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ABSTRACT: The use of surfactants to attract dissolved ions to water surfaces and ' _

interfaces is an essential step in both solvent-based and solvent-free separation 9" L?)'}:hamde
processes. We have studied the interactions of lanthanide ions in the aqueous subphase  Low Concentration
with monolayers of dihexadecyl phosphate at air—water interfaces. With heavier
lanthanides (atomic number Z > 65) in the subphase, the floating layer can be
compressed to an area/molecule of about half the molecular cross section, indicating
bilayer formation. X-ray fluorescence and reflectivity data support this conclusion. In the
presence of lighter lanthanides (Z < 65), only monolayers are observed. Subphase-
concentration-dependent studies using Er’* (heavier) and Nd** (lighter) lanthanides
show a stepwise progression, with ions attaching to the monolayer only when the solution concentration is >3 X 1077 M. Above
~107° M, bilayers form but only in the presence of the heavier lanthanide. Grazing incidence X-ray diffraction shows evidence of
lateral ion—ion correlations in the bilayer structure but not in monolayers. Explicit solvent all-atom molecular dynamics simulations
confirm the elevated ion—ion correlation in the bilayer system. This bilayer structure isolates heavier lanthanides but not lighter
lanthanides from an aqueous solution and is therefore a potential mechanism for the selective separation of heavier lanthanides.

AND

4 Heavy Lanthanide
High Concentration

KEYWORDS: specific ion effects, lanthanides, surfactant structure, air—water interface, synchrotron X-rays, X-ray reflectivity,
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B INTRODUCTION emulsions have complex interfaces that are less easily accessed
with nanoscale probes, there have been a number of studies of
model ion—surfactant systems using floating (Langmuir)
monolayers. With monolayers of octadecyl phosphate, a
single-chain surfactant, it has been reported that as the
lanthanide concentration in the aqueous solution increases,
there is a sharp phase-transition-like increase in lanthanide
surface density,” explained in terms of electrostatic interactions
and the presence of ion—ion correlations. Such correlations, as
well as the hydration of metal ions,” are also found to play a
key role in the adsorption of PtCl>~ anionic complexes to
floating cationic monolayers through X-ray fluorescence and
scattering measurements.’’ At water—oil interfaces, X-ray
reflectivity studies'"'” found surfactant bilayers in the presence
of erbium (Er’*) ions, and it was proposed that such bilayer
formation is an important step in the solvent extraction
process. (Lateral ordering was not studied in this system.)
Such bilayer formation increases the number of lanthanide
ions at the interface, and this may enhance extraction
efficiencies, for either solvent extraction or solvent-free

The extraction and separation of lanthanide elements are
commercially important because they are used to manufacture
key components such as permanent magnets, batteries, and
high-energy-density capacitors. Solvent extraction,"” a process
by which ions are transferred from aqueous solutions to
organic liquid phases with the help of surfactants at the
interface, is widely used to extract lanthanide ions dissolved in
water (after lanthanide-containing minerals are dissolved using
acids). Nevertheless, it is very challenging to selectively
separate lanthanides from each other since they have very
similar physical and chemical properties. Generally, hundreds
of cycles of solvent extraction are needed to reach industrially
relevant purity, and therefore, the process is highly energy-
intensive. Additionally, the use of organic solvents contributes
to environmental pollution. Accordingly, eco-friendly ap-
proaches have been developed, which include the solvent-
free methods of ion flotation, foam separation, etc.>™> These
processes use surfactants to attract relevant ions, just as with
solvent extraction, but they then remove the ions from the
water surface by creating and skimming off foams or by
removing precipitates. These methods are less developed for Received: December 14, 2021
industrial use but are worthy of further study because of their Accepted:  January 19, 2022
significantly lower environmental impact™® and cost.” Published: January 31, 2022
While it is clear that the surfactant plays an essential role in
all of these extraction processes, what happens at the nanoscale
is not fully understood. Because foams and solvent—aqueous
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methods. In this study, we investigated the conditions
necessary for the formation of lanthanide-containing bilayers
at air—water interfaces. Since double-chain phosphates are
commonly used in industrial extraction, we used dihexadecyl
phosphate (DHDP) floating monolayers as model extractants
and explored the effect of type of ions and varying
concentrations of ions in the subphase. We find that the
formation of bilayers occurs only with heavier lanthanide ions
(atomic number Z > 65) and is correlated with the
development of lateral long-range order of the ions.

B EXPERIMENTAL SECTION

Materials. Lanthanide chloride salts (LaCly; 99.999%, NdCl;
99.9%, SmCly; 99.99%, GdCly; 99.999%, TbCly; 99.999%, ErCls;
99.995%, and YbCly; 99.998%) were purchased from Sigma-Aldrich
and used as received. The salt was dissolved in pure water (18.2 MQ
cm) to designated concentrations. Dihexadecyl phosphate (DHDP)
was also obtained from Sigma-Aldrich and dissolved in chloroform
(>99.8%, Fisher Scientific) for a spreading solution.

Isotherms. The lanthanide solutions were poured into a Teflon
Langmuir trough. A piece of chromatography paper (1 cm width) was
used as a Wilhelmy plate to measure the surface pressure. DHDP
dissolved in chloroform was spread on the aqueous solution by
microsyringe, followed by 20—30 min wait to allow the chloroform to
evaporate. The atmosphere above the trough was flushed with helium
to reduce X-ray attenuation.

The surface area was controlled by moving the barrier. After
spreading the surfactant on the solution, the monolayer was
compressed until the desired surface pressure was achieved. The
surface pressure and area were recorded during the X-ray measure-
ments. The temperature of the samples was controlled by an
integrated water circulation system and set at 20 °C.

Grazing Incidence X-ray Diffraction (GIXD). All X-ray
experiments were conducted at the 15-ID beamline of the Advanced
Photon Source at Argonne National Laboratory. A schematic of the
overall X-ray setup is shown in Figure 1. In GIXD, the incident beam

Figure 1. Schematic of experiment setup for X-ray study of a
Langmuir monolayer. (a) Teflon Langmuir trough with a barrier. (b)
Slits to regulate the incident beam size. (c) Horizontal slit for a better
resolution along the Q.-direction during the X-ray reflectivity
measurements. These are replaced with two vertical slits for GIXD
measurements for greater resolution in the Q,y-direction. (d) Pilatus
area detector for GIXD and X-ray reflectivity. (e) Vortex detector for
fluorescence (XFNTR) measurements.

is incident on the sample at a very small incident angle, below the
critical angle for total external reflection. This means that the X-rays
will be scattered from the surface region only. We used 10 keV X-rays
(4 = 1.239 A) and the diffracted photons were collected using a
Pilatus area detector. The incident angle is 0.09° above the water
surface. The diffraction scans covered the range Q,, = 0.3—2.6 Al
and the trough was moved by 2 mm horizontally after each scan to
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avoid excessive X-ray exposure. We observed no evidence of radiation
damage, which would manifest itself as a time dependence of the
diffraction pattern.

X-ray Fluorescence Near Total Reflection (XFNTR). This
technique measures the surface concentration of a fluorescing ion. X-
rays (10 keV) were incident on the water surface near the critical
angle (so that, as before, only the surface region is illuminated with X-
rays) and a Vortex detector collected the fluorescence spectrum from
the interface. The Loy fluorescence signals were collected for
analysis. Further details are given in Bu et al."’

X-ray Reflectivity. X-ray reflectivity was used to determine the
electron density profile normal to the interface, averaged over the x-
and y-directions. The intensities of the reflected beam were measured
from Q, = 0.016 to 0.76 A™". The sample was moved laterally by 2
mm at regular intervals to avoid radiation damage from the incident
beam. The collected reflectivity data were fitted using a slab model.
Further details of the fitting methods used and fitting parameters
obtained are in the Supporting Information.

All-Atom Explicit Solvent Molecular Dynamics (MD)
Simulations. Classical atomistic MD simulations were performed
using the package GROMACS (version 2016.3)."* The CHARMM
36m potential'® was applied for DHDP, along with the recommended
CHARMM TIP3P water model;'® the structures of which were
constrained via the SETTLE algorithm.'” The CHARMM force field
parameters of the Er** ion have been reported in our recent work.'®
These parameters were capable of well reproducing the available
experimental data of hydration free energy (—6% deviation from the
experimental data), optimal coordination distance between Er** and
water oxygen in both the first and the second coordination shells (—3
and 0.4% deviation from the experimental data), and the coordination
number in the first coordination shell (0.1% deviation from the
experimental data).

Two systems were simulated to examine the molecular structure of
the DHDP monolayer and bilayer in the presence of Er’* ions
(Scheme 1). To simulate the DHDP monolayer system (Scheme 1a),
we first generated and equilibrated a regular DHDP bilayer system. In
this regular bilayer system (structurally similar to lipid bilayers'®), 480
DHDP molecules were included, which were surrounded with 26 400
water molecules above and below the bilayer. One hundred sixty Er**
ions were included to neutralize the charged DHDP headgroups.

Scheme 1. Schematic Representation of DHDP—Er**
Systems Used in Simulations: (a) Monolayer and (b)
Bilayer”
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Three-dimensional periodic boundary conditions were employed. The
neighbor searching was carried out up to 12 A using the Verlet
particle-based method and was updated every 20 time steps. The
Lennard-Jones 12-6 potentials were switched off from 10 to 12 A
using the potential-switch method available in GROMACS. The
short-range Coulomb interactions were truncated at 12 A with the
long-range interactions calculated using the Particle mesh Ewald
algorithm.*”?' The NPT ensemble (constant number of particles,
pressure, and temperature) was employed. The temperature was
coupled using the Nosé—Hover algorithm (reference temperature 298
K, characteristic time 1 ps). The semi-isotropic Parrinello—Rahman
barostat was applied with the reference pressure of Pyy = P, = 1 bar,
the characteristic time of 4 ps, and the compressibility of 4.5 X 107
bar™". All of the covalent bonds were constrained, which supported an
integration time step of 2.5 fs. These parameters were recommended
for the accurate reproduction of the original CHARMM simulations
on lipid membranes*> and have been employed in our simulations on
proteinsnf26 and lipid membranes.”” The equilibration run 200 ns,
even though the area per DHDP converged to be around 40 A at
around SO ns. Subsequently, the simulation box length in the Z-
dimension was enlarged to be 30 nm from around 12.5 nm. The water
molecules were shifted in the Z-dimension to the center of the
simulation box. The two DHDP layers were now separately attached
to the upper and lower surfaces of the water phase at around Z = 19
and 11 nm, respectively, forming two DHDP monolayers (Scheme
la). The vacuum regime with a length of around 18 nm in the Z-
dimension was included to screen the electrostatic interactions
between the simulation box and its images. This DHDP monolayer
system was further equilibrated using the NTV ensemble (V stands
for volume) for 100 ns. Eventually, the production simulation of 100
ns was conducted using the NTP ensemble, where the semi-isotropic
pressure coupling was employed with the zero compressibility in the
Z-dimension to retain the vacuum—DHDP monolayer—water—
DHDP monolayer—vacuum structure. The temperatures of DHDP,
Er’*, and water were separately coupled. The other simulation
parameters were the same as those employed in the DHDP regular
bilayer system above. The equilibrium area per DHDP was calculated
to be 39.4 + 0.1 A%

In contrast to the DHDP—Er** monolayer system, the DHDP—
Er’* (inverted) bilayer system is structurally more complicated
(Scheme 1b, see the discussion below). First, a smaller DHDP—Er**
(inverted) bilayer structure was generated using packmol.”® Seven
thousand water molecules were distributed in the center region (Z =
16—24 nm) of a simulation box (§ X § X 40 in X X Y X Z
dimensions). Two hundred forty DHDP molecules were distributed
at the upper and lower surfaces of the water phase (120 DHDP on
each surface). On each surface, half of the DHDP molecules (60)
were forming an interdigitated layer at the water surface with the
orientations of 30 head-up and 30 head-down; the other 60 DHDP
molecules were forming the outmost layer with their alkyl tails
pointing toward the vacuum regime. In each of the sandwiched
regions between the water-contacting interdigitated layers and
vacuum-contacting layers, 30 Er** molecules were included to
neutralize the charged DHDP headgroups, along with 300 water
molecules to account for the hydration behavior of Er** and DHDP
headgroups. The bilayer—water—bilayer region was around 18 nm in
the Z-dimension (Z 11-29 nm) surrounded by the vacuum
regimes. The system was equilibrated for a duration of 50 ns using the
NTP ensemble, where the semi-isotropic pressure coupling was
employed with the zero compressibility in the Z-dimension.
Subsequently, the system was enlarged by 4 times (2 X 2 X 1 in X
X Y X Z dimensions). After a short equilibration, the long production
simulation was conducted for a duration of 150 ns using the same
simulation parameters as those in the DHDP—Er** monolayer
production simulation. The trajectory in the last 50 ns was employed
for data collection and analyses, where the equilibrium area per
DHDP was calculated to be 19.18 + 0.04 A%
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Bl RESULTS AND DISCUSSION

lon-Specific Effects at Fixed Lanthanide Concentra-
tion in the Subphase. The isotherms of DHDP films on
solutions with the same ion concentration (10™* M) but
different lanthanides are shown in Figure 2a. The isotherms of
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Figure 2. (a) Isotherms of DHDP films on various lanthanide
solutions. All samples contain 10™* M lanthanide ions in the subphase.
The film was compressed until the surface pressure hit 10 mN/m and
held at this pressure. (b) Surface density of DHDP obtained from the
isotherms (a). The area per molecule values is collected when the
surface pressure reaches 8 mN/m (dotted line in (a)) and reversed to
get the density (molecule per area). (c) Surface density of the
lanthanide ions attracted to the anionic headgroup of DHDP. The
ions are attracted from the same bulk ion concentration (10™* M),
and DHDP films are at 10 mN/m during the measurement.

the light elements La** (Z = 57), Nd*" (Z = 60), Sm** (Z =
62), and Gd*" (Z = 64) are similar to each other. They share
about the same molecular area (~40 A%/molecule) when
compressed, roughly what is expected for a closely packed
monolayer of double-chain molecules at the air—water
interface.””

The isotherms of heavier lanthanides are quite different. The
limiting molecular areas when compressed are approximately
halved (~20 A%/molecule), consistent with bilayer formation.
Tb*" (Z = 65) has an isotherm that falls between the light and
heavy cases.

Figure 2b shows the density of the DHDP molecules at the
interface, calculated from the isotherms in Figure 2a at a
pressure of 8 mN/m. In the presence of lighter lanthanides,
there are ~0.025 DHDP molecules per A% With heavier
lanthanides, the DHDP densities are doubled (~0.05 DHDP/
A%). Tb* is again an intermediate case.

To measure the surface density of lanthanide ions directly,
we used X-ray fluorescence near total reflection (XFNTR),
with the monolayer held at pressures of 10 mN/m. The

https://doi.org/10.1021/acsami.1c24008
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observed surface densities (ions/A%) of lanthanide ions are
shown in Figure 2c. For lighter lanthanides, up to Gd** (Z =
64), there are about 0.008 ions/A?. Heavier lanthanides, from
Dy*" (Z = 66) to Yb*" (Z = 70), have roughly twice the areal
density (0.015 ions/A?). Tb*" again falls into an intermediate
region, with 0.011 Tb**/A? at the surface.

For all lanthanides, the DHDP density (Figure 2b) is
roughly 3 times the ion density determined from XFNTR
(Figure 2c). This is consistent with the charge balance between
single-charged DHDP triply charged lanthanides, without
contributions from H' or OH™ ions. Neither XFNTR nor
isotherms tell us the orientation of the molecules in the bilayer.
Two earlier studies have found (using X-ray reflectivity) that
an inverted bilayer of DHDP forms at an oil—water interface in
the presence of erbium ions.'"'* In the inverted bilayers, the
polar headgroups of DHDP (along with the associated Ln(III)
ions) are embedded inside the bilayer, while nonpolar alkyl
tails are pointing toward either the oil phase or the water
phase, even though the last orientation is energetically
unfavorable owing to the hydrophobic feature of the tails.
We performed X-ray reflectivity scans for the floating DHDP
monolayer on 107* M Nd**, Gd**, Tb**, and Er** solutions.
These scans are shown in Figure 3a, and the fitted electron
density profiles (EDPs) are shown in Figure 3b.

With Nd* and Gd*, a DHDP monolayer structure (water—
headgroup—tail—air) is confirmed by reflectivity data. The
electron density of the tail layer of both samples is 0.30
electrons/A3. This means that DHDPs are forming a closely
packed monolayer structure over Nd** and Gd** solutions, as
expected from the XFNTR and isotherm data shown above.

With Tb*" or Er’* in the subphase, a DHDP interdigitated
inverted bilayer structure is observed. Unlike the case of the
oil—water interface,'”'* our measurements can only be fitted
by introducing a small electron-dense slab between the water
and bottom tail region (water—head—tail—head—tail—air). The
presence of the bottom head layer indicates that there are
some DHDPs in the bottom half facing downward (headgroup
next to the water). Zhang et al. studied a spontaneous collapse,
which eventually caused monolayer molecules (palmitic acid,
with calcium ions in the subphase) to form an inverted
bilayer.3'0 According to their molecular dynamics simulation,
the bilayer formation process is nucleated by corrugation of the
surface and ejection of the monolayer. Subsequently, the
inverted bilayer grows by transporting molecules from the
monolayer region. In their video of the simulation, some of the
molecules transported to the inverted bilayer region are
oriented in the “wrong” direction, just as our reflectivity data
show. Although we do not observe the dynamics of bilayer
formation, it is possible that in our system the same process of
corrugation and folding leads to the inverted bilayer structure.

lon-Specific Effects in the Lanthanide Concentration
Dependence. For Er** and Nd*, the surface densities of
erbium ions under floating DHDP monolayers were measured
by XFNTR in the subphase concentration range of 10~*~107°
M. Figure 4a shows the surface densities of DHDP molecules
as a function of the subphase lanthanide concentration, at 8
mN/m, derived from isotherms (not shown).

Figure 4b shows the surface densities of Er** or Nd*" ions,
also as a function of the subphase concentration. There are two
rather sharp transitions in XFNTR data. Er’* and Nd** both
undergo the first transition around (2—3) X 1077 M, but only
Er’* undergoes the second transition. The first step is the onset
of surface adsorption of the lanthanide ion, and it is similar to
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Figure 3. (a) X-ray reflectivity data for DHDP floating monolayers at
10 mN/m with 10™* M lanthanide ions in the subphase (green: Nd*,
purple: Gd*, brown: Tb*, and blue: Er**). Solid lines represent the
best fits using slab models. The data sets and fits are shifted vertically
for clarity. (b) Electron density profiles determined from model fits.
The blue region (Z < 0) is water and the surface is at Z = 0. The solid
lines show the slabs without interface roughness. Cartoon
representations of (c) the DHDP monolayer structure formed with
light lanthanide ions and (d) the bilayer structure formed with heavy
lanthanide ions.

that previously reported with a single-chain surfactant
monolayer.® Past the first step, there are about 0.008 ions/A>
at the interface for both Er’* and Nd*. However, there is
another jump of the number density of surface Er** ions at a
subphase concentration of about 107> M. This second
transition roughly doubles the number of erbium ions attracted

https://doi.org/10.1021/acsami.1c24008
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Figure 4. (a) DHDP surface density as a function of bulk ion
concentration in the subphase. The density values were calculated
from the isotherms at ~8 mN/m. The ranges of the first and second
transitions are indicated as light gray regions. (b) Ion surface densities
from the same samples, measured by XFNTR, as functions of
subphase ion concentration.

to the surface. The transition from the first to the second step
occurs because the DHDP monolayer collapses to an inverted
bilayer structure, as described earlier.

The twofold transitions of the Er** XFNTR result can be
explained by comparison to the DHDP surface density (Figure
4a). With dilute Er** and Nd** subphases (<107 M Er**), the
DHDP monolayer has a limiting area of 0.025 DHDP/A?,
which corresponds to 40 A%/molecule, as expected for a two-
chain molecule. The measured area per DHDP is also similar
to the previously calculated value of ~43 A%/lipid in the two-
tail DLPS lipid bilayer system in the presence of La(Ill) ions,
where the gel phase of DLPS molecules was reached.'” There
is no significant change in the area/molecule across the first
transition because they form a monolayer both before and after
the first transition. Above the second transition, at subphase
Er’* concentration of 107> M, there is an approximate
doubling of the number of DHDP molecules per unit area
just where there is a second transition (with Er’* only) in
Figure 4b. Thus, both isotherm and XFNTR data are
consistent with the formation of a bilayer when the Er’*
concentration in the subphase is above 10~ M. With Nd**, on
the other hand, there is a constant DHDP density for the
whole range of subphase concentrations, meaning that there is
always only a monolayer. At all subphase concentrations, there
is roughly a 3:1 ratio of DHDP density to ion density.

X-ray reflectivity confirms these conclusions. There is a
monolayer below the second transition in Er’*, but a bilayer
above it (Figure 5). Incidentally, at the oil—water interface,' ">
the bilayer structure was reported at a much lower lanthanide
concentration, S X 107" M ErBr;. (Only a single concentration
was used in that study.) Since the oil phase is more oleophilic
than air, it is reasonable that a bilayer would be formed more
easily in that system.

The lateral ordering of ions under DHDP floating
monolayers was reported by Miller et al.>* With a subphase
containing 10™* M ErCl,, the ion lattice is hexagonal, resulting
in a single peak at Q,, = 0.512 A™' (Figure 6). However, both
ionic and DHDP structures are shifted as the subphase
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Figure 6. GIXD scans for three subphase concentrations, as labeled.
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107 M). Peaks due to the molecular monolayer are in a higher Q,,
range and are not shown. The scans are shifted vertically for clarity.

concentration decreases. No ionic peak is observed from 5 X
10°°M sample, which clarifies the fact that there is no ion—ion
correlation with the monolayer structure. The ionic peak is
observed from 107* and 10~ M samples at slightly different
Q.- The 10™* M sample has a peak at Q. =0.529 A7, and the
intermediate sample (107> M) has the same peak at
0.502 A™". This result indicates that when the sample is on the
second step, the ions form a shorter lattice vector (d = 27/ Qxy)
than that from the intermediate state. Consequently, the ions

https://doi.org/10.1021/acsami.1c24008
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in the 10™* M sample have a stronger ion—ion correlation than We further calculated the coordination behavior of Er’* in

in the 107> M sample due to the shorter interaction distance. the two systems (Table 1). The optimal coordination distance
All-Atom Explicit Solvent MD Simulations. To explore

molecular structures, we conducted two atomistic simulations. Table 1. Coordination of Er®* Ions from All-Atom

The DHDP—Er*" monolayer system (Figure 7a) is employed Simulations

to stand for the experimental system with the subphase Er**

concentration range of 3 X 107°~107° M, where a DHDP Er—O(H,0) Er—O(DHDP)

monolayer was observed. The DHDP—Er** bilayer simulation r(A)* CN"  r(Ad)* CN°
(Figure 7b) was performed to represent the experimental monolayer 2.30 4.6 2.16 3.4
system with the subphase Er’* concentration above 107> M, bilayer (water—DHDP interface) 230 5.0 2.16 3.0
where a bilayer structure best fits the reflectivity data (Figure bilayer (sandwiched region®) 2.30 4.1 2.16 39
5b). “Optimal Er—O distance obtained from the peak position of the
In the monolayer system, the area per DHDP in the corresponding radial distribution function. bCoordination number
simulation was 39.4 + 0.1 A? /DHDP, in good agreement with (CN) in the first coordination shell. ““Sandwiched region” refers to
the experimental value of the 40 A2/DHDP. The area per the regions between the vacuum-contacting DHDP monolayer and

DHDP dropped to 19.18 + 0.04 A2/DHDP in the bilayer the water-contacting interdigitated DHDP layer.
system. We also calculated electron density profiles (Figure
7¢c). The average electron density in the water subphase (0.338

A . . . ) of Er’* to water oxygen is 2.3 A, in good agreement with X-ray
¢/A’) and in DHDP alkyl tail regions (approximately 0.33 ¢/ experimental data);Z§3 and our r’ecent computational work."® In

3 . . . . .
A%) are in line with the corresponding experimental data contrast, the coordination distance of Er’* to DHDP oxygen is

(Figure Sb). The peak electron densities in the DHDP head slightly shifted to a shorter value of 2.16 A, which is ascribed to
regions are qualitatively consistent with the experimental

results in Figure Sb. The quantitative differences likely
originate in the differences in the structures: in atomistic
simulations, the numerical ratio of head-up DHDP to head-

strong electrostatic interactions between Er** ions and
oppositely charged DHDP headgroups. This is in line with
our recent finding that enhanced interactions of metal ions and
ligands will decrease their equilibrium coordination distance,

down DHDP in water-contacting layers is 1:1 (Scheme 1) and although lower valent metal ions (NpO,* and NpO,>*) were
the ratio of water to Er*" ions is 10:1 in the sandwiched region employed there.** Meanwhile, the total coordination number
between the water-contacting layer and the air-contacting remains a constant of 8 in both systems, in %ood agreement
layer; these quantities are experimentally unknown. Never- with X-ray data®>** and computational results'® in bulk water
theless, in general, our simulations are representative of the solutions, suggesting the independence of the coordination of
experimental systems. Er** on the local environment (solution vs interface).
The insets in Figure 7 provide visual support that Er’* ions Surprisingly, Table 1 also shows that the Er—DHDP
are highly dispersed in the monolayer system (Figure 7a), coordination is elevated in the sandwiched region than that
whereas they are linearly aggregated in the sandwiched region at the water—DHDP interface, evidenced by the increased
in the bilayer system (Figure 7b). Cluster calculations (Figure coordination of negatively charged DHDP around Er** ions.
7d) indicate that in the bilayer system Er** clusters as large as This originates in the fact that the dehydration in the
14 mer exist, which are much larger than those in the sandwiched regions lowers the local relative permittivity,
monolayer system, where up to 6 mer of Er’* clusters formed. consequently enhancing the coulomb attractive interactions
7509 https://doi.org/10.1021/acsami.1¢24008
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between Er’* and DHDP. Figure 8 presents the typical Er'*
coordination structure at the water—DHDP interface and in

- "
S

NS

S NN NN

Figure 8. Local coordination structure of Er’* ions (orange beads) at
(a) the water—DHDP interface and (b) the sandwiched region
between the water-contacting DHDP layer and the vacuum-
contacting layer. Water O/H are colored in red/white, respectively;
DHDP O/P/C atoms in red/tan/cyan, respectively. DHDP hydrogen
and other noncoordinating molecules are omitted for display.

the sandwiched regions. It also demonstrates that the
neighboring Er** ions in the sandwiched region are bridged
by the DHDP headgroups, forming Er** aggregates in the inset
of Figure 7b.

B CONCLUSIONS

At first glance, all trivalent lanthanides should be chemically
identical. Of course, it is well known that they are not identical
in practice, but this study reveals new and unexpected
differences in interfacial behavior. Many of the previously
known differences were attributed to the sizes of ions and the
numbers of water molecules in their hydration shells. It is
possible that the same differences explain our observations
also, but this is not established.

We have found that the interactions of ions with surfactant
interfaces take place in phase-transition-like steps as a function
of the ion concentration in the aqueous subphase. In addition
to the previously reported first step, below which there are no
adsorbed ions, we find that there is a second step at higher
concentrations leading to a bilayer, but only for heavier
lanthanides. In these bilayers, lanthanide ions are laterally
ordered. This is reminiscent of what has been observed in a
different case, that of charge inversion in colloids. It was
predicted,”™** and experimentally observed,””*’ that when
there is an excess of counterions at an interface, this is made
energetically favorable by the lateral ordering of counterions.
We see the same lateral ordering in this case when the number
of ions at the interface doubles due to bilayer formation.

Although the formation of an inverted bilayer at an oil—
water interface has been reported previously, the air—water
interface allows a more detailed study of the conditions leading
to the formation of such bilayers. Since the bilayer selectively
isolates heavier lanthanides, we suggest that one can enhance
the efficiency of extraction processes by reproducing the
conditions leading to bilayer formation. Quite generally, these
studies reveal further ways in which lanthanides show
unexpected ion-specific behaviors.
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B NOTE ADDED IN PROOF

We have been informed of an unpublished recent study by
Nayak, Kumal and Uysal41 that is consistent with what we
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report in this paper. They observed inverted bilayer formation
at the air-water interface in the presence of Lu3+ (the heaviest
lanthanide).
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