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Abstract

The state of the art in the thermodynamics of calix[4]resorcinarene derivatives and its metal
ion complexes is briefly discussed in the introduction. This is followed by the synthesis and
characterization of a recyclable calix[4]resorcinarene amide derivative (L). The 1H NMR
analyses in CD3CN and CD30OD showed solvent-dependent conformational changes with
a notable downfield chemical shift in the aromatic proton (H-2) in moving from deuterated
methanol to acetonitrile, indicating an interaction of the solvent within the ligand cavity
as suggested by molecular dynamic simulations. 1H NMR complexation in acetonitrile
revealed that L forms relatively strong 1:1 complexes with cations, with selectivity for Ca(II)
and, to lesser extent, with Pb(II) over other metal cations. The composition of the complexes
is corroborated by conductance measurements. The thermodynamics of these systems
indicate that the complexation process is predominantly enthalpy controlled in acetonitrile,
while it is entropy controlled in methanol. A remarkable outcome of fundamental studies is
found in its application as new material for the removal of Ca(II) from water. The capacity
of L to remove Ca(Il) from water is 24 mmol/g which exceeds by far the capacity of cation
exchange resins.

Keywords: calix[4]resorcinarene amide; calcium ion; selectivity; capacity

1. Introduction

The chemistry of calix[4]resorcinarenes has been the subject of numerous papers
and review articles mainly dealing with synthesis, structural characterization, thermal
behaviour [1,2], capsules resulting from the formation of self-assemblies [3] and start-
ing materials for the synthesis of cavitants [4], carceplexes, and hemicarceplexes [5].
Calix[4]resorcinarenes and their derivatives have found a wide range of applications
in several areas such as iodine capture [6], sensors [7], antioxidants [8], and catalysts [9,10].
One of the main features of Supramolecular Chemistry is the ability of macrocycles to
form complexes with ionic and neutral species. Within this context, the issue of selectivity
for experimental applications is of outmost importance, and it is on the basis of detailed
thermodynamics that a quantitative assessment can be made on the selective recognition of
a given receptor for one species relative to another in a given medium and temperature.
However, the state of the art is such that despite the large number of papers and reviews in
this area, thermodynamic studies on calix[4]resorcinarene and its derivatives and guest
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species are limited and often not representative of the process taking place in solution.
Such is the case for data reported for complexation studies involving calix[4]resorcinarene
derivatives [esters and amides] and cations in deuterated chloroform [11]. In this medium,
predominantly ion pairs are present in solution and therefore the data are not referred to
a defined process as previously stated in the literature [12]. Thermodynamic aspects of
complexation of mainly organic cations and a calix[4]resorcinarene in water-organic media
have been investigated by Mustafina and co-workers [13], while those involving soft metal
cations and partially and fully substituted calix[4]resorcinarenes have been reported by
Danil de Namor and co-workers [14-16]. As far as thermodynamic studies of the receptors
are concerned, these have been carried out on calix[4]resorcinarene derivatives in water
and nonaqueous solvents by Riveros and co-workers [17-19]. Enthalpies of solution of
these receptors in water derived from solubility measurements of the appropriate receptor
in water at various temperatures by the use of the van’t Hoff equation are only approximate
values due to the well-known limitations of this equation for the calculation of enthalpy
values [12].

It is important to emphasize that in our work, the term thermodynamics embraces not
only the complexation process (Equation (1)) but also the solution processes of the reactants
and the product participating in the complexation process (Equations (2)—(4)) in a given
solvent. When two solvents are involved, the thermodynamic parameters of transfer from
a reference solvent (s1) to another (sp) are calculated (Equations (5)—(7)). Given that in the
transfer parameter, the crystal lattice energy is eliminated, the values obtained reflect the
differences in solvation of reactants and product from one medium to another. Each of
these processes are characterized by corresponding values of Gibbs energy, AG?, enthalpy,
AHY, and entropy, AS° referred to a defined standard state (1 mol.dm~3).

M*(s) + L (s) = M"L (s) 1)

MX (solid) — M* (s) + X~ (s) )

L (solid) — L(s) 3)

MLX (solid) — ML (s) + X~ (s) (4)

M" (s1) + X7 (51) = M" (s2) + X~ (s2) (5)
L (s1) = L (s2) (6)

ML (s1) + X~ (81) = ML (52) + X~ (s2) (7)

In the general field of Supramolecular Chemistry, thermodynamic data have not only
been able to give a quantitative measure of the selective behaviour of a receptor for a
substrate relative to another in a given medium but have led to important developments as
demonstrated in the following examples.

(i) As far as the cryptands are concerned, the realization that in the complexation
of these receptors with univalent cations in dipolar aprotic solvents, the cations entirely
lose their solvation shell when entering the cavity of the receptor led to a new extra-
thermodynamic convention for the calculation of single-ion transfer data for anions among
dipolar aprotic solvents [20-22].

(if) Thermodynamics revealed that electrolytes containing the lithium coronand cation
are less solvated than those containing the bare cation. These findings were corroborated
by the considerable increase in conductivity of the former relative to the latter and their
potential use in lithium battery technology [23,24].

(iii) The additive thermodynamic contribution of pendant arms to the complexation of
calix[4]arene derivatives with mercury (II) [25].
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(iv) Complexation thermodynamics involving calix[4]-based derivatives and cations
in acetonitrile were shown to be a suitable reporter of selectivity coefficients in ion-selective
electrodes based on calix[4] receptors [26,27].

The aim of this paper is to explore whether or not some of the fundamental aspects of
the complexation reactions involving calix[4]arene amide derivatives and metal cations
in a dipolar aprotic solvent (acetonitrile) and a protic solvent (methanol) are observed for
the resorcinarene-based receptor given that its synthesis is considered to be simpler than
that of calix[4]arenes and the number of functional groups in the former is twice that in the
latter. Therefore, we report the following here:

1. Synthesis and structural characterization of a new calix[4]resorcinarene derivative, L
containing amide pendant arms.

2. 'H NMR studies on the interaction of L with metal cations in CD3CN and CD3;OD.
These are limited to assess whether the receptor interacts with the cations and, if
possible, to identify the sites of ligand—metal cation interaction. For this work, these
measurements are useful to avoid proceeding with detailed thermodynamic studies
for those cations for which the NMR data shows no interaction with the ligand in the
appropriate solvent.

3.  Conductometric studies to determine the composition of the complex in acetonitrile
and methanol.

4. A detailed thermodynamic study for the complexation of L and metal cations in
acetonitrile and methanol to obtain quantitative information on the stability of the
complexes and therefore the selectivity of L for a given cation relative to others. This
information is of utmost importance for the selection of the receptor in the removal of
cations from water.

5. Extraction of Ca(Il) from water by L under optimal experimental conditions.

2. Results and Discussion
2.1. '"H NMR Characterization of L in Different Deuterated Solvents at 298 K

L was further characterized by 'H NMR in two nonaqueous deuterated solvents
namely, acetonitrile, CD3CN (dipolar aprotic), and methanol, CD3;0D (protophilic). The
chemical shift values (5, ppm) and the chemical shift changes (A5, ppm) of L relative
to CD30D (reference solvent) are listed in Table 1. By analyzing these shifts, it is possi-
ble to gain insight into how L interacts with the solvent environment and whether any
conformational changes occur.

Inspection of chemical shifts for L in these two deuterated solvents reveals different
behaviour of the ligand in these media. It is observed that in deuterated acetonitrile,
downfield chemical shift change is observed mostly in H-2 proton relative to its position
in CD30D. This statement is corroborated by a slight upfield shift in the CHj3 (H-7) of the
acetamide functionality of the receptor. This shift must be attributed to changes in the
ligand’s conformation, indicating an interaction between CD3CN and the ligand’s cavity as
previously demonstrated for other calix[4]arene derivatives [12]. As a result, the electronic
environment of nearby protons is altered. Interestingly, other protons of L specifically
H-3, H-4, H-5, and H-6 do not exhibit any significant chemical shift changes in moving
from one solvent to another. This suggests that these regions of the ligand experience little
or no perturbation from the solvent, reinforcing the fact that the primary structural or
electronic effects of the solvent are localized around the H-2 and to a much lesser extent to
the acetamide moiety (H-7).
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Table 1. 'H NMR data for L in deuterated acetonitrile and methanol at 298 K (CD;OD as reference
solvent).

Proton # SC](;fnl: gl()pBI?nB (CD3A gl\;?é)ll;lg,)OD)
H-1 6.34 - -
H-2 6.73 6.47 0.26
H-3 142 1.44 —0.02
H-4 470 470 0.00
H-5 450 455 —0.05
H-6 1.10 1.14 —0.04
H-7 3.31 3.39 —0.08

CHs CHs
6
N CH, N CH,
o~ 5 0 !
o %2 %
4
1
HaC
3 4
L

Molecular dynamic simulation studies were carried out with the aim of providing
suggestions regarding the solvation dynamics, hydrogen bonding, solute—solvent inter-
actions, and the stability of solute conformations in different solvents. Methanol (MeOH)
is a polar protic solvent capable of forming strong hydrogen bonds with the hydroxyl
(-OH) and acetamide (-C(O)NH;) groups of calix[4]resorcinarene. Simulations show that
methanol molecules (Figure 1a) form a solvation shell around the resorcinarene macrocycle,
stabilizing it through H-bonding. Due to its polarity and protic nature, methanol provides
a high solvation and stabilizes the molecule in a relatively open conformation. As for
acetonitrile (MeCN)), it is a dipolar aprotic solvent with a high dipole moment but lacks hy-
drogen bonding capability. The acetamide group (-C(O)NH;) may engage in dipole-dipole
interactions with MeCN. However, compared to methanol, the absence of strong hydrogen
bonding may lead to weaker solvation. The L adopts a more compact structure in MeCN
(Figure 1b) than in MeOH.

Figure 1. Molecular simulations of L in methanol (a) and acetonitrile (b) using molecular mechanics
with the universal force field (UFF). Structures represent energy minimized conformations showing
the behaviour of L in the solvents.
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2.2. 'H NMR Investigations on the Complexation of L with Metal Cations in CD3CN and
CD30D at 298 K

Table 2 shows the 'H NMR proton resonances (8) and chemical shift changes with
uni- and bivalent cations when changes are observed in CD3CN and CD3;0OD at 298 K. It
is quite clear from Table 2 that as result of complexation the ligand undergoes significant
conformational changes reflected in the downfield chemical shift changes observed for H-1,
while upfield chemical shifts are mostly found for H-2.

Table 2. "H NMR chemical shift changes (A5, ppm) obtained as the result of metal cation salts’
addition to L relative to the free ligand in deuterated CD3CN and CD30D at 298 K.

(sRef
Li(I)
Na(I)
K@)
Rb(I)
Mg(II)
Ca(ll)
Sr(II)
Ba(Il)
Zn(II)
Pb(II)
Cd
Hg(II)

§Ref
Ca(ll)
Sr(II)
Ba(II)
Ag(l)
Pb(II)

H-1

6.34
0.16
0.16

—0.10
—-0.12

0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16

CHj CH,
o Lo
N CHj N CHy
Sl
o 5 o]
2
o} o
4
1
HsC 4
3 L

H-2 H-3 H-4 H-5 H-6 H-7

Solvent: CD;CN
6.73 1.42 4.70 4.50 1.10 3.31
—0.05 0.12 0.01 —0.02 0.05 0.00
- 0.05 0.06 0.13 0.01 —0.02
—0.23 0.02 0.05 0.14 0.00 —0.01
—-0.23 0.02 0.05 0.17 0.01 —0.02
—0.11 0.08 0.17 —0.03 0.04 0.08
-0.17 0.03 0.15 —0.04 0.07 0.07
0.08 0.02 0.14 —0.03 0.06 0.03
—0.05 0.06 —0.10 -—- 0.07 —0.08
—0.16 0.27 0.14 0.26 0.05 —0.03
—0.14 0.12 0.00 0.13 0.05 0.01
—0.16 0.27 0.14 0.26 0.05 —0.03
—0.10 0.08 0.14 —0.02 —0.01 —0.02

Solvent: CD;0D
6.47 1.44 4.75 4.55 1.14 3.39
0.22 0.07 —0.02 0.04 0.02 0.05
0.23 0.07 0.00 0.05 0.03 0.06
0.17 0.03 —0.02 0.03 0.01 0.01
-0.17 0.03 0.01 0.10 0.05 0.06
- 0.11 —0.10 - 0.07 0.04

A possible suggestion for alkali-metal cations (Na(I), K(I), Rb(I)) that the downfields
observed for H-5 may be attributed to an interaction between the cation and the carbonyl
oxygen and the nitrogen donor atoms of the ligand.

As far as the alkaline-earth metal cation are concerned, the downfield chemical shift
changes observed in H-4 may result from the carbonyl oxygen providing the sites of
interaction with the cation. Data for Cd(I) and Zn(II) are similar due that their similar
structures and electronegativity. They are also in the same group in the Periodic Table.
For these cations chemical shift changes are found in H-1, H-3, H-4, and H-5. Interaction
with Pb(II) occurs through H-5, and is likely to result from the participation of both
donor atoms, the carbonyl oxygen and the amide nitrogen. Finally, the downfields shown
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by the addition of Hg(II) to the receptor for H-1 and it can be attributed to a cation—pi
noncovalent interaction.

The pattern found for 'H NMR complexation studies in CD30D differs significantly
from those in CD3CN. It is not only due to the higher solvation of ions in the former solvent
relative to the latter, but also to the higher solvation of L in CD30D with respect to CD3CN,
as suggested by molecular simulation studies (Figure 1). Table 2 also lists the chemical
shift changes in the 'H NMR of L upon the addition of excess amounts of metal cations in
CD30D at 298 K. As a result of the addition of alkali-metal cations to L, no complexation
was observed in methanol. Similar results are produced by the complexation of L with
Mg(1l), Zn(1l), Cd(Il), and Hg(Il) in methanol. A significant change in the chemical shift
in the aromatic proton (H-2) appeared after the addition of Ca(Il), Sr(II), Ba(Il), and Ag(I)
to L in methanol. As far as Pb(II) is concerned the significant chemical shift change in the
methylene bridge proton is possibly due to the change in conformation of the ligand upon
complexation. Within the context of this work, the contribution from 'H NMR studies is to
provide information regarding whether cation-ligand interaction takes place in order to
select the cations to proceed with thermodynamic studies. Essentially it avoids proceeding
with the latter studies when the 'H NMR spectra showed that cation-ligand interactions
are non-existent. No attempts are made to propose the structure of the complexes from the
NMR data.

Conductometric titrations are used to determine the composition of the complexes
between macrocycles and metal cations in solution. It also gives an indication of the strength
of complexation. In this work conductometric titrations were carried out between L and all
cations. A representative example is given for the calcium cation in both acetonitrile and
methanol at 298.15 K.

The results of the conductometric titrations of calcium cation (perchlorate as counter-
ion) with L in acetonitrile and methanol at 298.15 K are presented in Figure 2, thus giving a
qualitative indication on the strength of complexation of the metal cation with the ligand.
The following graphs are plots of molar conductance Am (S.cm?.mol~!) against ligand:
metal-ion concentration ratio ([L]/[M"*]) during the titration of the salt with the ligand.
Figure 2 shows the conductometric titration curves for the metal cation and L in acetonitrile
and methanol at 298.15 K. In the former solvent, the titration curve shows a decrease in
the conductance until reaching a 1:1 ligand /metal-ion stoichiometric ratio. The sharp
change is due to the formation of a complex between L and the ions in the solvent, which
decreases the mobility of the cation. The intersecting lines drawn in the figure indicate
that strong complexation with 1:1 (ligand /metal-ion) stoichiometry occurs. As far as the
conductometric titration curve for Ca(ll) and L in methanol is concerned (Figure 2), the
result shows the formation of a weaker 1:1 complex in MeOH relative to MeCN.

2.3. Thermodynamic Parameters of Complexation of L with Metal Cations in CH3CN and CH3;OH
at 298.15 K

'H NMR and conductometric studies gave qualitative results of the complexation of
L with metal cations in acetonitrile and methanol. In order to quantitatively determine
the stability constant (log K) of the complex (hence the Gibbs energy, AsG°) as well as
the contribution of the enthalpy (A.H®) and entropy (A.S°) to the stability of the complex,
calorimetric titrations were carried out for the complexation of L and metal cations in
acetonitrile and methanol. Data in both solvents are listed in Table 3. Data are referred to
the standard state (1 mol.dm—3) for reactants and the product.
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Figure 2. Conductometric curve for the titration of Ca(Il) (perchlorate as counter-ion) with L in
acetonitrile (a) and methanol (b) at 298.15 K.

As shown in Table 3, the selectivity of L for cations in acetonitrile follows the sequence
Ca(II) > Pb(II) > Ba(II) > Sr(II) > Cd(II) > Hg(II) > Mg(II) > Zn(II).

In all cases, the stability of the complex is enthalpy controlled.

The two processes which mainly contribute to the overall complexation between
a ligand and a metal cation in solution are the ligand binding energy and the cation
desolvation [19]. The balance between these two processes is reflected in the stability
constant. There is hardly any data on the Gibbs energies of solvation, Ag1nG, of bivalent
cations either in acetonitrile or methanol. Given that,

AsolvGO(Mn+) = AhGO (Mn+) + AtGO (Mn+)(HZO—>S) 8)

Considering that the A;G’ values for the transfer of these cations from water to a
nonaqueous solvent are relatively small when compared with the A;,G? of these cations,
it follows that the trend in the Ay, G? would not differ from that of the A,G’. The latter
parameter is used with the aim of assessing whether or not there is a correlation between
the Gibbs energies of complexation and those of hydration. This is shown in Figure 3.
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Table 3. Thermodynamic parameters of complexation of L with metal cations in MeCN and MeOH at

298.15 K.

(1:1) J.mol—1) (kJ.mol—1) (J. K-Lmol 1)
Solvent: MeCN

Na(I) 254012 —143+ 0.3 —-70.7£05¢2 —190

Mg(II) 2.34 +0.022 —134+0.1 —242 4042 —36

Ca(I) 6.92 +0.02° —39.51 + 0.02 —126.2 4+ 03P —291

Sr(II) 5.58 +0.09 2 —-319+0.5 —-3164+022 1

Ba(II) 5.64 +0.032 —3224+0.2 —299+06° 8

Cd(II) 40+012 —228+0.5 —-293+0.1° —22

Zn(II) 1.89 £0.012 —10.79 £ 0.03 —16.41 +£0.022 —19

Hg(II) 32+0.1° —18.37 + 0.01 —85.14+0.12 —224

Pb(II) 63+0.1P —358+0.3 —99.9 +£0.3P —215
Solvent: MeOH

Ca(In) 40+022 —2294+0.2 -19+05 71

Ba(II) 08+0.1° —47+04 —62.9+0.3 —195

Pb(II) 1.5+01°2 —-85+0.3 —136.4 + 0.4 —429

2 Direct calorimetry. ® Competitive calorimetry.

AnygGO(KJ mol)

L 1 1 1 1 1 G
-2200 -2000 -1800 -1600 -1400 -1200 i -1000
Zn(l) ¢ . R 10 ¢
Mg(ly~. 15 |
S @ S~
Fig(1l) . 20 F X%
IR ¢ 62
Cd(ll)\ T 25 g
Sr(lly-” 30
0/,” *+Ba(ll)
& -35
- Pb(ll
NS (h 20 |
Ca(ll)
-45 -

Figure 3. A.G" Values for L against A, G° of bivalent metal cations in acetonitrile.

This figure shows that the two forces (binding and the desolvation) compensate
showing a selectivity peak. When the absolute binding energy overcomes the increased
energy required for cation desolvation, the stability of complex formation increases. Thus,
a maximum stability is reached for Ca(lI), after which the binding energy is not enough
to overcome that required for desolvation, and therefore log Ks values become smaller.
Similar results have been achieved when the p-tert-Butylcalix[4]arene-tetraacetone was
investigated in acetonitrile with bivalent metal cations [28]. This similarity in the results
and the trend gives an indication that the ligand being investigated in this work, L, has an
active site which may be limited to the carbonyl oxygen and the ethereal oxygen. Thus, the
nitrogen atom of the amide group does not seem to participate in complex formation.
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1

In order to assess whether the selectivity peak observed in terms of Gibbs energies is
enthalpy or entropy controlled, the hydration enthalpies of bivalent cations in acetonitrile
are considered. Hydration enthalpies [29,30] were used to establish whether a relation is
found between these data and the A.H? values reported in Table 3. Thus, a plot of AH?
against AyH is presented in Figure 4. This plot is similar to that shown in Figure 3 in that
the exothermic maximum is found for Ca(ll), therefore it agrees with the selectivity peak
observed in terms of Gibbs energies. However, there are entropic factors that deviate from
the linearity observed in terms of A.G’, as shown in Figure 5.

Ahyd HO(KJ moI'1)

-2200

-2000
o

1 1 G
-1800 -1600 -1400 -1200 -1000
AN / -20
60 -
N 4 o -
\\\\ ,’ 80 :0%3
’ \\\ I/I - E
Ho(l) ™ s 1100
. Pb(ll
N 1120 F
2
Ca(ll) a0 L

Figure 4. A:HO values for L against AhHO of bivalent metal cations in acetonitrile.

AhdySO(JK'1
mol-1)
[ II T T T T T T T T C
prall ):zso \-2404-220 200 -180 -160 -140 -120 -100
Mg(ll) N Cd(ln 50
-100 -
\\ - ,
\\ /,/ x‘:_\
\ . 150 1 235
\\ /// w‘.’ E
\ //, <‘-
. -200 -
* Pb(ll)
\ -~ Hg(ll) -250 -
¥ -300 -
Ca(ll)
-350 -

Figure 5. A:S? values for L against A;,S° of bivalent metal cations in acetonitrile.

The A.S” values being calculated from Gibbs energy and enthalpy data. In order to
assess the medium effect on the complexation process, thermodynamic parameters of the
complexation of L and metal cations in MeOH were determined at 298.15 K and are listed
in Table 3. The table contains values of the stability constant (log K), standard Gibbs
energies (AGY, k].mol’l), enthalpies (AHY, k].mol’l), and entropies of complexation
(A:S” 1. K~1.mol ™) of L with metal cations in methanol at 298.15 K. Values for Ba(II) and
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Pb(II) are below the lower detection limit of calorimetry and therefore may be regarded as
approximate log values.

The complexation reaction between L and bivalent metal cations (alkaline-earth and
heavy metals) is represented in Equation (9)

M?*T(MeOH) + L — M*"L(MeOH) 9)

Considering first the alkaline-earth metals, it is clear that there is complexation be-
tween L and Ca(II). However, the complexation with Ba(Il) is very weak. The bivalent heavy
metal cations listed in the table undergo a very weak complexation with L in methanol at
298.15 K.

The stability constant data shown in Table 3 indicate that the interaction of L with
metal cations in methanol is selective for Ca(ll). The log K values result from different
enthalpy and entropy contributions. Thus, for Ca(ll), enthalpic ability is relatively low and
the favourable entropy is indicative that the metal cation may undergo strong desolvation
upon complexation. As a result, the process is entropy controlled. However, the interaction
between L with either Ba(Il) or Pb(Il) in methanol is enthalpy controlled. The log K¢ values
follow the sequence:

Ca (II) > Pb (II) > Ba (II)

2.4. Calcium, Mercury, and Lead lons Interaction with L Using Molecular Simulation

The interaction of the calcium, mercury, and lead ions with the L ligand was simulated
using ArgusLab 4.0.1 software to elucidate the key forces governing their association. The
objective was to gain suggestions into the nature of the intermolecular interactions between
the ligand and these ions, particularly in terms of stability and binding characteristics.
As shown in Figure 6, the analysis reveals a change yet consistent stability in the system,
primarily attributed to ion—dipole interactions between the carbonyl (CO) functional group
of L and the calcium ion. This interaction suggests a well-defined 1:1 binding mode, where
the lone pair of electrons on the oxygen of the carbonyl group coordinates directly with the
Ca(Il) ion. However, for the interaction of L with Hg(Il) and Pb(Il), these cations appeared
in the ligand’s cavity showing a conformational change in its aromatics and that is what
was revealed from the 'H NMR analysis (Table 2).

From an energetic view, the binding energy values for Hg(II)-L and Pb(II)-L were
—16.73 and —20.92 k] /mol, respectively. Whereas the calcium-L interaction was predomi-
nantly enthalpically driven with a binding energy of —37.65 kJ/mol, indicating favourable
electrostatic and coordination contributions to the binding stability. The enthalpic stabiliza-
tion arises from the strong electrostatic attraction between the divalent calcium ion and the
partial negative charge on the carbonyl oxygen, complemented by possible polarization
effects that enhance the ligand’s affinity for the metal centre. Furthermore, the absence of
significant steric hindrance or competing interactions reinforces the stability of the complex.
These results provide useful suggestions into the fundamental forces at play and potential
implications for calcium-binding process in related systems.
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(a)
(b)

(c)

Figure 6. Molecular simulations showing the interaction of L with Ca(II) (a), Hg(II) (b), and Pb(II) (c)
as perchlorate. Ion—-dipole interactions are represented by green lines (a).

2.5. Extraction of Calcium Ion from Water Using L
2.5.1. Determination of Optimum Amount of L for the Removal of Calcium from Water
at298 K

To determine the optimum mass of L required for optimal calcium extraction from
water, batch experiments were conducted using different amounts of the material. The
results, presented in Figure 7, indicate that L was capable of removing up to 86% of calcium
ions, with an optimal ligand mass of 0.05 g.
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Figure 7. Effect of mass on the extraction of Ca(Il) from aqueous solution by L at 298 K, C; =
1x 107! mol dm—3, V = 10 cm?, and pH~7.
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The observed increase in calcium removal with increasing L. mass can be attributed
to the greater availability of active binding sites. As more material is introduced into the
system, the number of sites available for ion removal increases, thereby enhancing the
overall uptake capacity for a given initial ion concentration. However, beyond a certain
mass, the system reaches a saturation point, where further increases in L mass do not
result in a significant calcium removal. This suggests that at 0.05 g, the material effectively
captures the majority of available calcium ions.

These findings highlight 0.05 g of L as the optimal dosage for calcium removal under
the investigated conditions, providing an effective balance between material efficiency
and extraction performance. This information is crucial for practical applications, as it
allows for the design of cost-effective processes while ensuring maximum ion removal
from aqueous solutions.

2.5.2. The pH Effect on the Uptake of Calcium from Water by L at 298 K

Figure 8 illustrates the effect of solution pH on the percentage of calcium ion removal
by L at 298 K. The results indicate that calcium extraction is strongly influenced by the pH
of the solution, with the highest removal observed at an optimum pH of approximately 8.
At this pH, L demonstrates maximum binding affinity for calcium ions, leading to enhanced
sequestration from the aqueous phase.

90 -
80 -

Figure 8. Percentage of extraction of the Ca(ll) plotted against the pH using L,
Ci=1x10"1moldm—3,V =10 cm3, and m = 0.05 g for L.

To interpret these findings, it is essential to consider both the dissociation behaviour
of calcium species in solution and the availability of donor atoms on the L ligand that
participate in calcium coordination. In aqueous media, calcium perchlorate Ca(ClOy);
behaves as a strong electrolyte, undergoing dissociation into Ca(II) and ClO4 ™ ions. Unlike
weak acids or bases, calcium perchlorate does not have a meaningful pKa value, as it does
not establish any acid-base equilibrium in solution.

At lower pH values, an excess of H* ions may compete with calcium for active sites
on L, reducing removal efficiency. Conversely, at pH 8, the ligand is likely to exist in an
optimal state for maximum calcium removal efficiency, making it a critical parameter for
practical applications in water treatment and ion-exchange processes.
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2.5.3. Calcium Uptake Capacity of L at 298 K

Batch experiments were conducted to evaluate the calcium uptake capacity of L from
aqueous solutions under controlled conditions. The uptake behaviour of L was assessed
by measuring the amount of calcium retained per gram of material as a function of the
equilibrium molar concentration of calcium salt in solution. The results, presented in
Figure 9, demonstrate a clear trend in calcium uptake with increasing ion concentration.
Notably, L exhibited a high binding capacity, reaching a maximum uptake of 24 mmol of
calcium per gram of material. These findings highlight the potential of L as an efficient
material for calcium ion sequestration from aqueous environments. In fact, the uptake
of Ca(Il) (as perchlorate salt) by the material is due to the several individual processes
taking place in the overall extracting process involving the removal of the cation salt from
water to the solid phase. The capacity of the solid material is not necessarily related to the
complexation process in solution, due to the fact that in the complexation process, ions are
involved, but in the solid material strong association will take place with the participation
of the anion to maintain the electroneutrality in the solid phase.
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Figure 9. Amount of calcium (mmol/g) taken up by L against the equilibrium concentration of the
ion in aqueous solution, V = 10 cm?, m = 0.05 g for L, and pH~8.5.

2.5.4. Kinetics of Calcium Ion Uptake by L from Aqueous Solution at 298 K

For commercial applications, the kinetics of the extraction process is a critical factor,
as it determines the efficiency and feasibility of large-scale implementation. To assess the
rate of calcium uptake by L, batch equilibrium experiments were conducted at 298 K while
maintaining optimal conditions, including the optimal amount of L and a fixed solution pH.
The results of these experiments, presented in Figure 10, illustrate the uptake of Ca(II)by
the material as a function of contact time.

The data indicate that a significant proportion of calcium ions were removed within
the first few minutes of interaction, suggesting rapid initial removal, likely due to the
availability of abundant active binding sites on the L material. However, as the reaction
progressed, the uptake rate gradually decreased, reaching the capacity of the material after
approximately 4 h. Beyond this point, no appreciable changes in calcium removal were
observed, indicating saturation of the available binding sites. This behaviour suggests that
the process follows a two-phase kinetic model, characterized by an initial rapid removal
phase followed by a slower approach to saturation. These findings demonstrate the
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potential of L for efficient calcium removal within a relatively short operational timeframe,
making it a promising material for technological applications.
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Figure 10. Determination of the optimum time for the uptake of Ca(II) ion L from aqueous solution
at 298 K, V=10 cm3, m= 0.05 g for L, pH~ 8.5. t1 /5: 50 min. k: 0.013 min—1.

2.5.5. Effect of Interfering Cations on Calcium Uptake from Aqueous Solution by L at 298 K

The ability of the investigating material to extract calcium ions from water was tested
in the presence of competing metal cations, including lead (Pb(II)), cadmium (Cd(Il)),
barium (Ba(Il)), and strontium (Sr(II)). The results confirmed that L maintains its selectivity
for calcium ions even when these interfering cations are present in the solution. However,
the presence of these additional metal ions has a noticeable impact on the overall extraction
efficiency, leading to a reduction in calcium uptake by approximately 35%. This decrease in
capacity suggests that competitive interactions between calcium and these other divalent
cations influence the binding process. Despite this reduction, the quantity of calcium
removed under the given experimental conditions remains significant, highlighting the
effectiveness of L in calcium ion extraction even in complex aqueous environments.

2.6. Recycling of L Ligand for Calcium Removal via pH-Switching Mechanism

The ability to recover the L ligand after calcium ion removal from water is an important
aspect for water treatment applications. The findings from the pH-dependent study indicate
that L can highly extract Ca(II) ions at an optimal pH of approximately eight.

The investigated pH effect provides a practical basis for regenerating the ligand
through a pH-switching mechanism. Following calcium sequestration at pH 8, the ligand-
loaded material was exposed to an acidic environment (e.g., pH < 2) through the use of
nitric acid 0.1 M. After five regenerations the capacity of the material was reduced by 10 %
which means that there is room for a much greater number of regenerations before the life
cycle of the material expires.

2.7. Comparison with Other Materials

There are several methods for the removal of calcium from water such as precipitation,
solvent extraction, and bulk liquid membranes. Among the materials, ion exchange resins
are commonly used for the removal of Ca(II) from water. These resins are not selective and
their capacity varies from 1 to 2.45 mmol/g [31]. Undoubtedly, selectivity of a material
for a target ionic or neutral species is a key factor in extraction processes. This is clearly
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demonstrated in this paper where the capacity of L (24 mmol/g) is ten times higher than
any cation exchange resin available. Even in the presence of interferences, the capacity
of the material is reduced to 16 mmol/g. In addition, it is easily recyclable via a pH
switching mechanism.

Most of the materials reported in the literature for the removal of cations contain
calcium compounds in their structures. Thus, Chavez and co-workers [32] reported the
adsorption of Ba(Il) by Ca-exchange using clinoptilolite tuff and montmorillonite clay.
Again, a hybrid bead composite based on silica modified calcium—-alginate—xanthan gum
was used for the recovery/removal of Pb(Il) from acidic aqueous solutions [33]. Another
contribution involves the modification of natural silica sand by calcium oxide for removing
uranyl ions [34] from aqueous solutions. In fact, the potential of L loaded with Ca(II) should
be explored for its ion exchanger properties for removing cations from water.

3. Materials and Methods
3.1. Chemicals

For the synthetic work, reagents purchased from Aldrich were acetaldehyde, 99 %;
bromochloromethane, 99 %; 18-crown-6, 99 %; 99 %; ethylamine; ethyl bromoacetate, 98 %;
formaldehyde, (37 % in water); resorcinol, 98 % while those from Fisher were phosphorous
pentoxide, P4O1q,anhydrous pOtassium carbonate; potassium chloride; hydrochloric acid,
37%; acetone, HPLC grade; acetonitrile (MeCN), HPLC grade; dichloromethane (DCM),
HPLC grade; ethanol (EtOH), absolute; and dimethyl sulfoxide (DMSO). N,N-diethyl
chloroacetamide, 98 % was purchased from Acros Organics. Solvents used in NMR mea-
surements were acetone [(CD3),CO]; acetonitrile (CD3CN); chloroform (CDCl3); methanol
(CD30D); and dimethyl sulfoxide (C2D¢SO) purchased from Aldrich. Acetonitrile was
placed over calcium hydride in a round bottom flask fitted with a condenser and guarded
by a drying tube containing calcium chloride [35]. The mixture was refluxed under nitrogen
and distilled. The middle fraction of the distilled solvent was used directly. Methanol
HPLC grade was used without further purification. Dimethyl sulfoxide was mixed with
calcium hydride and left overnight; it was then filtered. The filtrate was mixed with cal-
cium hydride and fractionally distilled under reduced pressure. The middle fraction of the
distilled solvent was used.

For complexation studies, metal cation salts were purchased from Aldrich: lithium
perchlorate (LiClO4); sodium perchlorate monohydrate (NaClO4.H;0), 98 %; potassium
perchlorate (KClOy), 99 %; rubidium perchlorate anhydrous (RbClOy), 99.5 %; magne-
sium perchlorate hexahydrate (Mg(ClO4),.6H0), 99 %; calcium perchlorate tetrahydrate
(Ca(ClOy4);.4H50), 99 %; strontium perchlorate hydrate (Sr(ClO4),.H,O); barium perchlo-
rate hydrate (Ba(ClO4),.HyO), 98 %; lead(Il) perchlorate trihydrate (Pb(ClO4),.3H,0),
98 %; cadmium perchlorate hydrate (Cd(ClO4);.H,O); zinc perchlorate hexahydrate
(Zn(Cl1O4),.6H,0); silver perchlorate (AgClOy), 99.9 %; and mercury (II) perchlorate hy-
drate (Hg(ClO4),.Hp0), 99.998 %. All salts were dried over phosphorous pentoxide under
vacuum for several days before use. Salts were checked by 'H NMR to ensure the removal
of water. The absence of the water peak, other than the one already in the solvent, in the
spectrum indicated the dryness of the salt.

3.2. Preparation of 5,11,17,23-Tetra-Tert-Butylcalix[4]arene-25, 26, 27, 28-Tetrol; 1

The synthetic procedure for the preparation of calix[4]resorcinarene, 1, is shown in
Scheme 1.
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Scheme 1. Procedure used for the synthesis of 1.

Resorcinol (34 g, 309 mmol) was dissolved in an ethanol-water (1:1) solvent mixture.
The mixture was cooled down to 20 °C. Then HCI (30 cm?®) was gradually poured into
the solution to provide the acidic medium, and acetaldehyde (17.4 cm?, 311 mmol) was
added very slowly to the solution. The solution was left at room temperature and then
refluxed at 75°C. The reaction was left for 16 h. The solid was separated by filtration. The
precipitate was washed with an ethanol-water (1:1) solvent mixture. The solid was then re-
crystallized from acetonitrile to give calix[4]resorcinarene (80 % yield). The compound was
characterized by 'H-NMR in dg-DMSO at 298 K and microanalysis. ITH-NMR, (300 MHz, in
dg-DMSO); (ppm); 6=8.52 (s, 2H, H-1), 6.77 (s, 1H, H-3), 6.14 (s, 1H, H-2), 4.45(q, 1H, H-4),
1.301 (d, 3H, H-5). Microanalysis was carried out at the University of Surrey. Calculated %:
C,70.57; H, 5.92. Found %: C, 70.73; H, 5.83

3.3. Synthesis of 4,6,10,12,16,18,22,24 Diethyl Amino Carbonyl Methoxy Calix[4]resorcinarene, L

The synthetic procedure for the preparation of the calix[4]resorcinarene amide, L, is
shown in Scheme 2.

CHs CHs
k 6
N CH, N CH,
7
0 0 S 0
2
0 0
A MeCN/K,CO, _
4 H3C CH;  18-C-6/90°C 4
1
H1C 4
3

Scheme 2. Procedure used for the synthesis of L.

Calix[4]resorcinarene, 1 (2.275 g, 4.17 mmol) was dissolved in acetonitrile, anhydrous,
K>CO3 (9.22 g, 66.72 mmol) and 18-crown-6 (2.204 g, 8.34 mmol) was added to the solution
and refluxed at 90 °C. Reaction was followed by TLC (eluent DCM:MeOH:ethyl acetate
9.5:1.5:0.5) then N,N diethyl chloroacetamide (10 g, 66.8 mmol) was carefully dropped into
the solution and left overnight. Acetonitrile was removed using a vacuum rota evaporator.
Then the solid was dissolved in DCM and extracted with an aqueous solution of sodium
bicarbonate. The organic phase was dried off, the solvent and the oily residue was treated
with hexane and filtered. The product was recrystallized from acetonitrile. The solid
was dried in a pistol dryer (40% yield). The compound was characterised by 'H NMR in
CD3CN at 298 K and microanalysis, 'H NMR spectrum is provided in the Supplementary
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Information Figures S1-512. 'H NMR, (300 MHz, in CD3CN); 6 (ppm); 6 = 6.73 (s, 1H, H-2),
6.34 (s, 1H, H-1), 4.70 (q, 1H, H-4), 4.50 (s, 2H, H-5), 3.31 (t, 3H, H-7), 1.42 (d, 3H, H-3),
1.10 (g, 2H, H-6). Microanalysis was carried out at the University of Surrey. CgyH136NgO1¢
Calculated %: C, 66.27; H, 8.34; Found %: C, 66.59; H, 8.19.

3.4. Nuclear Magnetic Resonance Measurements
'H NMR Measurements

A Bruker AC-300 (Bruker BioSpin GmbH, Rheinstetten, Germany) pulsed Fourier
Transform NMR spectrometer of special frequency 300.135 MHz, was used for recording
'H NMR measurements at 298 K. Tetramethyl silane was used as an internal standard.
Typical operating conditions for routine proton measurements involved pulse or flip angle
of 30°, spectra width (SW) of 20.7 ppm, spectral frequency (SF) of 300.137 MHz, delay time
of 1.60 s, Acquisition time (AQ) of 1.819 s, and line broadening of 0.55 Hz. Spectra were
processed using TopSpin 3.6.2 software.

3.5. Conductometric Measurements

Conductivity measurements were carried out using the Wayne-Kerr B642 Auto balance
Universal Bridge as described elsewhere [36]. In order to determine the stoichiometry of the
metal ion complex, conductometric titrations were carried out in the appropriate solvent.
To perform these measurements, a solution of the metal-ion salt in an appropriate solvent
(25 cm®) was placed in the cell. Then the electrodes were inserted into the cell. The solution
was continuously stirred during the course of the titration. The vessel was sealed and
placed in a thermostatic bath at 298.15 K for 20 min to reach thermal equilibrium. The titrant
(ligand ~ 5 x 103 mol.dm~3) was added using a hypodermic syringe. The conductance
S (O~ 1) was measured after each addition once equilibrium was achieved. The plots
of molar conductance, Am (Q~!'.cm?.mol ™), against the ligand—cation ratio ([L]/[M*])
were drawn.

3.6. Titration Calorimetric Measurements

Calorimetric titrations were carried out in the Tronac 450 calorimeter [37,38] and the
Thermal Activity Monitor TAM 2277 microcalorimeter (LKB Products, Stockholm, Sweden)
as described elsewhere [39,40].

3.7. Potentiometric Titrations for the Determination of Stability Constants

The stability constant of L with the silver cation in methanol was determined at
298.15 K. Thus, the ligand solution (5.4 x 103 mol.dm~3) was prepared in a solution of
TBAP (0.05 mol.dm~3). The working electrode was placed in a solution of silver perchlorate
(1 x 1073 mol.dm~3). The solution was titrated with the ligand solution prepared in TBAP
solution [41]. Potential readings were taken after each addition and were used for the
calculation of the stability constant of this system in the appropriate solvent.

3.8. Molecular Simulation Studies

Argus Lab 4.0.1 was the software used for molecular simulation studies. Every
structure was ready for analysis by optimizing the H-bond. Molecular mechanics (MM)
method was selected where the universal force field (UFF) approach was used [42,43]. For
MD studies of L in methanol and acetonitrile, the simulations were conducted in a grid box
of 21.729 x 17.7298 x 12.018 A for methanol and 21.875 x 18.28 x 21.171 A for acetonitrile.
For the number of solvent molecules, 20 were introduced to represent the first solvation
shell. The interactions between L and calcium, mercury, and lead cations were investigated,
and the binding energy in kJ.mol~! was computed.
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3.9. Calcium Uptake from Aqueous Solution by Calix[4]resorcinarene Amide, L

L extracting ability to remove calcium ion salt from aqueous solutions was conducted
through batch experiments in which the receptor in the solid state was equilibrated with
aqueous solutions containing the relevant cation salt at the standard temperature of 298 K.
The Flame Photometer (Model 360) was used to analyze the initial and the equilibrium
concentrations of cationic species (as perchlorate salt) in aqueous solution. The optimum
conditions for extraction were determined as follows.

3.10. Optimum Mass of L for the Remouval of Calcium from Aqueous Solutions

The mass effect was investigated by adding different quantities (0.005-0.150 g) of the
material used for extraction to a set of nine test tubes, each one containing an aqueous
solution of the calcium salt (as perchlorate salt) (10 cm®, 1 x 107! mol.dm~3). The test
tubes were then shaken on a rota-mixer for 5 min to ensure homogenous mixing and left
overnight in a thermostat water bath at 298 K. After equilibrium was attained, aliquots of
the solution were taken and analyzed, after which the percentage of extraction (%E) was
calculated using Equation (10).

%E = (ci — ceq)/ci x 100 (10)

In Equation (10), ci and cf denote the initial and the calcium equilibrium concentrations
(mmol.dm~3) in water.

3.11. The Effect of pH Solution of the Aqueous Solution on the Extraction Process

The pH effect on the extraction of the calcium salt solution in aqueous medium
by L was examined in the 3-10.5 pH range. The initial concentration of the cation
(1 x 107! mmol.dm~3) was kept constant in de-ionized water at the same time as the
solution pH was adjusted to the desired values by the addition of 0.1 mol.dm ™2 sul-
furic acid or 0.1 mol.dm 3 sodium hydroxide using a digital pH metre equipped with
a combined pH electrode. Samples were then left overnight at 298 K. Afterwards, the
supernatants were analyzed for calcium residual concentration by as described above
and the %E was calculated using Equation (10). The obtained optimal pH was used for
further experiments.

3.12. Uptake Capacity of L for Calcium Ion

The uptake capacity of the material for the removal of calcium species from aqueous
medium was determined under static conditions by the batch equilibrium technique.
Experiments were carried out at 298 K by varying the cationic species concentration
(1 x 1073-1 x 10! mol.dm~3) under study while fixing the mass (optimum mass) of
the material used for extraction. The mixtures were shaken by the rota-mixer for 5 min and
then left overnight to reach equilibrium. The tubes were then placed in a water bath and the
temperature was maintained at 298 K. After equilibrium was attained (no further changes
were observed in the concentration of the calcium salt in contact with the material), the
cation was analyzed using the Flame Photometer. The amount of the calcium removed per
gram of the solid material was calculated from the difference in their initial and equilibrium
concentrations in the aqueous solutions.

(Ci—Ceq) XV
m

Qeq = (11)

In Equation (11), Qeq is the amount of cation taken up by L material (mmol/g), V
is the volume of the sample (dm?), ci and ceq are the initial and the equilibrium calcium
concentrations (mmol.dm %), and m (g) is the amount of the solid material used.



Int. J. Mol. Sci. 2025, 26, 8043

19 of 21

3.13. Kinetics of Calcium Extraction Processes from Aqueous Solutions by L

The kinetics of the extraction process were examined under the same batch conditions
described above, but at different time intervals (between 30 and 1440 min). The removal
uptake (mmol.g~!) was calculated; half-life values for Ca(Il) removal were determined
from the plots of the material uptake vs. the time in minutes. The following equation for
pseudo first order model was applied.

k1
_ — - 12
Qe is the uptake removal in mmol g~ !, Qt (mmol.g ') the amount of removal at time
(min), and k; the Lagergren rate constant of calcium ion removal (min~1).

3.14. Effect of Interfering Cations on the Uptake of Calcium by L

To investigate if there is any competition between the different cations to be extracted
by L, multiple cation solutions containing lead (Pb(Il)), cadmium (Cd(I)), barium (Ba(Il)),
and strontium (Sr(II)) as perchlorate salts were prepared. All cations were present at
equimolar concentrations (1 x 10~! mol.dm—3). The removal ability of the material was
tested using a batch procedure. The remaining concentration of the calcium was analyzed.

4. Conclusions

From the above discussion the following conclusions are drawn:

(i) In searching for applications, the thermodynamics characterization of the complex-
ation process provides a quantitative assessment of the selectivity of the ligand for a given
cation relative to other. These studies are essential particularly in extraction processes
where the issue of selectivity plays a major role in the selection of a receptor to target a
particular ion or neutral species in a given medium.

(ii) Although 'H NMR studies on the L receptor are indicative that unlike in methanol,
acetonitrile must sit in the cavity of the receptor as suggested by molecular simulation
studies, there is no indication that this is the case for the metal-ion complexes.

(iii) The complex interplay between ligand-binding energy and cation desolvation is
clearly demonstrated in acetonitrile. The weak cation-ligand interaction in methanol is due
to the higher solvation of ions in methanol relative to acetonitrile but also the solvation of
the ligand in this solvent. There is a competition of the ligand and the solvent for the cation.
In MeOH, the latter is stronger and therefore weaker complexes are formed. In addition,
the affinity of the solvent for the donor atoms of the ligand through hydrogen formation
reduces even further and, in some cases, impedes complex formation in methanol.

(iv) The remarkable high capacity of L to remove Ca(ll) from water even in the presence
of interfering ions makes this receptor suitable for commercialisation purposes.

Considering water with a typical hardness of 200 mg/L of Ca(II), the capacity of L
would be sufficient to treat approximately 24 L of hard water before
requiring regeneration.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms26168043 /s1.

Author Contributions: Conceptualization, A.F.D.d.N.; methodology, A.J. and N.A.H.; software,
N.A.H,; validation, A.ED.d.N.; formal analysis, A.FED.d.N.; investigation, A.J. and N.A.H.; resources,
A FD.d.N.; data curation, A.J. and N.A.H.; writing—original draft preparation, A.J. and N.A.H.;
writing—review and editing, A.FD.d.N., A.J. and N.A.H.; visualization, A.F.D.d.N.; supervision,
A.F.D.d.N,; project administration, A.ED.d.N.; All authors have read and agreed to the published
version of the manuscript.


https://www.mdpi.com/article/10.3390/ijms26168043/s1
https://www.mdpi.com/article/10.3390/ijms26168043/s1

Int. J. Mol. Sci. 2025, 26, 8043 20 of 21

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data are presented in the article/Supplementary Information. Any
inquiry can be directed to the corresponding author.

Acknowledgments: This paper is dedicated to the memory of the Late colleague, collaborator and
friend Brendan Howlin.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Jain, VK,; Kanaiya, PH. Chemistry of Calix[4]resorcinarene. Russ. Chem. Rev. 2011, 80, 75-102. [CrossRef]

2. Eddaif, L.; Trif, L.; Telegdi, J.; Shaban, A.; Egyed, O. Calix[4]arene Macrocycles: Synthesis, Thermal Behavior, and Crystalline
Characterisation. J. Therm. Anal. Calorim. 2019, 137,529-541. [CrossRef]

3. Kobayashi, K.; Yamanaka, M. Self-Assembled Capsules Based on Tetrafunctionalized Calix[4]resorcinarene Cavitands. Chem. Soc.
Rev. 2015, 44, 449-466. [CrossRef] [PubMed]

4. Morozova, J.E.; Myaldzina, C.R.; Voloshina, A.D.; Lyubina, A.P.; Amerhanova, S.K.; Syakaev, V.V,; Ziganshina, A.Y.; An-
tipin, I.S. Calixresorcinarene Cavitants Bearing Lipophilic Cationic Fragments in the Construction of Mitochondrial-Targeting
Supramolecular Nanoparticles. Colloids Surf. A Physicochem. Eng. Asp. 2022, 642, 128622. [CrossRef]

5. Jasat, A.; Sherman, ].C. Carceplexes and Hemicarceplexes. Chem. Rev. 1999, 99, 931-968. [CrossRef]

6. Jagannivasan, G.; Elambalassery, J.G.; Haridas, S. Calix[4]resorcinarenes as Stable, Metal-Free, Unexplored and Unfathomed
Material for Iodine Capture: Experimental and Theoretical Insights. ACS Chem. Health Saf. 2024, 31, 414-442. [CrossRef]

7. Capan, R; Capan, I; Davis, F.; Ray, A K. Spin-Coated Films of Calix[4]resorcinarenes as Sensors for Chlorinated Solvent Vapors. J.
Mater. Sci. Mater. Electron. 2024, 35, 1701. [CrossRef]

8.  Jumina, J.; Siswanta, D.; Zulkamain, K.; Triono, S.; Priatmoko, P.; Yuanita, E.; Fatmasari, N.; Nursalim, I. Development of
C-Arylcalix[4]resorcinarenes and C-Arylcalix[4]pyrogallolarenes as Antioxidant and UV-B Protector. Indones. |. Chem. 2019, 19,
273-284. [CrossRef]

9. Gangemi, C.M.A ; Pappalardo, A.; Sfrazzetto, G.T. Applications of Supramolecular Capsules Derived from Resorcin[4]arenes,
Calix[4]arenes, and Metallo-Ligands: From Biology to Catalysis. RSC Adv. 2015, 5, 51919-51933. [CrossRef]

10. Moradi, S.; Mozafari, R.; Ghadermazi, M. Phosphomolybdic Acid Supported in Magnetic Polycalix[4]resorcinarene-EDTA-
Chitosane Network as a Recyclable Catalyst for the Synthesis of 5-Aroyl-NH-1,3-Oxazalidine-2-ones. Sci. Rep. 2024, 14, 12865.
[CrossRef]

11.  Fransen, J.R.; Dutton, PJ.J. Cation Binding and Conformation of Octafunctionalized Calix[4]resorcinarenes. Can. . Chem. 1995, 73,
2217-2223. [CrossRef]

12. Danil de Namor, A.E; Cleverley, R M.; Zapata Ormachea, M.L. Thermodynamics of Calixarene Chemistry. Chem. Rev. 1998, 98,
2495-2525. [CrossRef]

13.  Mustafina, A.R.; Skripacheva, V.V,; Gubaidullin, A.T.; Konovalov, A I. Structural and Thermodynamic Aspects of Complexation
of a Calix[4]resorcinarene with Diverse Cations in Water-Organic Media. |. Struct. Chem. 2005, 46, 576-583. [CrossRef]

14. Danil de Namor, A.F.,; Chaaban, ].K.; Piro, O.E.; Castellano, E.E. A Resorcinarene-Based Receptor: Versatile Behavior in Its
Interaction with Heavy and Soft Metal Cations. J. Phys. Chem. B 2006, 110, 2442-2450. [CrossRef]

15. Danil de Namor, A.F,; Chaaban, J. A Partially Substituted Calix[4]resorcinarene Receptor and Its Selective Recognition for Soft
Metal Cations (Silver and Mercury). J. Phys. Chem. B 2008, 112, 2070-2077. [CrossRef] [PubMed]

16. Danil de Namor, A.F,; Aparicio Aragon, W.; Nwogu, N.; El Gamouz, A.; Piro, O.E.; Castellano, E.E. Calixarene and Resorcinarene-
Based Receptors: From Structural and Thermodynamic Studies to the Synthesis of a New Mercury(Il)-Selective Material. J. Phys.
Chem. B 2011, 115, 6922-6934. [CrossRef] [PubMed]

17. Riveros, D.C.; Martinez, E; Vargas, E.F. Enthalpies of Solution of Methylcalix[4]resorcinarene in Nonaqueous Solvents as a
Function of Concentration and Temperature. Thermochim. Acta 2012, 548, 13-16. [CrossRef]

18. Riveros, D.M.; Hefter, G.; Vargas, E.R. Thermodynamic Evidence for Nano-Heterogeneity in Solutions of the Macrocycle C-Butyl
Resorcin[4]arene in Nonaqueous Solvents. J. Chem. Thermodyn. 2018, 125, 250-256. [CrossRef]

19. Riveros, D.M.; Hefter, G.; Vargas, E.R.M. Enthalpies of Solution of C-Alkyl Resorcin[4]arenes in Water and Acetonitrile: Hy-
drophilic and Hydrophobic Effects. J. Phys. Chem. B 2019, 123, 3763-3768. [CrossRef]

20. Danil de Namor, A.E; Ghousseini, L. Thermodynamics of Metal-Ion Cryptates and Cryptand 222 in N,N-Dimethylformamide

and Dimethylsulphoxide. ]. Chem. Soc. 1984, 80, 2843-2848.


https://doi.org/10.1070/RC2011v080n01ABEH004127
https://doi.org/10.1007/s10973-018-7978-0
https://doi.org/10.1039/C4CS00153B
https://www.ncbi.nlm.nih.gov/pubmed/24938592
https://doi.org/10.1016/j.colsurfa.2022.128622
https://doi.org/10.1021/cr960048o
https://doi.org/10.1021/acs.chas.4c00037
https://doi.org/10.1007/s10854-024-13457-9
https://doi.org/10.22146/ijc.26868
https://doi.org/10.1039/C5RA09364C
https://doi.org/10.1038/s41598-024-63493-y
https://doi.org/10.1139/v95-275
https://doi.org/10.1021/cr970095w
https://doi.org/10.1007/s10947-006-0155-5
https://doi.org/10.1021/jp053137q
https://doi.org/10.1021/jp077208s
https://www.ncbi.nlm.nih.gov/pubmed/18220386
https://doi.org/10.1021/jp110195f
https://www.ncbi.nlm.nih.gov/pubmed/21545094
https://doi.org/10.1016/j.tca.2012.08.022
https://doi.org/10.1016/j.jct.2018.06.006
https://doi.org/10.1021/acs.jpcb.8b11330

Int. J. Mol. Sci. 2025, 26, 8043 21 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.
40.

41.

42.
43.

Danil de Namor, A.F.; Ghousseini, L. Enthalpies and Entropies of Complexation of Cryptand 222 and Metal Ions in Propylene
Carbonate: Derived Thermodynamic Parameters for the Transfer of Metal-lon Cryptates. J. Chem. Soc. Faraday Trans. I 1985, 81,
2495-2502. [CrossRef]

Danil de Namor, A.F. Linear Correlation Between Entropies of Cryptand 222 with Metal Ions in Nonaqueous Solvents and
Entropies of Solvation of These Ions in These Solvents. J. Chem. Soc. Faraday Trans. 1 1988, 84, 2241-2244.

Danil de Namor, A.F; Llosa Tanco, M.A.; Salomon, M.; Ng, C.Y. Thermodynamic, Structural, and Conductance Studies of Lithium
Coronand Electrolytes Relevant to Lithium Battery Technology. J. Phys. Chem. 1994, 98, 11796-11802. [CrossRef]

Danil de Namor, A.F; Llosa Tanco, M.A.; Ng, C.Y.; Salomon, M. Lithium-Coronand Electrolytes: Thermodynamic and Electro-
chemical Aspects. Pure Appl. Chem. 1995, 67, 1095-1102. [CrossRef]

Danil de Namor, A.E; Chahine, S.; Castellano, E.E.; Piro, O.E.; Jenkins, H.D.B. A Preliminary Observation of Additive Thermody-
namic Contribution of Pendant Arms to the Complexation of Calixarene Derivatives with Mercury(II). Chem. Commun. 2005, 30,
3844-3846. [CrossRef] [PubMed]

Danil de Namor, A.F; Alharthi, S.; El Gamouz, A.; Al Hakawati, N.; Cox, B.G. Calix[4]-Based Hg(II) Ion Selective Electrodes: A
Thermodynamic Protocol to Address the Selectivity Versus Hosting Capacity Paradigm in the Selection of the Carrier. Electrochim.
Acta 2018, 290, 686—694. [CrossRef]

Al Hakawati, N.; Alharthi, S.; Danil de Namor, A.F. Thermodynamics: A Suitable Reporter in the Design of Mercury(Il) Ion
Selective Electrodes. Arab. |. Chem. 2020, 13, 8671-8683. [CrossRef]

Danil de Namor, A.F,; Castellano, E.E.; Pulcha Salazar, L.E.; Piro, O.E. Thermodynamics of Cation Complexation by a
Pyridylmethyl-Substituted Calix[4]arene. Phys. Chem. Chem. Phys. 1999, 1, 285-293. [CrossRef]

Cox, B.G.; Schneider, H. Coordination and Transport Properties of Macrocyclic Compounds in Solution; Elsevier: New York, NY, USA,
1992.

Burgess, J. Metal Ions in Solution; Ellis Horwood Ltd.: Hemstead, UK, 1978.

Applications. Ion Exchange Resins. Classification and Properties. SigmaAldrich.com. Merck/Sigma-Aldrich. (n.d.). Applications.
Ion Exchange Resins. Classification and Properties [PDF]. 2025. Available online: https://www.sigmaaldrich.com/deepweb/
assets/sigmaaldrich /marketing/global /documents /638 /232 /ion_exchange_resins.pdf (accessed on 13 August 2025).

Chavez, M.L.; de Pablo, L.; Garcia, T.A. Adsorption of Ba(II) by Calcium-Exchange Clinoptilolite Tuff and Montmorillonite Clay.
J. Hazard. Mater. 2010, 175, 216-223. [CrossRef]

Zhang, S.; Xu, F; Wang, Y.; Zhang, W.; Peng, X.; Pepe, F. Silica Modified Calcium-Alginate-Xanthan Gum Hybrid Bead Composites
for the Removal and Recovery of Pb(Il) from Aqueous Solutions. Chem. Eng. J. 2013, 234, 33—42. [CrossRef]

Elhefnawy, O.; Elabd, A.A. Natural Silica Sand Modified by Calcium Oxide as a New Adsorbent for Uranyl Ions Removal from
Aqueous Solutions. Radiochim. Acta 2017, 105, 821-830. [CrossRef]

Perrin, D.D.; Amarego, W.L.F; Perrin, D.R. Purification of Laboratory Chemicals, 2nd ed.; Pergamon Press Ltd.: Oxford, UK, 1980.

Al Hakawati, N. Calix-Macrocycles: From Synthesis and Physico-Chemical Studies to Analytical and Biological Applications.
Ph.D. Thesis, University of Surrey, Guildford, UK, 2017.

Christensen, J.J.; Izatt, R.M.; Hansen, L.D. A Thermometric Titration Calorimeter. Rev. Sci. Instrum. 1965, 36, 779-782. [CrossRef]
Eatough, D.J.; Christensen, ].J.; Izatt, RM. Experiments in Thermometric Titrimetry and Titration Calorimetry; Brigham Young
University Press: Provo, UT, USA, 1974; vii; p. 121.

Suurkuusk, J.; Wadso, I. A Flow-Mix Microcalorimeter for Studies of Fast Reactions. Chem. Scr. 1982, 20, 155-163.

Briggner, L.E.; Wadso, I. A New Calorimeter for Flowing Liquids and Gases. ]. Biochem. Biophys. Methods 1991, 22, 101-118.
[CrossRef]

Nakanati, K.; Yamashita, J.; Sekine, T.; Itani, T. Study of Microcalorimetry in Analytical Chemistry. Jpn. Soc. Anal. Chem. 2003, 19,
775-779.

Thompson, M.A. ArgusLab, 4.0.1; Planaria Software LLC: Seattle, WA, USA, 2004.

Rappé, A K.; Casewit, C.J.; Colwell, K.S.; Goddard, W.A.; Skiff, WM. UFF, a Full Periodic Table Force Field for Molecular
Mechanics and Molecular Dynamics Simulations. J. Am. Chem. Soc. 1992, 114, 10024-10035. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/f19858100781
https://doi.org/10.1021/j100096a027
https://doi.org/10.1351/pac199567071095
https://doi.org/10.1039/b505408g
https://www.ncbi.nlm.nih.gov/pubmed/16041436
https://doi.org/10.1016/j.electacta.2018.09.101
https://doi.org/10.1016/j.arabjc.2020.09.059
https://doi.org/10.1039/a806902f
https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/marketing/global/documents/638/232/ion_exchange_resins.pdf
https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/marketing/global/documents/638/232/ion_exchange_resins.pdf
https://doi.org/10.1016/j.jhazmat.2009.09.151
https://doi.org/10.1016/j.cej.2013.08.102
https://doi.org/10.1515/ract-2016-2723
https://doi.org/10.1063/1.1719702
https://doi.org/10.1016/0165-022X(91)90023-P
https://doi.org/10.1021/ja00051a040

	Introduction 
	Results and Discussion 
	1H NMR Characterization of L in Different Deuterated Solvents at 298 K 
	1H NMR Investigations on the Complexation of L with Metal Cations in CD3CN and CD3OD at 298 K 
	Thermodynamic Parameters of Complexation of L with Metal Cations in CH3CN and CH3OH at 298.15 K 
	Calcium, Mercury, and Lead Ions Interaction with L Using Molecular Simulation 
	Extraction of Calcium Ion from Water Using L 
	Determination of Optimum Amount of L for the Removal of Calcium from Water at 298 K 
	The pH Effect on the Uptake of Calcium from Water by L at 298 K 
	Calcium Uptake Capacity of L at 298 K 
	Kinetics of Calcium Ion Uptake by L from Aqueous Solution at 298 K 
	Effect of Interfering Cations on Calcium Uptake from Aqueous Solution by L at 298 K 

	Recycling of L Ligand for Calcium Removal via pH-Switching Mechanism 
	Comparison with Other Materials 

	Materials and Methods 
	Chemicals 
	Preparation of 5,11,17,23-Tetra-Tert-Butylcalix[4]arene-25, 26, 27, 28-Tetrol; 1 
	Synthesis of 4,6,10,12,16,18,22,24 Diethyl Amino Carbonyl Methoxy Calix[4]resorcinarene, L 
	Nuclear Magnetic Resonance Measurements 
	Conductometric Measurements 
	Titration Calorimetric Measurements 
	Potentiometric Titrations for the Determination of Stability Constants 
	Molecular Simulation Studies 
	Calcium Uptake from Aqueous Solution by Calix[4]resorcinarene Amide, L 
	Optimum Mass of L for the Removal of Calcium from Aqueous Solutions 
	The Effect of pH Solution of the Aqueous Solution on the Extraction Process 
	Uptake Capacity of L for Calcium Ion 
	Kinetics of Calcium Extraction Processes from Aqueous Solutions by L 
	Effect of Interfering Cations on the Uptake of Calcium by L 

	Conclusions 
	References

