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Abstract A fully functionalised calix[4]pyrrole derivative, namely, meso-tetramethyl-tetrakis[(die
thylthiocarbamoyl)phenoxy] calix[4]-pyrrole, 1 has been synthesised and structurally characterised.
Its complexing properties with metal cations in acetonitrile were investigated with particular
emphasis on the thermodynamics of these systems. These data and those previously reported for
a partially functionalised calix[4]arene based receptor, 5,11,17,23-tetra-tert-butyl[25,27 bis(diethyl
thiocarbamoyl)oxy]calix[4]arene, 2 were used to, i) further corroborate their use to predict the selec-
tivity coefficients of carrier mediated mercury (II) ion selective electrodes (ISEs) and ii) to obtain
approximate stability constant data from selectivity coefficients. The optimum working conditions
of both electrodes were determined. It is shown that while the ISE based on 1 is characterised by a
wider linear range and a lower mercury (II) detection than the one based on 2, the latter has the
advantage of lower interference of other metal cations due to the much lower stability constants
of bivalent cations relative to Hg(II). The response characteristics of these electrodes are compared
with those found in the literature. SEM micrographs along with EDX spectra of the PVC mem-
branes containing ionophore 1 or 2 unloaded and loaded with Hg(II) are reported.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The negative impact produced by the presence of mercury spe-
cies in the environment and their detrimental effect on human
health is a topic extensively discussed in the literature (Park
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Organisation, 2017; European Environment Agency, 2018a,
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development of monitoring systems for its quantitative detec-
tion are areas of considerable interest. The relatively low cost
of ion selective electrodes (ISEs) and the possibility of their use
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‘in situ’ make them attractive tools for assessing the presence of
mercury in water.

Receptors based on Supramolecular Chemistry (Ganjali
et al., 2006) have been the subject of considerable interest
due to their selective properties for the target species and there-
fore these have been used in the design of ISEs. Among these
receptors, calixarenes (Gutsche, 1978, 1990; Danil de Namor
et al., 1998) and calixpyrroles (Gale, 2000; Sessler et al.,
2000; Gale et al., 2001; Danil de Namor and Shehab, 2003;
Danil de Namor et al., 2007a,b) offer advantages in that these
can be easily synthesised and functionalised. Within this con-
text, being mercury (IT) a soft metal cation, receptors contain-
ing sulphur donor atoms offer a potential choice for the
development of carrier-mediated ISEs. A number of sulphur
containing calix[4] receptors have been reported (Lee and
Lindsey, 1994; Jang et al., 2000; Danil de Namor and
Abbas, 2007; Danil de Namor et al., 2007a,b). Among them
a narrow-rim partially substituted p-tert-butylcalix[4]arene
with thioacetamide functionalities namely 5,11,17,23-tetra-
tert-butyl[25,27 bis(diethylthiocarbamoyl)oxy]calix[4]arene, 2
was reported by Danil de Namor and Pawlowski (2011)
(Fig. 1). Detailed thermodynamic studies on the complexation
of 2 with different cations in dipolar aprotic media were con-
ducted. Investigations have been carried out on calix based
receptors containing sulphur donor atoms for the development
of carrier mediated Hg(II)ISEs (Lu et al., 2003; Danil de
Namor, 2007; Tyagi et al., 2010; Abbas, 2012; Gupta et al.,
2013). In all cases, the design of ISEs was based on qualitative
rather than quantitative information regarding ion-receptor
interactions. In a previous paper (Danil de Namor et al.,
2018) we have demonstrated using two calix[4] based receptors
that provided their conformation in solution and in the mem-
brane are the same, from thermodynamic parameters of com-
plexation of metal cations in a model solvent, the selectivity
coefficient of cations relative to Hg(II) can be predicted with-
out the need of constructing the electrode. When data using
different receptors are available, the thermodynamics of cation
complexation processes provide quantitative information
regarding the most selective receptor for the target cation to
be introduced in the membrane for the production of a carrier
mediated ISEs. The aim of this paper is i) to further explore
our previous findings by using a new calix[4]pyrrole derivative,
namely, meso-tetramethyl-tetrakis[(diethylthiocarbamoyl)phe
noxy] calix[4]pyrrole, 1 and its interaction with metal cations
ii) to predict qualitatively the stability constant of 2 with metal
cations in acetonitrile from selectivity coefficients of cations
relative to Hg(I1) using 2 as a carrier mediated ISE and the sta-
bility constant of Hg(II) and 2 in the model solvent. Therefore
we report here the synthesis, structural and thermodynamic
characterisation of 1 with metal cations as well as the design
of two carrier mediated electrodes based on 1 and 2
ionophores.

2. Materials and methods

2.1. Chemicals

Pyrrole (C4H4NH, 99%), p-tert-Butyl calix[4]arene (C44Hs604,
>97%) diethylthiocarbamoyl chloride ((C,Hs)>,NCSCI, 95%),
18-crown-6 (Cj2H2404, 99%) [mercury (II) nitrate monohy-
drate (Hg(NOs),-H,0, >99.99%), silver nitrate (AgNOs;,

>99%), 4'-hydroxyacetophenone (CgHgO,, 99%), methanesul-
fonic acid (CH3SOsH, > 99.5%), sulfuric acid (H,SO4, 95—
98%), acetone (C3HgO, 99%), dioctyl sebacate (CH,)s(COOCg-
H/7),, 2-nitrophenyl octyl-ether (C;4H,;ONO,, 99%), oleic acid
(Ci1gH3405, >99%), polyvinyl chloride (CH,CHCI),,, methanol
(CH3;0H, HPLC grade, 99.7%) were purchased from
Sigma-Aldrich. Hydrochloric acid (HCI, 35-38%), sodium
hydroxide (NaOH, >97%), acetonitrile (CH3;CN, HPLC
grade, 99.99%), ethanol (C,H¢O, reagent grade, 99.98% v/
v), ethanoic acid (CH3;COOH, glacial analytical reagent
grade 99.7+ %) and potassium carbonate (K,COs3, 99+
%) were obtained from Fisher Scientific. Salts used through-
out the study were placed in a vacuum oven and then stored
in vacuum desiccators over phosphorus pentoxide, P4O;q for
several days to remove water, before being used for experi-
mental purposes. Deuterated solvents used in NMR experi-
ments, acetonitrile d3 (CD3CN, 99.8%), acetone dg (C>D¢O,
99.9%), dimethyl sulfoxide-ds (C;DeOS,  99.9%),
methanol d; (CD3;0D, 99.8%), tetrahydrofuran dg (C4D30,
99.5%) and chloroform-d (CDCls, 99.8% + 0.05% v/v
TMS) were purchased from Cambridge Isotope Laboratories.
For acetonitrile purification, the solvent was collected from
PureSolv Micro solvent purification system (Inert Technol-
ogy Inc. MA, USA) in a single-necked round-bottom flask
containing activated 4 A molecular sieves.

2.2. Synthesis of meso-tetramethyl-tetrakis
[ (diethylthiocarbamoyl)phenoxy| calix[4]-pyrrole, 1

The synthetic procedure used for the preparation of the ligand
is described in Scheme 1 was prepared from meso-tetramethyl-
tetrakis-(4-hydroxyphenyl)calix[4]pyrrole  (CPI), (1.7 g,
2.3 mmol), 18-crown-6 (0.5 g, 1.9 mmol) and potassium car-
bonate (7.5 g, 54.3 mmol) using dry acetonitrile, MeCN
(150 cm®) as solvent. The reaction mixture was stirred under
a nitrogen atmosphere and refluxed for 1 h. Then, the content
was cooled down after which diethylthiocarbamoyl chloride
dissolved in MeCN (7.58 g, 50 mmol) was added gradually.
The mixture was then refluxed at 70 °C and left overnight.
TLC was used to monitor the progress of the reaction using
a dichloromethane/methanol (9:1) mixture as the developing
solvent system. After cooling, MeCN was removed under
reduced pressure. The solid afforded was dissolved in dichlor-
omethane, extracted several times with water saturated with
sodium bicarbonate. The organic phase was separated and
dried with magnesium sulphate, then filtered. The solvent
was evaporated in vacuo and the obtained crude oil product
dissolved in methanol. The solid material was filtered and re-
crystallized from methanol. The obtained solid was filtered,
washed with cold methanol and dried under vacuum at
60 °C. (0.68 g, 40% yield). The ligand was characterised by
"H NMR (500 MHz) at 298 K. The following signals (ppm)
were observed:

"H NMR (500 MHz, DMSO ds, 6 in ppm); 6.96 (s broad,
NH, 4H (1)); 6.67 (d, J = 8.9, ArH, 8H (5)); 6.63 (d,
J = 8.9, ArH, 8H (4)); 5.93 (s, pyrrole-H, 4H (2)); 5.92 (s,
pyrrole-H, 4H (2') 3.93 (q, J = 7.0, CSNCH,CH;, 8H (6));
3.70 (q, J = 7.1, CSNCH,CH}, 8H (6'));1.71 (s, CH3, 12H
3)); 121 (t, J = 7.2, N-CH,-CH;, 12H (7)); 1.09 (t,
J = 7.2, N-CH}-CH}, 12H (7). "H NMR spectrum (S1) is
given under Supplementary Material.



Thermodynamics, a suitable reporter in the design of mercury (1)

8673

@
1 §

Fig. 1

HsC HsC

Diethylthiocarbamoyl
chloride

CPI

Scheme 1

Elemental analysis was carried out in duplicate at the
University of Surrey; (C68H80N804S4) MW. (120] 68), C68H80'
Ng04S4-H,0; Calculated %; C, 66.96; H, 6.80; N, 9.20. Found
%; C, 66.60; H, 6.85; N, 9.38.

2.3. Synthesis of 5,11,17,23-tetra-tert-butyl[25,27 bis
(diethylthiocarbamoyl)oxy |calix[4 Jarene, 2

The receptor was prepared as reported by Danil de Namor and
Pawlowski (2011).

'"H NMR (500 MHz, CD;CN, § in ppm); 7.14 (s, ArH’, 4H
(2)); 4.85 (s, ArH, 4H (2')); 5.06 & 5.04 (s,s ArOH, 2H (4));
3.41 (q, CSNCH,CHj3;, 4H (5)); 3.35(CSNCH,CH}, 4H (5));
3.29 (d, H-axial, 4H (3)); 3.41 (d, H-equatorial, 4H (3)); 1.14
(t, CSNCH,CH3, (6)); 1.09 (t, N-CH5-CHj, (6')); 1.23 (s, C
(CH;)3), (1); 0.88 (s, C(CH'5);, (1)). '"H NMR spectrum
(S2) is given under Supplementary Material.

2D structures of 1 and 2.

18-crown-6
K,CO;
—
MeCN, 70°C

Synthetic procedure used for the preparation of 1.

24. "TH NMR complexation studies and calorimetric titration
experiments have been carried out as previously reported
(Chaaban et al., 2020)

Bruker DRX-500 pulse Fourier Transform NMR Spectrome-
ter was used for '"H NMR complexation experiments. Runs
were made at 298 K by dissolving the ionophore (1)
(5 x 107* mol.dm™>) in CD;CN (deuterated acetonitrile), then
adding the metal cation salt (2 x 10~* mol-dm~?) into an
NMR tube using TMS as an internal standard. Chemical shift
changes (Ad, ppm) were determined by subtracting the chemi-
cal shift of the free ionophore (reference spectrum) from the
chemical shift of the complex.

For calorimetric titration experiments, samples (ionophore
1 and salts) were prepared in anhydrous acetonitrile. The titra-
tion runs were carried out at 298.15 K in Nano ITC*“
calorimeter instrument, model 5300, TA Co.
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2.5. Mercury (II) ion selective electrodes based on 1 and 2

The design of Hg(II)-ISEs was reported by Danil de Namor
and co-workers (Danil de Namor et al., 2015). However, the
construction of the Hg(IT)-ISE setup employed in this study
involves different ionophores (1 or 2). The preparation of the
Hg(D)-ISE membranes and their behaviour under different
conditions are described.

2.5.1. Hg (I11)-ISEs cell assembly

The potential measurements (EMF, mV) of the fabricated Hg
(IT)-ISEs were recorded in a Fluke 73 Series III Digital Mul-
timeter. The apparatus reads over a wide measurement range
(1000 V) with a good precision. The multimeter was conju-
gated to an external reference electrode (silver/silver chloride
that is equipped with a Flexible Connector (MF-2052, RE-
5B) filled with sodium chloride solution (3 mol dm™>) and
the designed internal reference electrode was a silver wire
(6 cm x 0.15 mm) coated with a thin layer of silver chloride
by an electroplating. The electrochemical cell assembly was
as follows, Ag/AgCl/internal solution (1.0 x 1072 mol dm ™3
Hg(II)(nitrate as counter-ion) in 0.1 M KCI)/PVC mem-
brane/test solution/KCl (std.)/Ag/AgCl.

The procedure used in the fabrication of mercury (II) selec-
tive membrane electrodes was previously described in the liter-
ature (Meier, 1982; Gale, 2000). Composition of PVC based
membranes used in this work are summarised in Table 1.

2.5.2. Potential measurements of the Hg (II)-ISEs based on 1
and 2

In order to obtain the optimal potential response, the perfor-
mance of the developed Hg (II)-ISEs was determined by the
potential recorded across the prepared membrane during the
addition of mercury nitrate solutions to a container with de-
ionised water (75 cm?) at room temperature under a constant
stirring rate (180 rpm). The analyte solutions were prepared
in de-ionised water in the concentration range of
6.67 x 1078 to 4.32 x 1072 mol dm>. Addition of the pre-
pared standard solutions was made every three minutes from

Table 1 Composition of the PVC-based Hg (II) membrane.

low to high concentrations, where emf values (mV) were
recorded following each addition. Then the calibration curve
was constructed by plotting the variation of the recorded
potential vs the logarithm of the Hg(II) activity (log aﬂg).

2.5.3. Effects of soaking, pH, dynamic response time and life-
span on the Hg (11)-ISEs potential

The developed electrodes were soaked in aqueous solution of
Hg(NOs), (1 x 1072 mol dm~>) at room temperature for dif-
ferent periods of time (6, 12, 24, 30, 36 and 48 h). Calibration
curves were established following each period and slope values
were determined from each plot. These values (slope/mV
pHg ") were plotted as a function of time (hour).

The response of the Hg (IT)-ISEs based on 1 and 2 over a
wide range of pH (2-12) was examined at two different concen-
trations of Hg(NO3), (1.0 x 1072 and 1.0 x 107* mol dm ™).
The pH was adjusted by the addition of small drops of nitric
acid (0.1 mol dm~?) and sodium hydroxide (0.1 mol dm™3).
EMF values (mV) were recorded and plotted against the pH
of the solution.

This experiment was achieved in the same electrochemical cell
butat different concentrations of the Hg (IT) cation salt (1 x 1077,
I1x107%1x107° 1x107% 1 x10"%and 1 x 1072 mol dm™?).
EMF values (mV) were recorded after the addition of each con-
centration of the Hg (II) cation salt and the membrane potential
was plotted against the dynamic response time to Hg (II). On the
other hand, the electrode was immersed at two different concen-
trations of aqueous solution of Hg(NO5), (1 x 10™*and 1 x 1073
mol dm ™) respectively, and potential values were plotted as a
function of response time to demonstrate the reversibility of the
Hg (II) selective electrodes.

The life time of the Hg (I)-ISEs was examined over a per-
iod of four months. This was achieved my running a calibra-
tion experiment that involved the addition of the Hg(II) salt
(6.67 x 1078 to 4.32 x 1072 mol dm > concentration range)
over a period of time (1, 7, 20, 40, 60, 90 & 120 days) where
the potential values were recorded. Slope values were calcu-
lated from the calibration curves after which they were plotted
as a function of time (days).

Electrode No. Membrane mass composition, wt %

Ionophore PVC % Plasticiser Additive

Name Y% Name % Name %
E-1&E-6 - - 30 0-NPOE 68 OA 1
E-2 1 1 30 0-NPOE 68 - -
E-7 2 1 30 0-NPOE 68 - -
E-3 1 1 30 DOS 68 OA 1
E-8 2 1 30 DOS 68 OA 1
E-4 1 2 30 0-NPOE 68 OA 1
E-9 2 2 30 0-NPOE 68 OA 1
E-5 1 1 30 0-NPOE 68 OA 1
E-10 2 1 30 0-NPOE 68 OA 1

- 0-NPOE: 2-Nitrophenyl octyl ether.
- DOS: Dioctyl sebacate.

-OA: Oleic acid.

-PVC: Polyvinyl chloride.

-Number of trials (N) = 4.
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2.5.4. Selectivity measurements: effect of interfering ions

The matched potential method (MPM) recommended by
IUPAC (International union of pure and applied chemistry,
2000), was used to assess the potentiometric selectivity coeffi-
cients of the membrane electrode. Thus, the concentration of
the reference solution (Hg(NOs),) was 1 x 107* mol dm ™2,
while that of the primary ion was 1 x 107> mol dm > whereas
the foreign ions concentration was 1 x 107! mol dm~>. The
potential change (AE) was recorded for the primary ion
(a'Hg(,,)) as the addition of the interfering ion (a,m+) was made

until the same potential difference (AE) was obtained.

2.5.5. Analytical application of 1 and 2 based Hg(II) ISEs

The use of the fabricated Hg(II)-ISEs based on the ionophores
1 and 2 as indicator electrodes for the potentiometric determi-
nation of Hg(II) ion in the dental amalgam filling samples were
carried out as previously reported (Danil de Namor et al.,
2015).

3. Results and discussion

3.1. 'H NMR investigations on the complexation of 1 with metal
cations in CD;CN at 298 K

In the present study, recognition sites were introduced through
the substituted pendant arms which include phenolic oxygens
in addition to sulphur, nitrogen and oxygen donor atoms from
the thioacetamide functionalities.

Therefore, '"H NMR measurements were conducted to
assign the sites of interaction of 1 with metal cations in a pro-
tophobic dipolar aprotic solvent (CD3CN) at 298 K. Chemical
shift changes (Ad, ppm) in the "H NMR spectrum of 1 after the
addition of metal cations relative to the free ligand in CD;CN
at 298 K are listed in Table 2. No chemical shift changes were
observed by the addition of alkali-metal cations. Thus 1 dis-
plays significant downfield shifts in H-4, H-6, H-6', H-7 and
H-7' protons by the addition of the silver salt (nitrate as
counter-ion) suggesting an interaction of Ag(I) with the sul-
phur donor atoms of the thioacetamide moiety. However for
the alkaline-earth metal cations, small downfield Ad values
upon the addition of Mg(Il) (H-7 & H-7'), Ca(Il) (H-7 & H-
7), Sr(Il) (H-7) and Ba(Il) (H-7) are observed which are
indicative of a relatively weak interaction occurring between
these cations (hard cations) and the amide functionality of
the receptor which seems to decrease down the group.

Deshielding of protons (H-5) and (H-6) were observed
upon the addition of Zn(II) revealing an interaction with the
ligand. However, a precipitate was observed in the NMR tube
that is attributed to the formation of a complex of lower solu-
bility than that of the free receptor in this solvent. Significant
downfield chemical shift changes were also seen in most of the
ligand protons particularly H-4, H-5, H-6 and H-6" upon the
addition of Ni(II), Cd(IT) and Hg(II). Although the shielding
effect observed for the latter two cations in H-3 is not observed
for Ni(Il). These changes in chemical shifts suggest that
phenolic oxygen, nitrogen and particularly sulphur donor
atoms are likely to be the sites of ligand interaction with the
mentioned metal cations. However, the largest changes in the
chemical shifts of 1 are found by the addition of the Hg(II)
salt.

Based on this information we proceede with thermodynam-
ics studies described below.

3.2. Thermodynamic parameters of complexation of 1 with metal
cations in acetonitrile at 298.15 K

'"H NMR measurements showed the interaction of 1 with
metal cations in acetonitrile. Table 3 lists stability constant
(log Ky) and derived standard Gibbs energies (A.G), enthal-
pies (A;H® and entropies (AS%) of complexation for
alkaline-earth metal cations (Mg(II), Ca(Il), Sr(II) and Ba
(ID)), transition (Ni(II), Co(II) and Ag(I)) and heavy metal
cations (Cd(II), Pb(I) and Hg(Il)) and 1 in acetonitrile at
298.15 K. Standard deviations of the data are also listed in
the Table. The thermodynamic data for 1 with cations except
for Hg(Il) fit into a 1:1 (ligand: metal cation) model (Eq. (1))
whereas data for 1 with Hg(II) fit into a 1:2 model (Eq. (2)).
As pointed out in previous publications (Danil de Namor
et al., 2018) it may be argued that thermodynamics does not
give structural information but it is indisputable that any
model proposed must fit the experimental thermodynamic
data.

M"* (MeCN) + 1(MeCN) =4 [M1]" * (MeCN) (1)

M1]" " (MeCN) +M" * 1(MeCN)

x ML)V (MeCN) )

In these equations M1 denotes the bivalent metal cation.

Stability constant values show that the relatively small
chemical shift changes observed in the '"H NMR spectrum of
1 with alkaline-earth metal cations with H-7 and H-7" were
indicative of complex formation possibly with oxygen and
nitrogen donor atoms of the pendant arms. It is observed that
the trend followed is in accord with the charge density of these
cations with the highest selectivity for Mg(II) but very poor
selectivity for the remaining alkaline-earth metal cations. The
small difference observed in stability constants of the latter
cations in this solvent led to the conclusion that there is a high
degree of enthalpy-entropy compensation effect (Ryde, 2014).
Again the receptor hardly distinguishes between Co(II), Ni(II)
and Pb(II) in MeCN since the differences in the log K values
are relatively small. It seems that the significant chemical shift
changes observed in the'H NMR spectra for addition of these
cations to 1 are reflected in the enthalpy which is the parameter
contributing to their stability. Moreover, the highest stability
constant value for 1:1 complexes are shown for Hg(II) fol-
lowed by Cd(II). Therefore, the stability constant findings
show that 1 is not only selective for Hg(II) but in addition
has a higher hosting capacity for this cation. It should be noted
that the higher capacity of 1 relative to 2 must be attributed to
the fact that the former is fully functionalised while the latter is
partially functionalised and consequently the stability constant
for the 1:1 complex of 1 for Hg(II) is expected be higher than
corresponding data for 2. This statement is based on the fact
that for 1 to host two Hg(II) cations, each one will interact
with neighbouring arms while for 2 the cation will interact with
alternate functional groups. This is corroborated by the higher
stability constant of the Hg(II)1 complex in MeCN shown in
Table 3 relative to that for the Hg(I)2 complex in the same
solvent (log Ky = 4.5) (Danil de Namor and Pawlowski,
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Table2 'H NMR chemical shift changes (A8, ppm) obtained as the result of metal cation salts’ addition to 1 relative to the free ligand
in CD;CN at 298 K.

o (ppm)

H-1 H-2 H-2 H-3 H-4 H-5 H-6 H-6 H-7 H-7
ORef 8.06 6.079 6.074 1.88 6.75 6.94 3.82 3.62 1.13 1.06
Mg(II) —0.03 —0.01 —0.05 —0.01 —0.02 —0.01 0.01 0.01 0.1 0.1
Ca(Il) —0.07 —0.02 —0.03 —0.03 —0.01 —0.02 0.01 0.04 0.1 0.11
Sr(1I) —0.04 —0.02 —0.06 —0.01 —0.02 —0.02 0.00 —0.01 0.1 0.08
Ba(II) —0.1 —0.02 —0.06 —0.02 —0.03 —0.03 0.00 —0.02 0.1 0.07
Ag(T) —0.08 —0.02 —0.03 0.08 0.2 —0.08 0.13 0.1 0.2 0.2
Zn(II) —0.04 —0.01 —0.02 —0.01 0.17 0.01 —0.02 0.15 0.08 0.05
Pb(II) 0 0.03 0.03 0.2 0.17 0.02 0.03 0.04 0.1 0.18
Ni(II) 0.11 0.18 0.14 0.05 0.14 0.21 0.2 0.18 0.3 0.27
Cd(Im) 0.28 0.01 0.00 —0.52 0.2 0.16 0.14 0.24 0.1 0.00
Hg(II) —0.1 0.75 0.66 —0.63 0.43 0.3 0.27 0.21 0.04 0.04

[M™] = 1.10 x 107> mol-dm™3; V = 0.5 cm®.
[1] = 2.17 x 107* mol-dm3; V = 0.5 cm’.

Table 3 Thermodynamic parameters of complexation of 1 with metal cations in acetonitrile at 298.15 K.

/ \H,c
N
1
Cation M2 1) log Kg A.G° (kJ mol™h) AH’(kJ mol ™) A:S’ (J mol~! K1)
Ag(l) 1:1 3.60 + 0.01 —20.6 + 0.2 —45.7 + 0.1 —84
Mg(1I) 1:1 4.56 £ 0.05 —26.0 = 0.1 —30.0 = 0.3 —13
Ca(II) 1:1 4.06 £ 0.07 —232 + 0.2 —8.1 £ 0.3 50
Sr(II) 1:1 3.8 £0.2 —-21.7 £ 0.5 —14.8 £ 0.5 25
Ba(II) 1:1 3.69 = 0.02 —21.1 £ 0.1 —13.66 + 0.04 25
Co(1D) 1:1 5.20 £ 0.06 —29.7 £ 0.4 —65.8 £ 0.3 —121
Ni (ID) 1:1 4.88 + 0.05 —279 £+ 0.3 —68.7 £ 0.5 —136
Zn(11) Precipitation of the Complex
Cd(II) 1:1 59 + 0.1 —33.5 £ 0.2 —-79.7 £ 0.5 —155
Pb(II) 1:1 5.21 = 0.03 —29.7 £ 0.1 —-79.5 £ 0.4 -2
Hg(II) 1:1 6.98 + 0.04 -394 £+ 0.1 —43.4 £+ 0.1 —13
1:2 5.00 £ 0.04 —28.4 + 0.1 —14.7 £ 0.1 46
a1+2 11.98 £ 0.04 —67.8 £ 0.1 —58.1 £ 0.1 33
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2011). As far as Ag(I) and this receptor is concerned, a high
stability is not found which was expected given the higher sol-
vation of this cation in this solvent as assessed from the
transfer Gibbs energy of this cation from H,O to
MeCN = -21.8 kJ mol~' (data based on the PhyAs PhyB con-
vention) (Cox et al., 1982). This is reflected in the lower enthal-
pic stability and lower entropy loss relative to other cations
such as Ni(II), Co(II), Pb(II) and Cd(II).

Inspection of Table 3 reveals that the complexation process
of 1 with metal cations in MeCN is enthalpically controlled
(JAH’| > |TAS"|) except for Ca(II) cation where it is entropi-
cally favoured. For Sr(II) and Ba(Il), although the processes
are enthalpically controlled, the entropy contributes favour-
ably to the stability of the complex in acetonitrile. It is interest-
ing to assess the complexation enthalpies and entropies for the
Hg(II) and this receptor in acetonitrile in that the formation of
the 1:1 complex follows the expected trend in that there is a
loss of entropy as two species, host and guest interact to form
one species, namely the complex while the enthalpy is respon-
sible for the high stability observed for the complex. However
the formation of the 1:2 complex is favourable in terms of
enthalpy and entropy to the point that their contribution to
the stability of the complex is about the same. It is quite clear
that the entrance of a second cation will produce a significant
disorder in the system.

The role played by the solvation of the cation (free and
complex) to the binding process and to a lesser extent, the
receptor (neutral molecule) has been emphasised in a number
of papers by Danil de Namor and co-workers (Danil de
Namor and Abbas, 2007; Danil de Namor et al., 2007; Danil
de Namor and Khalife, 2008; Danil de Namor and
Pawlowski, 2011). In an attempt to find if the free cation plays
a significant role in the complexation of these cations with this
receptor as previously demonstrated for some systems by this
Group, the standard Gibbs energies of complexation shown
in Table 3 are plotted against corresponding data for the
hydration of these cations, A,yq GO Strictly speaking the stan-
dard Gibbs energies of solvation, Ay, GO should be consid-
ered. This parameter can be calculated from from Eq. (3)

AovG' = Apya G+ AG MID) 20— Mecn)) (3)

In Eq. (3), AlGo (M (II) (20 — mecn) denotes the standard
transfer Gibbs energy of the cation from water to acetonitrile
(Data based on the Parker convention). Gibbs energies in Eq.
(3) correspond to the following processes, respectively

M ™ (g) — M ™ (H,0) Hydration (4)
M "™ 40) = M ™ (veen) Transfer (5)
M U (g) — M ™ ycn) Solvation (6)

The limitation is that there are very few data on the A,Go
for bivalent cations from H,O to MeCN. However the trend
of solvation and hydration would be the same, although the
individual values will change slightly due to the medium effect.
This statement is based on the fact that the contribution of the
transfer parameter is very small as compared to that of hydra-
tion. Fig. 2 is a plot of A.Go (data from Table 3) against Apyq -
Go. As can be seen there is a selectivity peak for Hg(II). There
are two predominant processes in the binding of macrocycles
with guest species, binding and cation de-solvation upon com-
plexation. Interpretation of the data in this Figure demon-
strates that from Ba(Il) to Hg(Il) the binding process
predominates and as result the stability of the complex
increases significantly up to Hg(II). However as the solvation
of the cation increases from Hg(I) to Mg (II), the stability
of the complex decreases. It should be emphasised that as
cation solvation increases, the competition of the receptor
and the solvent for the cation increases. Essentially if the
cation sits comfortably in the solvent it becomes more reluc-
tant to interact with the receptor. It is quite clear that the selec-
tivity peak observed in terms of Gibbs energies is not
controlled only by the enthalpy given that the highest enthalpic
stability is found for Cd(II) and Pb(II). It is therefore con-
cluded that the selectivity peak observed in terms of Gibbs
energies (hence complex stability) results from both, the
enthalpy and the entropy of these system but there is no doubt
that the solvation of the cation plays a significant role in the

ApygGO(KJ mol)
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Fig.2 Plot of Standard Gibbs Energies of complexation (A.G") of 1 and bivalent metal cations in acetonitrile at 298.15 K against Gibbs

Energies of hydration (AhdeO).
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complexation process. To a lesser extent; the complex and the
ligand solvation are likely to have an effect on the complexa-
tion process.

Following fundamental studies on the interaction of 1 and
metal cations and previously reported data on receptor 2
(Danil de Namor and Pawlowski, 2011) attempts were made
to use these receptors for the design of ISEs.

3.3. Hg(I1I)ISEs based on 1 and 2 receptors

Based on the above discussion the following steps were under-
taken to investigate whether or not fundamental studies in
MeCN allow to predict the behaviour shown by the receptor
based membrane towards Hg(II) relative to other cations.

3.3.1. Potentiometric response of carrier mediated ISEs towards
Hg(II) as function of the membrane composition

The potentiometric characteristics (slope, linear range, detec-
tion limit and response time) of the electrodes towards Hg
(IT) were investigated for five membranes with different com-
positions and mixing ratios of 1 and 2, plasticizer and additive
while a fixed amount of PVC was used.

Table 4 Response features of Hg(II)ISEs based on 1 and 2
ionophores.

Slope Linear Range Detection Response
(mV/pHg) LR (mol dm ) Limit Time
DL (mol RT (sec.)
dm ™)

E-1 No ionophore, 68% o-NPOE, 30% PVC, 1% OA

67 +05 7.10x10°* 348 x 10°* 25 +2
—1.34 x 1073

E-2 1% 1, 68% o-NPOE, 30% PVC, no additive

159 + 0.3 3.48 x 107 1.67 x 107* 20 + 2
1.34 x 1073

E-3 1% 1, 68% DOS, 30% PVC, 1% OA

21.8 £ 0.7 1.13 x 10°° 678 x 1077 15 + 2
1.51 x 1072

E-4 2% 1, 68% o-NPOE, 30% PVC, 1% OA

278 + 0.6 6.78x 1077~ 136 x 1077 13 + 1
3.48 x 1074

E-5 1% 1, 68% o-NPOE, 30% PVC, 1% OA

294 + 03 6.78 x 107 7- 316 x 1077 11 + 1
1.34 x 1073

E-6 No ionophore, 68% o-NPOE, 30% PVC, 1% OA

6.1 £ 0.1 4.75 x 107%- 203 x 107% 30 + 2
3.48 x 1074

E-7 1% 2, 68% o-NPOE, 30% PVC, no additive

16.7 + 0.3 1.38 x 107°- 475 % 107 20 + 2
1.67 x 10°*

E-8 1% 2, 68% DOS, 30% PVC, 1% OA

182 + 0.1 1.13 x 107°- 6.78 x 1077 15 + 1
7.71 x 1073

E-9 2% 2, 68% o-NPOE, 30% PVC, 1% OA

207 + 0.6 1.13 x 107 678 x 1077 13 + 1
3.48 x 1074

E-10 1% 2, 68% o-NPOE, 30% PVC, 1% OA

29.7 + 0.3 1.13 x 107%- 6.78 x 1077 10 + 1
1.34 x 1073

Data on the response characteristics for the investigated Hg
(IT)-ISEs are listed in Table 4 and calibration plots for 1 (E1-
ES) and 2 (E6-E10) are presented in Fig. 3a and b respectively.

In the absence of the ionophore (E1 and E6, blank experi-
ments) the response characteristics displayed no selectivity
towards the Hg(II) cation. In the absence of additive (E 2
and E 7) the response characteristics (slope, linear range, detec-
tion limit and response time) of the Hg(II)-ISE along with the
selectivity towards Hg(II) were negatively affected. As previ-
ously shown (Tavakkoli and Shamsipur, 1996; Fakhari et al.,
1997) the presence of the lipophilic additive can reduce the
resistance of the membrane, reduce ionic interference and
thereby improve the sensitivity towards Hg(II) cation. How-
ever, this additive (oleic acid) was selected for this study since
unlike sodium tetraphenylborate (Danil de Namor et al.,
2015). It showed no interaction with Hg(II) cation.

The nature of the plasticiser was examined using membrane
electrodes either with dioctyl sebacate, DOS (E-3 and ES8) or o-
nitrophenyl octyl ether, o-NPOE (E-5 and E10). These plasti-
cisers showed no interactions with Hg(II) (Danil de Namor
et al., 2015). This is a very important point to emphasise
because if there is an interaction of the plasticizer with Hg
(IT) this is most likely to have an impact on the selectivity coef-
ficient and would reflect not only the selectivity of the receptor
for Hg(I) but also that of the plasticiser for this cation.
Results showed the best response behaviour of the electrode
was that involving the o-NPOE plasticiser (E-5 and E10) show-
ing for 1 a slope value of 29.4 + 0.3 mV decade™' (near Nern-
stian behaviour of a slope value of 29.5 mV decade™"), a linear
range of 6.78 x 1077- 1.34 x 107> mol dm 3, a detection limit
of 3.16 x 1077 mol dm~2 and response time of 11 + 1 sec. For
2 the best performance in the ISE was seen in E-10 with mem-
brane composition of 2 (1%), o-NPOE (68%), PVC(30%) and
OA (1%). The slope value for this membrane was 29.7 £ 0.
3 mV decade™!, close to the value expected from Nernst equa-
tion, detection limit of 6.78 x 1077 mol dm >, linear range of
1.13 x 107%-1.34 x 107 mol dm > Hg(II) and a response time
of 10 £ 1 sec. So far advantages of the E-5 membrane contain-
ing 1 relative to E-10 containing 2 are the wider linear range
and the lower activities that can be detected for the former rel-
ative to the latter. However the electrode response time is
approximately the same for both membranes. ES and E 10
were selected for further investigations. It is generally found
that the use of o-NPOE as plasticizer leads to a longer linear
section in the calibration curve and a lower detection limit than
the use of DOS as plasticizer (Bedlechowicz and Hulanicki,
2002).

3.3.2. Effect of solution pH at different internal solution
concentration, soaking, response time and reversibility of the Hg
(I)ISEs

See Supplementary Material for interpretation.

3.3.3. Selectivity of 1 and 2 based Hg(1l)ISEs

Selectivity coefficients ( kf;’(,,)‘ o) of the Hg(ID)-ISEs based on
1 and 2 determined by the Matched Potential Method recom-
mended by IUPAC are shown in Table 5.

It can be observed from these values that the electrode
showed a high selectivity to Hg(II) with no significant interfer-
ence from other cations particularly for the ISE containing
receptor 2. In fact for the ISE containing 1, the selectivity coef-
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ficients for Ni(II), Pb(I1) and Cd(II) follow the same pattern as
that found from "HNMR in that the significant chemical shifts
indicating ion-receptor interactions leads to a decrease (less
negative) in the selectivity coefficients for these cations relative
to Hg(II). This also applies to the ISE containing 2 in that

among the bivalent cations investigated in solution, this recep-
tor interacts only with Hg(II).

The following correlation (Eq. (7)) involving the difference
between the stability constant of a given cation and the selec-
tivity coefficient of the same cation, both relative to mercury
(IT) was previously demonstrated for two calix[4] based recep-
tors and now this correlation is shown for 1 (Table 6). As
pointed out before (Danil de Namor et al., 2018), validity of
Eq. (7) requires that the conformation of the receptor is not
altered from that in solution by its incorporation in the IS
membrane. We have also explained previously that i) the trans-
fer of the ion from water to the membrane phase must be
related to the response time of the electrode rather than to
the equilibrium potential and ii) ion pair formation in the
membrane phase will lead to a non- linear response of the elec-
trode. Therefore these two issues do not seem to present any
problem regarding the selectivity of the electrode in acetoni-
trile and in the membrane phase (Danil de Namor et al., 2018).

logK,[M(I1)L] — logK.[Hg(I1)L] = l0gk gy 1y v (7)

A direct implication of Eq. (7) is that selectivity coefficients
of carrier mediated ISEs involving calix[4] receptors can be
obtained from thermodynamic investigations without the
necessity of constructing the electrode which as stated previ-
ously is a time consuming process. In order to explore further
the validity of this equation with other calix[4] based carrier
ISEs, Eq. (7) is applied using stability constant data for 1
and Hg(Il) (Table 3) and selective coefficients for the same
receptor from Table 5. Stability constants for other metal
(IT) complexes can be calculated.

As far as the Hg(II) ISE based on receptor 2 is concerned,
application of Eq. (7) using the stability constant data previ-
ously reported in the literature (log Ky = 4.5 in MeCN at
298.15 K, Danil de Namor and Pawlowski, 2011) and the
selectivity coefficients for this receptor and metal cations rela-
tive to Hg(II) given in Table 5, approximate values for stability
constants of other cations and 2 are calculated and these are
shown in Table 7. These data show that very weak complexes
are formed to an extent that no chemical shift changes were

Table 5 Selectivity coefficient values of the 1 and 2 based Hg(II)-ISEs.

Matched Potential Method (MPM) kl;;; e (Tonophore 1) loghhe.. k’['g . (Ionophore 2) loghh™.
Mg(IT) 12 x 107° —2.88 1.01 x 1073 —2.99
Ca(1l) 1.18 x 1073 —2.92 2.17 x 1073 —2.66
Sr(IT) 592 x 1074 —3.23 5.26 x 1074 —3.28
Ba(Il) 438 x 107* —3.36 3.94 x 1074 —3.40
Cd(II) 7 x 1072 —1.15 2.96 x 10~* —3.53
Cu(II) 5.16 x 1074 —3.29 7.2 x 107 —3.14
Zn(II) 3.8 x 107* —3.42 2.07 x 107* —3.68
Pb(II) 2 x 1072 —1.70 1.13 x 1073 -2.95
Ni(IT) 1 x 1072 -2.0 1.18 x 1073 -2.93
Co(I) 1 x 1072 -2.0 237 x 1074 —3.63
Mn(II) 222 x 107* —-3.65 1.98 x 107* —-3.7
AI(III) 479 x 10~* —3.32 2.15 x 107* —3.67
Fe(III) 3.25 x 1074 —3.49 6.63 x 10°* —-3.18

Conditions: reference solution: 1.0 x 10~* mol dm—> Hg(NO3),.

Primary ion (A): 1 x 102 mol dm~* Hg(II).
Interfering ions (B): 1 x 10~" mol dm~.
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Table 6 Comparison of selectivity coefficients for Hg(II) ISE
based on 1 with differences in stability constants of individual
bivalent cations related to Hg(II) at 298 K (Eq. (7)).

1

longg(m’M(u) A (log K,)
Mg(II) —2.88 —2.42
Ca(II) -2.92 -2.92
Sr(II) —3.23 —3.18
Ba(1I) -3.36 —3.29
Zn(11) Precipitation of the complex
Cd(II) —1.15 —1.08
Hg(1I) 0 0
Pb(II) —1.70 —1.77
Ni(II) -2 —2.1
Co(II) -2 —1.78

observed in '"H NMR studies previously reported in CD;CN.
Again log Ks values lower than 2 are below the lower limit
of detection of calorimetry.

3.3.4. SEM-EDX studies of ISE membranes based on 1 and 2

SEM micrographs along with EDX spectra of the PVC mem-
branes containing ionophore 1 or 2 unloaded (4a & 4c) and
loaded with Hg(II) (4b & 4d). The SEM micrograph (4a) val-
idates a uniform microporous membrane with honeycomb
structure before being superimposed in the ISE with no parti-
cles or dark patches. EDX spectrum shows the bulk elemental
composition of the membrane grafted with the receptor. The
relative peak heights of these elements in the membrane are
correlated with their corresponding concentrations. The scan-
ning electron micrograph (4b) shows distorted micropores
indicating ageing of the membrane. The EDX spectrum shows
a remarkable reduction in the heights of O Ko, N Ka, and Cl
Ko with the appearance of new characteristic peaks of Hg,
which provides clear evidence of the cation assembly to the
hydrophilic binding sites of the ionophore. The reduction in
the CI peak is justified by the leaching of anionic impurities
in the membrane support (Park et al., 2001).

As far as SEM images of PVC membranes with ionophore 2
is concerned, significant morphological changes in both micro-
graphs (4c & 4d) are clearly seen with uniform micropores and

Table 7 Values for log Ks of metal ion
complexes with 2 in acetonitrile at 298.15 K.

2
log K;

Mg(II) 1.51
Ca(Il) 1.84
Sr(1I) 1.22
Ba(II) 1.10
Zn(1I) 0.82
Cd(II) 0.99
Pb(II) 1.55
Ni(IT) 1.57
Co(II) 0.87

no dark areas in the control membrane (c). On the other hand,
white patches spreading over the membrane surface was
observed in Fig. 4d indicating the presence of Hg(II) cation.
The EDX analysis of the scanning electron micrograph
(Fig. 4d) displayed mercury characteristic peaks in the mem-
brane components confirming the presence of the analyte in
the IS membrane.

3.3.5. Testing the electrodes

A number of analytical techniques are available for the quan-
titative determination of Hg (II). Among them are Cold-
Vapour Atomic Absorption Spectrometry, CV-AAS, Ion Cou-
pled Plasma Spectroscopy, ICP-OES and others (Bagheri and
Gholami, 2001; Ferraa et al., 2007; Martinis et al., 2009; Jiang
et al., 2010; Zavvar Mousavi et al., 2010). These techniques are
not always available in Developing Countries due to their high
cost and maintenance. In addition samples need to be trans-
ported from the site to the Laboratory. This is not the case
with ISEs which also have the advantage of analysing samples
‘in situ’. The Ion Selective electrodes described in this paper
were tested by measuring the amount of Hg(Il) in a filling den-
tal amalgam provided by Nordiska Dental AB Industries
(Sweden) and the results compared with those obtained by
Cold Vapour-Atomic Absorption Spectrometry (CV-AAS)
are shown in Table 8. The findings obtained by both electrodes
were found to be in good agreement with those obtained by the
CV-AA. Accordingly, the electrodes are good alternative for
Hg(I) quantitative determination in real dental amalgam
samples.

3.3.6. Response characteristics comparison of 1 and 2 and with
other reported calix[4 [pyrroles, calix[4 ]arenes based Hg(II)
ISEs and other macrocycles

As mentioned earlier, 1 and 2 have the same pendant arms
(thioacetamide) but the former is fully functionalised while
the latter is partially functionalised and their fundamental
studies revealed high selectivity for Hg(II) particularly for 1
in the formation of the 1:1 complex. In terms of response char-
acteristics of Hg(II)-ISE based on these two ionophores, both
electrodes (E-5 & E-10) displayed a Nernstian behaviour.
However, E-5 based on 1 showed a slightly lower detection
limit (3.16 x 1077 mol dm™®) and a wider linear range
(6.78 x 1077 to 1.34 x 107> mol dm™>) than E-10 based on
2. The response time of both electrodes is practically the same
(11 £ 1 sec for E-5 and 10 £ 1 sec for E-10). Having stated it
the ISE based on 2 has the advantage of interacting weakly
with other bivalent cations relative to Hg(II) and therefore
interference with other cations are unlikely to occur.
Calix[4]pyrrole based Hg(II) ISEs are rarely reported in the
literature. Calix[2]thieno[2]pyrrole and meso-tetramethyl-tetra
kis-(4 N,N-diethylacetamide)phenoxymethylcalix[4]pyrrole
were used as ionophores for Hg(II)-ISEs (Danil de Namor,
2007; Abbas, 2012; Danil de Namor et al., 2015). However,
the former was excluded from the comparative study due to
the use of NaBPh, additive in the PVC membrane, which as
reported before (Danil de Namor et al., 2015), interacts with
Hg(II). Therefore it is not possible to assess whether or not
the electrode response to Hg(II) is due entirely to the iono-
phore or is the result of the contribution (positive or negative)
of the additive and the cation. On the other hand, the calix[4]
pyrrole amide ionophore based Hg(II)-ISE showed similar
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Fig. 4 SEM micrographs coupled with EDX spectra of control membranes (a) & (d) and membranes used for sensing Hg(II) as nitrate
salts in water (b). Aluminium peak (Al) in the spectra referred to the aluminium stub used for samples’ mounting.

response characteristics for the slope value (30 £ 1 mV

Table 8 Hg (II) determination in a filling dental amalgam by decade™") and response time (10 sec.) with 1 based Hg(I)-

the use of CV-AAS and Hg(Il) 1 and Hg(II) 2 ISEs. ISE (E-5) but a slightly lower detection limit and a slightly

Tonophore Mercury(IT) concentration (mol.dm~?) wider working concentration range thaq 2 (see Tqble 4). .
CV-AAS He ISE Recovery (%) The Hg(IT)ISEs based on a thia-bridge modified ca11X'[4]
mol. dm-? moldm=> arene developed by Mahajan and co-workers (Mahajan

et al., 2008) had a detection limit of 107° mol dm~3 and a
response time of 20 sec. Moreover, Tyagi and co-workers
(Tyagi et al.,, 2010) constructed a calix[4Jarene thioether
derivative based Hg(II) ISE using NaBPh, additive in the

1 1.00 x 107> 9.81 x 10°° 98.1
2 1.00 x 107° 9.62 x 107 96.2
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preparation of PVC membrane. Though the authors reported
a wide concentration range (7.2 x 107%-1.0 x 107" mol
dm™>) and a fast time response (14 sec.) for it, this cannot
be included in the comparative study for the reasons stated
above. Another Hg(II)-ISE based on calix[4]arene derivative
with thiazole moieties was reported by Lu and co-workers
(Lu et al., 2003) with a slope of 28.79 + 0.3 mV decade™
and concentration range of 5 x 107 to 1x 107> mol dm~>.
As far as other macrocycles are concerned a number of Hg
(IT) ISEs have been reported using crown ether derivatives as
carriers. Among these 1,4 -dithia-12-crown —4 and 15-
crown-5 have been reported, linear range of 1071072 mol
dm~3 which works at a pH > 2 (Lai and Shih, 1986), hexa-
thia-18-crown-6 tetraone with a linear range of 4. 107°-
1.1072 mol dm~3, life-time, 3 months and a pH range 0.5-2
(Fakhari et al., 1997), dibenzo-diazathia 18-crown-6- dione,
linear range 8. 107°-1.1072 mol dm3, response time, 10 s,
life-time, 3 months, pH range, 0.5-2.5 (Javanbakht
et al.,1999), pentathial5-crown-5, linear range, 2.51. 107>-
1.107! mol dm ™ (Gupta et al., 1997). To a much lesser extent
ISEs based on a cryptand (as defined by the authors) have also
been reported, linear range 1.107%-1.10~! mol dm ™3, detection
limit, 5.107® mol dm™>.slope, 30.2, stable in 3—-6 pH range
(Patel et al., 2009) as well as that based on polyaniline-
cryptand 222, linear range, 107'%-1.10"® mol dm™>
(Muthukumar et al.,2007). The above calix[4] based ISEs offer
advantages relative to crown ethers and cryptands in the
design of carrier mediated ISEs.

4. Conclusions

Receptor 1 based on a calix[4]pyrrole derivative is selective for
Hg(II) as assessed from '"H NMR and thermodynamic studies.
In addition it has a greater ability to host for this cation rela-
tive to others although the electrode response is so fast that the
uptake of a second Hg(II) cation to form a 1:2 complex is unli-
kely to occur in the membrane electrode but it is likely to serve
as an efficient extracting agent for removing Hg(II) from
water. Based on fundamental studies two ISEs were con-
structed. For 1 the linear correlation found between the differ-
ence in stability constant of mercury (II) relative to
corresponding data for other cations and the selectivity coeffi-
cient of the primary cation with respect to others is held.
Agreement was found between experimental values of stability
constant of metal cations (obtained from calorimetry) and cal-
culated values (obtained from selectivity coefficients and sta-
bility constant for Hg(I)). As far as 2 is concerned the
response of the electrode is in agreement with the outcome
of NMR studies in that this receptor only interacts with Hg
(IT) and to a lesser extent with Ag(I) while interaction with
other bivalent cations is weak.
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