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ABSTRACT: Coordination or local environments (e.g.,
tetrahedra and octahedra) are powerful descriptors of the
crystalline structure of materials. These structural descriptors
are essential to the understanding of crystal chemistry and the
design of new materials. However, extensive statistics on the
occurrence of local environment are not available even on
common chemistries such as oxides. Here, we present the first
large-scale statistical analysis of the coordination environments
of cations in oxides using a large set of experimentally observed

compounds (about 8000). Using a newly developed method, ‘ @

we provide the distribution of local environment for each q

cation in oxides. We discuss our results highlighting previously ‘

known trends and unexpected coordination environments, as

well as compounds presenting very rare coordinations. Our work complements the know-how of the solid state chemist with a
statistically sound analysis and paves the way for further data mining efforts linking, for instance, coordination environments to
materials properties.

Bl INTRODUCTION The discovery of structure—property relationship requires the
development of powerful and simple ways to describe crystal
structures. In solid state chemistry and materials science, this is
often achieved through coordination or local environments (e.g.,

The search for and development of new materials with specific
properties are of utter importance in the design of innovative or

improved devices and components. The process of materials : i X e
discovery can be substantially accelerated using computer-aided cations coordinated by anions). These clearly simplify the

analysis techniques such as data-mining and machine-learning.l representation of crystal structures. For instance, quartz can be
Recently, there has been an important growth of available depicted as a network of corner-sharing SiO,/, tetrahedra while
materials data collections relying both on experiments (e.g., ABO; perovskites can be described as a network of corner-
Inorganic Crystal Structure Database (ICSD),” Pearson’s Crystal sharing BO,/, octahedra with the A atoms occupying the empty
Data,” and Crystallography Open Database®”) and on space between the octahedra and being hence typically 12-

computations (e.g,, the MaterialsProject,é’7 Aflowlib,*’ the coordinated.

NoMaD repository,'” and OQMD'"'?). This move toward Such coordination environments are most commonly used for
more structured materials databases is opening the possibility to visualizing and describing crystal structures, but they also directly
use knowledge discovery techniques to explore them and reveal influence materials properties. For instance, the tetrahedral or
structure—property relationships that ultimately will speed up

the materials design process. Several groups have already started Received: July 3, 2017

to use such materials inforrnaticls.z agproaches based on both Revised:  September S, 2017

experimental and computed data. Published: September 6, 2017
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Figure 1. Most commonly observed coordination environments as well as coordination environments discussed in the present paper. Their symbol (e.g,
TL:3, HB:8), name (e.g, trigonal prism, square antiprism), and a schematic representation (the central atom is in blue while the neighbors are in red) are

shown.

octahedral coordination of Mn®* influences the formation of
polarons that limit electrical conductivity,”* and the preferred
local environment of a multivalent ion has been recently linked to
ion mobilities in battery cathodes.” Vanadyl(IV) groups (VO)*
with 4 or § further oxygen atoms coordinated to the V* ion and
linkage of these polyhedra are thought to be key structural
features in catalyst materials for selective oxidation of hydro-
carbons.”*™>* Without any doubt, coordination environments
are very effective structural descriptors.

Previous studies have mainly focused on structure types,
inferring coordination environments from the type-defining
structure prototype,””’ or on simple statements of preferential
coordination numbers®" based on very simplistic rules such as the
maximum gap rule and the packing factor of the structures.””**
Moreover, all the methods used in the above-mentioned studies
are very sensitive to small distortions in the structure. As a matter
of fact, no systematic and robust way to automatically identify
local environments has been developed so far. This impedes the
addition of local environment data to crystal structure databases
and all the potential data mining studies that could result. Even
the simple question of a statistically robust assessment of the
distribution of coordination environments in a given chemistry
(e.g,, prevailing coordination polyhedra in oxides) has not been
answered yet. While the experienced solid state chemist often has
a sense of the occurrence of local environments for certain ions,
there is no database available indicating a rigorously and
statistically sound local environment preference for certain ions.

In this work, the coordination environments of about 8000
oxides present in the ICSD (about 3500 different crystal
structure types) have been identified using an automatic and
robust detection algorithm. From these results, we collect the
statistics of occurrence of local environments for each cation in
oxides. We present these distributions and discuss them,
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highlighting chemical trends but also exceptionally rare
occurrences of certain coordination environments. To our
knowledge, such a statistically sound study on local environment
distribution has never been performed and will of be great
interest for the large community of scientists working with
crystalline solids. In addition, the provided raw data of
coordination environments for oxides present in the ICSD
provides a first step toward data mining studies linking materials
properties (e.g.,, from computational databases) to cation local
environments.

B METHODS

Identification of Coordination Environments. The description
of a crystalline structure based on coordination environments is a
common practice among chemists and crystallographers. The expert eye
of a chemist or solid state scientist can easily assert that a given atom is in
agiven coordination environment for a given crystal structure. However,
this is not feasible when large structures are involved or when thousands
of structures are investigated in large materials databases. One thus
needs to find an automatic way to relate a real (distorted) environment
with a model (perfect) environment. This should be performed using
not only the most known coordination environments, for example,
tetrahedral, octahedral, cubic, but also less common environments.
There is a long list of model coordination environments as reported by
the International Union of Crystallography (IUCr)** and by the
International Union of Pure and Applied Chemistry (IUPAC).*® Figure
1 represents the coordination environments that are most commonly
found as well as those discussed in the present paper.

We have developed an automatic and robust tool for automatically
identifying the coordination environments of atoms in any material. The
software is integrated as a subgpackage called ChemEnv in the pymatgen
package and is open source.”® The identification is based on the sole
consideration of the geometrical knowledge of the structure, that is,
analysis of the coordinates of the atoms in the structure. The general idea
of our approach is to compare the distorted local environments present
in real solids to the library of perfect environments and to assess the ones
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to which the real environments are the “closest”. A simplified version of
the identification procedure for a given atom can be summarized in three
steps (developed further hereafter):

1. An extended list of neighbors of the atoms is obtained through a
Voronoi approach similar to what was proposed by O’Keefe.>’
Some of these neighbors are discarded from the list based on a
distance parameter, an angle parameter, or any other condition
(e.g, if only cation—anion bonds should be considered or if
bonds between atoms of the same type should not be
considered), leading to a restricted set of neighbors.
3. The Continuous Symmetry Measure (CSM)*® is used as a
measure of similarity to determine which model coordination
environment is the closest to this set of neighbors.

2.

The Voronoi analysis® allows one to split the space into regions that
are closer to one atom than to any other one. In the standard Voronoi
approach for determining the neighbors of a given atom X, all the atoms
{Y}, .., Y,} in the regions that are contiguous to the region of atom X are
considered to be bonded to atom X. Inspired by the work from
O’Keefe,”” two additional cutoff parameters can be added. The first
parameter is a cutoff that excludes some of the neighbors on the basis of
the distance. The second cutoff parameter is based on the solid angle
defined by the face common to the two Voronoi regions. A schematic
drawing of these two parameters is shown in Figure 2.

(@)

(b)

Figure 2. Schematic 2-dimensional view of the distance and angle cut-
offs used in the Voronoi procedure for determining the neighbors of a
given atom. (a) Distance cutoff @. Any atom that is at a distance larger
than a times the distance, dy;,, to the nearest neighbor is not considered
as a neighbor. Typical values for a range between 1.05 and 2.0. (b) Angle
cutoff y. For each neighbor Y of a given atom X, a solid angle
corresponding to the face common to the Voronoi cells associated with
atoms X and Y can be defined. Any neighbor whose solid angle is smaller
than y times the largest solid angle, QF ., is not considered as a neighbor.

Typical values for y range between 0.05 and 0.8.

In addition to the distance and angle cut-offs, some of the neighbors
can be excluded in order to satisfy other conditions. Many of the
compounds in inorganic chemistry are ionic. This leads to the separation
between anions and cations. Therefore, cations surrounding a given
cation are not considered as neighbors. The distinction between a cation
and an anion is based on the oxidation state. The latter can be obtained
using a bond-valence analysis* as implemented in pymatgen.*® The
procedure presented here is similar to other previously published
methods such as the Domains method.*'

Once the set of neighbors has been defined, it can be compared to
each of the model polyhedra through a measure of similarity. For the
latter, we use the concept of Continuous Symmetry Measure (CSM)
introduced by Pinsky and Avnir.*® The CSM can be understood as a
distance to a shape and can take values between 0.0 (if a given
environment is perfect) and 100.0 (if a given environment is very
distorted). The environment of the atom is then the model polyhedron
for which the similarity is the highest, that is, for which the CSM is the
lowest.

It is worth noting that the distance and angle cut-offs used to
determine the set of neighbors can strongly influence the environment.
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While a unique set of reasonable parameters (e.g., K= 1.4 and y = 0.3)
already allows for a fair description of environments in many cases, the
environment decision is not very robust to small changes in parameters
in certain situations. As an example, for a perfect octahedron which is
smoothly distorted by moving away one atom from the central atom, the
environment of the atom switches abruptly from the octahedral to the
square pyramidal environment when the distance cutoff is exceeded.

In order to ensure robustness, we have established a procedure
consisting of analyzing how sensitive the results are to such changes in
the cutoff parameters. In practice, several sets of neighbors are obtained
for different values of distance/angle cut-offs. The choice of a strategy is
then used to analyze the results. It is thus possible to use different
strategies depending on the user’s purpose. This flexibility constitutes a
valuable asset for our algorithm. The chosen strategy allows for a
broader view of the local environments. The latter can be seen either as
one unique coordination environment or as an intermediate between
two (or more) coordination environments. They are thus described as a
set of model coordination environments, with an assigned fraction or
percentage. More technical details about the strategy and, in particular,
the way in which the fractions are obtained, are given in SI. Two
examples of application of the strategy are shown in Figure 3 for an
octahedron in which one atom is moved away and for a triangular
bipyramid environment that is smoothly distorted toward a square-
pyramid environment.

As shown above and unlike other algorithms and software available,
our tool is robust with respect to small distortions of the structures. For
example, the Domains method* is very sensitive to small changes in the
positions of the atoms as a fixed cutoft is used to determine whether an
atom is considered as a neighbor or not. In the example shown in Figure
3a, the coordination would change abruptly from 6 to 5 with the latter
method while our procedure allows for a smooth and continuous
transition between octahedral and square-pyramidal.

As for the identification of coordination polyhedra for a given set of
neighbors, Shevchenko et al.*” have compared three other methods for
the square-pyramidal and triangular bipyramid environments. The three
methods are based on (a) the topology of the Voronoi polyhedron, (b)
maximizing the volume of the intersection of polyhedra, and (c) the
comparison of angular fingerprints. In all three cases, the coordination
environment obtained is very sensitive to small distortions. The authors
suggest that the coordination environment should be considered not
assigned if the three methods do not agree (which happens in more than
23% of the cases in their data set), while our procedure allows us to
describe such cases as intermediates between two or more polyhedrons.
Furthermore, these methods have been implemented for a limited
number of model coordination polyhedrons, whereas our tool is capable
of identifying all the environments referenced by the IUPAC and IUCr.
Other studies have mainly focused on structure types, inferring
coordination environments from the type-defining structure proto-
type,””>° or on simple statements of preferential coordination numbers
for each atom (without any percentage or statistics) with little or no
concern for the environment’s shape.®>’ Other schemes based on
effective coordination number, close-packed spheres, and cation to
anion ratios®” are also very sensitive to small distortions.

As a matter of fact, while most of the above-mentioned previous
approaches are systematic (i.e., can be applied universally for any
structure and on a large scale), they do not take into account distortions,
preventing the description of a given local environment as an
intermediate between two or more coordination polyhedra in the case
of highly distorted environments. Our method remedies this problem of
robustness and provides further flexibility, allowing one to use different
strategies depending on the user’s purpose.

Statistical Analysis. Hereafter, we use the procedure described
above to identify the coordination environments for all the cation sites of
the oxides present in the Materials Project database and coming from
the Inorganic Crystal Structure Database (ICSD). The collected data is
then used to perform a statistical analysis of the occurrences of each
environment.

Evaluation of the Probability Distributions of the Coordination
Environments. The probability p\s(C,,,) is defined as the probability
for a given cation M"* to form the coordination environment C,,. These

env*
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Figure 3. Illustration of the evolution of the percentages of (a)
octahedral and square-pyramidal environments for an octahedron that is
smoothly distorted (the bottom atom is moved away to a distance equal
to twice the initial distance to the central atom as shown by the green
arrow in the inset) and (b) triangular bipyramidal (T:S) and square-
pyramidal environments (S:5) during the distortion from T:S to S:5
(two atoms in the triangular plane are smoothly displaced along the two
arcs shown by the green arrows in the inset). In both cases, the
deformation is schematically shown in the inset with the initial and final
positions respectively given by the values 0 and 1 of the deformation
parameter q.

probabilities are estimated using the statistics of the local environments
determined for the structures of a given compound database.

) I S, (S)

" Cenv =
pM +( ) NSaMn+

(1)

where Ng5 is the number of structures containing cation M"". The
fraction fc_ (S) of cations M"™ in local environment C,,, to the total

env

number Ny;+(S) of cations M™ in structure S is defined as
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NM”*,CW(S)

fM"*,Cenv (8) = Ny+(S)

)

where N,+(S) is the number of cations M"* in structure S.

Analysis of the Coordination Environment Distributions. Compar-
isons can be performed between the probability distributions of different
cations using statistical tools.

In order to compare the probability distributions of two different
cations, a distance between these distributions is needed. One of the
popular statistical distances used is based on the Jensen—Shannon™
divergence DJS(pl, p,) or total divergence to the average of two
probability distributions p; and p,

Dis(plI8) = SDiap ) + S Dia (1) )

and Dy, (q;llg,) is the

. N +
where m is the average distribution %

Kullback—Leibler divergence of g, from g,
q,()
9,(0) (4)

The Jensen—Shannon distance djs(P1||Pz) between the two
distributions p; and p, is then defined as the square root of the
Jensen—Shannon divergence

d]s(Pl ||p2) = \/D]S(Pl ||P7_) (3)

This statistical distance can take values between 0 and 1. It indicates
whether the two distributions are similar (the value is close or equal to 0)
or very different (the value is close or equal to 1). It can thus be used to
identify cations that are found in similar environments in a rigorous
manner by looking at the Jenson—Shannon distance between the
probability distributions of their coordination environments. In the
Results section, this distance is used to construct heat map figures. These
heat maps represent the matrix of distances between each pair of
considered cations. The actual value of the distance (i.e., the similarity)
is represented using a color scale. Such a graphical representation allows
us to quickly identify trends and groups of cations forming similar
coordination environments.

Dy (g,llg,) = Y q,(i) log,

B RESULTS

We have analyzed oxides of the Materials Project database, which
originally stem from the ICSD (i.., discarding any prediction of
structure from the analysis). Oxidation states have been obtained
from a bond-valence analysis and from data present in the ICSD
in the cases where the latter analysis failed. While all the
compounds have been reported experimentally, we used their ab
initio relaxed structure as presented in the Materials Project to
avoid possible errors (e.g, wrong crystallographic position
assignments) as well as to exclude duplicate structures (e.g.,
alumina Al,O; in its corundum phase and silica SiO, in its a-
quartz phase appear, respectively, ~80 and ~140 times in the
ICSD). We excluded high pressure phases, compounds that are
highly unstable (for which the calculated energy above hull** is
larger than 100 meV/atom), and compounds for which the ab
initio relaxed structure was unusually different from the
experimentally reported one in terms of bond length and unit
cell volume.*** In order to facilitate the interpretation of the
results, the analysis has been restricted to compounds without
hydrogen (as the location or even presence of the latter is not
always accurately reported in crystallographic databases) and
with only oxygen as anion (excluding oxysulfides, for instance).
We also considered only materials without partial occupancies. In
total, 7982 oxides were considered in our study, which
corresponds to a large representative data set (~80%) of the
structures in the ICSD with similar exclusions.
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Figure 4. (a) Statistics of occurrences of coordination environments for the alkali and alkaline-earth metal cations. The cation is indicated to the upper
left of each pie chart. The number of representatives (i.e., the number of structures in our data set containing at least one occurrence of the cation under
consideration) is also indicated just below the cation (in red). (b) Measure of similarity between coordination environment distributions of the alkali and
alkaline-earth metals. The Jensen—Shannon (JS) distance™ between probability distributions has been used to compare the coordination environments
of different cations. This allows us to provide a measure of similarity between two distributions. Two identical distributions will give a value of 0.0 (dark
orange) for the JS distance while two completely different distributions will lead to a value close to 1.0 (white). (c) Measure of similarity between

coordination environments distributions of the rare earth cations.

We used our coordination environment detection algorithm
presented in the Methods section to assign coordination
environments to any cation in every oxide in this data set. The
idea of the algorithm is to compare the actual cation coordination
with oxygen anions (obtained from a Voronoi analysis) to a set of
about 60 perfect polyhedra (e.g., octahedron, tetrahedron, square
pyramidal). Our algorithm is robust with respect to distortions
and can assign several local environments to a given cation. The
full list of coordination environment assignments to compounds
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is directly accessible in SI. This data is used to provide a statistical
distribution of the local environments for each cation, which we
present here as pie charts. Cations with rare oxidation states (that
are observed in less than 15 structures in our data set) are not
shown in the pie charts (results and full statistics for all the
cations are provided in SI). Each local environment is identified
by a shorter name consisting of a series of 1 to 4 capital letters
followed by a colon then by the coordination number, CN (e.g.,
T:4 for tetrahedron, O:6 for octahedron, L:2 for linear, C:12 for

DOI: 10.1021/acs.chemmater.7b02766
Chem. Mater. 2017, 29, 8346—8360
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Figure S. Statistics of occurrences of coordination environments for 3d transition metal cations, groups III to VII. See Figure 4 for a detailed explanation

of content of the figure.

cuboctahedron, see SI for a complete list of reported environ-
ments).

For visual effectiveness, only the most likely coordination
environments (with a probability larger than 3.5%) are explicitly
given, while the remaining ones are gathered either by
coordination numbers or in one single group (other). The full
statistics is provided in SI, as well as all the data about the
coordination environments of each compound. In the following
sections, we will present our statistics and discuss the results
highlighting usual and unusual local environments for each
cation. We also highlight trends in the periodic table. For the sake
of clarity, we divided our analysis in four sections: alkali and
alkaline-earth, transition metals, main group, and rare-earth
elements.
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Alkali and Alkaline-Earth Metal Cations. The statistics for
the alkali and alkaline-earth oxides are provided in Figure 4a. Low
oxidation states (+1 and +2) are most commonly adopted by
these cations. The number of suboxides (e.g, Cs,O, Cs,O,
Cs;;04) is very small and thus statistically insignificant for the
reasoning adopted in the present study. As the size of the alkali
increases when going down in the periodic table, larger local
environments are preferred. While Li* is found in the majority of
the cases in tetrahedral environments, the larger Na* already
prefers a much more diverse set of environments, from the
relatively rare tetrahedral (e.g,, Na,O, NaAg;0,, Na;CuO,) to
octahedral (e.g., Na,COj), trigonal prismatic (e.g., NaCoO,), or
even hexagonal bipyramidal (e.g, NagV,0;;). Compounds
containing small alkali cations are critical for intercalation
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batteries. Our analysis identifies a somewhat different local
environment behavior for Li* and Na*. Indeed, Na* is less prone
to fill tetrahedral sites than Li*. This leads to very different alkali
diffusion mechanisms.*” The larger K*, Rb*, and Cs* favor mainly
highly coordinated (CN > 8) large environments. A similar trend
is observed for the alkaline-earth metals with the larger Ca?*, Sr**,
and Ba** favoring higher coordination environments (e.g., 12-
coordinated cuboctahedral environment in perovskite structures
such as CaTiOs, StFeO; or BaZrO;). The smaller Mg** strongly
favors octahedral environments, and the smallest Be?* is found in
the vast majority of the cases in tetrahedral environments with a
notable occurrence of trigonal-planar environments (e.g.,
SrBe;O, in which two Be atoms are trigonal-planar and 4 Be
atoms are tetrahedral; K,Na,Be,O; in which all Be atoms are
trigonal-planar coordinated).

A more direct comparison of the alkali and alkaline-earth
cations can be obtained through an estimate of how comparable
cations are in terms of their local environment distribution.
Figure 4b compares all alkali and alkaline-earth metals using a
heat map representing the Jensen—Shannon distance (described
in the Methods section) between all pairs of atoms. The elements
in this heat map appear in column order of the periodic table, that
is, group 1 first with increasing periods, then group 2 with
increasing periods.

Several interesting features appear in Figure 4b. First, there is a
clear splitting in the heat map as Be*" is dissimilar to almost any
other alkali and alkaline-earth cation. Mg*" is somewhat close to
Li" and Na" but is very dissimilar to all the other cations. These
two cations separate the heat map into four regions.

The first region in the lower left part of the heat map shows
that the environments of K*, Rb* and Cs* are rather similar. This
can be easily understood in terms of their sufficiently large ionic
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radii (ranges for the ionic radii reported by Shannon,* 1.37—
1.64 A, 1.52—1.83 A, and 1.67—1.88 A, respectively, for K*, Rb",
and Cs"), as well as their similar electronic configuration. Na* is
also somewhat close to these latter cations, but its lower ionic
radius (0.99—1.39 A*®) is probably the source of deviation from
K*, Rb*, and Cs™.

A similar observation applies for Ca*, Sr**, and Ba®* as
observed in the upper right region of the heat map. While there is
a clear similarity between Ca** and Sr**, as well as between Sr**
and Ba**, Ca** and Ba** are more dissimilar. Indeed, both Sr**
and Ba®* show 12-coordinated environments, while very few are
observed for Ca®*. Moreover, Ca** and Sr** both appear in 8- and
9-coordinated environments in about 35% of the cases, while
Ba®" is less often found in these coordinations.

There is also a rather good mapping between Li* and Mg** and
between Na' and Ca®*. This reflects the well-known diagonal
relationship and can be understood in terms of the similar ionic
radii of Li* and Mg** and of Na*" and Ca** (ranges for the ionic
radii reported by Shannon,™ 0.59-0.92 A, 0.57-0.89 A,
0.99—1.39 A, and 1.00—1.34 A, respectively, for Li*, Mg*", Na*
and Ca’"). More globally, the upper left region of the heat map
(which is the same as the lower right one) shows that the
environment distributions of Ca?*, Sr**, and Ba** are relatively
close to those of Na*, K*, Rb*, and Cs™. These cations can indeed
all be found in very diverse large environments.

Transition Metal Cations. Transition metal elements can
take many different oxidation states, in particular those in the
middle of the transition metal rows (groups VI, VII, and VIII).
For clarity, we have separated the analysis into the 3d, 4d, and 5d
transition metals.

3d Transition Metal Cations. Oxidation states +2, +3, and +4
are frequently realized. In any case, all the cations of 3d transition
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Figure 7. Statistics of occurrences of coordination environments for 4d transition metal cations, groups III to VII. See Figure 4 for a detailed explanation
of content of the figure.

metals have an empty 4s orbital, and the 3d levels are partially Cu is an outlier among the 3d metals in terms of coordination
filled with the outer electrons. The statistics for the 3d transition environment. Monovalent 3d transition metals are not easily
metal cations are provided in Figures S and 6. accessible except for Cu. This is due to its unique electronic
The vast majority of transition metal ions adopt octahedral configuration with the 3d states filled before the 4s. Cu” forms in
environments (in green in the pie charts). This is especially true the vast majority of the cases linear environments (e.g., LaCuO,).
for lower atomic number +3 (e.g, Cr**, V**, Ti**, Co*, and Sc**) Cu** and Cu’* do not show a strong preference for either
or +2 ions (Co**, Ni**, and Fe?*). When d-electrons are stripped tetrahedral or octahedral environments: Cu** (e.g, CaCuO,)
away and higher oxidation states are reached, tetrahedral and Cu** (e.g, KCuO,) favor square planar environments.
environments become often more favorable. This is the case Jahn—Teller distortions are known to strongly affect transition
for the Co**—Co*, Fe**—Fe**, Ni**—Ni**, Cr¥*—Cr®, Ti**— metals crystal chemistry of d* and d’ configurations. These
Ti*, and V3*—V®" series. The tetrahedral preference is distortions will push perfect octahedral environments toward
particularly strong for the smallest 3d cations with high oxidation square pyramidal or square environments. Besides Cu®* which is
states. V** shows a large number of compounds with tetrahedral a d’ ion that we already discussed, our data is consistent with the
coordinations with some octahedral, square pyramidal, and presence of strong Jahn—Teller effects in d* cations such as Mn**
trigonal bipyramidal coordinations, and Cr% forms exclusively and Cr*. Mn’** can appear in perfect octahedra (e.g., the
tetrahedral environments. This trend toward more tetrahedral REMnO; perovskites with RE a rare-earth cation) but also
environments with higher oxidation states is also followed by commonly in distorted environments such as square pyramidal
Mn. It forms octahedral (e.g., MnO) and tetrahedral environ- (e.g, REMn,O; with RE a rare-earth cation) or square planar
ments (e.g, MnCr,0,) when +2, almost exclusively octahedral (e.g, CaMn,0,). Jahn—Teller distortions are also strong in Cr**
coordination when oxidized to +4 (e.g, MnO,), and exclusively with a large proportion of square planar (e.g., CaCr(Si,05),) and
tetrahedral environment when highly (+5, + 6, and +7) oxidized square pyramidal (e.g,, CaCrP,0;) compounds.
(see SI). Only one oxide with tetrahedral Mn** is found in our 4d Transition Metal Cations. The 4d transition metal cations
data set, namely MnBi;,O,. do not show the same oxidation states as 3d ones and the +2 and
8353 DOI: 10.1021/acs.chemmater.7b02766

Chem. Mater. 2017, 29, 8346—8360


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02766/suppl_file/cm7b02766_si_003.zip
http://dx.doi.org/10.1021/acs.chemmater.7b02766

Chemistry of Materials

Ru+ ———— Rh3+ -
56 0:6 44

5

DDPN:8 other

Cd2+

other other
~ Y ~———

————
Figure 8. Statistics of occurrences of coordination environments for 4d transition metal cations, groups VIII to XII See Figure 4 for a detailed
explanation of content of the figure. Dashed lines are used as a guide to indicate isovalent species.

Hi++ 2 'Ta5+ Wi+ Re’+
23 43

39 1 201 06

PB:7
‘I @8 other T:4

15+ W6+ Ref+
271

I
I
I
I
I
I
I
I
I

other SY:4

|r4+

Au3+ Re7+

L:2

other e

other

Figure 9. Statistics of occurrences of coordination environments for 5d transition metal cations. See Figure 4 for a detailed explanation of content of the
figure. Elements of groups IV to VII (Hf, Ta, W, and Re) are shown in the upper right of the thick line while Ir, Au, and Hg are shown in the lower left.

The dashed line is used to separate Hf** from the isovalent Ta**, W**, and Re®*.

transition metals. Cd** also shows an extremely diverse crystal

+3 oxidation states are less frequent. The statistics for the 4d
chemistry with many possible environments: octahedral (e.g,

transition metal cations are provided in Figures 7 and 8.
Similar to 3d elements, the octahedral environment is CdSO,, V,CdOy), tetrahedral (e.g, K,CdSiO,), 6-fold trigonal

prevalent for most 4d transition metal cations (Zr*, Nb*, ismatic ( Mn,Cd,0y), et
rismatic (e.g., Mn etc.
Nb™, Mo*, Mo®', Ru, Rh*, Ru™, Rh", Ru"). Y** behaves ’ Pd** is fofr;d ahilos‘i e)scc’lusivel in a square planar environ
differently than other 4d transition metal cations. In addition to o y. d ) P oo
octahedral environments (e.g, Y,05), it forms a large variety of ment (e.g., La,PdO,), similar to the isoelectronic Cu’*. Similar to
Cu" in the 3d elements, Ag* adopts linear environments (e.g,

larger environments such as cubic or square antiprismatic.

Yttrium crystal chemistry appears closer to that of rare-earth than AgCrO,) but also many other environments from triangular
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Figure 10. Measure of similarity between coordination environment distributions of the transition metal cations. See Figure 4 for a detailed explanation

of the content of the figure.

planar (e.g, Ag,BiO;) to tetrahedral (e.g, ZnAg,GeO,) and
octahedral (e.g,, Ag,M0O,).

The highest oxidation states for Nb (+4 and +5) show mainly
octahedral environments with a rare occurrence of tetrahedral
Nb** (e.g,, RENbO, with RE a rare-earth such as Pr or Yb). On
the other hand, Nb*" is less common but has a very strong
preference for square pyramidal environments by oxygen with
metal—metal bonding via the sixth vertex of the octahedral
environment (e.g., TiNb;Og, Ba,Nb;Oq, BaNbgO,,). Molybde-
num strongly favors octahedral coordinations for its +4 and +5
oxidation states but favors tetrahedral coordination when +6.

8355

This is similar to the isoelectronic Cr®*, but Mo® offers more
diversity and accepts not so rarely to be octahedral (e.g., MoO5)
or even trigonal bipyramidal (e.g., La;Cu;M00,,), while Cr®" is
exclusively tetrahedral.

5d Transition Metal Cations. The oxidation states for 5d
transition metal elements of groups IV to IX (Hf to Ir) are +4 or
more, while Au can be +1 or +3 and Hg +1 or +2. The statistics
for the 5d transition metal cations are provided in Figure 9.

With the exception of Hg, most 5d transition metal cations are
commonly observed in octahedral environments. Ir** shows
additionally a preference for square planar environments (e.g.,

DOI: 10.1021/acs.chemmater.7b02766
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Figure 11. Statistics of occurrences of coordination environments for the main group elements from the 2nd to the Sth period. See Figure 4 for a detailed

explanation of content of the figure.

K,rO,, NaJrO,) and Re’* shows both tetrahedral (e.g, coordinations such as dodecahedra (e.g, HfSiO,). Ta’* also

(VO)(ReO,), and AgReO,) and octahedral environments favors octahedral environments with only rare occurrences of
(e.g, LisReO4 and LajReOg). Hf*" forms preferentially in tetrahedral (e.g, RETa0,) or pentagonal bipyramidal environ-
octahedral environments (e.g, HfO,) but also in higher ments (e.g,, LaTa;0,).
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Mercury is extremely different from the other Sd metals. Hg
behaves even very differently from the elements in the same
column (Zn and Cd). Hg" shows preferentially a single oxygen
neighbor (e.g, Hg;PO,, CrHg;O). In the case of Hg', Hg—Hg
bonds are very common and the coordination by anions will
show just a single neighbor. Hg" also forms triangular non-
coplanar environments (e.g., Hg;AsO,). Hg*" on the other hand
forms a very large proportion of linear environments (e.g,,
BaHgO,, Hg;TeOy), but other environments are possible (e.g.,
octahedral HgCrO,).

The case of W is also interesting. While Mo®* and W** are in
the same column, with the same number of d electrons, their
slightly different ionic radii lead to quite different environment
behavior. Because Mo®* polarizes O atoms much more than W%,
it strongly favors tetrahedral environments, while W mainly
forms octahedral environments (e.g., WO;, PbWO,,). Tetrahe-
dral environments are not uncommon for W (e.g, K,WO,,
AL(WO,);) but not as prevalent as for Mo®*. This illustrates that
effects more subtle than ionic size and number of d electrons
affect local environment preferences.

Comparison of Transition Metal Cations. As for the alkali
and alkaline-earth metal cations, it is possible to carry out a more
rigorous comparison of transition metal cations using the JS
distance between distributions of environments. Figure 10 show
a heat map of the similarity between coordination environments
distributions of the 50 most observed transition metal cations.
The elements are ordered by their atomic numbers (contrary to
the alkali and alkaline-earth metals where the Mendeleev number
was used).

The first interesting observation is that one recovers the
periodicity of the periodic table in the heat map. Indeed, the three
rows of the transition metal oxides are clearly identified in the
map with Cu/Zn and Pd/Ag/Cd separating the 3d from the 4d
transition metals and the 4d from the 5d transition metals,
respectively. In fact, this study provides an unprecedented
statistical basis for many assumed or long-known relationships.
For example, there is a clear similarity between the Ti*/Nb>*/
Ta%, Cr¥*/Mn*/Ru™, and V**/Mo®" series due to their
respective comparable electronic configurations (isoelectronic
species). Another striking similarity relationship exists for
isovalent species, for example, Sc**—Ti**—V*—Cr*, Mn*'—
Fe?*—Co**—Ni*', and Zr*' —Nb*—Mo*".

Singular transition metal cations that do not compare to any
other can also directly be identified by their light line in the heat
map. This includes Cr®" because of its exclusive tetrahedral
preference (other highly oxidized transition metals such as
Mn>*/*/7* and Fe® also show tetrahedral coordination, but the
number of representatives for these cations is quite low, see SI).
Nevertheless, the similarity of V**, Re”*, Co®*, and Zn** shows up
nicely. Further cations with peculiar coordinations are Cu* and
Ag" for their linear environments, Pd*" for its very strong
preference for square planar, and Hg" for its unique metal—metal
bond preference.

Main Group Elements. The main group elements consist of
all the elements from groups XIII to XVII on the right of d-block
part of the periodic table. The statistics for the cations of the main
group are shown in Figures 11 and 12. When comparing the
isoelectronic B¥, C*, and N**, there is a common behavior
between C*" and N*', both favoring trigonal planar environ-
ments in CO3~ and NOj polyanionic groups (e.g, CaCOs,
K,CO;, NaNO;, Pb(NO;),). Carbon only forms triangular
planar environment, and only a few alkali nitrates form
tetrahedral NO;~ groups (e.g, Na;NO,). On the other hand,
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Figure 12. Statistics of occurrences of coordination environments for
main group elements from the 6th period. See Figure 4 for a detailed
explanation of content of the figure.

B* occurs in the vast majority of the cases in triangular
environments (BO3~ polyanions), but it also appears as
tetrahedrally coordinated (e.g, HfB,O; or NbBO,). Borates
often mix tetrahedral and triangular environments in the same
compound.(e.g., Bi(B;Os).

For the less common N** oxidation state, angular NO; groups
are preferred (e.g, K,Cd(NO,),). (NO)* cations are removed
from the list due to the presence of other anions than oxygen.

For the main group elements from the third row, most of the
ions are isoelectronic. Si**, P**, $, and CI’* are found almost
exclusively in tetrahedral environment. In our data set, only very
few compounds show an octahedral Si** in an ambient pressure
phase (e.g,, SiP,O, Rb,SiP,0y;, and Si§[Si5(PO,)s] in which
both tetrahedral Si* and octahedral Si° are observed in the latter).
AP** on the other hand favors tetrahedral (e.g.,, AIPO,, RbAIO,)
but also commonly occurs in octahedral environments (e.g.,
ALO,).

The isoelectronic series Ga®*/Ge**/As®*/Se®" shows a clear
trend toward lower coordinations when the atomic number is
increased. Se®* is almost exclusively tetrahedral with rare
occurrence of trigonal bipyramidal (e.g, Li,SeOs, K¢Se,Oy),
square pyramidal (e.g., Na,SeQg), or octahedral environments
(e.g,, NagSe,0,). As®", Ge*, and Ga®* show on the other hand a
larger fraction of octahedral environments. In other oxidation
states, As>* and Se** form almost exclusively in triangular non-
coplanar environments (e.g,, Mn(SeOs),, PbSe,Os, NaAsO, or
8¢,(Se03);).

For the main group elements of the fifth row of the periodic
table, the isoelectronic series In**/Sn*"/Sb**/Te® is mainly
found in octahedral environment. The smaller ions, In>* and Sn**
can still present a small proportion of tetrahedral environments
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(especially when mixed with alkali or alkali-earth such as in
LisInO,, Rb;In0;, Ca,InOg, NagSn, 0, or K,SnO, or K;,In,03).

The environments of the other isoelectronic series Sn**/Sb**/
Te**/I°" are much more diversified with a large preference for
triangular out-of-plane and seesaw environments. These specific
highly asymmetric environments are indicative of the presence of
lone-pair electrons.*’

The distribution of environments for Th, Pb, and Bi are shown
in Figure 12. As observed in the pie charts, the lower oxidation
states (TI*, Pb**, and Bi**) show very diversified local
environments as in large alkali or alkali-earth. Lone-pairs are
present as in the Sn**/Sb**/Te*"/I°" series but the larger ionic
size leads to larger coordination numbers (>7) especially for Pb**
and Bi**. Octahedral environments are only very rarely observed
(e.g., BaBiO; perovskite, or Ag;Pb,0)

In contrast, the cations TI**, Pb*, and Bi** with higher
oxidation states have no lone-pair and are in the majority
octahedrally coordinated. Bi*" is almost exclusively octahedral
while TI** or Pb*" also present a large proportion of tetrahedral
(e.g, Li,PbO;) and square pyramidal environments (e.g,
Cs,Pb0Os,).

Rare Earth Cations. The rare earth cations or lanthanides are
most commonly observed in the +3 oxidation state, while a few of
them can adopt +2 (Nd, Sm, Eu, Tm, Yb) or +4 (Ce, Pr, Tb)
oxidation states. The environment distributions for the rare earth
cations are shown in Figure 13.

There is a large diversity of environments for all rare earth
cations and larger environments (CN > 7) are usually favored for
many of them, in agreement with their larger ionic size.
Nevertheless, the proportion of octahedral coordination environ-
ments is globally increasing from ~6% for La** (e.g, La,0,,
KLaO,) to ~40% for Lu** (e.g, Lu,0; RbLuO,), with the

8358

exception of Ce®, which is never found octahedrally
coordinated. This higher preference for octahedral environments
with the atomic number is in agreement with the lanthanide
contraction.

Figure 4c shows a heat map of the similarity measure between
environment distributions of the rare earth elements. With the
exception of Ce®*, which is very dissimilar to all other rare earth
elements, the heat map appears mostly as dense-diagonal, that is,
similarities are higher for pairs of elements that are closer to the
diagonal. This means that the environments distributions slightly
change from one atomic number to the next one in a rather
continuous manner.

B CONCLUSIONS

Coordination environments are critical to the understanding of
crystal chemistry and structure—property relationships. Using
the Inorganic Crystal Structure Database (ICSD), we statistically
studied the distribution of environments across cations in about
8000 oxides. We discussed the chemical origin of certain
preference in local environments and outlined trends in cation
coordination environments. Our work complements the
important empirical know-how from experienced solid state
chemists and materials scientists. It provides the first statistically
based study of coordination environments in oxides. Besides the
importance of this statistical analysis for researchers working on
crystalline solids, the data and algorithm provided constitute a
stepping-stone toward the data mining of coordination environ-
ment—properties relationships.
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