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ABSTRACT

We report the solution structure of a europium-nicotianamine complex predicted from ab initio
molecular dynamics simulations with density functional theory. Emission and excitation
spectroscopy measurements show that the Eu** coordination environment changes in the
presence of nicotianamine, suggesting complex formation, and strongly supporting the predicted
Eu’*-nicotianamine complex structure from computation. We used our recently optimized
pseudopotentials and basis sets for lanthanides to model Eu**-ligand complexes with explicit
water molecules in periodic boxes, effectively simulating the solution phase. Our simulations
consider possible chemical events (e.g. coordination bond formation, protonation state changes,
charge transfers), as well as ligand flexibility and solvent rearrangements. Our computational
approach correctly predicts the solution structure of a Eu®*-ethylenediaminetetraacetic acid
complex within 0.05 A of experimentally measured values, backing the fidelity of the predicted
solution structure of the Eu**-nicotianamine complex. Emission and excitation spectroscopy
measurements were also performed on the well-known Eu**-ethylenediaminetetraacetic acid
complex to validate our experimental methods. The electronic structure of the Eu*-
nicotianamine complex is analyzed to describe electron densities and coordination bonds in
greater detail. Nicotianamine is a metabolic precursor of, and structurally very similar to,
phytosiderophores, which are responsible for the uptake of metals in plants. Although knowledge
that nicotianamine binds europium does not determine how plants uptake rare earths from the

environment, it strongly supports that phytosiderophores bind lanthanides.



I. Introduction

The remarkable and unique characteristics of electronic states of lanthanide (Ln) complexes
originating from partially filled 4f-electron shells, and their extremely localized nature, make
studies of their compounds a very active area of research.'!” Ln complexes are used in a
multitude of high-tech applications.!! At the same time, the role of lanthanides in naturally
occurring biological systems was somewhat overlooked. Until recently, lanthanides were not
considered as essential elements of biological systems and Ln-incorporated enzymes were
viewed as useful, yet mainly artificial, systems.!!13 This perspective changed with the discovery
of lanthanides in bacterial methanol dehydrogenases.!4'® Moreover, a number of studies show
that the Ln elements, especially Ce, affect the growth and development of agriculturally
important crops.!”!8 However, currently there is no certainty regarding Ln intake pathways and
accumulation in plants. It is not clear whether accumulation happens through Ca or Fe uptake
pathways involving the broad-spectrum metallophore nicotianamine (NA), or if Ln intake and
accumulation are the result of production of lanthanophores by bacteria residing in the
phyllosphere. %!

Low-molecular weight chelators with functional carboxy-, amino- and hydroxy-groups
facilitating metal coordination in bacteria and plants are classified as siderophores and
phytosiderophores, respectively.2?2* When it comes to understanding the role of these
compounds in the metabolism of lanthanides in plants, NA, a metallophore naturally occurring in

higher plants,?*-24

is of particular interest. NA is structurally very similar to phytosiderophores,
and it is a precursor in phytosiderophores biosynthetic pathways,?’ which makes it an ideal
model system.

Apart from its importance for understanding the role of lanthanides in plant of metabolic
transformations, elucidating the solution structure of Ln** complexes with NA could potentially
contribute to the development of novel ligands for Ln extraction. Phytosiderophores are
polydentate and polyacidic, with a wide range of pKa sites, therefore solution pH changes the
protonation state of each acidic site, impacting the Ln coordination structure. It is well known
that changes in solution acidity facilitates Ln extraction, additionally, recent studies with
europium,? gadolinium,?® and terbium?’ demonstrate how solution pH affects Ln complex
coordination structures and their surrounding environment. Moreover, previous studies show that

tuning the flexibility of polydentate and polyacidic ligands is well suited for Ln separations,?®?°



highlighting the importance of ligand flexibility. Siderophores have been shown to bind Ln**
ions*%32 with a pH-sensitive binding behavior.?!*} Like siderophores, the molecular structures of
phytosiderophores are highly susceptible to changes in protonation states,?***3¢ but, unlike
siderophores, their ability to bind Ln*" ions has not been elucidated. Although lanthanides have

been detected in plants and their roots,!”- 197

and uptake mechanisms of other trivalent elements
were previously reported,®® apart from few hypotheses, the plant uptake mechanisms of Ln**
remains largely unknown.!®3°, Interestingly, Liu et al.*> demonstrated that Rubisco,*' an enzyme
crucial for photosynthetic CO; fixation in higher plants,***? binds cerium, which demonstrates
Ln**-binding capability of compounds native to plants. To date, there are no reported in vitro or
in silico studies of Ln ions and phytosiderophores.

Lanthanide coordination is affected by a number of factors in the coordination
environment, such as flexibility and protonation state of the bound ligand.**#¢ Due to the high
coordination number of Ln*" ions, in addition to the ligand, water (or solvent) molecules will
coordinate as well. Thus, the solution structure of Ln**-ligand complexes and their stabilities
strongly depend on the molecular structure of their coordination spheres, which include ligand
and solvent molecules.*’

Resolving the solution structure of Ln**-ligand complexes is a nontrivial task due to their
highly dynamical nature in solution. To do so computationally in atomic resolution requires the
use of density functional theory (DFT) and ab initio molecular dynamics (AIMD) simulations to
simulate the breakage and formation of chemical bonds (e.g. coordination bonds, protonation
state changes) simultaneously considering ligand flexibility and solvent rearrangements.
Additionally, simulating solution structures (i.e. condensed phase) requires including explicit
solvent molecules, and treating the system periodically in repeating unit cells. An accurate
periodic treatment of solute-solvent systems requires periodic boxes of sufficient size, which
makes such all-electron AIMD simulations computationally out of reach, thus requiring DFT.

The employment of relativistic, norm-conserving, separable, dual-space Gaussian-type

)48—50

pseudopotential protocol of Goedecker, Teter, and Hutter (GTH in a mixed Gaussian—plane

wave scheme®! has proved to be an effective and efficient way to perform AIMD simulations of
larger systems (> 500 atoms)*>>* and with longer trajectories (> 10 ps),’>* significantly reducing
the computational cost of such simulations. Until recently, accurate GTH pseudopotentials and
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basis sets for the lanthanides, besides cerium,>~° were lacking. This prevented performing



larger-scale DFT and AIMD simulations of lanthanide-containing systems in the condensed
phase or solid state. Our previous work bridged this critical gap by producing LnPP1: a full set of
well-benchmarked pseudopotentials along with the corresponding basis sets within GTH
protocol specifically optimized for GGA PBE®’ calculations of lanthanide-containing systems.>®
Despite the fact that other types of lanthanide pseudopotentials (i.e. effective core potentials) and
basis sets were previously reported,’®-% these were employed in electronic structure calculations
with lanthanide systems containing less than ~100 atoms.%®¢” Thus, simulating the solution
structure of lanthanide-ligand complexes, with molecular dynamics sampling to explicitly
include solvent rearrangement and ligand flexibility, was not possible until very recently. Our
LnPP1 complete set of pseudopotentials and accompanying basis sets enabled us to perform DFT
calculations and AIMD simulations of lanthanide-ligand complexes in explicit water boxes in
periodic conditions (system > 500 atoms) in the present paper.

This work pursued two goals: 1) demonstrate that our pseudopotentials and basis sets
(LnPP1) with AIMD simulations can predict the structures of lanthanide complexes in solution
and, ii) elucidate the molecular and electronic structure of Eu**-nicotianamine complexes in
aqueous solution. Our previous work®® demonstrated the accuracy of our LnPP1 pseudopotentials
and basis sets to replicate Ln reactivity (e.g. oxidation reactions, heats of formation, ionization
potentials). This work shows that our pseudopotentials and basis sets with AIMD simulations
replicate the solution structure of lanthanide-ligand complexes, by correctly (within 0.05 A)
predicting the structure of a complex whose structure is known (Eu**-ethylenediaminetetraacetic
acid [EDTA]).%%%° Upon validation of the computational approach, we predict the structure of
Eu’*-nicotianamine complexes in solution: this work describes their molecular structures (e.g.
ligand conformation, water molecule inclusion, coordination bond geometry) and electronic
structure (e.g. molecular orbitals, electron densities). Further, with excitation and emission
spectroscopy, we measured an in vitro change in Eu** coordination upon coming in contact with

nicotianamine, supporting the formation of a Eu**-nicotianamine complex.

I1. Methods

II.A. Computational Details

II.A.1. Ab initio molecular dynamics simulations




All geometry optimizations and AIMD simulations were performed in 17.5 A cubic periodic
boxes within the PBE/LnPP1 GTH level of theory as implemented in the CP2K computational
chemistry software package.”® Core electrons were modeled with norm-conserving GTH
pseudopotentials, while valence electrons including f electrons, were treated with polarizable
double-zeta quality basis sets.”! We used our recently developed LnPP1 pseudopotentials and
basis sets for europium.*® The long-range electrostatics terms were calculated with an additional
plane wave basis set with a 500 Ry cutoff. Grimme’s corrections’? were used to account for van
der Waals interactions with a 6.0 A radius.

All AIMD simulations were done in the NVT ensemble, with a 1.0 fs or 0.5 fs time step.
A 1.0 fs time step is sufficient, although initially we used a 0.5 fs time step. Initial complex
structures were placed in the center of the periodic box and solvated with water molecules. We
used the following protocol to obtain optimized aqueous structures of the Eu**-ligand complexes:
we initially performed 5 ps of NVT AIMD simulations at 363 K, which were followed by a slow
annealing to 0 K with rescaling factor for annealing velocities equal to 0.997, and final
geometries optimizations. Starting from the optimized geometries, production AIMD simulations
of Eu*-ligand complexes were performed at 300 K for >10 ps trajectories. The analysis of radial
distribution functions (RDFs) and coordination numbers (CNs) of the studied systems was done
for equilibrated parts of the trajectories that corresponded to at least ~10 ps. Potential energy
plots along the production AIMD trajectories appear in the Supporting Information (SI), Figure
S1. All of the models containing Eu** had a septet spin multiplicity.

We modelled the Eu**-EDTA complex with the EDTA protonation state corresponding to
pH 11 (four carboxylate sites and two amine sites deprotonated) resulting in EDTA*. The EDTA
protonation states were chosen to correspond to pH 11 so to be able to directly compare with the
published Eu*"-EDTA complex structure.’® Our model periodic unit cell contained 574 atoms,
which included 33 atoms representing the [Eu**-EDTA*]- complex, 180 explicit water
molecules, and 1 Na* counter ion, allowing for the overall neutral charge of the periodic unit cell
(Figure 1a). Since the structure of the [Eu**-EDTA*]- complex in solution is known, we initially
constructed the complex with the known structure, and subjected it to the AIMD protocol
described.

We modelled the Eu**-NA complex with NA as a zwitterion (three carboxylate sites

deprotonated and three amine sites protonated) resulting in a net uncharged ligand. NA has a



zwitterionic protonation state from pH ~3.2 to pH ~7.7.2%7> We modelled NA as a zwitterion to
directly compare with our experiments performed at pH ~5. Our model periodic unit cell
contained 586 atoms, which included 43 atoms corresponding to the [Eu**-NA]*" complex, 180
explicit water molecules, and three CI” counter ions allowing for the overall neutral charge of the
unit cell (Figure 1b). Because we did not know a priori the [Eu**-NA]*" complex structure, and
in order to account for different possible conformations, we independently constructed this
system with three different initial structures: 1) structure with all three NA-COO" groups having
bidentate binding to Eu’*, ii) structure with two bidentate NA-COO" groups binding to Eu** and
one monodentate and iii) structure with one bidentate NA-COO" group and two monodentate. All
three initial structures were independently subjected to the AIMD protocol described. Due to the
large number of degrees of freedom in explicitly solvated [Eu’"-NAJ** complexes, we performed

additional ~4ps AIMD simulations at 500 K, to verify their stabilities.

Figure 1. Unit cells used in periodic simulations. a) Unit cell of the Eu**-EDTA* model system.
b) Unit cell of the Eu**-NA model system.

II.A.2. Electronic structure analysis

We studied the electronic structure of the optimized complex structures in further detail by: 1)

examining how the electron density changes between the bound Eu®*-ligand complex and



unbound Eu*" ion and ligand, and ii) analyzing the molecular orbitals (MOs) of the Eu**-ligand
complex coordination bonds. Starting from the optimized (annealing plus geometry
optimization) solution structures of our Eu**-ligand complexes with explicit water molecules, we
extracted the atomic coordinates of the Eu*'-ligand complexes, including water molecules that
are directly coordinated with the Eu*" ion, and performed single point energy calculations in the
Gaussian software package’ with PBE functional,”” ECP28MWBSEG basis set with
corresponding effective core potential for Eu,**7° and cc-pVTZ basis set for other chemical
elements within the model systems.”® All single point energy calculations were done with
polarizable continuum model implicit water solvent.”’8¢

All geometry optimizations were done in the solution phase (i.e. with explicit water
molecules, periodic conditions) with CP2K, and we extracted the coordinates of only the
molecules (ligand and water) coordinated with Eu** ions to analyze the electronic structure of the
complexes. We did not further optimize the structures with implicit solvent to directly probe the
electronic properties of the structures resolved with DFT and AIMD in aqueous solution.

For each complex, we examined how the electron density changes between the formed
Eu’*-ligand complexes (including coordinated water molecules) and their unbound ligand,
coordinated water molecules, and Eu** ion. This was done through subtraction of electronic
densities®! of the bound and unbound states, as represented by equation 1.

Ap = peompiex = (Pliigand+water] + PEus+) (1)
Where Ap is the change in electronic density upon binding, pcompiex 18 the electron density of

the Eu®*-ligand complexes, Plligand+water] 18 the electron density of the ligand and coordinated

water molecules, and pg, 3+ is the electron density of the Eu®" ion. Also, we analyzed the valence
MOs of these complexes and classified them based on the dominant contributions of ligands

forming given MOs.

I1.B. Experimental Details

I1.B.1. Complex and solution preparation

EuCls-(H20)6 was purchased from Strem Chemicals and dried under reduced pressure and
heating for at least 12 hours. NA was purchased from Toronto Research Chemicals and, like all

other reagents, used as received. Solvents were dried by standard methods. NA was dissolved in



water and deprotonated with 3 equivalents of NaOH(aq). The pH of the NA solution was ~5.5.
Dry EuCl; dissolved in H,O was added in a 1:1 stoichiometry. The pH decreased to ~4.8. No
precipitation was observed. Solutions with concentrations 1x10* M were prepared for

photophysical studies.

We prepared Eu**-EDTA complexes to verify our experimental methods and support our
results with Eu**-NA complexes. Eu**-EDTA complexes were formed by mixing Na,-EDTA and
dry EuCls in a 1:1 stoichiometry in water. The pH was adjusted to ~2.9, with HCl(aq), or pH
~7.1, with Na;HPO4/NaHPOs buffer. At pH ~2.9 the resulting complex is [Eu**-EDTA?
-(H20),]" complex, and at pH ~7.1 it is [Eu**-EDTA3"-(H,0),].

11.B.2. Photophysical studies

The photoluminescence data were obtained on a Fluorolog-3 spectrofluorimeter (Horiba FL3-22-
1iHR550), with a 1200 grooves/mm excitation monochromator with gratings blazed at 330 nm
and a 1200 grooves/mm emission monochromator with gratings blazed at 500 nm. An ozone-free
450 W xenon lamp (Ushio) was used as a radiation source. The emission spectra were measured
in the range 550-725 nm using a Hamamatsu 928P detector. All emission spectra were corrected
for instrumental function. The emission decay curves were obtained using a Horiba TCSPC

system and a Xe pulsed lamp as the excitation source.

The number of coordinated water molecules (g) was obtained by measuring the emission

decay lifetimes in water and D>O and equation 2.%?

1 1

g=11x( ~0.31) )

TH20 D20

All photophysical measurements are the average of at least three independent measurements,

and, unless otherwise indicated, performed at 25.0 + 0.1°C.

I11. Results and Discussion

IIL.A. Our computational approach replicates the known Eu**-EDTA complex structure
Our optimized [Eu**-EDTA*-(H,0)3]" complex structure matches the coordination structure
previously resolved with X-ray crystallography®®, where the Eu®* ion is 9-coordinate with 4

oxygen atoms from the coordinated monodentate carboxylates, two nitrogen atoms from the



coordinated amines, and 3 oxygen atoms from the coordinated water molecules. This confirms
that our Eu pseudopotential and basis set, as well as the AIMD protocol described, accurately
replicate the structure of the [Eu**-EDTA*-(H20)3]" complex in solution, in which the EDTA
protonation states correspond to pH 11.

Figure 2 shows the resulting optimized structure, with coordination sites 1, 2, and 3
corresponding to water molecules, coordination sites 4, 5, 8 and 9 to monodentate -COQO" groups,
and coordination sites 6 and 7 to amines. The atomic cartesian coordinates of the optimized

[Eu**-EDTA*-(H,0)3] structure is reported in the SI.

Figure 2. Geometry of the PBE/LnPP1 GTH optimized structure of the [Eu**-EDTA*-(H20)3]
complex. Black solid lines connected to the Eu atom demonstrate the positions of coordination
sites. Coordination sites numbers colored in dark grey, red and blue represent water,
monodentate -COQOr, and nitrogen atom coordination sites, respectively. Only water molecules
coordinated to Eu** are shown for clarity.

From ~10 ps of equilibrated AIMD simulations of the [Eu**-EDTA*-(H,0)3]" complex
we calculated Eu-O (Figure 3a), Eu-N (Figure 3b), and Eu-C (Figure 3c) RDFs and CNs to
quantify meaningful solution structures that account for ligand and solvent fluctuations, as well
as to directly compare with reported Eu-O, Eu-N, and Eu-C distances measured with extended
X-ray absorption fine structure (EXAFS) spectroscopy. Potential energy plot for corresponding
AIMD trajectory is reported in Figure Sla in the SI.
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Figure 3. Radial distribution functions (RDF) and coordination numbers (CN) of the [Eu?*-
EDTA*-(H20)3]" complex from the equilibrated AIMD trajectory for a) Eu-O atoms, b) Eu-N
atoms, and c¢) Eu-C atoms. Panels inside the graphs represent the distribution of the
corresponding atoms in equilibrated and consecutively optimized structures. Solid lines
connecting Eu with surrounding atoms represent coordinated atoms.

The RDFs calculated for the [Eu**-EDTA*-(H,0)3]" complex, shown in Figure 3, have
maxima at 2.46 A for the Eu-O pair, 2.77 A for the Eu-N pair, and 3.35 A for the Eu-C pair. The
oxygen and nitrogen atoms directly coordinated to the Eu** ion correspond to the first

coordination sphere, with the ligand carbon atom slightly further away. In Figure 3a (Eu-O RDF)
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a smaller peak at 4.57 A is shown, which corresponds to the second coordination sphere, which
is the solvent (water) shell around the [Eu**-EDTA*-(H,0)3]- complex. The Eu-O and Eu-N
RDFs we calculated from AIMD simulations closely match the previously EXAFS-measured
Eu-O and Eu-N pair distances, reported as 2.41 A and 2.76 A, respectively.®® Thus, the largest
deviation between the experimentally measured radial pair distances and our calculated RDFs
from AIMD simulations does not exceed 0.05 A, demonstrating the reliability and accuracy of

PBE/LnPP1 GTH AIMD simulations to replicate solution structures of Ln**-ligand complexes.

IILB. The solution structure of Eu3"-nicotianamine complexes resolved with ab initio
molecular dynamics

In order to account for different possible conformations of [Eu*"-NAJ** complexes, we
performed AIMD simulations of this system with three different initial conformations, as
described in the computational section. We found two stable [Eu**-NA]** complex structures.
One structure includes three water molecules directly coordinated to the Eu*" ion (Figure 4a), in
which the Eu** ion is coordinated to two carboxylates in a bidentate conformation and one in a
monodentate conformation. In the [Eu**-NA-(H20)3]** complex structure (Figure 4a),
coordination sites 1, 2, and 3 correspond to water molecules, coordination sites 4, 5, 7 and 8§ to
bidentate -COO" groups, and coordination site 6 to a monodentate -COO" group. The other
structure has four water molecules directly coordinated to the Eu** ion (Figure 4b), in which the
Eu’" ion is coordinated to one carboxylate in a bidentate and two in a monodentate fashion. In
the [Eu**-NA-(H20)4]** complex structure (Figure 4b), coordination sites 1, 2, 3 and 4
correspond to water molecules, coordination sites 5 and 7 to the bidentate -COO™ group, and
coordination sites 6 and 8 two each monodentate -COO" group. The atomic cartesian coordinates
of both complexes appear in the SI. Unlike the 9-coordinate [Eu’"-EDTA*-(H,0)3]" complex,

both Eu-NA complexes are 8-coordinate.
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Figure 4. PBE/LnPP1 GTH geometry optimized structure of the a) [Eu**-NA-(H,0)3]*" and b)
[Eu**-NA-(H20)4]*" complexes. Black solid lines connected to Eu atom demonstrate the
positions of coordination sites. Numbers colored in dark grey, red and green represent water,
monodentate -COO", and bidentate -COO" coordination sites, respectively. Only water molecules
coordinated to Eu** shown for clarity.

Starting from the optimized complex structures, we calculated the RDFs and CNs for
both complexes using ~10 ps of equilibrated AIMD trajectories. Figures 5 and 6 show the Eu-O,
Eu-N, and Eu-C RDFs and CNs of the [Eu**-NA-(H20)3]*" and [Eu**-NA-(H20)4]*" complexes
respectively. Potential energy plots of the corresponding AIMD trajectories are reported in

Figures S1b and Slc in the SI.
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Table 1 shows the distances of the RDFs peaks, extracted from Figures 3, 5, and 6 to
compare both [Eu*"-NA-(H20),]** complex structures with each other and with the known [Eu?'-
EDTA*-(H,0)s]" structure. Both 8-coordinate [Eu**-NA-(H,0),]*" complex structures are

similar. Although both Eu-O RDF profiles closely match, there are subtle changes in the Eu-N

15



and Eu-C profiles. This means that the change in the binding mode of one carboxylate group
from bidentate [Eu**-NA-(H20)3]*" to monodentate [Eu**-NA-(H20)4]*" resulted in a different

solution structure for the entire complex, not only the carboxylate moiety.

Table 1. RDFs peaks for [Eu’"-EDTA*-(H,0)s3]" and [Eu’*"-NA-(H,0),]*" complexes. Peak
values are in A. The peaks absent in RDFs marked with a “--.

[Eu’*-EDTA*(H20)3]" [Eu’*-NA-(H,0)3]** [Eu’*-NA-(H20)4]**
1 st 2nd 3rd 1 st 2nd 3rd 1 st 2nd 3rd
Eu-O 2.46 4.57 - 2.38 4.57 - 2.38 4.45 -
Eu-N 2.78 - - 4.08 5.14 - 4.46 5.16 -
Eu-C 3.38 - - 2.79 3.49 4.27 2.84 3.49 4.65

All three complexes share similar 1% (~2.4 A) and 2" (~4.5 A) sphere Eu-O distances.
While the [Eu**-EDTA*-(H,0)3]" complex includes nitrogen atoms (amine sites) in its first
coordination sphere, both [Eu**-NA-(H20),]** complexes have only oxygen atoms in their first
solvation shell. This is evidenced in the Eu-N RDF plots, which show a single peak for [Eu*'-
EDTA*-(H20)3]" ~2.8 A (Figure 3b), while more disordered peaks are seen for the
[Eu*"-NA-(H,0),]** complexes at distances >4 A (Figures 5b, 6b). This means that the amine NA
sites are on the “outside” of the first coordination sphere of both Eu-NA complexes and in
contact with solvent molecules, unlike the [Eu**-EDTA*-(H,0)3]" complex structure where most
heteroatoms are coordinated to the Eu** ion. Similarly, the Eu-C RDF plots of the
[Eu**-NA-(H20),]*" complexes are more disordered than the single Eu-C peak for [Eu**-EDTA*
-(H20)3]", which implies that the [Eu**-EDTA*-(H,0)3]" complex is more rigid than both
[Eu’"-NA-(H20),]** complexes. This has implications toward lanthanide-ligand complex

stability and solubility.

IIL.C. Eu**coordination changes in the presence of nicotianamine

Ln*" ions emit light,* a property we will use to determine Ln**-ligand complex formation, and
which arises from transitions within the 4f orbitals. These ions form mostly ionic bonds that,
along with their core nature, leave the 4f orbitals substantially unaffected by the coordination

environment. While f-f transitions are forbidden by the parity rule, the symmetry of the
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coordination environment partially lifts the restrictions, which enables the use of emission
spectroscopy to characterize the symmetry of the coordination sphere of Eu**.%* Excitation and
emission spectra are easily interpreted for the Eu®* ion, because it has a simple electronic
structure in which the excited- and ground-state energy level multiplets do not overlap,®*
allowing for simple spectral interpretation. The fine structure in the emission spectra of Eu**
complexes is directly related to the coordination sphere around Eu** and its symmetry.®>
Additionally, since the gap between the emissive and the ground electronic states of the ion is
relatively narrow, the emission can be partially quenched by the presence of oscillators, such as
OH functional groups. Excited state lifetimes in water and D>O can be used to evaluate the
number of oscillators in the coordination sphere of Eu.32:8

When Eu®* complexes are excited at 395 nm into the "Fo — 5L transition of Eu*, the
characteristic line-like emission spectrum of the metal ion is seen (Figure 7). Different
coordination environments lead to slight changes in symmetry and thus fine structure, as can be
seen from the spectra in Figure 7, which indicates that different species are obtained when EDTA
coordinates to Eu** in different protonation states (i.e. different pH values). Figure 7 shows that

the coordination environment of Eu** changed when in contact with EDTA, which agrees with

the known fact that EDTA bind Eu**, and validates our experimental approach.

Excitation Emission

[Eu(edta)(H,0), 1"
(pH = 2.9)

[Eu(edta)(H,0) 1
(PH=7.1)

Intensity / arb. un.

[Eu(H,0),1"
(pH =2.9)

| L T T T T T T
300 400 600 650 700

Wavelength / nm
Figure 7. Excitation (black line, left) and emission (red line, right) spectra of (a) [Eu**-EDTA?*
-(H20),]" at pH ~2.9, (b) [Eu*"-EDTA3"-(H,0),] at pH ~7.1, and (¢) [Eu**-(H20),]*" complexes
in aqueous solution. Aexc = 395 nm.
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Figure 8 shows that the coordination environment of Eu*" changed when in contact with
nicotianamine. The differences in emission and excitation curves between [Eu**-(H20),]** and
[Eu¥*-NA-(H20),]*" strongly suggest that Eu and NA are forming a complex because similar
differences are observed when Eu*" comes in contact with EDTA, which are known to form
complexes. This supports, yet doesn’t confirm, that nicotianamine binds Eu®*, as predicted by

computation. (Section II1.B).

Excitation S T=208K Emission

Intensity / arb. un.

ya
T T 74 T T T T T T
300 400 550 600 650 700

Wavelength / nm
Figure 8. Excitation (black line, left) and emission (red line, right) spectra of [Eu’*-
NA-(H20),]** at pH ~4.8 (top, Aexc = 260 nm) and [Eu-(H20),]** (bottom, Aexc = 395 nm)
complexes in aqueous solution.

IIL.D. Electronic structure of Eu*-ligand complexes

To spatially elucidate differences in the electronic properties of the Eu**-ligand complexes, we
analyzed their electron density differences between bound and unbound states. Electron densities
were calculated with PBE/ECP28MWBSEG//cc-pVTZ level of theory, as described in Section
I1.A.2. Electron density differences of the [Eu’"-EDTA*-(H,0)s]", [Eu**-NA-(H20)3]*", and

[Eu’"-NA-(H20)4]** complexes are represented in Figures 9a, 9b and 9c, respectively.
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X 3

Figure 9. Electron density differences upon binding for a) [Eu**-EDTA*-(H,0)3]",
b) [Eu**-NA-(H,0)3]*, and ¢) [Eu**-NA-(H,0)4]*". Orange and purple colors represent net gain
and net depletion of electronic density, respectively.

Figure 9a shows that, although the Eu** ion is coordinated to both nitrogen and oxygen
atoms in the [Eu*"-EDTA*-(H20)3] complex, the main change in ligand electronic density is
observed at -COO" coordination sites. Three out of four monodentate -COO" groups of the [Eu’'-
EDTA*-(H,0)3]- complex display a substantial change in electronic density upon binding. It is
unlikely that the particular -COO" group in Figure 9a without a net electron density gain always
remains so. Most likely, the time-averaged behavior is that three of four EDTA carboxylate
groups are more tightly bound to the Eu?" ion than the fourth one, although the specific
carboxylate groups displaying this behavior changes over time due to the dynamic nature of
solution structures. This is shown from analysis of Eu**-Ocarboxylate bond distances along the
AIMD trajectory of the [Eu’"-EDTA*-(H20)3] complex (Figure S3a), which reveals the
distance’s dynamics. Bond lengths vary between ~2.30 and ~2.70 A. In most frames during the
trajectory the distance of one carboxylate group is further from Eu’* that the remaining three.
Therefore, the observation that a -COO" group has no significant electron density loss (Figure
9a), is partly due to the fact that it is further from the remaining three in that particular optimized
frame. Due to steric clashes and the coordination geometry around Eu’" ions, not all Eu-
Ocarboxylate bond distances will be equal, and they will vary in the solution phase.

Both [Eu**-NA-(H20),]*" complexes in Figures 9b and 9c show all their carboxylate sites
having a net gain loss of electronic density upon binding. This agrees with the Eu-O RDF values
in Table 1, which shows the Eu-O RDF at 2.38 A for both [Eu*"-NA-(H20),]*" complexes, while
2.46 A for the Eu-O RDF of the [Eu**-EDTA*-(H,0)3] complex. This could be due that, unlike
EDTA, NA only uses -COO" to bind the Eu** ion, and without the amine contribution the
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carboxylates play a larger role. Alternatively, the shorter Eu-O distances in the NA complexes
could be due to the fact that both [Eu**-NA-(H20),]** complexes are 8-coordinate while the
[Eu**-EDTA*-(H,0)3]" complex is 9-coordinate, leaving less steric clashes in the
[Eu¥*-NA-(H20),]*" complexes, resulting in that the carboxylate groups remain closer to the Eu**
ion than those in the EDTA complex. For [Eu**-NA-(H20),]** complexes, Figures S3b and S3c
show Eu-Ocarboxylate bond distances for monodentate -OCOO" groups and Figures S4b and S4c
show Eu-Ocarboxylate bond distances for bidentate -OCOO" groups. Coordination bond lengths with
monodentate carboxylates in NA ligands (vary between ~2.20 and ~2.40 A) are closer than those
in the EDTA complex. However, Eu-Ocarboxylate bond distances for bidentate -OCOOQO" groups are
longer (vary between ~2.30 to ~2.80), suggesting that coordination bond length is not the only
contributor to net electron density loss in a coordinating functional group.

All complexes have water molecules coordinated to the Eu*" ion, however the [Eu’'-
EDTA*-(H,0)3]" complex has two water molecules with a significant net loss of electron density
(Figure 9a), the [Eu*"-NA-(H20)3]** complex has one water molecule a significant net loss of
electron density (Figure 9b), and the Eu**-NA-(H,0)4]** complex no bound water molecule with
a significant net loss of electron density (Figure 9a). This indicates a higher contribution of water
molecules to binding in the [Eu**-EDTA*-(H,0)3]" than the [Eu**-NA-(H20),]*" complexes. Eu-
Ouwater bond lengths along the AIMD trajectories for the [Eu**-EDTA*-(H20)3]" and
[Eu’"-NA-(H20),]** complexes (Figure S5) show longer coordination bond lengths in the EDTA
complex. This suggests that net electron density loss in a coordinating functional group has
multiple causes, and bond lengths alone are not predictive of which coordinating functional
group will contribute electron density to bound ion.

To further investigate coordination bonds in [Eu**-NA-(H,0),]*" complexes, we analyzed
their valence MOs, which were calculated with PBE/ECP28MWBSEG//cc-pVTZ level of theory.
The MO diagrams for valence orbitals of [Eu**-NA-(H20)3;]*" and [Eu**-NA-(H,0)4]*" appear in
Figure 10a, and a depiction of selected valence MOs are shown in Figure 10b. We focused on
analysis of the valence orbitals rather than the electronic excitations, because, as shown in

87.8% such analysis is sufficient to qualitatively elucidate coordination properties.

previous studies,
TDDFT or multi-reference calculations are necessary for more robust quantitative validation of

Ln** complexes stabilities;3>°2 however, in this work we focus on describing the structure of
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the complexes, and we will quantify stabilities in the near future. Thus, in the present paper, we
provide a qualitative description of the electronic structure of the previously unresolved Eu*-

nicotianamine complexes to complement our molecular structure findings (Section III.B).
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[Eu3*-NA(H:0)3]3*  [Eu3*-NAs(H20)4]3+

Figure 10. Valence MOs of [Eu**-NA-(H20);]*" and [Eu**-NA-(H20)4]*" complexes. a) MO
diagrams. The MOs marked with the “*” were selected for visualization of particular MO type.
b) Representative MOs, the orbital wave functions are positive in the yellow regions and
negative in the cyan. Different colors of orbital labels and solid or dashed lines indicate type of
MO orbital. The notations next to MOs describe coordination sites with the dominant
contributions to the given type of MO.

Figure 10a shows that the energy levels of MOs in the [Eu’"-NA-(H,0);]** complex are
qualitatively different, and generally lower than those in the [Eu**-NA-(H20)4]** complex. This
indicates that having one carboxylate group change from bidentate ([Eu’"-NA-(H,0)3]*") to
monodentate ([Eu**-NA-(H,0)4]*") affects not only the number of bound water molecules, but
also the electronic structure in all coordination bonds. Moreover, drastically lower energies of
MOs corresponding to bound water molecules in the [Eu**-NA-(H20)3]*" complex compared to
the bound water MOs in [Eu**-NA-(H,0)4]*" complex, indicate that water molecules have higher
contribution to binding in the [Eu**-NA-(H20)3]** complex. This observation is consistent with
net electron density loss in one water molecule in the [Eu**-NA-(H,0)3]** complex (Figure 9b)

but not in the [Eu**-NA-(H20)4]*" (Figure 9c). Based on these observations, we hypothesize that
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the [Eu**-NA-(H20)3]** complex is more stable than [Eu**-NA-(H>0)4]*", and nicotianamine will

preferably bind Eu** with two bidentate and one monodentate carboxylate groups.

IV. Conclusions

This work shows that our pseudopotentials and basis sets with AIMD simulations can accurately
predict the structure of lanthanide-ligand complexes in solution (i.e. in the condensed phase), by
replicating the structure of the [Eu**-EDTA*-(H,0)3] complex in basic conditions within 0.05 A,
compared to X-ray fine structure absorption spectroscopy measurements from the literature.%°
Paired with the fact that our pseudopotentials and basis sets can accurately predict lanthanide
reactivity,’® a very powerful computational approach allows us to properly predict lanthanide
structures and reactions in the condensed phase. This will be highly useful to efforts in rare earth
separation and purification, lanthanide-ligand based medical contrast agents, single molecule
magnets, luminescent molecules, and any field in which resolving the structure and reactivity of
lanthanides in the atomic scale is relevant.

This work also reports two very similar Eu**-nicotianamine complex structures that were
predicted using our computational approach, which is supported by the fact that the same
computational methods and approach were used to replicate the known Eu*"-EDTA structure.
While our excitation and emission spectroscopy measurements by themselves do not resolve the
structure, they confirm that the coordination sphere of the Eu** ions changes when in contact
with nicotianamine, strongly supporting that the computationally predicted Eu**-nicotianamine
complex is forming. The spatial distribution of electron density gain or loss shows that not all
coordinating groups contribute to the electron density gain in the bound ion. Different binding
modes (mono- or bidentate) of a single carboxylate changes the electronic properties of all
complex coordination bonds. We are currently quantifying lanthanide-ligand complex stabilities
and thermodynamics, and will report them in the near future. Although knowledge that
nicotianamine binds europium does not determine how plants uptake rare earths from the

environment, it strongly supports that phytosiderophores bind lanthanides.
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Supporting Information: Atomic cartesian coordinates (A) of the PBE/LnPP1 GTH optimized
structures of [Eu**-EDTA*-(H20)3], [Eu*"-NA-(H.0)3]*", and [Eu*"-NA-(H,0)4]** complexes.
Potential energy plots for AIMD trajectories of [Eu**-EDTA*-(H,0)3]", [Eu*"-NA-(H20);]**, and
[Eu**-NA-(H20)4]*" complexes. Coordination bond lengths of the [Eu’*"-EDTA*-(H.0):],
[Eu’"-NA-(H20)3]**, and [Eu**-NA-(H20)4]** complexes along the AIMD trajectories.
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