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contact ion pairs, rather than remaining water 
mediated. Third, how these structural differences 
influence the balance between contact and solvent 
separated ion pairs remains a key question. 
Addressing these issues establishes the equilibrium 
structural framework necessary for interpreting 
species-resolved diffusion and ionic conductivity 
in the subsequent dynamic analysis12.  
 
3.1.1 Solvation structure 
This subsection examines the local solvation 
environments of Na+, K+, and OH- to identify their 
dominant coordination patterns. Specifically, the 
analysis focuses on comparing the compactness of 
the cation hydration shells and the prevalence of 
direct cation-hydroxide contact pairs versus 
solvent-separated interactions. Establishing these 
structural preferences provides the necessary 
baseline for interpreting the radial distribution 
functions (RDF) and coordination numbers (CN) 
presented in the subsequent analysis. 

 

 

 
Figure 2 Solvation structure of aqueous electrolyte 
NaOH (a) and KOH (b) 
 
In our NaOH solution, the first solvation shell of 
Na+ is composed of about five water molecules 
together with one hydroxide molecule, showing 
that OH- replaces a water ligand in the primary 
coordination region and forms a direct Na+ and OH- 
contact ion pair, or CIP, as the dominant local 
structure under our conditions. This compact 
mixed shell is consistent with the very short and 
intense Na+ and O atom of hydroxide. In contrast, 
the KOH solution shows a weaker bound and 
expanded cation environment, where hydroxide 
enters the first K+ shell less often and water 
mediated separations are more prevalent, 

indicating a larger contribution of solvent 
separated ion pairs, SSIP, alongside weaker 
contact pairing. Analysis of the coordination shell 
frequency show six water molecules around K+ and 
no hydroxide near K+, with no hydroxide ions in 
the immediate vicinity. 
 

3.1.2 Radial distribution functions (RDF) and 
coordination numbers (CN) 
To quantitatively characterize the solvation 
structure and ion association described above, 
radial distribution functions (RDFs) and 
coordination numbers were employed as the 
primary structural descriptors. RDFs describe the 
relative probability of finding a given neighboring 
species at a distance r compared with an ideal 
homogeneous distribution. This analysis enables 
the direct identification of preferred water and 
hydroxide separations through the positions and 
intensities of the RDF peaks. The RDF is 
mathematically defined as follows: 14 

𝑔𝑔𝑥𝑥,𝑦𝑦(𝑟𝑟) =
𝑛𝑛(𝑟𝑟)

4𝜋𝜋2𝑑𝑑𝑑𝑑𝑑𝑑 

where 𝑛𝑛(𝑟𝑟) represents the number of particles 
within a spherical shell at a distance 𝑟𝑟, 4𝜋𝜋2𝑑𝑑𝑑𝑑 
denotes the volume of the spherical shell, and 𝜌𝜌 is 
the bulk density. 
 
Coordination numbers were obtained by 
integrating each RDF up to the first minimum, 
yielding the average population of the first 
solvation shell. The coordination number is 
calculated using the integrated form of the RDF:14 

𝑁𝑁(𝑟𝑟) = ∫ 𝑔𝑔𝑥𝑥,𝑦𝑦(𝑟𝑟)𝑑𝑑𝑑𝑑
𝑅𝑅

0
 

where 𝑁𝑁(𝑟𝑟) denotes the number integral at 
distance 𝑟𝑟 and 𝑔𝑔(𝑟𝑟) is the radial distribution 
function. 

 
Figure 3. RDF and CN (dash line) of cation and 
solvent 

a 

b 
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Regarding the Na+/K+–water interactions, Figure 
3 presents the radial distribution functions and 
coordination numbers of Na+ and K+ with respect 
to water oxygen atoms, characterizing the cation of 
hydration structures. The RDF of Na+–O-(water) 
shows a sharp and intense first peak at 2.34 Å with 
a maximum value of g(r)=7.38, corresponding to a 
coordination number of approximately 5.3 water 
molecules within the first solvation shell. This 
result indicates a highly structured and compact 
hydration environment around Na+, which is 
consistent with the high charge density of the 
smaller ion. In contrast, the RDF of K+–O-(water) 
exhibits a broader and lower first peak at 2.76 Å 
with g(r)=4.55, accompanied by a first-shell 
coordination number of about 6.2. The larger peak 
position and lower peak height reflect a more 
diffuse and weakly ordered solvation shell around 
K+. Overall, these findings demonstrate that Na+ 
forms a tight and strongly coordinated solvation 
shell, whereas K+ exhibits a weaker and more 
extended solvation shell with greater flexibility in 
water occupancy.  

 
Figure 4. RDF and CN of Na+–O-(OH-) and K+–O-

(OH-) 
 
With respect to the Na+/K+–OH- interactions, 
Figure 4 illustrates the differences in OH- 
transport, conductivity, and reactivity between 
NaOH and KOH solutions. The Na+–O-(OH-) RDF 
exhibits an extremely sharp first peak at 2.30 Å 
with g(r) = 22.3, indicating a highly localized and 
strongly bound Na+–O-(OH-) contact ion pair 
(CIP). The corresponding coordination number 
increases steeply, demonstrating that OH- is tightly 
confined within the first coordination shell of Na+. 
In contrast, the RDF of K+–O-(OH-) displays a 

broader, lower peak at 2.62 Å with g(r) = 13.0, 
consistent with a weaker and more diffuse K+–O-

(OH-) interaction. The slower growth of the K+–O-

(OH-) coordination number indicates a larger 
contribution from solvent-separated ion pairs 
(SSIPs). These results confirm that Na+ exhibits 
significantly stronger ion pairing with OH- 
compared with K+, whereas K+ allows OH- to 
remain more mobile and less tightly coordinated.  

 
Figure 5. RDF and CN of O-(OH-) and O-(water) 
 
The OH—water interactions are presented in 
Figure 5. The RDFs between O-(OH-) and O-

(water) in NaOH and KOH aqueous solutions are 
nearly identical, displaying a sharp first peak at 2.6 
Å with a maximum value of g(r) = 8.3 and a 
coordination number of approximately 6.4. This 
indicates that the local hydration structure of 
hydroxide ions is dominated by strong hydrogen 
bonding with surrounding water molecules and is 
essentially independent of the presence of either 
Na+ or K+. The cations do not penetrate the first 
solvation shell of OH-; consequently, the O-(OH-) 
and O-(water) arrangement remains unchanged in 
both systems. Therefore, differences observed 
between NaOH and KOH solutions arise primarily 
from cation–hydroxide ion pairing and long-range 
dynamical effects rather than from short-range 
hydroxide hydration.  
 
3.2 Dynamical and Electrochemical properties 
After establishing the equilibrium solvation and 
ion association structure, this section examines the 
dynamical and electrochemical properties of the 
electrolytes. The analysis focuses on quantifying 
molecular mobility through diffusion coefficients 
(D) and evaluating macroscopic charge transport 
via ionic conductivity (𝜎𝜎). These metrics are then 
correlated with the previously observed solvation 
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structures to explain the superior transport 
efficiency of KOH relative to NaOH. 
 
3.2.1 MSD and diffusion coefficient (D) 
Microscopic mobility was characterized using 
mean square displacement analysis (MSD), from 
which self-diffusion coefficients of cations, 
hydroxide ions, and water are obtained using the 
Einstein relation. Diffusion coefficients are now 
widely used as sensitive indicators of solvation 
shell rigidity and ion pairing lifetimes. Previous 
molecular simulations studies have demonstrated 
that stronger hydroxide association and more 
compact cation hydration lead to reduce both 
cation and hydroxide ion diffusivity, whereas 
weaker pairing and more labile solvation 
environments enhance molecular mobility. 
Accordingly, the present MSD based analysis 
provides a quantitative link between solvation 
structure and mobility, enabling a direct 
comparison between NaOH and KOH electrolytes, 
and establishes the transport parameters required 
for the conductivity evaluation discussed in the 
following subsection. The calculated self-diffusion 
coefficients reveal a consistent enhancement of 
mobility in KOH relative to NaOH. In NaOH, the 
diffusion coefficients of Na+ and OH- are  
3.58×10-5 and 3.29×10-5 cm2/s respectively, 
whereas in KOH, the diffusion coefficients of K+ 
and OH- increase to 4.51×10-5 and 3.96×10-5 cm2/s. 
Thus, K+ diffuses approximately 26% faster than 
Na+, and hydroxide diffuses faster in KOH than in 
NaOH. Water diffusion also shows a small 
increase in KOH, indicating a less rigid local 
solvent environment. These trends are fully 
consistent with recent quantum molecular 
dynamics studies, which attribute the higher 
mobility in KOH to the smaller effective hydrated 
radius of K+ resulting from its weaker and more 
labile solvation. Additionally, the reduced 
propensity of K+ to form long lived contact pairs 
with hydroxide leaves a larger fraction of 
effectively free OH- available for transport. Recent 
transport measurements of NaOH and KOH 
electrolytes further confirm the same ordering of 
ionic mobilities and the corresponding higher 
conductivity of KOH at comparable conditions12. 
Although classical force fields may overestimate 
absolute diffusion coefficients at ambient 
temperatures, the relative enhancement of both 
cation and hydroxide diffusion in KOH observed 
here is in good agreement with experimental and 
simulation literature, thereby supporting the 

physical reliability of the present transport 
results15. 
 
3.2.2 Ionic conductivity (𝜎𝜎𝜎𝜎) 
Ionic conductivity links microscopic diffusion to 
macroscopic transport efficiency. In concentrated 
hydroxide electrolytes, conductivity depends on 
both the number of mobile charge carriers and their 
effective mobility. However due to ion pairing and 
correlated ion motions, the ionic conductivity can 
deviate from the ideal Nernst–Einstein relation, 
which is expressed as follows:16  

𝜎𝜎 =
𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒2
𝑉𝑉𝐾𝐾𝑏𝑏𝑇𝑇

(𝑞𝑞+2𝐷𝐷+ + 𝑞𝑞−2𝐷𝐷−) 
where 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 denoted the number of ion pairs, 𝑒𝑒 is 
the electric charge, and 𝑉𝑉 represents the volume of 
the simulation box. The term of 𝑞𝑞+, 𝑞𝑞− and 𝐷𝐷+,𝐷𝐷− 
correspond to the ionic charges and self-diffusion 
coefficient of the cation and anion respectively, 
while 𝑘𝑘𝐵𝐵 and 𝑇𝑇 refer to the Boltzmann constant and 
absolute temperature. 
 
The computed ionic conductivities further support 
a clear transport advantage of KOH over NaOH 
under identical thermodynamic conditions. At 300 
K, the NaOH solution exhibits a conductivity of 
246 mS/cm, whereas KOH reaches 300 mS/cm. In 
agreement with experimental correlations, the 
higher conductivity of KOH arises from the 
weaker solvation of K+, which suppresses ion 
pairing and thereby sustains a larger population of 
mobile charge carriers17.  This trend aligns with the 
diffusion analysis, confirming that the weaker 
solvation shell and reduced contact ion pairing of 
K+ sustain a larger population of effectively mobile 
charge carriers compared to the more rigid Na+ 
environment. Crucially, this higher ionic 
conductivity has direct implications for hydrogen 
production efficiency. Previous experimental 
studies on glow discharge plasma electrolysis 
(GDPE) have explicitly demonstrated that 
hydrogen yield increases significantly with 
electrolyte conductivity, while specific energy 
consumption decreases. In the context of this 
study, the superior conductivity of KOH implies 
reduced ohmic resistance and lower Joule heating 
losses across the bulk electrolyte. This facilitates 
more efficient electron transfer at the plasma-
liquid interface, supporting the conclusion that 
KOH is thermodynamically and kinetically more 
favourable for high-efficiency hydrogen 
production than NaOH18. Taken together with the 
diffusion and RDF analyses, the conductivity 
results indicate that stronger Na+ and hydroxide 
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contact pairing and tighter Na+ solvation lower 
carrier mobility in NaOH, while the weaker and 
more labile K+ environment maintains faster 
hydroxide transport and higher overall 
conductivity in KOH19, 20. 
 
4. Conclusion 
This study employed classical molecular dynamics 
to compare NaOH and KOH aqueous electrolytes 
under conditions relevant to the pre plasma stage 
of alkaline electrolysis. The structural results show 
that Na+ forms a compact first solvation shell 
dominated by about five water molecules and 
frequent direct coordination with one hydroxide, 
leading to contact ion pair formation, whereas K+ 
maintains a broader, more weakly structured 
solvation environment with weaker cation 
hydroxide association and a larger contribution 
from water mediated pair association. These 
structural differences translate directly into 
dynamics: both K+ and OH- diffuse faster in KOH 
than in NaOH, and the ionic conductivity of KOH 
is correspondingly higher. Overall, the work 
provides a consistent molecular level explanation 
linking cation specific solvation and ion pairing to 
hydroxide mobility and conductivity, supporting 
why KOH behaves as the more efficient electrolyte 
in pre plasma electrolysis conditions. 
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Abstract: 
 Lithium-ion batteries (LIBs) are widely utilized; however, their disposal poses significant 
environmental challenges. Consequently, recovering lithium from spent LIBs is vital for environmental 
sustainability. Solvent extraction is a promising recovery method, yet it requires compounds with high lithium 
selectivity. Crown ethers are well-suited for this application due to their ability to coordinate with metal ions. 
In this study, we employed Molecular Dynamics (MD) simulations to explore the behavior of 12-crown-4 
with lithium ions in water, methanol, acetonitrile, and mixed-solvent systems. We observed the dissociation 
of Li+ from 12-crown-4 and competitive binding from the Cl− anion. Additionally, time-dependent ion 
aggregation of Li+ and Cl− was observed in all systems particularly in acetonitrile which was attributed to 
force field limitations.
 
1. Introduction 
 Lithium-ion batteries (LIBs) are 
ubiquitous in the electronics and medical 
industries, with global demand increasing 
annually1. However, this growth has precipitated 
lithium shortages and rising costs, compounded by 
serious concerns regarding the environmental 
impact of improper battery disposal. 
Consequently, recovering lithium from spent LIBs 
is essential for long-term sustainability2. Among 
the three primary recycling methods 
pyrometallurgy, hydrometallurgy, and direct 
recycling3, hydrometallurgy is favored due to its 
high recovery efficiency and relatively low 
environmental footprint. A critical stage in this 
process is metal separation, where solvent 
extraction is widely utilized. In this context, the 
selectivity of the extractant for Li+ ions is of 
paramount importance. 
 Crown ethers are macrocyclic polyethers 
recognized for their ability to form stable 
complexes with a wide range of metal ions, 
including alkali and alkaline earth metals4. 
Previous studies synthesized dibenzo-14-crown-4 
(DB14C4) as an extractant to recover lithium from 
spent lithium-ion battery raffinate (SLR).  
DB14C4 demonstrated high selective adsorption 
for Li+, with a distribution coefficient (Kd) of 10.2 
mL/g and rapid adsorption kinetics, reaching 
saturation within only one 5. Furthermore, the 
synthesis of DB14C4 functionalized with an alkyl 
C16 chain (DB14C4-C16) facilitated solvent 
extraction experiments involving Li+ and 
competing ions6 such as Na+, K+, Ca2+, and Mg2+. 
DB14C4-C16 exhibited superior selectivity for Li+ 
over these competitors, yielding separation 
coefficients of 68.09, 24.53, 16.32, and 3.99 for 
Ca2+/Li+, K+/Li+, Na+/Li+, and Mg2+/Li+, 

respectively. Additionally, the application of 12-
crown-4 in liquid crystalline (LC) materials and 
lithium-ion imprinted membranes (LIMs) 
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crown-4 ring serve as critical binding sites. 
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specific and robust affinity for the lithium ion7.  
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Molecular Dynamics (MD) simulations of 
dicyclohexano-18-crown-6 (DCH18C6) with 
lanthanide salts (Sm2+, Eu2+, Dy2+, and Yb2+) in 
tetrahydrofuran (THF) revealed that the cations 
coordinate directly with the six oxygen atoms of 
the crown ether ring8. These studies also noted that 
anions influence the geometry of the crown ether, 
frequently positioning themselves above and 
below the cation in a "sandwich" configuration. 
Similarly, MD simulations of dibenzo-18-crown-6 
(DB18C6) at aqueous–organic interfaces indicated 
that chloroform is a more effective solvent for 
extraction than nitrobenzene9; in the latter system, 
a higher concentration of free Li+ was observed in 
the aqueous phase, suggesting less efficient 
organic-phase partitioning. 
 In this work, we aim to identify extractants 
that exhibit high Li+ selectivity. Using Molecular 
Dynamics (MD) simulations, we systematically 
investigate the coordination and solvation behavior 
of 12-crown-4 with Li+ ions across a diverse range 
of chemical environments. Specifically, we 
analyze these interactions in pure water, 
acetonitrile, methanol, and various mixed-solvent 
systems to elucidate how solvent polarity and 
composition influence extraction performance. 
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2. Computational method 
 Molecular Dynamics (MD) simulations 
were performed to investigate the interactions 
between 12-crown-4 and Li+ ions. The 12-crown-
4 structure was optimized, and initial 
12−crown−4/Li+ conformers were generated using 
the CREST/CENSO protocols. These structures 
provided the starting configurations for the MD 
simulations. The CHARMM36m force field was 
employed for all solute molecules and organic 
solvents (acetonitrile and methanol), while the 
TIP3P model was used for water. The Li+ and Cl- 
ions were modeled using the standard 
CHARMM36m parameters10 These parameters 
employ fixed integer charges and Lennard-Jones 
(LJ) potentials to describe ion-ion and ion-solvent 
interactions.To improve the statistical sampling of 
Li+ entry and exit events within the 12-crown-4 
cavity, the simulation systems were constructed 
with  one 12-crown-4 molecule and ten Li+ ions 
placed within a cubic box (30×30×30 Å). To 
neutralize the system, ten Cl− ions were added to 
each box. This setup corresponds to an effective 
salt concentration of approximately 0.6 M. While 
this high concentration increases collision 
frequency for better sampling, we acknowledge 
that it may introduce finite-size effects and 
influence the ionic strength of the system. 
Simulations were conducted in various solvent 
environments: 

• Pure solvents: Approximately 745 
acetonitrile, 3,886 water, or 949 methanol 
molecules. 

• Mixed solvents: Acetonitrile–water 
mixtures at molar ratios of 1:4, 3:2, 2:3, 
and 4:1. 

The MD simulations were performed with a time 
step of 2 fs. Long-range electrostatic interactions 
were calculated using the Particle Mesh Ewald 
(PME) method with a grid spacing of 1.0 Å. A 
cutoff of 12 Å. Each system underwent energy 
minimization for 50,000 steps. Equilibration was 
performed in the NVT ensemble for 1 ns, the 
temperature was maintained at 298 K using 
Langevin dynamics, followed by 1 ns of 
equilibration in the NPT ensemble at 1 bar using 
the Langevin piston Nosé-Hoover method. All 
bonds involving hydrogen atoms were constrained 
using the SHAKE algorithm. Finally, MD 
production runs were executed in the NPT 
ensemble for 100 ns, with trajectories recorded 
every 10 ps. All simulations were performed using 
NAMD 3.0.111. Visualization and trajectory 

analysis were conducted using VMD 2.012 and 
ChimeraX version 1.1113. 
 
3. Results & Discussion 

Radial Distribution Functions (RDFs) 
were computed to analyze the interactions between 
Li+ ions, 12-crown-4, and Cl− ions in water, 
methanol, acetonitrile, and mixed solvents. In the 
aqueous system (Figure 1), the RDF results 
indicate that Cl− significantly influences the 
coordination of Li+ with 12-crown-4. A strong 
electrostatic interaction between Cl− and Li+ is 
observed at approximately 2 Å. In contrast, the 
distance between Li+ and 12-crown-4 ranges from 
3 Å to 10 Å, suggesting that Li+ does not form a 
close-range complex with the crown ether in water. 
Furthermore, Li+/Cl− ion pairs appear to aggregate 
and distance themselves from the 12-crown-4 
molecule over time, as evidenced by the broad 
peaks between 4 Å and 10 Å. 

The pure methanol system exhibits a trend 
similar to water, though the Li+/Cl− interaction 
peaks are significantly more intense (Figure 3). 
This suggests a more pronounced ion-pairing 
effect, where ion aggregates were observed 
surrounding the 12-crown-4 molecule throughout 
the simulation. 
 

 
Figure 1 Radial distribution functions (RDFs) for 
Li+, Cl-, and 12-crown-4 in aqueous solution. 

In acetonitrile, 12-crown-4 forms a 
distinct complex with Li+ at a distance of 2 Å 
(Figure 4). As shown in Figure 5, the Li+ ion 
resides above the center of the 12-crown-4 ring 
while Cl− approaches the Li+. Although 12-crown-
4 initially forms a complex with Li+, the ion 
eventually dissociates from the crown ether. 
Nevertheless, the competition between Cl− and 12-
crown-4 for Li+ binding remains evident. Notably, 
the acetonitrile systems exhibited the highest 
degree of ion aggregation, as indicated by the 
maximum intensity in the Li+/Cl− RDF peaks.  
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The observed behavior can be attributed to 

nature of the solvents. Polar protic solvents, such 
as water and methanol14, effectively stabilize ions 
through strong solvation15, which hinders the 
complexation of Li+ with 12-crown-4. In contrast, 
the aprotic acetonitrile16 allows the negatively 
charged oxygen atoms of the crown ether to more 
effectively bind the Li+ cation, consistent with 
previous research7.  

 

Figure 3 Radial distribution functions (RDFs) for 
Li+, Cl-, and 12-crown-4 in methanol solvent. 

 
To investigate the reduction of ion 

stabilization, mixed acetonitrile-water systems 
were simulated at various ratios. In these systems, 
ion aggregation tends to occur within the aqueous 
phase, while 12-crown-4 is preferentially solvated 
by acetonitrile (Figure 2). The local solvent 
clustering causes the ions and the extractant to 
behave as they do in their respective pure solvents 
(Figure 6). Furthermore, decreasing the water ratio 
increased ion aggregation, as the overall stabilizing 
capacity of the medium was reduced. 
 

 

The aggregation of Li+ and Cl- observed 
across all systems may stem from forcefield 
limitations. The fixed-charge model, combined 
with a 12–6 Lennard-Jones (LJ) potential17, often 
exhibits deficiencies when describing small, 
highly charged ions like Li+. This leads to an 
overestimation of short-range electrostatic 
interactions, resulting in over-stabilized Li+ - Cl- 
pairs and artificial cluster formation. Furthermore, 
our quantitative analysis of the local solvent 
environment (see Table 1) reveals a strong 
preferential solvation effect that exacerbates this 
behavior. Li+ ions are densely sequestered within a 
hydration shell, while the 12-crown-4 molecule is 
solvated exclusively by acetonitrile.  

This spatial partitioning, where the cation 
and the macrocycle inhabit different local solvent 
domains, creates a significant barrier to 
complexation. Due to the limitations of the force 
fields therefore, the results regarding the relative  

 

  
(a) (b) 

Figure 2 snapshot of the 4:1 acetonitrile-water system: (a) selective visualization of the water phase only and 
(b) the complete mixed-solvent system. red area (water), blue area (acetonitrile), pink spheres (Cl-), and light 
blue spheres (Li+). 

 
Figure 4 Radial distribution functions (RDFs) for 
Li+, Cl-, and 12-crown-4 in acetonitrile solvent. 
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strengths of Li+-Cl- and Li+-crown interactions 
should be interpreted qualitatively, focusing on 
binding mechanisms rather than precise 
thermodynamic quantities. 
4. Conclusion  

The interaction between 12-crown-4, Li+, 
and Cl- counterions was investigated across water, 
methanol, acetonitrile, and mixed solvent systems. 
In all environments, Li+ exhibited higher 
probability of close contact with Cl- than for 12-
crown-4, indicating competitive binding between 
he anion and the crown ether.  

Quantitative solvent shell analysis 
confirms that this competition is driven by 
preferential solvation; Li+ remains heavily 
hydrated by water, while 12-crown-4 is selectively 
solvated by acetonitrile, effectively preventing the 
ion from entering the crown ether cavity.  
Furthermore, substantial ion aggregation was 
observed, particularly in acetonitrile rich systems. 
While substantial ion aggregation was observed, 
particularly in acetonitrile-rich systems, we 
acknowledge that the high Li+ concentration and 
fixed-charge force field limitations may bias the 
system toward such clusters. This phenomenon is 
likely an artifact of forcefield limitations, 
specifically the overestimation of short-range 
electrostatic interactions in fixed-charge models. 
Future work should consider polarizable 
forcefields and lower ion concentrations to more 
accurately model these high-charge density 
systems. 
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