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Safety Statement. No unexpected or unusually high safety hazards were encountered in any aspect of this work.

1. Experimental Details

All measurements were taken at a room temperature of 22°C.

1.1. Materials. Ultrapure water from a Millipore system with resistivity of 18.2 MQecm was used for all aqueous

solutions. Bis(2-ethylhexyl)-phosphoric acid (HDEHP, after purification, >99.9%, Chart 1) was purchased from Alfa-
Aesar (97%) and purified via a third-phase formation procedure.! NdCl3:6H20 (99.9%), ErClz-6H20 (99.995%),

LuCl3-6H20 (99.99%), GdCl3-6H20 (99.99%), and DyClz-6H20 (99.9%), were purchased from Sigma Aldrich and used

without further purification. LaCl3-7H20 (99.99%) was purchased from Alfa-Aesar and used without further

purification. Dihexadecyl phosphoric acid (DHDP, >98% purity from Sigma-Aldrich, Chart 1) was purified by
recrystallizing it twice from chloroform. Sodium hydroxide (NaOH) was purchased from Alfa-Aesar (98%). Hydrogen

chloride (HCI) was purchased from Fisher Chemical (36.5 to 38.0%).

1.2. Preparation of saturated HDEHP aqueous solution. Aqueous solutions of HDEHP and lanthanide chlorides
(LnCls) were prepared at three different values of pH: 2.0, 3.0, and 4.5. Saturated HDEHP aqueous solution was
prepared by adding 2 g HDEHP into 2 L water and mixing for 30 minutes by shaking by hand. The solution was then
allowed to phase separate for at least 24 hours. Then, the solution was filtered through Omnipore filter paper (pore
size of 0.2 um) to obtain a clear solution. The concentration of HDEHP in the saturated HDEHP solution was measured
to be close to 300 uM (at pH 3.4) by ICP-OES. HDEHP solutions used in the experiments were made by diluting the
saturated HDEHP aqueous solution by a factor of 30 with pure water to yield a concentration of 10+1 pM, as
measured by ICP-OES. Then, a certain volume of lanthanide salt aqueous solution (concentration of 1mM) was added
into the diluted HDEHP aqueous solution (the ratio of HDEHP to lanthanides is 6:1). After that, the pH was adjusted
with NaOH or HCL
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Figure S1. The ratio of HDEHP and DEHP™ in aqueous solution as a function of pH. The blue dashed lines represent

experimental conditions in the present study. The pKa value of HDEHP is 3.24 according to previous literature.2

Figure S1 shows the percentage of HDEHP and DEHP~ in aqueous solution as a function of pH. HDEHP will
deprotonate to DEHP™ as the pH increases. In the present study, we select three pH values to control the existing

form of extractant in the aqueous solution: 5% DEHP~ and 95% HDEHP at pH 2.0, 37% DEHP~ and 63% HDEHP at
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pH 3.0, and 95% DEHP~ and 5% HDEHP at pH 4.5. Note that the presence of lanthanides can change these
percentages as the protron and the Ln(III) compete for DEHP-.

1.3. Surface Tension Measurements. The tension of HDEHP-solutions was measured with the Wilhelmy plate
method using a KSV NIMA tensiometry balance with a filter paper (Whatman Chr 1 with the width of 1 cm). The
experimental HDEHP aqueous solution was poured into the trough, then the Wilhelmy plate (pre-equilibrated with
pure water) was lowered to touch the surface of the aqueous solution, this point was defined to be t = 0 in our time-
dependent tension measurement (Fig. 24, B, and C). Table S1 shows the equilibrium value of surface tension for
different lanthanides at different pH (Fig. 2D). Both X-ray reflectivity and XFNTR measurement are taken after the
surface tension has reached its equilibrium value. Note that samples containing HDEHP-Er at pH 4.5 were made about

17 hours before the X-ray reflectivity and XFNTR measurements to ensure sample equilibration.

Table S1. The equilibrium value of surface tension shown in Fig. 2 for different lanthanides at different pH

Components pH 2.0 pH 3.0 pH 4.5
no Ln ions 43.8 mN/m 541 66.5
La 43.2 49.8 52.4
Nd 45.6 53.7 56.2
Gd 50.5 56.8 60.9
Dy 51.1 59.3 64.8
Er 51.0 59.6 66.6
Lu 51.7 60.0 67.8

The experimental uncertainty of surface tension values are +0.2 mN/m.

Figure S2 shows the surface tension curves for single-Ln HDEHP aqueous solutions, which are the same curves as
in Fig. 2 of the main paper, plus curves for mixtures of Er and Nd which are labeled Er+Nd. The ratio of HDEHP to

each Ln is 6:1, indicating that the ionic strength of the mixture is twice that of single-Ln solutions.
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Figure S2. Time dependent surface tension of HDEHP aqueous solutions containing different lanthanide ions at
various pH. (A) pH 2.0, (B) pH 3.0, (C) pH 4.5.
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To measure the critical aggregation concentration (CAC) of HDHEP in the aqueous solution, the surface tension of
aqueous solutions containing different concentration of HDEHP were measured. The pH of all HDEHP-aqueous

solutions was adjusted to 1.6 to ensure that most of the HDEHP was protonated. The result is shown in Figure S3.
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Figure S3. Surface tension of HDEHP-aqueous solution as a function of the concentration of HDEHP at pH 1.6. The CAC is

determined to be around 1.6 uM by the intersection of the two red lines.

1.4. X-ray Instrumentation and Langmuir Trough Setup. Synchrotron X-ray experiments were conducted with a
liquid surface scattering instrument located at beamline 15-ID, NSF’'s ChemMatCARS, of the Advanced Photon Source,
Argonne National Laboratory.3 X-ray energy was set to 10 keV. The Langmuir trough was inside a closed box, which
was purged with helium to reduce the beam damage and the air scattering.* The helium was bubbled through water
prior to entering the trough box. Beam damage was avoided by collecting data in appropriate time intervals as
indicated by previous tests. The sample was shifted horizontally to place the x-ray beam on a fresh spot on the sample

between scans.

1.5. X-ray Reflectivity. Reflectivity data were measured as a function of wave vector transfer, Q, = |E— E| =

2k, sin a, where k, = 2m/A is the wavenumber, E is the incident wave vector, and Z is the scattered or reflected
wave vector. The reflectivity data at each Q, consists of the measurement of the specularly reflected X-ray intensity
(at Qy, = 0) and the background intensity measured slightly off from the specular condition (i.e., Qy, # 0 but small),
which are done simultaneously by using Pilatus 200K area detector. Both intensities are normalized to the incident
beam intensity prior to further analysis. The slits prior to the sample set the beam size incident on the sample and
had an opening of 60 pm X 2 mm (vertical by horizontal) at low @, and 100 um X 2 mm at high @,. The length of the
footprint of the X-ray beam on the water surface varied from 1.3 mm to 40 mm as the incident angle decreased.
X-ray reflectivity data were measured on equilibrated samples. This involved first waiting for the equilibration of
the surface tension. Then multiple reflectivity measurements were taken over short ranges in Q, to check for
stability. Only after both the surface tension and the x-ray reflectivity values were stable was the full measurement
made. In some cases, the sample was prepared well ahead of time to ensure that it was in equilibrium when the beam
was available. For example, samples containing HDEHP-Er at pH 4.5 were prepared about 17 hours before the X-ray

reflectivity measurement to ensure sample equilibration.
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X-ray reflectivity data were fit to a model functional form to determine the electron density profile p(z) along the

direction z perpendicular to the interface, but averaged over the x-y plane of the interface. The model is a sum of

error functions:

p(2) = Tl gerf(22) (p; — prua) + 222281, (1)
where erf (z) = (2/Vm) foze‘tzdt; N is the number of slabs; p; is the electron density of the ith slab where p, =
DPwater ANd pPy11 = pair are, respectively, the electron densities of the bulk water and air phases; z; is the position of
the ith interface; and o is the interfacial roughness. The thickness of the ith slab, d;, is defined as |z; — z;_,|. X-ray
reflectivity is calculated using the Parratt formalism by discretizing the density profile in Eq. 1. Additional fitting
parameters include @, offset to correct for small misalignments of the instrument and a scale factor.

Figure S4 illustrates the zero-roughness electron density profiles that correspond to the electron density profiles

shown in Figure 3 to reveal the underlying layer structure in the absence of capillary wave roughening.
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Figure S4. Electron density profiles as a function of the distance z normal to the liquid-vapor interface in the absence of

capillary wave roughening. (A: pH 2.0, B: pH 3.0, C: pH 4.5)

1.6. X-ray Fluorescence Near Total Reflection (XFNTR). XFNTR data consists of measurements of fluorescence
spectra from samples for a series of Q, near the critical Q. for total reflection. A Vortex-60EX multi-cathode energy
dispersive X-ray detector, placed perpendicularly above the surface, recorded the X-ray fluorescence spectrum. The
fluorescence spectrum was then normalized to the incident beam intensity and corrected for detector dead time.
After normalization, the La1 fluorescence peak of lanthanide (Nd: 5255 eV; Er: 6970 eV) was fit to a Gaussian function
to get its integrated area, which provides the XFNTR signal. The XFNTR signal is modeled by integrating the X-ray
intensity and the lanthanide ion concentration over the overlap region between the detection volume and the X-ray

path in the aqueous phase. The details have been described in our previous work.>-

XFNTR data were measured on equilibrated samples, unless stated otherwise. This involved first waiting for the
equilibration of the surface tension. For most samples, x-ray reflectivity was measured next, as described above.
Then multiple XFNTR measurements were taken over short ranges in Q, to check for stability. Only after both the
surface tension and XFNTR values were stable was the full measurement made. In some cases, the sample was

prepared well ahead of time to ensure that it was in equilibrium when the beam was available. For example, samples
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containing HDEHP-Er at pH 4.5 were prepared about 17 hours before the XFNTR measurement to ensure sample

equilibration.

Figure S5A illustrates the fluorescence spectrum of Er and Nd from reference samples. The Lou fluorescence peak
of Nd is far from the Lo peak of Er, which means that we can distinguish Er and Nd in our fluorescence spectra from
mixture samples. However, Nd has a weak Lys peak, which overlaps the Lou peak of Er. For the case of pH 2.0, the
signal of Nd-Lou and Er-Loi were close, as shown in Figure S5B. The analysis of the Er peak in this and similar cases
was performed by subtracting the Nd-Lys peak from the Er-Loai peak. For the case of pH 3.0, it was found that the
intensity of peaks in the region between 6250 and 7500 eV were almost the same between samples containing only

Nd and samples containing a mixture of Er and Nd (Figure S5C). A similar result was also found in the case of pH 4.5
(Figure S5D).
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Figure S5. (A) Normalized fluorescence spectra from the reference samples containing either Nd or Er at Q, = 0.015 A-1,

Normalized fluorescence spectra from samples containing Nd and a mixture of Nd and Er at Q, = 0.015 A-t for pH 2.0 (B),
3.0 (C) and 4.5 (D).

To obtain the interfacial coverage of lanthanide ions on the water surface, the scale factor determined by the
scattering geometry and elements needs to be obtained from the reference sample containing specific lanthanide
ions.5 Here, XFNTR were measured from 50 mM NdCls and ErCls solutions, respectively. As shown in Figure S6, the
X-ray fluorescence yield of Er is higher than that of Nd. The scale factors for Nd and Er are 1.32 x 1078 (+3.4 X
1071%) A and 3.57 x 1078 (+7.1 x 1071%) 4, respectively.
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Figure S6. The integrated fluorescence intensities of Nd and Er La: emission line from reference samples (concentration of

Nd and Er are both 50 mM) are shown as a function of wave vector transfer Q,. The solid lines are the best fits that determine

the scale factor of 1.32 x 1078 (+3.4 x 1071%) A (Nd) and 3.57 x 1078 (+7.1 x 10~1%) A (Er).

Table S2. Interfacial density of Nd and Er in Figures 4C and 4D.

Single-component Ln ion solutions Mixture of Er and Nd ion solutions

pH Interfacial density of Nd Interfacial density of Er Interfacial density of Nd Interfacial density of Er
(number of ions per A2) (number of ions per A2) (number of ions per A2) (number of ions per A2)

2.0 2.13x10 (£8x10-6) 5.0x105 (£5x10-6) 1.90x10 (+8x10) 6x105 (£1x10°)

3.0 2.5x103 (+1x104) 1.53x10 (+6x10) 2.8x103 (+1x104) BDL

45 4.2x103 (+2x104) 3.19x103 (£7x10°5) 4.2x103 (£2x10) BDL

BDL - below detection limit (<2 x 10-5)

The adsorption of Er-(H)DEHP complex on the water surface can be an extremely slow process as indicated by the
kinetics of surface tension result. Here, we measured the time dependence of XFNTR data for HDEHP-aqueous
solution containing Er with pH 4.5, as shown in Figure S7. The interfacial coverage of Er increased slowly within the
first 2 hours and increased by a factor of 3.2 after 17 hours when the surface tension reached the equilibration value.
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Figure S7. (A) X-ray fluorescence near total reflection (XFNTR) as a function of the wave vector transfer Q, near the critical
Q. ~ 0.217 A~ for total reflection at different time. Measurements were from samples containing single ionic components,
Er at pH 4.5. (B) Interfacial density of ions (number per area) as a function of time.

1.7. X-ray Fluorescence Near Total Reflection (XFNTR) measurement of adsorption of Er and Nd to DHDP

monolayers.

Monolayers of DHDP were prepared by spreading DHDP-chloroform solution (1 mg/mL) on the surface of aqueous

solutions containing a 1:1 mixture of NdCls and ErCls (concentration of each salt was 10 pM, aqueous pH was 2.5).

The surface pressure of DHDP monolayer was controlled at 10 mN/m by a Teflon barrier. XFNTR of DHDP

monolayers were measured at different times as shown in the Figure S6. The interfacial coverage obtained from the

fitting of XFNTR data is presented in Table S3.
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Figure S8. Time dependence of X-ray fluorescence near total reflection (XFNTR) as a function of wave vector transfer Q.

near the critical Q, =~ 0.217 A~! for total reflection from the DHDP monolayer on a solution containing a 1:1 mixture of

NdClz and ErCls.

S8



Table S3. Interfacial density of Er and Nd in Figures 7 and S8.

Time Er (number of ions per A2) Nd (number of ions per A2)
(min)
30 4.3x103 (+2x104) 3.1x103 (+2x104)
39 7.1x103 (+2x104) 1.68x1073 (+9x10°5)
47 8.8x103 (+3x104) 0.9x103 (6x10-5)
56 9.2x103 (+3x104) 0.54x103 (+4x10-5)
105 8.4x103 (+3x104) 0.28x103 (£2x10-5)
116 8.1x103 (+3x104) 0.22x103 (£2x10-5)
129 8.5x103 (+3x104) 0.19x103 (+4x10-5)

2. Detail of Free Energy Calculation

2.1. System

The system contains 4071 water molecules, one metal ion (Er3* or Nd3+), one deprotonated HDEHP molecule
(DEHP™) placed not far from the metal ion, and two Cl-ions for electrical neutrality positioned far from the two
interacting species. The simulation box is a cubic box of 50 A in each dimension. Periodic boundary conditions are

applied in all directions.
2.2. Force field

For water, we used a version of the flexible simple point charge (SPC) model with intramolecular potentials previous
described by Kuchitsu and Morino.”8 The DEHP™ molecule are modeled using the OPLS-UA force field,> while the
potential for Er3+ and Nd3+ are modeled using the parameters that reproduce the correct ion-oxygen distance.? Non-

bonded interactions are described with the conventional 12-6 Lennard-Jones (L-]) and Coulombic pairwise

interaction:
o 12 o 6 qiq je?
L= — —(— P
Uy = 4e [(Tij) (Tij) ] * 4meorij @
where ¢ is the depth of the potential well, ¢ is the zero inter-atom potential energy location, and ¢, is the dielectric
constant.
2.3. Methods

The free energy of the DEHP~ phosphoric acid headgroup as a function of distance to the metal ion is determined
by the umbrella method.10-11 To start, the distance between the metal ion and the phosphorus atom (d;) is
restrained in a harmonic potential with a force constant of 50 kcal-mol-1A-2. The center of the harmonic potential is
initially set at 8 A where the DEHP~ head group is moving freely. As the center is moved towards the metal ion with
a step size of 0.1 A, a classical molecular dynamics (MD) simulation is performed at each step for 2 ns at constant

temperature (T = 300 K) until the center of the potential reaches 3.5 A. This distance is smaller than the metal-
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phosphorus distance in the stable metal-DEHP~ complex. There are 46 biased distributions of d,,, that are collected
to calculate the unbiased distribution of d,;, with the umbrella method, which is then used to calculate the free

energy

A(dyp) = —kgT In Py (dyp) 3)
where kj is the Boltzmann constant, T is the temperature of the simulation, and P,;, (d,p) is the unbiased

distribution of the metal-phosphorus (MP) distance.

3. Detail of Molecular dynamics simulation of aggregates formed in the aqueous solution

Molecular dynamics (MD) simulation was performed with the program GROMACS, version 4.5012 using the OPLS-AA
force field.!3 The TIP3P model was employed to describe the water molecules.!* An aqueous box of 250x250x250 A3
contained 60 DEHP~, 20 Er3+, and 500,000 H20. The simulation was started by minimizing the energies of the initial
configuration using the steepest descent algorithm. After energy minimization, a 1 ns constant-NPT simulation (time
step 1 fs) was performed to obtain a reasonable size of solution box. A 0.5 ns constant-NVT simulation (time step 1
fs) was then performed to pre-equilibrate the system. Finally, a 100 ns constant-NVT simulation was then carried
out to obtain the equilibrium state. Periodic boundary conditions were employed for all x-y-z directions. The
temperature was controlled at 298 K with a Langevin thermostat.!> The pressure was kept at 1 atm using a Langevin
barostat.1¢ The particle mesh ewald (PME) summation technique was used to calculate the long range electrostatic
interactions.!” The non-bonded interactions were calculated based on the Lennard-Jones (L]) pair potentials, which
assume interaction occurs between two bodies. L] pair potentials were evaluated within a cut-off of 1.2 nm. The
cross-interaction parameters were obtained from the Lorentz-Berthelot rules.18 Trajectory analysis was partly done

with the use of VMD.19
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