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Abstract—In the present study, three thia-crown ether derivatives (AE1, AE2, AE3) were synthesized using
diacyl chlorides and tri(ethylene glycol) dithiol, and characterized by infrared, proton nuclear magnetic res-
onance, and mass spectrometry. Their metal complexation properties with K*, Na™, Ag*, Ca2t, Mg?", Zn?",
and Fe?" were investigated using liquid—liquid ion-pair extraction in chloroform and dichloromethane.
Extraction efficiencies, equilibrium constant, and Gibbs free energies were calculated. AE1 and AE2 exhibited the
highest extraction efficiencies for K* and Zn** (>95%), whereas Na* and Ca?* showed the lowest. The solvent
type significantly influenced extraction selectivity, with dichloromethane enhancing K* selectivity. The results
correlated well with the hard—soft acid—base principle, where AE3, having the highest hardness, favored harder
metal ions, while AE1 and AE2, being softer, preferred softer or borderline cations. Density Functional Theory cal-
culations supported the experimental findings, providing insights into ligand electronic structures through frontier
molecular orbital energy gaps and global hardness values. The study demonstrates that structural differences

among ligands and solvent polarity critically affect metal ion selectivity and efficiency.

Keywords: thia-crown ether, extraction, in silico, complexation

DOI: 10.1134/51990793125701763

INTRODUCTION

Macrocyclic compounds, particularly crown
ethers, have long attracted scientific attention due to
their ability to selectively complex with metal ions
through size-matching and donor atom interactions
[1—4]. Among these, thiacrown ethers—macrocyclic
ligands that incorporate sulfur donor atoms—have
demonstrated significant potential in coordination
chemistry due to their high affinity toward soft and
borderline metal cations as predicted by the Hard and
Soft Acids and Bases (HSAB) theory [5—7]. Although
thiacrown ethers have been known since the 1970s [8],
their exceptional capacity for metal ion complexation
has been more fully explored in recent years [9—12]. The
introduction of sulfur atoms into macrocyclic frame-
works enhances their selectivity for soft Lewis acids such
as Ag"” and Hg?*, while also improving lipophilicity and
electron-donating capability compared to their oxygen-
containing counterparts [13, 14]. These structural fea-
tures render thia-crown ethers of potential interest for the
development of liquid—liquid extraction systems, metal
ion sensors, and biological enzyme modulators [12, 15].

Previous investigations have shown that macrocy-
clic sulfur ligands demonstrate promising extraction

capabilities for various transition metal ions under bipha-
sic conditions, especially when combined with polar
organic solvents such as chloroform or dichloromethane
[16]. Furthermore, the substitution pattern of donor
atoms, ring size, and heteroatom distribution are known
to significantly influence metal ion selectivity [17, 18].

In parallel, Density Functional Theory (DFT) cal-
culations have emerged as a reliable method for pre-
dicting the electronic structure, reactivity, and hard-
ness parameters of ligands, thereby enabling deeper
insight into ligand—metal interactions [19—22].
According to the HSAB principle, the binding affinity
between a metal ion and a ligand can be rationalized
based on their respective hardness (1) values, where
better hardness compatibility leads to more stable
complex formation [5].

This study focuses on the synthesis, structural
characterization, and complexation behavior of three
newly synthesized thia-crown ether derivatives—AE1,
AE2, and AE3—toward environmentally and biologi-
cally relevant metal ions. The complexation properties
were examined via liquid—liquid ion-pair extraction in
two solvent systems, and correlated with DFT-calcu-
lated electronic parameters and HSAB-based inter-
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pretations. This combined experimental and theoreti-
cal approach aims to advance the fundamental under-
standing of structure—activity relationships in sulfur-
containing macrocyclic ligands, providing insights
that could inform the future design of systems for
selective metal ion recognition and separation.

EXPERIMENTAL AND THEORETICAL
DETAILS

Materials

All chemicals, solvents, and materials employed in
this study were of analytical grade and sourced from
established suppliers, including Merck, Sigma-
Aldrich, Alfa Aesar, and Fluka Co. Laboratory glass-
ware, including volumetric flasks and beakers, as well
as other equipment, were provided by ISOLAB. Melt-
ing points were determined using an Electrothermal
9200 melting point apparatus. Fourier transform
infrared (FTIR) spectra were recorded on a Perkin
Elmer Spectrum 100 FTIR spectrometer, while pro-
ton nuclear magnetic resonance ('H-NMR) spectra
were acquired using a Varian 400 MHz spectrometer.
Mass spectrometry analysis was performed using a
Shimadzu GSMS—QP2010 spectrometer. Column
chromatography was conducted with Merck silica gel
60 (230—400 mesh ASTM). All solvents were dried
according to standard procedures. The benzo-thia-
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crown ethers (AE1—-AE3) were prepared as 107> M
stock solutions in dichloromethane and chloroform. Fol-
lowing the extraction process, the concentrations of
metal ions were quantified using inductively coupled
plasma optical emission spectrometry (ICP-OES) (Per-
kin Elmer Optima 3100 XL) at ambient temperature. The
metal ion extraction procedure was carried out based
on previously established methodologies [16].

Syntheses of Thia-Crown Ethers

Using diacyl chloride (diacylphthaloyl dichloride
and oxalyl dichloride) and tri(ethylene glycol) dithiol
in the presence of a pyridine base, macrocyclic three
thiacrown ethers, designated AE1, AE2, and AE3,
were synthesized in the current study (see Scheme 1).
Their syntheses and characterization details were
described in a previous one [12]. To synthesize thia-
crown ethers, o-phthaloyl dichloride, p-phthaloyl
dichloride or oxalyl dichloride (30 mmol), along with
2,2'-(ethylenedioxy)diethanethiol (30 mmol), and
pyridine (60 mmol), were dissolved in chloroform.
The mixtures were stirred and subjected to reflux
under a nitrogen atmosphere for 24 h. Following the
reaction, the solvents were removed by evaporation,
and the resulting products were purified using silica
gel chromatography with an n-hexane—chloroform
mixture as the eluent.
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Scheme 1. Syntheses of thiacrown ethers, AE1, AE2, and AE3.
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Liquid— Liquid Ion-Pair Metal Extraction Studies

The liquid—liquid ion-pair extraction technique is
widely employed for the selective transfer of metal ions
from an aqueous phase to an immiscible organic
phase. This method involves the formation of an ion-
pair complex between a metal-crown ether cationic
complex and its counter anion, which facilitates its
solubility and transfer into the organic solvent. In this
study, chloroform and dichloromethane were utilized
in this study due to their halogenated nature, moderate
polarity, and immiscibility with water, which collec-
tively enhance phase separation efficiency [23].
Although chlorinated solvents pose environmental
and health risks, the ligands synthesized herein are
highly soluble in these solvents, which justifies their
use. The extraction equilibrium constant (K,,) can be
quantitatively expressed by the following thermody-
namic relationship.

Theoretical Framework

Liquid—liquid extraction involves the partitioning
of inorganic species into an organic phase through the
interaction of two immiscible liquids—typically an
aqueous (inorganic) phase containing metal salts, and
an organic phase composed of solvents such as
dichloromethane, diethyl ether, chloroform, or ben-
zene, which may contain organic ligands. The theoret-
ical basis and associated equations used in this study
are adapted from Cakir et al. [16], and can be outlined
as follows:

M)+ mA, + L, = MLA, o). (1)

+m

In this expression, M, is the metal ion in the
aqueous phase at equilibrium, m represents the stoi-
chiometric number of anions required to neutralize
the metal—ligand complex, A@q) is the counter anion,
and L(aq) is the ligand present in the aqueous phase.
The product MLA, o represents the resulting
metal—ligand—anion complex transferred into the
organic phase as a result of the extraction.

The corresponding extraction equilibrium con-
stant, K., which quantifies the extent of the
extraction process, is defined in terms of species con-
centrations at equilibrium:

MLA
= [,, ’f],‘,?fg : ()
(Mgl A T [ L],

ext

where the aqueous-phase equilibrium concentrations
of the metal ion, anion, and ligand are given by

[M ™" ],q> [A ], and [L]aq , respectively. This thermo-

dynamic constant provides a quantitative measure of
the extent to which the metal—ligand—anion complex
is favored in the organic phase.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

CICEK et al.

For practical evaluation of extraction performance,
the extraction efficiency (Ext%) is calculated as

Extf = 100X (IMLAJo/IM;")g). )

where [M "l.q Tepresents the initial concentration of
the metal ion prior to extraction. Thus, Ext% directly
reflects the proportion of metal transferred from the
aqueous phase.

Similarly, the distribution coefficient,

Kp = [MLA, o /IM ™" ],q, C))

describes the partitioning of the metal species between
the organic and aqueous phases at equilibrium and is
commonly used to compare extraction efficiencies
among different metal ions.

Thermodynamic feasibility of the extraction pro-
cess is evaluated through the standard Gibbs free

energy change (AG:Xt ), calculated using:
AG., =—RTIn(K.,). )

A negative value of AG:Xt indicates that the
extraction process is spontaneous under standard con-
ditions (R = 8.314 J mol~' K~'; T'= 298 K), confirm-
ing the thermodynamic favorability of the system [24].

Additionally, the selectivity factor, Sy, 1), between
two competing metal ions (ion 1 and ion 2) is defined as

Sf(ion ) = (KD(ion l)/KD(ion 2)) > (6)

providing a comparative metric for the ligand’s prefer-
ence toward one metal ion over another.

This study extends prior work on thia-crown ethers
[10, 12, 16] by employing a competitive extraction
approach to quantify and compare the extraction con-

stants (such as K, Ext%, AG;(t , etc.) for a wide range
of metal ions under identical conditions. Further-
more, we provide a systematic examination of the
interplay among the macrocyclic structure of the
ligands, the HSAB principle [5, 6], and solvent effects
[17, 18]. The analysis of the findings highlights the sig-
nificance of metal ion chemical hardness and ionic
radius in interpreting the results. This combined
methodology provides a more profound understand-
ing of the structure-property relationships governing
selective metal ion recognition in thia-crown ether
systems.

In the experiment, a liquid-liquid ion-pair
extraction was conducted using an aqueous solution
containing seven different metal ions (each at a con-
centration of 10~3 mol L~!) and thia-crown ethers
(also at 103 mol L), with each extraction performed
separately. The prepared mixtures were agitated at
300 rpm for one hour using an orbital shaker, followed
by a 30-min incubation period at 25°C to ensure com-
plete equilibration of the system. The low concentra-
Vol. 20
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tion conditions prevented any observable precipitation
formation. Following phase separation, quantitative
analysis of residual metal ion concentrations in the
aqueous phase was performed by ICP-OES. These
measurements enabled the determination of key ther-
modynamic parameters: the extraction constant
(K.), extraction efficiency (Ext%), logarithmic
extraction equilibrium constant (logk.,,), and stan-

dard Gibbs free energy change (A G:xt) for the process.

Quantum Chemical Methods and Programs
of Theoretical Calculations

In this work we performed quantum chemical cal-
culations to gain insight into the structural and elec-
tronic properties of the AE1-AE3 compounds. All
computations were carried out using Density Func-
tional Theory (DFT) as implemented in the Gaussian
09 software package [25]. The geometries of title com-
pounds were optimized in the gas phase without
imposing symmetry constraints, employing the
B3LYP functional in conjunction with the 6-31G+(d)
basis set for all atoms [26, 27]. This level of DFT is well-
regarded for its high accuracy in predicting molecular
geometries and electronic properties [28—32].

Frequency calculations were also conducted at the
same level of theory to ensure that the optimized
structures correspond to true minima on the potential
energy surface [33]. In order to investigate the elec-
tronic properties, including frontier molecular orbital
(HOMO—-LUMO) energies, ionization potential (I),
electron affinity (A), chemical hardness (1) and soft-
ness (S), electronegativity (), and dipole moments
(w) [29, 31], supplementary single-point energy calcu-
lations were carried out at the B3LYP/6-31G+(d)
level of theory.

RESULTS AND DISCUSSION

In the present study, a new set of macrocyclic thia-
crown ethers, namely AE1, AE2, and AE3, were syn-
thesized by utilizing diacyl chloride (diacylphthaloyl
dichloride and oxalyl dichloride) and tri(ethylene gly-
col) dithiol in the presence of a pyridine base. The
synthetic protocol was performed according to the
established procedure [12], with modifications as
described in the experimental section. Upon comple-
tion of the synthesis, the isolated compounds were
characterized using a combination of spectroscopic
and analytical techniques, including 'H-NMR spec-
troscopy, FTIR spectroscopy, and gas chromatogra-
phy—mass spectrometry (GC-MS). The experimental
proton NMR and FTIR spectra for compounds AE1—
AE3 can also be found in the Supplementary Informa-
tion (Figs. SI-1-SI-3). In the experimental FTIR
spectra of title compounds (Figs. SI-4—SI-6), a bend-
ing vibration of the C—S—C group was detected at
around 680 cm~!, the O=C—S stretching was observed
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in the range of 1700—1720 cm~!, and the aromatic
C=C stretching occurred between 1630—1640 cm™'.
These distinctive IR peaks and modes were also
observed and confirmed through theoretical vibra-
tional analyses at the B3LYP/6-31G+(d) level
(Figs. SI-7—SI-9). A detailed listing of the calculated
FTIR peak positions for AE1, AE2, and AE3 is pro-
vided in Tables SI-1—SI-3, which summarizes the
corresponding vibrational frequencies (cm™!) and
molar absorptivity values (€, M~' cm™!). In particular,
bending vibration of the C—S—C group for AE1, AE2,
and AE3, are calculated to be 679, 677, and 676 cm™!,
respectively. The calculated stretching vibrational fre-
quencies of the O=C—S group are 1733—1759 cm~! for
AE1, 1733—1762 cm™! for AE2, and 1756—1776 cm™!
for AE3. Lastly, the aromatic C=C stretching vibra-
tions were computed in the range of 1618—1643 cm™!
for AE1 and 1652—1653 cm™! for AE2. The 'TH-NMR
spectra of AE1, AE2, and AE3, exhibited chemical
shifts between 2.4 and 2.45 ppm, corresponding to the
hydrogen atoms on the C—S—C=0O framework. The
hydrogen atoms attached to aromatic rings also
showed chemical shifts between 6.55 and 8.15 ppm.

Following the characterization of the synthesized
compounds AE1—AE3, their metal ion extraction
capabilities were systematically evaluated using liquid-
liquid ion-pair extraction techniques. The extraction
experiments were conducted in biphasic systems con-
sisting of dichloromethane/water (50 : 50; v/v) and
chloroform/water (50 : 50; v/v), focusing on the selec-
tive extraction of K*, Ca®>", Na*, Ag*, Fe?", Zn?", and
Mg?* ions. Table 1 summarizes the data obtained from
the liquid-liquid extraction experiments, which were
conducted in accordance with the procedures outlined
in the part of materials and methods. The liquid-liquid
ion-pair extraction process involves complex forma-
tion between the organic-phase ligand (L) and aque-
ous-phase metal cation (M*), as described by the
equilibrium reaction (Eq. (1)). The extraction effi-
ciency, quantified as the percentage of metal ions
transferred to the organic phase, serves as a direct
measure of complexation stability. Elevated extraction
percentages reflect favorable complex formation and
strong ligand-metal coordination thermodynamics.

The extraction constants K, and K, determined
using Egs. (2) and (4), reflect the system’s extraction
performance. Larger values of these constants corre-
spond to higher extraction efficiency. Due to the large
magnitude of the obtained data, they are presented in
logarithmic form. When examining the log(K.,,) val-
ues obtained for the extraction of K*, Ca?*, Na‘t, Ag*,
Fe?*, Zn?*, and Mg?" ions by the AE1, AE2, and AE3
compounds in the chloroform solvent system, it was
observed that the K*, Zn?*, and Ag" ions exhibited
relatively high complexation and higher extraction
efficiencies. In CH,Cl,, while the AE1 compound
similarly exhibited relatively high complexation with
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Table 1. The liquid-liquid extraction of K, Ag™, Na*, Ca?", Fe?*, Zn?>", and Mg?" ions (with their respective ionic radii
in pm) by AE1, AE2, and AE3. The calculated values of log(XL,,), extraction efficiency (Ext%), and standard Gibbs free

energy change of extraction (AG:XI) for biphasic CHCl; : H,O (50:50) and CH,Cl,:H,O (50 : 50) systems under natural pH

conditions at 25°C

log(K.y) Ext % (5)AGey
(;Erown lon fon raiius, CHCl;: H,0O | CH,Cl,: H,0 |CHCI;: H,0|CH,CI, : H,O | CHCl;: H,0O | CH,Cl, : H,O
ther pm 3- 2 2l Hy 3-Ha 2~y - Ha 3- o b - Hy
(50%) (50%) (50%) (50%) (50%) (50%)
AE1 K" 138 18.1786 19.7092 95.9 99.5 24785.0 26871.9
Ag® 115 17.6096 18.1936 92.7 96.0 24009.4 24805.5
Na* 102 12.5650 13.1953 434 56.7 17131.4 17990.8
Ca’* 100 12.8481 12.5632 52.9 43.1 17517.4 17128.9
Fe?* 76 13.7342 13.8120 69.7 69.3 18725.5 18831.6
Zn** 74 18.1785 17.8952 95.9 97.1 24785.0 24398.7
Mgt 72 13.5630 13.6448 67.4 66.8 18492.1 18603.6
AE2 Kt 138 18.1509 19.7995 98.2 99.5 24747.3 26995.1
Ag* 115 18.2094 14.2757 95.5 69.8 24827.1 19463.8
Na* 102 12.0071 11.7712 28.4 16.7 16370.7 16049.1
Ca?t 100 13.6202 12.4165 69.8 35.9 18570.1 16928.9
Fe?" 76 13.8454 13.9196 72.4 69.6 18877.2 18978.2
Zn** 74 18.1509 16.8558 98.2 94.9 24747.3 22981.5
Mg2* 72 13.5956 14.1250 68.6 73.1 18536.6 19258.4
AE3 K 138 16.9846 19.7427 96.7 99.5 23157.2 26917.6
Ag" 115 17.4716 15.7793 91.9 91.5 23821.1 21513.8
Na* 102 12.6132 12.6582 46.7 41.7 17197.1 17258.4
Ca?t 100 13.7482 12.2371 72.6 34.1 18744.6 16684.3
Fe?" 76 13.6899 15.8894 70.4 86.7 18665.1 21663.9
Zn*t 74 16.9846 15.7968 96.7 90.4 23157.2 21537.7
Mgt 72 14.4721 14.1978 78.8 73.8 19731.5 19357.6

* Metal ion radius in pm [34].

K*, Zn?*, and Ag* ions, the AE2 and AE3 compounds
showed relatively high complexation with K* ions. In
the 1 : 1 dichloromethane extraction system, the K*
ion typically exhibited higher extraction efficiency
compared to other ions.

The —AG:Xt values, which measure the spontaneity
of a process, were calculated using Eq. (5) [10]. The

obtained negative AG:Xt values indicate that the
extraction is spontaneous. All extractions involving
the AE1, AE2, and AE3 compounds proceeded spon-
taneously. Their extraction efficiencies, calculated
using Eq. (3), are presented in Table 1. The use of
chloroform and dichloromethane as extraction sol-
vents led to distinct differences in the outcomes.
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The extraction percentages presented in Table 1 for
the extractions conducted using chloroform were
carefully examined and analyzed. The AE1 compound
extracted K (95.9%) and Zn* (95.9%) ions the most,
followed by Ag" ions (92.7%). The ion with the least
complexation by the AE1 compound was Na* ion at
43.4%. According to the extraction percentages given
in Table 1, the AE2 compound could extract K*
(98.2%) and Zn>" (98.2%) ions the most, while Na*
ion was extracted the least (28.4%). The AE2 com-
pound also demonstrated remarkably high extraction
efficiency for Ag* ions, achieving a rate 0of 95.5%. The
AE3 compound extracted K™ and Zn?" ions at 96.7%
and Ag* ions at 91.9%. The cation with the least
extraction by the AE3 compound was Na® cation
(46.7%).

Vol. 20 No.4 2026
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Through liquid-liquid ion pair extraction in
dichloromethane, the extraction properties of the
AE1, AE2, and AE3 compounds for the selected ions
(K*, Ca?", Na', Ag*, Fe?*, Zn?', and Mg?") were
determined. The extraction percentages provided in
Table 1 indicated that the AE1, AE2, and AE3 com-
pounds extracted the K* ion the most (99.5%). Addi-
tionally, it was determined that the AE1 compound
extracted the Ca®" ion the least (43.1%), the AE2 com-
pound extracted the Na™ ion the least (16.7%), and
the AE3 compound extracted the Ca%" ion the least
(34.1%). The extraction of Ag* and Zn?" ions by the
AE1 compound was also very high (96.0 and 97.1%,
respectively). The AE2 compound extracted Zn>" ions
(94.9%) significantly, and the AE3 compound suc-
cessfully extracted Ag*, Fe?", and Zn?" ions following
potassium.

Using the extraction percentages provided in Table 1,
the metal ion extractions by the compounds were
ranked. The AE1 compound extracted metal ions in
the order of Zn?* = K™ > Ag* > Fe?* > Mg?t > Ca?" >
Na™ in chloroform, and K* > Zn>" > Ag* > Fe?* >
Mg?>" > Na* > Ca?" in dichloromethane. The AE2
compound extracted metal ions in the order of Zn?* =
K* > Ag* > Fe?™ > Ca?" > Mg?* > Na™ in chloroform,
and K™ > Zn2* > Mg?* > Ag+ > Fe?™ > Ca?" > Na' in
dichloromethane. Finally, the AE3 compound
extracted metal ions in the order of Zn>" = K* > Ag* >
Mg?* > Ca?" > Fe?* > Na® in chloroform, and K* >
Agt > Zn?" > Fe?* > Mg?" > Na' > Ca?" in dichloro-
methane.

Analysis of the extraction percentages revealed that
the synthesized compounds demonstrated high
extraction efficiencies for metal ions in the chloroform
system, albeit with limited selectivity. In contrast,
when dichloromethane was used as the organic phase,
the title compounds exhibited enhanced selectivity
toward the potassium ion. Additionally, in dichloro-
methane, the AE1 and AE3 compounds showed the
lowest extraction efficiency for Ca?", behavior not
observed in the chloroform solvent system. The AE2
compound demonstrated minimal extraction effi-
ciency towards the sodium ion in dichloromethane,
mirroring its extraction profile in chloroform. These
findings suggest that solvent polarity plays a critical
role in the selectivity and efficiency of metal ion
extraction by these thia-crown ether derivatives.

Analysis of the extraction results indicated that all
compounds exhibited a notably higher binding affinity
for the potassium ion (K*) within the alkali metal
group, while their affinity for the sodium ion (Na%),
another member of the alkali metals, was compara-
tively reduced. Despite having the same charge, simi-
lar hardness, and being in the same group, the reason
for the completely different affinities of the com-
pounds is their different radii. As indicated by the
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ionic radii data [34] in Table 1, the potassium ion (K*)
exhibits a larger ionic radius relative to the other metal
ions examined. Structural analysis of the AE1—-AE3
compounds demonstrates that they possess similarly
structured hydrophilic inner cavities, owing to an
identical number of heteroatoms influencing the cav-
ity geometry. Hence, the metal ion displaying the
highest complexation affinity is consistent across all
compounds. Although the number of heteroatoms,
the number of glycol bridges, and the heteroatom ratio
(S/0) are the same, the binding positions of the ben-
zene ring as a side group in the AE1 and AE2 com-
pounds are 1,2 and 1,4, respectively. The AE3 com-
pound lacks a side group; consequently, it exhibited
the highest extraction efficiency for the potassium ion,
which best fits the ring’s internal cavity, whereas the
extraction efficiencies for other metal ions varied and
showed less consistency. According to the literature,
the selective affinity of AE1—AE3 compounds for K*
among hard Lewis acids, Zn?>* among borderline
Lewis acids, and Ag* among soft Lewis acids high-
lights the effectiveness of mixed-donor crown ether
synthesis. The experimental data further suggest that
ionic charge plays a minimal role in influencing com-
plexation behavior.

The O, N, and S donor crown ethers are used as
selective extractors of hard-soft metal cations for some
enzyme activities [12, 35]. According to Pearson’s
hard-soft acid-base principle, softness is the opposite
of hardness; that is, a low 1 value means high softness
[5]. The principle of hard-soft acids and bases is theo-
retically derived from the hypothesis that when ioniza-
tion potentials are the same, additional stability
accompanies the ligand’s binding to a Lewis acid.
Hardness parameters for ligands are calculated using
Pearson and Coopmann’s theory with the eq. 7
described below [5, 6]:

N = (ELumo — Enomo)/2. (7

Hence, we carried out density functional theory
calculations at the B3LYP/6-31+G(d) level with
Gaussian09 program to examine frontier molecular
orbitals (FMOs) of title compounds. FMOs are a key
concept in molecular orbital theory, particularly in
understanding chemical reactivity and interactions
between molecules [36—39]. FMOs denote the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). These orbit-
als play a pivotal role in chemical reactivity, as the
HOMO contains the most easily donated electrons,
while the LUMO represents the most accessible
orbital for electron acceptance [40]. Table 2 presents
the spatial distribution and energy levels of the HOMO
and LUMO orbitals for compounds AE1—-AE3, calcu-
lated at the B3LYP/6-31G(d) level of theory. Accord-
ing to the theoretical data in Table 2, both HOMO and
LUMO are predominantly localized on the aromatic
ring in AE1 and AE2, whereas in AE3, these orbitals
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Table 2. Optimized structures, FMOs, chemical reactivity descriptors (£, 1, S, ) (in €V)), and dipole moment (y, in D)

of AE1, AE2, and AE3 at the B3LYP/6-31+G(d) level

Compound HOMO map and energy values LUMO map and energy values Eg, M, S, and [ values
Yoo
" !
" #* a2 ’ 1=6.9226
F 9
“ &a A=2.1062
, p—
AEL e “' ) E,=4.8164
Y mn = 2.4082
5=0.4153
x =4.5144
u=1.8769
1=17.2170
A=2.6499
E,=4.5671
AE2 s
n=2.2836
5=0.4379
x =4.9335
u=3.3386
1=6.9702
A=1.0384
E,=5.9318
AE g
3 n=2.9659
5=0.3372
x = 4.0043
—6.9702 eV —1.0384 eV u=2.0756

are mainly concentrated around the carbonyl func-
tional group, which can describe most active sides of
molecule. Furthermore, electron density within the
FMOs exhibits a degree of delocalization across the
molecular framework.

To further elucidate the structure—activity rela-
tionships, DFT calculations were performed at the
B3LYP/6-31+G(d) level. Optimized geometries con-
firmed the expected macrocyclic frameworks, and
HOMO-LUMO energy gaps (E,) were calculated to
estimate ligand reactivity. AE3 exhibited the largest
energy gap (5.93 eV), indicating lower chemical reac-
tivity and greater stability. The calculated chemical
hardness (1), softness (S), and electronegativity ())
supported the observed trends in metal ion binding:
AE1 and AE2, being softer (n = 2.41 and 2.28 eV,
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respectively), preferentially coordinated softer ions
like Ag*, while AE3 favored harder metal ions.

This investigation focused on determining the
complexation constants and selectivity factors of pre-
viously synthesized mixed-donor thia-crown ethers,
which incorporate both hard and soft donor atoms,
toward metal ions characterized as hard or soft acids.
These parameters were evaluated using the liquid-lig-
uid ion-pair extraction technique, employing chloro-
form and dichloromethane as organic solvents (Table 3).
The observed extraction efficiencies and metal ion
selectivities were subsequently analyzed in relation to
the ionic radii of the metal cations, the intramolecular
sulfur/oxygen heteroatom ratio of the macrocyclic
ligands, and the hardness parameters of both the
ligands and the metal ions, as conceptualized within
Vol. 20
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Table 3. Extraction efficiencies of AE1, AE2, and AE3 toward selected metal ions in chloroform and dichloromethane, and
their relationship to metal—ligand hardness parameters

Thia-crown ether Nuetal V| MNiigana> €V An, eV© Ext% (CHCly) | Ext% (CH,Cl,)
d ¥ Y\ Mg2*: 32.55 Mg2*: 30.14
Na': 21.08 Na': 18.67
a2+ 19.52 ca2+ 17.11 Zn=K'> e st sAgts
Ca™": . a” . n
+ + Ag" > Fe?* > 24 2+ y
K*: 13.64 2.41 K*: 11.23 | Rt > Mg >
Zn?*: 10.88 Zn2*: 8.41 Meg™ > Ca™m> | Nat > a2t
: 10. . 8. Nat
5 Q9 5 Fe?*: 7.24 Fe?*: 4.83 a
AEL: CygH;,04S, Ag*:6.96 Agt:4.55
oS 0 0 S_o Mg?*: 32.55 Mg?*: 0.27
Na*: 21.08 Na*: 18.80 e
Ca2*: 19.52 cat 724 |2V TR s s
+ ! ) + ! ) Ag+ > Fez+ > 2+ +
K*: 13.64 2.28 K*: 11.36 ot s Mgt s | MET > AL
Zn>*:10.88 Zn?*: 8.60 vooE Fe?* > Ca* > Na*
0> o0 o s 0 |Fe*t:7.24 Fe2*: 4.96 Na
(AN ANY Ag*: 6.96 Ag': 4.68
AE2: Cy3H,04S,
I Mg?*: 32.55 Mg?*: 29.58
S o) O S Na+: 21.08 Na+: 18.11 2+ +
o o) 2t 2’ Zn”" =K" > + + 2+
Ca?*: 19.52 Ca2*: 16.55 e Mg s KAz
s o o o K*: 13.64 2.97 K*: 10.67 2t > Bt o Fe2* > Mg?* >
S 2+ 2+ a € + 2+
> ROn Zn2+. 10.88 Zn2+. 7.91 Nat Na* > Ca
AE3: C16H24OSS4 Fe N 724 Fe N 427
Ag": 6.96 Ag*:3.99

n Metal Values (eV) from [5, 6, 19].
nngand values (eV) calculated at the B3LYP/6-31+G(d) level.

T] NMetal — Tlngamd

the framework of the Hard-Soft Acid-Base (HSAB) the-
ory, which helps predict the stability of chemical com-
pounds and the direction of chemical reactions, particu-
larly in coordination and inorganic chemistry [5].

According to HSAB theory, sulfur-containing
ligands such as thiacrowns exhibit a preference for soft
and borderline metal ions, such as Ag™ and Zn?" [6].
This was confirmed experimentally, as AE1 and AE2
demonstrated high extraction for these cations. On the
other hand, AE3, with the highest calculated global
hardness (n = 2.97 eV), showed increased extraction
of harder ions like Mg?" and Fe?*, which is consistent
with HSAB predictions and electronic compatibility
[5, 19].

The extraction efficiencies were further analyzed in
the context of the hardness difference between the
metal and ligand (AN = Mera — Niigana)- The results are
consistent with the HSAB principle, as a clear trend is
observed where metal ions with smaller absolute hard-
ness differences (|An|) generally exhibit higher

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 20

extraction percentages [19]. This is evident, for exam-
ple, in the data for AE2 (Tables 1—3), where the high
extraction efficiencies for K™ and Zn?* correspond to
some of the smallest |An| values. This consistent pat-
tern across the ligand series strongly supports the
premise that minimal hardness difference favors
stronger binding and more efficient extraction.

The metal complexation behavior of the AE1-AE3
compounds was investigated using liquid—liquid ion
pair extraction, considering factors such as the hard-
ness of the ligands, the hardness of the metal ions, and
the heteroatom (S/O) ratio. Although AE1, AE2, and
AE3 share an identical sulfur-to-oxygen ratio (S/O =
0.5), their extraction efficiencies in dichloromethane
and chloroform exhibit slight variations, as reflected in
their respective extraction percentages (Table 3).
These differences can be attributed to the varying
polarities of the two solvents. While the sulfur atoms in
the thiacrown ring introduce steric hindrance, their
uniform positions across all three compounds mini-
mize their impact on metal complexation. Notably,
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AE1 and AE2 are structural isomers, which contribute
to their differing polarity-related properties, including
hardness. In these isomers, the carbonyl substituents
are attached to the benzene ring at the 1,2-position in
AE1 and the 1,4-position in AE2. However, the thia-
crown ether ring formed via oxalyl chloride cyclization
also favors the 1,2-position, thereby influencing the
cavity size and internal spatial arrangement of the AE2
compound.

AE3 has the highest 1 (2.97 eV), making it a harder
base compared to AE1 and AE2. Therefore, AE3
shows relatively higher extraction for hard metal ions
such as Mg?* and Fe?*. In contrast, AE1 and AE2,
being softer (n = 2.41 and 2.28, respectively), prefer
softer or borderline acids like K*, Zn?*, and Ag*. An
values (M petar — Niigana) also reflect the expected trend:
smaller An implies better electronic matching and thus
higher extraction, as seen with Zn?>* and K*. Addition-
ally, the DFT-calculated HOMO-LUMO energy
gaps (E,) further support this: AE3's higher E, suggests
greater chemical stability and reduced reactivity,
aligning with its lower affinity for softer ions.

CONCLUSIONS

In this study, three thia-crown ether derivatives
(AE1, AE2, and AE3) were synthesized and character-
ized for their ability to complex with various biologi-
cally and environmentally relevant metal ions. Their
extraction efficiencies were systematically examined
in chloroform and dichloromethane solvent systems
using liquid—liquid ion-pair extraction techniques. All
ligands exhibited high affinity for K* and Zn**, con-
sistent with their cavity size compatibility and the elec-
tronic matching predicted by the HSAB principle.

Across both solvents, K™, Zn?*, and Ag* consis-
tently exhibit high extraction efficiencies, particularly
by AE1 and AE2. For example, AE2 extracts Zn?" and
K* at the rate of 98.2% in chloroform, suggesting
strong complexation affinity. Conversely, Na* and
Ca?* jons generally exhibit lower extraction values,
likely due to size mismatch and harder acid character.
In both solvent systems, AE1 and AE2 consistently
exhibit a preference for K* and Zn?" over Ag", sug-
gesting that these ligands preferentially bind cations
characterized by intermediate hardness and relatively
larger ionic radii.

Dichloromethane, being slightly more polar than
chloroform, enhances the extraction efficiency of K*
ions—reaching up to 99.5%—while reducing the
extraction of certain other ions such as Ca?" and Na™,
depending on the specific ligand involved. These find-
ings underscore the significant role of solvent polarity
in governing metal-ligand interactions and the distri-
bution of metal ions between phases.

Notably, Na* displays the weakest interaction with
all ligands, despite belonging to the same group as K*.
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This behavior is likely attributed to its smaller ionic
radius (102 pm compared to 138 pm for K*), resulting
in a less favorable fit within the macrocyclic cavity.
Likewise, the moderate extraction efficiencies
observed for Fe?* and Mg?* align with their classifica-
tion as harder Lewis acids. The lack of pronounced
selectivity in chloroform, contrasted with the
enhanced selectivity—particularly for K*—observed
in dichloromethane, indicates that solvent selection
plays a pivotal role in modulating both binding affinity
and ion-size compatibility within the ligand cavity.

Theoretical calculations, including DFT-based
evaluations of HOMO-LUMO gaps and hardness
parameters, reinforced the experimental findings.
Ligand hardness and metal—ligand hardness compat-
ibility (An) strongly influenced extraction perfor-
mance and selectivity. Among the title compounds,
AE2 demonstrated the most balanced selectivity and
efficiency profile.

In light of the obtained results, it has been observed
that thia-crown ether derivatives with biological sig-
nificance can successfully extract and remove K,
Ca?*, Na*, Ag®, Fe?*, Zn?", and Mg?* ions from bio-
logical and environmental aqueous solutions. The
combined experimental and theoretical data on the
synthesized compounds validate the fundamental util-
ity of thia-crown ethers as versatile ligands for selective
metal ion recognition. The insights gained into the
roles of cavity size, hardness, and solvent effects provide
a strong foundation for future work, which could explore
re-extraction processes and lead to potential applications
in sensing and environmental remediation.
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