.6
20.6 222 7.8 17.3 18.2 52
25.8 25.6 -0.8 28.8 27.0 —6.2
31.0 30.7 -1.0 17.3 16.6 —4.0

 From the 1o/ spectra; smoothing procedure: moving average (31-point window), 1,155 variables (time interval=2—-10 min), two latent variables, RMSEP=

0.94 pmol 1!

® From the Io// spectra; no smoothing procedure applied, 924 variables (time interval=4—10 min), two latent variables, RMSEP=3.32 umol 1"

@ Springer



Simultaneous determination of copper, mercury and zinc in water 3137

Table 6 Results of the prediction of the Cu(II), Hg(I) and Zn(II) concentrations in a ternary mixture in aqueous phosphate buffer solution pH 5.0

Cu(Il) (umol I'1y? Hg(IT) (umol 171)° Zn(IT) (umol 171)°

Expected Predicted Error (%) Expected Predicted Error (%) Expected Predicted Error (%)
11.9 13.9 16.8 12.9 14.6 13.2 14.4 16.3 13.2
19.0 18.2 —4.2 12.9 13.5 4.6 31.7 28.7 -9.5
26.1 27.1 3.8 28.4 27.2 —4.2 23.1 22.0 —4.8
26.0 27.0 3.8 28.3 29.9 5.6 40.3 38.4 -4.7

*From the I/ spectra; smoothing procedure: Savitzky—Golay filter (window size 35), 907 variables (time interval=4—10 min), two latent variables,
RMSEP=1.14 pumol 1!

® From the Io/I spectra; smoothing procedure: median filter (window size 41), 693 variables (time interval=6-10 min), three latent variables, RMSEP=
2.42 pmol 1!

© From the Iy/I spectra; smoothing procedure: moving average (window size 41), 693 variables (time interval=6-10 min), two latent variables, RMSEP=

2.14 umol 1!

they do not significantly differ at a confidence level of
95%. This fact demonstrates the robustness of the sensing
phase, as leaching of the ligand, if it happened at all, did
not affect the performance of the whole system.

Finally, the sensor was applied to the determination of
these metal ions in spring waters in order to assess its
analytical performance. As no waters with enough heavy
metal ions contamination were available, commercial
samples were spiked with different amounts of Cu(Il) and
Hg(IT) and subject to analysis with the novel optosensor.
The results collected in Table 7 demonstrate the analytical
performance of the sensing phase for simultaneous deter-
mination of heavy metal ions in water. Comparing these
results with those reported in the simultaneous determina-
tion of the analytes in solution [6], the performance of the
BSOH optical sensor is evident, as the operational
concentration ranges are similar and the measurement relative
errors are of the same order of magnitude, with the advantage
of automating the analyses with the sensing device.

Conclusions

The new engineered ligand based on a fluorescent
bipyridine (BSOH) developed in this work interacts with
different heavy metal ions. These interactions cause a static
deactivation of the fluorescence signal, as indicated by the
excited state lifetime of the indicator dye. Covalent
immobilisation of BSOH in a sol-gel matrix preserved its
fluorescent properties, and no leaching was observed from
the solid. This characteristic allowed its application to the
simultaneous determination of Cu(Il), Hg(Il) and Zn(II) in
binary and ternary mixtures in water, providing results with
low values of RMSEP and in agreement to the expected
values, as demonstrated for the first time in the determina-
tion of Cu(Il), Hg(Il) and Zn(Il) in mineral waters using
multivariate calibration methods. Other luminescent indica-
tor ligands are currently being explored in our laboratory to
expand both the slate of metal ion determinants and the
usability with different instrumentation, particularly the

Table 7 Results of the determinations of Cu(Il) and Hg(ll) in spring water samples spiked with these metal ions, using the BSOH optosensor

Cu(Il) (umol I'1y?

Hg() (umol 171)°

Expected Predicted Error (%) Expected Predicted Error (%)
14.3 134 —6.3 10.1 16.3 61.4
28.2 30.4 7.8 29.7 28.3 4.7
4.839 7.96 62.8 15.1 144 —4.6
26.7 259 -3.0 28.3 27.1 4.2

*From the Iy/I spectra; smoothing procedure: Savitzky—Golay filter (41-point window), 1,135 variables (time interval=2—10 min), three latent variables,

RMSEP=4.09 pmol 1!

® From the 1o/I spectra; smoothing procedure: Savitzky—Golay filter (41-point window), 1,135 variables (time interval=2—10 min), three latent variables,

RMSEP=2.76 umol 1!
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state-of-the-art one available nowadays for in situ optosensing
of dissolved oxygen in waters.
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