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Abstract: The investigation of the extraction properties of a series of polyoligodentate B-aminophosphine oxides 1-8 bearing from one to six
phosphine oxide groups in a molecule towards Ln(lll) and alkaline earth metals ions from neutral media has revealed that, using
common diluents, the extraction efficiency increases with an increase of a number of P=0 functions in a ligand. The addition of ionic
liquid, namely 1-butyl-3-methylimidazolium bis|(trifluoromethyl)sulfonyljimide ([bmim][NTf,]), significantly increasing the exiraction
efficiency and application of IL concentration of 0.05 M (in 1,2-dichloroethane) providing the maximum recovery of metal ions with
Lu/La separation factor reaching up to 91. Hexapodal tris[bis (2-diphenylphosphorylethyl)aminoethyl]amine 8 demonstrates the highest
extraction under all conditions applied and the separation factor for U and Eu of this compound exceeded 10°.
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1. Introduction

B-Aminophosphoryl compounds are shown to exhibit a
wide range of bioactivities such as antibacterial, anti-
HIV, and protease-inhibiting activities [1,2]. At the same
time, despite the presence of two donor centers, their
coordination potential seems to be underappreciated
[3-6]. However, the complexing properties of some
representatives of [B-aminophosphoryl derivatives
evidencetheirusefulnessinthe construction of catalytically
active metal complexes, as was demonstrated for
ruthenium catalyzed asymmetric transfer hydrogenations
[7-9], design of selective ionophores or membrane
carriers [10,11] as well as liquid-liquid extraction
processes. Nevertheless, to the best of our knowledge
the investigations in this area are limited to the above
mentioned publications and are especially scarce in the
field of extraction where the known data concern the
extraction from acidic media of some Ln(lll) ions [12],
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U [13], and | and Il group metals as well as transition
ones [14] with only a few ligands.

Recently we have developed a practical, efficient,
easy-to-scale, and cheap synthetic approach to
B-aminophosphoryl compounds via the aza-Michael
reaction in water in the absence of any catalyst or co-
solvent [15-17]. In contrast to the classical procedures
suggested previously for this reaction, the aqueous
version can readily provide, depending on the reactant
ratio, bothcommonmonophosphorylethylamines andtheir
bisphosphorylated analogues. Owing to the quantitative
yields of products in most cases, the compounds of both
types could be isolated via simple freeze-drying of the
reaction mixtures.

Taking into account the complexing properties of these
compounds and their easy availability via the suggested
synthetic methodology, it seems reasonable to perform the
systematic study of their extraction properties in order to
estimate the influence of a ligand structure, including the
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amount of phosphoryl groups, and extraction conditions
on the extraction efficiency. Herein, we report the
results of this study towards lanthanide(lll) and alkaline
earth metal ions, obtained using both common diluents
and their mixtures with 1-butyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide ([bmim][NTf,]) ionic
liquid. Structure-extraction properties relationships are
also revealed.

2. Experimental procedure

2.1. General remarks

All chemicals were purchased as reagent grade from
Acros and Aldrich and used without further purification.
The NMR spectra were recorded on a Bruker AMX-
400 instrument. The chemical shifts (5) were internally
referenced by the residual solvent signals relative to
tetramethylsilane ('H and ™C) or externally to H,PO,
(®'P). IR spectra were recorded on a Magna-IR 750
FTIR spectrometer (Nicolet Co., resolution 2 cm”,
scan number 128, KBr pellets). Melting points were
determined with an Electrothermal 1A9100 Digital
Melting Point Apparatus and were uncorrected. 1-Butyl-
3-methylimidazolium bis[(trifluoromethyl)sulfonyllimide
([bmim][NTf,]) was prepared and purified according to
the published procedure [18]. Chemical and analytical
grade nitrobenzene, 1,2-dichloroethane, 1,1,2,2-
tetrachloroethane, and chloroform were used as
diluents.

2.2. Synthesis of the ligands
The ligands 1-4,7,8 were obtained via the procedures
described by us previously and their physicochemical
constants fit well with the reported literature data [16].
The novel ligands 5, 6 were prepared by the same
aqueous methodology from m-xylylenediamine and
diphenylvinylphosphine oxide used in 1:2 and 1:4 ratio,
respectively.
1,3-Bis{[(diphenylphosphoryl)ethylJaminomethyl}
benzene (5). Diphenylvinylphosphine oxide (1 g,
4.4 mmol) was added to a solution of m-xylylenediamine
(300 mg, 2.2 mmol) in water (5 ml) at room temperature
and resulting mixture was stirred at 100°C for 5 h. The
solvent was removed by freeze-drying to give 5 as an
off-white hydroscopic powder (380 mg, 95%). M.p. 75°C;
¥P NMR (162 MHz, CDCI,) &, 31.43; '"H NMR (400
MHz, CDCI,) 8, 1.70 (br. s, 2H, NH), 2.52 (dt, 4H, 2J,, =
11.2Hz,3%J,,,=7.4Hz, PCH,), 2.96 (dt, 4H, *J,,, = 11.6 Hz,
%J,, = 7.4 Hz, NCH,), 3.69 (s, 4H, CH,CH,), 7.03-7.21
(m, 4H, CH,), 7.38-7.51, 7.62-7.74 (both m, 12H+8H,
C,H,); ®C NMR (101 MHz, CDCl,) 8. 29.94 (d, "J.; =
71.0 Hz, PCH,), 42.09 (NCH,), 53.19 (CH,CH,), 126.35

(C4, C®), 127.34 (C*®), 128.08 (C?), 128.34 (d, °J,. = 11.6
Hz, m- CH,), 130.34 (d, ?J,. = 9.3 Hz, o- CH,), 131.42
(p- CH,), 132.67 (d, 'J,, = 98.5 Hz, ipso- C), 139.59
(CY, C%); IR (KBr, v, cm™): 1181 (P=0), 3286 (NH), 3316,
3350 (br., H,0); Anal. Calcd for C,;H,,N,O,P,*1.5 H,O:
C, 69.79; H, 6.14; N, 4.52%. Found: C, 69.91; H, 6.38;
N, 4.58%.
1,3-Bis{(N,N-bis[(diphenylphosphoryl)ethyl])
aminomethyl}benzene (6) was prepared in an analogous
manner from diphenylvinylphosphine oxide (0.68 g,
3 mmol) and m-xylylenediamine (100 mg, 0.75 mmol)
over 24 h. After freeze-drying the crude product was
purified by column chromatography (SiO,, CHCI,:
methanol, 100:5). Off-white powder (465 mg, 60%); m.p.
142°C; P NMR (162 MHz, CDCl,) 5, 31.45; '"H NMR
(400 MHz, CDCl,) &, 2.31-2.35 (m, 8H, PCH,), 2.74-
2.78 (m, 8H, NCH,), 3.42 (s, 4H, CH,CH,), 6.91-6.92
(m, 3H, CH,), 7.02 (t, 1H, 3J,, = 6.9 Hz, CH,), 7.38-
7.46,7.60-7.67 (both m, 24H+16H, CH,); *C NMR (101
MHz, CDCl,) &, 30.02 (d, 'J,. = 70.0 Hz, PCH,), 45.15
(NCH,), 65.23 (CH,C_H,), 126.35 (C?, C*), 128.10 (C?),
129.03 (C®), 130.15 (d, 3J,. = 11.2 Hz, m- C H,), 130.64
(d, 2J,c = 9.0 Hz, o- CH,), 132.26 (p- CH,), 132.84
(d, "Jpe = 97.5 Hz, ipso- C), 139.15 (C', C®); IR (KBr,
v, cm”): 1180 (P=0), 3429 (br., H,0); Anal. Calcd for
C.,H,NO,/P, C, 73.27; H, 6.15; N, 2.67%. Found: C,

64' ‘64 24 4

72.88; H, 5.90; N, 2.43%.

2.3. Extraction properties
Extractant solutions in the organic diluents were prepared
from precisely weighed amounts of the reagents. The
initial concentration of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, Y, U, Th, Ca, Sr, and Bawas 1x10°M
for each element. All lanthanides (Ill) (except Pm) were
present in the initial aqueous phase when simultaneous
extraction of Ln(lll) was studied. The experiments
were carried out in ampoules with ground stoppers at
20-25°C. The volumes of both organic and aqueous
phases were equal to 2 mL. The solution was stirred
on a rotary mixer for an hour to achieve the equilibrium.
Preliminary experiments showed that this time period
was more than sufficient for chemical equilibrium to be
reached. After the extraction, 0.5 mL of the aqueous
solution was taken for further analysis. A portion of the
organic phase was transferred to another glass tube,
and an equal volume of the 1-hydroxyethane-1,1-
diphosphonic acid solution was added. The mixture was
shaken for 20 min resulting in back extraction of used
element (Ln(lll), U(IV), Th(IV), Ca(ll), Sr(Il), and Ba(ll))
into the aqueous phase.

Metal concentrations in the initial and equilibrium
aqueous solutions after extraction and back extraction
were determined by inductively coupled plasma mass-
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Scheme 1. General method for the synthesis of B-aminophosphoryl compounds via the aza-Michael reaction in water.

spectrometry (ICP-MS) on a X-7 mass spectrometer with
quadrupole mass analyzer (Thermo Scientific, US) [19].
The distribution ratios of metal ions (D) were calculated
as the ratio of concentrations in the equilibrium organic
and aqueous phases. The duplicate experiments
showed that the reproducibility of the D measurements
was generally within 10%.

3. Results and discussion

3.1. Synthesis of the ligands

The ligands 1-8 used in the study were obtained starting
from diphenylvinylphosphine oxide and primary amines
or polyamines, according to the general route depicted in
the Scheme 1. Note that different ratios of the reactants
allowed to synthesize the ligands differing not only in the
main molecular scaffold and substituents at the nitrogen
atom but also in the amount of diphenylphosphoryl
groups in a molecule.

3.2. Extraction properties

3.2.1. Extraction of lanthanides(lll) from neutral media
Taking into account that the protonation of the amine
nitrogen atom in an acidic medium will result in P(O)-
monodentate extractants instead of P(O),N-bidentate
ones (vide infra), all extraction studies were performed
in neutral media.

It is well known, that lanthanide(lll) ions are
extracted with neutral organophosphorus compounds
as solvates LnL A, (where L is a neutral extractant, A
is a counterion, and s is Ln:L stoichiometric ratio), and
hydrophobicity of solvates formed and their transfer to
the organic phase are highly depended on the nature
of a counterion. So the Eu(lll) extraction efficiency from
1 M NH,CI, 1 M NH,NO, and 1 M NH,CIO, solutions
using 0.01 M solution of representative compound 7 in
1,2-dichloroethane increases in a series NH,Cl(logDEu
=-1.80) < NH,NO,(logDEu = 0.07) < NH,CIO,(logDEu
= 1.70) along with the decreasing hydration energies
of the relevant anions. At the same time, the nature
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Dependence of Eu(lll) extraction on the activity of NH,NO,
in aqueous phase with 0.01 M solutions of compounds 3,
6 and 7 in 1,2-dichloroethane.

Figure 1.

of an organic diluent also substantially affects the
lanthanides(lll) extraction efficiency, and over Eu(lll)
extraction from 4 M NH,NO, with 0.025 M solutions
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Figure 2. Influence of the concentration of the extractants 1-8 in
1,2-dichloroethane on the extraction of Eu(lll) from 4 M
NH,NO, solutions. The data for diphenylethylphosphine
oxide 9 are provided for comparison.
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Figure 3. Influence of the concentration of compound 8 in
dichloroethane on the extraction of Th(IV) and U(VI) from
4 M NH,NO, solutions.

of compound 3, DEu values increases as follows:
chloroform (logDEu = -0.75) < 1,1,2,2-tetrachloroethane
(logDEu = 0.20) < 1,2-dichloroethane (logDEu = 0.87)
< nitrobenzene (logDEu = 1.65). Such tendency of
the DLn values increasing in parallel with an increase
of the dielectric constant of a diluent and its solvating
power was previously observed by Rozen et al.
[20] in the study of the diluent effect on the
extraction of Eu(lll) and Am(lll) with neutral bidentate
organophosphorus compounds and explained by the
specific solvation of the complex extracted with an
organic diluent.

Taking into account the analogy in the behavior of
a variety of neutral organophosphorus compounds and
B-aminophosphine oxides under study, the extraction of
Ln(lll) ions with the latter ones from nitrate media may
be described by Eq. 1

Ln® + 3NO; + sL = LnL (NO,), (1)

Herein, an extractant is suggested to be present in
dichloroethane as a monomer and mononuclear Ln(lll)
complexes are extracted when the initial concentration
of Ln(lll) is equal to 1x10°% M. The corresponding
extraction equilibrium constant K_ is

Ko = D, (1+ BINO, T)a[L] (2)

wherein {3 is the equilibrium constant of the formation of
Ln(NO,)? complexes and a is the activity of NO, ions in
the aqueous phase. At the constant concentration of an
extractant in the organic phase, a slope of the plot logD
+log(1+ B[NO,T]) vs. log a corresponds to the number of
NO, ions in the complex extracted. For the Eu(lll) ions
extraction with dichloroethane solutions of compounds
3, 6, and 7 this slope is close to 3 (Fig. 1), indicating the
compensation of Eu®* charge and extraction of neutral
REE nitrates.

At the constant concentration of NO, ions in the
aqueous phase, the tilting of the plot log D, vs. log[L]
is close to 2 for the extraction using compounds 6, 7
and 8 or 3 in the case of compounds 1-5 (Fig. 2),
indicating Eu(lll) ion transfer to the organic phase
as di- and ftrisolvates, respectively. To compare,
Fig. 2 shows also the corresponding data obtained for
diphenylethylphosphine oxide Ph,P(O)Et 9, being the
structural analog of the compounds under investigation
but lacking the amine nitrogen atom, which also
extracts Eu(lll) as a trisolvate similar to the ligands
1-5 [21].

To compare the extraction efficiency for lanthanides
and actinides, the influence of the concentration of
compound 8 in dichloroethane on U(VI) and Th(lV)
extraction from 4 M NH,NO, solution was considered
(Fig. 3). Evidently, Th(IV) is extracted as a disolvate. For
the U(VI) extraction, the observed non-integer slope of
the logD,, vs. log[L] curve can result from the formation
of a mixture of mono- and disolvates. The difference
in stoichiometry of the extracted U(VI) and Th(IV)
complexes leads to the decrease of the separation
factor (SF) for these elements (SF ., = D /D,,) along
with the increase of the ligand concentration in organic
phase (Fig. 3). The separation factor for U and Eu
over the extraction from 4 M NH,NO, solution using
0.001 M solution of compound 8 in dichloroethane
exceeded 10°.

The influence of the structure of B-aminophosphine
oxide on the extraction efficiency of the lanthanide ions
from nitrate media was estimated by comparison of D |
values determined over the simultaneous extraction of
Ln(lll) ions (excluding Pm) and Y(lIl) from 4 M NH,NO,
with 1,2-dichloroethane solutions of compounds 1-8

(Fig. 4).
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Figure 5. Influence of the equilibrium concentration of H* ions
in the agqueous phase on the extraction of Eu(lll) using
0.025 M solution of compound 3 in 1,2-dichloroethane
from 4 M NH,NO, solution.

Fig. 4 shows that D, values for compounds 1
and 2 are substantially higher than those observed
for diphenylethylphosphine oxide 9, therefore, the
presence of the nitrogen atom results in the increase
of the extraction efficiency towards lanthanides(lIl) from
neutral media due to the participation of the 3-nitrogen
atom in such compounds in Ln(lll) complexation in
O,N-bidentate chelate mode. It should be noted that
trioctylamine (TOA) did not extract Ln(lll) under these
conditions (logD, , < -2), while the significant synergistic
effect was observed in the Eu(lll) and Am(lIl) extraction
with mixtures of TOA and neutral monodentate
organophosphorus ligands such as trioctylphosphine
oxide and tributylphosphate [22,23].

The presence of the second phosphorylethyl
moiety at the nitrogen atom in a ligand structure, as in
compounds 3 and 4, increased the extraction efficiency

compared with that for the related ligands 1, 2 having
the same scaffold and one P(O) group. However, the
extraction potency of these compounds is less than that
mentioned in the literature for their N-Me substituted
analog [Ph,P(O)CH,CH,],NMe 10 [24] and decreases
in a series 10>3>4. This fact may be explained by a
steric factor as well as reduced donor properties of the
nitrogen atom in the ligand 4.

The same tendency, i.e., the increase of the extraction
efficiency along with an increase of the amount of
phosphoryl groups in a ligand structure, was observed
also in the case of compounds 5 and 6 containing two
and four phosphoryl groups in the molecule, respectively.
Nevertheless, the increase of the amount of phosphine
oxide groups up to six in compound 8 compared with
three ones in compound 7 resulted in the increase of
D, for the light Ln(lll) and Y(lIl) but slightly affected the
extraction of Dy - Lu.

In the extraction systems under consideration, the
tendency of D, increasing along with the increase of
lanthanide atomic number (Z) was observed (Fig. 4).
Such a character of D vs. Z plot can be explained
by the increase of Ln(lll) complexes stability with hard
(according to Pirson) ligands as charge density of Ln%*
ion increases due to decrease of its ionic radius with Z
increase [25].

Using the ligand 3 as a model compound, it was
demonstrated that the protonation of the nitrogen atom
resulted in the decrease of D value in parallel with
the increase of H* ions concentration in the aqueous
phase at the constant concentration of NO, ions
(Fig. 5). This fact unambiguously indicates the
participationofthe nitrogenatomofthe 3-aminophosphine
oxide ligands in complex formation with Ln(lll) ions.
Indeed, in the case of their structural analogs, e.g.
1,4-diphenylphosphorylbutane Ph,P(O)(CH,),P(0)
Ph, and bis(2-diphenylphosphorylethyl) ether [Ph,P(O)
CH,CH,],O, the pH variation in the range 2-4 does not
exert any significant effect on the Ln(lll) extraction from
nitrate media [20].

In this context it should be underlined that the
protonation of B-aminophosphoryl compounds resulted
in the formation of so-called task-specific (TSILs)
or functionalized (FILs) ionic liquids [26-30] bearing
a quaternary ammonium cation and complexing
phosphoryl moiety. The analogs of these compounds,
namely, [(BuO),P(O)X(CH,) NR,J'[NTf,]" (X=NH, O
or absent) described recently by Ouadi et al. [31]
were found to be useful as U(VI) extractants from
HNO, solutions using [Me,NBu][NTf] as the organic
phase.
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3.2.2. Extraction of lanthanides(lll) from aqueous
solutions into organic phase containing ionic
liquid

The application of ionic liquids (ILs) as new separation

media has been actively considered as an alternative

for the organic phase in liquid-liquid solvent extraction
systems, e.g. for the separation of f~elements [32-36].
Indeed, imidazolium ionic liquids are relatively radiation
resistant and do not undergo significant radiolysis upon
exposure to high radiation doses [37]. For example,
Visser and Rogers [32] showed that the extraction of
Pu(lV), Th(lV)and U(VI)into 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PF]) with a mixture
of octyl(phenyl)-N,N-diisobutylcarbamoylmethyl
phosphine oxide (CMPO) and tri-n-buthylphosphate is
at least an order of magnitude higher than the extraction
observed for the same extractant concentration in
dodecane. CMPO-ligand dissolved in [omim][PF ] was
found to enhance the extractability and the selectivity of
lanthanide cations extraction compared to its solutions
in conventional solvents, and excess of NO, ions in
the aqueous phase was not required for actinides
and lanthanides recovery [38]. ILs can be also used
as synergetic additive in the extraction of Ln(lll) with
solutions of neutral extractants in common solvents, as
was demonstrated by us recently [39].

Therefore, it seems reasonable to estimate whether
ILs could affect the extraction of lanthanides with
B-aminophosphine oxides. The continuous variation
experiments performed for the extraction of Eu(lll)
from aqueous Eu(NO,), solution using compound 8
and 1-butyl-3-methylimidazolium bis[(trifluoromethyl)
sulfonyllimide ([bmim][NTf,]) in 1,2-dichloroethane have
revealed a significant synergetic effect (Fig. 6). A similar
effect was observed for the Eu(lll) extraction from
EuCl, aqueous solution. Note that both ligand 8 and
[bmim][NTf,] alone do not extract Eu(lll) from aqueous
Eu(NO,), or EuCl, solutions (log D, < -2). The most
probable reason for synergism in the presence of IL is
the incorporation of hydrophobic IL anions into extracted
solvates, which makes extracted Ln(lll) complexes more
hydrophobic compared with those with nitrate anions. A
similar process was suggested to be responsible for the
considerable enhancement of the extraction of Ln(lll)
and Am(lll) with CMPO in the presence of hydrophobic
picrate [40] or chlorinated cobalt dicarbollide [41]
anions.

Fig. 7 demonstrates the influence of [omim][NTf,]
concentration in the organic phase on a Eu(lll) extraction
from aqueous Eu(NO,), solutions. According to these
data, the log D, vs. log [IL] curve exhibits maximum at
[IL] = 0.005 M. This maximum can be explained by the
combined effect of [IL] on the formation of extracted Ln(lll)
complexes and reduction of the concentration of the free
extractant in the organic phase due to its interaction with
cation of ionic liquid. Similar dependences of log D, on
log[IL] were observed previously for the Ln(lll) extraction
with neutral extractants in the presence of ILs [39].
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Table 1. Lu/La separation factors for the lanthanides(lll) extraction
from 4 M NH,NO, solutions with compounds 1-8 in
1,2-dichloroethane and from aqueous Ln(NO,), solutions
with compounds 1-8 in 1,2-dichloroethane containing
0.05 M [bmim][NTf,]. Extractant concentrations are

0.01 M.
SFLu/La
Compound 1,2- 1,2-dichloroethane
dichloroethane  with [bmim][NTf,]
1 28.8 0.83
2 21.9 15.8
3 66.1 49.0
4 51.3 91.2
5 20.9 2.0
6 229 12.9
7 20.4 1.7
8 71 1.0

Table 2. Extractionof Ca?*, Sr** and Ba?* from aqueous solutions with
0.05 M solutions of compounds 1-8 in 1,2-dichloroethane
containing 0.056 M [bmim][NTf,].

Log D
Compound ca(ll sr(ll) Ba(lll)
1 0.25 0.15 043
2 0.02 048 0.70
3 176 0.89 0.34
a 171 0.70 0.02
5 117 0.28 0.20
6 228 1.42 115
7 255 1.80 1.36
8 2.90 2.20 172

The data on the simultaneous extraction of Ln(lll)
ions from the aqueous solutions of the corresponding
nitrate salts using 0.01 M solutions of the ligands 1-8
in 1,2-dichloroethane containing 0.05 M [bmim][NTf,)]
are presented in Fig. 8 and shows the retention of D
increase along with the increase of lanthanide atomic
number (Z) trend. At the same time, the influence of a
ligand structure on the extraction efficiency in this case
differs from that which was observed in the absence of
the ionic liquid. Thus, in the presence of [bmim][NTf,],
D, values are significantly higher for compounds 1 and
2 compared with their bisphosphorylated analogs 3 and
4, as well as for compound 5 in comparison with its
bisphosphorylated counterpart 6. Apparently, this fact is
connected with more pronounced interaction of IL with
B-aminophosphine oxides 3, 4, and 6 bearing greater
amount of P(O) groups resulting, in turn, in the lower
concentration of these free extractants. Nevertheless,
compound 8 bearing six phosphoryl groups is the more
effective extractant than its counterpart 7 having only
three P=0 functions.

Table 1 lists the separation factors
(SF ,1.=D,/D,,) between Lu and La, defined as the
ratios of the respective distribution ratios. It is obvious

that both in presence of IL and without it, SF, . values
increased as the number of phosphoryl groups at the
nitrogen atom in the extractant molecule increases (cf
1,3), except for tris-amine derivatives 7,8. The addition of
IL to the extractant solutions improves the simultaneous
extraction, decreasing selectivity, therefore, it can be
concluded that the separation of the heavier lanthanides
can be reached using compounds 3 and 4.

3.2.3. Extraction of alkaline earth metal ions from
aqueous solutions into organic phase containing
ionic liquid

B-Aminophosphine oxides in the presence of [bmim]
[NTf,] in the organic phase also extract efficiently alkaline
earth metal ions from aqueous solutions (Table 2),
while alone (without IL) compounds 1-8 did not extract
Ca?*, Sr#, Ba?" ions from aqueous medium (logD < -2).
The extraction efficiency of alkaline earth metal ions
increases in the order Ba?* < Sr?* < Ca?* in parallel with
the increase in the positive charge density of M?* ions.
This tendency suggests that the interaction between
these ligands and M(Il) is predominantly electrostatic
one [42]. Table demonstrates that increase in the number
of phosphoryl groups in a ligand molecule improves
extraction of these cations under the above conditions
(compare the data for pairs 1and 3,2 and 4, 5and 6, and
7 and 8, respectively). The observed dependence differs
from that for the extraction of Ln(lll) cations with these
ligands in the presence of [omim][NTf,] and its general
pattern is similar to that for lanthanides in the absence
of IL. Such difference is apparently connected with the
application of more concentrated extractant solutions in
the case of alkaline earth metal ions extraction and that
results in the less appreciable decrease of the free ligand
concentration in the organic phase. Note that hexapodal
tris[bis(2-diphenylphosphorylethyl)aminoethyllamine 8
demonstrated the highest extraction efficiency in this
case as well. Apparently, the unique properties of this
compound are connected with the preorganization of
the ligand in solutions, favorable for the formation of
strong complexes with different metals.

4. Conclusions

The investigation of the extraction properties performed
for a series of B-aminophosphine oxides differing in
their structure demonstrated the potential of these
compounds for the extraction of lanthanides and alkaline
earth metals from neutral solutions, where addition
of  1-butyl-3-methylimidazolium  bis[(trifluoromethyl)
sulfonyllimide ionic liquid sufficiently increases the
extraction efficiency. In general, using common diluents,




Extraction properties of B-aminophosphine oxides
towards lanthanides and alkaline earth metals

1940

the extraction efficiency increased with the increase of a
number of P=0 functions in a ligand of this type. In the
case of monophosphine oxides, the steric and electronic
properties of the substituent R at the nitrogen atom
affected also the extraction efficiency while its influence
is negligible for bis(phosphorylethyl)amines. Decreasing
of D, values with an increase of H* ions concentration
in aqueous phase at the constant concentration of
NO, ions, ie., with the protonation of the ligand
nitrogen atom, confirmed the participation of the latter
in complex formation with Ln(lll) ions. In the presence
of ionic liquid in a mixture with 1,2-dichloroethane as a
solvent, the application of IL concentration of 0.05 M (in
1,2-dichloroethane) provided the maximum recovery of
metal ions and improved the separation of the heavier
lanthanides (the Lu/La separation factor reaching up
to 91). Interestingly, in the presence of [bmim][NTf,]
the influence of the ligand structure on the extraction
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