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New preorganised 1,2‐diamide functionalised, bidentate ligand‐
embedded hydrophobic ionic liquids (DAILs) were synthesised,
which enabled efficient extraction of lanthanides from an aqueous
phase. The selective metal binding ability of the functionalised ionic
liquid was examined by NMR, FTIR and a structure optimisation
calculation. The selective liquid‐liquid extraction behavior with
DAILs was demonstrated.
During the past two decades, interest in developing hard‐donor
complexing agents that are promising extractants for the
separation of lanthanides from other metals has received
significant attention.1 Among the most studied cases are those
containing either the phosphoryl oxygen (e.g. phosphine oxides,
phosphonates, etc.), carbonyl oxygen (e.g. amides) and a
mixture of both (carbamoyl phosphine oxides) as donors.2 Since
the vast majority of amides remain unprotonated in acidic
media, suitably substituted amide‐based ligands have been a
subject of extensive research as potential extractants for these
metals. For example, a class of substituted malonic diamides3
and tetraalkyl‐diglycolamides that were extensively examined
with emphasis on the properties of tetraoctyl‐diglycolamide
(TODGA)4 which was utilised, diluted with a hydrocarbon, as an
extractant for Pu(IV), Np(IV), Am(III), and Cm(III). The
extractability of TODGA toward many other metals, and its high

extractive capacity was demonstrated to allow its application as
a promising extractant, as well.5 TODGA has been extensively
evaluated for the separation of actinides(III) and lanthanides(III)
from a highly radioactive PUREX raffinate in both batch and
centrifugal extractor experiments.6 The use of ionic liquids for
selective rare earth extraction from an aqueous phase has been
reported earlier as beneficial due to their non‐volatile nature,
phase behaviour and high recovery rate.7
In all common diamide ligands known so far as extractants for
lanthanides and actinides, the ligating unit appears to exhibit a
lower degree of pre‐organisation. To our knowledge, there is
only one report in the literature where a ligand with an
1,2‐diamide unit embedded in a six‐membered ring is used to
generate a complex with La3+ with other associated nitrate
co‐ligands.8 This cyclic structural feature would provide rigidity
and pre‐organisation. In this communication, we describe the
synthesis of a novel 1,2‐diamide‐functionalised ionic liquid
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Scheme 1: Synthetic scheme for the synthesis of diamide ionic liquids (DAILs); a,
heated to 80 °C for 24h; b, treated with 1‐alkanal followed by, c, NaBH4; d, heated
to 80 °C for 24h with diethyl oxalate; e, treated with CH3I followed by metathesis
with Lithium bis‐triflimide

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1‐3 | 1

Please do not adjust margins

Please do not adjust margins
COMMUNICATION

Journal Name

(DAILs) system where the ligating unit is placed in a rigid six‐
membered ring (see Scheme 1) to be used as a recyclable
hydrophobic extractant for lanthanides and actinides. The
design of DAILs consists of methylmorpholinium or
diethylmethylammonium cationic head groups, 2,3‐pyrazolone
middle unit possessing bidentate ligating ability towards rare
earth metal ions and a hydrophobic decyl chain coupled with a
hydrophobic, bis‐triflimide anion. The inherent rigid geometry
of the diamide unit embedded in DAILs is expected to display
unique complexation abilities towards lanthanides while the
hydrophobic tail (C8 and C10) and the associated bis‐triflimide
anion (NTf2) would facilitate the extraction of such metals from
an aqueous phase to a hydrophobic domain. Moreover, in
comparison to flexible linear amide ligands, the ring‐embedded
amide structures, similar to compounds that are described
here, are expected to be hydrolytically more stable at low pH.
One such pre‐organised bicyclic ligand based on malondiamide
which is structurally different to ours is described in the
literature9 where a comparison with a linear malondiamde was
made.
It has to be stressed that these ligands were
incorporated to another ionic liquid as additives. Here, our
preorganised ligand appended ionic ligands are subjected to an
examination by a liquid‐liquid extraction study, NMR and FTIR
investigation and a theoretical calculation showing ligand
geometries around a lanthanide ion.
Metal extraction studies
Both DAIL‐1 and DAIL‐2 were found to be highly viscous ionic
liquids and hence, to facilitate metal extraction studies, they
were mixed with trihexyltetradecyl phosphonium bis‐triflimide,
[P6 6 6 14][NTf2], to generate a 0.005 M solution of the active ionic
liquid (binary ionic liquid). An equivolume mixture of this binary
IL (DAIL‐1 and ([P6 6 6 14][NTf2]) and an aqueous feed containing
metal ions were contacted in a shaker for 30 min. and then
subsequently subjected to centrifugation to obtain two clear
phases. This process was carried out at various pH values. The
aqueous phases were separated out and analysed by ICP‐OES.
Figure 1 shows the variation of distribution ratio of various
metal ions as a function of pH.

It can be seen that the uptake of metal ions increases with the
increase in pH of the aqueous feed. Furthermore, high
distribution ratio of rare earth metals over other transition and
base metals indicated high selectivity of DAIL for rare earth
metals.
As expected, on decreasing acidity of aqueous feed, an increase
in the distribution ratio (DM) was observed for all metals
extracted, as shown in Figure 1. This is due to the competition
between H+ and Mn+ towards the ligand bearing ionic liquid.
Metal ions such as Mg2+ and Co2+ were not extracted at all. As
typical for these types of amide ligands, higher distribution
ratios were associated for the extractability of heavier
lanthanide ions. Very high extractability of lanthanides over
other metals provides an opportunity to selectively separate
the former ones. Furthermore, other co‐extracted metal ions
(e.g. Zn2+, Ni2+, etc., having D values less than 0.08; (see ESI Table
S1 for distribution constants obtained for a selection of metal
ions) can be easily scrubbed out with feed acid solutions leaving
behind the lanthanides loaded ionic liquid phase, and thereby
providing very efficient separation factors.10 The absence of
softer amine donor ligands in DAIL is responsible for the lower
affinity towards common 1st row transition metal ions.11
Moreover, the hydrolytic stability of the DAILs in acidic media
was investigated by NMR spectroscopy, in order to establish
their longevity for reuse. In CD3OD/D2O (80/20 v/v) saturated
with hydrochloric acid, DAILs showed no sign of decomposition
even after a week. In general, simple linear amides are prone to
slow hydrolysis in acidic media.12
A comparison was made between the performance of DAIL‐1
and other diamide extractants (both non‐ionic and ionic
systems) reported in the literature with regards to the D values.
Despite having D values sometimes better and at times lower,
DAIL‐1 shows excellent selectivity for heavier lanthanides and
displays superior separation factors with respect to other
systems (see ESI Table S2).
Infrared investigation
In this study, two lanthanide family metal ions, vis, La3+ and Lu3+
were treated with DAIL‐1 (maintaining [M3+]:[DAIL] = 1:3) and
the complexes thus obtained were analysed by FTIR. Figure 2
shows the FT‐IR spectra of DAIL, La3+‐DAIL and Lu3+‐DAIL
complexes. The observed significant downward shift to lower
wave numbers for the carbonyl group stretching frequency
from 1672 cm‐1 to 1648 cm‐1 indicated the presence of a strong
interaction of carbonyl oxygen of the amidic moiety with metal

Figure 1: Distribution ratio of various metals in acidic feed solutions. D (M) =
[M]org./[M]aq., organic phase = 0.005 M DAIL‐1 and aqueous phase = 200 ppm (La,
Lu, Sm) and 400 ppm (Mg, Ni, Co, Zn) dissolved in HCl.
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to complexation with La3+ was also observed in 1H NMR (see
ESI).

DAIL‐2 + La3+

DAIL‐2

160

Figure 2: Infrared spectra of DAIL‐1‐lanthanide complexes, focused on the
carbonyl stretching region. [M3+]: [DAIL‐1] = 1:3; all samples were used in neat
form without invoking any solvent.

ions. This type of La‐O bond formation leads to reducing the
bond order of the amide carbonyl group resulting in the changes
seen in the FTIR spectra.13 This is also indicative of the presence
of the significant proportion of negative charge on the carbonyl
oxygen due to delocalisation of lone pair on the amide nitrogen
(see below and also see ESI Scheme A for comparison with bis‐
malonamide resonance structures).
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Notably, no significant changes in the FTIRs were observed in
the 1520‐1300 cm‐1 region. The subtle frequency changes (of
γC=O) observed for La3+‐DAIL and Lu3+‐DAIL can be attributed to
the differences in charge densities of the two metal ions.
NMR Investigation
The metal ion complexation with DAIL‐1 was examined, both
qualitatively and quantitatively, by 1H and 13C NMR
spectroscopy. Notably, apart from hard ‘oxo’ donor atoms, no
soft donor groups are present in DAIL. The amide carbonyl
group that is more adjacent to the cationic unit is expected to
have a slightly less donor ability in comparison to the other. The
stacked 13C NMR spectra shown in the Figure 3 display two
different signals, at δ 157 and 159 (see the expanded region of
the NMR), for the dissymmetric amide carbonyl groups where
the down field signal (δ 159) can be attributed to the amide
group that is in close proximity to the positive charge.
Diamagnetic lanthanide metal, La3+ was chosen for obvious
reasons for NMR examination of complexation. As expected,
both carbonyl signals were shifted down‐field14 after
complexation with La3+. Other notable changes occurred ~ δ 48
with subtle changes seen δ 24‐30. Similar spectral changes due
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Figure 3: Stacked partial 13C NMR spectra obtained with; Bottom: DAIL‐2 (15 mM)
and Top: an equimolar mixture DAIL‐2 and La3+ (15 mM) in CD3CN. Inset (at the
top): expanded region (δ 170‐115) of the spectra showing the positions of the two
amide carbonyl signals before and after complexation.

This qualitative NMR study led to carrying out a NMR titration
in order to analyse the complexation process closely. The study
was done with DAIL‐1 and LuCl3 in CD3OD using 1H NMR
spectrometry. Systematic changes in 1H NMR that occurred due
to Lu3+ complexation are shown in the stack plot depicted in
Figure 4. A plot of the chemical shift changes that occur in the
peak at δ 3.07 due to the variation in the metal ion
concentration versus the Lu3+ metal ion concentration is
depicted in the Figure 5. This graph of Δδ (difference in the
chemical shift = δM ‐ δM0) against [Lu3+] exhibits a typical shape
for a binding isotherm, i.e. a gradient followed by a plateau.
The metal ion concentration at the approximate position where
the gradient changes to a plateau is 0.012 M indicating the
stoichiometry of the Lu3+: DAIL‐1 in the metal complex is 1:3.
Even though rare earth metal ions are capable of
accommodating up to ten ligating groups in their coordination
sphere, the presence of a positive charge on the ligating motif
of DAILs and some associated steric factors appear to have
curtailed the number of DAIL‐cations surrounding the metal
ion.15 A closer examination of the plateau region of Figure 5
reveals that there is a slight gradient in this region which
appears to suggest the difficulty in accommodating another
DAIL‐cation into the metal coordination sphere already having
three DAIL cations. A further verification for these observations
may be unearthed from a theoretical structure optimisation
study.
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Figure 6: A bar chart showing the recycling efficiency DAIL‐1 ionic liquid towards
La3+ ion. This shows 3 consecutive cycles featuring an extraction step followed by
stripping and pH adjusting steps
Figure 4: Stacked partial 1H NMR spectra (400 MHz) featuring the NMR titration of
DAIL‐1 (0.1 M) with LuCl3∙6H2O (0.05 M) in deuterated methanol.

very good recyclability of the DAIL‐1 was demonstrated with 3
recycles. Protonation of the carbonyl function in strongly acid
medium is responsible for the release of the lanthanide ion. We
believe, larger scale operations would bring even better
recyclability of the ionic liquid ligand since the thin layer of ionic
liquid on the wall of the glass vessel could not be easily
recovered.
Geometry Optimisation by DFT

Figure 5: A plot depicting the change in shift (Δδ in ppm) of the proton belonging to
DAIL‐1 at 3.07 ppm on increasing the concentration of LuCl3∙6H2O in deuterated
methanol, at 25 oC, obtained through an NMR titration. The concentration of DAIL‐1 =
0.1 M. The ratios given at each point relate to [DAIL‐1]:[Lu3+]

Recycling study
A recycling study of DAIL‐1 was carried out with a stock solution
of La(III) (37 ppm) which was buffered at pH = 4. Arsenazo III
dye16 that is sensitive to lanthanides ions was utilised to assess
the interaction of metal ion with DAIL‐1 by analysing the
aqueous phase post complexation. The extracting phase (DAIL‐1
in [P6 6 6 14][NTf2] was stripped off the metal ions by contacting
with dilute HCl (pH=0.5) once and then the aqueous phase was
analysed for La3+ using the Arsenazo III, colorimetric dye (by UV‐
Vis spectrophotometry). A second extraction of the with dilute
HCl (pH = 0.5) showed that one extraction was sufficient to strip
off all complexed lanthanide ions. As shown in Figure 6,

Finally, we undertook a theoretical study on the complexation
modes of La with a simplified structural unit of DAILs. To simplify
and ease the calculation, bulkier octyl or decyl groups on one
amide N were replaced by methyl groups. The optimised
geometry of such a La3+‐DAIL‐2 complex is shown in Figure 7.
The complex conforms to an eight‐ligating coordinate system
involving one bis‐triflimide anion and six oxygen atoms
originating from six amidic moieties of 3 DAIL cations. It is also
observed that the two oxygen (in amidic moiety) atoms in a
single DAIL unit form two bonds to La3+ with different bond
lengths; 2.51 Å and 2.72 Å. This is to be expected because the
electron density on the amide oxygen which is adjacent to the
quaternary ammonium group would be lower compared to
other amide in the ring. The inductive electron withdrawal of
the quaternary ammonium group is responsible for the
differences in electron densities on the two amide oxygens. It
should also be noted that these simulated Ln3+‐O (amide) bond
lengths are comparable to those observed by others using X‐ray
crystallography.17
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subjected to vibrational frequency determination wherein the
absence of imaginary harmonic frequencies confirmed the
attainment of a local minimum of the total energy. To ease the
electronic structure calculations, the bulkier alkyl groups (e.g.
octyl or decyl) were replaced by methyl groups.

Figure 7: Optimised geometry of La3+‐DAIL‐2 complex incorporating one bis‐
triflimide anion in the coordination sphere.§

Conclusions
In conclusion, we have synthesised a novel ionic liquid system
with an embedded 1,2‐diamide structure for extracting rare
earth metals from an aqueous phase containing other metal
such as Ni2+, Co2+, Mg2+, Zn2+ and Ca2+. NMR, FTIR and extraction
studies provides an insight into modes of complexation and
further clarifications emanating from theoretical calculations. In
general, linear amide structures are prone to slow hydrolysis in
acidic media, whereas these cyclic amides are structurally
robust and resist hydrolysis prolonging their life time. These
functionalised ionic liquids may provide a way to process
minerals containing rare earth metals.
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§ Optimization the charged (+5) La3+‐DAIL‐2 complex geometry
was done using NWCHEM 6.618 using the BP86 functional with
Def2‐SVP basis set for each element except lanthanum, for which
an effective core potential (Def2‐ECP) was used. Dispersion (van
der Waals) interactions were also accounted for using the
Grimme’s D3 correction. The charged complex was subsequently
micro‐solvated by adding five bistriflimide anions leading to a
neutral cluster. The optimisation of the neutral cluster geometry
was done using MOPAC 201619 using the sparkle/PM7 semi‐
empirical method.20 The optimized cluster geometry was then
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