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Abstract 

Sustainable production of rare earth elements (REEs) is critical for technologies needed for climate 

change mitigation, including wind turbines and electric vehicles. However, separation 

technologies currently used in REE production have large environmental footprints, necessitating 

more sustainable strategies. Aqueous, affinity-based separations are examples of such strategies. 

To make these technologies feasible, it is imperative to connect aqueous ligand structure to ligand 

selectivity for individual REEs. As a step toward this goal, we analyzed the extended x-ray 

absorption fine structure (EXAFS) of four lanthanides (La, Ce, Pr, and Nd) complexed by a 

common REE chelator, ethylenediaminetetraacetic acid, or EDTA, to determine the aqueous-phase 

structure. Reference structures from density functional theory (DFT) were used to help fit the 

EXAFS spectra. We found that all four Ln-EDTA coordination complexes formed 9-coordinate 

structures with 6 coordinating atoms from EDTA (4 carboxyl oxygen atoms and 2 nitrogen atoms) 

and 3 oxygen atoms from water molecules. All EXAFS fits were high quality (R-factor < 0.02) 

and showed decreasing average first-shell coordination distance across the series (2.62-2.57 Å 

from La-Nd), in agreement with DFT (2.65-2.56 Å from La-Nd). The insights determined herein 

will be useful in the development of ligands for sustainable REE separation technologies.  
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Introduction 
The Intergovernmental Panel on Climate Change predicts that an increase in Earth’s temperature 

of 1.5oC above pre-industrial levels would lead to a decrease in the standard of living globally.1 

Rare earth elements (REEs), consisting of the lanthanides (Ln), yttrium, and scandium, are 

essential for many technologies being considered to limit global warming, such as wind turbines 

(magnets), electric vehicles and energy storage (batteries), emissions control (catalysts), energy 

efficiency (LEDs), and more.2  However, the current method used to produce REEs, liquid-liquid 

extraction (LLE), has a large environmental footprint.3–6 LLE uses organic solvents mixed with 

extractants to selectively separate lanthanides by preferentially transferring REEs from an aqueous 

leachate into the organic phase.7 This separation can take up to three hundred solvent extraction 

stages to achieve a pure product.8 Since most REE pre-concentration is performed in the aqueous 

phase, aqueous separation methods are a convenient alternative for reducing the environmental 

impact of REE production.9 

Various aqueous separation technologies exist for the recovery of REEs, the most developed 

being ion exchange.10 Ion exchange can obtain high purity individual lanthanides (99.99%) but 

has high costs and creates large amounts of secondary waste, limiting its application.11 

Consequently, new technologies that are lower cost and produce less waste, such as adsorption 

and other affinity-based separations, must be developed.12,13 Developing affinity-based 

technologies requires ligands (or other organic extractants) that have strong binding and selectivity 

for individual lanthanides.14 Specifically, more selective ligands must be designed by making 

structures that utilize steric strain and outer-sphere coordination to achieve an efficient 

separation.15–18 Therefore, an understanding of how ligand coordination geometry affects binding 

and selectivity is integral in further developing these technologies.13,19,20 Historically, much of this 

work for the f-block elements has been done for the actinide series.21–24 Considering the wide 
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variety of applications for lanthanides in modern technologies, there is a need to understand the 

structure of lanthanide complexes in water and create design rules for making aqueous ligands that 

bind strongly and selectively for individual REEs. 

Ethylenediaminetetraacetic acid (EDTA), a common transition metal chelator utilized in REE 

ion exchange25–27, has been the subject of many structural studies.28–39 Studies generally agree that 

light lanthanides (lanthanides with lower atomic number) are 9-coordinate when binding with 

EDTA (6 sites taken by EDTA and 3 by water) before losing a water and becoming 8-coordinate 

for the heaviest lanthanides.28,32,39 However, the organization of molecules and the distance of 

coordinating atoms to the lanthanide ion in solution remains unclear. Molecular simulations using 

molecular dynamics (MD) and density functional theory (DFT) have modeled the coordination 

structures of Ln-EDTA complexes.28,39 The MD simulation of a La-EDTA resulted in an average 

La-EDTA distance considerably shorter than the distance of an AIMD simulation (2.53 ± 0.06 Å 

and 2.63 Å, respectively) indicating a need for structural confirmation from experimental data. To 

determine the structure experimentally, single crystal x-ray diffraction (SC-XRD) has been used 

for precipitated Ln-EDTA complexes.30,31,33,34,36–38 XRD structures show a steady trend towards 

shorter first shell bond distances across the Ln series (2.62 Å and 2.54 Å for La and Nd, 

respectively). However, the solid crystals studied may not represent the actual structure of the 

complex in solution due to changes in geometry during crystallization (i.e., crystal packing 

forces).40 One technique that directly probes the local structure of the Ln atoms in solution is x-

ray absorption spectroscopy (XAS). The extended x-ray absorption fine structure (EXAFS) region 

of XAS spectra measures the photoelectron backscattering of neighboring atoms to the absorbing 

atom. This backscattering makes the EXAFS sensitive to the distance and element of neighboring 

scattering atoms since each scatterer will contribute to the phase and amplitude of the signal. To 
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determine the structure, theoretical scattering contributions from reference structures are fit to the 

EXAFS spectra. EXAFS studies of La-EDTA and Nd-EDTA have determined first shell distances 

(2.48 Å and 2.48 ± 0.09 Å, respectively) but acknowledged challenges in the modelling that lead 

to smaller than expected distances.28,41 These studies and other conventional EXAFS studies have 

used reference structures derived from XRD to model the EXAFS. However, these references do 

not directly relate to the structure in solution and therefore may result in unphysical structures.42 

Studies have begun to couple MD/DFT simulations with experimental EXAFS to overcome this 

issue, validate simulations, and gain additional insight into the coordination chemistry of Ln 

complexes in solution.15,16,43–46  

Herein, we further address this issue by using optimized structures from DFT to model the 

EXAFS and determine the aqueous structure of La-, Ce-, Pr-, and Nd-EDTA complexes. Using 

these DFT optimized structures, we achieve quality EXAFS fits for each Ln-EDTA complex in 

solution. We find that all four Ln complexes are coordinated by 3 oxygen atoms from water, 4 

oxygen atoms from EDTA, and 2 nitrogen atoms from EDTA. We determine the bonding distances 

of these inner sphere coordinating atoms to the Ln atom and compare them to results from other 

solution-phase and solid-phase studies. The determination of coordination structures, such as for 

these Ln-EDTA complexes, is an important first step towards designing selective ligands for 

aqueous REE separations.  

Materials and Methods 
 

DFT Calculations 
DFT calculations are performed with the Gaussian 16 software using the M06-L functional. This 

functional is chosen because it has shown good balance between computational tractability and 

accuracy for systems containing lanthanides in their +3 oxidation state.47 Geometric optimizations 
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of the aqueous Ln-EDTA complex models are performed at 0 K using the Def2-SVP basis set for 

H, C, O and N atoms of EDTA and water molecules48 and Def2-TZVPP with associated effective 

core potentials (ECPs) for the lanthanide cations La3+, Ce3+, Pr3+ and Nd3+.49–51 Test calculations 

show that choice of basis set and DFT functional results in a maximum of 0.3 Å difference in the 

interatomic distances of the lanthanide ions and their coordinating atoms (Figures S1 and S2).  

EDTA is known to form stable metal complexes in its completely deprotonated form.52 EDTA 

is hence modelled to be completely deprotonated with a  –4 charge and each lanthanide cation is 

modelled with a +3 charge. This results in an overall charge of –1 on each Ln-EDTA complex. 

Multiple possible multiplicities are considered for the isolated lanthanide cations (Tables S2 and 

S3). Specifically, multiplicities of 1, 3, 5 and 7 are considered for La3+ and Pr3+ while 

multiplicities 2, 4, 6 and 8 are considered for Ce3+ and Nd3+. The structures for each aqueous Ln-

EDTA complex are calculated at the multiplicity that yields the lowest electronic energy for each 

isolated lanthanide cation (1 for La3+, 2 for Ce3+, 3 for Pr3+and 4 for Nd3+). The initial structure 

of the Ln-EDTA complex is modelled such that the lanthanide cation is chelated by the six 

potential bonding sites of the EDTA, four carboxyl and two amino groups, similar to hexadentate 

complexes that EDTA forms with other metals in their +3 oxidation state (Figure 1).53 During 

geometric optimization of the Ln-EDTA complex, all atoms are allowed to relax. Once an 

optimized geometry is obtained, explicit water molecules are added to the system one at a time 

and all the atoms are allowed to relax again. This is done for up to seven explicit water molecules 

to obtain the complete structure of the first coordination shell around each Ln cation. These Ln-

EDTA complex structures with explicit water molecules are then modelled and optimized under 

implicit water solvent using the Polarizable Continuum Model (PCM) method (Figure S3).  

Vibrational frequencies are calculated for all the optimized structures. Example Gaussian input 
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files for geometry optimizations and vibrational frequency calculations are provided in the 

Supporting Information. The theoretical MSRDs are calculated with the DMDW code,54 using the 

DFT Hessian from the computed vibrational frequencies. Given the complexity of the vibrational 

density of states of these systems, a total of 40 Lanczos poles are needed to obtain MSRDs 

converged to 0.01*10-3 Å2. All MSRDs are calculated at 300 K. The total theoretical MSRDs for 

each EXAFS fitted shell is obtained by adding the static MSRD to the average of the thermal 

MSRDs. 

 

Figure 1: Initial input structure of the La-EDTA complex for geometric optimization (color key: 

carbon = gray, oxygen = red, hydrogen = white, nitrogen = light blue, and lanthanum = black) (left 

image). A simplified Ln-EDTA structure showing the first shell coordination bonds colored by 

atom and molecule (right image). Only one symmetrical half of the EDTA molecule is shown for 

clarity. Stereochemical bonds show the four coordinating EDTA oxygen atoms. 

 

Sample Preparation for X-ray Absorption Spectroscopy 
The lanthanide chloride was purchased from Sigma Aldrich at ≥99.9% trace metal purity. The 

EDTA was purchased from Sigma Aldrich at ≥99% purity. The lanthanide chlorides were kept 

with desiccant to prevent moisture from entering the compound prior to sample preparation. Stock 

solutions of lanthanide chloride and EDTA were made in MilliQ water (28 MΩ·cm). The pH of 

each stock solution was adjusted to 6 using NaOH from Sigma Aldrich at ≥99.9% purity. Samples 

consisted of 0.05 M lanthanide chloride and 0.05 M EDTA and were sealed inside polyethylene 
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x-ray fluorescence cups (SPEX™ SamplePrep 3577) using a 3.6 µm Polyester (mylar) film 

window from Somar International. 

X-ray Absorption Spectroscopy 
The x-ray absorption spectra were collected at beamline 9-3 at the Stanford Synchrotron 

Radiation Lightsource within the SLAC National Accelerator Laboratory. Beamline 9-3 is a 

wiggler-based side station equipped with a Si(220), φ=90o, double bounce liquid nitrogen-cooled 

monochromator and Rh-coated collimating and focusing mirrors located before and after the 

monochromator, respectively. The beamline 9-3 mirrors were operated in a 10 KeV cutoff mode 

with the monochromator detuned 40% to minimize the effect of harmonics and beam size was 1.0 

mm vertical and 4.0 mm horizontal. The flux of the X-ray is estimated to be 2x1012 photons per 

second in a spot size of 1x4 mm2. EXAFS spectra were collected in step-scanning mode with the 

samples in a fluorescence geometry (sample at a 45o angle to the incident beam) using a PIPS 

diode with 10 cm Soller Slits to minimize signal from the scattered beam. Reference spectra of a 

manganese foil (calibrated to 6539.0 eV) was collected simultaneously as an internal energy 

standard by an off-axis photodiode. The Mn foil was additionally scanned without the sample to 

be used for energy alignment in the data processing. 2-4 spectra of each sample were collected to 

achieve sufficient signal-to-noise. 

EXAFS Analysis 
Raw XAS data was processed in Athena from the Demeter software package.55 Using the first 

derivative maxima to define the edge position, the Mn reference foil was calibrated to its tabulated 

edge energy, 6539.0 eV.56 The Mn reference spectrum collected during each Ln scan was aligned 

to the foil spectrum to calibrate the sample data and determine the edge energy of the lanthanide. 

Athena was used for energy calibration, normalization of spectra for XANES comparison, and 

EXAFS extraction.  
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To collect EXAFS data for the lanthanides, the use of the high energy k-edges induces 

experimental complications and is often precluded by the need for high energy beamlines that are 

not present at many synchrotrons. In contrast, the lower energy L-edges of the lanthanides are 

accessible and have been used in many studies looking at the coordination structure of Ln in 

solution.15,17 Despite this advantage, the L-edge EXAFS of the lanthanides poses a few challenges 

for EXAFS modelling. Light lanthanides (low atomic number) have strong multielectron 

excitations (MEEs) that have been shown to cause errors of 0.02 Å in interatomic distance57,58 and 

10% in CN during fitting.59,60 Multielectron excitations (MEE) were removed from all spectra 

using the removal tool in Athena. The EXAFS data before and after MEE removal are available in 

Figures S4-S7. The EXAFS of the L-edges of the lanthanides naturally have limited k-range due 

to the presence of the next absorption edge. For instance, the EXAFS of the L3 edge of lanthanum 

(5483 eV) is interrupted by the L2 edge (5891 eV) which leaves 408 eV (~10.3 Å-1) available for 

analysis. Though the available k-range increases across the lanthanide series, a strong post-edge 

feature begins to influence the early EXAFS (<3.3 Å) of praseodymium and neodymium making 

it unusable. A spline was applied starting from 2.4 Å-1 to attempt to reduce the influence of this 

feature and use more of the k-range, however, the fit was still poor. Therefore, a limited k-range 

was used. This limited k-range causes the peaks in the resulting Fourier transform (FT) to be poorly 

resolved.61 Despite the challenges that limited k-range and MEEs impose on the EXAFS analysis, 

use of the L-edges of the lanthanides is still more feasible than the k-edges. Further, the smaller 

core-hole lifetime broadening of the L-edges has been useful for observing high frequency signals 

important for outer sphere coordination and geometry determination making the L-edges ideal for 

use in this study.44,62 
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Artemis from the Demeter package55 was used to model the EXAFS spectra. A structure file 

input was created using the coordinates of atoms from DFT for the generation of theoretical 

scattering paths. FEFF input files for each coordination complex are available in the SI. Nearly 

degenerate scattering paths were condensed to a single path with a ‘fuzziness margin’ of 0.15 Å. 

This functionality is useful for greatly reducing the complexity and the information content used 

in the EXAFS modelling. However, applying fuzzy degeneracy has been shown to modify the 

signal due to the change in static disorder63 and can contribute as much as 23*10-3 Å2 to MSRD 

values. The MSRD values obtained here were confirmed to be within error of values observed in 

other studies of Ln complexation in solution.15,44 The amplitude reduction factor (So
2) was set to 

1.0 while fitting all samples (no reduction applied), as done in other studies.35,44,60,64 The 

degeneracy (N) of each scattering path was set at the value designated by the FEFF output. The 

difference in edge energy (ΔEo) between the experiment and the FEFF calculation was varied 

during the fitting process. All scattering paths shared the same value of ΔEo since all the scattering 

paths came from the same FEFF calculation. The change in path length from the input structure 

(ΔR) and the mean square radial displacement, MSRD (σ2), were varied parameters in the fit. Due 

to the limited information content of these EXAFS data, some guess parameters were shared 

between scattering paths. Table 1 shows the parameterization strategy for a representative Ln-

EDTA complex. Parameters were constrained to paths based on the anticipated behavior of the 

structure. For instance, the disorder of a scattering path is related to the σ2 of the path. The disorder 

of the EDTA molecule was expected to be less than that of coordinated waters, so a different σ2 

was given to the first shell water oxygens than the first shell EDTA oxygens. A new σ2 was given 

for all second shell scatterers. The multiple scattering path was constrained by doubling the σ2 of 

the first shell EDTA oxygen atoms. All σ2 values were constrained to be positive. Different ΔR 
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were given to first shell EDTA and water atoms. Second shell carbon and oxygen scatterers were 

given a new ΔR. The following fitting ranges were used for each Ln-EDTA complex: La-EDTA 

with a k-range: 2.5-8.6 Å-1 and R-range: 1.5-4.8 Å, Ce-EDTA with a k-range: 2.5-9.4 Å-1 and R-

range: 1.5-5.3 Å, Pr-EDTA with a k-range: 3.3-9.0 Å-1 and R-range: 1.5-5.2 Å, Nd-EDTA with a 

k-range: 3.1-9.0 Å-1 and R-range: 1.3-5.1 Å). 

Table 1: EXAFS fitting parameters for the paths generated from the structures shown in Figure 2. 

The first shell coordinated oxygens are subscripted by the molecule they belong to (EDTA and 

water).  

Scattering 

Path 

Approximate 

Path Length 

(Å) 

MSRD (σ2)* Deviation in Path 

Length (ΔR)*  

Edge Energy 

(ΔEo)* 

Ln-OEDTA 2.5 a a a 

Ln-Owater 2.6 b b a 

Ln-N 2.8 a a a 

Ln-C 3.3 c c a 

Ln-C 3.4 c c a 

Ln-C 3.5 c c a 

Ln-O 4.3 c d a 

Ln-O 4.5 c d a 

Ln-C-O 4.7 a† c a 

So
2 was set to 1.0 for each path and was not varied in the fit. Values of N were set at the value 

designated by the FEFF output for each path. 

*Scattering paths sharing the same letter for a parameter are constrained to the same value.  

†Value of parameter is twice the fitted parameter value. 

Results  
The EXAFS best fit models using DFT optimized structures of La, Ce, Pr, and Nd coordinated 

by EDTA are shown in Figure 2 (fits in k-space are shown in Figures S8-11). The magnitude and 

real part of the FT of each Ln L-edge EXAFS spectrum and the best fit model are shown for each 
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coordination complex. In each complex, the lanthanide ion is 9-coordinate, as shown in Figure 1 

(right). EDTA coordinates the lanthanide ion with four oxygen atoms and two nitrogen atoms, 

while water molecules coordinate the remaining 3 oxygen atoms to fill the first coordination 

sphere. The other water molecules shown in Figure 2 form part of a second coordination sphere 

around 4-4.5 Å from the Ln atom and were essential to fitting the EXAFS further in R-space. The 

magnitude of the FT of the EXAFS has a large peak at ~2 Å that is primarily due to first shell 

oxygen and nitrogen scatterers. Several shoulders are observed with diminishing magnitude as 

they progress further in R-space as a result of scattering from the second shell carbon and oxygen 

atoms.  
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Figure 2: The Ln-EDTA DFT optimized structures using a stick model to show the EDTA 

molecule and a ball and stick model to show coordinated water molecules where outer sphere water 

molecules appear transparent (element color key: red=O, blue=N, gray=C, white=H, black=La, 

pink=Ce, teal=Pr, purple=Nd) (left) and the magnitude and real part of the FT for each Ln L-edge 

EXAFS spectrum (solid lines) with the best fit EXAFS model (dotted lines) (right). Fitting ranges 

for each Ln-EDTA complex are (La-EDTA: k-range: 2.5-8.6 Å-1 and R-range: 1.5-4.8 Å, Ce-
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EDTA: k-range: 2.5-9.4 Å-1 and R-range: 1.5-5.3 Å, Pr-EDTA: k-range: 3.3-9.0 Å-1 and R-range: 

1.5-5.2 Å, Nd-EDTA: k-range: 3.1-9.0 Å-1 and R-range: 1.3-5.1 Å). 

 

The best-fit EXAFS models make good chemical sense for scattering paths where the absorber 

and backscattering atoms are at a bonding or a near-neighbor distance. Paths in the second shell 

(~4-4.5 Å) have fitted parameters that are sometimes outside the conventional ranges. For example, 

the best fit models shifted the second shell Ln-O scattering paths ~0.2 Å longer (e.g., the longest 

second shell Ln-O path increases from 4.51 Å in DFT to 4.75 Å in the EXAFS model in Table 2). 

We attribute these larger shifts to limitations in the model systems. Since DFT calculations cannot 

incorporate a full water structure, the number of water molecules used in our models was limited 

(to 7 for Ln3+, Ce3+, and Pr3+ and 4 for Nd3+; see Figure 2). Hence, the distance of the simulated 

second shell waters is shifted to longer distances to compensate for the absence of additional 

explicit water molecules, which would exist in the experimental system and lead to backscattering. 

To capture this backscattering computationally, multiple configurations of the second solvation 

shell would be needed, since the second solvation shell is significantly disordered. Doing this 

would require multiscale modeling and could be an area of future work.  

Table 2 shows the results from the best fit of the EXAFS for each lanthanide complex. Each of 

the Ln-EDTA structures had similar single-scattering paths that contributed meaningfully to the 

spectra: one inner-sphere oxygen scattering path from EDTA (OEDTA), one oxygen path from inner 

sphere water (Owater), one inner-sphere nitrogen path from EDTA, two or three outer-sphere carbon 

paths from EDTA, and two or three outer-sphere oxygen paths from EDTA and water. The Ce-

EDTA structure had one significant multiple-scattering path between an EDTA oxygen and carbon 

that was included as well. Using these paths and the constraints from Table 1, good fits were 

achieved for each lanthanide (R-factors < 0.02).   
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Table 2: EXAFS fitting results for the structures shown in Figure 2. The first shell coordinated 

oxygens are subscripted by the molecule they belong to (EDTA and water). 

Complex Scattering 

Path 

N σ2  

(10-3 Å2) 

σ2
tot, DFT  

(10-3 Å2) 

R  

(Å) 

RDFT 

(Å) 

ΔEo (eV) 

k-range (Å-

1) 

R-range (Å) 

R-factor 

Reduced χ2 

La-EDTA La-OEDTA 4.0 7.0 ± 2.3 9.0 2.53 ± 0.01 2.53a 6.33 ± 2.28 

 La-Owater 3.0 22. ± 7.5 12.5 2.59 ± 0.04 2.69a 2.5-8.6 

 La-N 2.0 7.0 ± 2.3 10.2 2.84 ± 0.01 2.83a 1.5-4.8 

 La-C 5.0 3.4 ± 3.0 8.4 3.39 ± 0.04 3.38a 0.009 

 La-C 3.0 3.4 ± 3.0 11.4 3.52 ± 0.04 3.54a 133 

 La-C 2.0 3.4 ± 3.0 9.0 3.64 ± 0.04 3.65a  

 La-O 1.0 3.4 ± 3.0 21.6 4.28 ± 0.02 4.04a  

 La-O 5.0 3.4 ± 3.0 16.1 4.75 ± 0.02 4.51a  

        

Ce-EDTA Ce-OEDTA 4.0 7.6 ± 2.3 8.6 2.48 ± 0.03 2.47 a 7.48 ± 0.944 

 Ce-Owater 3.0 7.7 ± 4.0 12.5 2.59 ± 0.03 2.65 a 2.5-9.4 

 Ce-N 2.0 7.6 ± 2.3 8.6 2.80 ± 0.03 2.78 a 1.5-5.3 

 Ce-C 3.0 9.4 ± 3.5 10.4 3.32 ± 0.03 3.32 a 0.015 

 Ce-C 5.0 9.4 ± 3.5 10.3 3.46 ± 0.03 3.47 a 413 

 Ce-C 2.0 9.4 ± 3.5 9.0 3.57 ± 0.03 3.58 a  

 Ce-O 3.0 9.4 ± 3.5 22.0 4.42 ± 0.06 4.23 a  

 Ce-O 3.0 9.4 ± 3.5 11.8 4.75 ± 0.06 4.55 a  

 Ce-O-C 4.0 15. ± 5.2  4.60 ± 0.06 4.61 a  

        

Pr-EDTA Pr-OEDTA 4.0 2.2 ± 3.9 8.9 2.47 ± 0.04 2.44 a 7.02 ± 2.61 

 Pr-Owater 3.0 0.0 ± 4.8 12.2 2.60 ± 0.04 2.66 a 3.3-9.0 

 Pr-N 2.0 2.2 ± 3.9 10.4 2.80 ± 0.04 2.77 a 1.5-5.2 

 Pr-C 5.0 7.0 ± 5.8 7.8 3.22 ± 0.07 3.31 a 0.015 

 Pr-C 5.0 7.0 ± 5.8 12.9 3.44 ± 0.07 3.52 a 505 

 Pr-O 2.0 7.0 ± 5.8 35.1 4.18 ± 0.06 3.89 a  

 Pr-O 5.0 7.0 ± 5.8 15.5 4.72 ± 0.06 4.43 a  

        

Nd-EDTA Nd-OEDTA 4.0 0.6 ± 3.2 8.9 2.47 ± 0.04 2.43 a 10.5 ± 2.09 

 Nd-Owater 3.0 0.0 ± 4.1 10.6 2.58 ± 0.04 2.63 a 3.1-9.0 

 Nd-N 2.0 0.6 ± 3.2 8.1 2.75 ± 0.04 2.71 a 1.3-5.1 

 Nd-C 4.0 9.5 ± 8.0 8.4 3.27 ± 0.07 3.28 a 0.019 

 Nd-C 6.0 9.5 ± 8.0 10.3 3.46 ± 0.07 3.47 a 433 

 Nd-O 1.0 9.5 ± 8.0 22.3 3.70 ± 0.14 3.90 a  

 Nd-O 2.0 9.5 ± 8.0 13.6 4.15 ± 0.14 4.34 a  

 Nd-O 2.0 9.5 ± 8.0 10.1 4.35 ± 0.14 4.55 a  

        

For all paths, So
2 was set to 1.0. aAverage of distances. 
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The Nd-OEDTA scattering path was the shortest (2.43 Å) with the Ln-OEDTA path length increasing 

as we moved to the left across the periodic table to La (2.53 Å). The Ln-Owater scattering path did 

not show a systematic change in distance (2.58-2.60 Å) as a function of Ln. However, the σ2 of 

these oxygens decreased steadily from La to Nd (0.022 to 0.000 Å2, respectively) indicating 

decreasing disorder of these water molecules. This decreasing disorder was also observed (to a 

lesser degree, 12.54 to 10.58 *10-3 Å2 from La to Nd) in theoretical MSRD calculated from the 

DFT optimized structure (Table 2). The discrepancy between these values indicates that the 

experimental and theoretical approaches struggle to capture a realistic conformation of these water 

molecules (likely due to the influence of the disordered outer sphere coordinated waters on the 

first shell coordinated waters (Figure S3)). Future work can explore performing EXAFS modelling 

on a library of potential DFT structures to identify the structures most representative of what was 

observed experimentally and examine water coordination more closely.  

The MSRDs determined in this study are within uncertainty of literature values of other Ln-

polyaminocarboxylate complexes.65–69 The use of a large fuzziness margin to simplify the analysis 

may have led to more uncertainty in the absolute value of the MSRDs. However, by reducing the 

information content required, we were able to design a model that is simple, uses known physical 

aspects of the system, and is flexible/generalizable for any lanthanide ion (meeting all three criteria 

for a defensible model61). Therefore, though the absolute value of the MSRD is more uncertain, 

the decreasing trend of the MSRDs across the lanthanide series is significant.   

In other studies, the decreasing disorder of first coordination sphere atoms across the lanthanide 

series has been observed as well.39,44,70 This decreasing disorder could indicate that the inner sphere 

waters are more organized as we move across the lanthanide series. Indeed, DFT calculations show 

that inner sphere waters bind stronger to Nd than to La, Ce and Pr (Table S4 and Table S6), 
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supporting this suggestion. Steric effects between the ligand and water molecules and coordination 

geometry around the Ln atom may also play roles in the organization of these water molecules.71  

The inner-sphere nitrogen scattering paths (e.g., bond lengths) were shortest in the Nd complex 

(2.75 ± 0.04 Å) and increased up to 2.84 ± 0.01 Å (La) while moving to the left across the periodic 

table. The carbon atoms are located slightly further from the lanthanide atom (3.22-3.64 Å) and 

consist of two or three significant scattering paths. Two or three second shell (3.70-4.75 Å) oxygen 

scattering paths were included for each lanthanide. These oxygen scattering paths had the largest 

deviations from the DFT structure (~0.2 Å) as discussed earlier. An EXAFS model excluding these 

second shell paths (a one-shell model) resulted in fits with lower statistical quality. The second 

shell paths are necessary for this Ln-EDTA system since EDTA (a multidentate ligand) has high 

order and rigidity causing the EXAFS signal from outer sphere scattering to remain significant. 

Additional details pertaining to the one-shell and two-shell EXAFS models are contained within 

the supplementary information (Figure S12 and Table S5). Other than the scattering distances of 

the second shell oxygen paths included in the two-shell model, scattering distances were similar 

(~0.1 Å or less) to the interatomic distances in the optimized DFT geometry. 

The interatomic distances from the lanthanide atom to the first shell coordinating atoms as 

determined by EXAFS and DFT are compared in Figure 3. The difference in distances between 

EXAFS and DFT structures are of a similar magnitude to differences observed in other studies of 

lanthanide and actinide complexes with polyaminocarboxylates.15,72 The general trends are the 

same and show that distances between the coordinating ligands and the lanthanide ions decrease 

as we move to the right across the periodic table. This trend is consistent with decreasing ionic 

radius across the lanthanide series (the lanthanide contraction73) and is observed in other studies 

of lanthanides bound by ligands.15,28,44,71  
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Figure 3: The average distance determined by EXAFS analysis and DFT from the lanthanide atom 

to its inner sphere coordinating atoms: the four EDTA oxygen atoms, the three water oxygen 

atoms, and the two EDTA nitrogen atoms.  

Discussion 
Studies examining the complexation of lanthanides by EDTA have primarily used solid phase 

XRD to determine coordination structure. The distances of inner sphere coordinating atoms to the 

lanthanides determined from XRD were compared to the EXAFS results of this study in Figure 

4.29–31,33,34,36–38 Considering that the lanthanide remains coordinated by 7 oxygen atoms and 2 

nitrogen atoms, it is reasonable that a similar conformation would be adopted by the solid. 

However, there does appear to be a trend towards shorter distances in the XRD structures, 

especially for the water oxygen and EDTA nitrogen atoms. These atoms are more loosely bound 

than the EDTA oxygen, which may allow them to exist further from the lanthanide in solution, as 

compared to the solid samples. In the solid phase of the XRD samples, lack of solvent after 

crystallization may favor a closer association of these atoms to the lanthanide within the crystal 
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lattice.40 A similar phenomenon can be observed when comparing structural XRD and EXAFS 

data for actinides complexed by polyaminocarboxylates.23 

Figure 4: The average distances from the lanthanide atom to coordinating atoms as determined by 

the best fit EXAFS results of this study and by single crystal XRD from literature.29–31,33,34,36–38  

 

There are few studies that have used EXAFS or molecular simulations (MD/DFT) to determine 

the aqueous-phase structure of the lanthanides with EDTA. EXAFS studies have reported the 

average distance of coordinated EDTA atoms to the lanthanide in La-EDTA and Nd-EDTA to be 

2.48 Å and 2.48 ± 0.09 Å, respectively.28,41 These distances are considerably shorter than the 

distances determined in this study (La = 2.62 ± 0.02 Å and Nd = 2.57 ± 0.04 Å). Yamaguchi et al. 

acknowledged that their distances were short and attributed it to their need to use a one-shell model 

during EXAFS analysis.41 The other study is a cited unpublished work that cannot be examined in 

depth.28 A molecular dynamics study determined an average La-EDTA distance of 2.53 ± 0.06 

Å.28 All coordinating atoms were consistently ~0.1 Å closer to the Ln than coordinating atoms in 
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this study, which could be due to the classical (i.e., not quantum) force field employed in the 

simulations, or due to thermal disorder. An ab-initio molecular dynamics (AIMD) study showed 

similar EDTA oxygen and EDTA nitrogen distances (2.53 and 2.83 Å, respectively)39 to distances 

determined here (2.53 and 2.83 Å, respectively). These results suggest that the bond distances 

depend on the methods that are used to compute the energy.  

Conclusion 
The structures of Ln-EDTA coordination complexes (for La, Ce, Pr, and Nd) in aqueous solution 

were determined using a combined DFT and EXAFS approach. EXAFS fits were of high quality 

(R-factor < 0.02) and showed similar trends in coordinating atom distances to the DFT structures, 

indicating that DFT reasonably modeled the Ln-EDTA complexes observed in solution. All four 

complexes were determined to be 9-coordinate with 6 sites occupied by the EDTA molecule (2 

nitrogen atoms and 4 carboxyl oxygen atoms) and 3 sites occupied by oxygen atoms from inner 

sphere water molecules. The distances of these first shell bonds were slightly longer (~0.03 Å on 

average) than distances reported in solid-phase XRD studies. This difference in first shell distances 

emphasizes the need for solution-phase structural characterization in addition to solid-phase XRD 

structures, when designing liquid separations. Solution-phase literature using EXAFS, MD, and 

DFT individually showed a range of average coordinating atoms distances to the lanthanide atom 

(~2.45-2.65 Å).  

By combining experimental EXAFS data with DFT optimized reference structures, we have 

been able to observe the solution phase structure of Ln-EDTA complexes without relying on solid-

phase experimental data. Ultimately, DFT calculations, based on structures derived from this 

combined EXAFS/DFT approach can be used to determine the thermodynamics of complexation 

for a variety of tunable ligands. These thermodynamic values can then be compared to 
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experimentally-determined bulk thermodynamic measurements (e.g., from isothermal titration 

calorimetry74,75) to guide the design of REE-selective ligands. Thus, determination of the Ln-

EDTA solution-phase structures in this study is the first step towards the design of ligands for 

sustainable, aqueous REE separations.  
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