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ABSTRACT 

The unusually high selectivity of Cs+ ion over Na+ ion with bis(2-propyloxy)calix[4]crown-6 

(BPC6) compared to dicyclohexano-18-crown-6 (DCH18C6) has been investigated using generalized 

gradient approximated (GGA) BP86, hybrid B3LYP and meta hybrid TPSSH density functional, 

employing split valence plus polarization (SVP) and triple zeta valence plus polarization (TZVP) basis 

sets in conjunction with COSMO (conductor like screening model) solvation approach. The calculated 

theoretical selectivity of Cs+ ion over Na+ ion was found to be in accord with the experimental selectivity 

obtained using solvent extraction experiments in ionic liquids (IL) and octanol. The distribution constant 

of Cs+ ion, DCs with DCH18C6 in 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

(BMIMTF2N) IL phase was found to be significantly large than that of in octanol. The experimentally 

measured DCs value was found to very large compared to the value of DNa in IL phase. The presence of 

BMIM cation in the recorded UV-visible spectra of raffinate phase with and without DCH18C6 indicates 

the BMIM cation exchange with Cs+ and Na+ ion, thus supporting the dual mode of extraction. The dual 

mode of metal ion extraction observed in the experimental study was complimented by density functional 

theoretical study. The calculated free energy of extraction, ∆Gext, for the metal ion was found to be higher 

in IL compared to octanol. Further, preferential selectivity of Cs+ ion over Na+ ion was established from 

the free energy difference, ∆∆Gext, between two competing metal ions. The unusually high selectivity of 

Cs+ over Na+ ion by BPC6 in IL compared to DCH18C6 is also demonstrated by free energy difference, 

∆∆∆Gext, between two competing ligands which was shown to be free from the complicated metal ion 

solvation energy.  
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Introduction 

 Ionic liquids (ILs) are generally salts of organic cations (such as imidazolium, pyridinium etc.) 

and inorganic anions (such as (CF3)2SO3
-, PF6

-) and exist in liquid state at relatively low temperatures. 

The unique properties of ILs are essentially zero vapor pressure, non-flammability, high thermal stability, 

relatively low viscosity, high ionic conductivity and sustainment as liquid over wide range of temperature. 

Due to these unique characteristics, ILs have drawn widespread attention in chemistry1–7, chemical 

engineering8–15, and material research16–21. Therefore, continuous efforts are being devoted for the 

promising application of ionic liquid in the field of separations, in particular, on the service of these 

materials as the next generation diluents in the extraction of metal ions22–30 using solvent extraction 

principle. The extraction mechanism associated with these hydrophobic ionic solvents is generally 

believed to involve the conventional complexation of metal ions via an extractant along with the 

exchange of aqueous metal ions with the cation of the ILs31.  

In view of these novel characteristics of ILs, it is worthwhile to explore its applicability as 

diluents in spent nuclear fuel reprocessing. One of the most interesting and difficult challenge in spent 

nuclear fuel reprocessing is the recovery and separation of the Cs+/Na+ ions pair, as reprocessing of spent 

nuclear fuel leads to a large volume of solutions with a low content of radioactive Cs and a high content 

of Na32-33. For this cause, a huge effort has been devoted to find ways to extract Cs+ from acidic solutions 

resulting from the reprocessing of nuclear fuel34-39. The intention of various extraction processes used in 

nuclear technologies is the selective partitioning and concentrating of metal ions with least environmental 

infectivity. Macrocyclic crown ether40 and calix[n]arene compounds41 are being practiced for the removal 

of Cs+ ion from nuclear waste solution. Alkyl substituted or phenyl/cyclohexyl derivatives of 18-crown-6 

(18C6) show very poor selectivity as clear from the reported separation factor (βCs/Na =0.3-4.57)42-43. 

However, modest separation factor (βCs/Na=210 for ditertiarybutyl-di-benzo-18C6 (DTBDB18C6)) was 

observed42 when alkyl substituents are attached in the phenyl or cyclohexyl derivatives of 18C6. It has 

been reported that calix itself has very puny affinity for metal ions until it is functionalized with some 

substituent44. The solvent extraction of univalent cations into nitrobenzene using calix[4]arene-bis(t-

octylbenzo-18-crown-6) and 1,3-alternate-25,27-bis(1-octyloxy)calix[4]arene-crown-6 were studied 

including DFT calculations45-52.There is a significant increase in the selectivity (βCs/Na =10000) when a 

hybrid calix-crown compound was used by functionalizing the calix[4]arene in the 1, 3 alternate 

conformation resulting  to the formation of 18C6 like cavity53.  

The use of ILs as an extracting agent for heavy metal ions has been reported earlier54. Extraction 

of various metal ions has been studied with imidazolium based ILs55-56. In most of the studies, extraction 

of metal ions into the hydrophobic ILs phase was found to be insignificant because metal ions which are 
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to be extracted from the aqueous phase are strongly hydrated. Thus, an extractant should be used, which 

generally forms hydrophobic complexes with the metal ions and subsequently facilitates their transfer 

from aqueous to the ILs phase. Luo et al.57 have reported very high values of distribution constant for Sr2+ 

and Cs+  ion in protic amide-based ILs employing DCH18C6 as an extractant. They have further shown 

that BOBCalix6 (calix[4]arene-bis(tert-octylbenzo-crown-6)) is an efficient extractant for Cs+ ion in ILs 

compared to simple organic solvents like 1,2-dichloroethane and chloroform58. It is worthwhile to 

mention that even in the absence of extractant molecules, some partitioning of Cs+ ion was observed in 

ILs, but no such partitioning was noticed in conventional organic molecular solvents59. It was also 

reported that the extraction mechanism for transfer of metal ions from aqueous phase to the ILs phase is 

different than that of in molecular organic solvent. It is generally believed that the exchange of aqueous 

phase metal ions with the cation of ILs occurs without co-extraction of the counter anions when a neutral 

extractant is used, whereas, the transfer of metal ions from aqueous solution is generally accompanied 

with the co-anions in the common molecular organic solvents. The mechanism and radiation effect on the 

extraction of Cs+ ion using calix-crown ether in ILs has also been reported earlier21. The extraction ability 

of calix-crown was found to be considerably higher than that of only crown ether ligands60-61. 

 This rather remarkable and interesting affair should be explored by means of further experimental 

and theoretical studies.  Numerous works have been reported on the metal ion extraction in ILs using 

solvent extraction techniques22-31. Theoretical studies concerning only thermo-physical properties of ILs62-

68 or metal ion-crown ligand/calix-crown ligands69-75 have been reported. But, theoretical studies involving 

ILs and metal ion-ligand together are rather scarce. Among theoretical studies, sole MD simulation has 

been performed by Wipff et al.76 on Cs+/Na+ extraction in BMIMTF2N. They have shown that the metal 

ion is exchanged with the BMIM cation of IL. To the best of our knowledge, no Quantum computational 

study has been reported so far to understand the dual exchange mode of ion transfer from aqueous phase 

to the ILs phase. 

 Hence, our endeavor here is to investigate the dual mode of ion transfer employing Quantum 

electronic structure calculation in conjunction with COSMO solvation approach. Solvent extraction 

technique is used to estimate the distribution constant, whereas Quantum electronic structure calculation 

with implicit and explicit solvation model is used to calculate the free energy of extraction, ∆Gext of the 

metal ions with DCH18C6 and BPC6 ligands. The structures, energetic and thermodynamic parameters 

for the metal ion-ligand systems were computed using DFT. The solvent effect for water, organic solvent 

and ILs was taken into account through COSMO approach.  Attempt has been made to correlate the 

experimentally measured separations factors to the computed extraction free energy ∆Gext, The metal-

ligand interaction which governs the selectivity has further been investigated by molecular orbital 

population analysis. The experimental and theoretical details are presented in the following section. 
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Experimental and computational studies 

 

Reagents 

All reagents used in the solvent extraction experiments were of AR grade. DCH18C6 was 

procured from Aldrich and was used without further purification. BMIMTF2N (Sigma Aldrich make) and 

octanol (SD fine chemicals, India) were used as diluents for the solvent extraction experiment. The 

Aldrich make metal salts of CsNO3, NaNO3, CsCl and NaCl were used for the preparation of aqueous 

solution using Millipore water (conductivity - 0.054µS/Cm) which was used as aqueous phase. The stock 

solution of DCH18C6 of 0.05 M was prepared in BMIMTF2N and octanol solvents which were used as 

water immiscible phase.  

 

Distribution studies  
Equal volumes (3 ml) of aqueous phase containing either Cs (1.1413x10-3 M) or Na (4.3096x10-4 M) 

ions and organic phase (IL or octanol) were taken in a glass bottle for equilibration in a thermostatted 

water bath. The bottles were equilibrated at constant temperature (25 ± 0.1 °C) for 30 min to attain 

equilibrium. The two phases were then centrifuged and assayed by taking suitable aliquots from both the 

phases. The concentration of Cs nd Na ions in the feed as well as in the raffinate was estimated using the 

Flame Atomic Absorption Spectrophotometer instrument (GVC Model No. Avanta PM3000). Analysis 

results were typically reproducible within ±5%. 

Computational methodology 

 Density functional theory (DFT), which had been used extensively for the calculations of various 

molecular properties was used here for the optimization of structure of free crown ethers, calix-crowns 

and their Cs+ and Na+ ion complexes using generalized gradient approximated (GGA) BP86, hybrid 

B3LYP and meta hybrid TPSSH  density functional with split valence plus polarization (SVP)77  and 

triple zeta valence plus polarization basis set (TZVP)77 as implemented in the Turbomole suite of 

program77-78. For Cs, ECP with 46 core electrons was used79. BP86 functional consists of Becke's 

exchange functional80 and Perdew's correlation functional81 and was found to be reliable in predicting the 

molecular properties of metal ion-ligand system. B3LYP functional consists of Becke’s three-parameter 

nonlocal hybrid exchange correlation functional82 and Lee-Yang-Parr correlation functional83 whereas 

TPSSH functional consists of Tao-Perdew-Staroverov-Scuseria exchange functional84. Geometry 

optimization was carried out at BP86, B3LYP and TPSSH level of theories using both SVP and TZVP 

basis sets without arresting any symmetry restriction. The equilibrium structure was established by the 

absence of any imaginary frequency in the vibrational modes obtained through aoforce and NumForce 

module of Turbomole package.  The optimized coordinates were further used for the single point energy 
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calculation with MP2 level of calculations85 to check the accuracy and reliability of the various density 

functional. Further, the non-covalent interactions were accounted for by using the M06 suite of density 

functionals86 with TZ2P basis set as implemented in ADF package87 .  The thermodynamic parameters 

were calculated using freeh module of Turbomole program. Implicit and explicit solvation effect on the 

interaction and selectivity was performed using COSMO88 approach. Structural parameters and geometry 

was viewed by Molden graphics program89. Aqueous solubility and partition coefficients of free crown 

ether and calix-crown in aqueous-organic bi-phasic system were calculated using COSMOtherm 

package90. The free energy, ∆G of the metal ion-ligand complexation (considering 1:1 (M: L) 

stoichiometry for both Cs+ and Na+ ion) is computed using the following basic complexation reaction:  

 

 

M+ (aq) + L (org)    →     M+-L(org)  (M= Cs or Na).                  (1) 

Here, L stands for DCH18C6 and BPC6 ligand.  The molecular interactions which dictates the ion 

selectivity was further investigated by analyzing different molecular orbital population analysis, 

topological parameters using atom in molecule (AIM) approach and second order stabilization energy 

using NBO program. 

Results and discussions 

Distribution studies 
The solvent extraction studies were carried out for the extraction of Cs+ and Na+ ion from the 

aqueous solution of chloride and nitrate salts by DCH18C6 extractant either in BMIMTF2N or octanol  

solvent phase. The distribution constant, DCs and DNa in solvent extraction experiments were calculated by 

the concentration ratio of each metal ion, representing the total analytical concentration in the non-

aqueous solvent phase (extract) to its analytical concentration in the aqueous phase (raffinate) and is 

expressed as. 

D = [M+]non-aq / [M
+]aq           [M

+= Cs or Na]                  (2) 

Here, [M+]non-aq and [M+]aq is the total metal ion concentration in the non-aqueous and aqueous phase 

respectively. The separation factor (SF) can be calculated as the ratio of the respective distribution ratio of 

the two extractable metal ions measured in the same identical conditions as follows. 

Separation factor (SFCs/Na) = DCs/DNa          (3) 

The estimated values of distribution constant for Cs+ or Na+ ions are presented in Table.1. From 

the table it is seen that the extraction of Cs+ ion with common organic diluents such as octanol ( DCs=0.15 

and 0.13 in case of chloride and nitrate salts respectively) is negligible whereas Cs+ extraction is 

∆Gext 
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significantly high with DCH18C6 in BMIMTF2N IL (DCs =100 and 91 for chloride and nitrate salts 

respectively). The distribution constant of Cs+ ion was found to be slightly more in chloride than nitrate 

solution. On the other hand, DCH18C6 in IL extracts Na+ ion in smaller extent than Cs+ ion as revealed 

from the value of distribution constant (DNa =19.2 and 16.5 in case of chloride and nitrate salts 

respectively; see also Fig.1 a and b). Further, the extraction of Na+ ion with DCH18C6 in BMIMTF2N 

phase is higher compared to octanol. The separation factor, SF(Cs/Na) was shown to be increased slightly 

from octanol (~4) to ILs media (~5.3). However, it is interesting to note that the while the partitioning of 

Cs+  ion is increased in IL in presence of DCH18C6, the partitioning of Na+ was slightly reduced as the 

anion is changed from chloride to nitrate, which was not observed in the conventional solvents55. The 

distribution constant of Cs+ and Na+ ions for both chloride and nitrate solution without ligand in ILs were 

also measured and presented in Table.1 (also see Fig.S1). Though the distribution constant of Cs+ ion is 

higher than that of Na+ ion (D<1), but not large enough to be used in the large scale separation process. 

Nevertheless cationic partitioning was observed in ILs without the addition of ligands which attributed to 

the ion exchange of the BMIM cation with the inorganic ions. The UV-visible spectra of BMIMTF2N 

with and without DCH18C6 also capture the exchange of the BMIM cation with the metal ion.  The 

BMIM cation gets exchanged with Cs+ or Na+ ion in water (raffinate phase) as reflected from the recorded 

UV-visible spectra (see Fig.2).  The water phase UV-spectra after mixing BMIMTF2N with water does 

not show maxima peak at 211 nm (characteristics peak of IL) suggesting that BMIMTF2N is not soluble 

in water.  Xu et.al21 earlier reported that Cs+ extraction with calix crown ether in BMIMTF2N shows dual 

cation extraction.  

Hence, the extraction of metal ion with DCH18C6 in BMIMTF2N can also be considered to be 

occurred via dual extraction mode as one through complexation with ligand 

M+
(aq)  + BMIM(org) + L(org)            M

+L(org)+ BMIM(aq) (M= Cs/Na)     (4) 

and another direct ion exchange with BMIM cation of ILs as 

M+
(aq)  + BMIM(org)             M

+
(org)+ BMIM(aq)      (5) 

It is worth mentioning that though the distribution constant of Cs+ ion is very high with 

DCH18C6 in ILs media, the distribution constant of Na+ ion is also considerable. So, the use of 

DCH18C6 as selective extractant for Cs+ ion is not workable as high level nuclear waste contains large 

volume of Na+ ion. So, an alternative extractant has to be worked out with which the distribution constant 

of Cs+ ion will be very high whereas negligible for Na+ ion. It has been reported that the calix-crown 

ligand can plays the wonder here. Experimentally21-60 it has been shown that the distribution of Cs+ ion is 

enhanced many folds whereas the distribution constant for Na+ ion is reduced significantly.   From the 

solvent extraction experiment of Cs+ and Na+ ion with DCH18C6 in ILs and octanol, it was observed that 
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the extraction of metal ion in ILs is different than that of in octanol.  The metal ion extraction in ILs 

occurs via cation exchange mechanism. In order to understand the dual cation extraction mechanism, free 

energy of extraction for the metal ion is calculated using DFT calculation which is described in the next 

section.  

In order to model the metal-ligand complexation reaction, the correct stoichiometry of the metal-

ligand (M:L) complex is required. But, there is lack of data on stoichiometry of M: L complexes for both 

Cs and Na ions with DCH18C6 in ILs. In order to find out the stoichiometry of the complexes, the 

distribution constant of the Cs and Na metal ions were estimated using different concentration of ligand 

and the distribution constants were plotted against the concentration of the ligand which is displayed in 

Fig.1. From the plot the slope are found to be ~1 for both Cs and Na ions which indicates 1:1 M: L 

complexes for both the metal ions. 

Computational results 

 

Structure of ligand and metal ion-ligand complexes 

 

  The optimized minimum energy structures of free crown and calix-crown ligands and their 

complexes of Cs+ and Na+ ions are displayed in Fig.3. All the structures were optimized using three 

different DFT functional (BP, B3LYP and TPSSH) and two different basis sets (SVP and TZVP) to study 

the effect of functional and basis set on the structure of free crown as well as complex. From the figures 

and structural parameters (Supplementary Fig.S2-S14 and Table.S1-S6) it is seen that the structures of 

free DCH18C6 and BPC6 obtained from different level of DFT and basis set are very close. From the 

Table, it is seen that the difference in structural parameters obtained using different level of functional 

and basis set combinations is negligible and hence one might use the cost effective BP86 functional for 

geometry optimization instead of time consuming B3LYP and TPSSH functional. The cavity size (after 

subtracting the dia of O atom of 2.644 Å from the centre to centre O-O distance) of the DCH18C6 was 

found to be 3.13Å at BP/SVP level of theory, which is very close to the reported experimentally observed 

cavity (3.20 Å).Where as in the case of BPC6 the cavity size was found to be 4.07Å, higher than the 

cavity of DCH18C6 by 0.94 Å. Hence, Cs+ ion (dia: 3.38Å)91 sits at the top of the DCH18C6 but nicely 

fits in the cavity of calix-crown moiety as seen in the Fig.3. The Cs-O bond distance in the case 

DCH18C6 was found to be varied from 3.12-3.28 Å and was very close to the reported crystallographic 

value of 3.20-3.23 in DTBDB18C6 ether92.  The optimized structure of Na+ ion complex with DCH18C6 

and BPC6 are also displayed in Fig.3.  Due to smaller ionic diameter (value) compared to Cs+ ion, Na+ is 

completely encapsulated within the cavity of DCH18C6. Four O donor atoms of DCH18C6 are leading to 

four equivalent Na-O distance (2.41-2.58 Å) and remaining two leads to higher Na-O bond length (2.60-
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2.71 Å), resulting in overall six coordination. The Cs+-O distance with BPC6 is 3.25- 3.49Å which was 

found to be in good agreement with the reported experimental values of 3.10-3.47Å91 as shown in 

Table.2. In case of Na metal ion-complex with calix-crown ether, the metal ion is coordinated to only 

three O atoms of the crown ring as seen from the Fig.3 and the Table.2 (two O atoms from phenolic ring 

and one from polyether bridge.  

There is a possibility that the gas phase conformation of DCH18C6, BPC6 and their complexes 

with Cs+ and Na+ ion can be changed in octanol organic solvent. In order to study the effect of solvent on 

gas phase conformation the structures of DCH18C6, BPC6 and their complexes with Cs+ and Na+ ion was 

further optimized in COSMO solvent of dielectric constant, ε=10.3 at BP/SVP level of theory. The 

computed structural parameters are presented in Table.3. From the table it is seen that the solvent phase 

structural parameters is almost identical as that of in gas phase structures. Hence, single point energy 

calculation was done in solvent phase using coordinates of gas phase optimized structures. The effect of 

solvent phase structure on the thermodynamic parameters is discussed in subsequent section. 

 

Binding energy 

One of the most important parameter in modeling the metal ion-ligand complexation reaction in 

liquid-liquid extraction is the binding energy (BE, ∆E) of the metal ion (Cs+/Na+) with the ligand (L). The 

metal ion-ligand complexation reaction is modeled as the 1:1 stoichiometric reaction. The BE (∆E) of the 

Cs+/Na+ ions for the following 1:1 complexation reaction  

    M+ + L = M+-L,     (M+= Cs or Na)                 (6) 

can be written as 

                    ∆E = EM-L – (EM + EL).                    (7) 

Where, EM-L, EM and EL refer to the energy of M-L complex, M ion and the free ligand, L, respectively. 

The calculated values of binding energy in gas phase for both Cs+ and Na+ ions with DCH18C6 are 

presented in Table.4.  From the table it is seen that the calculated binding energy of Cs+ metal ion with 

DCH18C6 using B3LYP and TPSSH functional are almost equivalent with both SVP and TZVP basis 

sets, whereas the calculated binding energy using BP86 functional is smaller by ~3kcal/mol than the value 

predicted from B3LYP and TPSSH functional with SVP basis set and is smaller by 1.5kcal/mol with 

TZVP basis set. The basis set effect on the Cs+ ion binding energy is not considerable. The calculated 

binding energy for Na+ ion with DCH18C6 is also presented in the same table. There is a strong basis set 

effect in the binding energy of the Na+ ion as the binding energy predicted using SVP basis set is smaller 

by 25-26 kcal/mol than that of using TZVP basis set for all the DFT functional considered here.  The 

Page 8 of 33RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



calculated binding energy at BP86 level of theory is smaller by 5-7 kcal/mol compared to the value 

predicted from B3LYP and TPSSH level of density functional, whereas the BE is smaller by 4-5kcal/mol 

using TZVP basis set than that of B3LYP and TPSSH functional. The accuracy of the various DFT 

functional (BP86, B3LYP and TPSSH) using different basis set (SVP and TZVP) was further tested using 

single point energy calculation at the second order Moller Plesset (MP2) level of theory using TZVP basis 

set. The calculated binding energy with MP2 level of theory using the optimized coordinates obtained 

from various DFT-basis set combinations are also presented in the same table. The calculated BE at 

MP2/TZVP level of theory was found to be higher by 10-11kcal/mol using coordinates from SVP basis 

set whereas it is higher by 11-13kcal/mol using optimized coordinates from TZVP basis set. The BE 

calculated at MP2 level of theory using optimized coordinates from BP86, B3LYP and TPSSH density 

functional with TZVP basis set are found to be very close in value to each other. Similar is the case for 

Na+ ion also.  The calculated BE for Na+ ion at MP2/TZVP level of theory was found to be higher by 29-

36kcal/mol using optimized coordinates from SVP basis set whereas it is higher by 7-12kcal/mol using 

coordinates from TZVP basis set. The gas phase BE for Na+ ion is always higher than the Cs+ ion by 28-

32kcal/mol for all the DFT functional basis set combinations indicating the higher selectivity for Na+ ion 

compared to Cs+ ion.  

Next, we will deal with the BE of Cs+ and Na+ ions with BPC6 as the extraction ability of calix-

crown (BPC6) was reported to be remarkably high than that of DCH18C6.The calculated BE for both Cs+ 

and Na+ ions with BPC6 are presented in Table.5.  From the table it is seen that the calculated binding 

energy of Cs+ metal ion with BPC6 using B3LYP and TPSSH functional are almost equivalent with both 

SVP and TZVP basis sets, whereas the calculated binding energy using BP86 functional is smaller by 

~2.9kcal/mol than the value predicted from B3LYP and TPSSH functional with SVP basis set and is 

smaller by 1.4-1.8kcal/mol with TZVP basis set. The basis set effect on the Cs+ ion binding energy is 

negligible as was observed with DCH18C6. The calculated binding energy for Na+ ion with BPC6 is also 

presented in the same table. There is a strong basis set effect in the binding energy of the Na+ ion as the 

binding energy predicted using SVP basis set is smaller by 28-29 kcal/mol than that of using TZVP basis 

set for all the DFT functional studied here.  The calculated binding energy at BP86 level of theory is 

smaller by 4.1-4.5 kcal/mol compared to the value predicted from B3LYP and TPSSH level of density 

functional, whereas the BE is smaller by 3.7kcal/mol using TZVP basis set than that of B3LYP and 

TPSSH functional. It is interesting to note that the BE predicted using SVP basis set for  Na+ ion is 

smaller than that of Cs+ ion with BPC6 for all the DFT functional studied here, whereas with DCH18C6 

ligand it was higher for Na+ ion over Cs+ ion. The BE for Na+ with BPC6 using TZVP basis set is higher 

than Cs+ ion by 21-23kcal/mol indicating the higher selectivity of Na+ ion over Cs+ ion. Thus for BE 

calculations SVP basis set is not sufficient and may lead to wrong interpretations. So for BE calculations 
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TZVP basis set is required. Further, the BE for Cs+ ion with BPC6 is higher by 2.3-2.8kcal/mol than that 

of with DCH18C6. It is interesting to note that the BE for Na+ ion with BPC6 is smaller by 4.8-

6.6kcal/mol than that of DCH18C6.  

Further, the BE of Cs+ and Na+ ions with BPC6 ligand was also calculated at MP2 level of theory 

using the optimized coordinates originated from various DFT-basis set combinations and the values are 

presented in the same table. The calculated BE for Cs+ ion at MP2/TZVP level was found to be higher by 

16.8-20.2kcal/mol using optimized coordinates from SVP basis set whereas it is higher by 17.8-

20.1kcal/mol when optimized coordinates from TZVP basis set are used. The BE, calculated at MP2 level 

of theory using optimized coordinates from BP86, B3LYP and TPSSH density functional with TZVP 

basis set are found to be very close to each other. The calculated BE for Na+ ion at MP2/TZVP level was 

found to be higher by 42.8-47.3kcal/mol using optimized coordinates from SVP basis set whereas it is 

higher by 14.3-18.2kcal/mol when optimized coordinates from TZVP basis set are used. The gas phase 

BE for Na+ ion at MP2/TZVP level of theory is always found to be higher than the Cs+ ion by 19.2-

19.6kcal/mol for all the DFT functional basis set combinations indicating the higher selectivity for Na+ 

ion compared to Cs+ ion. This behavior is expected as solvent effect was not considered here which play a 

profound role in dictating the selectivity. It is interesting to note that the BE at MP2/TZVP level of theory 

with BPC6 for Cs+ ion is higher by 9.1-9.8kcal/mol than that of with DCH18C6, whereas the BE for Na+ 

ion is higher by only 0.2-0.6kcal/mol. In order to account for the non-covalent interaction in the binding 

energy, further single point energy calculation was performed using M06 suite of density functionals ( 

metaGGA M06-L, meta hybrid GGA M06 and M06-2X) employing TZ2P basis set as implemented in 

ADF package (supplementary Table.S7.).From the above binding energy analysis using different 

combination of DFT functional and basis sets it is found that the BP86/TZVP level of calculation leads to 

very close value to that of B3LYP and TPSSH level of calculation. Also  it is observed that the BE of Na+ 

ion is found to more compared to Cs+ ion in the gas phase with either DCH18C6 or BPC6. The reason for 

this is explained using population analysis, second order interaction energy and topological parameters in 

subsequent sections. 

The selectivity of Cs+ ion over Na+ ion with BPC6 and DCH18C6 was addressed in the free 

energy section at BP86/TZVP level of theory including both implicit and explicit solvation models.  

Population analysis 

The higher gas phase binding energy of Na+ ion compared to Cs+ ion with DCH18C6 can be well 

correlated with the residual charge on metal ion from Mulliken and Natural population analysis93-94. The 

calculated values of charge are presented in Table.6.  The transfer of charge is found to be higher for Na+ 
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compared to Cs+ as evident from the value shown in the table from Mulliken and Natural population 

analysis suggesting the higher binding energy for Na+ ion compared to Cs+ ion in gas phase. 

Similarly, the higher gas phase binding energy of Na+ ion compared to Cs+ ion with BPC6 is also 

well correlated with the transfer of charge on metal ion from Mulliken and Natural population analysis93-

94. The calculated values of charge are presented in Table.6.  From the table it is seen that the transfer of 

charge for Na+ ion is higher than Cs+ which in turn leads to the higher binding energy for Na+ ion than 

that of Cs+ ion in gas phase.  

Second order interaction energy  

 The selectivity of metal ion with various ligands is further investigated using natural bond order 

(NBO) analysis program NBO 5.095 as implemented in ADF package87. We have performed NBO 

analysis to understand the nature of coordinated interaction between metal ions and the ligands at 

B3LYP/TZ2P level of theory. In this analysis the values of second order interaction energies Eij
(2) are 

used as measure of the strength of the coordinated interactions. The stability of a metal ion complex is 

related to the stabilization energy Eij
(2). The larger the stabilization energy higher is the stability which in 

turn enhances the selectivity of the metal ion by the ligand. The stabilization energy Eij
(2) is nothing but 

the intermolecular delocalization (2e-stabilization) i   j for each donor NBO (i) and acceptor NBO (j) 

orbital and is expressed as 

Eij
(2) =qi x F2

(ij) / (εi-εj)                  (8) 

where, qi is the donor orbital occupancy, εi  and εi  are diagonal elements (orbital energies), and  F2
(ij) is 

the off-diagonal NBO Fock matrix element. The stabilization energy is related to the strength of charge 

transfer interaction between Lewis type NBOs (donor) and non-Lewis NBOs (acceptor). The stronger the 

donor-acceptor interaction, larger the stabilization energies. The calculated values of Eij
(2) is presented in 

Table.7. (details are presented in supplementary information). There are three types of dominating charge 

transfer interaction from NBO donor to NBO acceptor. First, six  lone pair of oxygen atom, LP(O), 

second, from the bonding orbital of C-H bond, BD (C-H) and third is from the bonding orbital of C-O, 

BD(C-O). The anti bonding vacant orbital of Cs/Na metal ion is the NBO acceptor, LP*(Cs/Na). The 

average stabilization energy from the six lone pair of O atoms in case of DCH18C6 is highest with Na ion 

(3.56kcal/mol) and is lowest with Cs ion (0.69kcal/mol). The stabilization energy follows the selectivity 

order in gas phase ie. Na+ ion which has the highest gas phase binding energy has the highest stabilization 

energy and Cs+ has the lowest second order stabilization energy.    
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Atom in molecule (AIM) topological parameters 

 The topology of electron density is used in AIM theory to describe the bond critical point (BCP) 

in a molecule96. Two most important topological parameters are electron density (ρ) and the Laplacian of 

electron density (∇ 2
ρ) which are calculated here using AIM theory as implemented in GUI version of 

ADF2012 package87. The strength of a chemical bond is reflected in the electron density at BCP (ρ). The 

larger the value of ρ, the stronger the corresponding chemical bond. It has been shown that binding 

energy for several types of bonding interaction are strongly correlated with the ρ. Similarly, the Laplacian 

at the BCP is the measure of covalent, ionic or covalent interaction. In covalent bonding,  ∇ 2
ρ< 0 and in 

closed-shell bonding, for example ionic, coordination, hydrogen-bonding or van der Walls interactions, 

∇
2
ρ > 0. The ellipticity (ε) of the bond measures the extent to which density is preferentially 

accumulated in a given plane containing the bond path.  

The calculated various topological parameters ρ,∇ 2
ρ and ellipticity (ε) are tabulated in Table.8 

(details are submitted in the supplementary materials, Table-S5).  From the table it is seen that in the case 

of Cs+ and Na+ complex of DCH18C6, the value of ρ is positive and same. Similarly,  ∇ 2ρ was found to 

be positive indicating the closed shell interaction between donor atoms and metal ions and the value was 

found to be higher with Na+ ion complex (0.075) compared to Cs+ ion complex (0.044)  indicating more 

ionic character for Na+ ion complex. The value of ellipticity is quite large (0.091 and 0.056) indicating 

considerable ionic character.  

In case of Cs+ and Na+ complex of BPC6, the value of ρ is found to be positive but quite high for 

Na+ ion (0.0144 e/au3) compared to Cs+ ion (0.0078 e/au3). Interesting to note that incase of Cs+-BPC6 

complex, there were six BCP whereas only three BCP were observed in Na+-BPC6 complex. This might 

be the reason for very small increase in interaction energy (<2kcal/mol) for Na ion with BPC6 compared 

to DCH18C6, whereas the increment for Cs+ ion was >12kcal/mol. Similarly, ∇ 2ρ was found to be 

positive indicating the closed shell interaction between donor atoms and metal ions. Further, the value of 

ellipticity with BPC6 is found to higher than that of observed with DCH18C6 indicating strong ionic 

bonding with BPC6 than DCH18C6.  

 Free energy of extraction 

 

In the gas phase binding energy analysis it has been observed that the Na+ ion selectivity is higher 

than that of Cs+ ion for both DCH18C6 and BPC6 which is contradictory to the experimentally observed 

selectivity. This is be due to non consideration of solvent effect in the metal ion hydration energy and 

metal ion-ligand complexation energy. Here, in next section the solvent effect is considered. The free 
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energy of extraction, ∆Gext for the complexation reaction in aqueous and organic bi-phasic system can be 

modeled either using implicit or explicit solvation of the metal ions considered here. 

Implicit solvation model 

In implicit solvation model the metal ion is directly immersed in the dielectric continuum of the 

solvent media.  The solvent effect was incorporated using conductor like screening model (COSMO) 

developed by Klamt et. Al88. The complexation reaction using implicit solvation model can be written as 

M+
(aq) + L(org)                               M

+L(org)                    (9) 

Here, the metal ion, M+ (Cs/Na) is considered to be initially in the aqueous phase and the ligand, L 

(DCH18C6/BPC6) is considered to be in the organic solvent phase or ILs phase. The free energy of 

extraction for the above complexation reaction can be written as  

∆Gext =  ((EM+-L(org)-(EM
+

(aq) + EL(org) )) +∆nRT - T(((SM
+

-L(gas) – (SM
+

(gas) + SL(gas))).    (10) 

Where, EM+-L(org), EM
+

(aq) and EL(org) is the energy of the metal ion-ligand complex in organic phase, energy 

of the metal ion in aqueous phase and energy of the ligand in the organic phase respectively. The 

dielectric constant of the water and organic solvent (octanol) were taken as 80 and 10.3 respectively. R is 

universal gas constant and T is the temperature. SM
+

-L(gas), SM
+

(gas) and SL(gas) is the entropy of the metal ion-

ligand complex, metal ion and the ligand in the gas phase respectively. The calculated value for the free 

energy of extraction for both the Cs+ and Na+ metal ion with DCH18C6 and BPC6 is presented in the 

Table.9 and Fig.4 The free energy of extraction, ∆Gext can be computed to calculate the ∆∆Gext (∆∆G= 

∆GCs+-∆GNa+) corresponding to the selectivity of the Cs+ ion over Na+ ion for a particular ligand 

[separation factor = βCs/Na =~exp(-∆∆Gext/RT)]. The value of ∆Gext is found to be positive for both the 

metal ion with DCH18C6 in octanol but is less positive for Na metal ion which contradicts the 

experimentally observed selectivity (positive value of ∆∆Gext, 6.2kcal/mol), whereas though the value of 

∆Gext is positive for both the metal ion with BPC6, it is less positive for Cs metal ion and hence predicts 

the experimentally observed selectivity as seen from the negative value of ∆∆Gext (-3.85kcal/mol). The 

implicit solvation of the metal ion seems to be inadequate to capture the correct experimental selectivity 

because of its simple bare metal ion hydration mechanism. In real system, the metal ion remains strongly 

hydrated in the aqueous environment and during complexation it undergoes dehydration leading to release 

of water molecules which play a decisive role in the selectivity of metal ion. Hence, next the explicit 

solvation model for the hydration of metal ion is considered. 
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Explicit solvation model 

In explicit solvation model, the metal ion with its first solvation shell was considered for the 

complexation reaction in the aqueous phase. Similarly, metal ligand complexation reaction can be written 

using explicit solvation model in two schemes 

Scheme1 

M+(H2O)6(aq) + L(org)                               M
+L(org) +  6H2O(aq)   (11) 

The free energy of extraction for the above complexation reaction can be written as  

∆Gext =  ((EM+-L(org)+6EH2O(aq))-(EM+(H2O)6 (aq) + EL(org) )) +∆nRT - T(((SM
+

-L(gas)+6SH2O(gas) – (SM
+

(gas) + 

SL(gas))). (12) 

Here, EH2O(aq) is the energy of the single water molecule in the aqueous phase and SH2O(gas) is the entropy 

of the single water molecule. 

The calculated value of ∆Gext is displayed in Table.9. Now, the value of ∆Gext are found to be 

negative for both Cs+ and Na+ ions with DCH18C6 and is more negative for Cs+ ion(-56.21kcal/mol) 

compared to Na+ ion(-48.22 kcal/mol) indicating the high selectivity of Cs+ ion over Na+ ion as revealed 

from the large negative value of ∆∆Gext (-7.99kcal/mol). The selectivity between two metal ions towards a  

ligand (here L1, DCH18C6 and L2, BPC6) using the following exchange reaction  

L1Na+
(org) + Cs+

(aq)                     L1Cs+
(org) + Na+

(aq)   (13) 

L2Na+
(org) + Cs+

(aq)                     L2Cs+
(org) + Na+

(aq)   (14) 

The value of ∆∆Gext is found to be quite high with BPC6 (-17.98kcal/mol) compared to 

DCH18C6 (-7.99 kcal/mol) which indicates that the selectivity of Cs+ over Na+ ion with BPC6 is very 

high than that of DCH18C6 as observed in the experiments (see Table.1: SFCs/Na= 4.33 in DCH18C6 and 

SFCs/Na= 978 in BPC6). The complicated solvation model can be avoided if one considers the selectivity 

between two metal ions towards different ligands (here DCH18C6 and BPC6) using the following 

exchange reaction: 

L1Cs+
(org) + L2Na+

(org)                     L1Na+
(org) + L2Cs+

(org)   (15) 

The free energy of extraction, ∆Gext can be used to calculate the ∆∆∆Gext (∆∆∆Gext= ∆∆G[L2] - ∆∆G[L1] 

) corresponding to the selectivity difference between two ligands (L1, DCH18C6 and L2, BPC6). From 

the table it is seen that the value of ∆∆∆Gext is independent (same value for implicit and explicit solvation 

model) of the complicated metal ion hydration free energy. 
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Scheme2 

In the Scheme1, the free energy was calculated by considering the energy of the monomer water 

unit. But, the released water molecules may form cluster during complexation reaction of metal ion with 

the ligand due to strong hydrogen bonding affinity among the water molecules. In view of this event, free 

energy of extraction, ∆Gext was also calculated using the energy of water cluster97 and the calculated 

values are presented in Table.9. 

M+(H2O)6(aq) + L(org)                               M
+L(org) +  (H2O)6(aq)   (16) 

The free energy of extraction for the above complexation reaction can be written as  

∆Gext =  ((EM+-L(org)+E(H2O)6(aq))-(EM+(H2O)6 (aq) + EL(org) )) +∆nRT - T(((SM
+

-L(gas)+S(H2O)6(gas) – (SM
+

(gas) + 

SL(gas))). (17) 

Here, E(H2O)6(aq) is the energy of the water cluster in the aqueous phase and S(H2O)6(gas) is the entropy of the 

water cluster. 

The value of ∆Gext computed from cluster approach was found to be less exothermic compared to 

the explicit model as the favorable positive entropy becomes less positive due to cluster formation from 

monomer water unit. The value of ∆Gext 
 has become positive for the Na+-ligand complexation reaction. 

Though the value of ∆Gext 
  was changed, the selectivity of Cs+ over Na+ ion for both DCH18C6 and BPC6 

in octanol remains unaffected as the value of ∆∆Gext and ∆∆∆Gext was unchanged. This is due to the 

absence of water cluster in the calculation of ∆∆Gext and ∆∆∆Gext (see eq.13, 14 and 15) 

Free energy of extraction in ILs medium 

It has been discussed in the introduction that the ILs show greater extraction efficiency compared 

to volatile organic solvent of comparable dielectric constant. It has been proposed that the cation of the 

ILs get transfer to the aqueous phase from the IL phase due to cation exchange between aqueous and IL 

phase, which is absent in the common organic solvent and in turn, increases the extraction efficiency of 

the metal ion from aqueous phase to the IL phase. This cation exchange can be modeled using the 

following proposed reaction:  

M+
(aq) + IL+

(org)                                  M
+

(org) + IL+
(aq)    (18) 

Here, IL+ is the cation (BMIM) of the ionic liquid. The dielectric constant of the BMIMTF2N is taken as 

11.6100. The exchange free energy, ∆Gexc for the above reaction is found to be 4.66 and 7.31 kcal/mol for 

Cs+ and Na+ cation respectively.  From the positive value of ∆Gexc it seems that the exchange reaction is 

not feasible using implicit hydration of the metal cation. Next, the explicit solvation of the metal ion is 

considered using the following reaction: 
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M+(H2O)6(aq) + IL+
(org)                                  M

+
(org) + IL+

(aq)    +6H2O(aq)   (19) 

Interesting to note that the value of exchange free energy, ∆Gexc becomes negative after inclusion of the 

first solvation shell. This might be due to the positive entropy contribution from the released single water 

molecules. The value of ∆Gexc for the above reaction is found to be -43.31 and -38.39 kcal/mol for Cs+ 

and Na+ ion respectively. The value is found to be unreasonably high nevertheless it captures the 

exchange extraction of the metal ion with the cation of the ILs.   Next, the complexation reaction along 

with the ligand in IL is modeled using implicit solvation of the metal ion as per the following reaction:  

M+
(aq) + IL+

(org)    +L(org)                               M
+L(org) + IL+

(aq)      (20) 

The calculated value of ∆Gext is presented in Table.9. The value of ∆Gext is found to be positive which 

stress the inadequacy of the implicit solvation model. But point to be noted that the value of ∆Gext is less 

positive than that of octanol means ILs media has better extraction ability than that of octanol. Next, the 

explicit solvation of the metal ion is considered using the following reaction: 

M+(H2O)6(aq) + IL+
(org)    + L(org)                               M

+L(org) + IL+
(aq)    + 6H2O(aq)  (21) 

The calculated value of ∆Gext is presented in Table.9. From the table it is seen that the calculated value of 

∆Gext has now become negative and also higher than that of observed in octanol for the Cs+ and Na+ metal 

ions. The value of ∆Gext is higher for Cs+ than that of Na+ by 7.99kcal/mol with DCH18C6 and by 

17.98kcal/mol with BPC6. The same trend was observed in the experiment also as seen from the Fig.4. 

The high value of ∆Gext (-56.04 in IL and -50.28kcal/mol in octanol with DCH18C6) is due to the 

approximate explicit monomer water solvation model, which overestimates the entropy contribution as 

the released water molecules is found  to be free during complexation reaction. In real solution system, 

the water remains to be hydrogen bonded cluster, which in turn reduces the entropy. Hence, the value of 

∆Gext was found to be small for cluster solvation model (-10.33kcal/mol in IL and -4.58 kcal/mol in 

octanol with DCH18C6). Further, the theoretically calculated free energy of extraction for Cs+ ion in 

octanol medium using monomer water model (∆Gext=-50.28kcal/mol) is found to be comparable to the 

value obtained in IL medium (∆Gext=-56.04kcal/mol), though, the experimental distribution constant for 

Cs+ ion (DCs=0.15) in octanol is found to be much smaller than that of in IL medium (DCs=100). Since, we 

are interested in the preferential selectivity of Cs+ ion in IL over octanol, we can estimate the free energy 

difference between IL and octanol using the approximated relation, ∆∆G=-RTln[DCs(IL)/DCs(octanol)], 

leading to a value of -3.85 kcal/mol, which was found to be in qualitative agreement with the theoretical 

∆∆G value of -5.75kcal/mol (∆∆G=∆GIL-∆Goctanol). In case of cluster water model, though the value of ∆G 

has been reduced considerably compared to monomer model, still the value is quite large [-10.33 and -
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4.58kcal/mol]. But, here also the value of ∆∆G (-5.75kcal/mol) was found to be very close to the 

experimentally obtained ∆∆G value of -3.85kcal/mol. Similarly, for Na+ ion, the estimated value of ∆∆G 

(-3.65kcal/mol) using distribution constant of Na+ ion (DNa=19.2 in IL and DNa=0.04 in octanol) was 

found to be in qualitative agreement with the theoretically predicted ∆∆G value of -5.71kcal/mol (∆GIL =-

48.05 and ∆Goctanol =-42.34kcal/mol). In case of cluster water model, not only, the value of ∆G has been 

reduced considerably compared to monomer model but has become positive [-2.34 and 3.35kcal/mol]. 

But, here also the value of ∆∆G (-5.69kcal/mol) was found to be very close to the experimentally 

obtained ∆∆G value of -3.65kcal/mol. It is really interesting to mention that the value of experimental 

∆∆G for Cs+ ion is higher than Na+ ion by 0.2kcal mol, whereas the theoretically calculated value was 

shown to be higher by 0.05kcal/mol. Keeping in mind the complexity of the metal ion complexation in 

solvent phase, the predicted theoretical results and trend are found to be modest. The same explanation 

holds for BPC6 also. Further, the optimized geometries obtained in COSMO solvent phase was used for 

single point energy calculation at BP86/TZVP level of theory and subsequently thermodynamic 

parameters were evaluated. The calculated thermodynamic parameters are displayed in Table.S.11.  The 

values of thermodynamic parameters obtained using coordinates of optimized geometries in gas phase 

(see Table.9)  are found to be very close to the values of thermodynamic parameters obtained using 

coordinates of optimized geometries in COSMO solvent phase (Table.S.11, ESI).  

From the table it is also seen that the value of ∆∆∆Gext is equal in both the octanol and ILs solvent 

indicating that the selectivity of Cs+ over Na+ cation between DCH18C6 and BPC6 is independent of the 

aqueous solvent transfer media. The selectivity of Cs+ ion over Na+ ion with BPC6 is increased many 

folds over DCH18C6 as revealed from the calculated value of ∆∆∆Gext (= -10kcal/mol). Earlier, a large 

separation factor (SF) of 19,500 for Cs+ (D=19.5) over Na+ (D=2x10-3) ion with BPC6 in 1,2 nitrophenyl 

hexy ether was reported39 which is much higher than that of with DCH18C6 (~4).  The calculated value of 

∆∆G is found to be slightly higher with IL compared to octanol as observed in the experiments. Further, 

the value of ∆∆∆G is also found to be slightly different in IL and octanol as expected in the experiment.  

Point to be noted, that the value of ∆∆G and ∆∆∆G is found to be very close for both IL and octanol is 

due to the cancellation of effect of IL cation because of identical exchange and close dielectric constant 

for both octanol (10.3) and IL (11.6). This limitation can be addressed using MD simulation, where the 

explicit structure of octanol and IL can be incorporated (detailed exchange reaction is given in the 

supplementary data).  

It is of importance to study whether the metal ion after reaching to the ILs phase undergoes complexation 

with the ligand in the organic phase as per the following reaction given below. 
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M+
(org) + L(org)                                  M

+L(org)      (22) 

The free energy of the above complexation reaction is found to be positive. Hence, one might conclude 

that the complexation of the metal ion with the ligand in the ILs phase is improbable. Hence, from the 

above free energy analysis it is clear that the extraction of metal ion occurs via dual exchange mechanism, 

one is the direct cation exchange and other is the ligand assisted transfer which resulted in the high 

extraction efficiency of the cation in the ILs media.   

So far, the binding/free energy was calculated by considering the energy of the monomer water 

unit. But, the released water molecules may form cluster during complexation reaction of metal ion with 

the ligand due to strong hydrogen bonding affinity among the water molecules. In view of this event, free 

energy of extraction, ∆Gext was also calculated using the energy of water cluster97 (as scheme2) and the 

calculated values are presented in Table.9. The value of ∆Gext computed from cluster approach was found 

to be less exothermic compared to the explicit model as the favorable positive entropy becomes less 

positive due to cluster formation from monomer water unit. Even, the value of ∆Gext 
 has become positive 

for the Na+-ligand complexation reaction. Though the value of ∆Gext 
  was changed, the selectivity of Cs+ 

over Na+ ion for both DCH18C6 and BPC6 in ionic liquid unaffected as the value of ∆∆Gext and ∆∆∆Gext 

was unchanged. 

In any solvent extraction experiment, two most important parameters are solubility loss of the 

ligands in water and partition coefficients of the ligands in water-diluents biphasic system. The ligands 

having zero solubility in water and high partition coefficient are highly desirable. Hence, the solubility of 

the ligands in water and partition coefficient in water-organic biphasic system are calculated because  

screening of the extractant based on the solubility in water and partition coefficients of the extractant in 

water-diluents bi-phasic system can be judiciously used for the selection of the extractant/diluents 

systems in the practical solvent extraction application. The solubility and partition coefficients of 

DCH18C6 and BPC6 are calculated adopting the methodology given elsewhere68. DCH18C6 has some 

solubility (4.2x10-7gm/cc) in water whereas it is zero for BPC6 indicating the high hydrophobicity of 

BPC6. Also, the calculated partition coefficient (logP) of DCH18C6 (logP=2.91) is much lower than that 

of BPC6 (logP=7.98) in BMIMTF2N. The high hydrophobicity and high partition coefficient in ILs 

media might also be the reason for high distribution constant of the metal ion with BPC6 in ILs media.  

There is a possibility that DCH18C6 and BPC6 can interact with the cation of IL and play a role 

in the ion exchange reaction. It would be quite important to investigate the interaction of DCH18C6 and 

BPC6 with the BMIM cation. In order to test the affinity of DCH18C6 and BPC6 for IL cation, the 

structures of BMIM-DCH18C6 and BMIM-BPC6 were optimized in the gas phase and the optimized 
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structures are presented in the Fig.5.  The interaction energy between DCH18C6 and BPC6 with BMIM 

cation was found to be -12.81 and -13.04 kcal/mol respectively, which is much lower than the interaction 

energy of Cs+ and Na+ with DCH18C6 and BPC6 suggesting that ion complex formation with inorganic 

ion is stronger than the organic BMIM cation.  

Further, the interaction energy between BMIM and TF2N anion (optimized structure is presented 

in Fig.5) was computed which was found to be -72.45kcal/mol indicating their preference to remain as an 

ion pair instead of complexation with DCH18C6. Further, there is a possibility that Cs+ ion and Na+ can 

interact with the anion of IL and facilitate the ion exchange complexation. Hence, it would be worthwhile 

to include the interaction of Cs+ ion and Na+ with the TF2N anion. In order to test the affinity of Cs+ ion 

and Na+ for IL anion, the structures of Cs+-TF2N and Na+-TF2N were optimized in the gas phase and the 

optimized structures are presented in the Fig.5.  The interaction energy between Cs+ ion and Na+ with 

TF2N was found to be -86.12 and -111.31 kcal/mol respectively, which is higher than the interaction 

energy of BMIM-TF2N pair. Recently98, good extraction ability of BPC6 for Cs+ ion has been proven by 

predicting a complex structure between deficient metal extractant complex of BPC6-Cs+ and anion of the 

IL, TF2N by X-ray diffraction study. Hence, in order to study the stability of the coordinating complex, 

the structure of BPC6-Cs+-TF2N was also optimized. The computed structure is presented in Fig.5. The 

Cs+ ion was found to coordinate to six O atoms of calix-crown and one O atom of the sulfonyl group of 

TF2N anion as observed in the X-ray diffraction study. The stability of the coordinating complex was 

confirmed by calculating the interaction energy which was found to be considerable (-51.32kcal/mol). 

 

Conclusion 

From solvent experiment data it has been shown that the distribution constant of Cs+ ion is much 

higher than Na+ ion in IL in presence or absence of ligand and in octanol in the presence of ligand.  

Further, the distribution constant is found to be almost independent of the nature of the anion. The high 

distribution constant of Cs+/Na+ ion in ILs solvent may attributed  to dual cationic exchange of the BMIM 

cation of ILs with the aqueous phase metal ions in the presence of DCH18C6 ligand.  The dual cationic 

exchange has also been established from the DFT calculation of free energy of transfer of the metal ion 

from aqueous phase to the non-aqueous ILs solvent phase. It is also established that the implicit COSMO 

solvation model is inadequate to capture the experimentally observed metal ion transfer from aqueous 

phase to the non-aqueous phase whereas explicit solvation model successfully predicts the transfer of the 

metal ions. The higher extraction of metal ions in IL is successfully modeled by the exchange of the metal 

ion with the cation of the IL. The remarkably high extraction capacity of BPC6 over DCH18C6 is also 

demonstrated by free energy difference, ∆∆∆Gext between two competing ligands which was shown to be 

free from the complex metal ion hydration effect. One interesting point to be noted is that though the gas 
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phase binding energy for both Cs+ and Na+ ions is found to be increased with BPC6 compared to 

DCH18C6, the free energy of extraction, ∆Gext which determines the transfer of metal ion from aqueous 

phase to the solvent phase is increased for Cs+ ion with BPC6 but is decreased for Na+ which in turn 

enhance the selectivity of Cs+ ion with BPC6.  The stability of the complex of crown ligand with 

inorganic ion was found to be stronger than the organic BMIM cation. The higher gas phase interaction 

energy of Na+ ion over Cs+ ion was found to be well correlated to the different bonding analysis 

parameters. The present work will thus help in the elucidation of dual extraction mechanism of cation in 

ILs medium and hence in the future design of ligand/IL systems for efficient and selective separation of 

metal ions.   
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Table.1:  Distribution constant, D of Cs+ and Na+ ions using chloride and nitrate solution with DCH18C6 

and BPC6 extractant in octanol and BMIMTF2N. 

 Chloride solution  
 

Nitrate solution  
 

Extractant/Diluents DCs DNa SFCs/Na DCs DNa SFCs/Na 

DCH18C6 in octanol  0.15 0.04 3.75 0.13 0.03 4.33 

DCH18C6 in BMIMTF2N  100 19.2 5.2 91 16.50 5.51 

BMIMTF2N 0.25 0.05 5.0 0.32 0.02 16.0 

BPC6 in octanol  -- -- -- 9.78a 0.01a 978 

BPC6 in BMIMTF2N  -- -- -- >1000b -- -- 

aReference [99]; bReference [21] 

Table.2. Calculated structural parameters of DCH18C6, BPC6 and their complexes with Cs+ and Na+ 

ions at BP/SVP level of theory. 

  

Method C-C( Å) C-O( Å) O-O( Å) M-O( Å) 
DCH18C6 1.521, 1.521, 1.517, 

1.517 
1.412, 1.420, 1.421, 
1.416, 1.412, 1.413, 
1.412, 1.412, 1.415, 
1.412, 1.410, 1.410 

5.461, 6.062, 5.805  

BPC6 1.523, 1.521, 1.530, 
1.521, 1.519 

1.378, 1.387, 1.425, 
1.423, 1.411, 1.412, 
1.413, 1.412, 1.415, 
1.416, 1.413, 1.415 

6.998, 6.422, 6.729  

DCH18C6-Cs+ 1.516, 1.517, 1.518, 
1.518 

1.439, 1.438, 1.428, 
1.430, 1.423, 1.422, 
1.422, 1.424, 1.423, 
1.422, 1.423, 1.422 

4.704, 5.886, 5.937 3.138, 3.138, 
3.126, 3.287, 
3.218, 3.120 

DCH18C6-Na+ 1.512, 1.508, 1.513, 
1.523 

1.444, 1.439, 1.430, 
1.438, 1.424, 1.427, 
1.425, 1.430, 1.427, 
1.423, 1.423, 1.425 

4.872, 5.023, 4.796 2.510, 2.581, 
2.710, 2.420, 
2.608, 2.411 

BPC6-Cs+ 1.514, 1.514, 1.523, 
1.518, 1.518 

1.400, 1.394, 1.438, 
1.420, 1.422, 1.420, 
1.420, 1.421, 1.421, 
1.419, 1.419, 1.437 

6.459, 6.597, 6.291 3.256, 3.261, 
3.327, 3.445, 
3.497, 3.264 

BPC6-Na+ 1.515, 1.517, 1.525, 
1.516, 1.518 

1.404, 1.408, 1.446, 
1.428, 1.434, 1.415, 
1.424, 1.414, 1.415, 
1.423, 1.448, 1.414 

5.798. 6.967, 5.123 2.382, 2.424, 
2.468, 3.980, 
5.013, 4.265 
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Table.3. Calculated structural parameters of DCH18C6 and BPC6 in octanol solvent at BP/SVP level of 

theory. 

 

Table.4:  Calculated values of binding energy of Cs+ and Na+ ion with DCH18C6 at different DFT 

functional and basis set. 

Values in the parentheses are obtained using MP2 level single point energy at TZVP level of theory using 

optimized geometry at the respective functional and basis set. 

 

Table.5:  Calculated values of binding energy of Cs+ and Na+ ion with BPC6 at different DFT functional 

and basis set. 

System BE (kcal/mol) 
SVP TZVP 

BP86 B3LYP TPSSH BP86 B3LYP TPSSH 
Cs -55.93 

(-76.18) 
-58.88 

(-75.91) 
-58.80 

(-75.69) 
-56.83 

(-76.99) 
-58.63 

(-76.43) 
-58.27 

(-77.14) 
Na -48.99 

(-96.34) 
-53.56 

(-96.39) 
-53.16 

(-96.06) 
-77.98 

(-96.21) 
-81.77 

(-96.09) 
-81.75 

(-96.52) 
Values in the parentheses are obtained using MP2 level single point energy at TZVP level of theory using 

optimized geometry at the respective functional and basis set. 

  

 
System 

 C-C ( Å) C-O( Å) O-O( Å) 

DCH18C6 

 

1.517, 1.517, 1.519, 
1.519 

1.423, 1.425, 1.424, 1.419, 
1.415, 1.415, 1.415, 1.416, 
1.414, 1.414, 1.412, 1.412 

5.438, 6.009, 5.789  

 
BPC6 

 
1.523, 1.520, 1.529, 
1.521, 1.519 

 
1.386, 1.376, 1.427, 1.425, 
1.413, 1.414, 1.416, 1.415, 
1.417, 1.415, 1.416, 1.415 

 
7.004, 6.420, 6.770 

 

System BE (kcal/mol) 
SVP TZVP 

BP86 B3LYP TPSSH BP86 B3LYP TPSSH 
Cs -52.52 

(-62.91) 
-55.83 

(-67.26) 
-55.92 

(-67.32) 
-54.26 

(-67.64) 
-55.83 

(-67.26) 
-55.91 

(-67.34) 
Na -56.19 

(-92.13) 
-62.98 

(-96.48) 
-61.87 

(-96.64) 
-82.87 

(-95.52) 
-88.42 

(-95.88) 
-87.22 

(-95.88) 
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Table.6:  Calculated values of charge using Mulliken population and NPA of Cs+ and Na+ ion with 

DCH18C6 and BPC6 at B3LYP/TZVP level of theory. 

 

 

 

 

Table.7:  Calculated values of average second order stabilization energies Eij
(2) using NBO analysis as 

implemented in ADF Package at B3LYP/TZ2P level of theory. 

 

Table.8. Calculated values of average electron density and   Laplacian of electron density and ellipsity at 

B3LYP/TZ2P level of theory using Bader’s AIM calculation as implemented in ADF package. 

 

Complex BCP ρ ∇
2 ρ ε = (λ1/ λ2) -1 

 

DCH18C6-Cs+ 

 

Cs-O 

 

0.0115 

 

0.044 

 

0.091 

     

DCH18C6- Na+ Na-O 0.0116 0.075 0.056 

     

BPC6- Cs+ Cs-O 0.0078 0.029 0.160 

     

BPC6- Na+ Na-O 0.0144 0.090 0.110 

 

  

System Mulliken NPA 
Cs+ Na+ Cs+ Na+ 

DCH18C6 0.78 0.57 0.94 0.89 
BPC 0.80 0.60 0.91 0.88 

System Donor NBO Acceptor NBO 
 

E2(kcal/mol) 

 
DCH18C6-Cs+ 

 
LP ( 1) O 

 
LP*( 1)Cs63 

 
0.69 

 
 

DCH18C6-Na+ LP ( 1) O LP*( 1)Na27 3.56 
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Table.9: Calculated values of free energy of extraction for Cs+ and Na+ ion using implicit and explicit 

solvation model in BMIM ionic liquid and octanol. 

Diluents Ligand ∆Gext 
(kcal/mol) 

 ∆∆Gext 
(kcal/mol) 

∆∆∆Gext 
(kcal/mol) 

BMIMTF2N      
  Cs+ Na+   

Implicit DCH18C6 2.56 -3.58 6.15 -10.00 
 BPC6 0.25 4.10 -3.85  
      

Explicit DCH18C6 -56.04(-10.33) -48.05(-2.34) -7.99 -10.00 
 BPC6 -58.35(-12.64) -40.37(5.33) -17.98  

octanol      
      

Implicit DCH18C6 8.31 2.12 6.19 -10.03 
 BPC6 5.80 9.63 -3.83  
      

Explicit DCH18C6 -50.28(-4.58) -42.34(3.35) -7.94 -10.03 
 BPC6 -52.80(-7.10) -34.83(10.87) -17.97  

          Values in the parentheses are calculated using cluster of water molecules. 
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Fig.1. Plot of D vs concentration (C) of crown ether in BMIMTF2N. (a)  Cs+ ion (b) Na+ ion. 
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Fig.2: UV-vis spectra of [BMIM]+ in the aqueous phase before and after the extraction of Cs+ with 
DCH18C6, [Cs+] = 10 mmol L-1.  
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Fig.3. Optimized minimum energy structure of free (I) DCH18C6 and (II) BPC at BP/SVP level of 
theory.  a and b represents complexes with Cs+ and Na+ ions respectively. Green, red, grey, yellow and 
cyan sphere represent the C, O, H, Cs and Na atom respectively. 
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                                           (a)                                                                         (b)  

Fig.4. Free energy of extraction, ∆Gext of Cs+ and Na+ ions (a) DCH18C6 in IL and octanol (b) BPC6 in 
IL and octanol.  
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Fig.5. Optimized structure of (I) BMIM-DCH18C6, (II) BMIM-BPC6, (III) BMIM-TF2N, (IV) Cs+-
TF2N, (V) Na+-TF2N and (VI) BPC6-Cs+-TF2N complexes. 
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