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ABSTRACT: Lanthanide−ligand complexes are key components of technological
applications, and their properties depend on their structures in the solution phase,
which are challenging to resolve experimentally or computationally. The
coordination structure of the Eu3+ ion in di!erent coordination environments in
acetonitrile is examined using ab initio molecular dynamics (AIMD) simulations
and extended X-ray absorption fine structure (EXAFS) spectroscopy. AIMD
simulations are conducted for the solvated Eu3+ ion in acetonitrile, both with or
without a terpyridyl ligand, and in the presence of either triflate or nitrate
counterions. EXAFS spectra are calculated directly from AIMD simulations and
then compared to experimentally measured EXAFS spectra. In acetonitrile
solution, both nitrate and triflate anions are shown to coordinate directly to the Eu3+ ion forming either ten- or eight-coordinate
solvent complexes where the counterions are binding as bidentate or monodentate structures, respectively. Coordination of a
terpyridyl ligand to the Eu3+ ion limits the available binding sites for the solvent and anions. In certain cases, the terpyridyl ligand
excludes any solvent binding and limits the number of coordinated anions. The solution structure of the Eu-terpyridyl complex with
nitrate counterions is shown to have a similar arrangement of Eu3+ coordinating molecules as the crystal structure. This study
illustrates how a combination of AIMD and EXAFS can be used to determine how ligands, solvent, and counterions coordinate with
the lanthanide ions in solution.

■ INTRODUCTION
Lanthanide (Ln) ions bound with organic ligands serve as
components in a wide array of applications, such as
luminescent optical probes for imaging and sensing,1−3

magnets for magnetic refrigeration,4−6 contrast agents for
magnetic resonance imaging,1,2 and single-molecule magnets
for quantum information science.4,7−9 Rare-earth complexes
may also function as homogeneous catalysts for a variety of
industrially relevant processes including polymerization,
dehalogenation, and redox reactions.10−17 Due to these
application areas, lanthanides have been designated as critical
materials, and there is great interest in their separation and
recovery from complex mixtures. This is complicated by the
similar sizes of the ions and the common oxidation state of +3
in solution, thus making separation and recovery highly active
areas of research.18−26 The ability to resolve the solution
structures of Ln−ligand complexes will provide insight and
guidance toward not only improving Ln extraction methods
but will also facilitate enhancing the magnetic, optical, and
catalytic functionalities of Ln-containing materials. However,
determining Ln solution structures is particularly challenging
both experimentally and computationally; Ln ions have large
coordination spheres in which they primarily bind to ligands
through ionic interactions, resulting in a multitude of di!erent
possible configurations having di!erent numbers of coordi-

nated ligands, counterions, and solvent molecules. Moreover,
further complicating the matter, the Ln complexes may exist in
an equilibrium between two or more di!erent molecular
configurations.27
Although the solid-state structures of many Ln−ligand

complexes have been resolved by single-crystal X-ray
di!raction,28−35 these may vary from the solution structure,
a!ecting Ln−ligand complex properties of interest. In addition,
isolating X-ray quality crystals is not always straightforward.
Identifying and characterizing solution structures can be done
computationally through electronic structure computations
and molecular dynamics simulations36,37 and experimentally
through X-ray absorption, NMR spectroscopy, and excitation/
emission spectroscopy.38−42 In particular, ab initio molecular
dynamics (AIMD) simulations and extended X-ray absorption
fine structure (EXAFS) spectroscopy have both been used to
successfully characterize several solvated lanthanide and
actinide structures. Most of the published research utilizing
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these techniques has centered on the structure of the ion
within aqueous solutions, either as a dissolved salt43−59 or
bound to chelators useful for heavy-metal extraction and
biomedical applications.60−70 Despite the importance of
nonaqueous solutions for several of the applications cited
above, far fewer studies examine the ion coordination spheres
of such ions in organic solutions beyond resolving the
structures of liquid−liquid-extracted ion−ligand com-
plexes.59,68,71−84

An Eu complex with terpyNO2 (6-nitro-2,2′; 6′,2″-
terpyridine) and nitrate (NO3

−) was previously isolated33 in
our quest for ligands capable of sensitizing lanthanide-centered
emission. We had observed that nitropyridine-carboxylato
ligands bind the lanthanide ions through the carboxylate but
not through the −NO2

85−88 and were thus interested in
exploring ligands where the weakly coordinating −NO2 moiety
may bind to the lanthanide ion. We found that this occurs if
chelating ligands bearing this functional group are used, such
as the tripodal trispicolylamine, bipyridine, and the above-
mentioned terpyridine. The luminescence properties and nitro-
coordination for the Eu-terpyNO2 complex were verified in the
solid state by emission spectroscopy and single-crystal X-ray
di!raction measurements, respectively. In the complex, Eu is
bound to the terpyNO2 through the three nitrogen atoms of
the pyridine rings and one oxygen atom of the −NO2 moiety;
the Eu coordination number of 10 and its bicapped square
antiprismatic coordination geometry is completed by three
NO3

− counteranions bound in a bidentate fashion. The
structural changes that might occur when dissolving the
complexes were unknown, including how the terpyNO2 ligand
might bind. In addition, di!erences in the binding of the anion
NO3

− in crystals grown out of acetonitrile versus the structural
arrangements in solution also remained unknown.
In this work, we determine coordination structures of the

Eu3+ ion within anhydrous acetonitrile solution in the presence
of nitrate or the more weakly coordinating triflate (TfO−)
counteranions and in the presence and absence of the
terpyNO2 ligand. AIMD simulations are used to identify
solution structures, and the results are compared to
experimental EXAFS spectra. Using AIMD simulations ensures
an accurate treatment of the ion environment that accounts for
bond formation and the possibility of unexpected chemical
reactions. EXAFS provides an accurate measurement of the
ligand, anion, and solvent binding in the first shell. By
combining these computational and experimental methods, we
seek to characterize the structural features of the Eu3+
coordination environment in acetonitrile solution.

■ METHODS
The solution structures of the lanthanide salt and lanthanide ligand
complexes were determined using an approach that joins AIMD
simulations and EXAFS spectroscopy. For each complex, a theoretical
EXAFS spectrum is constructed from AIMD simulation structures,
which explicitly account for atomic fluctuations and structural
variations. The spectrum generated from AIMD simulation is that
which corresponds to the atomic coordinates in the simulation, i.e.,
the actual spectrum that would be experimentally measured if the
sample would have the same atomic coordinates as the simulation.
Then, AIMD-generated EXAFS spectra are directly compared to
experimental EXAFS spectra. The spectra from simulation and
experiment are independent of each other, and no fitting is done to
match one to the other. Thus, there is a high likelihood that the
simulated atomic coordinates are an accurate representation of the
measured sample if the AIMD-generated and experimentally

measured spectra match. This unique approach avoids the more
common procedure of mathematically fitting the theoretical EXAFS
spectrum of a singular structure to experimental data and thus
bypasses assumptions made to fit the data by providing a molecular
model to construct the spectra.

Molecular Dynamics Simulations. All our simulations were
conducted in periodic boundary conditions with explicit solvent
molecules to simulate the liquid phase (see Figure 1). The starting

structures and box dimensions for the AIMD simulations were
obtained from equilibrated classical molecular dynamics simulation
structures. The classical simulations were modeled with the OPLS-AA
force field89 using previously published parameters for acetonitrile,
nitrate, triflate, and Eu3+ ion.90−92 Parameters for the terpyNO2 ligand
are detailed in the Supporting Information. The models were solvated
in a periodic cubic box with 109−113 acetonitrile molecules; see
Supporting Information for details. The systems were first minimized,
followed by 1 ns of NPT simulation to equilibrate the box dimension
size using a 1 fs timestep. Temperature and pressure conditions were
maintained at 298 K and 1 bar via the Berendsen thermostat and
barostats, respectively.93 Nonbonded interactions were cuto! at 9 Å
to accommodate the relatively small model volume, and long-range
electrostatic interactions were treated using a particle-mesh Ewald
scheme.94 All molecules were unrestrained during equilibration in all
simulations with one exception: in a control simulation, where Eu3+ is
coordinated to only acetonitrile molecules, the Eu3+ ion and nitrate
counterions were restrained to their starting positions to ensure that
the ions remained separated. Classical simulations were carried out
using GROMACS v2022.2,95 and only for the purpose of providing
AIMD simulations a near-equilibrated starting point with a volume
corresponding to room temperature at one atmosphere pressure.

Beginning from the equilibrated box dimensions and molecular
geometries from the classical molecular dynamics simulations, AIMD
simulations were conducted to more accurately characterize the
dynamic bond lengths, binding orientations, and denticity of
molecules within the coordination spheres of Eu. No position
restraints were placed in any AIMD simulation. While some changes
in the equilibrium structures of the systems are expected in
transitioning from modeling the system classically to quantum
mechanically, the equilibrium state is expected to be near the state
found from initial refinement by classical molecular dynamics. AIMD
computations were performed using the Perdew−Burke−Ernzerhof
(PBE) functional,96 as implemented in the CP2K v5.1 program.97,98

Figure 1. Ball-and-stick illustration of the 698-atom model of
Eu(terpyNO2)(NO3)3 solvated in acetonitrile. Hydrogen, carbon,
nitrogen, oxygen, and Eu atoms are colored white, gray, blue, red, and
green, respectively.
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Core electrons were described by Goedecker-Teter-Hutter (GTH)
pseudopotentials,99 and valence electrons were described by a double-
ζ valence polarized (DZVP) basis set;100 the Ln3+ ions were described
using our LnPP1 pseudopotentials and basis sets.101 Long-range
electrostatics were captured using an auxiliary plane-wave basis set
with an 800 Ry cuto!. van der Waals interactions were accounted for
using Grimme’s D3 corrections with a 6 Å radius cuto!.102 The
simulations were conducted in the NVT ensemble at 298 K with the
temperature maintained using the Nose-́Hoover thermostat.103,104
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 Eu
coordination structure was obtained (Figure S2), and the equilibrated
trajectory was used to generate radial distribution functions and
predict EXAFS spectra.
Theoretical EXAFS Spectra. EXAFS spectra for the solution Eu3+

structures were predicted from the AIMD simulations.105,106 The
coordinates of any C, N, O, F, and S atoms within 8 Å of Eu were
extracted from 200 equispaced frames using the final 10 ps of the
equilibrated AIMD trajectories. The χ(k) spectra were computed for
each frame using FEFF8.5 software.107−109 We have recently used this
approach to predict the EXAFS spectra of Ln3+ and Bi3+ ions in water
solution.44,47,110 FEFF used the default Hedin-Lundqvist exchange
correlation potential and used a 6.0 Å cuto! for the self-consistent
field calculation. The program was adjusted to include up to 15,000
single- and multiple-scattering paths (increased from the 1200
default), and multiple-scattering paths with up to eight legs were
included. Averaging the 200 spectra yields the ensemble-average
AIMD-EXAFS spectra reported in this work.
Synthesis of Eu-terpyNO2 Complexes. To measure the spectra

of the Eu3+ ion with di!erent counterions in acetonitrile, without
ligand, Eu(NO3)3 and Eu(TfO)3 were added to acetonitrile to obtain
0.1 M Eu3+ dissolved salt solutions. To measure the spectra of the Eu-
terpyNO2 complex in acetonitrile with di!erent counterions,
equimolar amounts of Eu(NO3)3 and terpyNO2 were mixed in
acetonitrile to obtain 0.013 M Eu3+ solutions of the ligand-bound
Eu3+ complex with nitrate as the counteranion; equimolar amounts of
Eu(TfO)3 and terpyNO2 were mixed in acetonitrile to obtain 0.018 M
Eu3+ solutions of the ligand-bound Eu3+ complex with triflate as the
counteranion. The structure of terpyNO2 is shown in Figure 2. The

Eu salts were purchased as the hydrates from VWR and dried for 24 h
under reduced pressure and heating to 60 °C in an oven. ACS-grade
acetonitrile was purchased from VWR and dried by standard methods.

The concentrations of the solutions of the Eu salts in the dried
acetonitrile were obtained by titrating with EDTA in the presence of
xylenol orange as the indicator.111 TerpyNO2 was synthesized as
previously reported.33

Experimental EXAFS Spectra. EXAFS measurements at the Eu
L3-edge (6977 eV) were conducted at the Advanced Photon Source at
Argonne National Laboratory (20-BM). The Si (111) monochroma-
tor was calibrated to Fe K-edge (7112 eV). The toroidal mirror and
slits provided a small X-ray beam less than 0.7 × 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 Eu3+ salts and dried Eu-terpyNO2 complexes were
dissolved in acetonitrile or water immediately prior to EXAFS
measurements. The Eu3+ salt samples at high (0.1 M) and low (0.013
and 0.018 M) Eu concentration were measured in transmission and
fluorescence modes, respectively. Duplicate solutions were deposited
in 1 mm glass capillaries. No crystallinity or precipitate were observed
in the measured solutions. The high Eu salt samples had transmission
edge-steps of approximately 0.35 as expected for 0.1 M solutions.
Four measurements of each sample were collected and compared.
Comparisons of the quadruplicate measurements showed no
significant di!erences. The measured EXAFS spectra reported are
an average of all eight scans (four from each duplicate). Energy
calibration was checked by simultaneously measuring an Fe K-edge
(7112 eV) with a reference ionization chamber.

Analysis of the EXAFS spectra was performed using Athena from
the Demeter v0.9.26 software package.112 The experimental χ(k) was
extracted from the measured spectrum using a background function
with a Fourier filter cuto! distance, Rbkg, of 1.2 Å. In generating the
Fourier transforms, the χ(k) spectra were weighted with k2 and
windowed using a Hanning function between 2.4 < k < 10.0 Å−1. To
compare the experimental and theoretical spectra, only a single
parameter, a shift in the edge energy E0, was adjusted in the AIMD-
EXAFS spectra in order to align the primary oscillations in the χ(k)
spectra to the experimental χ(k) spectra so that they converge as k
approaches zero (Table S3). The amplitude reduction factor S02 was
held at 1.0; typically, S02 can vary between 0.7 and 1.0 which could
result in as much as 30% over-estimation of the theory relative to the
measured spectrum.113 The mean-square displacement of the half-
path length (s2) values were held at zero. This term in the EXAFS
equation accounts for the static and thermal disorder in the shell of
atoms surrounding the absorber; both are explicitly accounted for in
the AIMD-EXAFS calculations. The experimentally measured EXAFS
data are directly compared to theoretical spectra generated from the
AIMD trajectory using the FEFF code without further fitting. An
exact match between the theory and the measured data is not
expected nor required for this study.

Figure 2. Structure of 6-nitro-2,2′;6′,2″-terpyridine (terpyNO2).

Figure 3. Solvation complexes formed of (a) reference simulation of Eu3+ coordinated to only acetonitrile, (b) dissolved Eu(NO3)3, and (c)
dissolved Eu(TfO)3. Hydrogen, carbon, nitrogen, oxygen, sulfur, fluorine, and Eu atoms are colored white, gray, blue, red, yellow, light green, and
dark green, respectively. Only the molecules directly coordinating the Eu3+ ion are shown for clarity; structures include explicit solvent as indicated
in Figure 1.
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■ RESULTS AND DISCUSSION
Solvation of Eu3+ Salts in Acetonitrile. We begin by

examining the Eu3+ solvation structure for Eu(NO3)3 and
Eu(TfO)3 salts dissolved in acetonitrile. For reference, a
simulation of Eu3+ with no counterions in the first and second
coordination spheres was carried out to assess Eu3+

coordinated to solvent molecules only. Throughout the
reference AIMD simulation of the Eu3+-acetonitrile coordina-
tion structure, nine acetonitrile molecules were coordinated to
the metal, mostly in a capped square antiprismatic geometry
(Figure 3A). The radial distribution function, g(r), measuring
the distance between the Eu and acetonitrile N atoms over the
simulation, indicates a well-defined Eu−N distance peak at
2.63 Å (Figure 4B), similar in length to the 2.64 Å distance
observed in the complex structure obtained by single-crystal X-
ray di!raction containing a coordinated acetonitrile.114 These
results largely agree with the findings from previous classical
MD simulations, though the classical simulations note an
additional acetonitrile involved in the outer sphere solvent
exchange92 or acting as a capping ligand for a ten-coordinate
bicapped square antiprismatic complex.82 While there are no
indications of this outer sphere acetonitrile from the data of
this work (e.g., there is no additional g(r) peak or shoulder
beyond 2.63 Å and integration of g(r) is 9.0 up to 4.6 Å, Figure
S3), it is feasible that an additional coordinating acetonitrile
may appear if a larger time scale were sampled.
In modeling Eu(NO3)3 in acetonitrile, the three nitrates

readily replace bound acetonitrile molecules and remain in the
first coordination sphere of Eu3+ throughout both classical
equilibration and AIMD simulation. In agreement with
spectroscopic evidence,115 the nitrates bind to the metal in a
bidentate configuration similar to what is observed for aqueous
Eu(NO3)3.116−118 Four acetonitrile molecules also bind,
forming a ten-coordinate Eu3+ complex with a bicapped square
antiprismatic geometry (Figure 3B). The Eu−N g(r) peak is at
2.63 Å for the coordinating acetonitrile N, the same distance as
for the solvent-only complex, indicating that the metal-binding
of the nitrates has no e!ect on the Eu-acetonitrile bond length
(Figure 4B). The g(r) between the Eu and nitrate O atoms
indicates two peaks, one at 2.58 Å for the coordinating
bidentate O atoms and one at 4.23 Å for the remaining
uncoordinated nitrate O atom (Figure 4A). The coordinated
Eu−O bond lengths in crystal structures containing coordi-
nated bidentate nitrate generally range from 2.45 to 2.59 Å,

indicating tighter ligand binding in the solid than in the
solution-state structures.33,119−121 Both g(r) peaks are sharp,
indicating no fluctuation in nitrate denticity in the simulation.
When triflates are present as the counterion instead of

nitrates, the triflates similarly replace the bound solvent and
remain in the first coordination sphere of Eu3+ for both
classical and AIMD simulations. This ion pairing in acetonitrile
is particularly interesting as the triflate anion does not enter the
metal inner coordination sphere of aqueous lanthanide triflate
salts due to the higher permittivity of water.118,122−124 While
the complex formed in the equilibrated classical MD
simulation included three triflate and six acetonitrile molecules
coordinated to the metal, during the AIMD simulation one
acetonitrile dissociated, yielding a stable eight-coordinate
complex composed of three triflate and five acetonitrile
molecules in a mostly square antiprismatic geometry (Figure
3C). The triflates are notably monodentate rather than
bidentate. Additionally, the triflates do not change denticity
over the measured AIMD simulation, as evidenced by the
distinct sharp peak at 2.40 Å for Eu−O g(r) (Figure 4A). The
Eu−O distance for triflate is slightly shorter than that for
nitrate, likely due to the monodentate configuration of the
bound triflate molecules, unlike the bidentate bound nitrate
molecules, permitting tighter bonding with the singular triflate
O atom; this bond length is also in the 2.31−2.49 Å range of
distances observed in crystal structures containing mono-
dentate triflate.33,125−128 As with the dissolved Eu(NO3)3 salts,
the Eu−N distance with triflate as the counterion peaks at 2.63
Å (Figure 4B), rea#rming the lack of an influence between
coordinated anion and Eu-acetonitrile bond distance. It is
important to note that the Eu−N distance remains relatively
constant despite the change in the ion coordination number
from nine (pure solvent complex) to ten (dissolved nitrate
salt) and eight (dissolved triflate salt). This consistency
suggests the Eu-acetonitrile coordination is, as expected,
primarily driven by electrostatic interactions, and the number
and arrangement of bound solvent molecules will be chiefly
influenced by the binding arrangement of other ligands and the
combined steric requirements.
To assess the validity of the Eu3+ salt solvent structures

obtained from the AIMD simulations, a theoretical χ(k)
spectrum was computed for each of the AIMD simulations and
compared to experimental spectra of Eu(NO3)3 and Eu(TfO)3
dissolved in acetonitrile. As detailed in the Methods section,
this theoretical χ(k) spectrum comes from averaging the

Figure 4. Radial distribution function plots of (a) Eu−O and (b) Eu−N distances for the AIMD simulations of Eu3+ coordinated to the solvent and
of the dissolved Eu(NO)3 and Eu(TfO)3 salts.
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theoretical spectra for an ensemble of equilibrium structures
from the AIMD simulation. This methodology is di!erent from
the more common technique of adjusting the structural
parameters (e.g., coordination number, average bond distances,
Debye-Waller factors, and asymmetry parameters) for a
singular geometry to ideally fit a theoretical EXAFS signal to
the experimental spectrum.129 Importantly, our methodology
of first obtaining a structure, then computing an expected
EXAFS spectrum, was successful in replicating the exper-
imental EXAFS spectra for lanthanide and bismuth aqua ion
complexes;44,47,110 this work successfully expands its applica-
tion toward less homogenous systems.
The experimental and calculated χ(k) signals for Eu(NO3)3

and Eu(TfO)3 salts dissolved in acetonitrile are illustrated in
Figure 5 alongside their respective k2-weighted Fourier
transform spectra. There is general agreement between the

experimental and theoretical spectra in the frequency and
shape of the χ(k) oscillations, even with the absence of fitting
and the relative complexity of the modeled systems. This
indicates that the identities and general spatial positioning of
the molecules within the first coordination sphere of the metal
are consistent with the measured spectra. The Fourier
transform results indicate that the experimental distance
between Eu3+ and its coordinated atoms for solvated
Eu(NO3)3 is slightly shorter than what is observed in the
AIMD simulation, with a di!erence in peaks of 0.21 Å (0.09 Å
for the imaginary component Im[|χ(R)|]). This di!erence is
smaller for the Eu(TfO)3 system, where the di!erence in peaks
is only 0.03 Å (0.03 Å for the imaginary component). Some of
the features arising by scattering from the C, N, and S atoms
covalently bound to the coordinating atoms are captured in the

Figure 5. Comparison between experimental (red) and AIMD-derived (blue) EXAFS spectra for the Eu3+ L3 edge of (a) Eu(NO3)3 dissolved in
acetonitrile (ACN), (b) Eu(TfO)3 dissolved in acetonitrile, and (c) Eu(TfO)3 dissolved in water.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c00199
Inorg. Chem. 2023, 62, 5207−5218

5211

https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00199?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00199?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00199?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00199?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


radial distance range >3 Å, such as the peaks near 3.5 Å for
Eu(TfO)3.
We expect that sampling over longer time scales, outside the

range of AIMD, to ensure inclusion of more structural
conformations would further improve the similarity between
theoretical and experimental spectra. Another possibility is
that, despite careful drying to ensure anhydrous acetonitrile
(see Methods), water contamination could explain the
discrepancies between the experimental and predicted spectra
in Figure 5A,B. Water can absorb into organic solvents, even
under controlled humidity conditions.130
As further evidence for the proposed solution structures, the

spectra were compared against the theoretical EXAFS spectra
predicted for the Eu3+ ion coordinated to only acetonitrile
molecules (Figures S5 and S6). The greater similarity between
the experimental and theoretical EXAFS spectrum for the
solvated salt compared to Eu3+ coordinated to only acetonitrile
(as measured by the residual sum of squares of the χ(k)
signals) supports the predictions from the AIMD simulations
that both nitrates and triflates are coordinated to the metal
when dissolved in acetonitrile solvent.
To rea#rm that the triflates are within the first coordination

sphere for Eu3+ when solvated in acetonitrile but not when in
water, the EXAFS spectrum for aqueous Eu(TfO)3 was also
measured. A theoretical EXAFS spectrum was constructed
using the AIMD simulation geometries from a previously
published study modeling aqueous LnCl3 salts.44 Although the
study used chloride instead of triflate as the counterion, the
chloride displayed the same solvation behavior presumed for
aqueous triflate by consistently remaining outside the first and
second coordination spheres. In the AIMD simulation, the
Eu3+ coordinates to eight water molecules in a square
antiprismatic geometry. The experimental and AIMD-derived
spectra for the Eu3+ octa−aqua complex are shown in Figure 5.
There is good agreement in the frequency and shape of the
χ(k) oscillations between the experimental and theoretical
spectra, indicating accurate modeling of the metal-water bond
lengths and geometry. The Fourier transform further confirms
this with only a 0.06 Å di!erence in the first coordination
sphere peaks (0.06 Å for the imaginary component peak).
Combining this information with the EXAFS spectra for
Eu(TfO)3 dissolved in acetonitrile, the results indicate that the
higher permittivity and stronger solvation ability of water leads
to the complete dissociation of the salt, but the lower
permittivity of acetonitrile leads to the triflates remaining in
the first coordination shell.
Solvation of Eu3+-Terpyridyl Ligand Complexes in

Acetonitrile. After characterizing the structure of Eu3+ salts
dissolved in acetonitrile, we now examine the e!ect complex-

ation with the terpyNO2 ligand (Figure 2) has on the Eu3+
coordination structure in solution. The addition of terpyNO2
to Eu3+ nitrate and triflate salts in acetonitrile resulted in the
formation of Eu-terpyNO2 complexes in acetonitrile solution
with either nitrate or triflate counterions; a terpyNO2 molecule
displaced solvent molecules to coordinate the Eu3+ ion. The
EXAFS spectra of Eu3+ nitrate or triflate with and without
terpyNO2 in acetonitrile show clear changes in the
coordination structure of the Eu3+ ion (Figure S7). This
section details the AIMD simulations, and comparing AIMD-
predicted EXAFS spectra to measured EXAFS spectra confirms
the binding of terpyNO2 to Eu3+ in acetonitrile solution with
nitrate or triflate counterions.
In modeling the Eu-terpyNO2 complex with nitrates in

solution as the counterion, the nitrates readily replaced the
coordinated acetonitrile molecules and remained bound to the
Eu3+ ion alongside the bound ligand. AIMD simulations for
two equilibrated starting structures were conducted, one where
all three nitrates were coordinated to the metal in a bidentate
configuration like in the geometry obtained by crystallography
(Figure 6A) and one where two nitrates were bidentate and
one was monodentate, as suggested by classical molecular
dynamics simulations; this allows one acetonitrile molecule to
also coordinate with the Eu3+ ion. During the AIMD
simulation, the monodentate nitrate of the latter starting
structure immediately dissociated from the metal, allowing the
bound acetonitrile molecules to reorient and form a stable
complex with two bidentate nitrates and two acetonitrile
molecules in the first coordination sphere (Figure 6B), with
the third nitrate in the second or third coordination sphere.
Both solvated Eu-terpyNO2 complexes contain a ten-

coordinate Eu3+ with the bound atoms arranged in a bicapped
square antiprismatic geometry. As was reported for the X-ray
crystal structure,33 the Eu3+ does not fit comfortably within the
terpyNO2 cavity, causing the Eu3+ ion to be o!set from the
ideal plane of the terpyNO2 and leading to torsional distortion
of the ligand rings. In solution, the Eu is located on average
0.56 ± 0.35 Å below the plane spanned by the central
terpyNO2 ring, which is slightly shorter than the 0.652 Å
distance observed in the X-ray crystal structure. While the
torsional distortion between adjacent terpyNO2 rings is
relatively consistent in the solid-state structure (7.89 and
8.03° between the central ring and either the adjacent ring with
or without the −NO2 functional group, respectively), they are
not similar in solution. The presence of the −NO2 moiety
notably reinforces the planarity of adjacent rings, leading to an
average torsion angle between the central ring and the ring
containing −NO2 of 3.3 ± 10.9° compared to the average 15.0
± 11.5° angle observed between the other ring pair.

Figure 6. Modeled solvation complexes of Eu3+ bound to the terpyNO2 ligand along with (a) nitrates, (b) nitrates and solvent, or (c) triflates and
solvent. Hydrogen, carbon, nitrogen, oxygen, sulfur, fluorine, and Eu atoms are colored white, gray, blue, red, yellow, light green, and dark green,
respectively. Only the molecules directly coordinated to the Eu3+ ion are shown for clarity; structures include explicit solvent as illustrated in Figure
1.
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The first Eu−N g(r) peak is at 2.63 Å for both solution
structures (Figures 7B, S8), which is the same distance seen for
the dissolved salts but is slightly longer than the average 2.55 Å
bond length observed in the crystalline structure. The
distinctly sharp g(r) peak indicates no significant di!erence
between the Eu−N bond length of bound acetonitrile and
terpyNO2. The first Eu−O g(r) is at 2.58 Å for both solution
structures (Figures 7A, S8), which is the same as the dissolved
Eu(NO3)3 salt. Although subtle, the Eu−N and Eu−O peaks
for the complex with only two nitrates are slightly broadened
compared to the three-nitrate complex, suggesting that, as
more nitrates bind to the Eu3+, the complex becomes slightly
more rigid.

When the nitrate anions are substituted with triflates, the
triflates remain in the first coordination sphere of the
terpyNO2-bound Eu3+ ion. The complex formed in the
equilibrated classical MD simulation included all three triflates
in the first coordination sphere, though one triflate dissociated
during the beginning of the AIMD simulation. The resulting
stable complex contains two triflates and three acetonitrile
molecules in the first coordination sphere arranged in a nine-
coordinate capped square antiprismatic geometry, with the
third anion in the second or third coordination spheres (Figure
6C). As seen in the dissolved Eu(TfO)3 simulation, the triflates
are monodentate instead of bidentate and have a shorter Eu−
O distance (peak at 2.43 Å, Figure 7A) compared to the

Figure 7. Radial distribution function plots of (a) Eu−O and (b) Eu−N distances for the simulations of the ligand-bound Eu3+ coordinated to the
solvent and di!erent anions. Black dashed lines indicate distances observed in the X-ray crystal structure of Eu(terpy-NO2)(NO3)3.

Figure 8. Comparison between experimental and AIMD-derived EXAFS spectra for the Eu3+ L3 edge of (a) dissolved Eu(NO3)3 complexed with
terpyNO2 and (b) dissolved Eu(TfO)3 complexed with terpyNO2.
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nitrates. The first Eu−O peak for the triflates also contains a
shoulder near 2.6 Å attributable to the coordinated oxygen
atom of the nitro functional group of the terpyNO2; in the
crystal structure, this distance is 2.545 Å.33 The Eu−N distance
with triflate sharply peaks at 2.63 Å, the same as the other salt
and ligand complexes.
The theoretical EXAFS spectra for the Eu-terpyNO2

complexes were computed from the AIMD simulations, and
the spectra are compared to experimental EXAFS data in
Figure 8. As two di!erent structures were modeled for the
metal complex with nitrates present (Figure 6A,B), the
di!erence between each of their EXAFS spectra and the
experimental spectrum was examined (Figure S9), revealing
greater similarity between the experiment and the complex
with all three nitrates bound (Figure 6A). For both cases of the
complex with nitrates and triflates present, there is excellent
agreement between the experimental and AIMD-derived
spectra in the frequency and shape of the χ(k) oscillations.
This is further supported by the e!ective replication of most of
the features and amplitudes in the Fourier transform of the
signals. The AIMD simulation of the complex with coordinated
nitrates accurately reproduces the experimental bond length
between the Eu3+ and coordinated atoms, with a di!erence in
the primary peak of the Fourier-transformed signal of only 0.09
Å (0.06 Å for the imaginary component). This metal-atom
distance for the triflate complex is longer in the AIMD
simulations relative to that in the experiment by 0.21 Å (0.09 Å
for the imaginary component). Overall, the similarity between
the experimental and theoretical EXAFS spectra supports the
proposed solution structures of the Eu-terpyNO2 complexes in
acetonitrile.
Considering the collective results of this work, the

consistency in the Eu−N and Eu−O bond lengths among
solvated salt and ligand-bound complexes, irrespective of
di!ering coordination numbers and net charge, highlights how
the lanthanide coordination is primarily driven by electrostatic
interactions rather than chemical bonding in acetonitrile.
Similarly, the lack of a di!erence between the Eu−N lengths of
acetonitrile and terpyNO2 suggests that the a#nity for the
metal to bind to the ligand over the solvent is predominantly
due to the chelate e!ect. Because of these properties, the
number and arrangement of coordinated species can be tuned
based on the design of the ligand and the choice of the anion
and solvent. From this work, the use of acetonitrile instead of
water as solvent permitted triflate to act as a coordinating
anion. Likewise, the di!erence between the smaller, bidentate
nitrates versus the bulkier, monodentate triflates for the Eu-
terpyNO2 complex a!ected the number of coordinated anions,
the inclusion of the solvent in the first coordination sphere, the
final coordination geometry, and the net charge on the
complex ion.
This work focuses on how a ligand (terpyNO2) changes the

Eu3+ coordination structure with di!erent counterions (nitrate,
triflate) in acetonitrile solution, and how AIMD and EXAFS
are successfully combined to resolve the structure of Ln−
ligand complexes in solution. Future research with the same
methodology, focusing on other Ln3+ ions, counterions,
solvents, and ligands, will generate a combined theoretical
and experimental approach to enable drawing universal
conclusions on the intricate role that ligands, counterions,
and solvent molecules play in the coordination structures of
lanthanide ions in solution.

■ CONCLUSIONS
We used a unique approach that coupled AIMD simulations
with experimental EXAFS spectra to characterize di!erent
structures of the Eu3+ ion within an anhydrous acetonitrile
solution, which are otherwise not easily discernible. The AIMD
simulation of the dissolved Eu(NO3)3 salt formed a ten-
coordinate solvated complex where all three nitrates retain a
bidentate configuration bound with the metal. When the
Eu(TfO)3 salt was dissolved in acetonitrile, it formed an eight-
coordinate complex with the three TfO− anions within the first
coordination sphere in a monodentate configuration. Con-
versely, when Eu(TfO)3 was dissolved in water, TfO− anions
remained outside the first coordination sphere. The complex-
ation of Eu3+ to the terpyNO2 ligand limited the available
coordination sites for the solvent and anions. If nitrates were
present as the counterion, they preferentially coordinated over
the solvent to form a ten-coordinate complex. If triflates were
present as the counterion, their larger size and monodentate
coordination hindered all three counterions from binding to
the Eu3+ ion, resulting in a nine-coordinate complex with only
two of the three triflates bound. Measured EXAFS spectra were
compared against AIMD-generated EXAFS spectra of the
dissolved salts as evidence in support of the proposed solvated
structures.
The findings of this work underpin how the choice of ligand,

solvent, and counterion all play significant roles in crafting the
final coordination structures of solvated lanthanide complexes.
As the coordination of anions and solvent can alter the
spectroscopic properties of lanthanide−ligand complexes
(relevant in imaging or sensing) or accessibility of the
lanthanide ion (relevant in catalysis or separations), developing
methods such as the one outlined here to reliably predict
experimental solvation structures will further advance the
design of lanthanide complexes for societally relevant
applications.
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