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The role of polystyrene (PS) grafting to the dicyclohexano crownether (DCHCE) in extracting the Gd3+andUO2
2+

is evaluated for the first time using atomistic molecular dynamics (MD) simulations. The thermodynamic free-
energy (ΔGBind) is calculated to understand the binding of Gadolinium (Gd3+) and Uranyl (UO2

2+) to the
DCHCE in nitrobenzene (NB) and octanol (OCT) solvents. The results show that the binding free-energy is favor-
able for Gd3+ and UO2

2+ inNB, and unfavorable in OCT. In NB, theΔGBind of Gd3+ and UO2
2+ increases by 2.3% and

3.1% respectively with an increase in the PS length from 0 to 3. On the contrary, in OCT, the ΔGBind of Gd
3+ and

UO2
2+ decreases by 2.4% and 3.4% with an increase in PS length of the grafted DCHCE. The transfer free-energy

(ΔGTransfer) for both the ions viz., Gd3+ and UO2
2+, from the aqueous phase to an organic phase is also analyzed

using NB and OCT as extractants. The ΔGTransfer for both ions shows encouraging extraction ability in NB while
the extraction ability decreases using OCT as an extractant. The partition coefficient (log P) values show an in-
creasewith an increase in PS grafting length on the DCHCE using NB as an extractant, while an opposite behavior
is observed in OCT. In particular, with increase in the PS length, for Gd3+ and UO2

2+, log P values in NB increase by
13% and 9.6% respectively; whereas log P values decrease by 27% and 10% in OCT. In the presence of acidic
medium (3 M HNO3 solution) the ΔGTransfer values for both Gd3+ and UO2

2+ show ~6% and 9% increase with
NB and OCT, respectively. The structural and thermodynamic solvation properties are in accordance with the
observed ΔGBind, ΔGTransfer, and log P.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Extraction of lanthanides and actinides from the high-level nuclear
waste is a major problem in the nuclear industry due to the difficulty
in extracting the toxic gadolinium (Gd3+) and uranyl (UO2

2+) from the
high nuclear waste. The macrocyclic polyethers such as crown ethers
have been effectively used for the recovery or extraction of lanthanides
and actinides in the form of stable metal ion – crown ether complexes
[1–7]. The selection of suitable ligand from numerous possibilities for
the recovery of specific metal ion depends on the cavity and metal ion
diameters have been recognized by various molecular simulation stud-
ies and experiments [7–12]. Both experiments and molecular simula-
tions have demonstrated that dibenzo-crown-ether (DB18C6 or DBCE)
and dicyclohexano crown ether (DCH18C6 or DCHCE) are suitable li-
gands for the extraction of Gd3+ and UO2

2+. [1,3,13–16].
The organic solvent such as alcohols as an extractant has been

shown to play amajor role in enhancing the extracting capabilities of li-
gands through the formation of stable ligand metal-ion complexes
g, IIT Kanpur, UP 208016, India.
[4,6,7,11,14,15,and]. It is shown that the presence of organic solvent in
the solution containing crown ether and metal ions further improves
the binding of metal ions with the crown ethers [11–15]. The free-
metal ions bind on to the oxygen's of crown-ethers via significant elec-
trostatic interaction leading to tight binding with crown ethers [15,16].
For example, the presence of organic solvent like nitromethane and ace-
tonitrile (ACN) enhance the significant extraction of metal ions such as
UO2

2+, Pb2+, Ba2+ and Cd2+ with DCHCE as observed by the conducto-
metric study [7]. A conductometric study by Rounaghi et al. [4] demon-
strated that Gd3+ show improved complexation with DCHCE as
compared to mono-cations such as NH4

+ and Ag+ in the mixture of an
organic solvent containing tetrahydrofuran (THF) and ACN. The experi-
mental study by Boda. et al. [14,15] have shown that nitrobenzene (NB)
and octanol (OCT) act as good extractants for separation of Gd3+ and
strontium Sr2+ from the radioactive waste in the form of stable metal
ion crown-ether complexes. Due to the above role of solvent, liquid-
liquid extraction is highly accepted method for the separation of
heavy metal ions from the high-level radioactive waste.

In a series of recent works, it is revealed that polymer grafted crown
ether augments the binding of the metal ion with crown ether [15–18].
An experimental study by Ye et al. [3] has shown that polysiloxane
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based DCHCE exhibited enhanced extraction capacity for Sr2+ using
OCT. Sinta et al. [17] have developed polystyrene (PS) based ligand for
the effective binding of sodium (Na+) and potassium (K+). A combined
experimental and theoretical study of Boda et al. [15] showed that PS
grafted crown ethers such as DB18C6 and DCH18C6 increases the
binding of Gd3+. A recent MD simulation study [16] demonstrated
that increasing the PS grafting length on the DBCE show significant
extractions of Gd3+ and UO2

2+ from an aqueous solution, and fivefold
increase in the partition coefficient values. Furthermore, UV/Vis
spectroscopy showed that polymer-supported crown ether exhibits
thermodynamically stronger complexation for the metal ion [18].

However, despite the available experimental and simulation re-
sults not much is known about the complexation of the metal ions
such as Gd3+ and UO2

2+ with polymer supported DCHCE. There are
several questions yet to be answered such as: a) binding affinity of
Gd3+ and UO2

2+ with bare and polymer supported DCHCE; b) the
role of polystyrene grafting in extracting these metal ions using
liquid-liquid extraction as organic solvents as an extractant; c) the
separation efficiency of the polymer grafted DCHCE using NB and
OCT as extractants; d) and the thermodynamics of binding and
transfer of the Gd3+ and UO2

2 ions from an aqueous phase to an or-
ganic phase. In this work, we have used molecular dynamics simula-
tion to address the above questions, which would help in selecting
suitable ligands and organic solvents for the effective extraction of
heavy metal ions. Thus, the main objective of this study is to
Fig. 1. Schematic representation of ion complexed crown ethers with (a) DCHCE, (b) DCHCE-1
oxygen, orange-benzene, green-polystyrene, cyan‑gadolinium, and blue‑uranium. (For interp
version of this article.)
understand the effect of polystyrene grafting on DCHCE in enhancing
the binding free-energy (ΔGBind) of Gd3+ and UO2

2+ in NB and OCT
solvents.

2. Methodology and simulation details

We have considered four DCHCE for this study viz., (1) DCHCE-0PS
(without polystyrene grafting), (1) DCHCE-1PS (onemonomer of poly-
styrene grafting on the both sides of DCHCE), (3) DCHCE-2PS (two
monomers of polystyrene grafting on the both sides of DCHCE) and
(4) DCHCE-3PS (three monomers of polystyrene grafting on the both
side of DCHCE). The input structures of these crown ethers are prepared
in Materials studio [19]. Geometry optimization of these four structures
was performed using density functional theory (DFT) using Gaussian09
[20]. All calculationswere performedusingB3LYP [21] hybrid functional
and 6–31 g(d,p) basis set for C, H and O while LANL2DZ effective core
potential applied to the heavier atoms. The same level of theory was
employed for the charge calculations using ChelpG method [22]. In
order to perform MD simulations, Gd3+ and UO2

2+ ions were placed in
the cavity of DCHCE. Fig. 1 presents the DFT optimized structures of
Gd3+-DCHCE and UO2

2+-DCHCE at various PS grafting lengths used in
the MD simulations. Tables S1–S4 in the supplementary file list all the
force-field parameters used in this work. All-atom OPLS force field
[23] is used for DCHCE, NB and OCT solvents and Gd3+ and UO2

2+ ions.
In the case of simulation where acidic medium is considered, the acidic
PS, (c) DCHCE-2PS and (d) DCHCE-3PS. Color Codes: Gray‑carbon, white‑hydrogen, red-
retation of the references to color in this figure legend, the reader is referred to the web



Fig. 2. Schematic representation of thermodynamic cycle for the estimation of binding free
energy using thermodynamic integration.
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medium (3 M) is maintained by explicitly considering the H3O+ and
NO3

− ions. The bonded and non-bonded interaction parameters are
taken fromour earlierwork [16]. The electrostatic interactionswere cal-
culated using particle mesh Ewald (PME) [26] with a cut-off radius of
1 nm. The van der Waals interactions were calculated using Lennard-
Jones 6–12potentialwith a cut-off radius of 1.4 nm. All the bond lengths
were constrained using LINCS method [27].

Temperature and pressure were kept constant at 300 K and 1 atm
using Nosé–Hoover thermostat and Parrinello-Rahman barostat, re-
spectively. The equation ofmotionwas solved using leap-frog algorithm
and 2 fs time step. The energy minimization was performed using the
steepest decentmethod. Potential energyminimization andMD simula-
tions were performed using Gromacs (version 4.5.5) [28].

The structural properties and density of NB and OCTwere calculated
using the same methodology as in our previous work [16]. First Gd3+

and UO2
2+ ion complexed DCHCE were placed in the equilibrated sol-

vents of NB and OCT separately. NO3
− counter-ions were added to the

simulation system for the charge neutrality. We have first performed
100 ps NVT simulation followed by 100 ps NPT simulation. The produc-
tion runwas performed for 15 ns and data were collected for every 500
steps. The last 5 ns of the trajectory was used to evaluate average
properties.

The binding free energy of the metal ion in the crown ether is
evaluated by growing the metal in the cavity of crown ether in the
presence of two organic solvents: NB and OCT. The two-stage
thermodynamic integration (TI) method was used to calculate free
energy difference of unbound state to the fully bound state. In the
two-stage TI, we grow the electrostatic and van der Waals interac-
tions separately. The detailed information about the two-stage ther-
modynamic integration procedure is clearly described in Ref [16].
Using the two-stage thermodynamic integration procedure the
ΔGBind can be described as

ΔGBind ¼ ΔGLJ þ ΔGC ð1Þ

This can be further expanded as

ΔGBind ¼
ZλLJ¼1;λC¼0

λLJ¼0;λC¼0

∂U λð Þ
∂λ

� �
λ
dλþ

ZλLJ¼1;λC¼1

λLJ¼1;λC¼0

∂U λð Þ
∂λ

� �
λ
dλ ð2Þ

where λC and λLJ represent the coupling constants for coulomb and
van der Waals interactions respectively. In the first stage (ΔGLJ), we
grow the metal from the initial state represented as λLJ = 0 and λC

= 0 (i.e., there is no interaction) to a state with full LJ interaction
but without Coulomb interaction i.e., λLJ = 1 and λC = 0. In the sec-
ond stage (ΔGC), we grow the ion from λLJ=1 and λC=0 to the state
with full LJ and Coulombic interactions (i.e., λLJ = 1 and λC = 1). The
schematic representation of entire thermodynamic cycle is
presented in Fig. 2.

We calculate 〈∂U/∂λ〉 at different values of coupling parameters λLJ

and λC. The λLJ and λC values were varied in steps of 0.05 in the range
0–1. We performed 42 simulations, in total, to calculate the value of
binding free-energy. Transfer free energy (ΔGTransfer) is evaluated
using the free-energy difference of metal ion from an aqueous phase
to an organic phase using the relation:

Δ GTranfer ¼ ΔGBind−ΔGHydration ð3Þ

where the ΔGHydration is the hydration free-energy evaluated by
performing the free energy simulation of free metal (Gd3+ and UO2

2

+) in water. This ΔGTransfer is useful in estimating the efficiency of
metal ion extraction from the aqueous solution to the organic solu-
tion in a liquid-liquid extraction process. This procedure is akin to
that used by earlier workers [16,29,30,and]. The estimation partition
coefficient log P was calculated directly using transfer free-energy.
The log P is directly proportional to the transfer free energy
[29,30], as shown below:

logP ¼ ΔGBind−ΔGHydration

2:303RT
ð4Þ

Here R is the molar Boltzmann constant and T is the temperature.

3. Results and discussion

3.1. Gd3+-DCHCE and UO2+-DCHCE solvation structure

The structural properties are investigated using the radial distribu-
tion functions (RDF). Fig. 3 presents the RDF between oxygen of
crown ether (OC) - oxygen of nitrobenzene (ONB), OC - oxygen of
Octanol (OOCT), OC - nitrogen of nitrobenzene (NNB) and OC - hydrogen
of Octanol (HOCT) for the Gd3+-DCHCE complex with an increase in the
PS length. The first peak located at 0.45 nm for OC-ONB, 0.51 nm for OC -
NNB, 0.28 nm for OC - OOCT and 0.18 nm for OC - HOCT. These results are in
excellent agreement with the previous simulation studies [12,16]. The
location of the peak does not significantly get influenced by the varia-
tion of PS length on the DCHCE. The corresponding coordination num-
bers (Ncr) do not show any significant change due to the PS grafting
from 0PS to 3 PS, for the case of NB and OCT. The coordination numbers
for the various atomistic pairs are summarized in Table 1.

Fig. 4 presents the RDF between OC with solvent molecules for
different PS lengths for the UO2

2+-DCHCE complex. There are no signif-
icant structural changes observed when compared with the results of
Gd3+-DCHCE. To the best of our knowledge, no theoretical or simulation
studies are available for the comparison of solvent and PS effect on the
structural properties of Gd3+ -DCHCE and UO2

2+ -DCHCE. Nevertheless,
structural properties of isolated Gd3+ and UO2

2+ ions in NB, OCT and
water have already been compared in our recent work and are in
good agreement with experiments and simulations [16].

3.2. Gd3+-DCHCE and UO2+-DCHCE solvation behavior

Fig. 5. presents the solvation enthalpy (ΔHsolv) of Gd3+-DCHCE
and UO2

2+-DCHCE in two different solvents with increase in PS
length. The thermodynamic solvation enthalpy is the difference
between the total enthalpy of solution and enthalpy of solvent



Fig. 3. RDF plot of (a) OC-ONB, (b) OC-OOCT, (c) OC-NNB and (d) OC-HOCT for Gd3+-DCHCE.
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and enthalpy of isolated solute in a vacuum, as shown in relation
below:

ΔHsolv ¼ Hsolution− Hsolvent þHisolated soluteð Þ: ð5Þ

where, Hsolution is the solution enthalpy of ion complexed DCHCE in
a solvent, HSolvent is the enthalpy of the solvent and Hisolated solute is
the enthalpy of solute (i.e., DCHCE) in a vacuum.

The observed ΔHsolv of Gd3+-DCHCE and UO2
2+-DCHCE displays fa-

vorable values with an increase in PS length in the solvents NB, and
OCT. Further, it is observed that the solvation becomes more favorable
with an increase in PS length in OCT when compared to NB. It is appar-
ent from the results that the electrostatic interaction plays a significant
role in the ion complexed with DCHCE when compared to the van der
Waals interaction.

The solubility of grafted ionophore (i.e., Gd3+-DCHCE and UO2
2+-

DCHCE) in nitrobenzene and octanol is analyzed using the potential of
mean force (PMF). The PMF is calculated using the relation given by w
(r) = −kT ln (g(r)). The PMF curves of different atom pairs are
shown in Figs. S1 and S2 of the supplementary data. It is seen that Gd3
+-DCHCE (Fig. S1) show lower PMF values in octanol as compared to ni-
trobenzene, which indicates that Gd3+-DCHCE is more soluble in
octanol. The PMF value of Gd3+-DCHCE in presence of NB is
−0.8 kJ/mol, which is not much affected by the increase in PS grafting
Table 1
Coordination numbers for OC-ONB, OC-NNB, OC-OOCT, andOC-HOCT, pairs. The standard devi-
ation values are within (±5–6%).

Pair Gd3+-DCHCE UO2
2+-DCHCE

0PS 1PS 2PS 3PS 0PS 1PS 2PS 3PS

OC-ONB 4.4 4.4 4.3 5.4 3.2 3.3 3.4 3.4
OC-NNB 4.4 4.2 4.4 5.0 6.1 6.0 6.2 6.2
OC-OOCT 3.0 2.6 2.5 3.0 1.1 1.1 1.2 0.9
OC-HOCT 1.0 0.9 0.9 0.9 0.8 0.7 0.7 0.7
length. However, PMF value in the presence of octanol increases from
−5.8 kJ/mol to −5.1 kJ/mol with an increase in PS grafting length
from 0PS to 3PS.

Similarly for UO2
2+-DCHCE the PMF values (Fig. S2) does not show

any change in presence of NB. The lowest value is around −1.1 kJ/mol.
On the other hand, the minimum PMF value in the presence of OCT in-
creases from −4.2 kJ/mol to−0.4 kJ/mol with an increase of PS length
from 0PS to 3PS. Overall, it is observed from the PMF analysis that the
solubility is higher in octanol compared to NB for both Gd3+-DCHCE
and UO2

2+-DCHCE. Increase in the PS length on the DCHCE show mini-
mal effect in octanol and no effect in NB.

3.3. Gd3+-DCHCE and UO2+-DCHCE ion binding structure

Fig. 6. presents the RDF between the Gd3+ and OC of DCHCE. The
first peak positions are located at ~0.24 nm for Gd3+ –OC and
~0.23 nm for UO2+–OC in both NB and OCT. The peak position does
not change with the increase in PS length from 0PS to 3PS. The ob-
served peak position is similar to the RDF of Gd3+ –OC, and UO2

2+–
OC in DBCE [31,32]. The results obtained are in good agreement
with the previous simulations study of Kim et al. [31] on the Gd3+

− crown-ether complex in the different organic solvents, where
~0.26 nm is observed for the first peak location of Gd3+ - OC RDF.
Similarly, the peak location of UO2

2+-OC is reported as 0.22 nm by a
previous simulation study [32]. From all the results it is evident
that the tight binding of Gd3+ and UO2

2+ seen in the NB, with the in-
crease in PS length. The binding of these ions on to the DCHCE be-
comes slightly unfavorable with the increase in PS length in OCT as
peak intensity shows a slight decrease with the increase in PS length.

3.4. Binding free-energy

Figs. 7 and 8 present the free-energy difference 〈∂U/∂λ〉 as a function
of coupling parameter (λ). The binding free energy is estimated by
growing the Gd3+ and UO2

2+ in the cavity of DCHCE as given by



Fig. 4. RDF plot of (a) OC-ONB, (b) OC-OOCT, (c) OC-NNB and (d) OC-HOCT for UO2
2+-DCHCE.
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Eqs. (2) and (3) by using two-stage thermodynamic integration in the
presence of organic solvents NB and OCT. It is evident from the figures
that the electrostatic interaction plays a significant role in the evaluation
of binding free energy for both the Gd3+ and UO2

2+ metal ions. The po-
tential energy gradient 〈∂U/∂λ〉 for electrostatic coupling becomesmore
negativewith increasingλ value from0 to 1 in both the solvents NB and
OCT.

This behavior is in good agreement with a previous study of Gd3+

and UO2+ binding in the cavity of DBCE [16]. The 〈∂U/∂λ〉 for electro-
static coupling do not show significant change, with increasing λ, for
an increase in PS grafting length from 0PS to 3PS in NB and OCT for
both Gd3+ and UO2

2+. The 〈∂U/∂λ〉 value for van der Waals coupling
shows favorable nature with an increase in PS grafting length in the
range of 0.6 b λ b 1 for both the metal ions Gd3+ and UO2

2+ in NB. In
OCT 〈∂U/∂λ〉 for van der Waals coupling becomes unfavorable with an
increase in PS length with increasing λ value from 0 to 1. The unfavor-
able binding for both Gd3+ and UO2

2+ in OCT can be seen in the range
Fig. 5. Solvation enthalpy (ΔHsolv) of Gd3+-DCHCE and UO2
2

of 0.2 bλ b 0.6with an increase in PS length from0PS to 3PS. This behav-
ior is attributed to the unfavorable contribution of the cyclohexane ring
on the DCHCE in OCT as observed in the increasing 〈∂U/∂λ〉 value with
an increase in PS length.

Fig. 9 presents the ΔGBind as a function of PS length. The ΔGBind of
Gd3+ becomes more favorable in going from 0PS to 1PS, but remains
constantwith further increase in PS length in the presence of NB.ΔGBind

of Gd3+ becomes unfavorablewith an increase in PS length from 0 PS to
3 PS in OCT. A similar kind of behavior is seen in ΔGBind for UO2

2+ in NB
with an increase in PS length from 0 PS to 3 PS. An important observa-
tion that we have found in this work is that OCT becomes unfavorable
for bothmetal ions as the length of PS chain is increased, which is unlike
the case of our previous study [16],where the free energy of binding be-
came favorable with increase in PS length from 0PS to 3 PS in the pres-
ence of both NB and OCT.

The presence of cyclohexane ring on the crown-ether (18C6) dis-
plays an unfavorable contribution towards the OCT as an extractant
+-DCHCE in two different solvents (a) NB and (b) OCT.



Fig. 6. RDF plot of OC-Gd3+ for (a) NB (b) OCT and OC-UUO2 for (c) NB (d) OCT.

171P. Sappidi et al. / Journal of Molecular Liquids 271 (2018) 166–174
for the extraction of these heavy metal ions. The dispersive interactions
originating between cyclohexane and OCT are responsible for these ad-
verse interactions upon increase in PS length. This behavior is visible in
the curves presented in Figs. 3(d) and 4(d), where the 〈∂U/∂λ〉 show
Fig. 7. The free energy difference 〈∂U/∂λ〉 for Gd3+ ion with an increase in poly
unfavorable values for the binding behavior in the range of 0.2 b λ b

0.6 with an increase in PS length from 0 PS to 3 PS. It also observed
that ΔGBind of (Gd3+) is two-fold higher than that of ΔGBind of (UO2

2+)
in both the solvents over the entire range of PS varying from 0PS to
styrene length in the presence of NB ((a) and (b)) and OCT ((c) and (d)).



Fig. 8. The free energy difference 〈∂U/∂λ〉 for UO2
2+ on with an increase in polystyrene length in the presence of NB ((a) and (b)) and OCT ((c) and (d)).
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3PS. There are no direct experimental results till date for a quantitative
or qualitative comparison of ΔGBind of Gd3+ and UO2

2+, as a function of
PS length, on the DCHCE in NB and OCT solvents.

However, a gas phase study [33] predicted the binding energy of Gd3
+ on EDTA ligand as−4424.7 kJ/mol. In the current work, we have ob-
tained lower higher values of ΔGBind values for Gd3+ and UO2

2+ in NB
and OCT solvents because of the realistic explicit description of solvent
molecules. Fig. 5(a) shows the favorable binding free energy of these
metal ions in the presence of NB, as seen fromΔHsolv calculation. A sim-
ilar behavior is seen on the solvation structure of Gd3+ and UO2

2+ com-
plexed DCHCE, displaying an unfavorable contribution with the
increase in PS length on DCHCE in OCT. Thus, observed structural char-
acteristics are in accordancewith the binding free energy calculations as
discussed above and draw a similar conclusion on OCT viz., OCT pro-
vides unfavorable environment for the Gd3+ and UO2

2+ binding on to
the DCHCE.
Fig. 9. Binding free energy (ΔGBind) as functi
3.5. Transfer free-energy

The transfer free-energy (ΔGTransfer) of Gd3+ and UO2
2+ from an

aqueous phase to an organic phase is calculated using Eq. (3). To es-
timate the ΔGTransfer first, we evaluated the hydration free-energy of
Gd3+ and UO2+ in an aqueous solution. The hydration free energy
calculated are −2897.6 ± 3.6 kJ/mol for Gd3+ and −1274.6 ±
1.9 kJ/mol for UO2

2+, which are in close agreement with the previous
reported theoretical results [34,35]. The calculated hydration free
energy (ΔGHydration) (in 3 M HNO3) of Gd3+ is −2934 ±
2.05 kJ/mol, and for UO2

2+ it is −1310 ± 2.28 kJ/mol. It is observed
that addition of HNO3 increases the ΔGHydration values, as seen for
pure aqueous solution for which ΔGHydration increases by ~1.3%.
Fig. S3 of the supplementary data file presents the effect of the acidic
medium on the transfer free energy ΔGTransfer. The reported values of
the hydration of free energy for Gd3+ is −3429.2 kJ/mol [34], and
on of PS length (a) Gd3+ and (b) UO2
2+.



Fig. 11. Partition coefficient (log P) of Gd3+ and UO2
2+ as function of PS length.
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−1267.7 kJ/mol for UO2
2+ [35]. We obtained slightly lower values of

hydration free energy for Gd3+ than the reported values [34]. This is
mainly due to the different treatment of the solvent. In the earlier
work of van Veggel et al. [34], water is considered as a dielectric me-
dium. In this current work we have considered the real solvent with
explicit description.

Fig. 10 presents ΔGTransfer of the Gd3+ and UO2
2+ from an aqueous

phase to an organic phase. It is clear from the figure that the ΔGTransfer

for the Gd3+ and UO2
2+ becomes favorable in NB, as an extractant,

while it becomes unfavorable if OCT is used as an extractant with an in-
crease in PS from 0 PS to 3 PS. This observation is in accordancewith the
binding free energy calculation as discussed above. The acidic medium
also has an effect on ΔGTransfer for the both Gd3+ and UO2

2+ over the
grafting length of 0PS to 3PS. TheΔGTransfer show a ~6% increasewith ni-
trobenzene and ~9% increase with octanol, for both Gd3+ and UO2

2+ in
3 M HNO3. The unfavorable van der Waals interactions between OCT
and cyclohexane ring on the DCHCE is the key reason behind this kind
of behavior. In a previous work [16] OCT was found favorable for the
transfer of Gd3+ and UO2

2+ from the aqueous phase to octanol phase,
where we observe an attractive contribution between the benzene
ring on theDBCEwith the aliphatic group of octanol. Thus, a small struc-
tural change in the extractant can cause significant effect on the transfer
free-energy. This is also observed in a theoretical study by Kim [36],
where it is shown that a small structural change in extractant leads to
a significant influence on the Sr2+ transfer. From our present work
and previous literatures [16,36,37], it is evident that the small change
in the chemical structure can lead to significant change in its thermody-
namic behavior. The observed order ofΔGTransfer for both Gd3+ and UO2

2

+ in NB is 3PS N 2PS N 1PS N 0PS,whereas an opposite behavior is seen in
OCT as 0PS N 1PS N 2PS N 3PS.

3.6. Partition coefficient

The partition of solutes or ions from the one phase to another
phase is traditionally better understood by calculating the partition
coefficient log P. Fig. 11 presents the log P values calculated using
Eq. (4) as a function of PS length. It is observed that log P value in-
creases with the increase in PS length in NB while its value de-
creases in OCT. The values of log P increase as a function of PS
length from 112 to 126 for Gd3+ and 102 to 112 for UO2

2+ in NB.
The opposite behavior is seen in OCT as log P values show a decrease
from 73 to 54 for Gd3+ and 70 to 63 for UO2

2+ with the increase in PS
length from 0PS to 3PS. The effect of the acidic medium on the par-
tition coefficient log P is presented in Fig. S4 in the supplementary
data file. In the presence of acidic medium with increase in PS
length the log P values show increase from 106 to 120 for Gd3+

and 97 to 106 for UO2
2+ in NB. On the other hand, the log P values

show a decrease from 67 to 47 for Gd3+ and 64 to 57 for UO2
2+ in

OCT. The log P value show a ~6% decrease with NB and ~ 9% decrease
Fig. 10. Transfer free energy (ΔGTransfer) as fun
with octanol for both Gd3+ and UO2
2+ in 3 M HNO3 when compared to

pure aqueous solution (without acidicmedium). These observations are
in accordance with results of ΔGBind and ΔGTransfer. In an earlier work,
five-fold increase in log P values for both Gd3+ and UO2

2+ was reported
in the case of DBCE in NB and OCT [16].

The changes in the log P values areminimal due to the effect of chain
length,which is attributed to small structural difference on crown ether.
Nevertheless, the PS effect on DCHCE is not that noteworthy when
compared to DBCE for the partitioning of Gd3+ and UO2

2+ [16]. There
are no available data for the quantitative comparison of log P values
for Gd3+ and UO2

2+. However, there are other ions which are well
studied. For examples, an experimental study by Soto et al. [37] on
Cd2+, Ni2+ and Pb2+ ion adsorption on oxidized starches reported par-
tition coefficient values of 95 to 135 for Cd2+, 99 to 207 for Ni2+ and 58
to 280 for Pb2+with an increase in oxidation. A simulation study by Kim
et al. [36] has shown lower values of partition coefficient for Ba2+ in the
range of 1–23 in carbon tetrachloride (CCL4) and propane (C3H8). In the
currentwork, thehigher values of partition coefficient is an indication of
enhanced partitioning of Gd3+ and UO2

2+ in NB and OCT. In the earlier
work (Ref 16) the partition coefficient (log P) values, with di benzo
crown ether (DBCE), varies as 88–222 for Gd3+ and 79–200 for UO2

2+

over the grafting length of 0PS to 3 PS in both solvents, NB and octanol.
In the current work, the log P values varies as 54–126 for Gd3+ and
63–112 for UO2+ over the grafting length of 0PS to 3PS with both sol-
vents NB and OCT. Based on the values of log P in the earlier work
(Ref 16), and from the current work, it is observed that DCHCE exhibits
a lower extracting capabilities compared to that of DBCE. It is evident
that the small chemical structural change on the crown ether
(i.e., benzene ring (DBCE) and cyclohexane ring (DCHCE) on crown
ction of PS length (a) Gd3+ and (b) UO2
2+.
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ether) can lead to significant influence on the metal ion binding
(adsorption) and liquid-liquid extraction behavior.

4. Conclusions

The solvation structure and ΔHsolv of Gd3+-DCHCE and UO2
2+-

DCHCE become favorable inNB and unfavorable in OCTwith an increase
in PS length. The RDF peak position located at ~0.24 nm for Gd3+-OC and
~0.23 nm for UO2+-OC in bothNB andOCTwhich do changewith the in-
crease in PS length from 0PS to 3PS. The ΔGBind of Gd3+ and UO2

2 be-
comes favorable in NB and unfavorable in OCT with the increase in PS
length from 0PS to 3 PS. In OCT the unfavorable binding interaction
for Gd3+ and UO2

2+ seen in the range of 0.2 b λ b 0.6 with an increase
in PS length from 0PS to 3PS. It is concluded that the dispersive interac-
tions arising between cyclohexane and OCT would be responsible for
this unfavorable binding interaction for Gd3+ and UO2

2+ on to the
DCHCE in OCT with an increase in PS length. ΔGTransfer for the Gd3+

andUO2
2+ becomes favorable usingNB as an extractantwith an increase

of PS from 0PS to 3PS. However, it shows unfavorable nature when OCT
is used as an extractant. These observations are in akin to the binding
free energy calculations. The observed ΔGTransfer of both Gd3+ and UO2

2

+ is favorable in NB and follows the order with changing PS grafting
length as 3PS N 2PS N 1PS N 0PS, while an opposite behavior 0PS N 1PS
N 2PS N 3PS is seen in OCT. Similar behavior is observed for log P values
in both solvents with increasing PS length. The log P values show an in-
crease from 112 to 126 for Gd3+ and 102 to 112 for UO2

2+ in NB. In OCT,
the log P values decrease from 73 to 54 and 70 to 63 respectively for Gd3
+ and UO2

2+. The presence of acidic medium show a 6–9% increase in
ΔGTransfer and 6–9% decrease in log P for the both Gd3+ and UO2

2+ over
the grafting length of 0PS to 3PS. These observations are in accordance
with results of ΔGBind. From our results, we conclude that NB is favor-
able extractant for heavy metal ions such as Gd3+ and UO2

2+ as com-
pared to OCT in aqueous solution. It is also deduced that grafting the
DCHCE becomes favorable in NB.
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