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Abstract Microstructure of dibenzo-18-crown-6 (DB18C6)
and DB18C6/Li" complex in different solvents (water, meth-
anol, chloroform, and nitrobenzene) have been analyzed using
radial distribution function (RDF), coordination number
(CN), and orientation profiles, in order to identify the role of
solvents on complexation of DB18C6 with Li", using molec-
ular dynamics (MD) simulations. In contrast to aqueous solu-
tion of LiCl, no clear solvation pattern is found around Li" in
the presence of DB18C6. The effect of DB18C6 has been
visualized in terms of reduction in peak height and shift in
peak positions of g; ;. ow. The appearance of damped oscilla-
tions in velocity autocorrelation function (VACF) of com-
plexed Li" described the high frequency motion to a “rattling”
of the ion in the cage of DB18C6. The solvent-complex
interaction is found to be higher for water and methanol due
to hydrogen bond (HB) interactions with DB18C6. However,
the stability of DB18C6/Li" complex is found to be almost
similar for each solvent due to weak complex-solvent interac-
tions. Further, Li" complex of DB18C6 at the liquid/liquid
interface of two immiscible solvents confirm the high interfa-
cial activity of DB18C6 and DB18C6/Li" complex. The com-
plexed Li" shows higher affinity for water than organic sol-
vents; still they remain at the interface rather than migrating
toward water due to higher surface tension of water as
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compared to organic solvents. These simulation results shed
light on the role of counter-ions and spatial orientation of
species in pure and hybrid solvents in the complexation of
DB18C6 with Li".
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Introduction

Separation of metal ions is increasingly attracting attention in
recent years due to their immense demand in different fields of
scientific and technical applications. In the late twentieth
century, lithium became an essential part of our life. It is
widely used for high temperature performance of electronic
devices [1] because of its unique band structure. Lithium in
anti-depression medicines [2] is a life saver. The hygroscopic
nature of LiCl and LiBr is used to desiccant the gas stream [3],
whereas the lithium in form of LiOH and Li,O, is mostly used
in spacecraft and submarines for CO, absorption [4]. Appro-
priate composition of lithium and aluminum is used to form
light and strong alloys [5] for acrospace applications. Besides
all these applications, separation of lithium ions and their
isotopes becomes essential because of their key role in nuclear
industries especially for fusion reactions in trittum breeder
reactor [6]. These increasing end uses of lithium demand an
effective separation methodology for lithium ions.

Numerous separation techniques such as use of peat [7],
membrane-filtration, bio-filtration [8], adsorption [9], and
physico-chemical treatment process [10] have been tested
for extraction of metal ions. Benefits and limitations of these
processes have been analyzed and are widely reported [11].

Recently, use of crown ethers [12] has become very effi-
cient for separation of metal ions. This is primarily due to the
micelle type structure of crown ether, which helps them to
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form an inclusive complex with several metal ions. Crown
ethers have the ability to bind not only charged guests like
metal ions but also to the neutral guest such as water, methanol
etc., through the non-covalent interactions of van der Waals
force and hydrogen bonding [13, 14]. Crown ethers have also
shown potential to separate isotopes [6]. Because of these
complexing properties, crown ethers find a wide variety of
applications in environmental research especially as the sepa-
rating agents for removing metal ions and their isotopes from
mixed nuclear and chemical wastes. The binding specificities
of crown ethers with metal ions have been mainly described in
terms of similarities between cation size and the cavity of the
crown ethers. However selectivity of crown ether to ions
cannot be explained simply by cavity size relationship, but it
requires the interplay of interactions among crown ethers,
solvents, and the guest molecules [15]. For example, in gas
phase, 18-crown-6 (18C6) and dibenzo18-crown-6 (DB18C6)
form preferential complexation in the order Li" > Na" > K" >
Rb" > Cs"; while in aqueous solution both of them show
highest complexion capacity for K" rather than Li" [15].
Numerous experiments have been performed on crown
ethers using calorimetric [16], conductometric, capillary elec-
trophoresis [17], and nuclear magnetic resonance techniques
[18] to demonstrate the relative stabilities of the complexes
formed by crown ethers with ions in different solvents. The
results reveal that crown ethers form stable 1:1 complex in
most of the solvents. However, its stability depends on the
nature and size of the guest and solvent molecules. DB18C6,
which is the first crown ether discovered by Pedersen in 1967,
is known to display strong and selective binding for alkaline
earth metals and alkali metals [19, 20]. Various studies have
been devoted to measure the stability constant for complexa-
tion of DB18C6 with divalent and univalent cations using
density functional theory (DFT) calculations [21]. For exam-
ple, Heo and co-workers have investigated the selectivity of
DB18C6 for charged and neutral guests in aqueous solution
using DFT combined with dielectric continuum solvation
model [22]. The choice of ligand DB18C6, for separation of
Li" is mainly supported by quantum calculations and gas
phase experimental studies; which have shown the intrinsic
binding affinity of DB18C6 for smaller metal ions such as Li"
and Na' [22]. In our earlier studies [23], it has been shown that
substituted crown ether works well as compared to
unsubstituted crown ether due to reduction in solubility and
cavity size but this study was done in single phase and no
dynamics for complexed Li" was reported. Hence, the study
needs to further extended with substituted crown ether
DB18C6 for separation of Li". Which would be helpful to
answer many questions such as—how many solvent mole-
cules does DB18C6 replace from the coordination shell of
Li"? What is the difference between the hydration of Li" in
bulk and in the complex? What happens at liquid-liquid
interface during ion separation? Does the nature of organic
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solvent in which DB18C6 is dissolved affect the separation
process in liquid-liquid extraction? These questions remain
unaddressed, which may play a vital role in the selectivity of
DBI18C6 toward Li" in the solutions. In the present study, an
effort has been made to elucidate the intrinsic properties of
DBI18C6, in complex with Li" in the solvents such as water,
methanol, chloroform, and nitrobenzene. The purpose of this
paper is to present a theoretical investigation on the structural
and energetic aspects of Li" selectivity, in terms of intrinsic
binding features of the DB18C6 and solvation effects. We
have also studied the interfacial behavior of liquid-liquid
interface in the presence of DB18C6 in order to understand
the transfer mechanism of metal ions across liquid interface.
The effect of counter ions and the nature of organic solvents
on the interfacial activity of DB18C6 have also been studied
to investigate the interfacial behavior of DB18C6, in relation
with its ionophoric properties with Li'.

Model and methodology
Model

All atom OPLS force field model is adopted to represent
solvents: methanol [24], chloroform [25], and nitrobenzene
[26]. However, for water we have used TIP4P/2005 model
[27] as it was found to provide good agreement with the
experimental EXAFS spectrum in compared to the other water
models [28]. In the case of water, bond distance and bond
angle are fixed throughout the simulation with SHAKE algo-
rithm [29]. The intermolecular interaction between the atoms
is defined as:

o \'2 [o,\°
) =\ (72) (%)

Where €, 0, and g; are the characteristic energy, size
parameters, and partial charge respectively, ;; is the distance
between the center of mass of the pair of atoms.

The Lorentz-Berthelot mixing rules: ojj = (0; + 0;)/2 and &;;
=le;¢; are used for unlike intermolecular interaction. A cut off
radius of 12 A is used for Lennard-Jones interactions. Long
range electrostatic interactions are incorporated using the
particle-particle-particle mesh (pppm) methods. Bond
stretching and angle bending are described by harmonic po-
tential.

1
Ustretching - Ekl(l_IO)zv (2)
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where k and kg are force constants, /, 6, [,, and 6, are bond
length, bond angle, and their corresponding equilibrium
values respectively.

The DFT partial charges for DB18C6 [30] are determined
by performing an ab initio quantum chemistry calculation
with B3LYP/6-31+G* level of theory. Additional force field
parameters for DB18C6 are reported in Tables S1 and S2. All
simulations are conducted using Nosé-Hoover thermostat and
barostat at the constant temperature 7=298 K and constant
pressure 1 atm with an integration time step of 1 fs.

Methods

The structural properties of the ion-solvent complex are de-
scribed by the pair correlation function g(7).

g = (33" 5(mr))
= % <Ziz‘#i(5 (r=ry) >, (4)

where p, N, V; and & represent number density, total number
of molecules in the system, total volume, and kronecker delta
respectively.

The average number of particles of type i around the
particle of type j in the first solvation shell, is given by
coordination number (CN), which is obtained by integrating
g (r) up to first minimum of pair correlation function [31]

st
Ny =4r J rzg(r)pdr, (5)
ro

Where r is the rightmost position starting from »= () where
g(r) is approximately zero and r; is the first minimum.

Self-diffusivity (D) in this work is evaluated based on
Einstein relation, where diffusion coefficient is related to the
slope of mean square displacement (MSD) of particles over
time [32].

2dD = lim,_.., % <\R(¢)—R(0) |2>, (6)

where R() and d denotes the coordinates of ion at time t
and dimension of the system respectively.

The velocity auto correlation function (VACF) of Li" has
been compared in different solvents using quantity (v(z")-v(¢'
")), which measures the correlation between the velocity of the
particle at time ¢' and ¢”. The angular brackets indicate an
average over time.

Hydrogen bond (HB) interactions between DB18C6 and
solvent species have been checked with three geometrical
conditions as per reference [31-33].

Potential of mean force (PMF) is calculated in order to
demonstrate the stability of DB18C6/Li" complex in the sol-
vents using the following formalism [34, 35].

V(r) = —kpTin(g(r)), (7)

where pair correlation function g(r), corresponds to inter-
action between Li" and center of mass (COM) of solvent
molecules.

Orientation of solvent species at the interface of immiscible
liquids is evaluated using the order parameter [36]:

S = (0.5(3cos’6-1)), (8)

where 4 is the angle between Z-axis and either dipole
moment of water molecules, C-H vector of chloroform or
C(N)-N vector of nitrobenzene. S vector is averaged over time
and over all solvent molecules present in dynamically defined
slabs of 1 A parallel to the interface. Orientation profile [37]
for DB18C6 with respect to interface is given by probability
density P(p, r). In our study, ¢, has been described as an angle
between X-axis and vectorl (v1) and 4, as an angle between
vector] (v1) and vector2 (v2), where v1 and v2 join the center
of mass (COM) of cavity to the COM of 1st and 2nd benzene
rings respectively.

Simulation details

Simulations are performed using LAMMPS [38] molecular
dynamics package for the systems containing Li/solvent and
Li"/DB18C6/solvent. Solvents used in this study are water,
methanol, chloroform, and nitrobenzene. These systems are
simulated in a cubic box containing 800 molecules of solvent
(water, methanol, chloroform, and nitrobenzene respectively)
and 20 solute molecules (DB18C6, Li") using periodic bound-
ary conditions in X, y, and z dimensions.

The MD simulation of Li"”/DB18C6 at aqueous/organic
interface is started with two adjacent cubic boxes, containing
800+250 (water + organic) molecules for (Li"/DB18C6)s
solute under periodic boundary conditions in all dimensions
(Table S3). CI' and NO; have been used as counter-ions.
After 10,000 steps of a conjugate gradient minimization, the
systems were allowed to equilibrate for 1 ns (solute/solvent
systems) and 5 ns (interface systems) before the production
runs of 10 ns (solute/solvent systems) and 20 ns (interface
systems) were performed. All simulations have been
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performed using Nosé-Hoover thermostat and barostat at
298 K and 1 atm, with a time step of 1 fs.

Results and discussion

DBI18C6/Li" complex in water: cation shielding and dynamic
behavior

Hydration structure of DBISCG6/Li" complex in water

The structure of the solvent molecules around an ion is de-
scribed by the RDF and CN. The RDFs of Li" in bulk and
DBI18C6/Li" complex are shown in Fig. 1. It is observed that
the value of gjiow in complex is zero in the first solvation
shell, which corresponds to ~2.0 A in bulk solution. In other
words, in the presence of DB18C6/Li" complex, the first
solvation shell is observed at ~4.2 A, equivalent to second
solvation shell (~4.4 A) in bulk solution (see Fig. 1a). Also,
the peak height of the RDF in the DB18C6/Li" complex is
lower than that in bulk solution. This is due to the dehydration
of Li" during complex formation within the cavity of
DBI18C6, i.e., DB18C6 replaces some water molecules from
the solvation shell of the Li" [39]. However, the Li" in
DB18C6/Li" complex, is not completely dehydrated but
surrounded by 1-3 water molecules in their first solvation
shell as per coordination number profile [31]. In the presence
of DB18C6, the RDF peak for Li'-Hw is noticed prior to Li"-
Ow, which is in contradiction to the pattern seen in the
aqueous LiCl solution (where the Li"-Ow peak is noticed
prior to Li"-Hw, because O atoms of water molecules point
toward the Li" due to the electrostatic interactions) as shown
in Fig. 1b. This indicates weaker coordination of Li" with
water molecules where HB interactions between Oc-Hw [14]
dominates over shielded electrostatic interaction between Li"-
Ow [15]. Figure 1c represents the averaged distribution of Li*-
Oc distances. The Li"-Oc distance is found to be ~2.175 A
and one Li" is surrrounded by six oxygen atoms of DB18C6.
The distribution observed in this work is similar to K"/
18C6(0) system, studied by Mazor et al. [40] for K'/18C6
in methanol using the MM force field, and by Leuwerink et al.
[41] in the MM/MD study of 18C6 with Na*, K*, and Rb"
ions. The sharpness of these distributions indicates a good fit
of Li" ion in the cavity of DB18C6 [42].

Dynamic behavior of DBISCG6/Li" complex in water

The effect of complexation on the dynamics of Li" by
DBI18C6 is given by the calculated VACF and MSD profiles
from MD simulation. Li" is shown to lose its free translational
motion when it is bound by DB18C6 as clearly evident from
Fig. 2a. Appearance of damped oscillations in the VACF
profile (Fig. 2b) of complexed Li" indicates the high
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Fig. 1 a Comparison of RDF and CN of Li"-Ow in DB18C6/
Licomplex-water (red) with bulk water (black). b RDF and CN of Li*-
Ow (black) and Li*-Hw (red) in DB18C6/Li'complex-water. ¢ RDF and
CN of Li*-Oc in DB18C6/Li"-water, where Oc is oxygen of DB18C6

frequency motion of the Li" in a cage of DB18C6. Further,
MSD curves are used for the calculation of diffusion coeffi-
cient and it has been found that the diffusion coefficient of Li"
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Fig.2 Comparison of (a) Mean square displacement (MSD) (b) Velocity
autocorrelation function (VACF) of Li* in bulk water (black) and
DBI18C6/Li" complex-water (red)

is reduced substantially in the presence of DB18C6 compared
to bulk water as shown in Table 1.

Effect of solvents: cation shielding from solvent and relative
stabilities

The transfer of metal ions from aqueous solution to the organ-
ic solvents without ligand assistance is not thermodynamically
favorable but complexation with DB18C6 facilitates their

Table 1 Diffusion coefficient for Li"

System D/10~° (cm?/sec)
Bulk water 0.78+0.00012
DBI18C6/Li"-water 0.015+0.00029
DB18C6/Li"-methanol 0.282+0.00056
DB18C6/Li"-chloroform 0.309+0.00457
DB18C6/Li -nitrobenzene 0.301+0.00345

extraction in organic solvents as observed in the liquid-
liquid extraction process. Since this complexation and
decomplexation reaction depends on the environment [43]
and conformation of crown ether, appropriate choice of sol-
vent becomes an important issue for the extraction of metal
ions. In this study, we have used water, methanol, chloroform,
and nitrobenzene as solvents. Water and methanol are used to
demonstrate the effect of aqueous and alcoholic medium
respectively; chloroform represents simple organic solvent
with easy availability and nitrobenzene (NBZ) as a represen-
tative of aromatic solvents.

Figure 3a displays the RDF of Li" in different solvents,
which clearly shows the shielding of Li" from solvents due to
the presence of DB18C6, where the first peak height is smaller
than the second peak. The local structure of solvent molecules
surrounding Li" is changed due to the presence of DB18C6
and the solvent molecules reorganize their positions around
the complex. According to RDF, water and methanol mole-
cules are found to be closer to the DB18C6/Li" complex than
chloroform and nitrobenzene, which is due to HB interaction
of DB18C6 with water and methanol. However, the HB
interaction between DB18C6 and water/methanol is very
weak as the average number of HB per DB18C6 molecule is
found to be 1.97 and 0.82 for water and methanol respectively.
In spite of weaker HB interaction, the initial decay of HB
correlation function is found to be slower for methanol than
water (Fig. S4) because at short times, the linear HB chains of
DB18C6-methanol are more stable than the multi-
dimensional HB networks of DB18C6-water [44]. The ap-
pearance of the first NBZ molecule from DB18C6/Li" com-
plex is found at a distance of 8.54 A, quite far from the
complexed Li*, which is due to steric repulsion between
NBZ and DB18C6. The RDF of Li'-NBZ has only one peak
with a value higher than one, corresponding to CN of 16.14.
For water, methanol, and chloroform the average CN is found
tobe 2, 1.2, and 1.7, respectively. The results for CN of water
and methanol centered at Li" are found to be in good agree-
ment with the reported literature [45, 46]. However, to the best
of our knowledge, coordination of chloroform and nitroben-
zene around DB18C6/Li" complex has not been reported
earlier.

Positions of Li" in DB18C6/Li" complex remain unaffect-
ed by their surrounding solvent molecules as shown by RDF
gripeigcs-o (Fig. 3b). Also, the average coordination of
DB18C6-O around Li" is found to be 6 for each solvent,
corresponding to 1:1 complexation of DBI18C6/Li" in each
solvent.

Further, the stability of the complex in each solvent is
evaluated with the help of PMF as shown in Fig. 4. Each
PMF profile exhibits two local minima; first minima corre-
spond to the direct contact of Li" with solvent (CIS) while the
second minima correspond to ligand (DB18C6) separated Li"-
solvent (LSIS) complex. The calculated values for local
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Fig. 3 RDF of (a) Li"-COM of solvents (b) Li-Oc; where Oc is oxygen
of DB18C6. (COM = center of mass of solvent molecules)

minima and free energy barrier are reported in Table 2. Energy
barrier for CIS is shown to be decreased in the following
order: water > methanol > chloroform. However, no CIS has
been observed in the case of NBZ, indicating that no Li"-NBZ
CIS complex exists at the ambient condition. The activation
energy barrier for water is found to be higher than that of other
solvents indicating a large amount of energy is required to
remove DB18C6 from Li"/DB18C6/water complex, which is
due to strong electrostatic interaction of Li” with DB18C6 and
decreasing HB interaction of DB18C6 with water, methanol,
and chloroform respectively. In addition, for each solvent, Li"-
solvent CIS complex are thermodynamically less stable than
Li"-solvent LSIS complex, where the difference in free energy
between the two local minima is found to be: 2.44, 2.50, and
1.68 kcal mol™ for water, methanol, and chloroform respec-
tively. A large depth minimum for LSIS complex indicates
that the solvent shielded complex of Li"”/DB18C6 are the
predominant complex in solution at equilibrium [35, 47].
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Fig. 4 Potential of mean force (PMF) of Li" in different solvents

Because of this weak and indirect interaction between Li"
and solvent molecules, the orientation of DB18C6/Li" com-
plex remains unaffected by the nature of solvent molecules in
the surrounding.

Next, we demonstrate the effect of solvent molecules on
the dynamics of complex by analyzing the VACF and MSD
profiles as shown in Fig. 5a and b. In general, the effect of
solvents on the diffusion of solute is given in terms of the

relation [48] D = const x (C]A;—Jf)t .

where 7, M, , and V represent temperature, molecular
weight, viscosity and molar volume of solvent molecules
respectively. However, solvent molecules having HB donat-
ing behavior do not follow this relation. Waldeck and co-
workers [49] rationalized the trend of diffusion coefficient in
terms of changes in ‘dielectric friction’ associated with differ-
ent solute and solvent species. They have concluded that all
these factors together determine the diffusion coefficient. In
this study, diffusion coefficient is calculated using MSD pro-
files and the calculated values are reported in Table 1. Diffu-
sion coefficient of complex is found to be smallest in water,
which may be due to the 3D network of HB in water. How-
ever, the pattern for diffusion of DB18C6/Li" complex, as
given by VACEF profile (Fig. 5b), is found to be almost similar
in each solvent.

Dynamics of Li" and DB18C6 at interface
Distribution with respect to interface

In this section, we report the simulated results of the Li"
complex of DB18C6 at the interface of two immiscible sol-
vents in order to explore the time evolution, micro-surround-
ings, and distribution with respect to the interface. The system
is started with the conditions closer to the experimental one; in



J Mol Model (2014) 20:2413

Page 7 of 12, 2413

Table 2 Calculated potential energy minima, maxima, and free energy barriers in kcal mol™

Solvent CIS min LSIS min CIS/LSIS max CIS — LSIS AE LSIS — CIS AE AE between local min (CIS and LSIS)
Water 2.12 -0.31 4.73 2.60 5.05 2.44

Methanol 1.79 —-0.70 2.99 1.20 3.70 2.49

Chloroform 0.97 —0.71 1.51 0.54 222 1.68

Nitrobenzene -0.85

which Li" is taken in the aqueous phase while DB18C6 in the
organic phase. We have performed the simulations for two sets
of organic solvents — chloroform and nitrobenzene. In both
cases, DB18C6 and Li" are shown to be moved toward the
interface [50], where DB18C6 formed complex with Li".
Figure 6a-d display the final positions of DB18C6, Li", and
the corresponding density profile, showing that DB18C6 and
DBI18C6/Li" complex reside at the interface.

In order to explore the dynamics of DB18C6, Li", and
DBI18C6/Li" complex with respect to interface, position of
the Li" and DB18C6 are monitored by calculating the distance

300_ —— Water
— — Methanol
250t —---Chloroform
[ —- - Nitrobenzene PP
— 200} PrASE
°‘<_E' ! (a) P /_/"
150 S
D -~
U) I '4'// /-/.
E 100 | /-7/ -/-/'
| /},/ ./_/
50 ,/’,./'/
! ///{/'/
O = 1 i 1 M 1 L 1 L
0 200 400 600 800 1000
t(ps)
1.2 Water
[ (b) — —Meftnal
0.9 ----C:Ior?)?grm
+ o6l — - = Nitrobenzene
5 0.3]
g
> 0.0
-0.3
-0.6}°

0 100 200 300 400 500 600
t(fs)

Fig. 5 a Mean square displacement (MSD) b Velocity autocorrelation
function (VACF) of Li" in different solvents

d; between their center of mass and the interface as shown in
Fig. 7 (corresponding to (DB18C6)cpcis/(Li o). The time
evolution of d; shows that within 0.4 ns, all the DB18C6 and
Li" came at the interface of water/chloroform and then they
formed complex, which quantifies the fact that the energy
barrier for complex formation is minimum at the interface as
compared to bulk solutions. After the dynamics of 2-3 ns all
DB18C6 are found to be in the DB18C6/Li" complex form.
On the other hand, in the case of water/nitrobenzene system,
some (~16 %) DB18C6 and Li" are found to be free (no
complexation) even after the dynamics of 20 ns. The reason
for this dissimilarity might be explained in terms of polarity of
the organic solvent; chloroform provides higher complex
formation rate as compared to nitrobenzene due to its high
polarity. It has been observed that complexed Li" remains
close to the interface in DB18C6/Li" complex form while
the uncomplexed Li" diffuses back to the bulk water. Howev-
er, DB18C6 molecules prefer to be at the interface no matter
whether they are uncomplexed or complexed with Li" due to
their amphiphilic nature. In other words, aromatic rings of
DB18C6 having hydrophobic character, remain solvated by
organic solvent while oxygen impregnated DB18C6-cavity is
expelled toward aqueous phase due to their hydrophilic na-
ture. Encapsulation of cation in the cavity of the crown ether
enhances the hydrophilic characteristics of DB18C6 and
hence force them to stay at the interface.

Overlapping of trajectory for one Li" over one DB18C6
(see Fig. 7), corresponds to the 1:1 complex formation by
DB18C6 and Li" during solvent extraction process.

In order to study the effect of counter-ions, we have
carried out two more simulations including Cl” and NOj5 .
Due to similar electrostatic nature and almost equal molar
volume, both the counter-ions CI" and NO3; show same
behavior for water/organic interface. Hydrophilic anions
Cl™ and NO;™ initially follow Li" as an intimate ion pair.
However, once the Li" forms complex with DB18C6, they
dissociate and diffuse back to the water phase [51] (see
Fig. 8). However, a competition has been observed between
Cl” and DB18C6 for Li". During the dynamics of 20 ns,
many of the C1™ are found to be in DB18C6/Li"/Cl” com-
plex form at the water/organic interface, facing CI” toward
water. However, none of the Cl  is found to remain associ-
ated with DB18C6/Li" complex during 20 ns simulation as
observed earlier by Varnek et al. [52].
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Fig. 6 Snapshot and density
profile of (a) water/chloroform
and (b) water/nitrobenzene
system with DB18C6 and Li".
(pvi is density of Li")
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Molecular structure and dynamics at interface

In this section, we have focused on the properties like order
parameter (S) and orientation probability (P(,1)); that directly
reflect the microscopic behavior of molecules at the interface
region and hence provide valuable information about the
microscopic environment at the liquid-liquid interface. S#0
indicates anisotropic orientation of molecules. Because of
asymmetry in the forces experienced by solvent molecules at
the interface, they have preferential orientation and hence the
orientation of the solvent molecules at the interface is aniso-
tropic [36] while it is isotropic in their bulk domains as
indicated by the Fig. 9a-b.

Distance(A)
3

3
Time(ns) 4

Fig. 7 Distance between different DB18C6 (color) and Li" (Black) from
water/chloroform interface
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The orientation profiles for DB18C6 in water/chloroform
and water/nitrobenzene are shown in Fig. 10, where the
highest probability is found to be at ;~70-90° and g,~110—
120°. In case of water/nitrobenzene system an additional peak
was observed at ~150°, corresponding to uncomplexed
DB18C6 (~16 % DB18C6 were found to be uncomplexed
in the case of water/nitrobenzene system). Based on these
results, it is predictable that DB18C6 prefers parallel orienta-
tion (g;~70-90° w.r.t. to X axis or g;=0-20° w.r.t. to interface)
with respect to water/organic interface, to allow the precise
interaction of hydrophilic sites of the solute with aqueous
phase. Encapsulation of Li" inside DB18C6, results in
restructuring of the DB18C6-cavity as the angle g, was re-
duced to ~115° from 150°, during DB18C6/Li" complex
formation [39]. The deformed geometry of DB18C6/Li" is
also responsible for its strong complexation capacity for Li",
which prevents their dissociation even at asymmetrical envi-
ronment. This is the reason, that once DB18C6 formed com-
plex with Li", it did not dissociate further even at higher
concentration of DB18C6 and Li" at the interface, which is
in contradiction to the behavior reported for 18C6/Li" com-
plex [50].

Figure 11 represents the distribution of solvent molecules
around the extracted Li". Complexed Li" is found to be
surrounded by 1-2 water molecules and 6—8 water molecules
in their first solvation shell (~3.75 A) and second solvation
shell (~6.75 A) respectively at water/organic interface. Aver-
age number of organic solvents in the surrounding of extracted
Li" is negligible (the first solvation shell for organic solvents
has been observed at ~7.25 A and ~8.15 A for water/
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Fig. 8 Snapshots of solutes
(DB18C6, Li*, and CI") and
solvents (water and chloroform)
species with respect to interface at
time (a) 0.0 ns (b) 1.5ns(¢) 2.5 ns

(d) 5 ns (e) 10 ns (f) 12 ns (g)
17 ns and (h) 20 ns

chloroform and water/nitrobenzene respectively). These re-
sults display higher interaction of DB18C6/Li" complex with
water rather than organic solvent. Based on these results, it
could be anticipated that the complex should move to the
aqueous phase rather than being at the interface, opposite to
our findings. However, that is not observed within 20 ns of

0.10

Water
0.05

0.00

-0.05

Order Parameter

-0.10

o
-
T

1
o
—_
T
-
-~

Order Parameter
o
o
b
-

Water |
— — Nitrobenzene v

-0.2

0 15 30 45 60 75 90 105
X(A)

Fig. 9 Order parameter for (a) water/chloroform (b) water/nitrobenzene

simulation time. The reason for this disagreement is attributed
to the surface tension. Since water has surface tension much
higher than both of the organic solvents (72.9, 26.7, and 43.9
mN/m for water, chloroform, and nitrobenzene respectively),
energy cost for creating a cavity in water is higher than the
organic solvents, which is too large to be compensated by
complex-water interactions. On the other hand, while staying
at interface, the solute (DB18C6/Li" complex) still enjoys
significant stabilizing interactions with the aqueous phase.

Conclusion

We have reported the theoretical study using MD simulation
for the extraction of Li" using DB18C6 in various solvents.
DBI18C6 acts as an extracting molecule and spontaneously
forms complex with Li" in all the simulated systems. The
effect of different organic solvents on the structure and
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Fig. 10 Orientation probability of DB18C6 for different water/organic
interface
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Fig. 11 Number density of solvents around encapsulated Li" for watet/
chloroform and water/nitrobenzene systems. Ow, C, and N are oxygen of
water, carbon of chloroform, and nitrogen of nitrobenzene respectively

dynamics of DB18C6/Li" complex compared to water have
been reported using methanol, chloroform, and nitrobenzene.
Also, to the best of our knowledge, this is the first MD
simulation study on the complexation of DB18C6 and Li" in
different organic environments as well as in aqueous/organic
interface. It can thus be considered as an important step toward
realistic simulation of liquid-liquid extraction for Li" using
DBI18C6. In the presence of DB18C6, a shift in the solvation
shells of lithium ion was observed due to boat like structure of
DBI18C6/Li" complex, leading to shielded solute-solvent in-
teraction. For instance, DB18C6 encapsulated Li" ions
showed the RDF peak of g; ; 11w prior to gp i.ow, in contrast to
the behavior observed in the bulk LiCl solution. This might be
due to hydrogen bond (HB) interaction between Oc (O of
DBI18C6) and H (hydrogen of solvents viz: water and meth-
anol) and hence plays an important role in the extraction of
solvated metal ion complex. Solvent-complex interaction was
found to be in the decreasing order of water, methanol, chlo-
roform, and nitrobenzene, respectively, as supported by PMF
profiles. The results indicate that the presence of methanol in
the aqueous phase would favor the ion extraction whereas
chloroform will be a better co-solvent than nitrobenzene. In
addition, a larger depth minima for LSIS than CIS, indicates
that the solvent shielded complex of Li" with DB18C6 is the
predominant complex in the solution.

Further, the studies were extended to water/organic inter-
face to mimic the experimental system; in which Li" was
taken in the aqueous phase while DB18C6 in the organic
phase. Chloroform and nitrobenzene was chosen as the
modeled organic solvents. The present simulation results dem-
onstrate that the DB18C6 are surface active and therefore bear
strong analogies like micelles to form amphiphilic complex.
This is a favorable feature as far as the mechanism of ion
capture is concerned. Also, the non-zero order parameter of

@ Springer

solvent species at interface, enhances the ion extraction by
reducing the surface tension of interface. Indeed, the lower
surface tension of interfacial region not only favors the com-
plex formation but also prevents their migration toward aque-
ous phase irrespective of increased hydrophilic character of
DBI18C6 after complex formation. In addition, the complexes
were found to be preferred in the parallel orientation with
respect to interface with their aromatic rings solvated by
organic phase while hydrophilic cavity facing toward aqueous
phase. The complex thus enjoys the significant stabilizing
interaction with aqueous phase, while staying at interface.

During the dynamics, many CI counter ions were found at
the interface, in the form of DB18C6/Li"/Cl™ complex where
CI' faces the water. However, none of the complexes formed
with Cl” were found to be stable during the complete 20 ns
simulation due to their sturdy hydrophilic character. Also, a
competition was observed between CI° and DB18C6 to inti-
mate the Li". Based on these results it can be predicted that
counter ion with hydrophobic nature and bulky mass (for
massive and larger molecules, it would be difficult to break
the surface tension of water to remigrate to aqueous phase)
would be required to facilitate the approach of ion to the
interface and crossing the phase boundary by forming an
overall neutral hydrophobic complex.

Overall, present simulation results provide microscopic
pictures of solute/solvent interactions for bulk solvent and
solvent/solvent interface and thus provide a deeper under-
standing of assisted ion extraction which remains unclear from
experiments alone. We firmly believe that the present study
would be very supportive for the experimentalist to avoid the
extra efforts in solvent selection and use of appropriate
amount of extractant by knowing the stoichiometry of the
metal-ligand complex (as predicted here 1:1 complex forma-
tion behavior of DB18C6 and Li"). Effect of solvent on
molecular recognition might also be supportive for various
related fields such as catalysis, electrochemistry, and ion ex-
change through membranes.
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