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ABSTRACT: Coordination numbers and geometries form a Automatic determination of bonding environments
theoretical framework for understanding and predicting materiadgorithm #1 Algorithm #2 Algorithm #3
properties. Algorithms to denine coordination number
automatically are increasingly used for machine learning|(ML Y
and automatic structural analysis. In this work, we intrcoﬁse& /./ L \ ) o .\\ f/
MaterialsCoord, a benchmark suite containing 56 experimentally ™ £ 4 h
derived crystal structures (spanning elements, binaries, and ternay \. 4 \. d

\o 0/ ° / \\.

compounds) and their corresponding coordination environmegts
as described in the research literature. We also describe CrygtalNN,

a novel algorithm for determining near neighbors. We compareX X \/

CrystalNN against seven existing near-neighbor algorithms on the

MaterialsCoord benchmarknding CrystalNN to perform

similarly to several well-established algorithms. For each algorithm,

we also assess computational demand and sensitivity toward small perturbations that mimic thermal motion. Finally, we inves
the similarity between bonding algorithms when applied to the Materials Project database. We expect that this work will aid
development of coordination prediction algorithms as well as improve structural descriptors for ML and other applications.

1. INTRODUCTION essential tool in the materials discovery pfotessl has
been enabled by the large amounts of data provided by

octahedral, and trigonal planar) play a fundamental role matg“f"s da(tjgbtaigs’ﬁ ?oordm?hnolg?enumbgrs have bﬁ-en
describing materials and dictating their properties. Some wefped o predict formation enthalpiegxamineé magnetic

known examples throughout materials science include (i) tI’iE:”‘teri""léfl and as the basiséfc))égcrystal graphs in colnvollutional
local coordination of a site can predict the type of orbita‘i’r""ph'basecj ngural netw - Automated  coordination
interactions and crystatld splitting; (ii) the feasibility of number determination has also allowed researchers to reassess

hypothetical zeolites for catalysis, gas separation, or i%Q_nventional rules about the crystal structures of materials.

Coordination numbers and geometriegy.(tetrahedral,

exchandeis frequently assessed by the distortion of th ccordingly, an ongoing challenge in materials science has
tetrahedral Sipbuilding blocké? (iii) in battery materials, een the development of reliable methods for determining the

i usion_path topologies can be classiusing the  CCIANALon numbers of atoms n eysal s
coordination geometries of theusing iond” and (v) the roposed. These dgtions are typically based on intgratomic
relative arrangement of octahedral Pb-halide motifs signP. P ' ypically

. ; - - - distances or geometric principles. The former includes those
fn%r:ggr:?cuﬁgﬁgz g;eroe\,lgﬁﬁfsmc properties of hybrid organic proposed by BrunntO'Kee e and Bres€,and Hoppé®

The primary challenge is to determine which atoms in thgrunner suggested a cutsystem, in which coordination is

crystal are connected or bonded to one another and which a termlne_d by considering the largest reciprocal gap In
not. Although the daition of what constitutes a bonding interatomic_distances. Hoppe developed a_coordination

interaction can be debated, in practice, assigning neighbors QHH“bef denition based on structure, wherease®e and

thus coordination numbers for most crystals is typically
intuitive for an expert in theld. However, manually assigning Received: October 8, 2020
coordination numbers on a larger scale, say for tens of

thousands of atoms, is impractical and therefore requires an

automated approach. Machine learning (ML) of materials

properties, where descriptions of the coordination environ-

ments of atoms can be important, is increasingly becoming an
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Brese proposed that near-neighbor atoms be determined this work assign coordination that does not alter the original
sums of bond valencesK€ee also developed another Symmetry of the structure. ) )
approach using geometric principles in which atoms that share?:2- Minimum Distance Method. The simplest algorithm

; ; ; luated in this work (MinimumDistanceNN) determines the
a Voronoi polyhedral face are considered coordinated to eagcz)fgr dination of a site, based on the distancE™ to the closest

other” Mqre recept coordlnatlor] .number predlctlons a8 earest neighbor site. Other neighboring sites are considered bonded
often modied versions of these dions. For instance, the  peighnors if they fall within a cut-f*, de ned as

valence-ionic radius iesator (VIRE) approaéh takes ,

oxidation state estimations along with coordination number d*'= (1+ )d™ 1)

estimations from Voronoi tessellafiotrs predict coordina-  \yhere is a (relative) tolerance parameter. This tolerance parameter

tion environments. Despite the pIethora of available methodsyas previously optimized by Zimmermanraf® for detecting

rigorous framework for evaluating the performance Gfarious coordination motifs in a database of 1025 test structures; we

coordination algorithms does not, to our knowledge, exidise the suggested value of 0.1 for this parameter.

Consequently, a universal tried-and-tested approach for2.3. Emulation of Jmols autoBond Algorithm. In Jmof’ a

determining atomic coordination has not been established. free, open-source software for visualizing molecules, bonds can be
In this work, we introduce a benchmarking framewor@utomatically d_etected using the_ autoBond algor?thm. In this W(_)rk, we

MaterialsCoord, to compare near-neighiding algorithms ~ YS€ an %rz"“'at'on of Jrsoblgorithm (JmoINN) implemented in

using a diverse data set composed of experimenta matgen: Atoms are considered bonded if the distance between

. . 'em,d;, is such that

determined structures from the Inorganic Crystal Structure !

Database (ICSD). The MaterialsCoord data set relies on & & )

literature descrlp_tlons of Qoor_dlnatlon environments in the%ﬁhereri is the elemental radius of the atom at,sjtis the elemental

structures to assign coordination numbers. We evaluate a NgWs of the atom at sjt@nd s a tolerance parameteed at 0.45

approach, crystal-near-neighbor (CrystalNN), which use$ A |ist of the elemental radii used is detailed els&iedeis

Voronoi decomposition and solid angle weights to determingciuded as part of pymatgdéhvVe note that this algorithm does not

coordination environments. We compare CrystalNN againgtke into account oxidation states.

existing near-neighbor algorithms using the MaterialsCoord2.4. Brunners Largest Reciprocal Gap Method. Three

benchmark. Algorithms are evaluated on the basis of (i) abiligrsions of Brunrier method® (BrunnerNN_reciprocal, Brun-

to reproduce literature descriptions of coordination numbeferMN_real, and BrunnerNN_relative) are implemented in pymat-

22 H
across a diverse range of structures, (ii) sensitivity toward sn@&ff- Brunness method of largest reciprocal gap (BrunnerNN_re-
E/procal), however, predicts coordination environmentsaigiyi

time taken to perform the analysis. We quantify the similarigf;nnerNN_reciprocal in the main text and refer to this algorithm as
between bonding algorithms using Jaccard distance pl@ginnerNN. Coordination number predictions using the other two
applied to the Materials Project datab&sBoftware  Brunner algorithms are reported in Section S4 and Figure S5 of the
implementations for all near-neighbmting algorithms are  Supporting Information

perturbations introduced to each crystal structure, and (iii) th etter than the other two algorithms. We thus report the results of

available in the pymatgen library. Brunneis method® (BrunnerNN) chooses the distance cuby
considering the largest reciprocal gap in interatomic distances from a
2. METHODS central site. The equation
2.1. Near-Neighbor Finding Algorithms. We rst describe the .1 R
near-neighbomding methods evaluated in this work, all of which are  j™® = argma S 2j= 1.n
implemented in the local_env module of the pymatgen {ibFiuey. j i dgey E ()

pymatgen class for each implementation is given in parentheses and is . .
used as an idengr throughout this work. Algorithms are split into ' Used to determine the largest reciprocal gap dyhade;.., are

o groups: the st ve algoritims discussed are distance-basell W TYCHE IGECL U IR ST
approaches and the rest are based on or involve Voron ? 9 9 ' g

decomposition. We use the abbreviation CN to denote coordinatiqjﬂ;e‘ The distance cut-tor determining coordination is then given

number {.e, the number dfnear neighbdtexpected to participate
in some kind of bonding interaction) and NN to derintsar- cut — qjmax+ )
neighbdt nding algorithm. For consistency, we use the default value
of each tolerance parameter,for each algorithm provided in where is a tolerance parameter set to 0.0001 A for numerical
pymatgeR? In Sections S1 and S2 of Sigporting Informatiomwe stability of the procedure.
also introduce and benchmark the ToposPro AutoCN algorithm and 2.5. OKee e’s Bond Valence Method.The minimum (Kee e
the modied Voronoi approach outlined by Isasteal> We note algorithm (MinimumOKe&NN) determines atomic coordination
that ToposPro is a proprietary method that cannot be easilpased on a minimum relative distance approach. Here, the relative
automated and only runs on the Windows operating system. \Wstance between two atonﬁ%,, is given by
have thus run a manual analysis over the benchmark set for reference,
but do not nd it suitable for automated analyses.féts overall rel _ i
score to be competitive with the best algorithms studied in this work dﬂQ’Keeﬁe (5)
(overall score of 9.7, see Section S1 @upporting Informatipn !

One important comment about the near neighbor methodsvhered; is the interatomic distance between e, d**™is
discussed in this work is that in many cases, the coordination is ribe bond valence paramétean ideal bond length deed as
reciprocal by default, that is, if site A is coordinated to site B, it is not empy em = 2
guaranteed that site B will be coordinated to site A. Thus, in practice, OwKeeffe_ | emp . engp i, F\/G S \/_?)
we consider A and B to be neighbors if either condition holds, that is, ™ ' ] GEMP+ (Hﬁmp ©6)
either A has B as a neighbor or B has A as a neighbor. Further
information on the symmetry of bonding behavior for variousvhere®™is an empiricdbizé parametér based on the atomic radii
algorithms is provided in Section S3 and Figure S4%fpherting and c is the electronegativity calculated using the ARezhow
Information Furthermore, we note that all algorithms discussed iscaleé® Two atoms are considered bonded if

B https://dx.doi.org/10.1021/acs.inorgchem.0c02996
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Figure 1.Schematic of the CrystalNN bonding algorithm for determining the coordination of a site. A crystal structure (a) is partitioned usin
Voronoi decomposition (b). Only the Voronoi polyhedron for the gray central site is illustrated for clarity. The Voronoi polyhedral faces a
formed by equidistant borders between the central site and its neighbors. The solid anglenegighthied/oronoi polyhedron are rescaled

based on site properties, such as electronegatesigndes and distance cus-a' he weights are normalized and projected onto a quadrant of a
circle in descending order (c). The relative probability of a certain coordination numbed isydde area under the curve (AUC) between
adjacent weights. If a single coordination number is desired, the environment with the highest probability is used. In this examplis, the largest
between the green and orange weights and so the weight associated with the green line is set as the minimufilhsaeghivititoveights

larger than this cutaare considered bonded to the central site, as shown in (d).

.jrel (l+

* mip d*5§ 1}n

where is a tolerance parameter set to 0.1.

()

2.6. Hopp€s Method of E ective Coordination Numbers.
The e ective coordination number algorithm (EconNN) calculates 2.7. OKee e’s Method of Voronoi Coordination. O’Kee €'s

coordination numbers using Hoppeective coordination number

formula® In this method, a weighted average bond Ilgthjs
obtained according to

< [ d4\°
; G exp S(@)
£

Odavg -

< [ 4)\°
jexpg‘s (dimin) E

(8)

whered; is the distance between saed neighboring siteandd™"

is the distance from sit® its closest neighbor. To avoid small bond the central atom. In this work, atoms are considered bonded if the

distances biasing the weighted average, an iterative procedurGudfghts are within 50% of the largest weight for that site. This
employed in whicfd®9is calculated according to

< [ d \©
; &j expHLS (W)
ndavg:

£

Starting witm = 1,d®is calculated unfif*9 " 1gavo
This procedure always converges, withndievalue independent of
%P9 Two atoms are considered bonded if

6
i eX,n§1 S (WJ)

4

oMo ¥
exp ldavg

©)
0.001 A,

(10)

where is a tolerance parameter set to 0.5. We investigate the impact
of the tolerance parameter in Section S5 and Figure S5 of the
Supporting Informaticend nd that the results are largely insensitive
for values from 0.1 to 0.8.

method of Voronoi coordination (VoronoiNNz uses geometric
principles to determine an atsncoordinatioA: The crystal
structure is rst partitioned using Voronoi decomposition of the
atomic sitesHigure &,b). From this, an at&ridomairi is de ned

by a polyhedron, with faces determined by an equidistant border
between the atom and a neighboring%8ites that share a face with

the central atom are considered either direct or indirect neighbors. To
distinguish between the two, atoms are weighted by the solid angle
subtended by the polyhedral face. Because indirect neighbors usually
subtend smaller angles, only neighboring atoms with weights within a
specied tolerance of the largest weight are considered coordinated to

tolerance was found to be close to optimal for the MaterialsCoord
benchmark and was chosen for simplicity and to avoittioge¢o
the materials included in the data set (see Section S6 and Figure S7 of
the Supporting Informatipn

2.8. Valence lonic Radius Evaluator MethodThe minimum
valence-ionic radius evaluator (VIRE) méthémt determining
coordination (MinimumVIRENN) uses a sinfilmmimum relative
distanctapproach as the minimun'k@e e algorithm. The relative
distance between two atoms is given by

rel _ d
) VIRE

(11)
whered)'"€is the ideal bond length, calculated according to
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VIRE _

i IShannoq_ rJ Shannon

42 e 1 el Sl

N . : - ) 33 (15)

in whichrhaonis the Shannon crystal radius for isitmmputed

using the VIRE method implemented in pymatgenthe VIRE where ; is the Pauling electronegativity ofiséad ®"is a parameter
approach, the valence of a sitesiscalculated usingik®e €'s bond that controls the preference for neighbors with higher electro-
valence sum methb%][\]ext, an initial guess for the coordination is negativity dierences, set to the default value of 3. The normalization
obtained from ®ee s method of Voronoi coordination (Vor- factor of 3.3 on the denominator is chosen as it is the largest
onoiNN). The element type, oxidation state, and coordinatiorflectronegativity drence possible between any two elements. The
number are then used to look up the associated radius in tabulatefl normalized weighting is calculated as

Shannon crystal radii dataWhere information on ionic radii is vor o V\fcx n

lacking, for example, in structures without oxidation states or for W = g V')F
species without associated Shannon radii, the atomic radiis used.
Finally, two atoms are considered bonded if

maxgv) (16)

We have evaluated the importance of each weight by disabling
. . individual features of the algorithm and investigating the resulting
g (= X mip g5 1}n (13) performance on the benchmark, with the results provided in Section
S13 and Figure S21 of tBepporting Information
where is a tolerance parameter set to 0.1. The MinimumVIRENN |n the CrystaINN approach, the coordination number of a site is
algorithm is not self-consistent; coordination numbers are determingdtermined by (i) projecting the normalized weights onto a quadrant
once using the VoronoiNN method to aid in determining theof a unit circle, ordered from the largest to smallest weight, (ii)
associated Shannon radii. Coordination numbers are not recalculatattulating the area under the circle between adjacent weights to
once the Shannon radii have been determined. obtain coordination probabilities, and (iii) choosing the coordination
2.9. Crystal Near-Neighbor Algorithm. The crystal near- number with the largest probability. This procedure is illustrated in
neighbor method (CrystalNN) is an algorithm we recentlyFigure 1The end result is that one can either obtain a probabilistic
introduced’ that uses Voronoi decompositioto determine the assessment of drent coordination scenarios or take the maximum
probability of various coordination environments and selects the ofikelihood scenario and obtain a single coordination environment (as
with the highest probability. Thest step of this approach is to is done in this work).
determine a set of weightg, that correspond to the likelihood of a ~ 2.10. Benchmarking Framework.To compare the predictive
central atonn being a neighbor to surrounding atpritéis weight ability of NN algorithms to reproduce literature-reported coordina-
has multiple components. tion numbers, we have developed a package called Materi&tsCoord.
A rst component of the weight is based on the Voronoi Using this package, a NN algorithm can be tested against a database
construction, which we call”". In the simplest case/® can be set of reported coordination environments, built from a literature search
to the solid angle of the neighbor atethHowever, we note that for ~ of prototypical crystal structures from the IESThe data set
porous structures, the solid angle weight can be quite high even g&ntains 56 structures, broken down into 16 elementary, 11 binary,
distant atoms; thus, by default, we scale this quantity by the ratio &hd 29 ternary compounds. The MaterialsCoord benchmark includes
the solid angle to the Voronoi facet area, thereby penalizing distéhivide variety of material types covering metallic and intermetallic
atoms. withwYer = wid wia compounds, semiconductors, and insulators. All structures are stable

. ) ) at ambient temperatures and pressures. Coordination numbers for
A second component of the neighbor weigfftsmore directly  ihese structures are tabulated in the MaterialsCoord GitHub

penalizes atoms that are too far from the central atom, according ignository’> We stress that coordination numbers are fundamentally
subjective quantities and are not an intrinsic or measurable property

d; ot of a structure. Accordingly, MaterialsCoord is only so useful as to
identify the bonding algorithms that agree with a human
. (d; S o ut interpretation of coordination. In many cases, the assigned
W‘f = S = et T 1 6< dign coordination numbers are well jesti For instance, structures that
thigh S Fow have basic coordination geometrieg. {etrahedral and octahedral
d ut coordination), in which further neighboring atoms are clearly not
ij igh within rst neighbor shells, have robust coordination numbers. The
cut _ cut coordination numbers of more complex structures with highly
ow = ET [+ jow asymmetrical bonding, such as oxides or intermetallics, are more
doUt = p4 o4 cut di cult to assign consistently; in several cases, many bonding
high ™ & © ] high (14) descriptions for the same structure can be found in the literature. We
) . . . . L rely on literature-reported data and descriptions for each structure in
whered; is the distance between s@é@d neighboring siter; is the the data set and cite accordingly. Structures with basic arrangements

radius of the species at siend 5, and g, are the low and high  [e.g. face-centered cubic (fcc), body-centered cubic (bcc), and
distance cut-s, set to 0.5 and 1 A, respectively. Essentially, thifexagonal close-packed (hcp)] and well-versed coordination environ-
function gradually starts penalizing atoms that are greater in distamgénts are not given a spectitation. Complex structures with
thandg, and explicitly excludes neighbors that are furthetfffian  ambiguous coordination environments are discussed further in the
We note that the type of radius that is used depends on whasllowing sections.

information is available about the structure and is in order of For a given structure, each NN algorithm is assigned a score
decreasing preference: the ionic radius (if the oxidation state is known unique

and an ionic radius is available), an averaged eaiiiom radius (if ftes” |CNFC S O, &Py, degen

an ionic radius is not tabulated for that species), a covalent radius, and = N

nally an atomic radius (if a covalent radius is not available). sites 17
CrystalNN will use a mixture of radii types in cases where high@hereNSi9“¢is the number of symmetrically distinct atomic sites,
preference radii information is available for some sites but not othei§'*%®"is the number of degenerate atomic sited\aqnds the total

In this work, we remove all oxidation states from the test structurasymber of atomic sites in a strucguuit cell. For ionic compounds,

so only the covalent or atomic radii are used by CrystalNN. we distinguish between cation and anion sigdlffieh'*andN aiions
Finally, atoms that have greater electronegatigtgriie from for calculatin@aion)- The CN¢and CN*Pe“®‘are the calculated
the central atom are weighted higher according to and expected coordination numbers ofttheite. A score of zero
D https://dx.doi.org/10.1021/acs.inorgchem.0c02996
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a-As 0 0 0 0 0 3 0
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a-Mn 0 0 0 17 0 0
a-u 0 0 0 0 4 4 0 0
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B-Mn 0 0 0 0 0 0 0 0 8
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=)
C (diamond) 0 0 0 0 0 0 0 0 =3
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Figure 2. Ability of near neighbor algorithmsakis) to reproduce literature descriptions of cation coordination for the elemental structures in the
MaterialsCoord benchmark suit@Xis). Scores are color-coded, with darker colors indicating greater deviation from the literature coordinatior
number. The total score for each algorithm is calculated as the sum of the scores across all structures.

indicates that the algorithm is in consensus with the coordinatidhg exgerimentally determined prototypical structures from the
description in the literature. Values greater than zero indicate thatSD= This test set includes 16 elementary, 11 binary, and 29
thered_ are inconsti)stepcies be_twelen the literature and CompUt?&’nary structures, of which many of the compounds are
coordination number for a particular structure. . o . ;

Several structures have multiple coordination interpretatio %X|des. In addition to the mostly ceramic comppunds discussed
corresponding to primary and secondary bonding interactions. F gre, we al_so _SeDarately tested 'merme_ta"'c structures _for
example, in -U, atoms’ are tetrahedrally coordinated to four Which coordination can be even more ambiguous (see Section
neighbors, forming corrugated sheets held together by second&§ and Figure S9 of tBepporting InformatipnThe results
covalent bonds to form the overall structure (accepted coordinatiadf our benchmarking @rts are presented in the form of
numbers = 4 or 1. For these cases, algorithms are penalized bas¢seatmaps, in which algorithms are assigned a score for each
on the smallest deviation from any of the possible coordinatiogtrycture reecting their ability to match literature-reported
de nitions. Using -U as an example, if an algorithm were to predict; o rgination numbers (lower scores indicate greater consensus
the coordination as 11, the score would be 1. ith ted val | di . f truct

We use the Einstein crystal test rig méfhoddetermine how wit reported va ues). In our discussion, we focus on structures
robust dierent neighbornding methods are toward small for which multiple algorithms deviate from the expected
distortions in the crystal structures. The method mimics therm&oordination environments.
vibrations and can thus assess the performancareftialgorithms 3.1. Elemental Structures.The benchmarking scores for
when analyzing partially relaxed structures and molecular dynantise 16 elemental structures in the MaterialsCoord data set are
simulations. The Einstein crystal test rig method is also useful aggown inFigure 2 The set include'simplé structures, such
framework to perform uncertainty quaation of the coordination 35 fcec Cu. bec-W hcp La and Mg, and diamdéndn
number prediction methods in a more statistically rigorous way. addition tﬁe set iﬁcludes layered C(’)mpoum@s (AS36

MaterialsCoord is provided as an open-source pacHame. 7 . .
benchmark suite is implemented in Python 3.5+ and is designed toIB'@Ck P, graphite, and S% and several elements with

39
easily extensible to both usermeel structures and additional near- COMpIex, low-symmetry structures, suchMs™ and
neighbor nding algorithms. Instructions on how to benchmarkMn.”> The literature coordination environments for all

additional test structures and alternative near-neighbimrg elemental materials are provided in Section S9 and Figure
algorithms are provided as tutorial notebooks in the MaterialsCoo®l10 of theSupporting Informatiohn general, the algorithms
G_itHub repository. Further docqmentation on MaterialsCoord and gptain similar bonding descriptions for the elemental
diagram of how the benchmarking scores are calculated can be fougd,ctyres, with all matching literature-reported coordination
Ilﬂfosrri(;ttli%% S7 and Figure S8, respectively, oBupeorting  yoserintions in 80% or more of the structures. CrystalNN
' demonstrates the greatest consensus with the literature by
reproducing the human-determined coordination environ-
3. RESULTS ments for all test structures. The threshold-based cuto
We compare how well the eight near-neighbding approaches (MinimumDistanceNN, MinimumOKR&|,
algorithms mentioned fBection 2can reproduce literature and MinimumVIRENN), EconNN, BrunnerNN, and Vor-
descriptions by testing them on the MaterialsCoord data set @fioiNN perform similarly, achieving scores between 4 and 10.
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JmoINN shows the greatest disagreements, dramatically ovpralitatively the same trends and are provided in Section S10
predicting the coordination of Mg to achieve an overall scomnd Figure S12 of thBupporting InformationThe set
of 21. includes common simple binary solids, including réék?salt

All algorithms agree with the literature when predicting th¢s:6), CsCt*** (8:8), sphalerifé (4:4), wurtzité® (4:4),
coordination of basic structures (bcc, hep, fce, and diamonnitile™*® (6:3), and corunduffi (6:4). In addition, we
like). Similar behavior is seen f&8n, which has a distorted include -brass (CsZng), a more complicated structure with
octahedral geometry (CN =“B)For Se, which is composed metallic bonding. The literature coordination environments
of parallel helical chains of Se atoms (CN % 2yly for all binary materials are provided in Section S9 and Figure
VoronoiNN predicts a coordination that does not match thes11 of theSupporting Information
reported literature value. Furthermore, all algorithms agreeFor the binary compounds, only CrystaINN matches the
with the literature for layered structures, albeit with a fewterature coordination in all cases. EconNN, VoronoiNN,
exceptions in which additional interlayer bonds are predictedlinimumDistanceNN, and BrunnerNN also obtain similar
In particular, the relative interlayer spacing appears to correlgtedictions, achieving scores of 2, 3, 5, and 8, respectively. The
with the di culty of determining the coordination number. largest deviation is exhibited by JmoINN, MinimumOKeef-
For example, all algorithms reproduce the literature descriptifg@NN, and MinimumVIRENN, which only match the literature
of graphite which possesses the largest interlayer spacing, wdibrdination for 2 (score of 37.0), 5 (score of 23.6), and 6
next-nearest neighbor distances 42% larger than the nea(esbre of 19.4) structures, respectively out of 11 total
neighbor distance. In contrast, black P afisl possess next- structures.
nearest neighbor spacings of 32 and 20% of the nearesOf the simple binary structures, Cs8bire % appears
neighbor distance with JmoINN and VoronoiNN obtainingparticularly challenging, with only MinimumbDistanceNN,
inconsistent descriptions for each structure, respectively. VoronoiNN, EconNN, and CrystalNN matching literature-

Of all the elemental structuresMn exhibits the greatest reported coordination valdé3he disagreements of the other
divergence in bonding descriptions, with half of the algorithnzggorithms can be attributed to several factors. The relatively
obtaining coordination environments at variance to th¢arge distance between Cs and its nearest neighbor Cl atoms
literature. This can be ascribed to the presence of mix¢d.6 A larger than any other aniaration near neighbor
coordination environments:-Mn contains 58 atoms, distance in the data set) causes JmoINN, which employs radii
comprised of 2 Mnsites (CN = 16), 8 Mnsites (CN = tables, to entirely miss the ©$ bonds. In addition, several
16), 24 Mn sites (CN = 13), and 24 Mnsites (CN = 12), as  algorithms predict bonding between adjacent Cs atoms,
illustrated inFigure 3° This structure is the only elemental despite the large distance (4.1 A) separating these sites
(MinimumOKeeeNN, MinimumVIRENN, and BrunnerNN).
Because the MinimumOKe&IN approach explicitly ac-
counts for electronegativity eliences, this behavior is
especially surprising.

The metallically bondedbrass shown iffigure 5also
proved dicult, with half of the algorithms predicting
coordinations that deviate from the literature descfiption.

In most cases, disagreements originate from theit€u
which is bonded in a distorted icosahedra coordination
geometry to 10 Zn and 3 Cu atoms (CN = 13). Perhaps
because of their reliance on distance @ytMinimumDis-
tanceNN, MinimumOKeeNN, and MinimumVIRENN miss

the coordination between Gnd ve of the neighboring Zn
Figure 3.(a) -Mn unit cell consisting of Migray), Mn (light atoms.

blue), Mn (orange), and Mn (red) atomic sites and their Most of the algorithms ser from some degree of erroneous
respective coordination environmentsej° cation cation bonding. An egregious example is nickeline
(NiAs), in which Ni is bonded in an octahedral garation
compound for which the threshold-based catpproaches to 6 As atom& All algorithms assign the expectedANi
(MinimumbDistanceNN, MinimumOKesNN, and Mini- bonds but most except CrystaINN and MinimumOKee
mumVIRENN) deviate from the literature. All three also predict bonding between Ni and two Ni neighbors. A
algorithms under-predict the coordination identically; thegimilar eect is entirely responsible for the high scores for
assign a CN of 10 (instead of 16) to MmCN of 4 (instead  corundum (AIO,),*® magnetite (R©,),*® ThyP,,>° rutile

of 13) to both Mn, and a CN of 9 (instead of 12) to Mn  (TiO,),** and PEO,.>" To assess this ect further, we have
VoronoiNN also under-predicts the coordinatioaMh, but calculated the MaterialsCoord scores when coordination is
to a lesser extent, assigning the coordination of$1mh0, restricted to sites of opposing charge, that is, only considering
Mn as 12, and Mnas 11. cation to anion bonding (see Section S11 and Figures S14 and

3.2. Binary Structures.The benchmarking scores for the S15 of theSupporting Informatign This constraint
11 binary structures in the MaterialsCoord data set argignicantly improves the agreement of the algorithms against
illustrated inFigure 4 For ionic compounds, we abbreviate the literature-bonding descriptions, with the scores of
coordination using the nomenclature A:X, where A and X aiconNN, BrunnerNN, and VoronoiNN reducing to zero and
the coordination numbers of the cations and anionghe scores of MinimumOKe&NN, MinimumVIRENN, and
respectively e(g. NaCl has 6:6 coordination). We follow JmoINN more than halved.
bonding literature convention and focus our analysis on cation3.3. Ternary Structures.We next report the benchmark-
coordination in the main texthe results for anions show ing results for the 29 ternary compounds in the Materi-
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Al;O3 (corundum) 0 1 0 0 0 0 0
CsCl 0 6 6 8 0 n 0 0 L7
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6
Fe30,4 (magnetite) 0 0 0 0 0 0
w
NaCl (rock-salt) 0 0 0 “ 0 0 0 0 58
NiAs (nickeline) 2 0 2 2 2 2 2 0 3
ra o
Pb304 (0] 0.7 0.7 0.7 0 0 0.7 0 =
[72]
(0]
TiO, (rutile) 0 0 0 0 0 0 0
F2
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Figure 4.Ability of near neighbor algorithmsakis) to reproduce literature descriptions of cation coordination for the binary structures in the
MaterialsCoord benchmark sujt@xis). Scores are color-coded, with darker colors indicating greater deviation from the literature coordinatior
number. The total score for each algorithm is calculated as the sum of the scores across all structures.

Figure 5.(a) CsCl unit cell and corresponding coordination environments (b,c) of Cs (pink) and Cl (green) afofffi¢ditebrass unit cell
consisting of Cudark blue), Cu (blue), Zn (brown), and Zn (purple) atomic sites and their respective coordination environmént¥ (e

alsCoord data set. The structures comprise oxides ametrahedrally coordinated to O atoh¥ and MgAJO, and
uorides with ABX ABX, and ABX, stoichiometries, MnMoO, which have octahedral A-site cations bound to
where A and B are cations. In our data set, A is typicaltgtrahedral B-site catiors® Noticeably, all algorithms match
larger and heavier than B, and X is either O or F. Thé¢he coordination of tetrahedral- and trigonal planar-coordi-
performance of all NN algorithms for predicting cationnated B-site cations. B sites with larger coordination numbers,
coordination numbers is illustratedigure 6 the results  however, often show greameviations. For example,
for anions show qualitatively the same trends and are providéihimumVIRENN underestimates the octahedral coordina-
in Section S10 and Figure S13 of3hgporting Information  tion environment of W (CN = 6) in FeW@s being 4-
Compared to the elemental and binary structures, the ternargordinated> The same ect is observed for octahedrally
compounds produce greater deviations against humanordinated Tl in TIAIF’ where most algorithms (Mini-
interpretations of bonding for most algorithms. The greatestumOKeeeNN, MinimumVIRENN, JmoINN, and Crys-
consensus is exhibited by VoronoiNN (score of 2), CrystaINMaINN) underestimate the coordination number.
(4.8), EconNN (7), and BrunnerNN (10.7) which agree with The coordination environments feK,SO, and SbNbQ
the literature description in over 90% of structuresshow large variation from the literature for all algorithms. In
Interestingly, MinimumDistanceNN (15) and MinimumVIR- the -K,SQ, structure, units of tetrahedrally coordinated SO
ENN (19), show almost exactly the same scores for eaeie bonded to two unique K sit®« is bonded to 11 O
structure in the test set. MinimumOKeNN (124) and atoms, whereas s bonded to 9 atom&igure J. We note
JMoINN (89) achieve the highest scores and only identify thinat -K,SO, is a highly complex structure for which
expected coordination in 31 and 14% of the structures. reproducing the literature description of bonding may be
All algorithms reproduce the literature coordination fordi cult even for experienced researchers. All algorithms match
several structures including zeolite-like materials fjAIAsGhe expected coordination of the ,S@it but exhibit
GaPQ, and BAsg) in which A- and B-site cations are inconsistencies with the K sites. The trend across algorithms
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Figure 6.Ability of near-neighbor algorithmsakis) to reproduce literature descriptions of cation coordination for the ternary structures in the
MaterialsCoord benchmark sujt@xis). Scores are color-coded, with darker colors indicating greater deviation from the literature coordinatior
number. The total score for each algorithm is calculated as the sum of the scores across all structures.

Figure 7.(a c) Coordination environments of (dark purple), K (light purple), and S (yellow) to O atoms (red), respectively, iRKs&O,
structure (d). (e) SbNbgunit cell and coordination environments of Sh (orange) and Nb (green) to O (red) atomiogdites (f

is to underestimate the coordination. MinimumbDistanceNNof at least one of the K sites. JmoINN exhibits the largest
MinimumOKeeeNN, MinimumVIRENN, JmoINN, Crys- disagreement, assigning a coordination of 0 to both sites. In
talNN, and VoronoiNN all underestimate the coordinationcontrast, BrunnerNN and EconNN both overbind by assigning
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additional bonding to neighboring S sites and K sites. SbNbO 15
comprises layers of distorted Nb@atahedra (CN = 6)

connected by layers of trigonal prismatic; 860 = 6).>° over-coordinated
Again, in most cases, the coordination of the cations Nb and 10
Sh is underestimated. MinimumDistanceNN, MinimumOKeef-
feNN, and MinimumVIRENN under-predict the coordination
number of both cations as either 3 or 4. EconNN, BrunnerNN,
VoronoiNN, and CrystaINN match the coordination of Nb but I g
determine Sb to be 3- or 5-coordinated rather than 6. JmoINN & 0

behaves similarly but further bonds Sb to two neighboring Sb' ’ ,

expected

calc

sites. =
Any trends between algorithms are generallultlito © 5
determine because of the large variation in coordination
predictions. However, the threshold distance-based algorithms
(MinimumbDistanceNN, MinimumOKesNN, and Mini- -10
mumVIRENN) often show similar behavior. When these
algorithms diverge from the literature description, they almost
always under-bind, that is, predict lower coordination numbers

under-coordinated

than the reference. For instance, all predict the edge-sharing 5 f f § § f § ,@,§
octahedral Mg and UQ units in MguQ to be 2- g ¢ L § ¢ § 65 Q&”
coordinated rather tharf%The under-predicted coordination ,§ I §§ @ =
environments are because of therdnces in interatomic $§’ §° §

distances between the cation and the oxygens: each Mg is s S
coordinated to 2 O atoms at 1.98 A and 4 O atoms further.

away at 2.19 A. Likewise, the U atoms are coordinated to 2 cpure 8.Tendency of NN algorithms-&xis) to either under- or

atoms at 1.92 A and 4 O atoms further away at 2.21 A ver-predict coordination numbeysaXis). Distributions that tend

L - . o - ward positive values indicate over-coordination, whereas negative
similar behavior is seen in ZpSEmprising edge-sharing jyes indicate under-coordination. Onite prediction dierences

Zno%(;ctahedral chains linked by edge-sharipgeB@he-  are included, with the area of the distribution being proportional to
dra In each case, these algorithms under-predict the e number of diverging predictions. Thus, the density at zero error
coordinate Zn cations as 4-coordinate. For thirteen of th@vhich dominates the data) is not plotted. A theoretical algorithm
twenty-nine structures, JmoINN predicts A-site cations to bkat can reproduce all literature descriptions would have no area at all.
uncoordinated. This behavior persists over a range of structurat
prototypes including scheelite (CapVOstu ed tridymite-  |arger negative areas indicate under-coordination. A theoretical
type BaAD,°" phenakite 2525@4),65 and perovskite-  algorithm that can reproduce all literature descriptions would
structured SrTiQand BaTiQ@>" Interestingly, while JNoINN  have no area at all.
often diverges from the literature on the A-site coordination, it Most algorithms tend to underpredict coordination
matches the coordination of all B-sites. numbers, as indicated by the tails of the distributions which
As observed in the binary structures, many algorithms assig@e generally negative. In particular, MinimumbDistanceNN,
unexpected bonding from cations to other cations. ThigconNN, VoronoiNN, and CrystalNN show very little positive
behavior is highlighted by aragonite-structured £aCOarea. Accordingly, the ability of these methods to reproduce
containing Ca cations bonded to nine oxygen atdosh literature descriptions might be improved by adjusting their
BrunnerNN and MinimumOKee assign additional bonds tolerance parameters) to yield more balanced prediction
from Ca to neighboring C and Ca sites. We investigate thi§ erences. The considerable disagreements of MinimumO-
e ect further by calculating the MaterialsCoord benchmarkee e and JmoINN against literature descriptionsdsteel
scores with coordination limited to sites of opposing chargea the large area of their distributions. These algorithms are the
(see Section S11 and Figures S16 and S17%idperting  only methods which frequently over-coordinate, with pre-
Informatiof). This constraint improves the agreement with thediction di erences reaching 14 for some sites. To further
literature for many algorithms. In particular, the scores fanalyze the behavior of the algorithms, we break down the data
MinimumOKeeeNN (124), JmoINN (89), and BrunnerNN set into elemental, binary, and ternary compounds and report
(11) are dramatically reduced to 40, 66, and 2, respectively.threir coordination trends in Section S12 and Figure§$318
contrast, the scores of MinimumbDistanceNN, VoronoiNNpf the Supporting Information
and CrystalNN remain urected, indicating that these  3.5. Perturbation of Crystal Structures.We next discuss
algorithms do not assign any catmation bonds in the our benchmarking results for structures containing atomic
ternary structure test set. perturbations introduced using the Einstein crystal test rig
3.4. Analysis of Coordination Trends. Figure 8 method’® Coordination analysis of perturbed structures has
illustrates the tendency for algorithms to either under- agllready found use tracking the local coordination of sites in
over-predict coordination numbers. Here, the deviation imolecular dynamics simulatihBurthermore, by assessing
coordination prediction (GlN.  CNeypecte Of €very site  the stability of coordination predictions against small
across all structures is plotted as a histogram for eapBrturbations, the robustness of coordination algorithms can
coordination algorithm. Only prediction edlences are be determined. It is important to note that this analysis
included, with the area of the distribution being proportionahssumes that the coordination number should remain constant
to the number of diverging predictions. Distributions withwhen perturbations are introduced. For small atomic displace-
greater area above zero signify over-coordination, whereasnts (less than0.1 A), this assumption is reasonable. For
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larger displacements, the true coordination number is not w8ltunnerNN algorithms. Bémarking scores for these
de ned and it is unclear whether the coordination numbealgorithms rise rapidly in this region. In contrast, CrystalNN,
should remain the same. It may be that at such larg¢oronoiNN, and JmoINN are considerably more robust to
perturbation values, the coordination number cancsigfty atomic displacements, with scores that vary little up to
vary from that of the ideal crystal structure. Regardless, thgplacements of 0.1 A. JmoINN in particular is extremely
performance of the algorithms against large displacements gensitive to atomic displacements, showing minimal change
still be instructive. in benchmark score even with 0.2 A perturbations. This is
‘The results of the perturbation analysis are illustrated ifkely because it employs absolute stttat do not depend
Figure 9Most algorithms follow a similar trend, in which thegn the relative distances or weights between sites. In Section
S14 and Figure S22 of tt&upporting Informatipnwe

80 Although two algorithms can be compared based on their

benchmark scores, this approach does not provide a reliable

—— MinimumDistanceNN investigate the performance of the near-neighbor algorithms on
MinimumOKeeffeNN structures containing point defects amtithat all algorithms
160 —— MinimumVIRENN ; ; ;
I are relatively tolerant to atomic vacancies.
° —— EconNN 3.6. Jaccard Distance Quantication. It is interesting to
g 120 —— BrunnerNN understand whether two algorithms show similar behavior
E VoronoiNN despite dierent scientt justications on a large scale.
€ —— CrystalNN
=
m

indication of similarity. For example, the same coordination

i number can be achieved through completasedit bonding.
// To robustly compare the behavior of coordination algorithms,
of . L ! we therefore employ the Jaccard distance, which is a measure
0.00 005 010 015 0.20 of dissimilarity between two $étsere, we only consider the

Sigma (%) set of bonds present in the primitive crystallographic cell. Each
Figure 9.Robustness of coordination prediction to random atomidoond is characterized by (i) the origin atom, (ii) the
displacements. CrystaINN, VoronoiNN, and JmoINN show greatgfestination atom, and (iii) the periodic image of the
§tabi|ity against perturbation.thar) other methods. Displacemendastination atom (keeping the origin atom in the origin
introduced according to the Einstein crystal test rig approach. image by convention). The Jaccard distance between two

algorithms on a specistructure is calculated as

prediction dierences increase with increasing perturbation

40

distance. Within small perturbation values (<0.05 A), the _ 18 loondg  bonds
sensitivity of most algorithms seems reasonable as there is noléist lbonds| + | bondg S | bongds  bords
much change in the benchmark scores. Slightly larger (18)

perturbations between 0.05 < 0.15 A, however, results in
higher sensitivity to perturbation, particularly for Minimumwhere bongsand bondsare the sets of bonds determined by
DistanceNN, MinimumOKeeNN, MinimumVIRENN, and algorithm A and B, respectively. The Jaccard distance is O if
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Figure 10(a) Heatmap of average Jaccard distances illustrating the similarity in bonding behavior between two algorithms. The Jaccard distar
0 if two algorithms behave identically and 1 if they do not share a single bond in common. (b) Histogram of Jaccard distances for Crystal
against other NN algorithms, calculated across all experimental compounds in the Materials Project database.
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two algorithms behave identically and 1 if they do not sharereighbor-nding algorithm when constrained by computa-
single bond in common. tional resources.

The Jaccard distance algorithm was implemented inThe trade-o between speed and ability to reproduce
pymatgeff for the purposes of this analysis. We calculatéterature-reported coordination numbers of the near-neighbor
the Jaccard distance for all structures in the Materials Projedgorithms is illustrated iigure 11 The Pareto frontier of
database that have been characterized experime&2A00
compounds at the time of writing. We note that these
structures are calculated with density functional ¥hesiryg

pubs.acs.org/IC

@ MinimumVIRENN

the PerdewBurke Ernzerhdf parameterization of the Voronoii
generalized gradient approximation (GGalpng with (éor

most transition-metal oxides) HubbardJ+correction$*

Notably, lattice parameters may be slightly overestimated in 1001
general compared to experimental v&iuBgcause of [ @ CrystalNN

inclusion of organic crystals in this data set, we exclude MinimumOKesfelN

MinimumVIRENN from our analysis as it is spally
formulated for ionic materials. For each structure in the data
set, the Jaccard distance was calculated between every pair of
algorithms. Finally, the pairwise Jaccard distances were
averaged across all structures to give a single distance metric
characterizing the similarity between two algorithms.

Runtime per structure (s)
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—9

20

1
40

I
60

80

1
100

The averaged Jaccard distance results are illustrated in 0
Figure 18. BrunnerNN, MinimumDistanceNN, CrystalNN,
VoronoiNN, and EconNN exhibit similar bonding behaviorFigure 11.Tradeo between computational speed and ability to
with average Jaccard distances between 0.12 and 0.19. Tmoduce literature-reported coordination numbers of near neighbor
smallest Jaccard distance (0.12) is found between Crystall\fithods on the MaterialsCoord benchmark. The algorithms high-
and EconNN. Surprisingly, MinimumDistanceNN and Crysl_lghted in blue form the Pareto frontier. These are the most-optimal
talNN also share a small Jaccard distance (0.13) despite th thods that are not dominated in both score and runtime by any
vastly dierent underlying formulation. The largest Jaccard <" method.
distance is between JmoINN and VoronoiNN (0.38). In
general, EconNN and MinimumOK&&N exhibit dierent most optimal algorithms is highlighted in blue. These
bonding behavior from all other algorithms. Furthermore, thalgorithms are not dominated in both score and runtime
methods themselves share a high Jaccard distance (0.3#)ultaneously by any other method. While CrystalNN obtains
indicating they often assign etent bonding. As these the lowest benchmark score, it is the third most computation-
algorithms exhibit the largest scores on the MaterialsCooally expensive method in terms of runtime (0.66 s per
benchmark, this indicates the algorithms often diverge frostructure). Accordingly, the reduced computational demand of
literature-bonding descriptions but inedént ways. For EconNN (0.24 s per structure) or MinimumbDistanceNN (0.16
CrystalNN, we report the distribution of Jaccard distances per structure) may be a more attractive option when
(nonaveraged) across all materkatpu¢e 1B). This analysis  analyzing large computational data sets or long molecular
further illustrates CrystalfN similarity to BrunnerNN, dynamics simulations. However, because the computational
MinimumDistanceNN, VoronoiNN, and EconNN while cost of CrystalNN falls within the same order of magnitude as
highlighting its contrasting behavior to MinimumQOdis other approaches, we expect that its ability to reproduce
and JmoINN. literature-reported coordination numbers will make it a viable

3.7. Timing Analysis. A common practical use for option for all but the most demanding computational
coordination prediction algorithms is providing local envirorapplications.
ment information in ML studies or in large database analyses.
Often ML models are trained on tens or hundreds oft. DISCUSSION
thousands of materials simultaneously. Accordingly, tfhe MaterialsCoord benchmark is, to our knowledgesthe
computational demand of the prediction algorithm should bwol for the quantitative assessment of near-neigiding
minimized. To assess the tradeetween speed and ability to methods. The primary use of MaterialsCoord is to identify the
reproduce literature-reported coordination numbers of thalgorithms which show the greatest consensus with human
near-neighbor algorithms, we calculate the time taken to rimterpretations of coordination. CrystalNN shows the greatest
each algorithm on all elemental, binary, and ternary materialgreement with literature-reported coordination numbers, with
in the MaterialsCoord benchmark. We note that thea total score of 5 across all structumesluding cation and
implementation of a particular algorithm might be slow eveanion sites. EconNN, VoronoiNN, MinimumDistanceNN, and
if the method could be much faster. For example, in principlBrunnerNN also perform similarly, with overall scores of 13,
the timing of VoronoiNN should be approximately equal tdl5, 24, and 25 respectively. The remaining algorithms,
that of CrystalNN, but the implementation of CrystaINN inMinimumVIRENN, MinimumOKeeNN, and JMoINN,
pymatgen employs an intelligent cuscheme for Voronoi  show greater deviations achieving scores of 46, 84, and 108,
construction that reduces runtime. Accordingly, our resultgespectively. Along with its ability to predict literature-reported
provide an indication of the computational demand of theoordination numbers, CrystalNN is also one of the more
algorithms as implemented in pymatgen but that might beobust algorithms against structures with small atomic
subject to further optimization. Regardless, our results may gpfirturbations. The ability to reproduce human interpretations
pragmatically guide materials scientists in their choice of bonding, combined with relatively high speed, robustness to

Benchmark score
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small changes in bond length and built-in avoidance of cationmethods such as MinimumDistanceNN, VoronoiNN, and

cation bonding make CrystalNN a viable new option for use iBconNN. We reveal that CrystalNN is relatively fast and is

a variety of applications. particularly tolerant to structures with small perturbatians (
Nevertheless, there will be situations in which to prefer oth#énose mimicking thermal motion). Accordingly, CrystalNN is a

algorithms. For applications in which speed or simplicity igable option for many near neighbraiing applications. We

paramount, MinimumbDistanceNN performs relatively well obelieve that this work will aid the development of coordination

the MaterialsCoord benchmark and its results agree wighrediction algorithms as well as improve structural descriptors

CrystaINN to a high degree (the two algorithms have &or ML.

relatively small Jaccard distance). However, a weakness of this

algorithm is that small perturbations to atomic distances can ASSOCIATED CONTENT

potentially result in dérent coordination assignments, which . .

may be problematic for applications such as constructing graph SuPPorting Information _

neural networks or analyzing molecular dynamics trajectorif@.e Supporting Information is available free of charge at

The EconNN represents a relatively good COmpromis@ttps://pubs.acs.org/d0|/10.1021/acs.|norgchem.0002996

between speed, ability to reproduce coordination numbers  Additional analysis on the symmetry of near-neighbor
from the literature, and robustness to atomic displacement.  gigorithms, comparing variations of BrunnerNN algo-

This method is also relatively insensitive to its single tolerance  rithms, comparing VoronoiNN and EconNN tolerance

parameter (seBupporting Informatipnand thus, one does parameters, benchmarking intermetallic structure types,
not need to worry about overparameterization. Finally,  znjon coordination environments, catition bond-
although we nd that CrystalNN generally outperforms a ing e ects, overbinding versus underbinding in separated

simpler Voronoi procedure on the MaterialsCoord benchmark,  glemental, binary, and ternary structure test sets,

the Voronoi algorithm is conceptually simpler and results are  crystalNN algorithm feature sensitivity, and vacancy
also relatively insensitive to the choice of solid-angle tolerance stryuctures as well as documentation on MaterialCoord

parameter in the range of 00%. Furthermore, the speed of and gures of coordination environments for elemental
this algorithm should be able to match that of CrystalNN with and binary structureBDP

further code optimization.

Most near-neighbor methods evaluated in this work assign
bonds between sites of like charge, that is, cation-to-cation or AUTHOR INFORMATION
anion-to-anion bonds. One route to improving the ability o&
these algorithms to match literature coordination numbers
would be to manually restrict bonding to sites of opposing
charge. Unfortunately, this approach is complicated by several
factors. Primarily, the oxidation states of the atomic sites may,
not be known in advance. In addition, this route will fail for
strongly covalent materialsuch as organic molecules
where formal oxidation states are not wealledeand not
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