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Abstract

Novelamide ligands inthe ionic liquid (1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) wereutilized for the liquid-liquid biphasic mass transfer of Eu®*
ions from aqueous acidic waste solution. The cation exchange mechanism was found to be operative
with the formation of [Eu(NOs):Ls]" species (L = 4-chloro-N-(1-methyl-1H-pyrazol-3-
yl)picolinamide). However, the presence of an inner-sphere water molecule was revealed by DFT
calculation. The viscosity induced slower Kinetics was evidenced during mass transfer, which was
improved by increasing temperature.The process was exothermic in nature.The improvement in the
Kinetics of extractive mass transfer at higher temperatures is evinced by a reduction in the distribution
ratio value.The spontaneity of the reaction was evidenced through negative Gibb's energy value,
whereas the process enhances the entropy of the system, probably by releasing water molecules at least
partially during complexation.The structures of bare ligands and complexes have been optimized by
density functional theory (DFT) calculations.A high value of complexation energy, solvation energy
and associated enthalpy and free energy change reveal the efficacy in binding Eu with O and N donor
atoms. In addition, the natural population analysis (NPA), atoms-in-molecules (AIM) analysis, and
energy decomposition analysis (EDA) have been employed to explore the nature of bonding existing
in Eu—0 and Eu—N bonds.
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Introduction

Nuclear energy is considered a renewable and green energy source with tremendous potential to cater
to global energy needs. However, the success story lies in safely managing highly toxic nuclear waste,
its storage, disposal, and associated public acceptance. Trivalent lanthanides and minor actinides are
the typical elements generated during nuclear fission in the reactor.Therefore, the development of
separation strategies for trivalent f-block elements is highly desirable.Diamide, phosphine oxides,
glycolamides, and their derivates are well exploited to serve the purpose.In the present investigation,
novel amide ligands have been synthesized and applied for extractive mass transfer of trivalent f-block
element, Eu®*.The separation processes are mostly based on liquid-liquid biphasic extractive mass
transfer involving volatile organic compounds (VOCs) as diluents or solid-liquid sorption-based
chromatographic separation®. The solid phase-based separations are well adopted on a laboratory scale
but challenging to be adopted on a commercial/large scale.On the other hand, this technique is good
for analytical separation. The first approach can be exploited for large-scale separation in batch and
continuous modes of operation*.Handling such a large number of VOCs is of environmental concern

and accident-prone due to their flash point and thermal/chemical instability.

lonic liquid gained worldwide acceptance as a potential replacementfor VOCs®.The lower lattice
energy associated with their charge delocalization leads to their existence in liquid form even though
ionic in nature. Separation of actinides in different oxidation statesusing ionic liquids in combination
with specific ligands has been found in the literature to improve the efficiency of extraction®.To impose
specificity, certain functional groups have been covalently anchored into the ionic liquid
cations’.Diglycolamide and carbamoyl phosphine oxide functionalized ionic liquids have
demonstrated a high affinity for trivalent actinides. Whereasphosphate functionalized ionic liquid
exhibited higher affinity towards hexavalent uranyl ion® Apart from the 'green’ separation, ionic liquids
have demonstrated the tunability of extraction characteristics by structural modification either in
theircationic or anionic part®. The substituentat the C3 position in methyl imidazolium cation-based
ionic liquid can be exploited for tuning the solvation mechanism to a cation exchange mechanism of
mass transfer. For uranyl ions with the same amide ligand, the extraction mechanism can be a
solvation, cation exchange,or anion exchange mechanism by changing the cations of ionic
liquid®. Thespeciation and thermodynamic parameters associated with extractiondiffered in ionic
liquid compared to molecular diluents'.The viscosity-based tuning in extraction kinetics in ionic
liquid has also been demonstrated*2.Polyionic liquid and ionic liquid-based membranes exhibit non-

conventional separation based on pi-pi interaction,unlike the molecular sieving mechanism?*2,
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lonic liquid-based solvent systems exhibited high radiation stability, which is one of the preferred
features for processing radioactive materials'*.The continuous emission of high-energy gamma
radiation or alphaand beta particles deposits enormous energy into the solvent system. This can lead
to deterioration of separation performance,especially for molecular diluent-based systems. However,
the ionic liquids were reported to act as a radiation sink. Hence, the functionality responsible for metal
ion complexation remained unmodified, i.e., minimal radiation-induced performance deteriorationis
observed in ionic liquid-based systems. The formation of resonance-stabilized radicals and radical
cations is proposed to be responsible for such high radiolytic stability?®.

In view ofthe above facts, some novel amide-based ligands in ionic liquids (1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide)have been exploited for Eu®*ions extraction in
the present study.Furthermore, experimental and computational approaches were employed to
understand the mechanism of extraction, speciation, and energy associated with the liquid-liquid

biphasic extractive mass transfer.
Experimental
Materials

All the materials used in the present investigations are of analytical grade unless otherwise
mentioned.Deionized (DI) water was used throughout the experiments. Suprapur nitric acid procured
from E-Merck, Germany, was used forvaryingthe feed acidity ofthe aqueous phase. ICP standard Eu
in nitric acid with an initial concentration of 1 mg mL™ was used as Eu stock. This solution was also
purchased from E-Merck, Germany. The ionic liquids, 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (CemimNTF2) and 1-hexyl-3-methylimidazolium bromide were
procured from TCI Chemical Pvt Ltd., India. The Li salt of bis(trifluromethylsulfonyl)imide (LINTF>)
was purchased from Sigma Aldrich.5-Bromoisophthalic acid, 6-Amino-2,4-lutidine, isopropyl
amine,4-Chloropicolinic  acid,and triethylamine were purchased from TCI Chemicals.
Dichloromethane and thionylchloride were purchased from SRL Chemicals.The solvents were freshly

distilled before use.
Instrumentation

The liquid-liquid biphasic separation experiments were carried out using thermostated water bath
purchased from Lab Enterprise, Mumbai, India. This temperature-controlled shaker can be operated
between ambient temperature and 90°C with temperature precision + 0.1°C. The centrifuge machine

used for separating the aqueous and organic phases was procured from Lab Enterprise, Mumbai,
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India.Energy Dispersive X-ray Fluorescence Spectroscopy (EDXRF) was used for Eu
determination. This spectrometer was procured from Jordan Valley, EX 3600, Israel.The Be window,
Rh source, Si-Li detector were employed for X-ray excitation, emission, and signal measurements.
The optimized instrumental and experimental parameters were summarized elsewhere®.NMR spectra
were recorded on a Bruker Advance spectrometer at 400 MHz (*H) and 100MHz (**C) with SiMes as
internal references. The IR spectrum was recorded on IR Affinity-1, Fourier Transform Infrared
Spectrophotometer (Shimadzu).The mass spectrum was collected on LC-MS (Shimadzu) instrument.
CHNS analysis of the ligand was carried out in Elementarvario MICRO cube CHNS Analyzer.The
crystal structure of 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)picolinamide (L*) was determined using a
Bruker D8 Quest Eco X-ray diffractometer. Intensity data were collected at room temperature (RT)
using monochromated (MoKa= 0.7107 A) radiation. The program suite APEX3 (version 2018.1) was
used to integrate the frames,perform absorption correction, anddetermine unit cell. The structure was
solved,and subsequent refinement was performed with SHELXL!".The non-hydrogen atoms were
refined with the anisotropic displacement parameters, while the hydrogen atoms were located at the

calculated positions.
Synthesis of ligands

5-bromoisophthalamide ligands (L - L®): These ligands were synthesized and characterized as
described in the literature'® 8. The general procedure for synthesising ligands involvesa two-step
reaction [Fig.1]. Initially, thionyl chloride (40 mmol, 2.90 mL) was added to 5-bromoisophthalic acid
(2mmol, 0.490g), and the suspension was refluxed under a nitrogen atmosphere for 16 h to give a clear

solution. Then, the resulting solution was dried under a vacuum to givethe acid chloride.

The colourless viscous 5-bromoisophthaloyldichloride (2.0 mmol) liquid was dissolved in dry
dichloromethane (10mL) and cooled to 0°C. A solution of amine (R-NH2, 4.0 mmol) and triethylamine
(8.0 mmol,1.12 mL) in dry DCM (5 mL) was added drop by drop. The resulting mixture was stirred at
room temperature under a nitrogen atmosphere for 16 h and dried under a vacuum. The residue was
dissolved in dichloromethane and washed with an agueous ammonium chloride solution followed by
water. The organic phase was dried in anhydrous Na>SO4 and evaporated to dryness,yielding the
corresponding amide (L — L3, Fig. 1).Purification was performed by column chromatographyon silica

gel.
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Fig.1: Synthetic route for (a) 5-bromoisophthloyl dichloride and (b) 5-bromoisophthalamide ligands
(L' -L%

4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)picolinamide (L*): A suspension of 4-chloropicolinic acid (2
mmol, 0.315 g) andthionyl chloride (20 mmol, 1.45 mL) in a round bottom flask was refluxed under
nitrogen atmosphere for 16 h. to give anorange-coloured solution®.Excess thionyl chloride was
removed in a vacuum to givean orange viscous liquid, 4-chloropicolinoylchloride.Then, the acid
chloride wasdissolved in dry dichloromethane (10 mL) and cooled to 0°C. A solution of 3-amino-1-
methypyrazole(2.0 mmol, 0.175 mL) and triethylamine (8.0 mmol, 1.1mL) in dry dichloromethane (5
mL) was addedto the acid chloride solution drop by drop.Then, the mixture wasstirred at room
temperature under a nitrogen atmosphere for 16 h.The reaction mixturewas then dried under a vacuum.
The residue was dissolved in dichloromethane and washed withaqueous ammonium chloride solution,
followed by water. The organic phase was dried with anhydrous Na>SO4, and rotary evaporated to
dryness, yielding L* (Fig.2). Purification bysilica gel column chromatography using petroleum ether
and ethyl acetate (0 to 30%) mixture as eluent afforded 0.354 g (75 %) of L*, as white solid (Fig. 2).Rf
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= 0.65, TLC (eluent: Petroleum ether/ethyl acetate 60:40 v/v).FTIR (KBr, cm™): 3342 (s, N-H str.
amide), 3111 (C—H str. aromatic), 2935(s, C—H str. alkyl), 1680 (s, C=0 str. Amide), 1566 (s, N-H
bend amide), 1556-1427 (C=C str. aromatic), 756 (C—Clstr.) [Supplementary Fig. S1]. *H NMR (400
MHz, CDCl3) d: 10.254 (s, 1H, NH amide), 8.501-8.488 (d, 1H, pyr CH), 8.262-8.257 (d, 1H, pyr CH),
7.473-7.455 (m, 1H, pyr CH), 7.317-7.311 (d, 1H, pyrazole), 7.282 (CDCls), 6.836-6.830 (d, 1H,
pyrazole CH), 3.850 (s, 3H, pyrazole N-CH3) [Supplementary Fig. S2]. *CNMR(100MHz, CDCls)
0. 160.43, 150.90, 149.11, 146.28, 146.02, 130.98, 126.59, 122.89, 97.29, 38.88 [Supplementary Fig.
S3]; DEPT &: 149.11, 130.88, 126.59, 122.89, 97.29, 38.88 [Supplementary Fig. S4]. MS (LC-MS)
m/z (% rel.): 237 [M+H"] (90.66), 239 (28.72), 259 [M+Na*] (100.00), 261 (35.85) [Supplementary
Fig. S5]. Anal.Calcd for C10HaN4OCI: C50.75; H 3.83; N 23.67. Found: C 50.88; H 3.80; N 23.72.

The single crystals suitable for X-ray analysis were obtained by the slow evaporation method. A pure
form of the L4 was dissolved in methylene chloride and kept undisturbed at 283 K. Single crystals of

L4 were obtained in 3 weeks.

Cl Cl
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picolinamide (L*)

Fig. 2: (a) Synthesis of 4-chloropicolinoyl chloride; (b) Synthesis of 4-chloro-N-(1-methyl-1H-
pyrazol-3-yl)picolinamide (L%

Methods
Separation Methodology

For liquid-liquid biphasic separation, 1 mg mL* of Eu* solution containing nitric acid of a specific

concentration was taken as the aqueous phase. The organic phase contained 0.1 M ligand in 1-hexyl-
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3-methylimidazolium NTf,.A 2.5 mL of organic and aqueous phases were taken in a separating funnel
and allowed to equilibrate for 60 min unless otherwise mentioned. This 60 min was used for biphasic
mass transfer.Then both phases were centrifuged for 5 min for complete phase separation.
Subsequently, 2 mL aliquots were taken to determine Eu by EDXRF. The extraction was carried out
at 300 K.Forthe acid variation experiment, the aqueous phase nitric acid concentration was varied from
0.01 M to 6 M HNOs, keeping all other experimental parameters constants. Whereas for ligand
variation studies, the ligand concentrationvaried between 0.01 M and 0.4 M in the presence of 1M
HNOj; feed with Eu®* initial concentration of 1 mg mL™. In the case of nitrate ion variation, the nitrate
ion (NaNOQ:3) in the aqueous phase varied from 0.1 M to 4 M,keeping the HNO3 concentration 0.05 M.

The ligand concentration was kept at 0.1 M in hexyl methyl imidazolium NTf>.
Computational Methodology

In this study, all the electronic structure calculations have been carried out in Turbomole-7.2
software.?The geometries of all the bare ligands and their europium nitrate complexes have been
optimized without any symmetry restriction using density functional theory (DFT) based methods with
Becke’s three-parameter exchange and Lee—Yang—Parr correlation (B3LYP) functional with def-
SV(P) basis set.?For the europium (Eu) atom, the effective core potential (ECP) has been included,
where 28 electrons are considered in the core. In the Turbomole basis set library, the def-SV(P) basis
set for Eu atom is quite large and consists of (14s13p10d8f1g) functions contracted to [10s8p5d4flg].
The def-SV(P) basis sets used for the lighter elements and H, Cl, Br consist of (4s), (10s7p'd),
(14s10p6d) functions contracted to [2s], [4s3pid], [5s*p3d], respectively,while for C, N, O elements
basis set contains (7s4p1d) functions contracted to [3s?p’d] as implemented in Turbomole.?? To obtain
the minimum energy structure, frequency calculation has been performed for all the systems using the
same method. All the calculated real frequency values confirm the stability of the ligands' structuresand
their complexes with Eu®*. To study the effect of solvation in aqueous and ionic liquid phases, single
point energy calculations have been carried out for the bare ligands and all the complexes to mimic
the aqueous and ionic liquid phases(e = 78.4 and 12.5 for the aqueous and ionic liquid phases,
respectively) using the conductor like screening model (COSMO).?*The atomic radius values used in
the COSMO model are 1.300, 2.000, 1.830, 1.720, 2.050,and 2.223 A for H, C, N, O, Cl, and Eu,
respectively.?®In addition, the quantum theory of atoms-in-molecule (QTAIM)?*as developed by Bader
has been adopted for quantitative estimation of the nature of the Eu—O and Eu—N chemical bonding
using B3LYP method with def-SV(P) basis set by employing the Multiwfn?®program for the bond

critical point (BCP) properties. The partial atomic charges have been computed using the natural
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population analysis (NPA) scheme at B3LYP/def-SV(P) level of theory as implemented in Turbomole.
Energy decomposition analysis (EDA)? has been proven as an important tool to explore the nature of
bonding in different bound systems. Accordingly, EDA has been carried out considering scalar
relativistic effects for the heavier atom (Eu) using the zeroth-order regular approximation
(ZORA)approach by employing B3LYP-D3/TZ2P method using the ADF (2017) program package.?’
In the EDA method, the total interaction energy between the considered fragments has been
decomposed into four energy terms, viz., Pauli repulsion (AEP®"), electrostatic interaction (AESS@),

orbital interaction (AE®™®), and dispersion interaction (AE¥*) and is correspondingly described as,
AEINt = AEPauli 4 pEelstat 4 Aporb 4 AEdisp (l)

Results and Discussions

X-ray crystal structure

Single-crystal XRD reveals that the ligand L* belongs to a monoclinic crystal system with space group
P21/c having four molecules in the unit cell (Z=4, Figure 3). The determined lattice parameters are a
= 5.663(16) A, b = 9.196(2) A, c = 20.664(5) A, a = 90°p = 95.218(9)°,y = 90°, and volume =
1071.5(5) A3. The ligand's crystal structure data, experimental conditions, and structural refinement
parameters are presented in Table 1. A few selected bond length and angle parameters are listed in
Supplementary Table T1 and T2. The crystal data of the ligand L* (Supplementary Table T1, T2 and
Figure 3) shows that the molecule is not planar. The aromatic chlorine bond length viz.C(1)—CI(1) of
1.738A is similar to those seen in the related structures 4-chloropyridine-2-carbonitrile (1.740A)? and
4-chloropyridine hydrochloride (1.730 A)?2°. The pyridine ring C(3)-N(1) and C(5)-N(1) bond
lengths of 1.335A and 1.336A are similar to those found in 4-chloropyridine-2-carbonitrile (1.350 and
1.361A respectively)?®. The average pyridine ring C—C bond lengths are 1.377A, which is very close
to the 1.403A reported for 4-chloropyridine-2-carbonitrile®. The bond lengths for the amide group
0O(1)-C(6) and N(2)-C(6) are 1.216 and 1.346A, which are very close to those in the reported
compound 2-Pyridinecarboxamide (1.253 and 1.317A respectively)®. The bond angles C(2)-C(1)—
CI(1) and C(4)-C(1)-CI(1) are not the same, and the value is120.19° and 119.49°, respectively.The
bond anglesat the C=0 carbon of amide group are O(1)-C(6)-N(2) = 124.84(14)°, O(1)-C(6)-C(5) =
121.80(14)° and N(2)-C(6)-C(5) = 113.35(12)°. These values suggest that bond angles deviate from
the typical sp® bond angle, causing planarity loss in the molecule. Supplementary Fig. S6 depicts the
crystal packing along a, b and ¢ axis of of 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)-picolinamide (L*)
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Fig.3: Asymmetric unit of 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)-picolinamide (L*) single crystal XRD

Table 1. Crystallographic data and structure refinement summary for 4-Chloro-N-(1-methyl-1H-pyrazol-

3-yl)-picolinamide (L*)

structure.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole
CCDC No.

shelx
Cio Ho CI N4 O
236.66
296(2) K
0.71073 A (f)
Monoclinic
P21/c
a=5.6626(16) A
b=9.196(2) A
c=20.664(5) A
1071.5(5) A3
4
1.467 Mg/m®
0.340 mm"!
488
0.5x0.4x 0.3 mm?
2.971 to 28.439°.
-7<=h<=7, -12<=k<=12, -27<=1<=27
15256
2694 [R(int) = 0.0336]
99.5%
Semi-empirical from equivalents
Full-matrix least-squares on F?
2694 /0/ 146
1.038
R1=0.0404, wR2 = 0.0951
R1=10.0513, wR2=0.1010
n/a
0.208 and -0.208 e. A"

o =90°.
B=95.218(9)°.
v =90°.

2205776
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Liquid-liquid biphasic mass transfer

The Dey values follow the trend L*> L3> L2>L! [Fig. 4(a)]. This trend demonstrates the feasibility of
metal ions approaching the ligand for complex formation. The bulkiness of R in the amide group is in
the order of L!>L2>L3. The Connollysolvent excluded volume calculated for L, L? and L3 using
PerkinElmer, Chem3D software is 98.5, 68.3 and 58.6A%, respectively.The larger volume of the R-
group in the ligand may hinder the approach of metal ions, which restricts the complex formation.
However, L* is a monoamide having open access to metal ions from one side. So the metal ions can
approach L* much easier than other ligands such as L! L2 and L% Furthermore, The Degy
valuedecreases with an increase in the HNO3 concentration in the aqueous phase [Fig. 4(b)]. This trend
is reversed compared to that observed for molecular diluents.Unlike molecular diluents, where the
liquid-liquid biphasic mass transfer of metal ions using neutral ligand proceeds through a solvation
mechanism involving neutral metal-ligand species®, an ion exchange mechanism is proposed to
beoperative in the present case®. However, further confirmation is required through detailed
speciation.When the number of nitrate ions associated during complexation (n) is less than the charge
of Eu®* ion, i.e. +3, the mass transfer will proceed through the cation exchange mechanism involving
cationic species. The charge would be compensated by transferring the equivalent number of ionic
liquid cations (IL*) from the ionic liquid phase to the aqueous phase. However, in the case of n>3, the

anion exchange mechanism would be predominant, involving an anionic metal-ligand-nitrate complex.
This complex formation is associated with transferring ionic liquid anion (IL") to the aqueous phase

for charge compensation.

Cation exchange Mechanism

K
Eudt + mLy +nNO5, + =il S [Fu(N03),mL]§ ™ + (3 —n)lLeg*(2)
Anion exchange Mechanism

K,
Eudy + mLy +nNO3 .+ (n—3)ILy,~ < [Eu(NO3),mL] " + (n = 3)ILyq"(3)

KEeu is the equilibrium constant for the biphasic mass transfer, and it can be expressed as

[Eu(NO3)nmLlSE ™ [1Lgq 1P ™

Kgy = 4
B [Budd ]I ™INOS 1" 1Ly, F13 ™ (4)
Ky, = [Eu(NO3)nmLIS ™D [1L4q7 173 5)

T (B ™INOs 4o 1LaL T
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At a particular temperature and experimental condition, the distribution of IL" and IL" in both phases
would maintain a constant ratio depending on the partition function of the constituent ions. The
distribution ratio for Eu (Dey) can be expressed in terms of the ratio of the analytical concentration of
Eu®*ions in ionic liquid and aqueous phase. Therefore, the equations can be simplified to equation 6

after taking the log on both sides and mathematical rearrangement.
logDg,, = logK'g,, + mlog[L];, + nlog[NO3],,(6)

Based on the above equation, a log-log plot between Dey and ligand concentration hasa linear
dependence, with a slope that estimates the number of ligand molecules associated with each Eu®* ion
(at a given aqueous feed acidity). Similarly, the number of nitrate ions associated with each Eu®* ion
can be estimated at a particular ligand concentration.Fig. 4(c)depicts the variation of logDgy as a
function of log[ligand] concentration. The biphasic mass transfer was performed with 1 M HNOs. The
slope for the linear regression analysis was 2.8 (x2~0.9994),
2.9 (¥2~0.9967),3.04 (x2~0.9974)and2.8 (32~0.9989) for L, L2, L3 and L* respectively.This
indicates the formation of ML3 type of complex for all the ligands.Fig. 4(d) shows the dependence of
Dey as a function of nitrate ion concentration in the aqueous phase at 0.1 M ligand concentration. The
slope evaluated from the linear regression analysis is 2.10 (x?~0.9999), 1.96 (¥*~0.9992), 2.00
(%2~0.9988) and 2.05 (x> ~0.9996), for the ligands (L) respectively, revealing the participation of
two nitrate ions with each Eu®* ion during the biphasic extractive mass transfer.The above studies
propose that the speciation is[Eu(NOs).L3]*. Therefore, the cation exchange mechanism is
predominantly operative. The charge compensation would be done by transferring one imidazolium
cation from the ionic liquid phase to the aqueous phase in exchange for each Eu®*-L complex. The
Karl Fischer analysis and acid-base titration revealed that the ionic liquid after pre-equilibration with
1 M HNO3 was found to contain 1.6 % of water with 0.01 M HNOg, respectively.
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Fig.5: (a)Variation in Dgy value as a function of NTF,™ ion and (b) hexyl imidazolium cation

concentration in the aqueous phase; (c) Luminescence spectra with lifetime for Eu3*-L* complex

Fig. 5(a) depicts the variation in Dey values as a function of NTf," ion concentration in the aqueous
phase. The NTf," ion in the aqueous phase was introduced by means of LiNTf; salt. It was observed
that the Deu value was independent of the [NTf,] concentration suggesting that NTF2" ion is not
directly participating in the biphasic mass transfer of Eu®*.This result suggests that the biphasic mass
transfer does not involve anionic moieties, i.e. the mass transfer does not involve an anion exchange
mechanism. This result is in accordance with the speciation studies. Fig. 5 (b) shows the variation of
Dev as a function of hexyl methylimidazolium cation in the aqueous phase.l-Hexyl-3-
methylimidazolium bromide was the source for the cations in the aqueous phase. It is evident from Fig.
5b that, the Dey values decrease with an increase in hexyl methylimidazolium cation in the aqueous
phase. This result suggeststhat hexyl methylimidazolium cation in the aqueous phase would drive the
phase transfer equilibriain the backward direction. This finding corroboratesthe formation ofa cationic
complex. The slopes were found to be -0.88(x?~0.9992), -0.90 (x>~ 0.9954), -0.87 (?>~0.9989), and
1.09 (¥?~0.9937) for these amide ligands respectively. This revealed the formation of mono-positive
Eu complex ([EuLs(NOs)2]") during extractive mass transfer.  Consequently, one hexyl
methylimidazolium ion from the ionic liquid phase would transfer to the aqueous phase to keep charge
neutrality. Fig. 5 (c) is depicting the photo luminiscence spectra and decay profile for the excited
species of Eu®*-L* complex. L* showed maximum extraction of Eu®* and hence chosen for
photoluminescence investigation. The peak at ~578 nm and ~592 nm were ascribed to *Do-'Fo and °Do-

’F1 transitions, respectively. The later transition is magnetic dipole transition and hence do not perturb
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by ligand field.>® However, peak at ~613 nm and 652 nm were ascribed to electric dipole trasitions
assigned as °Do-F2 and °Do-'Fs transitions, respectively. The former transition was highly sensitive to
ligand field symmetry. The ratio of the peak intensity correspond to °Do-’F transition to °Do-'F1
transition was termed as assymmetry factor and was found to be 2.11 in the present case, revealing
highly assymmetric environment around Eu®* ion with respect to centre of symmetry34. The peak ~
697 nm was ascribed to °Do-’F4 transition. The mono-exponential decay profile indicated the presence
of single species, while the lifetime value was used to calculate the number of inner sphere water
molecules associated to the Eu®* ion using emperical formula reported elsewhere®. For Eu*-L*
complex it was found to be 1, i.e. one water molecule was associated to the Eu®* in its primary co-
ordination sphere. The photoluminescence spectra for other Eu®* complexes were shown in
Supplementary Fig. S7. The life time data for these Eu®* complexes were found to be 1.24 ms, and
1.33 ms for L1 and L2, respectively. It revealed that, these complexes did not posses any inner sphere
water molecule in the primary coordination sphere of Eu®*. However, the L2 and L* complexes were
found to have one water molecule in the primary coordination sphere of Eu®* ion as suggested from

the life time of their excited species (T3 ~680 us and .4 ~704 ps, respectively.

L3 and L* only showed measurable extraction of Eu®** and hence our further discussion would mostly
centred around these two ligands. Fig. 4 (b): showing the Dey values decreased with increase in
aqueous phase acidity. This trend is an indication of predominance of cation exchange mechanism.
This trend is well supported by literatures on separation of f-block element cations into ionic liquid
based systems using different extractants *® . Fig. 4(c): The slope values revealed the formation of ML3
type of complexes by Eu®* with all the ligands in ionic liquid. Since ligands are neutral in nature and
hence do not play any role in deciding the overall charge of the metal-ligand complex. Fig. 4(d): The
slope values revealed the formation of 1:2 M-NO3 complex, i.e. per Eu** ion, two nitrate ion is involved
for the formation of complex. Since Eu®* is having tripositive charge and each nitrate ion is mono
negative charge, then the overall charge is mono positive for the Eu complex (unless other species are
also involved), [EuL3(NOs)2]". Fig. 5 (a) and Fig 5 (b) are different types of experiments to confirm
the cation exchange mechanism and the species EuL3(NOs3)2*. Le Chateliers principle on chemical
equilibrium has been utilized in these two experiments. Fig.5(a) is demonstrating that even if the water
phase during extraction is contaminated with variety of concentrations of NTf," ion, the D values are
insensitive to it. This indicated that NTf>™ anion is not participating in formation of metal-ligand
complex either directly or indirectly. This rules out the existence of ‘anion exchange' mechanism during
liquid-liquid biphasic mass transfer. Fig. 5 (b) provides very useful information and confirmative to

the speciation claimed. Here, the ionic liquid cation has been dissolved in aqueous phase at various
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concentration followed by extraction. The mono negative slope (-1) straight line clearly revealed that,
presence of Cemim™ in aqueous phase put hurdle in moving the extraction equilibrium towards forward
direction. This is only possible if the Cemim™ is getting exchanged from ionic liquid phase to water
during extraction. The -1 slope also revealed that only one Cemim™ is getting exchanged during

extraction of each Eu complex.

This analogy has been exploited several time in literature in ascertaining the speciation and extraction

mechanism®1° and hence also followed in the present case.
Theoretical Studies

In addition to the experimental results, we have also theoretically investigated the structure,
stability, and bonding analysis of the experimentally synthesized compounds. For this purpose,
geometry optimizations have been carried out for all the synthesized bare ligands, viz., L!, L2, L3, and
L* as well as the complexes of Eu(l11) with the ligand (L*) to obtain the minima energy structures in
their ground electronic state. Since the size of the ligands (LY, L?, and L3%) are quite large and the
experimental findings indicate the formation of Eu(lll)-complexes involving three ligands for each
cases as evident from the experimental results, it has not been possible to optimize the structures
theoretically by accommodating three ligands (L or L2 or L®) surrounding the metal ion. Therefore,
we have restricted our discussions with the all possible geometrical isomers of the bare ligand (L*) and

its complexes with the Eu®* ion.

The optimized structures of all the synthesized bare ligands, viz., L, L2, and L2 are shown in
Supplementary Fig. S8 as obtained by using B3LYP method and def-SV(P) basis set. Since the
calculations have been carried out for the Eu(l111) complexes with the L* extractant, therefore, we have
considered all possible isomers of the ligand (L*). Ligand (L*) has 4 pairs of geometrical isomers whose
B3LYP/def-SV(P) optimized structures are depicted in Fig. 6. From the Fig.6, it is evident that trans-
isomer (T4) is found to be most stable among all possible cis- and trans-isomers of the bare ligand
(LY.
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cis-L4 (C1) [15.9]

trans-L4 (T1) [16.9]

cis-L4 (C2) [12.5]

trans-L4 (T2) [5.9]

cis-L4 (C3) [14.8]

trans-L4 (T3) [9.9]
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cis-L4 (C4) [12.4] trans-L4 (T4) [0.0]

Fig.6. Optimized structures of all possible cis-isomers of Ligand-4 (L?), viz., C1, C2, C3, C4 and trans-
isomers of Ligand-4 (L%, viz., T1, T2, T3, T4 as obtained by using B3LYP method and def-SV(P)
basis set. The white, dark green, pink, red, and saffron represent H, C, N, O, and Cl atoms, respectively.

Relative energy values (in kcal mol-1) are provided in the square brackets.

In this context, it is to be mentioned that Dolg and his co-workers®’=® have made an exhaustive
study to investigate the hydration of lanthanide(lll) theoretically and concluded that the preferred
hydration number is 8 in Eu(l11) which is also supported by some other group of scientists*®*?, They
have also reported that the octa-aquo complexes are favored in lanthanoid(l11) hydration complexes
while actinide (An®") ions slightly preferred to form nona-aquo complexes*. Although Eu®* ion form
8 coordinated hydrated complex, i.e., [Eu(H20)s]®*, 9 and 10 coordination sites of Eu®* can also be
occupied by mono- and multi-dentate neutral or anionic ligands forming various 8-10 coordinate
Eu(l11) complexes. In addition to the 8 and 9 coordinate Eu(lll) complexes 446, the coordination
number of 10 have also been reported in several Eu(l11) complexes ", It is to be noted that the Eu(l11)
form cationic complexes with the neutral multi-dentate ligands with coordination number 10 as
reported by Paschalidis®®. Therefore, we have considered all possible isomers of the Eu(111) complexes
with all the geometrical isomers of L* along with the variable positions of NOs~ and H2O ligands
surrounding the metal ion. All plausible coordination number of 8 to 10 have been investigated for the

Eu(11l) complexes where all probable coordination sites of the ligand (L*), viz., N-pyridine, N-
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pyrazole, and O-amide with mono- or/and bi-dentate behavior of all the isomers of L* and NO3~ along

with/without an additional H-O ligand have been taken into account.

An extensive calculations have been carried out and found 21 stable Eu(lll) complexes
(P1-P21) possessing 8-10 coordination sites. The optimized structures of all these 21 complexes have
been depicted in Supplementary Supplementary Fig.S9. As shown in Supplementary Fig.S9, the
H20 acts as a ligand in the P9—P21 complexes while P1-P8 complexes contain no H>O ligand. As
reported by Dolg and co-workers,3° DFT calculated exchange energy did not reproduce the variation
of hydration coordination number for the lanthanide series in between [Ln"'(H.0).]** and
[Ln"'(H20)n-1-H20]** complexes (n = 8, 9) where (n—1) molecules in the first hydration and 1 water
molecule in the second hydration shell. They have also reported that the pure-GGA (Generalized
Gradient Approximation), hybrid-GGA based DFT methods and second order Mgller—Plesset
perturbation theory (MP2) predict the preferred hydration number 8 for the Eu(l1l) which is in good
agreement with the experimental results 4. Therefore, we have calculated the all the thermodynamic
properties of the products (P1-P21) based on the hydration coordination number 8 (CN = 8) of Eu(lIl),
[Eu(H20)s]*. The most probable reactions that lead to the formation of the present studied Eu®*—ligand

complexes (P1-P21) have been shown in the following equations (eqn.7 and eqgn.8).
[Eu(H20)s]** + 2NO3~ + 3L4—[Eu(L4)3(NOs)2]" (P1-P8) + 8H20 (7)
[Eu(H20)s]®" + 2NO3~ + 3L4—[Eu(L4)3(NOs)2(H20)]* (P9-P21) + 7H.0 (8)

The complexation energies (AE) have been evaluated by using the following eqn.9 and eqn.10 for the

abovementioned reaction pathways egn.7 and egn.8, respectively.
AE = E{[Eu(L4)3(NO3)2]'} + 8 E{H.0}- E{[Eu(H20)s]**} — 2 E{(NOs)} - 3E{L4}  (9)
AE = E{[Eu(L4)3(NOs)2(H20)]*} + 7 E{H20}- E{[Eu(H20)s]**} — 2 E{(NO3)"} — 3 E{L4}

(10)
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Table 2. Calculated Values of Complexation Energies (AEq in kcal mol-t), Solvation Energies (AEsol
in kcal mol-t), Change in Enthalpies (AH in kcal molt) and change in Gibb’s Free Energies (AG in
kcal mol1) in the Gas Phase (g) and Solvent Phase (sol) for the Proposed Reactions for all the Products
(P1-P21) by using B3LYP Method with def-SV(P) Basis Set.

Reaction Channel No. 7
Complex AEgq AHq AGq AEsol AHsol AGsol
P1 —443.6 -450.1 —460.7 -53.9 —7.6 -18.1
P2 —437.9 —443.8 —458.8 -51.9 0.8 —-14.2
P3 —439.7 —446.4 —459.6 -52.3 -2.1 -154
P4 —440.3 —446.0 —457.2 —46.6 3.9 -7.3
P5 —447.4 —453.5 -463.1 -48.3 -5.3 -14.9
P6 -434.1 —441.0 —456.7 -52.2 -5.6 -21.3
P7 —432.5 —438.8 —458.0 —-51.6 2.8 —22.0
P8 —431.0 —437.9 —454.1 -53.4 -3.6 -19.9
Reaction Channel No. 8
Complex AEq AHq AGq AEsol AHsol AGsol
P9 —465.9 —456.2 —470.8 —53.7 5.6 —-20.2
P10 —465.8 —457.0 —469.6 -53.3 —6.2 -18.8
P11 -464.1 —455.2 -469.0 -51.6 =2.7 -16.4
P12 -457.2 -461.3 —463.7 —-48.0 -5.1 —7.6
P13 —469.7 —473.3 —472.5 —48.6 -17.8 -17.0
P14 —462.9 —466.4 —466.2 —-49.8 -12.1 -11.9
P15 -471.6 —475.3 -473.0 —48.2 -19.4 -17.0
P16 -451.8 -457.0 —456.9 -44.1 -8.3 -8.3
P17 —458.1 —462.5 —466.4 —43.3 -13.1 -16.9
P18 —450.7 —455.8 —459.9 -53.9 -14.4 -18.6
P19 —449.3 —454.6 —459.9 -51.8 -11.1 -16.5
P20 —453.9 —458.3 —464.0 —48.2 -11.2 -16.9
P21 —433.9 —439.1 —448.5 —42.8 4.0 -5.4

The negative values of the complexation energies (AEq as listed in Table 2) for both the reaction
channels (7 and 8) indicate the exoergic nature of the paths leading to the formation of all the P1-P21
complexes. To understand the effect of solvation, the energies ((AEsol) of (NO3~, H20, [Eu(H20)s]*")
and (L% P1-P21) have been also calculated in aqueous (¢ = 78.4) and in ionic liquids (¢ = 12.5),

respectively, and the results are tabulated in Table 2. The complexation energies (AEso) are found to
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be in the range of —42.8 to —53.9 kcal mol-! in the solvents for formation of all the P1-P21 complexes.
In order to compare the thermodynamic parameters related to the synthesis of all the P1-P21
complexes, the change in reaction enthalpy (AH) and change in Gibb’s free energy (AG) for their
corresponding formation reactions (eqn.7 and eqn.8) have been calculated in gas phase as well as in
solvent phase and reported in Table 2. To mimic the actual experimental conditions, the free energy
corrections and chemical potentials have been calculated at 298 K of temperature for all the reactants
and products in gas phase corresponding to the channels 7 and 8. All the AH and AG values are found
to be negative which in turn indicates that all the reactions are exothermic and spontaneous in nature
in the gas phase. In contrast, the solvation enthalpy (AHso) values are found to be negative for all the
products indicating the exothermic nature of the reaction (eqn.7 and eqn.8) except in case of P2, P4,
and P21 complexes which show endothermic reaction pathways. On the other hand, both the channels
are spontaneous in nature with negative values of AGso as listed in Table 2 for all the Eu(I11) complexes
(P1-P21). Although the reaction channel 7 (P2 and P4) and 8 (P21) are endothermic in nature, they
are spontaneous by virtue of the large amount of change in entropy, called as entropically controlled
reaction. Among these 21 complexes, P6, P7, and P9 are found to be energetically favorable with larger
negative values of change in free energy (AG). P6 and P7 contain no water molecule as ligand while
P9 consists of one H20 as a ligand. In this context, it is to be noted that we have provided the
Luminescence spectra of the synthesized Eu(lll) complexes in the Fig.SX-SY (ESI) which clearly
indicate the existence of [Eu(L)3(NO3)2(H20)a]" (n =0 for L and L2 n = 1 for L* and L*) complexes.
Although the AG values associated with the products follows the order AGp7 < AGps < AGpg, We have
discussed P9 in detail throughout the text since the Luminescence spectra of the synthesized complex
indicates the existence of one H,O as ligand along with three L* and two NOs™ ligands. Hence, in the
present study, the Eu** ion form most stable 10 coordinate [Eu(T1)3(NOs)2(H20)]* complex with the
T1 isomer of the ligand (L*) where three T1 and one NO3™ act as bidentate ligands while one NOs~ and
one H>O act as monodentate ligands. Moreover, it has been possible to characterize the Eu(lll)
complex with the L* ligand experimentally through NMR, FTIR, MS, or XRD techniques. Therefore,
we have limited our discussions for the L* containing Eu(l111) complexes leading to the formation of
[Eu(LH3(NOs)2]" and [Eu(L*)3(NO3s)2(H20)]" with all possible geometrical isomers of L* (Fig.6) which
are abbreviated as (P1-P8) and (P9—P21), respectively. Herein, the optimized structural parameters,
thermodynamic stability, partial charge distribution, AIM (atoms-in-molecule) analysis, and energy
decomposition analysis (EDA) have been systematically reported for the most stable experimentally
relevant P9 complex, [Eu(T1)3(NOs)2(H20)]".
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Fig.7 depicts the optimized structure of [Eu(T1)3(NO3)2(H20)]" (P9) complex as obtained by
B3LYP/def-SV(P) level of theory. In P9 complex, N-donor of pyridine and O-donor of amide of T1
isomer of L* ligand and O-donor of the NO3~ and H2O are the coordination sites for the Eu* metal ion
(Fig.7). The B3LYP/def-SV(P) computed optimized structural parameters of P9 is reported in Table
3. Among all the Eu—O bonds, the average Eu—Ovric bond distance is found to be larger than the
corresponding Eu—Onos by 0.074 A in the P9 complex. Therefore, it indicates that Eu®* binds more
strongly with the O atoms of the nitrate ligands as compared to that in the T1 ligand. Moreover, the
interaction between the Eu®* and O atom of nitrate is found to be stronger than that of the water which

in turn stronger than that of the ligand (T1) as revealed from Table 3.

P9

Fig.7. Optimized structures of [Eu(T1)3(NO3)2(H20)]" (P9) as obtained by using B3LYP method and
def-SV(P) basis set. The white, dark green, pink, red, saffron, and violet represent H, C, N, O, Cl, and

Eu atoms, respectively.
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Table 3. Optimized Structural Parameters, viz., Average Eu—O Bond Length (Raveu-o) in A) and Eu-N
Bond Length (Raveu-ny in A) for the P9 Complex by using B3LYP Method with def-SV(P) Basis Set.

Complexes Selected Bond Distances

RavEu-0)Lic% | RavEu-o)nos” | RavEu-oj20® | RavEu-nyLict
[EU(TL)s(NO3)2(H:0)]* (P9) |  2.514 2.440 2.496 2.766

RavEu-0)LIG, "Raveu-ojnos, and “Rayeu-ojnzo indicate the average bond distances between Eu and O atoms of the ligand,
nitrate, and water, respectively.
YRavEu-n)LIG represents the average bond distance between Eu and N atoms of the ligand.

In order to understand the nature of the Eu—O and Eu—N bonds in the P9 complex, we have
calculated the partial charges on the donor as well as central Eu atom through the natural population
analysis (NPA) using B3LYP method with def-SV(P) basis set and presented in Table 4. It is
interesting to note that the charge on O and N atoms in the ligands (T1) and O atom in H2O is decreased
by ~0.1 while the charge on O atom of NO3z~ remain almost unaltered after complexation on going
from precursor ligands to the product (P9). This signifies that there is charge redistribution on the
donor atoms of the ligands before and after the complexation. Moreover, O-donor atoms belonging to
T1 acquire more negative charge than that of the NOs~ which in turn more negative than the N donor
atoms of the T1 in the P9 complex. Among all the donor atoms, the highest negative charge is residing
on the O atom of H>O attached to the metal center. The higher negative charge possessed by the O-
donor as compared to the N-donor in the P9 complex can be explained by higher electronegativity of
the O atom than that of the N atom. In P9, the charge acquired by the Eu is found to be positive (1.663).
The separation of charges are higher for Eu and O atoms in comparison to the Eu and N atom, which
reveals that the Eu—N bond is found to be more covalent than that of the Eu—O bond in the P9 complex.
Furthermore, the charge separation between the Eu and Ovic are more than that of the Eu and Onog,
which emphasizes that higher non-covalent character persists on Eu—Oyic bond as compared to that in

the Eu—Onos bond.
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Table 4. Calculated Values of Average Partial Charges on Eu Atom (geu), O Atom (do), N Atom (gn)
Attached with Eu Atom in the P9 Complex using Natural Population Analysis (NPA) by employing
B3LYP Method with def-SV(P) Basis Set.

Chemical NPA Charges on the Atoms
Systems OEu qo(LIG)* qo(N03)° o(H20)° gNLIG)
H>O -0.864
NO3~ -0.577
T1 —0.552 —0.453
P9 1.663 —-0.630 -0.551 —-0.965 -0.499

2go(wic), "domvos), and Cgogz0) indicate the average partial atomic charges residing on O atoms of the ligand, nitrate, and
water, respectively.
dgnewic) represents the average partial atomic charges on N atoms of the ligand

To determine the nature of Eu—O and Eu—N bonding in P9, we have carried out topological
analysis of the electron densities involved in the corresponding bonds using Bader’s quantum theory
of atoms-in-molecules (QTAIM).>? Consequently, for Eu-O and Eu-N bonds in P9 complex, the
electron density [p], Laplacian of the electron density [V?p], kinetic energy density [G], potential
energy density [V], local energy density [Eq], and the ratio between the kinetic energy density and the
electron density [G/p] at their bond critical points (BCPs) by employing DFT method have been
calculated and reported in Table 5. Following the footsteps of Bogg’s and co-workers,>® we have also
categorized the covalent interactions existing in the above-mentioned bonds. As per the classification,
the Eu—N bonds are of “Type D” covalent bonds satisfying the criteria [(G(rc)/p(rc) < 1 and |Eq(rc)| <
0.005)]. In contrast, the low value of electron density [p(rc) < 0.1] and positive values of V2p(rc) and
Ed(rc) along with the criteria [(G(rc)/p(rc) > 1] indicates that the Eu—O bond is of “W"” category which
infers the weak bonding interaction with some non-covalent (electrostatic) properties leading to the
formation of ionic type Eu—O bond. Among all the Eu-O bonds, the lower values of Eq4(rc) and
(G(rc)/p(rc) also emphasize that the Eu—Onos and Eu—Own2o bonds are less electrostatic as compared to
the Eu—Ovric bonds. From the above discussion, it is clearly evident that the Eu—N bonds are associated
with to some extent covalent character while the non-covalent ionic type electrostatic interaction is
involved in Eu—O bonds in P9 complex. Therefore, the above AIM results are in concurrence with the

NPA analysis.
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Table 5. Calculated Values of Bond Critical Point Electron Density (p in e ao™), Laplacian (V?p in e
ao~), the Local Electron Energy Density (Eq in au), and Ratio of Local Electron Kinetic Energy Density
and Electron Density (G/p in au) in the P9 Complex as Obtained Using B3LYP Method with def-
SV(P) Basis Set.

Complex Bond p V2p G(r)? V(r)° Eqa(r) G(Nlp | Type®
dEu—Ouis 0.034 0.175 0.038 —-0.033 0.005 1.118 w"
*Eu—Ono3 0.036 0.168 0.038 —-0.035 0.004 1.056 w"
‘Eu—Or20 0.035 0.167 0.038 -0.034 0.004 1.086 wr"
9EU-NLic 0.021 0.089 0.019 -0.016 0.003 0.905 D

P9

3G(r) represents the local electron kinetic energy density; "V(r) signifies the local electron potential energy density;
¢“Type” is an indication of type of covalent bonding exists in between the corresponding pair of bonding atoms; “EU-Oyja,
®Eu—Onos, and FEu-Onzo, indicate the average BCP parameters for the Eu—-O bonds where the O atoms belong to the
ligand, nitrate, and water, respectively; SEu—Nyc represents the average BCP parameters for the Eu—N bonds where the
N atoms belong to the ligand.

To confirm the nature of bonding existing between the metal atom and the donor atoms, we
have also performed the energy decomposition analysis (EDA), which is considered as a very effective
tool for quantitative interpretation of chemical bonds in terms of three stabilizing (electrostatic, orbital,
and dispersion) attraction and one destabilizing (Pauli) repulsion components. Table 6 lists the energy
decomposition components like Pauli repulsion energy (AEP®"), electrostatic energy (AE®"), orbital
interaction energy (AE®®), dispersion energy (AEY*P), and the total interaction energy (AE"®") for the
dissociation into the seven fragments (Eu®* + 3T1 + 2NOs~ + H,0) for P9 complex, employing
B3LYP-D3/TZ2P level of theory. From the Table 6, it is clearly evident that the contribution of
electrostatic attraction is more towards the total interaction energy as compared to that of the orbital
interaction. Here, the electrostatic interaction is found to be significant (73.5%) towards the total
interaction energy while the orbital interaction contributes only 23.2% (Table 6). The total interaction

energy (AE™®) has been found to be —1106.9 kcal mol™ for P9 complex.
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Table 6. Calculated Values of Pauli Repulsion Energy (AE™"), Electrostatic Energy (AE®®), Orbital
Interaction Energy (AE°™), Dispersion Energy (AE¥*P), and the Total Interaction Energy (AE™®) (in
kcal mol™) in the P9 Complex for the Dissociation into Fragments (Eu** + 3T1 + 2NOs~ + H20),
respectively, as obtained by using B3LYP-D3 Method with TZ2P Basis Set.

Complexes AEPauIi AEeIec AEorb AEdiSp AEtotaI
P9 3194 -1048.1 -330.4 -47.7 -1106.9
(73.5) (23.2) (3.3)

3Percentage contribution of AE®®, AE®™® and AEYP energy to the total attractive bonding energy are provided within
parenthesis.

The molecular orbitals (MOs) of the Eu®>* complex of T1 have been shown in the Fig.8 for P9
complex. Among these valence MOs, the low-lying MOs (SOMO, SOMO-1, SOMO-2, SOMO-3, etc.)
mainly corresponds to the “p” orbitals of the O atoms of the T1, NOz~, and H20 ligands for P9 complex.
On the other hand, there is a significant contribution of the “f” orbitals of europium along with the “p”
orbitals of the O atoms of the NOs~ ligands in the high lying molecular orbital (LUMO) for the P9

complex as revealed from both the Fig.8.

Fig.8. Molecular Orbital Pictures of the P9 complex, [Eu(T1)3(NO3)2(H20)]*
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In this context, it is interesting to discuss the prospective electrode potentials for the Eu—redox
couple in P9 to compare the stability of the Eu(lll) and Eu(ll) form of P9. Since the most stable
compound is P9 which is also found to be experimentally relevant one, therefore, the geometry of the
neutral [Eu"(T1)3(NO3)2(H20)] complex has also been optimized using the same level of theory. We
have calculated the redox potential based on the following equation

Eox) = Gso|([EU”I(T1)3(N03)2(H20)]+) — Gsol([Eun(T1)3(NO3)2(H20)]) + IP1 — 4.42 versus H*/H; 49,50
..(11)

where the standard hydrogen electrode (SHE) value of 4.42 V is used.”® The B3LYP/def-SV(P)
calculated electrode potential for [Eu"'(T1)3(NO3)2(H20)]"/ [Eu'(T1)3(NOs)2(H20)] system in P9
complex has been found to be —0.56 V vs SHE as obtained by using the equation (11). On the other
hand, the electrode potential for Eu*(aq/Eu®"@q) is reported as —0.35 V vs SHE.*? The electrode
potential of the P9 complex (E12 = —0.56 V vs SHE) is much more negative than that of the hydrated
Eu-complex (Ew2 =-0.35 V vs SHE), which clearly indicate that the L4 ligand destabilizes the divalent
state of Eu.>* Therefore, [Eu'(T1)3(NOs)2(H20)] is lesser resistance to oxidation as compared to
Eu?* (aq)>>°° which implies that the [Eu""'(T1)3(NOs)2(H20)]* complex is more stable than its analogous
[Eu"(T1)3(NOs)2(H20)].

Moreover, we have also calculated the HOMO-LUMO energy gaps (AEgsp) Of the P9, i.e.,
[Eu"(T1)3(NO3)2(H20)]* and [Eu'(T1)3(NOs)2(H20)] complexes and the AEgsp values are 2.175 and
0.938 eV, respectively, as obtained by using B3LYP method with def-SV(P) basis set. Since a higher
value of AEgqp leads to higher stability, thereby, P9 complex of Eu®* is found to be more stable as

compared to its Eu?* counterpart.
Kinetics and thermodynamics

The Dey values were found to increase with an increase in equilibration time upto 60 min, followed by
a plateau. The maximum Dg, value obtained was 60. This exercise indicated that ~ 60 min is required
to achieve the equilibrium. The slower kinetics can be attributed to the high viscosity of the ionic liquid
medium?2,This would slow down the movement of the bulky metal-ligand complex and others, which
subsequently slows down the mass transfer.A similar trend was also reported for liquid-liquid biphasic
mass transfer of Sr?* using substituted crown ethers in different ionic liquid analogs and extraction of
Am?®* using different diglycolamide ligands in ionic liquids. At ambient temperature, 60 min was

required to achieve equilibrium; however, at 40°C and 60°C, the time required was ~ 45 min and 30
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35

30

25

min, respectively (Fig. 9 a). The reduction in viscosity of the ionic liquid can be attributed to the better

mass transfer kinetics, though a reduction in De, was also noticed®*,
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Fig. 9 (a) Kinetics and (b) thermodynamics of liquid-liquid biphasic extractive mass transfer

The Vant Hoff equation correlates the enthalpy change of the extractive mass transfer with the
equilibrium constants®’, which is a direct function of Deu. Fig. 9 (b) depictsthe variation in Dgy value
with temperature. At higher temperatures, the Deyvaluewas found to decrease. It revealed the process
to be exothermic. The change in enthalpy (AH) was estimated as -13.9 kJ mol-from the slope of Fig.
9 (b), whereas the change in Gibbs energy (AG) was estimated as - 20.4 kJ mol, using the equation
below. The negative AG values reveal that the extractive mass transfer is spontaneous. The change in
entropy is estimated as 21.6 J K'*mol™. The enhancement in overall entropy (AS > 0) can be correlated
to the formation of inner sphere complex of Eu®* and release of some water molecules from the primary

coordination sphere of aquated Eu®* ions with 9 water molecules.

AH

lOgKe% == 2.303 RT (12)

AG = 2.303 RTlogK/Y, (13)

AG = AH —TAS (14)
Conclusion

Novel amide ligand, 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)picolinamide in ionic liquid, 1-hexyl-3-
methylimidazolium bis(trifluromethylsulfonyl)imide was exploited for the extraction of Eu®* ions

from the aqueous acidic phase. The extractive mass transfer of Eu** ions followsa cation exchange
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mechanism forming [Eu(L)3(NOz)2]" type complexes. The extractive mass transfer is spontaneous and
exothermic in nature. Though enhancement in entropy during mass transfer suggested the release of
water molecules during complexation,the presence of one water molecule in the metal-ligand complex
was evidenced by DFT calculation.Further, viscosity-induced slower extraction kinetics was observed
at ambient temperature, which was improved by increasing the temperature. It is also evident that the

increase in temperature decreases the extraction efficiency.
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Supplementary Fig. S1: FT-IR Spectrum of 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)-picolinamide (L*)
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Supplementary Fig. S2: 'H NMR (400 MHz) Spectrum of 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)-

picolinamide (L?)
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Supplementary Fig S3: '°C NMR (100 MHz) Spectrum of 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)-
picolinamide (L?)
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Supplementary Fig. S4: DEPT *C NMR (100MHz) Spectrum of 4-Chloro-N-(1-methyl-1H-pyrazol-3-
yl)-picolinamide (L?)

Page 40 of 53



100

~0N

sl
3 S
1, W]l | 1
LI B LR A2 I L 2 I S o v By VT [T TR s Ly SRl sl Nl

T T T T T LA e e e e e e
250 300 350 400 450 500 550 600 650 700 750 800 850 900

Supplementary Fig. S5: LCMS Spectrum of 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)-picolinamide (L*)
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Supplementary Fig. S6: Crystal packing along a, b and c axis of of 4-Chloro-N-(1-methyl-1H-
pyrazol-3-yl)-picolinamide (L)
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Supplementary Table T1: Bond lengths (A) in 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)picolinamide
(L%

Atom | Atom | Length(A) Atom | Atom | Length(A)
ClL |C2 |[1372(2) N4 | C9 1.3425(19)
CL |c4 |1.380(2) N4 | N3 1.3577(16)
Cl |clil |1.7379(16) N4 | cC10 1.4447(19)
N1 |C3 |1.33502) c4 |cs 1.383(2)
N1 |C5 |1.3393(18) N3 | C7 1.3244(18)
o1 |c6 |1.2161(18) c7 |cs 1.398(2)
N2 | C6 |1.3462(19) c6 |cCs5 1.506(2)
N2 | C7 | 1.3945(18) c8 | c9 1.367(2)
c2 |c3 |137602)

Supplementary Table T2: Bond angles (°) in 4-Chloro-N-(1-methyl-1H-pyrazol-3-yl)picolinamide
(L)

Atom | Atom | Atom | Angle (°) Atom | Atom | Atom | Angle (°)

C2 Cl C4 120.32(15) N3 C7 N2 117.31(12)
C2 Cl Cl1 120.19(12) N3 C7 C8 112.45(13)
C4 C1l Cl1 119.49(13) N2 C7 C8 130.23(13)
C3 N1 C5 116.82(14) 01 C6 N2 124.84(14)
C6 N2 C7 126.32(12) 01 C6 C5 121.80(14)
C1 C2 C3 118.10(15) N2 C6 C5 113.35(12)
C9 |N4 |N3 |111.90(12) N1 C5 |C4 |124.08(14)
C9 N4 C10 |128.03(13) N1 C5 C6 116.96(13)
N3 N4 C10 | 120.06(12) C4 C5 C6 118.96(13)
C1 C4 C5 117.02(14) C9 C8 C7 104.04(13)
C7 N3 N4 103.99(11) N4 C9 C8 107.62(13)
N1 C3 C2 123.64(15)
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check CIF/PLATON report

Structure factors have been supplied for datablock(s) shelx

THIS REPORT IS FOR GUIDANCE ONLY. I[F USED AS PART OF A REVIEW PROCEDURE FOR
PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: shelx

Bond precision: C-C = 0.0020 A Wavelength=0.71073

Cell: a=5.6626(16) b=9.196(2) c=20.664(5)
alpha=90 beta=95.218(9) gamma=90
Temperature: 296 K
Calculated Reported
Volume 1071.6(5) 1071.5(5)
Space group P 21/c P 21/c
Hall group -P 2ybc -P 2ybc

Moiety formula
Sum formula

Cl10 H9 Cl1 N4 O
Cl10 H9 Cl1 N4 O

?

Cl10 H9 Cl1 N4 O

Mr 236.66 236.66

Dx,g cm-3 1.467 1.467

Z 4 4

Mu (mm-1) 0.339 0.340

F00O0 488.0 488.0

F00OQ” 488.75

h, k, lmax T,12,27 7,12,27
Nref 2710 2694

Tmin, Tmax 0.849,0.903 0.689,0.746
Tmin’ 0.844

Correction method= # Reported T Limits:

AbsCorr = MULTI-SCAN

Data completeness= 0.994

R(reflections)= 0.0404( 2222)

s =1.038

Npar= 146
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Tmin=0.689 Tmax=0.746

Theta (max)= 28.439

WwR2 (reflections)=
0.1010( 2694)



The following ALERTS were generated. Each ALERT has the format
test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

¥ Alert level C

PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ...... 2.621 Check
PLAT911_ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0.600 8 Report
PLAT913_ALERT_3_C Missing # of Very Strong Reflections in FCF .... 6 Note
“ Alert level G

PLATOQ07_ALERT 5_G Number of Unrefined Donor-H Atoms .............. 1 Report
PLAT883_ALERT _1_G No Info/Value for _atom_sites_solution_primary Please Do !
PLAT910_ALERT_3_G Missing # of FCF Reflection(s) Below Theta (Min). 2 Note
PLAT912_ALERT 4_G Missing # of FCF Reflections Above STh/L= 0.600 6 Note
PLAT978_ALERT_2_G Number C-C Bonds with Positive Residual Density. 7 Info

0 ALERT level A = Most likely a serious problem - resolve or explain
0 ALERT level B = A potentially serious problem, consider carefully
3 ALERT level C = Check. Ensure it is not caused by an omission or oversight
5 ALERT level G = General information/check it is not something unexpected
1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
1 ALERT type 2 Indicator that the structure model may be wrong or deficient
4 ALERT type 3 Indicator that the structure guality may be low
1 ALERT type 4 Improvement, methodology, query or suggestion
1 ALERT type 5 Informative message, check
Datablock shelx - ellipsoid plot

- Prob = 50
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Supplementary Fig. S 7: Emission spectra for Eu** complex with L1, L2 and L3 in ionic liquid
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Theoretical studies

Supplementary Fig.S8. Optimized structures of Ligand-1 (L1), Ligand-2 (L2), and Ligand-3
(L3) as obtained by using B3LYP method and def-SV(P) basis set. The white, dark green, pink,
red, and blue represent H, C, N, O, and Br atoms, respectively.
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P1
[Eu(T1)s(NOs)2]*  {CN =10}

3 T1 (bidentate) + 2 NOs~ (bidentate)

Bidentate T1 Ligand = N-donor of pyridine
and O-donor of amide

[Eu(T1)3(NOs)2]* {CN =8}
3 T1 (bidentate) + 2 NOs~ (monodentate)

Bidentate T1 Ligand = N-donor of pyridine
and O-donor of amide

[Eu(T1)3(NOs)2]* {CN =8}

2 T1 (bidentate) + 1 T1 (monodentate) + 1
NOs~ (bidentate) + 1 NOz~ (monodentate)

Bidentate T1 Ligand = N-donor of pyridine
and O-donor of amide
Monodentate T1 Ligand = O-donor of
amide

[Eu(T1)3(NOs)2]*

{CN=8}

2 T1 (bidentate) + 1 T1 (monodentate) + 1
NOs~ (bidentate) + 1 NO3~ (monodentate)

Bidentate T1 Ligand = N-donor of pyrazole
and O-donor of amide
Monodentate T1 Ligand = O-donor of amide
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P5
[Eu(T1)s(NOs)2]*  {CN=10}

3 T1 (bidentate) + 2 NOs~ (bidentate)

2 Bidentate T1 Ligand = N-donor of
pyrazole and O-donor of amide

1 Bidentate T1 Ligand = N-donor of
pyridine and O-donor of amide

[Eu(T3)s(NO3)]*  {CN =9}

2 T3 (bidentate) + 1 T3 (monodentate) + 2
NOz~ (bidentate)

Bidentate T3 Ligand = N-donor of pyridine
and O-donor of amide
Monodentate T3 Ligand = O-donor of amide

P7
[Eu(T3)3(NOs)2]* {CN =10}

3 T3 (bidentate) + 2 NOs~ (bidentate)

Bidentate T3 Ligand = N-donor of pyridine
and O-donor of amide

P8
[Eu(T3)3(NOs)2]*

{CN =9}
3 T3 (bidentate) + 1 NO3~ (bidentate) + 1
NOs~ (monodentate)

Bidentate T3 Ligand = N-donor of pyridine
and O-donor of amide
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P9
[Eu(T1)s(NO3)2(H20)]*  {CN =10}

3 T1 (bidentate) + 1 NOs~ (bidentate) + 1
NO3~ (monodentate) + 1 H,O (monodentate)

Bidentate T1 Ligand = N-donor of pyridine
and O-donor of amide

P10
[Eu(T1)3(NOs)2(H20)]* {CN =10}
2 T1 (bidentate) + 1 T1 (monodentate) + 2
NO3~ (bidentate) + 1 H,O (monodentate)

Bidentate T1 Ligand = N-donor of pyridine
and O-donor of amide
Monodentate T1 Ligand = O-donor of amide

P11
[Eu(T1)3(NO3)2(H20)]*

{CN =9}

1 T1 (bidentate) + 2 T1 (monodentate) + 2
NOs™ (bidentate) + 1 H.O (monodentate)

Bidentate T1 Ligand = N-donor of pyridine
and O-donor of amide
Monodentate T1 Ligand = O-donor of amide

P12
[Eu(T1)3(NOz3)2(H20)]*

{CN =8}

1 T1 (bidentate) + 2 T1 (monodentate) + 1
NOs~ (bidentate) + 1 NO3~ (monodentate) +
1 H20 (monodentate)

Bidentate T1 Ligand = N-donor of pyrazole
and O-donor of amide
Monodentate T1 Ligand = O-donor of amide
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P13
[Eu(T1)s(NOs)2(H20)]*  {CN =9}

2 T1 (bidentate) + 1 T1 (monodentate) + 1
NOs~ (bidentate) + 1 NO3~ (monodentate) +
1 H,0 (monodentate)

Bidentate T1 Ligand = N-donor of pyrazole
and O-donor of amide
Monodentate T1 Ligand = O-donor of amide

P14
[Eu(T1)3(NO3)2(H20)]* {CN =8}
2 T1 (bidentate) + 1 T1 (monodentate) + 2
NOz~ (monodentate) + 1 H.O (monodentate)

Bidentate T1 Ligand = N-donor of pyrazole
and O-donor of amide

P15
[Eu(T1)3(NO3)2(H20)]*

{CN =10}

2 T1 (bidentate) + 1 T1 (monodentate) + 2
NOs~ (bidentate) + 1 H,O (monodentate)

1 Bidentate T1 Ligand = N-donor of
pyrazole and O-donor of amide
1 Bidentate T1 Ligand = N-donor of pyridine
and O-donor of amide
Monodentate T1 Ligand = O-donor of amide

Monodentate T1 Ligand = O-donor of amide

P16
[Eu(T2)3(NOz3)2(H20)]*

{CN=8}

1 T2 (bidentate) + 2 T2 (monodentate) + 1
NOs~ (bidentate) + 1 NO3~ (monodentate) + 1
H20 (monodentate)

Bidentate T2 Ligand = N-donor of pyrazole
and O-donor of amide
Monodentate T2 Ligand = O-donor of amide
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P17
[Eu(T2)s(NO3)2(H20)]*  {CN=7}

1 T2 (bidentate) + 2 T2 (monodentate) + 2
NO3~ (monodentate) + 1 H,O (monodentate)

Bidentate T2 Ligand = N-donor of pyrazole
and O-donor of amide
Monodentate T2 Ligand = O-donor of amide

P18
[Eu(T3)3(NO3)2(H20)]* {CN =10}
3 T3 (bidentate) + 1 NOs~ (bidentate) + 1

NOz~ (monodentate) + 1 H.O (monodentate)

Bidentate T3 Ligand = N-donor of pyridine
and O-donor of amide

P19
[Eu(T3)3(NO3)2(H20)]* {CN =09}
1 T3 (bidentate) + 2 T3 (monodentate) + 2
NOs™ (bidentate) + 1 H.O (monodentate)

Bidentate T3 Ligand = N-donor of pyridine
and O-donor of amide
Monodentate T3 Ligand = O-donor of amide

P20
[Eu(T3)3(NO3)2(H20)]*

{CN =10}

2 T3 (bidentate) + 1 T3 (monodentate)+ 2
NOs~ (bidentate) + 1 H.O (monodentate)

Bidentate T3 Ligand = N-donor of pyridine
and O-donor of amide
Monodentate T3 Ligand = O-donor of amide
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P21
[Eu(T4)3(NO3)2(H20)]* {CN =9}

3 T4 (monodentate) + 2 NO3~ (bidentate) + 1 H.O (monodentate)

Monodentate T4 Ligand = O-donor of amide

Supplementary Fig. S9. Optimized structures of [Eu(L4)3(NOs)2]* (P1-P8) and
[Eu(L4)3(NO3)2(H20)]* (P9-P21) where L4 = T1, T2, T3, and T4, as obtained by using B3LYP
method and def-SV/(P) basis set. The white, dark green, pink, red, saffron, and violet represent H,

C, N, O, Cl, and Eu atoms, respectively.
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