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Materials

The DMDOHEMA extractant was synthesized and purchased from Technocomm Ltd.
with a purity of 99% by HPLC. La(III) nitrate hexahydrate, Eu(IlI) nitrate pentahydrate,
Lu(III) nitrate hydrate, and n-dodecane were obtained from Sigma-Aldrich. Optima grade

nitric acid (HNO3) was obtained from Fisher Scientific. All chemicals are used as received.


xiaoyu.wang@anl.gov
mservis@anl.gov

Solvent Extraction

Solvent extraction experiments are performed to separate rare earth metal ions from the
aqueous phase to the organic phase. The aqueous phase is prepared by directly desolving
the rare earth nitrate salts in 10 mM HNOj3; with 3M LiNOj solution. The presence of
HNOj prevents hydrolysis induced by heavy lanthanides. The use of LiNOj instead of
HNOj3 provides the sufficient anion source to drive the separation through the solvation
mechanism. Different from trivalent lanthanide ions, the metal-ligand binding energy for the
monovalent Li* ion is not sufficient to outcompete its hydration free energy, while prohibits
its coextraction with the lanthanide ion. The final samples contain 1mM La(NOj);, 1mM
Eu(NO3)s, ImM Lu(NOj3)s, 3M LiNO3 and 10mM HNOj in the aqueous phase. The organic
phases are prepared by desolving 6 different amounts of DMDOHEMA extractant in heptane.
Therefore, we obtain 6 organic phases with 0.05, 0.1, 0.2, 0.4, 0.8 and 1.0M of DMDOHEMA.
A 1.5 mL of the organic phases are first pre-equilibrated with 10 mM HNOj3, 3M LiNOj
solution for 30 min at 2000 rpm and then centrifuged for 5 min at 2800 rpm. A 1.0 mL of
the pre-equilibrated organic phase is separated from the top layer, transferred to another
clean tube, and mixed with a 1.0 mL rare earths-containing aqueous solution. The sample
is then shaken for 60 min at 2000 rpm and then centrifuged for 5 min at 2800 rpm. All

extraction experiments are carried out at room temperature, between 20 and 25°C.

ICP-MS

After solvent extraction experiments, rare earth metal concentrations in the organic phase
and the aqueous phase under different extraction conditions are measured by an Agilent
7900 inductively coupled plasma mass spectrometry instrument (ICP-MS). All samples are
diluted to the range of 50 — 200 ppb by 2wt% HNO;, where ICP-MS is able to provide
accurate measurements. To directly measure the organic phase, the sample is mixed with
equal volume of ethanol before dilution with 2wt% HNO3 solution. After measurement, the

ppb values are backcalculated to obtain the original concentrations. To ensure precision, we
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also measured the initial concentration of rare earth before solvent extractions. Generally, a

mass balance has been achieved within 5%.

Distribution ratio calculation

In SX, the distribution ratio (D) is often used as an indicator to show the separation
performance for a specific rare earth element. Shown in Equation (1) (the overbar denotes
the composition in the organic phase), D is calculated as the ratio of rare earth concentrations
in the organic and aqueous phase by assuming equal volumes of both organic and aqueous

phases.

DLn — T 4 (1)

The overall extraction reaction of lanthanides by DMDOHEMA can be expressed by Equa-

tion (2).

[Ln**] + [DMDOHEMA] + 3|NO; | < [Ln(DMDOHEMA),,(NO3)s] (2

Rearranging the equation and using the D in Equation (1) result in Equation (3), in which

K., is the extraction rate constant.

logK., = logDr, —nlog] DM DOHEM A] — 3log[NOy | (3)

From there we can see that the overall stoichiometry, n, of the metal-ligand speciation
can be derived from the distribution ratio measured in Equation (3). All the D values along

with the fitted slopes are shown in Figure S1.
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Figure S1: Extractant dependencies for the extraction of La(III), Eu(III) and Lu(III) by MA
in n-heptane. Best-fitted slopes are shown in the figure legend.

FTIR

1.5 mL of 0.5M DMDOHEMA in heptane is precontact with 1.5 mL of 3M LiNOj3 aqueous
solution for 60 minutes. Then 1 mL “pre-equilibrated” organic phase is contact with 1.0 mL
aqueous solution containing 25mM Eu(NO3)s3, 3M LiNOj for 60 minutes. The organic phase
with Eu contact and the pre-contact organic phases are then analyzed by FT-IR. ATR-FTIR
spectra were collected with a Nicolet iS50 ATR spectrometer equipped with a 2.8 mm round,
type Ila diamond crystal, KBr beamsplitter, and a DTGS detector. Spectra were collected
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with a resolution of 4 ecm™", a zero-filling factor of 2, and 32 scans per spectrum in the

wavenumber range of 4000 to 400 cm ™.



TRLIFS

The sample is prepared by adding a 2 mL aliquot of the organic phase after Eu extraction
to a quartz fluorescence cuvette. Lifetime measurements are collected with an OPOTEK
tunable pulse laser with an excitation of 394 nm, at an emission of 617 nm, and an emission
bandwidth of 0.2 nm. During data collection, the solution in the cuvette is stirred at 1200
rpm at a constant temperature of 20°C. To determine the number of coordinating H,O
molecules to Eu (np,0), solvent extraction experiments are conducted from both HoO and
D50 aqueous phases enabling a more accurate determination for the number of coordinating
H50O molecules to Eu. After data collection, lifetime measurements are fit with a single
exponential function, where resulting Eu lifetimes for both HoO and D,O experiments yielded
To,0 and Tp,o, respectively. The corresponding Eu lifetimes are used in Equation (4) to
quantify the number of H,O molecules on the Eu inner coordination sphere.!? Lifetime
measurements resulted in 74,0 of 0.766 ms and 7p,o of 1.17 ms. Applying these Eu lifetimes
to Equation (4) results in 0.14 + 0.5 HyO molecules coordinating with Eu. The £ 0.5 error
in number of HoO molecules results from the error in the linear regression between 1/7 and

the number of bound H,O molecules determined from single crystal X-ray diffraction.?
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MD simulations

Equation (5) describes the non-bonded intermolecular interaction used in the 12-6-4
potential.>% C4 terms for rare-earth ions have been reparamterized by Duvail et al., and
used in this work. The General AMBER Force Field (GAFF2)%? is used for compounds
other than rare-earth ions, including hexane, NO3, and DMDOHEMA. The atomic charges
of these molecules are derived using Austin Model 1 with the bond charge correction method
(AM1-BCC), ™! while BCC charges on the NO3 are derived based on He et al.’s work.”

For the water, we use the four-site OPC model,'? which is compatible with the rare-earth



ion reparameterization.”
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Initially, a rare-earth ion, bound with 3 DMDOHEMASs in bidentate manner, 3 NO3 in
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the monodentate manner, and 1 water, is packed with 125 hexane molecules using PACK-
MOL.* Topology and force field files are generated by AmberTools 23.'* MD simulations
are carried out in the AMBER software package!® with PLUMED as the plugin advanced
sampling tool.'® 1 ns equilibration without advanced sampling is performed at 1 atm with a
Berendsen barostat!” and 300 K by the Langevin thermostat.'®! The system is then sam-
pled by well-tempred metadynamics?’?! for 4 us in an NVT ensemble to produce the free
energy landscape. All hydrgon atoms are constraint to other heavy atoms using the SHAKE
algorithm.?%?3 2 fs per MD step is used for all simulations. In the metadynamics, the po-
tential was generated by spawning Gaussian hills every 500 MD step. The height and width
of the Gaussians are 0.2 kJ/mol and 0.15 in the 3D coordination number space, with a bias
factor of 25 in well-tempered metadynamics to control the height of the adaptive Gaussian
potential. After the well-tempered MetaD simulation, the trajectory and bias potentials are
reweighted based on an estimator in Tiwary and Parrinello’s work.?! All simulation inputs,
inlcuding parameter, topology files, PLUMED run and reweight scripts, are provided on
Zenodo (https://zenodo.org/records/13730351).*

It is worth clarifying the relationship between stoichiometry and CVs here. While we
can experimentally determine reasonable combinations of molecules in the complex, we use
the simulation to determine the relative energies of all possible coordination environments
given that fixed stoichiometry. The stoichiometry limits the accessible values of the CVs
by limiting the possible combinations of coordinating atoms. The CVs operate on distances
between atoms, because the overall stoichiometry alone does not uniquely define the possible
combinations of denticity for multidentate MA and NO; ligands. By allowing any possible

combination of coordinating oxygen atoms within the limits defined by the stoichiometry of



the complex, we can determine the entire free energy surface within that CV space.

Convergence tests

In order to make sure that all MetaD simulations have adequately sampled the configu-
rational space, we perform the convergence tests on selective local minima during the last us
of the simulation. The results are shown in Figure S2. From there, we can see that all the
favorable local minima are fluctuating around the reference state. Error bars in the main

text are generated by take standard deviations of all profiles for the last 2 us.
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Figure S2: Convergence tests for selective minima during the last us of the simulation.
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