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Abstract: Knowledge of the (supra)molecular structure of an
interface that contains amphiphilic ligand molecules is neces-
sary for a full understanding of ion transfer during solvent
extraction. Even if molecular dynamics already yield some
insight in the molecular configurations in solution, hardly any
experimental data giving access to distributions of both
extractant molecules and ions at the liquid–liquid interface
exist. Here, the combined application of X-ray and neutron
reflectivity measurements represents a key milestone in the
deduction of the interfacial structure and potential with respect
to two different lipophilic ligands. Indeed, we show for the first
time that hard trivalent cations can be repelled or attracted by
the extractant-enriched interface according to the nature of the
ligand.

Interfaces between two immiscible liquids are ubiquitous in
chemistry and biology and are the place of numerous physico-
chemical processes such as sorption,[1] solvation,[2] complex-
ation.[3] Electron,[4] electrolyte,[2] molecule,[5] or colloid[6]

transfer through the liquid interfaces are relevant for
numerous domains like chemistry, electrochemistry driven
solvent extraction,[7] nanoparticle synthesis,[8] or heterogene-
ous catalysis.[9] Discontinuities between both solvent proper-
ties yield different conformations of the solvent molecules at
the interface with a break of the bulk symmetries. This loss of
entropy is often related to a specific orientation of the
molecules when they are polarizable and induces a region
specificity for some reactions or transfer processes. The
surface tension between both phases depends on the molec-

ular interactions in this region that are different to those in
the respective bulk phases and each species added to one
solvent, surface active or not, will modify these interactions
and then the structure as well as the dynamics of the pure
liquid interface.

In solvent extraction using amphiphilic ligands or extrac-
tant molecules to separate ions, the ion partitioning between
both immiscible phases is significantly enhanced by the
extractant/ion complex formation on one side of the interface
depending on the hydrophilicity or lipophilicity of the
ligand.[10] The role of complexation (metal–ligand interaction)
and supramolecular aggregation of the ligands are strongly
determinant in the distribution and separation factors.[11] If
the former contribution is stronger and if the complex is
soluble in the phase that contains the ligand, the solute
transfer from one phase to the other will be fast but its
recovery will be difficult. When the equilibrium between both
contributions is within a few kBT[12] then hydrodynamic or
interfacial factors become preponderant and have to be taken
into account. Ion extraction can be referred to as a diffusion-
limited or a reaction-limited process depending on the height
of the energy barrier at the liquid–liquid (LL) interface.[13]

The present contribution shows that determination of the
extractant and ion distributions across the water–oil interface
can help the understanding of these two types of dynamics for
ion transfer in a solvent extraction system. Few experimental
techniques that probe a buried liquid interface, such as
linear[14] and nonlinear reflection or spectroscopic optical
methods or X-ray and neutron reflectivity,[15] are available to
access this specific concentration profile. Although access to
large facility instrumentation is required, reflectivity tech-
niques have already demonstrated their benefit in numerous
interfacial characterizations because the explored domain
defined in Fourier space by the amplitude and the direction of
the scattering wave vector Q fits perfectly with the nanometer
range of spatial information. For these purposes, two systems
were selected involving diamide ligands DMDOHEMA (or
N,N’-dimethyl N,N’-dioctyl hexyl ethoxy malonamide) and
DMDBTDMA (or N,N’-dimethyl-N,N’-dibutyl-2-tetradecyl-
malonamide) and, which we label EXT1 and EXT2, respec-
tively. The chemical structures of the ligands are shown in
Figure 1 (upper parts). These lipophilic extractants are
currently used in the nuclear industry to separate f-elements
from high-level radioactive liquid waste by LL extraction
processes[16] (the DIAMEX process) as well as in the more
conventional field of hydrometallurgy to recycle rare-earth
elements.[17] For our purpose, we have chosen to work with
neodymium in its nitrate form. These extractant molecules
have amphiphilic properties[18] that allow first a complexation
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of the ligands with specific cations at the interface, second an
increase in efficiency of the emulsification that occurs during
the solvent extraction process and third a structuration of the
oil phase that depends on the extractant concentration and
the activity of the various species in the water phase. Due to
such surfactant behavior, these molecules indeed form nano-
scale structures above a given critical aggregation concen-
tration (CAC) within the organic phase such as inverted
micelles or reversed aggregates.[19] For diamide in dodecane
and in contact with an aqueous phase containing neodymium
nitrate salt, the CAC of extractant varies between 0.01 and
0.1m depending on the diamide chemistry and the water
activity.[20] In our case we worked with 0.25m of neodymium
nitrate and 3m of lithium nitrate as buffer salts to fix the
activity in the aqueous phase, the Li cation extraction by
malonamide being negligible. Using the pendant droplet
method to determine the variation of the water–oil surface
tension as a function of the extractant concentration, we
found a CAC of about 0.04m for EXT1 and 0.1m for EXT2
(see Figure SI.1 in the Supporting Information).

The combination of X-rays and neutrons is very helpful to
understand the microscopic structure at the LL interface. X-
rays reveal the distribution of higher electron density aqueous
solutes (salts, nitric acid) and neutrons are the perfect probes
to quantify the structuration of protonated solvents and

extractant molecules thanks to the use of isotopic substitu-
tion.[21] The application of this combination to reflectivity
experiments makes it possible to determine the total neutron
or electron scattering length density (SLD) profile 1x,n(z)
across the LL interface. In the first-order Born approxima-
tion, the X-ray or neutron reflectivity is the Fourier transform
of the SLD variation along the z-axis (see the geometry of the
experiment and equation in the Materials and Methods).
Using the Parratt formalism based on describing the SLD
variation across the interface as a series of an arbitrary
number of homogeneous layers[22] it is possible to extract from
the reflectivity curves two SLD profiles that correlate with the
in-plane averaged distributions of each species in solution
probed by neutrons and X-rays. Using a second formalism
based on a random Monte Carlo sampling (RMCS) that we
have developed in Fortran code we have determined the
distribution profile of each molecular species, (ions, extrac-
tant and solvent) which can be represented by the corre-
sponding volume or molar fraction as a function of the z-
coordinate across the water–oil interface (z being negative in
oil and positive in water). For a given thermodynamic
condition, the set of concentration profiles that match both
SLD distributions within some error criteria is averaged and
refined by simultaneously fitting back X-ray and neutron
reflectivity data using the Parratt formalism. Some details of
the experimental geometry as well as the various steps of the
data analysis are given in the Material and Methods and an
example is given in the Supporting Information (SI.2).

In Figure 1 the results of this analysis are plotted for two
sets of reflectivity measurements (see SI.3) of the two
biphasic systems described above and registered at the
equilibrium state. First, only water, dodecane, and extractant
concentration profiles across the LL interface are shown as
a function of four extractant contents, below the CAC. On the
left-hand side the main observation for the EXT1 system is an
increase of the extractant adsorption at the interface when
approaching the CAC as expected for a surface active
molecule. Further, the data reveal that the center of mass of
the extractant distribution is more inside the oil phase.[23] On
the right-hand side the evolution of extractant adsorption for
the EXT2 system looks rather different. At low molar
content, the extractant is localized in a more defined region
at the boundary between the oil and water phases, as expected
for a surfactant molecule. However, with increasing extrac-
tant concentration its distribution spreads towards the
aqueous phase with a center of mass of the distribution
closer to the aqueous phase than observed for EXT1.

In Figure 2, the concentration profiles of the cations (Li
and Nd) are plotted and compared to those of the extractants
profiles for the four selected extractant concentrations. Here
again, for both systems we observe different ion distributions
with respect to the type of extractant. First for the EXT1
system (left plots), the ion concentration profiles both for Li
and Nd are rather constant, and the ions are located
exclusively in the aqueous phase (i.e. at positive z values).
The profiles drop abruptly in the oil phase, decaying to zero
within one nanometer of the interface. It is evident that there
is negligible overlap between the ion and extractant profiles,
hence the binding between the extractant and the ions occur

Figure 1. a) Concentration profiles across the LL interface (z-coordi-
nate) of water, oil, and extractant at four concentrations of DMDO-
HEMA or EXT1 (0.007, 0.01, 0.02, and 0.04 molL¢1) with the chemical
structure of the extractant. The CAC for such a system is about
0.04 molL¢1. b) Concentration profiles across the LL interface of water,
oil, and extractant at four concentrations of DMDBTDMA or EXT2
(0.02, 0.07, 0.09, and 0.1 molL¢1). The CAC for such a system is about
0.1 molL¢1. The light blue colored region over the structures defines
the polar part of the molecules.
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at a very sharp boundary between the phases. For the EXT2
system (right plots), the underlying interactions are clearly
different. The profiles of Li are still rather constant with
respect to the extractant concentration, there is only a small
excess at the interface compared with the bulk concentration
in the aqueous phase, and there is a smooth decay towards the
oil phase extending beyond 1 nm in this case; these observa-
tions differ at the lowest concentration of extractant where
the profile is relatively noisy. However, for the Nd profiles
a significant increase close to the interface was determined
with a smooth decay towards the oil phase that largely
overlaps the extractant distribution.

These results reveal that the binding conformation of
EXT2 to ions at the interface involves large interpenetration
of the complexed cation at the LL interface whereas they are
repelled with EXT1 as expected for hard cations. Note that
the NO3 anion distribution for each extractant concentration
is shown in SI.4 and does not add new information to the
description of the interface; it was checked that the total
charge is close to zero (< 10¢4 e¢è¢3). In case of EXT 1, some
oscillations in the ion distribution profiles are observed and
we do not have any explanation. However, the difference
between both systems is significant and much larger than the
amplitude of these oscillations.

From the molecular distributions, the concentration ratio
between Nd and EXT1 or EXT2 in the organic phase can be
determined as function of the z-coordinate (see SI.5). This
ratio is very low for the EXT1 system since there is no overlap
between both distributions; whereas for the EXT2 system this
ratio close to the interface (z = 0) is between 0.3 and 1 over
2 nm within the oil phase as the bulk extractant concentration
increases. With the excess of diamides observed at the
interface that is on the order of 1 molL¢1, the range of
[Nd]/[DMDBTDMA] ratios is consistent with those mea-
sured in bulk phases at the third phase transition.[24] Indeed, it
is known that at higher extractant concentrations, phase
splitting in the organic phase (third phase formation) can be
observed under the form of a gel-like and turbid phase
between the water and an extractant-poor oil phase.[25] This
transition is explained taking into account the interaction
between extractant aggregates within the organic phase.[20c,26]

In our system, the transition is beyond 0.1m for EXT1 and
around 0.2m for EXT2 in the bulk organic phase. This phase
transition can be characterized by the maximum of solubility
of extracted solutes in the organic phase which depends on
the extractant concentration and this limit seems to be
achieved at the interface for the DMDBTDMA system. This
is for this system, the signature of stronger Nd cation

Figure 2. a) Concentration profiles in molL¢1 across the LL interface (z-coordinate) of lithium, neodymium cation and extractant at four
concentrations of DMDOHEMA or EXT1 (0.007, 0.01, 0.02, and 0.04 molL¢1). b) Concentration profiles across the LL interface of lithium,
neodymium cations, and extractant at four concentrations of DMDBTDMA or EXT2 (0.02, 0.07, 0.09, and 0.1 molL¢1). Negative values of z
correspond to the oil phase whereas positive values correspond to the aqueous phase. The vertical lines correspond to z = 0 and are guides for
the eyes to visualize the mixing between organic and aqueous species at the interface.
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interpenetration within a thick interfacial region enriched
with extractant molecules.

Using a Poisson–Boltzmann equation as described in SI.6,
from the concentration profile of Nd we can determine and
compare the interfacial potential VNd(z) for this cation
between both systems at the CAC, as shown in Figure 3.

Differences between the systems are evident: The energy
barrier crossing the LL interface from water to oil is on the
order of 4kBT and is smoother for the EXT2 system with
a level in oil about 2kBT lower than for EXT1. Both systems
are distinct in term of interfacial structuration and from this
analysis it is possible to give an explanation of the different
kinetics observed by Simonin et al.[13c] For both extractants we
clearly observe an adsorption of the molecules at the interface
with a local concentration much higher than in the bulk. In the
case of DMDOHEMA, the extractant has an interfacial
behaviour resembling a surfactant, consistent with its rela-
tively low CAC. Its interfacial concentration increases with
the bulk concentration and although its maximum of distri-
bution is located more within the oil phase instead of being
more highly confined at the interface as in the case of a pure
oil–water interface (see SI.7), the extractant layer forms
a barrier to the various cations. In the case of DMDBTDMA,
we observe a thick interface that apparently allows an
incursion of the hydrated pairs of ions that can be complexed
by the extractant. Even though it was not possible with our
approach to resolve the orientation distribution of the
extractant molecules within the interfacial region, we can
imagine that head to head conformation in a bi- or trilayer can
exist as observed by M. Schlossman and co-workers on
a different system[27] and can generate the formation of
inverted micelles observed in the organic bulk phase. Of
course, such structures can be formed in both systems due to
thermal and hydrodynamic fluctuations, but our novel
determination of the relative interfacial potential for the
two systems shows that the energy barrier is weaker in the

DMDBTDMA system, which favours more diffusive ion
transfer.

Our data analysis still suffers from some crude assump-
tions such as a homogeneous distribution in the plane of the
interface and approximations concerning capillary wave
effects that cause thermal roughness that are not deconvo-
luted from the interfacial structure. However this analytical
approach was equivalent for both systems which have similar
surface tension variations, and therefore the comparison of
the two systems has allowed us to discriminate between
different structural distributions. This is static information
and to move forward also we need dynamical information to
report more deeply on the transfer mechanism. We worked
only below and at the CAC in order not to take into account
the contribution of extractant aggregation from organic bulk
phases in our analysis. These low concentrations are far away
from those used in industrial processes (the amount of
extractant is typically in the molar range), but we can consider
that the structures of the interface at higher concentrations
may not differ significantly from those observed at the CAC,
as the chemical potential of monomers is constant beyond this
concentration. Finally it is important to note that at this Nd
concentration (0.25m), the third phase transition is closer in
term of extractant concentration for DMDBTDMA than for
DMDOHEMA and thus we can consider the formation of
a critical adsorption that will be consistent with the cation/
extractant ratio determined in the interfacial region. The
organic bulk organization conditions the structure at liquid–
liquid interface and we could imagine that for solvent
extraction systems characterized by slow kinetics, the distance
in composition to the third phase formation could be an
important factor in the ion-transfer kinetics.[1]

We have also realized the novel application of these two
reflectivity techniques coupling different contrasts in scatter-
ing and electron density to be able to determine the potential
energy across a composite liquid interface for this type of
complex systems. It was then possible for us to relate the
relative energy barriers across the interface for the two
extractants studied to the nature of the ion transfer and the
structure of the interface. The work has also allowed us to
make a link between experiments and simulation as proposed
by G. Benay and G. Wipff in such systems.[28] These results
should serve as a basis for further understanding the
extraction mechanism, to improve the efficiency and kinetics
of existing processes, and to develop new ones. These
methodological developments will also allow studying other
liquid interfaces (e.g. in phase transfer catalytic systems).
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Figure 3. Interfacial potential in kBT units across the oil–water interface
for neodymium considering either DMDOHEMA or EXT1 (at
0.04 molL¢1) or DMDBTDMA or EXT2 (at 0.1 molL¢1). These concen-
trations correspond approximatively to the CAC for both systems.
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