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ABSTRACT: Rapid and accurate approaches to characterizing the
coordination structure of an ion are important for designing ligands and
quantifying structure−property trends. Here, we introduce AFICS (Analysis
of the First Ion Coordination Sphere), a tool written in Python 3 for
analyzing the structural and geometric features of the first coordination
sphere of an ion over the course of molecular dynamics simulations. The
principal feature of AFICS is its ability to quantify the distortion a
coordination geometry undergoes compared to uniform polyhedra. This work
applies the toolkit to analyze molecular dynamics simulations of the well-
defined coordination structure of aqueous Cr3+ along with the more
ambiguous structure of aqueous Eu3+ chelated to ethylenediaminetetraacetic
acid. The tool is targeted for analyzing ions with fluxional or irregular coordination structures (e.g., solution structures of f-block
elements) but is generalized such that it may be applied to other systems.

■ INTRODUCTION
Cations in solution form coordination bonds with surrounding
molecules, resulting in a solution coordination structure
dependent on the ion, solvent, counterion, and ligand
molecules present. Solutions have more degrees of freedom
(vibrational, rotational, and translational) than crystals or soft
materials, resulting in experimentally measured solution
structures that are an average of multiple conformations that
can vary greatly due to the disorder of the system. Metrics such
as Debye−Waller factors quantify disorder; however, to
describe the molecular conformations that correspond to
disordered structures, molecular modeling is often neces-
sary.1−3

Aqueous solutions of ions (namely alkali, alkaline earth,
transition, lanthanide, and actinide elements) have been widely
studied compared to other solvents. Di"erent ions exhibit
distinct properties and behavior, and the structure of hydrated
ions widely varies based on their electronic configuration.4 The
complexity of their structure further increases if ligands and
counterions also coordinate with the ion. While electronic
structure calculations can obtain the optimized conformation
of the first coordination sphere of an ion and describe its
shape,5−8 they are unable to quantify the disorder in the
structure in solution. To resolve this, molecular dynamics
(MD) simulations with periodic boundary conditions may be
used to simulate the solution structure of an ion, whether
based on density functional theory or a parametrized classical
force field.9−14 It is possible to resolve the elusive structures of
ions in solution with X-ray absorption spectroscopy measure-
ments15−21 as well as by combining X-ray absorption

spectroscopy measurements with MD simulations and/or
electronic structure calculations.22−37

Ensemble structures from MD simulations can be used to
determine the multiple conformations of the first coordination
sphere of an ion in solution. The radial distribution function
(RDF) is a histogram of all ion−atom distances over all
molecular conformations of the simulation. The distance of the
first peak of the RDF quantifies the average ion−atom bond
lengths in the first sphere, and the coordination number (CN)
of the first sphere of the ion can be calculated from the integral
of the first peak in the RDF. The angle distribution function
(ADF) is a histogram of all atom−ion−atom bonds in the first
coordination sphere, and it can be used to determine the
dominant shape of an ion in solution, such as a square
antiprism shape for the Lu3+ aqua ion.13 By combining distance
and angle distribution plots, molecular geometries of the ion
coordination sphere in solution can be identified.14
One way to quantify how much a solution structure varies

from its dominant, or favored, shape (geometry) is to calculate
the root-mean-square deviation (RMSD) of the solution
structures to an ideal polyhedron, as was recently demon-
strated in our works characterizing solution structures of Ln3+
aqua ions at di"erent temperatures.35,36 RMSD measures the
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di"erence in positions between corresponding atoms of two
di"erent structures. RMSDs have been used in structural
biochemistry to quantify numerous properties, such as
quantifying the similarity between protein structures and
reporting the accuracy of ligand docking predictions.38−43

Structures in inorganic chemistry have been mostly studied in
the solid or crystal phases, and due to their static nature and
symmetric arrangements, RMSD calculations have been used
less frequently to describe inorganic structures. However, in
solution, RMSD may serve to quantify the disorder of the first
coordination sphere.
To describe the RMSD calculations to ideal geometries, we

focus on the solution structure of an aqua ion and an ion−
ligand complex in water; however, RMSD calculations can also
be done with ions in non-aqueous solvents. Ligand complex-
ation will change the structure of the first coordination sphere,
for example, in lanthanide−ligand complexes,44−50 and RMSD

calculations can be used to quantify how the structure changes.
A specific example: binding with EDTA4− will change the
preferred geometry of the Lu3+ ion from square antiprismatic
in water to dodecahedral.51 Ions are also found in proteins and
in enzyme active sites,52−58 and RMSD calculations could also
be used to characterize the first coordination sphere of ions in
proteins and enzymes from MD simulations.
Although this work describes how deviations in the

coordination structure of ions can be quantified with
RMSDs, mostly in the context of solution coordination
chemistry or in soft matter, RMSDs could also be used in
the solid state. Di"erent approaches have been developed to
quantify distortions of coordination spheres in the solid state,
mostly for transition elements. For example, OctaDist
quantifies deviations from an ideal octahedral geometry using
average metal−ligand distances as well as stretching, angular,
and torsional distortions.59 When coordination complexes

Figure 1. Illustration of the 25 unique reference polyhedra modeled by AFICS. Structures are sectioned by the coordination number (CN) of
atomic vertices (red spheres) to the central ion (blue sphere). The ion−vertex distances in the reference polyhedra are based on the maximum of
the first g(r) peak identified in the RDF to match the size of reference geometries to the size of the first coordination sphere.
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transition from one geometry to another, ideal geometries are
distorted. Quantifying transition distortions in terms of
continuous shapes can help identify minimum distortion
paths.60−62

To streamline the aforementioned analyses, we developed
AFICS, a tool for the Analysis of the First Ion Coordination
Sphere. Given the atomic coordinates from molecular
simulation, AFICS calculates the RDF, CN, ADF, and
RMSD to the ideal geometries of the CN of the ion. While
many other programs and toolkits are available to compute
RDFs and CNs, the usefulness of AFICS lies in its capability of
quantifying the geometric disorder (RMSD) of the first
coordination sphere of an ion from ideal geometries. This
manuscript details the design of the AFICS toolkit and
demonstrates its application toward analyzing MD simulations
of two model structures: the Cr3+ aquo complex and aqueous
Eu3+ chelated by ethylenediaminetetraacetic acid (EDTA).

■ METHODOLOGY
Calculation of Distribution Functions. The radial

distribution function measures the average distribution of
atoms around a central reference atom as a function of distance
from the reference. Users first identify the central reference ion
and then identify which element(s) surrounding the reference
should be used in the RDF measurement. As the RDF guides
identification of the ion coordination number and geometric
RMSD, users should only specify elements that directly
coordinate the ion over the course of the MD trajectory
(e.g., only the oxygen atoms for an ion-aquo complex). For
each frame in the MD trajectory, the distance between the
reference and all specified element types is computed, and the
count and distances of atoms within 6 Å are aggregated into a
histogram representing the first coordination sphere of the ion.
The RDF is calculated from this data using the equation

g r
B r

( ) 1 1
4 (binNum 1) bini

4
3

2 3=
· ·

·
· + · (1)

where Bi is the count of atoms at a given distance r from the
ion, bin is the bin width, and binNum is one iteration of the
range of the maximum value for r (6 Å) divided by the bin.
The integral of g(r) up to the first shell threshold distance
measures the coordination number (CN) of the first shell. The
threshold of the first shell is identified as the distance where
the change in the integral of g(r) is less than 0.002 for at least
two bin width distances. The CN is calculated from the RDF
of the whole trajectory, so changes in the CN as a function of
trajectory are not tracked. The CN will default to the rounded
integer from integrating the first peak of the RDF. Since the
g(r) from a trajectory is required for AFICS to calculate a CN,
it cannot estimate the CN from geometry only, for example, in
the way that the solid angle-based nearest neighbor approach
can.63,64
The angle distribution function (ADF) is similar to the RDF,

though it measures the average of the angles formed between
pairs of user-defined elements using the central ion as the
vertex. For all atom pair combinations of selected elements
within 6 Å of the reference ion, the angle formed is computed
by the equation

a b c
ab

angle arccos
2

2 2 2ikjjjj y{zzzz= +
(2)

where a and b are the distances from the reference ion to two
first sphere atoms and c is the interatomic distance between the
two first sphere atoms. All atom−ion−atom angles measured
over the course of the MD trajectory are aggregated to yield
the ADF histogram.

Calculation of Deviation from Ideal Geometries. For
many polyhedra, each of the atomic vertices is equidistant to
the central ion (e.g., trigonal planar, octahedral, and cubic).
The ideal reference geometries for these polyhedra are
constructed so the distance between the central ion and each
atomic vertex is equal to the maximum of the first g(r) peak
identified in the RDF, which represents the time-averaged
distance of the coordinating atoms to the ion. Capped
polyhedra (e.g., capped octahedral, capped square, and
bicapped square) have more than one ion−vertex distance in
their model structures. The ideal reference geometries for these
polyhedra are constructed so the average of all ion−vertex
distances is equal to the maximum of the first g(r) peak
identified in the RDF. The reference geometries that AFICS
uses to calculate RMSDs are illustrated in Figure 1, and they
include 25 di"erent geometries whose coordination numbers
range from 3 to 12.
After creating the reference polyhedra for the appropriate

CN of the system,65−68 each of the reference geometries of the
corresponding CN (Figure 1) is superimposed against the first
coordination sphere of the ion in the MD trajectory structures
to measure their RMSDs over MD timeframes. For each frame
in the MD trajectory, each reference polyhedron with the
corresponding CN is aligned to best fit the polyhedral vertices
to the MD ion sphere atoms. Only the reference polyhedra of
the corresponding CN will be aligned for RMSD calculation;
however, users can choose a di"erent CN than that identified
from the integral of the RDF. For example, if the integral of the
RDF is 8.6, then AFICS will set the CN to 9; however, users
can change it to 8 and calculate the RMSD to eight-coordinate
geometries instead of nine-coordinate geometries. Only the
MD frames that have the same CN as that set will be used for
the RMSD calculation.
Matching the atoms from the reference polyhedra to those

in MD frames is conducted using the Kabsch algorithm that
minimizes the RMSD between the geometric points.69 As the
Kabsch alignment is fit for given reference-MD atom pairs, all
permutations of the reference geometry atom ordering are
considered for the first MD structure to ensure that the lowest
RMSD alignment is obtained; as repeated permutation
operations can become costly, users are able to set how
frequently the permutations of the reference ordering are
recomputed. The final RMSD between the reference geometry
structure and the MD trajectory structure is reported for each
MD frame. The RMSD is calculated with the equation

N
a bRMSD 1

i

N

i i
1

2=
= (3)

where N is the number of vertices in the polyhedra that should
equal the CN of the system and a and b are the spatial position
polyhedral vertices of the reference geometry and spatial
positions of the atoms in the first ion coordination sphere in an
MD frame. An RMSD of 0 means that the coordination
geometry is an exact match to an ideal geometry. AFICS does
not assign a preferred geometry, rather it reports RMSD values
to all ideal geometries of the set CN; the ideal geometry with
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the lowest RMSD is the one that best describes the
coordination structure.

■ IMPLEMENTATION AND APPLICATIONS
The code for the AFICS toolkit is available on GitHub
(https://github.com/Cantu-Research-Group/AFICS). To
demonstrate AFICS and its usage, we detail its application
toward analyzing molecular dynamics (MD) simulations of
two model structures: the Cr3+ aquo complex and aqueous
Eu3+ complexed with ethylenediaminetetraacetic acid (EDTA).
Example AFICS input files for processing both model
simulations are available on GitHub and in the accompanying
Supporting Information.
Simulation of Hexaaqua Chromium(III). In aqueous

solution, the Cr3+ ion is known to have six waters coordinate to
the metal in an octahedral geometry.70−74 The ion complex is
fairly acidic and will typically have a coordinated water donate
a proton to form [Cr(H2O)5(OH)]2+, but for this model, we
will focus on only the hexaaqua structure. To examine the
dynamic structural properties of [Cr(H2O)6]3+, an ab initio
molecular dynamics (AIMD) simulation was constructed for
Cr3+ (quartet spin state) within a periodic cube (cell length
12.42 Å) containing 64 water molecules (Figure S1). Three
chloride ions were added to neutralize the charge of the
system, and they are positioned suitably away from the Cr3+
ion to prevent substitution with any of the coordinated waters.
To accurately replicate bond lengths and geometries, the
system was modeled with density functional theory using the
Perdew−Burke−Ernzerhof (PBE) functional75 as implemented
in the CP2K v5.1 program.76,77 Core electrons were described
using Goedecker−Teter−Hutter (GTH) pseudopotentials,78
while valence electrons were described by a double-ξ valence
polarized (DZVP) basis sets.79 Long-range electrostatics were
accounted for using an auxiliary plane-wave basis set using a
500 Ry cuto", along with van der Waals interactions using
Grimme’s D3 corrections with a 6 Å radius cuto".80 The
system was simulated in the NVT ensemble at 300 K with a
timestep of 1 fs and until at least 10 ps of the system with a
stable potential energy was obtained (Figure S2). The AFICS
toolkit was then used to characterize the first coordination
sphere of the Cr3+ ion within this equilibrated 10 ps trajectory.

As expected, six water molecules coordinate to the Cr3+ ion
throughout the AIMD simulation. The results from the AFICS
toolkit (Figure 2) report the time-averaged Cr−O distance
(the maximum of the first peak in the RDF; Figure 2A) to be
1.98 Å and a maximum threshold distance of 2.22 Å, which is
consistent with the 1.96−2.0 Å distances measured exper-
imentally.70−74 The integral of the RDF (CN) at that threshold
distance is 6.0, a#rming that there are six waters coordinated
and no change in coordination number during the simulation.
The angle distribution function (Figure 2B) indicates two
peaks at 89 and 175°, which are both near the ideal bond
angles (90 and 180°) for an octahedral polyhedron. There are
two six-coordinate polyhedra considered by AFICS (octahe-
dral and trigonal prismatic; Figure 1), and the RMSDs of the
first ion coordination sphere from each ideal geometry were
measured over the course of the trajectory (Figure 2D). The
average RMSD between AIMD geometry and the octahedral
reference was 0.14 ± 0.032 Å, while the average RMSD
compared to the trigonal prismatic reference was 0.76 ± 0.030
Å. The results spotlight the clear preference for the octahedral
coordination geometry in the AIMD simulation, confirming
the well-known fact that the Cr3+ aqua ion is octahedral. What
AFICS contributes is in quantifying exactly how octahedral the
Cr3+ aqua ion is in water at room temperature: 0.14 Å from an
ideal octahedron.

AIMD Simulation of the Eu-EDTA Complex. As a
demonstration of the AFICS toolkit on a more complex model
system, we examined the coordination structure of an aqueous
Eu-EDTA complex from a previously reported simulation.51,81
Identifying the proper coordination structures of solvated Eu
and other lanthanide ions remains a challenge as lanthanides
have large coordination spheres and predominantly bind to
ligands through weaker electrostatic forces instead of orbital
interactions. These qualities can allow lanthanide complexes to
fluctuate among multiple (sometimes irregular) coordination
geometries and vary their coordination number through rapid
ligand exchange.
The complete details on the AIMD simulation of aqueous

Eu-EDTA may be found in the original article.81 To summarize
the main model features, the Eu3+ ion (septet spin state)
chelated by unprotonated EDTA (EDTA4−, the form in basic

Figure 2. Structural characteristics of the aqueous Cr3+ simulation: (A) radial distribution function of Cr−O distances, (B) angle distribution
function formed with Cr3+ and surrounding waters, (C) ball-and-stick model of the first coordination sphere surrounding Cr3+, and (D) deviation
of the first ion coordination sphere structure from ideal polyhedral structures over the MD trajectory.
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conditions of pH ∼11) is solvated within a periodic cube (cell
length 17.5 Å) by 180 waters and one sodium ion to neutralize
the charge of the system. The AIMD simulation was conducted
in the NVT ensemble at 298 K until 10 ps of equilibrated
trajectory was obtained. The simulation was computed using
the same software, method, and level of theory detailed in the
previous section for aqueous Cr3+, though with the Eu
described by the LnPP1 pseudopotential and basis set.82 The
AFICS toolkit was used to analyze the equilibrated 10 ps
trajectory and illustrate the more complicated geometric
features of the Eu3+ first coordination sphere.
During the simulation, three water molecules are coordi-

nated to the Eu3+ along with the two nitrogen and four oxygen
atoms of the EDTA ligand, forming a nine-coordinate complex
(Figure 3). The inhomogeneity of the coordinating atoms
leads to a shoulder in the first peak of the RDF curve (Figure
3A) wherein the principal peak is at 2.44 Å but the ion−atom
distances fluctuate up to as much as 3.38 Å for the more
weakly bound waters and nitrogen atoms of EDTA. The non-
rigid behavior of this system is further exemplified by the
broadened peaks observed in the ADF curve shown in Figure
3B. The jagged peaks in the RDF and ADF are a result of the
limited sampling inherent with DFT-based MD; classical MD
simulations with more extensive sampling would result in
smoother peaks. There are three nine-coordinate polyhedra
considered by AFICS (capped square, capped square
antiprism, and tricapped trigonal prism; Figure 1), and the
deviation of the first ion coordination sphere from each ideal
geometry over the simulation is presented in Figure 3D. Unlike
the Cr3+ hexaaqua structure, which semi-rigidly maintained a
structure close to the ideal octahedral geometry, the Eu3+-
EDTA complex di"ers more from the ideal geometries and
fluctuates among all three shapes. The complex is most
frequently arranged in a capped square antiprism geometry
with an average RMSD from the ideal reference of 0.50 ±
0.050 Å, though it will transition to the tricapped trigonal
prism geometry (average RMSD of 0.53 ± 0.050 Å) before
returning back to the capped square antiprism geometry. The
capped square geometry is only briefly observed during the 10
ps timeframe sampled (average RMSD of 0.77 ± 0.048 Å).

The shoulder in the RDF (Figure 3A) shows the non-ideal
shape of the coordination sphere composed of ligand and
solvent molecules. The RMSD values for the Eu-EDTA
system, higher than those observed for the Cr3+ aqua ion, are
indicative of the deviation from ideal geometries due to an
inhomogeneous first coordination sphere. Observing inter-
changing geometries and structures that are intermediate
between two ideal polyhedra is common for systems with
polydentate ligands since the geometric constraints imposed by
the chelating molecules impose inherent distortions from ideal
polyhedra. Despite the changing system, the AFICS toolkit
permits users to e#ciently measure and di"erentiate these
dynamic structural geometries.

■ CONCLUSIONS
The AFICS toolkit is a convenient, versatile computational
tool for characterizing the geometry of the first coordination
sphere surrounding an ion from molecular simulation. AFICS
can process the atomic coordinates from a molecular dynamics
simulation to identify the coordination structure of an ion and
measure how much variation from ideal polyhedra a complex
undergoes over time. This tool quantifies information relevant
for evaluating structure−property relationships among a variety
of systems, particularly those of solvated ions whose structure
may be more fluxional or irregular. In this way, the features of
AFICS provide a more rigorous technique for gauging the
e"ects that changing ligand design, ion identity, counterion,
and solvent choice can have on the ion coordination structure.
Lastly, the AFICS tool is not limited toward only analyzing
solvated ions; its generalizability may be applied to analyzing
other systems not considered in this work, such as the
structure of ions within metalloproteins and nanoparticles.

■ ASSOCIATED CONTENT
Data Availability Statement
The AFICS toolkit and tutorial data are freely available on
GitHub: https://github.com/Cantu-Research-Group/AFICS.
The version of the code at the time of this publication can
also be found in the Supporting Information.

Figure 3. Structural characteristics of the aqueous Eu3+-EDTA simulation: (A) radial distribution function distances of N and O from Eu, (B) angle
distribution function formed with Eu3+ and surrounding N and O, (C) ball-and-stick model of the first coordination sphere surrounding Eu3+, and
(D) deviation of the first ion coordination sphere structure from ideal polyhedral structures over the MD trajectory.
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Figure showing the Cr3+ and Eu3+-EDTA simulation
boxes in atomic resolution; energy plot of the Cr3+
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