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ABSTRACT
Structures sampled from ab initio molecular dynamics (AIMD) simulations can be used to
predict theoretical extended X-ray absorption fine structure (EXAFS) signals that closely match
experimental spectra. However, AIMD simulations are time-consuming and resource-intensive,
particularly for solvated lanthanide ions, which often form multiple non-rigid geometries with
high coordination numbers. To accelerate the characterization of lanthanide structures in
solution, we employed the Northwest Potential Energy Surface Search Engine (NWPEsSe), an
adaptive-learning global optimization algorithm, to efficiently screen first-shell structures. As
case studies, we examine two systems: Eu(NOz)s dissolved in acetonitrile with a terpyridine
ligand (terpyNO>), and Nd(NOs)s dissolved in acetonitrile. The theoretical spectra for structures
identified by NWPEsSe were compared to both experimental and AIMD-derived EXAFS
spectra. The NWPEsSe algorithm successfully identified the proper solvation structure for both
Eu(NOz)s(terpyNO2) and Nd(NOsz)(acetonitrile)s, with the calculated EXAFS signals closely
matching the experimental spectra for the Eu-ligand complex and showing good similarity for
the Nd salt; the better agreement with the ligand-containing structure is a result of a less dynamic
coordination environment due to the rigid ligand. The key advantage of the global optimization
algorithm lies in its ability to accelerate the structure identification process, reducing the time

required from a month to a week.



INTRODUCTION

The lanthanide elements function as crucial components for a wide range of technologies,
including the magnets of wind turbines, LED lights, electric vehicle batteries, and catalytic
agents.1® When dissolved in solution, it is uniquely challenging to characterize the structures of
the lanthanide ions, as they primarily form coordination bonds through electrostatic effects rather
than orbital overlaps and covalent bonding. These features lead to lanthanide ions often having
large coordination numbers whose complexes can assemble in multiple low-energy, non-rigid
geometries.” For several decades, a variety of experimental techniques® 1% have been developed
to help elucidate what these ion structures are within solution, including X-ray absorption
spectroscopy (XAS). XAS, and more specifically extended X-ray absorption fine structure
(EXAFS) spectroscopy, can provide insight into the local environment surrounding an ion by
providing information on bond lengths, coordination numbers, and the elemental identities of

first shell molecules.tt17

Similarly, computational techniques such as quantum mechanics (QM) calculations and
molecular dynamics (MD) simulations have become invaluable tools for predicting and refining
the structures of solvated ions.'® However, these methods have their own inherent limitations for
identifying molecular conformations representative of the experimental solvation structure. The
initial configuration in QM structure optimizations can affect the final structure as optimization
algorithms can converge structures to local minima rather than the global minimum. MD
simulations might be able to compensate for this by rearranging their structures towards lower-
energy configurations over the course of the simulation, but they are still restricted by the finite
timescales they can cover and may fail to escape metastable states to sample alternative low-

energy configurations.®

To overcome these limitations, high-throughput conformer sampling?®2! and global
optimization techniques have emerged as powerful methods for exploring the chemical space of
systems. Such techniques like genetic algorithms,?-26 Monte Carlo minimizations,?”~?° basin
hopping,3®3! and particle swarm optimizations®?-34 permit a systematic and accelerated search for
stable structures. Among the various global optimization algorithms, the Northwest Potential
Energy Search Engine (NWPEsSe)® stands out for its application of the bee colony algorithm®-
% to search for global minima in complex chemical spaces. Based on the foraging behavior of



honey bee colonies, the NWPEsSe algorithm explores the chemical space using three kinds of
structure construction operations (“bees”): scout bees, which search the entire chemical space
randomly to discover new regions with potentially low energy configurations; employed bees,
which do a local exploration of nearby unexplored regions; and onlooker bees, which explore
around the low-energy structures found by the employed bees to refine the optimal solution
(Figure 1). By leveraging the collective searching of these three bees, the algorithm efficiently
allows convergence towards the global minimum structure without becoming trapped in local

minimum basins, ensuring a comprehensive search of the chemical space.
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Figure 1. General schematic for using a global optimization search to screen candidate 1% shell
coordination structures. Users provide information of molecules likely to be within the 1%
coordination shell and NWPEsSe uses an adaptive-learning algorithm to screen potential
structures. The lowest-energy structures are further refined at a QM level of theory, and the
EXAFS spectra for these complexes can be compared to experimental EXAFS spectra.

Previous works have demonstrated the application of the NWPEsSe algorithm towards
constructing metal and metal oxide clusters,3%-#* microsolvated amino acids,* and ionic liquid
complexes.**#4 In this study, we seek to expand the applicability of the NWPEsSe algorithm
towards finding stable solution structures of lanthanide ion complexes, allowing the automated
prediction and identification of these challenging systems. Two systems are presented in this
work as case studies: Eu(terpyNO.)(NOz3)s solvated in acetonitrile, which we previously explored

using ab initio molecular dynamics (AIMD) simulations,* and Nd(NOs)s salt solvated in



acetonitrile. To verify the accuracy of the predicted solvation structures, we compare the
theoretical EXAFS spectra for the structures identified via global optimization against our
previous MD-derived EXAFS spectrum (for the Eu(terpyNO)(NO3)3z system) and experimental
EXAFS spectra. Through this approach, we seek to demonstrate the efficacy of NWPEsSe for

discovering stable, experimentally verifiable lanthanide-ligand solution structures.

METHODS
Global Optimization Structure Search

The NWPEsSe global optimization algorithm3 was used to explore the coordination
configuration space of Eu(terpyNO2)(NOs)s (Figure 2) and Nd(NOz)s solvated within
acetonitrile. To reduce the complexity of the exploration space and direct the focus to the
immediate ion coordination environment, we limited the search to only molecules that would
likely be within the first coordination sphere instead of an entire solvent bath. For the solvated
Nd(NO3z)3, NWPEsSe constructed models where 3 NOs™ and 4 acetonitrile molecules were
positioned within a 6 A radius sphere of a central Nd** jon. For the solvated Eu(terpyNOy)
model, as we were interested in the ligated complex, NWPEsSe constructed models where the
terpyNO, was first positioned at a distance 3.25 A from the Eu®* ion with the terpyridine rings
oriented to coordinate the ion, followed by addition of 3 NO3™ and 3 acetonitrile molecules within
a 6 A radius sphere of the Eu®* ion. For both Nd(NOs)s and Eu(terpyNO2) models, no additional
information regarding positioning or orientation was provided for the NO3z™ and acetonitrile

molecules.

Figure 2. Structure of terpyNO: (6-nitro-2,2';6',2"-terpyridine).

To rapidly screen the stability of each structure, the NWPEsSe algorithm performed a
geometry optimization using classical force fields. Each complex was centered within a large

cube (edge length 21.7 A), and the structure was relaxed using the OPLS-AA force field*® using



previously published parameters for all of the molecules.*”~*° Non-bonded interactions were
ignored beyond the 10 A cutoff and long-range electrostatic interactions were modeled using a
particle-mesh Ewald scheme.* The geometry optimization was carried out using GROMACS
v2021.3 software.>! The final structure and energy for each complex were fed back into the
NWPESsSe algorithm to help map the chemical coordination space and guide subsequent
structure designs. This process was iterated until a total of 5,000 structures were sampled; given
the rather limited configuration space for the complexes, sampling this number of structures is
admittedly excessive, but this ensured a robust search of the chemical space for negligible

computational cost. The input example of NWPESsSe calculation is appended to the end of Sl.

QM Computations

With the force-field-optimized structures obtained, we sought to further refine the first-
shell geometries of the most stable complexes at a QM level of theory. Many of the candidates
had optimized to near-identical coordination structures since ~1/3 of the structures designed by
NWPEsSe will be refined around the identified low-energy region (Figure 1). As such, our
dataset for stable, unique structures was constructed by removing all second-shell molecules
from the 2,000 lowest energy structures and then removing duplicate structures with an RMSD
of first-shell atoms <1 A. The remaining unique structures (~30-50 structures) were then relaxed
at a QM level of theory to improve the predicted configuration geometries and energies.
Molecular geometries were optimized with the M06 functional®® using the Stuttgard RSC
Segmented basis set and corresponding effective core potentials for the Eu3* and Nd** ions®354
and the cc-pVTZ basis set> for all other atoms. The complexes were modeled within an implicit
solvation environment (conductor-like polarizable continuum model) of acetonitrile to mimic the
bulk solvent environment.>® After optimization, all-electron single-point energy calculations
were calculated using the same procedure in our previous work.%” The single-point energy
calculations used the M06 functional, a relativistic second-order Douglas-Kroll-Hess (DKH2)
Hamiltonian,*®>® segmented all-electron relativistically contracted (SARC) basis set for the
lanthanide atoms,®® and the minimally augmented ma-def2-TZVPP basis set for the other
atoms.® This approach allows the inclusion of the relativistic effects, which are required for

accurate characterizations of lanthanide complexes.®? All QM computations were carried out by



ORCA v5.0.2 software.®® The DFT-optimized complex structures and corresponding energies are

provided in the SI.

Molecular Dynamics Simulations
Molecular dynamics simulations were constructed of the Nd(NOz)3 system dissolved within
acetonitrile following the same procedure as previously reported for the Eu(terpyNO2)(NO3)3
system.* To summarize, a classical MD simulation was first conducted to equilibrate the system.
The classical MD simulation was modeled with the same OPLS-AA force field and parameters
used during the NWPEsSe global optimization search. The Nd(NO3)z was dissolved within a
cubic box with periodic boundary conditions containing 83 acetonitrile molecules. The system
was first minimized, followed by 1 ns of NPT simulation to equilibrate the box dimension size
using a 1 fs timestep. Temperature and pressure were maintained at 298 K and 1 bar using the
Berendsen thermostat and barostats, respectively.®* Long-range electrostatics were treated using
a particle-mesh Ewald scheme. Nonbonded interactions were cut off at 9 A to accommodate the
smaller model volume.

After the system was equilibrated (equilibrated box edge length: 19.64 A), an ab initio
MD (AIMD) simulation was conducted to more accurately characterize the dynamic binding of
the complex. AIMD computations were performed using the Perdew-Burke-Ernzerhof (PBE)
functional® as implemented in the CP2K v5.1 program.®67 Core electrons were described by
Goedecker-Teter-Hutter (GTH) pseudopotentials,®® and valence electrons were described by a
double-¢ valence polarized (DZVP) basis set;%° the Ln* ions were described using our LnPP1
pseudopotentials and basis sets.”® Long-range electrostatics were captured using an auxiliary
plane-wave basis set with an 800 Ry cutoff. van der Waals interactions were accounted for using
Grimme’s D3 corrections with a 6 A radius cutoff.’* The simulations were conducted in the NVT
ensemble at 298 K with the temperature maintained using the Nosé-Hoover thermostat.’>"® The
systems were simulated at a timestep of 1 fs until at least 10 ps of the system with a stable

potential energy and consistent Nd coordination structure was obtained.

Theoretical EXAFS Spectra
EXAFS spectra for the solvated Eu(terpyNO2)(NOz)z and Nd(NOs)s complexes were
predicted from either the QM-optimized geometries identified by NWPEsSe or from 200



equispaced frames of the final 10 ps of the equilibrated AIMD simulation for Nd(NOs)s.”*" For
each structure, the coordinates of the C, N, and O atoms within 6 A of the lanthanide ion were
extracted and the y(k) spectra was computed using FEFF8.5 software.”®"® The default Hedin-
Lundqvist exchange-correlation potential and a 6 A cutoff for the self-consistent field calculation
were used. Multiple-scattering paths with up to 8 legs were included. The amplitude reduction
factor (So?) was set to a constant of 1.0 and no corrections were made to the Hedin-Lundgvist
edge shift (4Eo) to align the energy grids between experiment and theory y(k) spectra. For the
NWPESsSe structures, as the theoretical EXAFS spectra are computed from single QM-optimized
structures, which lack the static and thermal disorder in the shell of atoms surrounding the
absorber atom that occur in situ (or in MD simulations), a correction of 0.005 A was included to
the mean-square displacement in half-path lengths (c2) to account for this disorder. This
correction was not included for the Nd(NO3)s structures sampled from the AIMD simulation.
EXAFS spectra illustrating the change in predicted EXAFS upon including this correction are
provided in the Supporting Information (SI).

Experimental Synthesis and EXAFS Spectra of Nd(NO3)3

To measure the spectrum of Nd(NOz3)s dissolved in acetonitrile, Nd(NOs)s salts were
purchased as hydrates from VWR and dried for 24 hours under reduced pressure and heating to
60 °C in an oven. ACS-grade acetonitrile was purchased from VWR and dried by standard
methods. The salt was added to acetonitrile to obtain 0.1 M Nd** dissolved salt solution. The
concentration of the solution was obtained by titrating with EDTA in the presence of xylenol
orange as an indicator.”

EXAFS measurements at the Nd Lz-edge (6208 eV) were conducted at the Advanced
Photon Source at Argonne National Laboratory (20-BM). The Si(111) monochromator was
calibrated to the Fe K-edge (7112 eV). The toroidal mirror and slits provided a small X-ray beam
of less than 0.7 x 0.7 mm on the samples. Higher harmonic X-rays were minimized using a Rh
mirror. Transmission and fluorescence mode measurements were made with ionization chambers
and a multi-element Ge solid-state detector, respectively. The Nd(NO3z)s3 salt was dissolved in
acetonitrile immediately prior to EXAFS measurements in transmission mode. Duplicate
solutions were deposited in 1 mm glass capillaries. No crystallinity or precipitate was observed

in the measured solutions. Four measurements of each duplicate sample were collected and



compared, revealing no significant differences among measurements. The experimental EXAFS
spectra reported are an average of all eight scans (four from each duplicate). Energy calibration
was checked by simultaneously measuring a Fe K-edge (7112 eV) with a reference ionization
chamber.

Analyses of the EXAFS spectra were performed using Athena from the Demeter v0.9.26
software package.® The experimental y(k) spectrum was extracted from the measured spectrum
using a background function with a Fourier filter cutoff distance, Rokg, 0f 1.2 A. In generating the
Fourier transforms, the y(k) spectra were weighted with k? and windowed using a Hanning
function between 2.3 < k < 10.0 A™%. The experimental and theoretical EXAFS spectra were

directly compared without further fitting.

RESULTS AND DISCUSSION

Solvated Eu(terpyNO2)(NO3)s

We begin by considering Eu(NO3)3 salt dissolved in acetonitrile in the presence of the terpyNO-
ligand to form the complex Eu(terpyNO2)(NOs3)3, a structure we have previously characterized in
both solid and solution states.*>8! Single-crystal X-ray diffraction of this®! and analogous
complexes®® revealed that in the solid state, the Eu complex has a coordination number of 10.
This includes coordinate bonds to three pyridine ring nitrogen atoms and one —NO, oxygen atom
of the terpyNO:- ligand, along with 3 bidentate nitrates, resulting in a bicapped square
antiprismatic geometry.

Recently, we determined the structure of this complex solvated within acetonitrile by
combining experimental EXAFS data with a theoretical EXAFS spectrum obtained AIMD
simulation; the solvated structure was found to be largely similar to the solid-state structure.*
However, the AIMD simulations were computationally expensive, requiring around 600 node-
hours (4 nodes each with 32 CPU-core nodes), which is not ideal for exploratory investigations
where the coordination structure is unpredictable and many possible structures need to be
evaluated. Likewise, the final AIMD simulation captured only ~10 ps of equilibrated simulation
time. While this is sufficient for deriving theoretical EXAFS spectra, it is insufficient for
sampling any alternative, thermally stable configurations. As such, we evaluate here the ability
of the NWPEsSe algorithm to identify chemically reasonable coordination structures of
Eu(terpyNOy).



Following the general workflow outlined in Figure 1, the NWPEsSe algorithm was used
to iteratively design 5,000 candidate structures exploring a system composed of a central Eu®*
ion, a terpyNO: ligand within the first coordination sphere, and the remaining three nitrate and
three acetonitrile (ACN) molecules within either first or second coordination spheres. Of the
2,000 lowest energy structures identified at the force field level of theory (Figure S1), 69% of the
structures possessed a first coordination shell composed of either Eu(terpyNO2)(NO3)3 (21%) or
Eu(terpyNO2)(NO3)3(ACN) (48%) in various configurations.

In our previous work, we compared the theoretical EXAFS spectra of both solvent-
coordinated and solvent-absent complexes, verifying the solvent-absent complex as the
appropriate structure in solution.* The preference for the solvent-coordinated structure here is
not surprising, however, for two reasons. First, the Eu*>* OPLS-AA parameters used in this
screening were tuned to replicate the agueous Eu®* ion, and not Eu®* in non-aqueous solvents,
which bias the ion to higher coordination numbers—a known issue.*® Second, since no implicit
solvation model was included during force field minimization, the modeling environment may
also bias the system to favor additional solvent coordination in lieu of remaining in a gas-phase
second shell. One or both of these issues could be addressed by using a different approach for
structure minimization, such as semiempirical PM78 or GFN2-xTB methods.® Nonetheless, the
goal of this case study is to test the ability of the NWPEsSe algorithm to rapidly screen
chemically-sensible Eu(terpyNO2) complexes, and the process identified correct
Eu(terpyNO2)(NOz3)s configurations, along with reasonable Eu(terpyNO2)(NOz)3(ACN)
structures, in reduced computational time (1.75 CPU-hours for NWPESsSe screening).

Focusing on the Eu(terpyNO2)(NOs)s complex, the NWPEsSe search identified a total of
50 structurally unique (RMSD > 1 A) first-shell configurations. To refine the geometries and
better differentiate energetically stable configurations, the second-shell acetonitrile molecules
were removed and single-point energy calculations were performed on all 50 first-shell structures
at the DFT level of theory (with acetonitrile implicit solvent). The complexes within 10 kcal/mol
of the lowest energy structure (23 structures in total) were then DFT-optimized, resulting in 13
structurally and energetically unique configurations (Figure S2). The lowest-energy
configuration matched the one identified in our ab initio MD (AIMD) simulations (Figure 3).

The other optimized configurations featured have unique arrangements of their nitrates and



positioning of the ion within the terpyNO> plane (Figure 3), but all were within 4 kcal/mol of

each other and are expected to be readily accessible at room temperature.
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Figure 3. Ball-and-stick model of the lowest energy (left) configuration of Eu(terpyNO2)(NO3)3
and six other examples of low-energy configurations identified by the NWPEsSe algorithm.
Color scheme: Eu (green), C (gray), H (white), O (red), N (blue).

Theoretical EXAFS spectra were computed for the 13 DFT-optimized configurations and
averaged to produce a single theoretical EXAFS spectrum representing the NWPEsSe-sampled
structures. The y(k) signal and k?-weighted Fourier transform spectrum of this theoretical
spectrum are overlaid against the experimental signal, along with the results from our previous
AIMD simulation (Figure 4; theoretical spectrum without the 62 approximation included
provided in Figure S3). While the AIMD and NWPEsSe-derived theoretical spectra both show
remarkable agreement with the experimental data in the frequency and shape of the y (k)
oscillations, the NWPEsSe-derived spectrum shows a distinct improvement in matching the
experimental data. The origin of this improvement is evident in the Fourier-transformed signal,
which indicates that the Eu-atom distances and spatial positioning in the NWPEsSe sampled
configurations mirror the experimental structures and lead to the close alignment in their signals.
In contrast, the AIMD-derived signal shows a slight shift to the right of the experimental peaks,
indicating slightly longer Eu-atom distances in the simulation compared to those distances in the

experiment.
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Figure 4. Overlay of the experimental EXAFS spectrum (red) for the Eu Lz-edge of
Eu(terpyNO2)(NOz3)s dissolved in acetonitrile compared to theoretical spectra predicted from (A)
AIMD simulation and (B) NWPEsSe sampled structures.

While the moderate improvement in the calculated EXAFS signal is notable, the most
significant advancements from this alternative workflow are twofold: (1) the workflow not only
successfully identified the correct core structure but also generated a diverse array of low-lying
alternative configurations that were absent in the AIMD simulation; and (2) the results were
obtained with significantly accelerated speed—approximately 275 node hours (1 node with 32
CPU-core nodes) with QM-computations of individual structures able to be run in parallel to

reduce real-world time compared to the AIMD simulation.

Solvated Nd(NOs3)3

To investigate a system where the Ln®* ion is not exclusively chelated by rigid,
multidentate ligands, we modeled the structure of Nd(NOz)s dissolved in acetonitrile. Following
the same protocol reported previously for the Eu(terpyNO2)(NOs)s system,*® an AIMD
simulation was designed and run for Nd(NOz3)s. The resulting Ln-anion-solvent complex formed

during the initial force field equilibration was Nd(NOz)3(ACN)4 with a coordination number of

11



10. This is larger than the coordination number of the aqua complex [Nd(H20)e]**,*? but no
coordinated acetonitrile molecules dissociated from the Nd during AIMD equilibration or
production-level simulations, indicating the structure remained stable for at least 11 ps.
Structures from the final 10 ps of the equilibrated AIMD simulation were used to construct a
theoretical EXAFS signal.

The NWPEsSe algorithm was similarly employed to iteratively design first shell
structures exploring different configurations of a system containing Nd(NO3)3(ACN)a.
Interestingly, of the 2,000 lowest-energy structures (Figure S4), nearly all favored the 9-
coordinate Nd(NO3)3(ACN)3 (95%) over the 10-coordinate complex. To investigate further the
difference between the two complex configurations, we analyzed the coordination structures
identified by the NWPEsSe algorithm for both first-shell configurations. After removing
duplicates, the unique configurations of Nd(NOz)3(ACN)z and Nd(NOs)(ACN)s were DFT-
optimized, resulting in 7 unique first-shell structures of Nd(NO3z)3(ACN)s (Figure S5) and 10 of
Nd(NO3)3(ACN)a (Figure S6). Despite the diversity of the configurations identified, all
structures were computed to be within 4 kcal/mol of their respective lowest energy
configurations (Figure 5).

12



Figure 5. Ball-and-stick models of the lowest energy configuration (left) of (A)
Nd(NO3)3(ACN)s and (B) Nd(NOs3)(ACN)4 along with examples of other stable configurations
(right) identified by NWPEsSe. Color scheme: Nd (cyan), C (gray), H (white), O (red), N (blue).

Theoretical EXAFS spectra were computed for each of the DFT-optimized configurations
and averaged to produce a single theoretical EXAFS spectrum for both complexes. The y(k)
signal and k?-weighted Fourier transform spectra were each overlaid with the experimental signal
in Figure 6, alongside results from the AIMD simulation of Nd(NO3)3(ACN)a.

Comparing the y(k) signal from the AIMD-derived results to the experimental data
(Figure 6A), there is a great similarity between the two spectra in terms of peak positioning and
shape, with only a slight offset in the AIMD spectrum. The Fourier-transformed spectrum also
shows similarity, with the peaks and shouldering at ~2.0, 2.6, 3.6, and 4.1 A being reproduced,
though slightly offset from the experimental data. Direct comparison of the AIMD-derived
spectrum to that from the NWPEsSe-identified structures highlights the differences caused by
explicitly modeling changes in Nd-atom bond lengths in the simulation versus using a constant
o2 in the EXAFS calculation to mimic the dynamics. The results (Figure S7) show that while the
positions of the y(k) peaks and troughs are nearly identical, the shape and amplitude begin to
diverge as k increases. The Fourier-transformed spectra show similar peaks from single

13



scattering of the coordinating N and O atoms (~2.0 and 2.6 A); however, despite having the same
spectral shape in the later region of the FT-spectrum (e.g. the broadened peak at ~4.5 A), these
peaks that arise from forward scattering of acetonitrile N-C and nitrate N-O (~3.5 A) and other
multi-scattering paths are right-shifted. The right-shifting of the peaks is also shown to not
originate from the inclusion of the 2 constant (Figure S8). These differences suggest that the
different dynamics between Nd-O(nitrate) and Nd-N(acetonitrile) coordination bonds require
explicit modeling beyond a o? term approximation for accurate replication. Nevertheless, since
the shape of the spectra remains consistent and only shifted, the results from the NWPEsSe-
sampled structures can provide valuable insight for quicker comparison of different first-shell
structures.

When comparing the theoretical spectra for the 3- and 4-acetonitrile coordinated
complexes generated from NWPEsSe (black lines in Figure 6B and 6C), the two spectra are very
similar, with only small differences in the shapes of their y(k) and Fourier-transformed signals.
The 3-acetonitrile complex shows slightly better agreement with the experimental spectrum,
including better alignment of the principal peaks in the y(k) and the single scattering peak ~2.0 in
the Fourier-transformed spectra, indicating a more accurate replication of the coordinating atom-
Nd distances. Additionally, the presence of distinct peaks in the 4 — 6 A region of the Fourier-
transformed spectrum better matches the distinct experimental peaks (though right-shifted)

compared to the broadened band of the 4-solvent complex.
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Figure 6. Overlay of EXAFS spectra for the Nd Ls-edge of Nd(NOs)s solvated in acetonitrile
comparing the experimental spectrum (red, A - C) to spectra of Nd(NO3)3(ACN)4 predicted from
(A) AIMD simulation and (B) NWPEsSe, as well as to (C) the spectrum predicted of structures
of Nd(NOz)3(ACN)s obtained from NWPEsSe.

Since these spectral features arise from calculations on QM-optimized structures, as

opposed to mathematically fitting between theory and experimental spectra, they suggest that the
experimental structure is more likely Nd(NO3)3(ACN)z rather than Nd(NO3z)3(ACN)4, though

these small differences alone are not conclusive without further evidence. Previously reported

FT-IR experiments reported an average coordination number of 9.0 for Nd(NOz3)sz within

acetonitrile,®® which is consistent with our findings that the NWPEsSe-sampled 9-coordinate
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Nd(NO3)3(ACN)s structures better match the experimental EXAFS. While an additional AIMD
simulation of the Nd(NO3)3(ACN)z complex could further support these findings, the primary
goal here is to evaluate the effectiveness of the NWPEsSe algorithm towards identifying the
solvation structure. Remarkably, the NWPEsSe algorithm not only identified the correct first
shell structure between two similar, stable configurations but it obtained its results at a
significantly faster speed: while the AIMD simulation took ~600 node hours (4 nodes with 32
CPU-core nodes) QM-optimizing all the structures derived from the NWPEsSe algorithm took
~300 node hours (32 CPU-core nodes) with the computations for individual structures run in

parallel. The differences in compute times for both approaches are summarized in Table 1.

Table 1. Summary of approximate compute times for AIMD and NWPEsSe approaches.

AIMD simulation NWPESsSe algorithm approach
approach
AIMD Real- NWPEsSe QM Real-world
compute world time search refinement time
time
(node hours; (days) (CPU (node hours; (days)
four 32 hours) one 32 CPU-
CPU-core core node
nodes) per
Model System structure)
Eu(terpyNO2)(NO3)3 600 25 1.75 275 3
Nd(NO3)3 600 25 1.5 300 3

CONCLUSIONS
Agreement between predicted and measured EXAFS spectra is a robust method to determine
whether the structures used to calculate the predicted signal are representative of those in
solution. Typically, these structures are sampled from MD simulation snapshots to capture the
first-shell structure and time-averaged ion-ligand bond distances. Obtaining reliable MD
simulation structures for lanthanide complexes is challenging because MD simulations are biased
by the starting configuration. Further, more accurate AIMD simulations are resource- and time-
intensive, and they only sample a limited chemical space.

We explored the use of the NWPEsSe global optimization algorithm to preliminarily

screen first-shell structures for further DFT refinement. We focused on two systems for this case
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study: Eu(terpyNO2)(NO3)s dissolved in acetonitrile and Nd(NO3)s dissolved in acetonitrile. For
the Eu(terpyNO2)(NO3)s system, the NWPEsSe algorithm successfully identified the correct
Eu(terpyNO2)(NO3)3 coordination structure along with 12 other low-energy configurations not
observed in a previously reported AIMD simulation. The theoretical EXAFS spectrum calculated
from the NWPEsSe-identified structures showed a near-perfect match with the experimental
spectrum.

For the Nd(NO3)3 system, both an AIMD simulation and NWPEsSe search were
conducted. The AIMD simulation indicated a stable Nd(NO3)3(ACN)4 structure while the
NWPEsSe search identified the Nd(NOs)3(ACN)s structure as the preferential structure. To
investigate this discrepancy, both 3- and 4-solvent coordinated complexes identified by
NWPEsSe were DFT-optimized, and their predicted spectra were compared to the experimental
data. While the spectral differences between the two complexes were subtle, the 3-solvent
complex identified by NWPEsSe showed slightly better agreement in the first-shell Nd-atom
distances and spectral features. The spectra computed from the NWPESsSe structures exhibited
slight amplitude differences and offsets for later regions of the y(k) and Fourier-transformed
spectra, respectively, likely due to the difference between explicitly sampling dynamic bond
distances in MD simulations versus using a constant 6> term to approximate these changes. This
difference was observed in the Nd(NO3)3(ACN)3 system but not in the Eu(terpyNO2)(NO3)3
system, likely due to more dynamic bonding between monodentate acetonitrile and bidentate
nitrate compared to the more rigid nitrate and terpyNO: ligands. The finding that
Nd(NO3)s(ACN)s is the predominant solution structure aligns with previous FT-IR reports.&

The most practical advantage of the global optimization approach is the significantly
faster identification of the first shell structures. By focusing DFT computations on unique low-
energy structures identified by NWPEsSe, batch computations can be run in parallel for
individual structures, reducing the real-time computation from approximately one month (for
AIMD simulation) to less than a week (for NWPEsSe sampling). Lanthanide systems with more
dynamic first shells may benefit from additional MD modeling to improve the predicted EXAFS
spectrum (as seen with the Nd(NOz)s case) but an initial search with NWPEsSe to screen first
shell structures can reduce the potential for performing AIMD simulations on improper

structures.
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As modeling methods that include f-block element chemistry continues to evolve and
improve in both chemical accuracy and computational speed, we anticipate semi-empirical
approaches (e.g. GFN2-xTB), machine-learned interatomic potentials (e.g. MACE-MP-0 or
M3GNet)®8 or new lanthanide force fields®® will provide more efficient screenings at a minimal
increase in computational cost. Overall, this study serves as a proof-of-concept that combining
global optimization algorithms like NWPEsSe with experimental EXAFS can be a viable
approach for characterizing unresolved lanthanide-ligand solution structures.

SUPPORTING INFORMATION
Additional molecular figures and EXAFS spectra comparison (PDF) and coordinates of the DFT-
optimized structures (TXT).
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