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Summary. In the framework of nuclear waste reprocess-
ing, separation processes of minor actinides from fission
products are developed using liquid-liquid extraction. In
order to understand the mechanism involved in the ex-
traction process, complexes with lanthanide cations and
di-(2-ethylhexyl) phosphoric and di-n-hexyl phosphoric acids
have been characterized using a combination of mass spectro-
metric methods, molecular dynamic simulations and quantum
chemistry calculations.

Introduction

The minor actinides An(lll) are responsible for the ma-
jority of the long lasting radiotoxicity in waste from the
PUREX reprocessing of used nuclear fuel [1]. To improve
the management of radioactive wastes, CEA (Commissariat
a I’Energie Atomique) has undertaken the development of
a liquid-liquid extraction process which has the objective,
in particular, to separate the minor actinides An(lll) from
the high-level liquid waste. After their removal, the An(lIl)
can be transmuted by neutron bombardment to short lived
radionuclides [2]. The separation of An(lIl) (americium and
curium) from the lanthanides(I11) is an essential step prior
to the transmutation of the actinides because lanthanide
absorb neutrons very effectively. In this frame, the CEA
developed the DIAMEX (Diamide Extraction) — SANEX
(Selective Actinide Extraction) process [3,4]. In this pro-
cess, the raffinate from the PUREX process is contacted
with a mixture of a malonamide and a di-alkylphosphoric
acid diluted in an appropriate aliphatic diluent. Under highly
acidic conditions (~ 3M HNO;) of the aqueous phase,
both An(lll) and Ln(lll) are co-extracted by the malon-
amide [5, 6]. The separation/recovery of An(lll) is then ac-
complished by contacting the loaded organic phase with
an aqueous phase containing a complexing agent of ac-
tinides(111) in a low acidity aqueous phase [7]. Under these
conditions the diamide is completely ineffective as an ex-
tractant for metal cations, while the organophosphoric acid
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exhibits efficient extraction and significant selectivity for
Ln(l1) over An(lll) [8]. Several di-alkylphosphoric acids
such as di-2-ethylhexylphosphoric acid (HDEHP) and di-n-
hexylphosphoric acid (HDHP) (Fig. 1) have been proposed
for this process [7, 9].

The present work deals with the extraction of triva-
lent lanthanides in low acidity aqueous phase by di-2-
ethylhexylphosphoric acid (HDEHP) and di-n-hexyl-
phosphoric acid (HDHP) diluted in dodecane. Many funda-
mental studies on the extraction of actinides and lanthanides
by di-alkylphosphoric acid have been published [10-14],
reporting values for the acid dissociation, distribution and
dimerization constants of di-alkylphosphoric acids in vari-
ous diluents. The main features of metal solvent extraction
by dialkylphosphoric acids are the formation of highly stable
hydrogen-bonded dimers in alkane diluents [12-18], and the
extraction of metal ions (M**) by the dimerized extractant
according to the general cation-exchange stoichiometry:

M+ 4+ X(CH), <> M(LH L), + xH*,

where the bar denotes organic phase species, HL and L are
the dialkylphosphoric acid and the deprotonated acid, re-
spectively, and x represents the cation charge.

Complexes formed in organic phase after extraction of
lanthanides or actinides by HDEHP or HDHP have been
investigated through various experimental approaches such
as IR [7,19], VPO [7], SANS [7,19] and absorption spec-
troscopy [19,20] (UV-visible, EXAFS ...). However, no
studies have been reported so far using electrospray ion-
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Fig. 1. Schematic representation of HDEHP (a) and HDHP (b) chem-
ical structures.
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isation mass spectrometry (ESI-MS) to characterize these
complexes. Electrospray ionisation mass spectrometry is
a relatively recent tool for studying metal-ligand inter-
actions [21-24], it has been shown to be an appropriate tech-
nique to characterize ions in solution and has been used to
identify the coordination sphere of complexes. An advantage
of this technique is its ability to determine the stoichiometry
of the complexes in solution and to investigate their stability
in the gas phase [23, 25-29]. However, the use of ESI-MS
has been mostly restricted to ion complexation studies and
despite its advantages, the use of this approach for solvent
extraction studies remain rare [30, 31].

We report here the characterisation of lanthanides—di-
alkylphosphoric acid complexes in the gas phase using
a combination of mass spectrometric methods and theoret-
ical chemistry calculations (molecular dynamics simulations
and quantum chemistry). The influence of the structure of
the extractant on the stability of the complexes is discussed.

Experimental and theoretical methods
Reagents

HDEHP was provided by the BDH Chemical Company and
had > 98% purity. HDHP was synthesized in our labora-
tories with purity higher than of 99% [32]. The diluent
n-dodecane was a Sigma-Aldrich (Lyon, France) with a pu-
rity of 99%.

HDEHP and HDHP were diluted in dodecane to the ap-
propriate concentration. Stocks solutions (5 x 10~ mol L=?)
of lanthanide(l1l) were prepared by dissolving crystals of
Ln(NO;); - nH,O (n=5 or 6) (Sigma-Aldrich) in gly-
colic acid aqueous phase at pH 3. All chemicals were of
reagent grade and Millipore water was used throughout the
procedure.

Extraction

The HDEHP and HDHP mass spectra were realized using
a 0.15 mol L=* solution diluted in dodecane. Extraction ex-
periments with lanthanide were realized with the following
conditions. 1 mL of di-alkylphosphoric acid diluted in dode-
cane is contacted with 4 mL of glycolic acid aqueous phase
at pH 3 containing 0.01 mol/L of lanthanide.

Electrospray ionization —mass spectrometry

The mass spectrometric measurements were recorded in
positive ionization mode using a Bruker Esquire-LC quadru-
pole ion trap equipped with an electrospray interface. The
capillary voltage was set to 4 kV in positive ionization mode.
Nitrogen operating at 5L min~* was employed as drying
gas and at 5psi for nebulizing gas. Samples were diluted
in ethanol to 1/10 and then in CH;CN/H,O (1:1 v/v) to
1/100. A syringe infusion pump (Cole Parmer) delivered the
sample at 60 uL h=* to the electrospray source. The source
temperature was set to 250 °C. The sample cone voltage was
optimized at 30 V. Spectra were acquired over a mass range
of m/z 45-2200. The energy resolved mass spectrometry
experiments were performed by cone voltage (skimmer 1)
variation between 20 to 100 V, the skimmer 2 voltage is kept
constant at 10 V.

Quantum chemistry calculations

The fragmentation mechanism was investigated through
quantum chemistry calculations for the free ligands and for
the complex of europium with four ligands ([Eu(LH),(L),]%)
by determining the structures and energy of the reac-
tants, products and transition states. In the calculations on
[Eu(LH),L,]*, three of the four ligands have been mod-
eled by di-methylphosporic acid. In the calculations on the
free ligands, one of the two alkyl chains was modeled by
a methyl group.

Geometry optimizations of all intermediate complexes
and transition states were carried out using the B3LYP func-
tional with the Gaussian98 package [33], relativistic effects
were considered through the use of relativistic effective core
potentials (RECP) developed in the Stuttgart and Dresden
groups [34]. Large-core RECP was used with the accom-
panying basis set to describe the valence electron density,
7s6p5d contracted to 5s4p3d. On other atoms a 6—-31 G*
basis was employed for geometry optimization and fre-
quency calculations. Additional single point energy calcu-
lations were performed on the optimized geometry using
a larger 6 — 3114 G(d, p) basis set.

The geometries of all the complexes were fully optimized
without any symmetry constraint and vibrational frequen-
cies were calculated analytically.

Molecular dynamics calculations

Molecular Dynamics (MD) simulations were performed
using the AMBERG software [35], using the following rep-
resentation of the potential energy :

E=) K —re)’+ ) Ky(0—be)?

bonds angles

+ Y Vall+cos(ng —go)]
dihedrals
N-1 N [ q, q] :I
+ - —
Lennard-Jones parameters for Eu** were adjusted upon both
hydration geometries and AAGs of La*", Eu®** and Lu*
cations [36]. Charges on organic ligands have been adjusted
using RESP [37] to represent the electrostatic potentials ob-
tained from HF/6-31 G* calculations with Gaussian98.

All studied systems were equilibrated for at least 100 ps
by raising temperature from 100 to 300 K. MD simulations
were then carried out for 500 ps in order to obtain Poten-
tial of Mean Force (PMF) starting points. PMF calculations
have been performed using the Free Energy Perturbation
(FEP) Window Growth included in GIBBS (AMBER) mod-
ule. The free energy is calculated at discrete and uniformly
spaced intervals of A using these formulae:

Gx(i+1) - Gk(i) =—RT |n(eXp _[(Vx<i+1> - Vx(i))/RT]h(i)
and
AG =G, — Gy = X(Gyi41 — Giq) »

where G, and G, are the free energies of states 0 and 1,
respectively, V., is the potential energy function represen-
tative of state A(i), and (), the ensemble average of the
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Tablel. m/z ratio and assignment of Ln—dialkyl phosphoric acid species detected in ESI-MS. Ln

represents the lanthanide cation and LH the dialkyl phosphoric acid.

Based peak m/z (width of pattern)

HDEHP-Nd HDEHP-Eu HDHP-Nd HDHP-Eu

Ln(LH),L} 1431.2 1440.1 1206.8 1215.6
(1428.8-1437.3)  (1438.1-1442.2)  (1204.7-1214.0)  (1213.6-1217.6)

Ln(LH),L} 17533 1762.2 1472.9 1480.1
(1751.0-1759.3)  (1760.2-1764.2)  (1470.8-1214.0)  (1479.3-1483.7)

Ln(L—H),L} 2075.1 2084.1° 1738.4 1746.2°

(2073.3-2081.9)  (2082.3-2086.2)

(1736.6-1746.4)

(1743.2-1750.0)

2 the intensity of these peaks are very low.

enclosed quantity, representative of state A(i). The ensemble
is evaluated from an MD trajectory run with V =V, .

Resultsand discussion
Electrospray mass spectrometry

Europium and neodymium extraction have been investigated
for both HDEHP and HDHP in dodecane. The positive ion-
ization mode mass spectra of the organic phase were carried
out. The assignment of the lanthanides complexes are re-
ported in Table 1. The mass spectrum of the organic phase of
neodymium with HDEHP is presented on Fig. 2 and is very
similar to the mass spectrum obtained with HDHP.

The presence of di-alkylphosphoric acid-lanthanide
complexes and “free’ dialkylphosphoric acid (monomer and
multimers protonated or associated with Nat or K* ions
present in solution) are observed. For both extractants,
three complexes have been identified as [Ln(LH),L,]",
[Ln(LH);L,]" and [Ln(LH),L,]*. In the case of the eu-

ropium extraction, the last complex corresponding to
[Eu(LH),L,]* has a lower intensity (0.5%).

In order to understand the structure of the complex
and the fragmentation mechanism, the fragmentation spec-
tra were recorded for [Nd(LH),L,]", [Nd(LH);L,]" and
[Nd(LH)4L,]*.

With HDEHP, the fragmentation spectrum of
[Nd(LH),L,]" leads to two ions which are assigned to
[Nd(LH);L,]* and  [Nd(LH),L,]*  (Fig.3). For
[Nd(LH);L,]", an ion is observed and assigned to
[Nd(LH),L,]*. In contrast, with [Nd(LH),L,]*, two major
fragmentation pathways are observed. The first path leads to
an ion at 1108.7 and corresponds to the loss of one ligand
(—322), as observed with [Nd(LH);L,]" and [Nd(LH),L,]*.
The second path leads to an ion with a mass signal of
smaller intensity and corresponds to the loss of one alkyl
chain (—112). Other fragmentations are observed and cor-
respond to the consecutive loss of the alkyl chain (Fig. 4).
With europium, the same fragmentations are observed but
on the collision spectra of the complex with four ligands

Intens.
x104. [NaLH]*
3453

| [Nd(LH)»(L),]*

4 14312

3,

[Na(LH),|* [Nd(LH);L,]*
= 667.7 1753.3
a i
5 o
E i +
— Nd(LH)4(L)]
1311.7 2075.1
99.0
1,
435.5 089.4 2000.
1100.0 1519.7
- 533.3
O,
200 400 600 800 1000 ~ 1200 ~ 1400 1600 1800 ~ 2000  m/z
m/z

Fig. 2. Positive ESI mass spectrum of organic phase of HDEHP in n-dodecane after extraction of Nd. LH corresponds to HDEHP. The peak at
m/z = 99.0 are assigned to H;PO, protonated arising by fragmentation of HDEHP during the ionization process; the peak at m/z = 345.3; 645,6;

667,7; 1311,7; 1333.8; 1650.4 are assigned to [Na(LH)]*, [H(LH),]",

[Na(LH).I*, [Na(LH),]*, [Na(LH);(LNa)]*, [K(LH)s]*.
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Fig. 3. MS? spectrum of [Nd(LH),L,]* complex observed in organic phase of HDEHP in n-dodecane after extraction of Nd. Fragmentation ampli-

tude: 0.80 V. LH corresponds to HDEHP.

Intens.

[Nd(LH)L,]"
] 1108.7
600-]
[Nd(LH),L,]"*
] 1431.0
500-
13189
4004
=]
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5 ]
£ 3001 ‘R
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] (- 112.2)
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0; MMJ!AL.. LKJW-I_J“LJL Mvnl —
400 ‘ 600 ‘ 800 1000 ‘ 1200 ‘ 1400  m/z

m/z

Fig. 4. MS? spectrum of [Nd(LH),L,]* complex observed in organic phase of HDEHP in n-dodecane after extraction of Nd. Fragmentation ampli-
tude: 1.25V. LH corresponds to HDEHP. The peak at m/z = 345.3 correspond to a complex which has lost all alkyl chain.

[Eu(LH),L,]", the intensity of the two major ions is inverted
(loss of one ligand and one alkyl chain).

With HDHP, for the complex with six ligands
[Nd(LH),L,]*, three ions are observed which are assigned
to [Nd(LH);L,]*, [Nd(LH),L,]" and [Nd(LH)L,]". These
ions correspond to the consecutive loss of a ligand. As
observed with HDEHP, no alkyl chain loss was detected.
[Nd(LH);L,]" leads also to the loss of a ligand. For the last
complex [Nd(LH),L,]*, the ligand elimination is the major
pathway. Contrary to HDEHP, the alkyl chain loss is not ob-
served. But as obtained with HDEHP, [Nd(LH)L,]* leads

to consecutive eliminations of alkyl chain. The same results
were obtained for the europium complexes.

These results show that the metal is surrounded by 6 lig-
ands, which agrees with the previous studies carried out by
liquid-liquid extraction and EXAFS [7, 14, 19, 20]. In add-
ition, the spectra show that the most stable complex in the
gas phase has four ligands strongly bonded to the lanthanide
cation. Energy resolved mass spectrometry experiments by
cone voltage variation were performed with Eu-HDHP sys-
tem and had also shown that the most stable complex is
[Eu(LH),L,]*. Indeed, the intensity of the parent ion de-



Mass spectrometry and theoretical investigation of di-alkylphosphoric acid-lanthanide complexes

89

creases at higher cone voltage: the maximum of intensity of
[Ln(LH),L,1", [Ln(LH);L,1", [Ln(LH);L,]* are observed
at 30V, 50 V and 70 V respectively.

In solution, the complex is probably Ln(LH);L; which is
globally neutral. During the ionization process and the trans-
fer in the gas phase, this species is modified and transformed
into [Ln(LH),L,]* by an addition of a proton to form a posi-
tive ion. The fragmentation of this ion shows that 2 ligands
are less strongly bonded to the metal and the more stable
species in the gas phase is [Ln(LH),L,]". Two different frag-
mentation pathways of these last species are observed: loss
of one ligand or fragmentation of an alkyl chain depending
on the structure of the ligand.

Fragmentation mechanism

From the above results, we can conclude that two major dif-
ferent fragmentation paths may take place (Fig. 5):

— A first path (A) corresponds to the elimination of one
ligand.

consecutive loss of alkyl chain

— A second path (B) corresponds to the loss of one alkyl
chain. For this path, we propose a mechanism where
the hydrogen atom bonded to the carbon atom in beta
position from oxygen atom is attacked by the oxygen.
This reaction leads to the formation of the corresponding
alkene and to a new complex (111).

For complexes of higher stoichiometry, [Ln(LH),L,]* and
[Ln(LH);L,]*, only path A is observed for both ligands.
Only the protonated ligand (HDEHP or HDHP) can be rea-
sonably loss considering that the negatively charged depro-
tonated ligand (DEHP~ or DHP~) should be more tightly
bound to the metal.

For [Ln(LH),L,]* complexes, both path A and B are ob-
served for HDEHP (Fig. 5) whereas only path A is observed
for HDHP.

For [Ln(LH)L,]* complexes path B becomes the major
fragmentation path for both ligands.

Path A has been investigated using molecular dynam-
ics PMF calculations for both (HDEHP and HDHP) lig-
ands with [Eu(LH),L,]" (1 < n < 4) complexes. In all cases,

REWIS

O’H
Eu 3+

HO O\H H

?’%

consecutive loss of alkyl chain

Fig. 5. Fragmentation pathways of [Eu(LH),L,]* determined from mass spectrometry results. LH corresponds to HDEHP. Path A: elimination of
one ligand leading to the complex |1, Path B: loss of one alkyl chain leading to the formation of alkene and a complexe IllI.
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Fig. 6. Free energy perturbation AAGs, for [EuL,(L—H),]* to [EuL, 3, (L—H),]*/L potential of mean force simulations (kcal /mol).

these calculations were performed for forward and reverse
pathways, i.e. first starting with [Eu(LH),L,]* and moving
away one coordinated ligand LH at 20 A from Eu®* (leading
to [Eu(LH)_3L,]*/LH), and then starting with this PMF
calculation’s last set, and bringing back the distant ligand in
the cation first coordination sphere. AAGs given in Fig. 6
are averaged on these two calculations. Each of these six-
teen Window Growth Free Energy Perturbation calculations
lasted for between 2 and 3 simulated nanoseconds.

The elimination of one (protonated) ligand is calcu-
lated to be energetically equivalent for both HDEHP and
HDHP at each [Eu(LH),L,]™ stoichiometry, in agree-
ment with ESI-MS experiments. This removal is easier
for bigger complexes, requiring about 10 kcal/mol less for
each [Eu(LH),L,]" complex compared to the following
[Eu(LH)_1)L,]*. Differences in path B between HDEHP
and HDHP may therefore appear only from intrinsic ligand
reactivity.

Path B has been investigated through quantum chem-
istry calculations in order to investigate further the proposed
mechanism. Calculations were first performed for the free
ligands and then for [Eu(LH),L,]* complexes.

For the free ligands, the fragmentation path was investi-
gated for the protonated ligands (HDEHP and HDHP) and
for the deprotonated ligands (DHEP~ and DHP~). The struc-
tures and energies along the reaction path, corresponding to
the reactant, product and transition state, have been deter-
mined. The results are presented on Fig. 7. A transition state
has been located corresponding to an elongation of the re-
active carbon-hydrogen bond and to an elongation of the
oxygen—carbon bond and leading to the alkene formation.
According to the calculation, the reaction is thermodynami-
cally favorable for di 2-ethylhexylphosphoric acid (HDEHP
and DEHP-, AG® = —2 kcal/mol), whereas it is slightly un-
favorable for di n-hexylphosphoric acid (HDHP and DHP—,
by 3 and 1 kcal/mol respectively). The energy barrier AG#
leading to the alkene formation is lower for the protonated
ligands HDEHP and HDHP than for DEHP~ and DHP~
(by 12 and 10 kcal/mol respectively) and is lower for di
2-ethylhexylphosphoric acid than for di-n-hexylphosphoric
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Fig.7. Energy profiles and optimized structures corresponding to the
formation of alkenes from the free ligands HDEHP (top) and HDHP
(bottom) determined from DFT calculations. One of the two alkyl
chains is modeled by a methyl group. Free energy variations given in
parentheses correspond to DEHP~ and DHP~.

acid. According to the DFT calculations, fragmentation of
the alkyl chain is both kinetically and thermodynamically
slightly more favorable for HDEHP than for HDHP and is
kinetically slightly more favorable for the protonated form
than for the deprotonated form of the ligands.

In [Eu(LH),L,]*, only the fragmentation of one alkyl
chain belonging to HDEHP or HDHP has been considered.
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Fig. 8. Energy profiles and optimized structures corresponding to frag-
mentation pathway B for [Eu(LH),L,]" determined from DFT calcula-
tions, HDEHP (top) and HDHP (bottom).

As described in computational details section, three of the
four ligands have been modeled by di-methylphosphoric
acid. The results are presented on Fig. 8. In the initial
and final structures of the complexes, the distance be-
tween europium and oxygen atom from the ligand is equal
to 2.29 A for both ligands. The transition state structures
are very similar to those obtained the free ligands. For
HDEHP complex, the reaction is thermodynamically fa-
vorable (AG® = —4kcal/mol) whereas it is slightly un-
favorable for HDHP complex (AG® = +2 kcal/mol). The
energy barrier AG* is 10 to 14 kcal/mol lower than for
the free ligand and is similar for both ligands. These re-
sults are in very good agreement with the fragmentation
mass spectra, which indicate that the formation of an
alkene is only observed for HDEHP and not for HDHP in
[M(LH),L,]* complexes. The difference between the two
ligands is due to thermodynamic differences between the
formation of 2-ethylhexene from 2-ethylhexyl alkyl chain
and hexene from hexyl alkyl chain. It should be mentioned
that absolute reaction energies maybe slightly shifted by
changing the calculation details such as using a different
functional. Previous theoretical studies have shown that en-
ergy reactions corresponding to C—H bond activation by
organolanthanides can be reproduced by B3LYP calcula-
tions within a few kcal/mol [38]. In the present study,
a very good accuracy can be expected on the relative en-
ergies between HDEHP and HDHP complexes whereas

absolute AG°® may be determined with an error of a few
kcal /mol.

Conclusion

We have used electrospray ionization-mass spectrome-
try and theoretical chemistry calculations to investigate
europium and neodymium complexes with di-2-ethylhexyl-
phosphoric and di-n-hexylphosphoric acids. Electrospray
ionization—mass spectrometry results reveal that europium
and neodymium are surrounded by 6 ligands, which agree
with previous studies in solution [9, 14, 19, 20]. The predom-
inant species in gas phase correspond to 1:4 complexes
where the cation is bound to two neutral and two charged
ligands. 1:5 and 1:6 complexes are also observed, but
they appear with a significantly lower intensity on the mass
spectra.

Fragmentation mass spectra have been recorded in order
to compare the binding strength between the two phosphoric
acids and the stability of the complexes. Two fragmenta-
tion path are in competition, the loss of a ligand or the
loss of an alkyl chain. For complexes of higher stoichiom-
etry, [M(LH),L,]* and [M(LH);L,]", only one fragmenta-
tion path is observed for both ligands: a loss of a ligand.
For the predominant 1 : 4 species ([M(LH),L,]*), both frag-
mentation paths take place with di-2-ethylhexylphosphoric
acid, whereas only the loss of a ligand is observed for di-n-
hexylphosphoric acid complexes.

According to molecular dynamic simulations performed
on europium complexes, the loss of one ligand (path A) is
energetically equivalent for both ligands at each
[Eu(LH),L,]* stoichiometry but the energy required de-
creases when the stoichiometry increases.

From quantum chemistry calculations, it appears that the
fragmentation of the alkyl chain into an alkene (path B)
is thermodynamically more favorable for di-2-ethylhexyl-
phosphoric than for di-n-hexylphosphoric acid (by
6 kcal/mol for [Eu(LH),L,]" complexes). The results of the
calculations are in very good agreement with those obtained
from fragmentation mass spectra and we can conclude that
the lanthanide-ligand binding strength is similar between the
two ligands whereas the di-2-ethylhexyl chain is less stable
than the n-hexyl chain toward alkene formation. Moreover,
the reaction path leading to the alkene formation has been
investigated for the free phosphoric acids and compared to
the results obtained for the europium complex. The results of
calculations reveal that the alkene formation from the alkyl
chain is becoming kinetically more favorable upon binding
to the lanthanide ion.

In conclusion, we note that ionization-mass spectrom-
etry is a valuable approach to obtain structural information
on the complexes form during solvent extraction experi-
ments and that combining theoretical calculations and ESI-
MS can bring quantitative information on the stability of the
complexes.
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