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ABSTRACT: The lanthanide elements are crucial components in numerous
technologies, yet their industrial production through liquid−liquid extraction
continues to be economically and environmentally costly due to the challenge
of separating elements with similar physicochemical properties. While
computational ligand screening has shown promise toward discovering
efficient extractants, the complexity of constructing chemically sensible 3D
structures (often by hand), coupled with the high cost of quantum chemistry
calculations, often limits exploration of the vast ligand chemical and
conformational space in favor of local exploration around known chemistries.
Moreover, metal complexes can have many stable configurations whose
differences in energies exceed the small energy differences that determine the
extractant selectivity for certain lanthanides. Because of this difference, incorrect selectivity predictions can be made if the lowest
energy coordination complex is not identified and modeled. To address this issue, we present a high-throughput computational
workflow that automates the construction and quantum mechanical modeling of 3D lanthanide-extractant complexes. This approach
allows for an unbiased search of distinct configurational and compositional variations for each metal, enabling accurate predictions of
their solution structures and lanthanide selectivity. As showcased by three extractants from diverse chemical categories�a crown
ether, a phenanthroline monocarboxamide, and a malonamide�it is found that sampling the lanthanide-ligand configuration space is
critical to correctly predicting the metal coordination environment and experimental lanthanide selectivity trends.
KEYWORDS: lanthanides, solvent extraction, metal complexes, configurational sampling, metal selectivity

■ INTRODUCTION
Climate change is, arguably, one of the most pressing issues
facing society.1 Many emerging technologies aimed at
mitigating climate change, such as wind turbines, electric
vehicles, LED lights, and batteries,2 rely on rare earth elements,
including yttrium, scandium, and the 14 lanthanide (Ln)
elements. However, extracting and separating these rare earth
elements from ores,3 recycled electronics,4 or spent nuclear
fuel5 is challenging and costly due to their similar physical and
chemical properties. Currently, liquid−liquid extraction is the
primary method used for separation, where extractant
molecules dissolved in organic solvents selectively bind and
transfer targeted aqueous Ln’s into an organic phase.6 This
process is particularly difficult for separating adjacent or near-
adjacent Ln’s, with reported separation factors for many
commercial extractants being less than 5.7−10 As such,
achieving a high purity for specific metals requires multiple
extraction cycles, resulting in high reagent consumption and
liquid waste generation. This process has a significant
environmental footprint,11,12 necessitating the development
of either new separation processes or extractants with
improved efficiency to reduce this impact.13

Developing novel extractants with strong selectivity for
individual Ln’s is challenging due to the nearly identical charge
densities of Ln3+ ions, which give them similar physical and
chemical properties.14 Identifying ligands to synthesize and test
typically relies on scientific intuition or knowledge gained from
experience, which can limit the scope of extractants explored to
incremental variants of previously reported structures.15−17 A
comprehensive understanding of how different ligand types
affect coordination geometry, binding, and selectivity for Ln’s
is crucial to designing new extraction processes.18−20 However,
synthesizing, testing the extraction properties, and character-
izing the binding structure for a massive set of diverse ligands
are expensive and labor-intensive. To gain insights into ligand
selectivity and binding without high experimental costs,
theoretical modeling of Ln-ligand complexes can be utilized.
Classical molecular dynamics and metadynamics simulations
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have proven to be powerful tools for probing Ln-extractant
structure and solvation environments, but their computing
requirements can limit their use for high-throughput screening
of diverse ligands.21−23 High-level quantum chemistry
computations have been successfully applied to various Ln-
ligand complexes, including aminopolycarboxylic acids, N-
heterocycles, and dithiophosphoric acids.24−31 Normally, the
modeled structures are taken from X-ray crystal structures or
by-hand designs, but this approach has limitations for exploring
new ligands as (1) it requires prior knowledge of the extracted
Ln complex structure and (2) it is difficult to ensure structures
converge to the global thermodynamically favored config-
uration and not a local minimum state.32−34

The selectivity of extractants for different Ln’s is typically
dictated by differences in the physico-chemistry of their Ln-
complexes on the order of only a few kcal/mol (e.g., a 1.4 kcal/
mol energy difference roughly refers to a separation factor of
10 at the equilibrium).35 However, metal−ligand complexes
with multiple geometric configurations and ligand conformers
can exhibit a multitude of chemically sensible, thermodynami-
cally stable geometries, with conformer energies ranging more
than 10 kcal/mol.36−38 As such, the energetic differences from
modeling these local minimum structures instead of the lowest
energy structures can overshadow the chemistry that
determines extractant selectivity and lead to incorrect
predictions. Ensuring the unbiased exploration for the correct
coordination complex for each metal identity requires the
capability to rapidly construct chemically sensible structures
that span the configurational space combined with an effective
high-throughput workflow to manage the large number of
quantum chemistry calculations that are not readily scalable on
high-performance computing platforms.

To address these challenges, we use our recently developed
Architector package to automate the exploration, construction,
and preliminary screening of candidate metal−ligand structures
at the semi-empirical tight binding level of theory.39 The
computational efficiency of Architector allows for the
generation and optimization of numerous metal−ligand
configurations without human biases, facilitating a thorough
exploration of the potential energy landscape beyond what is
feasible with manual methods. In this work, Architector is
augmented with an automated asynchronous workflow,
pyiron,40 to predict the relative extraction properties of
generated structures using density functional theory (DFT).

We apply the above high-throughput computational work-
flow to three ligands (Figure 1) as a case study: a crown ether
(18-crown-6), a phenanthroline monocarboxamide
(DOPMC), and a malonamide ligand (DMDPMA). These
three ligands were chosen as they each are neutral ligands from
diverse chemical categories covering differing configurational
complexity (in both the number of extractants able to
coordinate and side chain length). Additionally, experimental

distribution coefficients for both early and late Ln’s have been
reported for each of the ligands, serving as benchmarks for
validation.41−43 Although these three ligands are not among
the best-performing extractants for industrial Ln separation,
their structural diversity makes them suitable for examining
how configurational exploration impacts the prediction of
lanthanide selectivity. Through these examples, we show that
sampling the Ln-extractant configuration space is essential for
accurately predicting both the metal coordination environment
and the lanthanide selectivity trend. We note that the strategies
presented in this work are directly translatable to other fields,
such as organometallic catalysis, where the catalyst con-
formation is known to impact simulated properties.

■ COMPUTATIONAL METHODS

Prediction of Lanthanide Selectivity
Liquid−liquid extraction involves an intricate system of competing
equilibrium reactions among aqueous, organic, and interfacial
phases.35,44 The efficiency of the process is quantified by the
distribution ratio (D), defined as the ratio of the final Ln
concentration in the organic phase vs the aqueous phase:

=
[ ]
[ ]

D
Ln

LnLn
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(aq) (1)

The selectively between distinct Ln ions can be described by the
ratio of their respective distribution coefficients, commonly reported
as a separation factor (SFLn1/Ln2):
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D
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Therefore, the separation factor is proportional to the ratio of the
equilibrium constants for the two competing extraction reactions,
which is tied to the difference in Gibbs free energies for the two
equilibria as
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To compute the theoretical difference in energies for the two
equilibria, the following reaction for the competitive complexation of
reference La3+ (Ln2) over other Ln3+ (Ln1) can be used:

F

+

+

La(NO ) (H O) Ln(NO ) (L)

Ln(NO ) (H O) La(NO ) (L)

3 3 2 3(aq) 3 3 N(org)

3 3 2 3(aq) 3 3 N(org) (4)

This method leverages DFT error cancellation to help differentiate
metal selectivity35 and has been applied to multiple types of
extractants.45−48 ΔΔELa/Ln is computed here for eq 4 instead of
ΔΔGLa/Ln to reduce the computational cost as this difference is not
expected to alter the final interpretation of predicted Ln selectivity
trends. The rationale is that entropy contributions are expected to
largely cancel out in the thermodynamic cycle (eq 4), which maintains
similar complexes on both sides of the equation but with the metals
exchanged. As validation, ΔΔGLa/Ln was computed for the most stable

Figure 1. Three ligands explored in this work.
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La, Gd, and Lu complexes. The results showed that differences
between ΔΔGLa/Ln from ΔΔELa/Ln were typically <1 kcal/mol except
for select Lu complexes where entropic differences lead to differences
up to 3.5 kcal/mol but still had no meaningful impact on the
selectivity trend (see Supporting Information Figure S7 for additional
details).

Structure Generation and Preliminary Screening

To identify possible Ln coordination structures, Architector was used
to construct and preliminarily screen energetically stable complexes.
All complexes were created using a Gd metal center with a total
coordination number ranging from 8 to 10. In total, the metal center
could coordinate up to one (18-crown-6: 1,4,7,10,13,16-hexaoxacy-
clooctadecane), two (DOPMC: N,N-dioctyl-1,10-phenanthroline-2-
carboxamide), or three (DMDPMA: N,N′-dimethyl-N,N′-diphenyl-
malonamide) extractant ligands, while the rest of the first shell was
saturated with the addition of three nitrate ligands. The nitrate ligands
primarily coordinated Gd as bidentate unless the total coordination
number of the Gd exceeded 10, at which point monodentate
configurations of one or more (up to three) nitrates were used. To
assemble each Gd-ligand complex, up to 20 different core symmetries
were constructed for each coordination number and the 10 lowest
energy initial geometries (12 for 18-crown-6) were relaxed using
xTB/GFN2-xTB.49,50 The relative energy ranges of these stable
configurations span up to 15−18 kcal/mol, an energetic difference
greater than the energy contributions that direct Ln separation. To
mimic the organic solution environment for the neutral Gd-ligand
structures, relaxations were simulated using a toluene implicit solvent
(relative permittivity ε = 2.37). Optimized structures with RMSD
difference <0.4 Å were considered identical, therefore, only the lowest
energy structure was kept for subsequent DFT optimization. The
aqueous Ln(NO3)3(H2O)3 structures in eq 4 were generated using a
similar process as the Ln-ligand complexes, but using water for the
implicit solvation medium (ε = 78.39). See Figures S1 and S2 for
additional information on the Ln(NO3)3(H2O)3 structures.

Density Functional Theory Calculations
The lowest energy GFN2-xTB Gd-complexes constructed by
Architector were further optimized using DFT to identify the lowest
energy structure and sample potentially thermodynamically relevant
low-energy configurations. All DFT calculations were performed using
the ADF v2022.103 software51 with the PBE density functional,
ZORA Hamiltonian52 for relativistic effects, and Grimme’s DFT-D4
correction for van der Waals interactions.53 Additionally, an implicit
solvation environment (COSMO)54,55 was used with all organic LnL
complexes modeled in toluene (ε = 2.38) and aqueous Ln(NO3)3
using water (ε = 78.39). We have previously shown that this level of
theory is suitable for screening large sets of extractant structures
efficiently, though more accurate energetics may require more
computationally expensive methods, such as coupled-cluster level
DLPNO−CCSD(T).16 After geometry optimization, final DFT
energies were calculated by performing a single point calculation
with the SM12 implicit solvation model56 (ε = 1.88 for LnL and ε =
78.39 for Ln(NO3)3) using the same level of theory described above.
This was chosen as SM12 has been shown to describe the solvation
energy of neutral complexes more accurately compared to COSMO.57

Additional information about the effects of the two different solvation
models is provided in Figures S4−S6. To characterize the metallo-
substituted complexes and examine the selectivity trends across the
Ln series, all DFT-optimized Gd complexes were replaced with the
other Ln metals and subsequently reoptimized using the same
workflow. All structures were initially optimized using a double-ζ basis
set (DZP) with a frozen core for all atoms. These structures were
further optimized using a triple-ζ basis set (TZP) with small frozen
core. The comparison of the relative energies for the different
configurations (Figure S3) indicated that the later lanthanides (Tb−
Lu) optimize to lower coordination number structures with the TZP
basis set, leading to differences in predicted relative stability.
Therefore, all structures and energies reported throughout this work
were calculated using the TZP basis and a small frozen core. It should
be noted that even though all Ln-configuration combinations were
attempted, 82 of the 810 total structures were not readily
characterized due to SCF convergence failure, a known challenge

Figure 2. (A) Most stable LnIII(18-crown-6)(NO3)3 configuration identified for (left) Gd3+ and (right) Lu3+. (B) Relative energies for the different
configurations across the Ln’s. (C) Predicted selectivity (ΔΔELa/Ln) for 18-crown-6 using the lowest energy configuration (red squares) and
structures ≤5 kcal/mol of the lowest energy configuration (gray violin plots). (D) Experimental ln(SFLn/La) for 100 ppm Ln3+ with 0.05 M 18-
crown-6 in different trichloroacetic acid concentrations.42
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for Ln complexes. Analysis of the ⟨S2⟩ showed that the final optimized
structures were always within 2.6% of their value.
High-Throughput Computational Workflow
Given the complexity of this problem space for constructing and
screening different Ln-extractant complex ratios, nitrate denticities,
and extractant configurations at the xTB and DFT levels of theory, it
is crucial to establish a high-throughput workflow capable of
automating these series of computations. To effectively handle these
tasks and their dependencies, calculations were managed using the
open-source pyiron package.40 To enable complex task management
asynchronously, we built additional capabilities into the pyiron
package leveraging the flux framework.58 The pyiron/flux/Architector
workflow is engineered for scaling and distributing batches of less-
than-single compute node tasks and might have heightened latency
with larger molecular system DFT evaluations, for example.
Nevertheless, even with the largest systems reported in this work,
this workflow enabled thousands of Architector runs, error checking,
and subsequent DFT calculations to be performed under a single
HPC allocation, resulting in a nearly 100% utilization efficiency of
hundreds of nodes on a leading US DOE HPC machine. For this
work, nearly 2,700 individual calculations were managed using this
workflow.

■ RESULTS

Ln(III)-18-Crown-6
We begin by investigating the case of Ln chelated by the crown
ether 18-crown-6 (Figure 1). 18-crown-6 is known to form a
1:1 complex with early to mid Ln ions, where solid-state
structures show the Ln ion occupying the space within the ring,
effectively in-plane with the crown ether oxygen atoms.59−63

The trend in stability constants64,65 for the complexes (La3+ >
Ce3+ > Pr3+ > Nd3+ > Sm3+ > Eu3+ > Gd3+) can be linked to the
relationship between ligand cavity size and Ln ionic radii. The
La3+ ion, with an ionic radius of 1.06 Å, fits well within the
cavity (∼1.3�1.6 Å cavity size), but as ionic radii decrease
across the Ln series, the ion-ring interaction weakens. This
leads to little or no complex formation typically observed for
the later lanthanides.

Initial screening with Architector led to 12 unique Gd(18-
crown-6)(NO3)3 configurations, which were further optimized
with DFT. Of these structures, three had the Gd3+ within the
central ring while the nitrates were coordinated both above
and below the ring plane (Figure S8). The lowest energy
structure was found to have all three nitrates coordinated in a
bidentate configuration (Figure 2A, coordination number CN
= 12). Changing either of the bidentate nitrates to
monodentate resulted in a decrease in the stability by ∼5
kcal/mol.

The remaining nine structures identified have Gd3+ ions
located above the plane of the crown ether ring, with the ligand
“wrapping” around half of the ion and the three nitrates bound
to the coordination sites on the opposite half of the ion (Figure
S8). Each of these structures has an energy of ≥7.3 kcal/mol
from the most stable configuration for Gd3+. While this
alternate binding configuration for 18-crown-6 is perhaps
unsurprisingly less stable than having the ion within the central
cavity, this type of wrapping configuration is the preferred
binding motif for macrocycles with slightly smaller cavity sizes
(e.g., 15-crown-6).61,66

The relative energies of the Ln metallovariant configurations
are shown in Figure 2B. The most stable configuration for
Gd(18-crown-6) was consistently identified as the most stable
configuration for the other Ln’s except for Lu, whose most
stable structure (by 1.16 kcal/mol) contains the ion outside

the ring and coordinated to only half of the crown ether
oxygens�a partially decomplexed state (Figure 2A and Figure
S8). Overall, the relative energies of the alternate config-
urations generally decrease across the Ln series, indicating both
the monodentate nitrate configurations and the wrapping
crown ether structures become more stabilized as the ionic
radii decrease in size. This is perhaps most starkly illustrated by
how the most stable configuration for Lu is 13.66 kcal/mol
higher in energy for La (Figure S9). All of these observed
changes in configurational stability highlight the importance of
assessing alternate structures across the series and validate the
robustness of Architector in identifying diverse yet chemically
sensible structures. Without prior experimental structure
knowledge or rigorous testing, any of these models could be
used for calculating Ln selectivity without obvious concerns,
potentially leading to incorrect predictions of separation
trends.

Figure 2C shows the competitive complexation of La3+ over
Ln3+ for the most stable structures calculated using eq 4. It is
observed that the computed ΔΔELa/Ln becomes progressively
more negative when going from La to Lu, indicating
preferential extraction of La and the lighter Ln’s into the
organic phase over heavier Ln’s. Previously reported42

experimental separation factors for 18-crown-6 are plotted in
Figure 2D as ln(SFLn/La), where a similar trend is shown with
ln(SFLn/La) becoming progressively more negative across the
series. Since SF is sensitive to the experimental conditions
(temperature, diluent, salt, pH, contact time, extractant and
metal concentrations)67 we include all reported experimental
SF values when multiple experimental conditions were
measured to help indicate the influence of solvent environment
factors (features outside the scope of our first shell models) on
selectivity trends. In general, the DFT-predicted SFLn/La values
greatly overestimate the actual SFLn/La (e.g., DFT-predicted
SFEr/La ≈ 1010), but this is a well-known issue when computing
SF among f-block elements.16,25,68−70 Despite this over-
estimation, the qualitative trend across the series is accurately
replicated. The lack of quantitative accuracy could stem from
several sources, such as the level of theory used or the models
not explicitly including solvent molecules. Alternate thermody-
namic cycles, such as calculating the competition between 2
extractants as a ΔΔΔELa/Ln as done with Eu/Am separa-
tion,35,45 may further improve the cancellation of errors and
bring results closer to chemical accuracy. Similarly, alternate
schemes that can accommodate the impact of environmental
factors in determining the SF can also improve predictive
accuracy. Nevertheless, reliably identifying the selectivity trend
is a crucial first step for rapid computational extractant
screening and can direct whether a ligand is suitable for higher-
level computational or experimental investigation as well as
serving as a point of direct comparison to experimental results.
As such, it is encouraging that our high-throughput workflow
was able to (1) identify the proper extractant complex
structures for different metals and (2) characterize the relative
selectivity trend observed for the Ln series.

In addition to using the lowest energy structures, ΔΔELa/Ln
values were also computed using structures that were found
within 5 kcal/mol of the most stable structure. For the early
Ln’s, there were no configurations ≤5.0 kcal/mol of the most
stable structure (Figure 2B), so the distribution in ΔΔELa/Ln
shown in Figure 2C represents only the variance that arises
from low-energy Ln(NO3)(H2O)3(aq) configurations. However,
for Eu and later Ln’s, up to seven alternative structures were
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identified within 5.0 kcal/mol, and therefore, the distribution
of ΔΔELa/Ln represents the variance that can arise from both
low-energy Ln(NO3)(H2O)3(aq) and Ln(18-crown-6)-
(NO3)3(org) configurations. The ranges shown indicate two
principal ideas: (1) the difference in ΔΔELa/Ln that can arise
from structures thermally accessible and (2) these ranges
regularly overlap among neighboring Ln’s, illustrating the
potential for qualitative misinterpretation among relative
selectivity if a less-robust structure search was performed
beforehand. This further emphasizes the importance of a
thorough sampling of the conformation space, as small
differences in structure energies can impact ΔΔELa/Ln
selectivity predictions.
Ln(III)-DOPMC

Compared to the 18-crown-6 ligand, DOPMC presents a more
challenging case for modeling complexes as more than one
extractant ligand can bind to the Ln center, and the long
carbon side chains increase configurational complexity.
DOPMC (Figure 1) contains three potential coordinating
atoms: the two nitrogen atoms of the phenanthroline and the
oxygen atom of the amide. Both 1:1 and 1:2 ratio complexes
containing three nitrates were explored with Architector using
the same procedure as that for the 18-crown-6 ligand.

For the mono-DOPMC complex, Architector identified 10
distinct coordination structures. The primary variations were in
the positioning of the nitrates relative to the phenanthroline
plane and carbon bond rotations of the two octyl side chains
(Figure S10). Upon DFT optimization, these 10 unique
configurations spanned an energetic range of 18 kcal/mol.
Contrary to the 18-crown-6 system, substituting the Gd center
with other Ln ions resulted in no substantial change in the
relative stability or structure (Figure S12) as the most stable

configuration identified for the Gd complex (Figure 3A)
remained the same across the series.

Conformer search for the bi-DOPMC complex identified
four unique configurations where the two phenanthroline
planes of the DOPMC ligands are positioned either
perpendicular or parallel to each other (Figure S11). The
most stable arrangement contained both DOPMC ligands
coordinated with three bidentate nitrates, and two other
configurations were within 5.0 kcal/mol of this structure. The
lowest energy Gd(DOPMC)2 complex was found to be the
most stable structure across the Ln series (Figure 3B) up to
Ho. For Ho−Yb, the first shell of two DOPMC ligands and
three bidentate nitrates becomes overcrowded, and lower CN
structures (CN = 10−11) containing one to two monodentate
nitrates are favored. For Lu, the structure slightly rearranged
during DFT relaxation, resulting in one DOPMC ligand
becoming bidentate, with two and one bidentate and
monodentate nitrates, respectively (Figure 3B). Similar to
the 18-crown-6 ligand, there is a stark difference in the relative
stability of certain configurations between the lightest and
heaviest Ln’s, where conformations that are 8−20 kcal/mol for
La(DOPMC)2(NO3)3 become <2.5 kcal/mol for Lu (Figure
3B and Figure S12). These observations spotlight the
importance of configurational sampling among different Ln’s
to identify the lowest energy structures, as the stability for a
given core configuration is sensitive to the Ln present.

Interestingly, the competitive complexation reaction for
mono- and bi-DOPMC complexes yielded different predic-
tions regarding the selectivity trends (Figure 3C). For the
mono-DOPMC complex, there is little differentiation in
computed ΔΔELa/Ln among the different Ln’s. Therefore, if
this 1:1 structure was assumed to be the extracted species in
the organic phase, the computed results would indicate poor

Figure 3. (A) Most stable LnIII(DOPMC)(NO3)3 conformation identified. (B) Overlay and relative conformation energies for two
LnIII(DOPMC)2(NO3)3 conformations for both La3+ (purple) and Lu3+. (C) Predicted selectivities (ΔΔELa/Ln) for DOPMC using the lowest
energy configuration (red) and structures ≤ 5 kcal/mol of the lowest energy configuration (gray) when either one two DOPMC ligands coordinate
the Ln. (D) Experimental ln(SFLn/La) for 7 ppm Ln3+ with 0.1 M DOPMC in varying acid and nitrate concentrations at 25 °C.41
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selectivity of the ligand for any of the Ln’s, if not a slight
preference for late Ln’s over early Ln’s. However, the
predictions for bi-DOPMC show a definitive trend, with the
ΔΔELa/Ln value becoming more negative when transitioning to
the heavier elements, with the exception of Ce predicted to be
preferentially extracted over La.

Experimentally reported41 separation factors for DOPMC
are provided in Figure 3D and show an interesting case: while
the early Ln’s are preferentially extracted over later Ln’s,
depending on the concentration of acid and nitrates present, an
increase in the selectivity among early Ln’s is seen followed by
a semiplateau around Nd and Sm. Though our predicted
results for the 1:2 complex do capture the qualitative trend
between early and late Ln’s and predict greater selectivity for
Ce over La, they do not show the continued increase and
plateauing around Nd/Sm observed experimentally. This
discrepancy likely arises from environmental factors affecting
the system, as indicated by the sensitivity of SF to both acid
and nitrate concentrations. These experimental variables can
influence the involvement of nitrates in the first shell. Previous
experimental and modeling studies on similar phenanthroline
monoamide ligands41,71−73 have proposed that Ln-
(DOPMC)2(NO3)3 complexes readily assemble for the early
Ln ions, but as the ionic size decreases across the series, one of
the nitrates transitions to the second shell to form [Ln-
(DOPMC)2(NO3)2]+[NO3] − complexes. Currently, our
workflow is limited to sampling first shell structures and
capturing trends that originate from the first shell chemistry.
Expanding our workflow to explore both first- and second-
sphere clusters may allow us to capture and quantify these
secondary environmental effects.
Ln(III)-DMDPMA

The malonamide extractant, DMDPMA, coordinates the Ln3+

ion through its two amide oxygen atoms, allowing for the

potential of 1:1, 1:2, and 1:3 complexes. Nine different Gd-
complexes were identified for the mono- and bi-DMDPMA
complexes, with four and two of these configurations within
5.0 kcal/mol of the most stable structure, respectively. Similar
to the observations with DOMPC, the substitution of Gd with
other Ln ions resulted in no substantial change in the relative
stabilities and geometries of the configurations across the series
for the mono-DMDPMA structures (Figure S16). For the bi-
DMDPMA complexes, the relative energies among the three
lowest configurations consistently remain <3 kcal/mol across
the series. These low-lying Ln(DMDPMA)2 complexes have all
three nitrates coordinated bidentate until Lu(DMDPMA)2,
where two of the configurations rearrange to have one
monodentate and two bidentate nitrates (CN = 9, Figure 4B).

For the tri-DMDPMA structures, 10 different Gd-complexes
were identified with 4 of them within 5 kcal/mol of the lowest
energy structure, while the total energy configuration spanned
up to 15 kcal/mol. Interestingly, the lowest energy Gd-
(DMDPMA)3 structures do not have all three DMDPMA
ligands fully coordinated with both oxygen atoms; instead, 1−2
DMDPMA ligands are monodentate. The lowest energy
structure with all three of the DMDPMA ligand coordinated
bidentates is 4.94 kcal/mol higher in energy but has one of the
nitrates moved to the second shell. These structural rearrange-
ments upon DFT optimization suggest an oversaturation of the
first shell. This idea is reinforced when examining the
metallovariants. When Gd is replaced with larger La and Ce,
a structure containing three fully coordinated DMDPMA
ligands (with 1 bidentate and 2 monodentate nitrates) is
identified, but this structure remains ∼3 kcal/mol higher in
energy than structures with DMDPMA not fully bound. For
smaller Ln ions such as Yb and Lu, a configuration with two
monodentate DMDPMAs and only two coordinated nitrates
(CN = 8) becomes the most stable arrangement (Figure 4C),
with the higher coordinated geometries significantly less stable

Figure 4. (A) Experimental ln(SFLn/La) for 1 ppm Ln3+ with 0.2 M DMDPMA and 4 M HNO3 at 23 °C.43 (B) Most stable
LnIII(DMDPMA)2(NO3)3 conformation shown with Gd. (C) Most stable LuIII(DMDPMA)3(NO3)3 conformation showing partial decomplexation
of two DMDPMA ligands and suggesting oversaturation. (D) Predicted selectivities (ΔΔELa/Ln) for DMDPMA using the lowest energy
configuration (red) and structures ≤5 kcal/mol of the lowest energy configuration (gray) when one to three DMDPMA ligands coordinate the Ln.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00770
JACS Au 2025, 5, 631−641

636

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00770/suppl_file/au4c00770_si_002.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00770?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00770?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00770?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00770?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure S15). Altogether, overcrowding of the tri-DMDPMA
structures indicates that a bi-DMDPMA first coordination shell
(or possibly tri-DMDPMA structures with second sphere
nitrates�structures not explored by our current workflow) is
the most likely geometry.

Like the DOPMC complexes, different ligand ratios yield
different predictions of trends in Ln selectivity for DMDPMA
(Figure 4D). For the mono-DMDPMA complex, no notable
selectivity trend is predicted across the Ln series, but the bi-
and tri-DMDPMA complexes both predict preferential
extraction of the early lanthanides over late lanthanides. An
abrupt increase in selectivity for Yb and Lu is seen in the tri-
DMDPMA complex, but the most stable complexes for both
these elements are optimized to geometries with one of the
nitrates in the second shell. Therefore, we expect this
difference to be the cause of the break in the selectivity trend.

Reported experimental separation factors for DMDPMA43

(Figure 4A) illustrate the early Ln’s are preferentially extracted
over later Ln’s, with an initial increase and plateauing at Ce and
Pr. Like the DOPMC system, our predicted results for the bi-
and tri-DMDPMA capture the qualitative trend in selectivity
across the series for this extractant. Neither ligand ratio
captures the increased selectivity for Ce, Pr, and Nd over La,
though, suggesting this selectivity originates from environ-
mental effects beyond the core complex structure. While the
exact Ln-DMDPMA extractant complex has not specifically
been resolved experimentally, studies on other Ln-malonamide
systems can give insight. Experimental and modeling studies
have typically proposed the Ln(DMDPMA)2(NO3)3 complex
as the first coordination structure74,75 and that the formation of
both second sphere malonamides and supramolecular species
can play significant roles in the extraction of Ln’s into the
organic phase.76,77 Recently, solid-state complexes with the
N,N,N′,N′-tetramethylmalonamide (TMMA) ligand have
reported variation in the first shell composition (including
Ln(TMMA)N=1−3 complexes) and geometry (cis/trans-
TMMA2 spatial coordination) across the Ln series.78 The
diverse Ln(DMDPMA)N=1−3 complexes reported in this work
are comparable to the solid-state structures reported for
Ln(TMMA)N=1−3. Even though the solid-state structures may
not be identical with the solution-state structures, those
findings reiterate the importance of screening the configuration
space of different Ln-ligand ratios to identify the proper Ln-
extractant complex structure.

■ DISCUSSION
In this work, we utilized a unique, high-throughput computa-
tional approach for the a priori exploration of Ln-extractant
structures, their configurational space, and the prediction of
their liquid−liquid extraction selectivity trends. We first
investigated a crown ether, confirming that the workflow
could account for different ion/ligand positioning (inside and
outside the ring) and nitrate denticity. In agreement with
experimental evidence, the most stable conformation identified
for the early and mid-Ln’s contains the ion within the ring with
bidentate nitrates on both planes of the ring. The smaller ionic
radii of later Ln’s led to conformations with the ion not fully
bound by 18-crown-6 becoming more favorable and predicted
that the SFLn/La decreased from early to late Ln’s. The Ln-
extractant complexes for both a phenanthroline monocarbox-
amide and a malonamide ligand were subsequently explored to
assess the impact of different Ln-ligand ratios and config-
urations on the predicted complex structure and SF. For both

cases, 1:1 Ln-extractant complexes did not yield any distinct
trends in Ln selectivity across the series. However, once
additional extractant molecules coordinated the ion (1:2 or
1:3, depending on extractant and Ln identity), the SFLn/La
trend could be properly identified.

Two key guidelines emerged for the automated Ln-
extractant structure screening done in this work. First,
saturating the first coordination sphere with extractants is
essential to obtaining general selectivity trends. This is
demonstrated for the DOPMC and DMDPMA ligands,
where the proper trend is not observed for the monoextractant
models, but adding extractant molecules to form bi- and tri-
ligand species captured the correct first shell chemistry and
resulting trend. Second, it is critical to sample diverse first shell
configurations instead of using only a single representative
structure across the series. For all three ligands, the ranges of
relative energies for the configurations spanned from 7 to 22
kcal/mol. Furthermore, while the lowest energy configuration
for these three extractants was generally consistent among early
and midlanthanides, the smaller size of the later Ln’s, especially
Yb and Lu, changed to favor different lower-coordination
geometries. Traditional methods for designing structures can
handle simple cases (such as the crown ether complex);
however, high-throughput automated searches like the work-
flow detailed here allow us to accommodate the configurational
complexity that arises from multiple Ln-extractant-counterion
ratios in varying arrangements.

■ CONCLUSIONS
Developing novel extractants with improved selectivity for
specific Ln’s is central to advancing current solvent extraction
systems, but this progress is hindered by the expensive
resources and labor required to experimentally test diverse
classes of ligands. Computational modeling can help initially
screen candidate extractants, but traditional methods are
limited in their ability to rapidly and accurately characterize
new metal-extractant complexes. Ln selectivity is determined
by small energy differences among Ln-extractant complexes,
but the presence of multiple stable configurations can
complicate predictions if local minimum structures are
mistaken for the lowest energy structures.

Here, we applied a high-throughput computational workflow
to automate the structural screening of three different Ln-
extractant complexes, assess their configurational space, and
predict their Ln selectivity trends. The findings highlight the
necessity to include searches for both configurational and
compositional structures to identify the lowest energy
coordination complex and accurately predict selectivity trends.
Furthermore, the lowest energy configuration identified for
one Ln will not always be the same for other Ln’s (especially
for the later Ln’s), so it is not necessarily appropriate to rely on
a single configuration for computing Ln selectivity trends
across the series.

While many physicochemical properties of Ln-extractant
complexes are directly related to their core coordination
structure, second shell extractants, anions, and solvent
molecules still play a crucial role in dictating Ln-ligand
structure and selectivity.79−84 As such, upcoming improve-
ments to Architector to automate the generation of a second
shell of explicit molecules are underway. Finally, although this
work focuses on lanthanide selectivity, the fundamental
chemistries and importance of complex configuration sampling
are broadly applicable to the exploration of any metal
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complexes. Thus, the methods and findings presented here
represent a significant step toward a more robust, automated
evaluation of novel metal−ligand complexes, which will benefit
not only Ln extraction and separation techniques but metal-
complex chemistries in general.
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Elsevier: Oxford, 2024; pp 129−154. .

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00770
JACS Au 2025, 5, 631−641

641

https://doi.org/10.1021/acs.inorgchem.9b01804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b01804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-821978-2.00099-4
https://doi.org/10.1016/B978-0-12-821978-2.00099-4
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

