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Abstract: This study investigates the synthesis and characterization of benzene-1,3-dihydrogensulfate, a non-cyclic ionophore for the selective
extraction and transport of targeted metal ions. The synthesized ionophore demonstrated high selectivity for alkali metal ions (Na* and K*)
compared to transition metals (Zn?*, Ni?*) in aqueous solutions. The observed selectivity is attributed to ion size, charge density, associated
anions, coordination geometry, and the solvent medium. IR, NMR, mass spectrometry, and elemental analysis were used to establish the
structure, and computer modeling shed light on the electronic characteristics. These findings suggest the potential application of this ionophore
in metal separation processes, particularly for the efficient recovery of alkali metals from complex mixtures.
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INTRODUCTION

ELECTIVE ion transport is a major constituent in
biological systems, industrial separation processes,
and environmental applications. In biological systems, it
decides cellular homeostasis and nerve signal transmission
processes with metabolic processes like the sodium-
potassium pumpll2 and ATP synthesis.3! Industrially, ion
transport is an essential criterion in designing selective
separation technologies that recover precious metals,!]
purify water in desalination systems,®l and facilitate
environmental remedies by removing hazardous materials
from wastewater.[67]
lonophores are specialized molecules with the
integral role of transporting ions across membranes; thus,
their ability to selectively bind to certain metal ions has
attracted a fair amount of attention. They have found
extensive applications in metallurgical processes,!
environmental emergency response, and biosensing
technologies.l91%1 However, existing ionophores often show
less selectivity, are not necessarily stable in many solvent

environments, and are very costly to manufacture.[*!] Cyclic
ionophores such as crown ethers, cryptands, and
calixarenes received substantial attention for their well-
defined binding cavities and intrinsic preorganization for
cationic and anionic species.[12-14] Crown ethers, pioneered
by Pedersen,[*>! selectively bind alkali metal ions based on
cavity size matching, and have been widely used in both
biological mimetics and synthetic ion transport systems.
Cryptands and calixarenes, with their more complex three-
dimensional architectures, offer enhanced selectivity and
tunability and have seen applications in ion sensing,
extraction, and catalysis.[16-18]

Despite their advantages, cyclic ionophores also face
notable limitations. Their synthesis is often labor-intensive
and costly, particularly for large-scale applications.
Moreover, their rigid preorganization, while beneficial for
selectivity, can reduce adaptability toward different ion
sizes or solvation environments. This lack of flexibility may
hinder performance in variable or mixed-ion conditions,
which are  common in real-world applications.
Furthermore, many cyclic ionophores exhibit limited
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stability in non-aqueous or harsh solvent conditions, which
restricts their use in industrial settings.[9]

In contrast, non-cyclic ionophores represent a
promising alternative owing to their structural flexibility,
synthetic accessibility, and potential for enhanced binding
diversity. Although traditionally considered less selective
than their cyclic counterparts, non-cyclic ionophores can
adopt various conformations to accommodate a wider
range of ionic radii and coordination geometries. This
conformational adaptability may lead to improved
performance in systems requiring multi-ion recognition or
dynamic selectivity tuning.29) Additionally, their relatively
simple synthesis routes make them attractive candidates
for scalable ion extraction and transport systems.

We proposed a dual approach combining experim-
ental synthesis and computational optimization of
benzene-1,3-dihydrogensulfate as a simple non-cyclic
ionophore for targeted metal ions extraction and transport
studies. Crown ethers, cryptands, and other cyclic
ionophores?2ll tend to be selective by their built-in
preorganization but non-cyclic ionophores boast maximum
flexibility in the aspect of ion binding, which can lead to
better ion selectivity and improve transport efficiency.[?2]

Here, the selectivity of the synthesized compound
benzene-1,3-dihydrogensulfate toward sodium and
potassium ions is examined, contrasting the extraction and
transport against transition metals such as Zn?* and Ni?*. An
analysis of pertinent parameters influencing the effectiv—
eness will be pursued, comprising the size of the ion, charge
density, and polarity of the solvent.

The computational modeling performed with
Avogadro, 23] GAMESS,24! (2020 R2) and wxMacMolPIt!25]
provide an understanding of the electronic structures,
binding affinities, and transport mechanisms of the
synthesized ionophore. Moreover, to establish the
structural identity and purity of the synthesized ionophore,
experimental infrared  (IR)
spectroscopy,!?®! nuclear magnetic resonance (NMR)

characterization via

spectroscopy,!?’l mass spectrometry,i28l and elemental
analysis!?®! were conducted. This study's results will further
contribute to designing more efficient ion-selective
membranes, sensors, and industrial systems for metal
recovery from impurities, 331 which will further enlarge
the range of applications for noncyclic ionophores in liquid-
liquid extraction and transport methods.

Experimental Procedure

Reagents
Reagent-grade resorcinol (CDH, 99 %), chlorosulfonic acid
(Qualigens, 99 %), and pyridine (Qualigens, 98 %) chemicals
were used without further purification. Analytical solvents
including 1,2-Dichloroethane (Finar, 99 %) chloroform
(Finar, 99.8 %) were also used without additional

purification.32] The metal salts in the form of picrates,
dinitrophenolates, and o-nitrophenolates (MX,: M™ = Zn?*,
Na*, K*, Ni2*; X~ = Pic, Dnp~, and Onp~) were prepared
following previously reported methods.[33]

Synthesis of Benzene-1,3-dihydrogensulfate
The ionophore was synthesized by refluxing resorcinol
(5.51 g, 0.05 mol) and chlorosulfonic acid (13.98 g, 0.12
mol) in the presence of pyridine, following the method
outlined in Scheme 1.34-35 The crude product was purified
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Scheme 1. Synthesis of benzene-1,3-dihydrogensulfate.

via distillation, and any trace amounts of sulfuric acid were
removed by treatment with BaCOs,13¢ followed by
filtration. The synthesized ionophore exhibited a yellow-
brown color and a yield of 76 %. The synthesized ionophore
was confirmed through IR, H-NMR, and mass spectral
techniques®”! and elemental analysis.

Computational Analysis

The effectiveness of extracting and transporting metal salts
through a bulk liquid membrane (BLM)38 system that
incorporates this ionophore is affected by several
physicochemical factors, such as the optimization of the
ionophore and the properties of molecular orbitals. In this
research, Avogadro software was utilized to optimize the
ionophore (Figure 1), resulting in an energy level of 980.47
kJ/mol.

Figure 1. Optimized molecular structure of benzene-1,3-
dihydrogensulfate.
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Figure 2. 3D electron density map of benzene-1,3-dihydrogen-
sulfate.

Figure 3. HOMO-LUMO visualization of benzene-1,3-dihydrogen-
sulfate.

Furthermore, Computational calculations!39 were
carried out using GAMESS [B3LYP/6-31G(d,p)] (see
supplementary information), and molecular orbital
visualization was performed with wxMacMolPIt. Electron
density mesh (Figure 2) and HOMO-LUMO (Figure 3) show
the binding efficiency, stability, and transport ability of
ionophores,[* HOMO and LUMO were found to be at
—0.6803 eV and 0.2993 eV respectively.

Extraction

The extraction of metal ionsl*!l was performed using the
picrate (Pic”), dinitrophenolate (Dnp~), and o-nitrophenolate
(Onp7) salts of Na*, K*, Ni2*, and Zn?*, in chloroform (Figure 4)
and 1,2-dichloroethane (DCE) (Figure 5) to investigate the
potential complexation within the pseudocyclic cavity of
the synthesized ionophore.[*2] The optimized metal salt
concentration was 1 x 103 M, and extracted amounts were
measured by the difference in concentration of ions before
and after extraction in the aqueous phase. Flame
photometry was used for Na* and K*[43] while UV-VIS
spectroscopy was used for Ni2* and Zn2*.144] The extraction
process was conducted in triplicate, and the average
extraction amount was calculated in ppm (parts per million)
based on the three replicates. This ensured accuracy and
reproducibility in determining the extracted metal ion
concentration.
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Figure 4. Extraction of metal ions in chloroform.
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Figure 5. Extraction of metal ions in DCE.
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Figure 7. Transport of metal ions in DCE.

Transport

The transport of metal ionsl*! was studied using
chloroform (Figure 6) and 1,2-dichloroethane (Figure 7)
solvents as liquid membranes using the U-tube setup. In the
U-tube, metal salts with 1 x 103 M were present in the
source phase at the left side, double distilled water in the
receiving phase at the right side, and both phases were
separated by the respective liqguid membranes having the
corresponding ionophore. The U-tube was covered at both
ends and placed on a magnetic stirrer. After 24 hours, the
extent of decomplexation at the membrane-receiving
phase interface, the amount of metal ion was evaluated in
the receiving phase to assess the efficiency of transport
through the ionophore. To ensure accuracy, reproducibility,
and reliability, transport was also conducted in triplicate.

Results and Discussion

Spectral Characterization
Spectral data and elemental analysis provide a deep study
of the compound and confirm the formation of a stable
compound (The complete set of spectra is available in the
Supplementary Information).

Infrared Spectroscopy (IR). Functional groups were
confirmed using IR spectra recorded on a PerkinElmer
Spectrum 10.4.00 instrument. IR (cm™): 720.3 (aromatic C—
H), 802.7 (S—OH), 1190.2 and 1060.5 (S=0), 1700.7 (C=C),
3002.1 (C—H stretching), 3300.8 (O—H).

in solvent CDCls. 'H NMR (8, ppm): 6 7.9 (s, 1H), 9.2-9.3 (d,
2H), 8.2-8.4 (t, 1H), 12.0-12.3 (br s, 2H).

Mass Spectrometry (MS). The TOF Mass spectrometer was
used to confirm the molecular weight. MS (m/z): Calcd.
270.2384; Found 270.0018.

Elemental Analysis. The carbon, hydrogen, and sulfur
contents were determined using a Thermo Fisher
elemental analyzer. Elemental analysis (%): Found: C 26.58,
H 2.19, S 23.8; Calculated: C 26.67, H 2.22, S 23.7.

Computational Analysis

The optimized ionophore structure elaborates that
geometry and energy states favor complexation with
targeted metal ions. HOMO-LUMO energy gap of 0.9796 eV,
signifying that there is a steady trade-off between
stability and reactivity for effective coordination to metal
jons.l¢l Such moderate energy gaps allow for enhanced
electron-donor and acceptor character within the ions,
supporting concurrently strong and reversible metal
binding that is essential for selective ion transport.
Lowering the activation’l energy promotes ion mobility
throughout the phases, thus optimizing the transport
kinetics in bulk liqguid membrane systems. The three-
dimensional mesh representing the electron density
provides a clear visual representation for the emphasis on
regions with electron richness, with affirmed binding sites
for metal ions.[*3! High electron density regions shown in
green colors contribute essentially to the stabilization of
metal-ion complexes and the consequential influence on
selectivity.

Confirmed binding sites in the ionophore include:
Oxygen atoms (O) from -SOsH groups act as the primary
coordination sites for metal ions because of their high
electronegativity and ability to donate lone pairs, while
sulfur (S) atoms contribute to complex stability by
participating in coordination interactions. These structural
and electronic confirmations further support the ionophore
in prospective applications as ion-selective membranes,
sensors, and metal extraction.

Extraction and Transport

The interaction of an ionophore with metal ions decreases
the effective charge of the metal ion, making it more
hydrophobic and suitable for the organic solvent. This
enhances the lipophilicity of the complex, allowing it to
dissolve in the organic phase. The efficiency of extraction
and transport is influenced by the choice of organic solvent,
the anion, and the metal ion involved.[48!

The difference in polarity between 1,2-dichloro—
ethane (DCE, € ~ 10.4) and chloroform (CHCl3, € ~ 4.8)
affects the solubility of the complex. While chloroform's
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lower polarity generally supports the solubility of highly
lipophilic complexes like picrate, the extraction behavior
with the moderately lipophilic dinitrophenolate anion
reveals a more complex picture, likely involving multiple
interacting factors.!*9 For certain metal ions (Zn*2 and Na*),
extraction with dinitrophenolate is observed to be slightly
more favorable in chloroform than in the more polar DCE.
In contrast, other metal ions (K* and Ni*2) show similar
extraction efficiencies with dinitrophenolate in both
solvents. This suggests that factors beyond bulk solvent
polarity, such as specific ion-solvent and ion-ligand
interactions, significantly influence the extraction of these
moderately lipophilic complexes. Additionally, the viscosity
and density of the solvent play a role in diffusion and
transport rates.[>0]

Highly lipophilic picrate anions create stable metal
complexes, promoting efficient extraction in both solvents
due to significant charge delocalization. DCE has better
solvating ability for polar species and may facilitate more
efficient extraction of certain metal complexes. On the
other hand, dinitrophenolate, with its moderate lipo-
philicity, exhibits varied extraction behavior, suggesting
that the influence of solvent polarity on the extraction of
metal-dinitrophenolate depends on the specific metal ion.
This indicates that the factors, specific ion-solvent
interactions, and the detailed extraction mechanism, play a
significant role. o-nitrophenolate, being the least lipophilic,
produces weak complexes, resulting in minimal extraction
efficiency.54

Metal extraction is influenced by factors such as
charge density®2l and hydration energy.>3! lons with high
charge density tend to create strong hydration shells, which
decrease extraction efficiency but enhance transport.
Among the metal ions studied, Na* consistently shows
higher extraction efficiencies, particularly with picrate,
likely due to its smaller ionic radius and higher mobility in
forming extractable ion pairs. Na* (4.93 x 101°C / m2?) has a
high hydration energy, making desolvation a challenging
process, which can limit extraction efficiency despite
favorable ion-pair formation, although transport remains
efficient. K*, with a somewhat lower charge density,
shows improved extraction and transport kinetics relative
to ZnZ* and Ni?*, yet is still not as efficient as Na*. ZnZ* and
NiZ*, possessing high charge densities and smaller ionic
radii, establish strong ion-ionophore interactions,
obstructing dissociation, and mobility within liquid
membranes. In contrast, Na* and K* can undergo rapid
complexation and decomplexation, which aids in efficient
transport across membranes. The ligand field stabilization
energy (LFSE) of Ni?* results in stable complexes in
the aqueous phase,[>¥ thereby reducing its likelihood
of partitioning into the organic phase, complicating
extraction, and transport. Zn?*, having a lower

desolvation energy!>s] compared to Ni?*, can migrate
more easily into the organic phase, leading to enhanced
extraction efficiency.

The combination of these variables — solvent polarity,
anion characteristics, and metal ion attributes — ultimately
influences the overall efficacy of extraction and transport.
Tables 1-4 summarize the comparative extraction and
transport amounts of the mentioned metal salts (See
Supplementary Information). This knowledge is vital for
designing and optimizing liquid membrane systems to
regulate metal ions in contexts such as environmental
remediation. (56l

CONCLUSION

The synthesized ionophore demonstrates a strong
preference and binding capacity for Na* and K* ions,
particularly in conjunction with picrate anions, as
evidenced by both computational analyses and
experimental findings. These results underscore the
significance of ionophore-metal interactions for various
industrial applications, environmental cleanup efforts, and
metal recovery by emphasizing the roles of ion size,
coordination geometry, and solvent characteristics.[5”]
Enhanced comprehension of binding affinities, selectivity
mechanisms, and ionophore design is achieved through the
integration of computational modeling and experimental
synthesis, which reduces the reliance on trial-and-error
methods in extractive chemistry. The synergy of these
approaches facilitates the development of efficient
extractants, fostering advancements in membrane-based
metal extraction technologies, chemical separations, and
waste management strategies. Future studies should aim
to refine ionophore structures for better selectivity, create
methods for scalable synthesis, and investigate alternative
solvents to further boost efficiency and usability in practical
applications.[>8]

While this study provides valuable insights into the
extraction behavior of Zn?*, Na*, K*, and Ni?* using picrate,
dinitrophenolate, and o-nitrophenolate salts in two
common organic solvents (chloroform and DCE), the scope
remains limited to a specific set of conditions. Further
research is warranted to explore a wider range of metal
ions, including lanthanides, alkaline earth metals, and
actinides, which may exhibit different coordination
behaviors and extraction profiles. Additionally, the use of
alternative solvents with varying dielectric constants and
donor properties (e.g., nitrobenzene, ionic liquids, or green
solvents) could provide deeper insight into solvent—solute
interactions. Investigating other anionic ligands with varied
electronic and steric properties would also enhance the
understanding of selective metal ion transport and
separation mechanisms.
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Figure S1. IR spectrum of benzene-1,3-dihydrogensulfate.
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Figure 3. Mass spectrum benzene-1,3-dihydrogensulfate.
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Figure 4. Elemental analysis of benzene-1,3-dihydrogensulfate.





Table 1. Extraction of metal ions from picrate, dinitrophenolate, and o-nitrophenolate salts into
chloroform.

Metal Ion Parameter picrate dinitrophenolate o-nitrophenolate
Zn* R1 0.35 0.32 0.05
R2 0.32 0.29 0.05
R3 0.31 0.30 0.04
Mean(ppm) 0.33 0.30 0.05
Na* R1 0.70 0.28 0.07
R2 0.69 0.29 0.06
R3 0.65 0.28 0.05
Mean(ppm) 0.68 0.28 0.06
K* R1 0.48 0.19 0.03
R2 0.47 0.17 0.02
R3 0.44 0.19 0.03
Mean(ppm) 0.46 0.18 0.03
Ni* R1 0.30 0.21 0.04
R2 0.31 0.20 0.04
R3 0.32 0.21 0.04
Mean(ppm) 0.31 0.21 0.04






Table 2. Extraction of metal ions from picrate, dinitrophenolate, and o-nitrophenolate salts into
1,2-dichloroethane membranes.

Metal Ion Parameter picrate dinitrophenolate | o-nitrophenolate
Zn* R1 0.42 0.21 0.15
R2 0.41 0.19 0.16
R3 0.42 0.21 0.15
Mean(ppm) 0.42 0.20 0.15
Na* R1 0.68 0.25 0.11
R2 0.65 0.24 0.09
R3 0.67 0.25 0.10
Mean(ppm) 0.67 0.25 0.10
K* R1 0.55 0.18 0.08
R2 0.52 0.19 0.09
R3 0.54 0.18 0.08
Mean(ppm) 0.54 0.18 0.08
Ni** R1 0.35 0.2 0.12
R2 0.34 0.21 0.11
R3 0.33 0.22 0.11
Mean(ppm) 0.34 0.21 0.11






Table 3. Transport of metal ions from picrate, dinitrophenolate, and o-nitrophenolate salts
into chloroform membrane.

Metal Ion Parameter picrate dinitrophenolate o-nitrophenolate
Zn* R1 0.91 0.52 0.02
R2 0.89 0.53 0.01
R3 0.88 0.52 0.02
Mean(ppm) 0.89 0.52 0.02
Na* R1 1.39 0.88 0.03
R2 1.35 0.87 0.01
R3 1.37 0.89 0.02
Mean(ppm) 1.37 0.88 0.02
K* R1 1.22 0.79 0.05
R2 1.20 0.79 0.04
R3 1.22 0.78 0.05
Mean(ppm) 1.21 0.79 0.05
Ni* R1 0.51 0.32 0.01
R2 0.48 0.30 0.00
R3 0.49 0.29 0.01
Mean(ppm) 0.49 0.30 0.01






Table 4. Transport of metal ions from picrate, dinitrophenolate and o-nitrophenolate salts into
1,2-dichloroethane membrane.

Metal Ion Parameter Picrate dinitrophenolate | o-nitrophenolate
Zn* R1 0.98 0.87 0.11
R2 0.96 0.85 0.09
R3 0.96 0.85 0.10
Mean(ppm) 0.97 0.86 0.10
Na* R1 1.46 1.08 0.04
R2 1.44 1.06 0.03
R3 1.45 1.06 0.03
Mean(ppm) 1.45 1.07 0.03
K* R1 1.26 1.11 0.10
R2 1.20 1.10 0.09
R3 1.23 1.09 0.09
Mean(ppm) 1.23 1.10 0.09
Ni** R1 0.62 0.55 0.01
R2 0.60 0.52 0.00
R3 0.62 0.53 0.01
Mean(ppm) 0.61 0.53 0.01






Table 5. Spectral and elemental analysis data of ionophore

Analysis .
Type Key Findings
IR 720.35 (aromatic C-H), 802.76 (S-OH stretching),
Spectrum 1190.23 and 1060.55 (S=O0 stretching), 1700.69 (aromatic C=C bending),
I;cm“) 1801.74 (aromatic C-H bending, overtone), 3002.10 (aromatic C-H stretching),
3300.87 (H bonded O-H stretching)
'H-NMR (9, 7.9 (s, 1H, CH), 9.2-9.3 (d, 1H, CH),
ppm) 8.2-8.4 (t, 1H, CH), 12.0-12.3 (br, 1H, OH)
S Z’ft‘:flm Calculated: 270.2384,
P Found: 270.0018
(m/z)
Elemental Found: C 26.58; H 2.19; S 23.8.
Analysis

(Y0)

Calculated: C 26.67; H 2.22; S 23.7






Coordinates from wxMacMolPIt

@
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6.0
6.0
6.0
6.0
1.0
6.0
1.0
6.0
1.0
8.0
1.0
8.0
16.0
16.0
8.0
8.0
8.0
8.0
8.0
1.0
8.0
1.0

-4.22105789
-3.78582478
-3.82661891
-2.94572186
-4.20384407
-2.46966314
-2.62313795
-2.89707589
-4.14578962
-5.17554140
-1.78084779
-2.38414860
-4.66585493
-2.25384045
-5.89506721
-3.63000298
-1.42265844
-3.56048155
-3.91954684
-4.57415247
-1.46493208
-0.50483137

2.56104136
3.06105185
1.32444715
0.55710131
0.97606522
1.02734649
-0.41402283
2.27168226
4.01444197
3.31973147
0.44589975
2.624344383
4.29821396
4.16454315
4.78596926
3.64115834
4.05043650
4.79236174
5.48352718
6.13096380
4.88559580
4.71732950

0.87929606
2.10459566
0.38240701
1.14697719
-0.57165587
2.37027550
0.78671163
2.82995582
2.46638036
0.16655333
2.97276664
4.09527683
-1.04557037
4.62257147
-1.64086330
-1.81722879
5.80344057
4.65689278
-0.24967983
0.07627337
3.42304635
3.48836708





Energies in solvent

FREE ENERGY IN SOLVENT = <PSI| H(0)+V/2 |PSI> = -1629.7674850920 A.U.
INTERNAL ENERGY IN SOLVENT = <PSI| H(0) |[PSI> = -1629.7412170299 A.U.
DELTA INTERNAL ENERGY = <D-PSI| H(0) [D-PSI> = 0.0000000000 A.U.
ELECTROSTATIC INTERACTION = -0.0262680621 A.U.
PIEROTTI CAVITATION ENERGY = 0.0000000000 A.U.
DISPERSION FREE ENERGY = 0.0000000000 A.U.
REPULSION FREE ENERGY = 0.0000000000 A.U.

TOTAL INTERACTION (DELTA + ES + CAV + DISP+ REP) =  -0.0262680621 A.U.
TOTAL FREE ENERGY IN SOLVENT = -1629.7674850920 A.U.

FREE ENERGY IN SOLVENT = -1022694.65 KCAL/MOL

INTERNAL ENERGY IN SOLVENT = -1022678.16 KCAL/MOL

DELTA INTERNAL ENERGY = 0.00 KCAL/MOL

ELECTROSTATIC INTERACTION = -16.48 KCAL/MOL

PIEROTTI CAVITATION ENERGY = 0.00 KCAL/MOL

DISPERSION FREE ENERGY = 0.00 KCAL/MOL

REPULSION FREE ENERGY = 0.00 KCAL/MOL

TOTAL INTERACTION = -16.48 KCAL/MOL

TOTAL FREE ENERGY IN SOLVENT = -1022694.65 KCAL/MOL





