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Abstract: The charge distribution (CD) and the bond valence sum (BVS) methods are used to
calculate the charges assignable to atomic positions in crystal structures, based on the distribution
of bond lengths. Discrepancies between calculated and formal charges may point to errors in the
determination of atomic coordinates, in the initial allocation of oxidation numbers, occupancies, or
site populations. Unlike the BVS method, which has been frequently used for the validation and
interpretation of sulfosalt crystal structures, the CD method has been scarcely and limitedly employed
for this group of minerals. In this paper, the applicability of the CD method to sulfosalts is practically
tested for the first time. The calculation is made using ECoN21—a novel software tool designed for
CD, BVS, and general coordination geometry analysis of crystal structures. The program addresses
normal valence compounds with distorted homoligand or heteroligand polyhedra in both cation- and
anion-centered descriptions. The program is also able to calculate a comprehensive set of parameters
describing the internal and external distortion of coordination polyhedra. The paper presents the
background of the CD, BVS, and coordination geometry calculations, as well as several case studies
focusing on various applications of these methods to sulfosalts.

Keywords: charge distribution; bond valence sum; crystal structure; sulfosalts; polyhedral distortion;
computer program

1. Introduction

In recent years, there has been a growing interest in deploying external measures for
the evaluation and interpretation of various aspects of crystal structure refinement. For
example, the bond valence sum (BVS) method (Brown [1-3]) has been applied to several
sulfosalt structures, e.g., for refining the occupancies of mixed sites (e.g., Orlandi et al. [4],
Biagioni et al. [5-7], etc.). This came as a normal consequence of the extreme isomorphic
mobility of sulfosalts which often contain a significant number of mixed positions with
uncertain proportions of endmembers. Due to the relatively easy calculation implied by
the BVS approach, this has been the preferred, if not the exclusive, method used for this
purpose. Nonetheless, the quality of the BVS analysis has always relied on the quality
of the empirical parameters entailed by this method (e.g., R, and B), which have been
under continuous reevaluation and correction. For example, Biagioni et al. [7] invoked a
wrongly refined R, parameter extracted from the list published by Brese and O’Keefe [§],
which resulted in several overbonded thallium positions in the crystal structure of Pb-rich
chabournéite and for which the authors suggested an empirical correction.

Since the works of Hoppe [9] and Hoppe et al. [10], there has been little awareness
of a self-reliant technique for attaining similar goals, namely, the charge distribution (CD)
method. Notwithstanding the comprehensive works of Nespolo and his collaborators (Ne-
spolo et al. [11,12], Eon and Nespolo [13], Nespolo and Guillot [14], Nespolo [15]), the CD
method has gained little popularity as a means of assessing the quality of crystal structure
determinations, especially for sulfosalts. The reason might reside in the complexity of the
method—often not workable by manual or spreadsheet computation—and in the lack of
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a software instrument able to handle the difficult calculations implied by the large and
complicated crystal structures of this group of minerals.

While there are relatively numerous computer programs able to perform BVS calcu-
lations, only two are known to deal with the CD method. CHARDI2015 (Nespolo and
Guillot [14]) is the most advanced and extensively documented application ever written
for this purpose. Due to what appears to be a limitation of the maximum number of
atoms accepted by the program, CHARDI2015 cannot run CD calculations for several
large sulfosalt structures such as Pb-rich chabournéite (Biagioni et al. [7]), argentoliveingite
(Topa et al. [16]), incomsartorite (Topa et al. [17]), dalnegroite (Bindi et al. [18]), and others.
Another program able to perform CD computation is VESTA 3 (Momma and Izumi [19]).
However, this program does not provide a batch-like solution for determining the CD
across the entire set of coordination polyhedra in the structure. Besides, VESTA 3 does not
calculate CD in heteroligand polyhedra.

A new computer program, ECoN21, was written in an attempt to extend the applica-
bility of CD and BVS analysis to large sulfosalt crystal structures. Nevertheless, due to the
underlying theoretical principles of the calculation, the program is also suitable for other
types of inorganic normal valence compounds, including crystal structures with hydrogen
bonds. The program can work with crystal structure data obtained from regular, in situ, or
ab initio determinations. Since both methods convert bond lengths into bond strengths,
they can be useful aids in the comparative and quantitative analysis of phase transitions at
various temperatures and pressures.

The program addresses large homoligand and heteroligand crystal structures with
distorted coordination polyhedra and significant isomorphic substitution. The main in-
tention behind CD and BVS analysis is to signal wrong fractional coordinates expressed
by wrong distances between the central atoms and their ligands, as well as erroneously
assigned oxidation numbers and site populations in heterovalent mixed sites, especially
when the atom content of such sites is characterized by similar scattering properties and
cannot be properly refined in terms of endmember participation.

The paper aims to describe the CD method in the simplest way possible and to make
it accessible to a wide range of users. All the structure representations in this paper were
drafted with VESTA 3 (Momma and Izumi [19]).

2. The Calculation Procedure
2.1. The Charge Distribution Method

The second rule of coordination (Pauling [20]) states that in a stable crystal structure,
the charge g4 of each anion in a coordination polyhedron (CP) tends to compensate for
the strength of the electrostatic valence bonds reaching it from the central cation carrying a

charge gx: ;
Y X Y
14 == i(CN)i:_ isi' @

where CN is the coordination number and s; is the (Pauling’s) bond strength. This equation
applies only to regular polyhedra (e.g., Figure 1a). Instead, irregular polyhedra (e.g.,
Figure 1b) require a bond length-bond strength relationship to describe the decrease of the
bond strength with increasing bond length.

Both the CD and BVS methods involve power laws that express this relationship.
The differences between the two methods have been extensively described (e.g., Nespolo
etal. [11]). In the case of the CD method, the bonds of a CP are ranked according to their
length. Each bond is assigned a bond weight that will determine the relative strength of
that bond. The shortest distance will receive the maximum bond weight and all the other
weights will be scaled down following a negative exponential law. This is possible only
if all the ligands in a CP are of the same chemical variety. If more chemical species of
ligands coexist in a CP, then each chemical type of ligand must have its minimum distance
as the scaling parameter. In the most general case, a CP will consist of a central atom
surrounded by ligands of different chemical types, situated at different distances, that is,
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of a distorted heteroligand CP. To establish the shortest bond length for each chemical
type, the heteroligand polyhedron is divided into several homoligand subpolyhedra (HSP)
(Nespolo [15]) (Figure 1c).

2.968 3.009 2956

(@) (b)

Figure 1. Examples of coordination polyhedra: (a) regular coordination octahedron in galena (AM-

CSD 0011372 and reference therein); (b) irregular homoligand octahedron around the Bi40 position
in cannizzarite (Topa et al. [21]); (c) irregular heteroligand octahedron around the Pb37 in the same
crystal structure, with two homoligand subpolyhedra defined for pure S and mixed S-Se ligands. The
values near the octahedra’s vertices are bond lengths in angstroms.

An HSP may contain only one ligand that is implicitly assigned the maximum bond
weight, but which may result in an overestimated bond strength at the CP scale. For this
reason, the CD calculation for heteroligand CP must include an iteration procedure which
is described later in this section.

The notation used in this section largely follows the symbolism used by Ferraris [22].
In general, the terms ‘cation” and ‘anion” have been avoided throughout the presentation
of the calculation procedures. References are made only to the terms ‘central atom” and
‘ligand’. Thus, the formulas can be used reversely for the cation-centered or anion-centered
descriptions of the structure, with just the appropriate change of sign and symbol.

The enumeration indexes used in the calculation are the following:

i—the index of ligands in an HSP;

j—the index of HSPs in a CP;

X—the index of crystallographic species of central atoms (or of distinct CP);
A—the index of crystallographic species of ligands.

For a given CP, a self-consistent bond length-bond strength relationship is established
through the calculation of the bond weights w;; for each ligand in HSP; (Hoppe et al. [10]):

6
wij =exp |1— R , (2)

where Kj is the weighted average bond distance calculated through an iteration process

converging after N steps:
YiRjjexp|l— <N1”R,)
N= j
R; = 3)

6
o1 ()|

The starting term Oﬁj (N =1) represents the shortest (i.e., the ‘strongest’) bond in
the jth HSP. The iteration procedure was devised by Nespolo et al. [12] to improve the
approximation of NR j in highly deformed polyhedra.
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The exponent 6 in the equations above is an empirical constant introduced by Hoppe [9]
to approximate the decrease rate of bond weights with increasing bond lengths. Whenever
explicit hydrogen bonds are present in the crystal structure (i.e., hydrogen atoms with
listed fractional coordinates and +1 charge), the exponent 6 in Equations (2) and (3) changes
to 1.6. This particular value was refined by Nespolo et al. [12] using a large number of
structures, and it was meant to prevent the rapid fall of hydrogen bond weights with
increasing bond distances.

The effective coordination number (ECoNYx) is calculated for each CP as the sum of all
bond weights:

ECoNx =)} w; )
] 1

ECoNx is a real number, smaller than or equal to CN. ECoNx becomes identical to
CN only in the case of regular polyhedra, where all R;; and w;; values are identical.

The charge of a central atom X, i.e., the formal oxidation number gy, is distributed to
all the ligands in proportion to the fractional bond weight w;;/ ECoNx. The partial charge
Agxij—a (corresponding to Pauling’s bond strength) received by a ligand A from the central
atom X, is given by:

Advii Wij ] m mx
Xij—A = 4X ECoNy mi4

The ratio of multiplicities myx /m 4 ensures that ligands of a certain crystallographic
type are counted in the necessary amount and that they receive the right fraction of charge.
The total charge Q4 of the Ath ligand is obtained through summation of partial charges
received by A in every CP it belongs to:

®)

— Y Dqxijsa (6)
X

and should be as close as possible to the formal charge of the Ath ligand, namely, 7 4.
The total charge Qx received back by the Xth central atom from its ligands is:

Qx = ZZAQU ZZA‘]XU%A 14 24 (7)

Qa mx

Thus, any g4 /Q 4 imbalances occurring in the coordination environment of the central
atom will influence the value of Qx which should be as close as possible to the formal
oxidation number gy.

In the case of homoligand structures, the calculation stops here. For heteroligand
structures, further steps are taken by correcting the partial computed charges AQ;; received
by the central atom X, with the gx / Qx ratio and by summing the new values for each HSP;:

ZAQU ax Mx ®)

Qx ma

Also, for each HSP;, the partial charges are summed up:
Agj =Y Aqxij»a ©)
i

The ratio AQ;/Ag; is then used to do the calculation once more, with a new set
of Agxija:
AQjn_
NAGxijsn = T{N "Aqgxij—a (10)
qj
Alternatively, AQ; can be summed up from the AQ;;. x calculated for the ligands of the

X atom when observed in their ligand-centered environment. Thus, AQ; will correspond to
the AQ(ij — r) = —AQ(i — rs) swap in the iteration procedure described by Nespolo [15]
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and used by the program CHARDI2015. Both iteration methods are included in the ECoN21
program. The calculation can be repeated until convergence is reached for a given threshold
T, e.g., expressed as the maximum difference between successive AQ);:

NAQ —N7lAQ; <T (11)

The calculated charges for the central atom are collected from the last Qx sums and the
ligand charges from the last Q4 values. A graphic representation of the charge distribution
is shown in Figure 2.

Figure 2. The charge distribution around Pb37 in the structure of cannizzarite (Topa et al. [21]). The
formal charge of Pb37 (gx = 2) is distributed to the ligands in proportion to the fractional weight
of each bond (red arrows diverging from Pb37). The red figures are Aqx;j_, 4 values calculated with
Equation (5). The total charge Q4 (e.g., —2.204 for S544) received by each ligand, is the sum of Agx;j, 4
from all the surrounding central atoms (red arrows converging to each ligand). The total charge
Qx = 1.991 received back by Pb37 from its ligands (blue arrows converging to Pb37) is the sum
of AQ;; values calculated with Equation (7) (blue figures). Ideally, Qx and Q4 should match the
formal oxidation numbers gx and g4, respectively (e.g., +2 for Pb37 and —2 for S44, 545, S-Se41,
S-Se43). Figures in bold lettering are the computed charges—Qx and Q ,—with the formal oxidation
numbers—gyx and g, —in parentheses. M11, M13, M34, M36 symbols stand for mixed 0.5Pb—0.5Bi
positions (gx = 2.5). Double outlined circles represent pairs of crystallographically similar sulfur
atoms overlapping along the b axis. The shaded areas are projections of the two HSPs defined for the
Pb37 CP.

The overall deviations of Qx and Q4 from gx and g4 are checked through the cal-
culation of the mean absolute percentage deviation (MAPD) (Eon and Nespolo [13]). As
an example—for the entire set of NX central atoms in the asymmetric unit—MAPD is

calculated as:

100
MAPDQX (0/0) - W 2
X

gx — Qx

qax (12)
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2.2. The Bond Valence Sum Method

In the case of the BVS method, partial valences s;; (analogs of Pauling’s bond strength)
are assigned to each bond of a CP, in correlation with their bond length. The correlation
entails empirical exponential curves defined for specific cation-anion pairs and fitted from
a large number of structures. Of several equalities describing this correlation, ECON21 uses
Equation (13) (Brown and Altermatt [23]):

R,ii — R;;
Sij = exp <01]Bl]> (13)
ij

This equation was chosen mainly for the abundance of accumulated empirical pa-
rameters R,;; and B;; that have been established for nearly all possible cation-anion bonds
(Brown [24]) and which are available to ECoON21 via a dedicated file. The term R,;; repre-
sents the nominal length for a bond of unit valence, while Bjj denotes the ‘softness factor’,
which, in the early works of Brown and Altermatt [23] and subsequent collections of bond
valence parameters (e.g., Brese and O’Keeffe [8]) was considered constant, equal to 0.37 A.
In recent years, B;; for metal-oxygen bonds, has been subjected to ample refinements (e.g.,
Gagné and Hawthorne [25]) which established different values for this parameter. However,
for pairs of ions commonly occurring in sulfosalts, B;; values are still listed with the original
constant. The term R;; represents the ith bond length in HSP;. Due to its dependence on
empirical parameters, the treatment of s;; in mixed positions may be prone to systematic
errors (Bosi [26]). In this stage of development, the program approximates the s;; assuming
that mixed sites are occupied simultaneously by fractional endmembers. The bond valence
sum for an entire CP with central site occupancy SOF < 1 is:

BVSx = SOFY Y sj (14)
i

Ideally, the BV Sx calculated for a given CP should match the oxidation number gx of
the central atom. Based on this formal charge and using Equation (13), the expected bond
distances for each ligand in the CP can be calculated:

ERZ] = Roij —In (Sl’]’B‘q;);X > Bl] (15)

The correction factor qx /BVSx applies to all the bond lengths in a CP, and therefore
it expands or condenses the entire CP to match gx. The same type of equation as in (12) is
used to obtain the MAPD for the entire set of BV Sx.

The global instability index (Brown [27]) is used as a measure of the crystal structure
strain: in well-balanced and stable structures, the index is smaller than 0.1 v.u.; strained
structures yield an index between 0.1 and 0.2 v.u., whereas well-determined structures
with the global instability index greater than 0.2 v.u. are considered to be rare. For the set
of NZ atoms (cations and anions) in the formula unit, it is calculated as:

1
Gll =, /57 ;(BVSZ —qz) (16)

The relative charge error is obtained with:

TX -TA

EV(%) =1
(%) oo‘ %

, (17)

where TX is the total charge of the cations and TA, the total charge of the anions, calculated
from the structure-derived formula.
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2.3. Coordination Geometry

The CD and BVS calculations are significant only in the context of distorted coor-
dination polyhedra. For this reason, a part of the ECoN21 program is dedicated to the
actual geometry of the CP. As shown by Makovicky and Bali¢-Zuni¢ [28], two types of
distortion may be considered: (1) an internal distortion given by the displacement of the
central atom and by the irregularity of the bond lengths and angles and (2) an external
(‘'volume’) distortion determined by the departure of the ligands from the ideal surface of a
least-squares fitted (LSF) or ‘circumscribed” sphere which approximates their distribution.
Both types may be analyzed using quantities related to the ‘centroid’ of the CP (Makovicky
and Bali¢-Zuni¢ [29], Bali¢—Zuni¢, and Vickovi¢ [30]), that is, to the point against which the
variance of squared distances to the ligands is minimum:

2
RC?
ARC = ;(mﬁ - Z(’;NX"> (18)

where RCy, represents the kth centroid-ligand distance. The following values are calculated
by ECoN21 using the definitions and the procedures published by Makovicky and Bali¢-
Zuni¢ [28,29] and included in the MS-DOS program IVTON (Balié—Zunié and Vickovié [30]):

o the coordinates x,, Yo, Zo of the centroid—obtained by expressing Equation (18) in terms
of orthogonal coordinates and by solving the linear system formed by the partial
derivatives for x,, 1o, and z, which are set equal to zero;

o the components I, ], and K of the vector between the centroid and the central atom—indicating
the direction opposite to the lone electron pair of the central atom;
the displacement A of the central atom from the centroid;
the radius s of the LSF sphere—represented by the average distance between the centroid
and the ligands;

e the volume V; of the LSF sphere;

The definitions of quantities in Equations (19)—(22) were explained in Topa et al. [31].

o the linear eccentricity of the central atom:

A
LEcc = —; (19)
Ts
o the ‘volume-based’ eccentricity of the central atom, obtained by comparing the volume of
the LSF sphere with the volume of the sphere of radius (s — A):

VEcc=1- [(1—2)}3; (20)

o the linear sphericity of the ligand distribution:

LSph=1- 2%, 21)
s
where o5 is the standard deviation of the centroid-ligand distances;
o the ‘volume-based’ sphericity of the ligand distribution:

VSph=1-— %; (22)
Ts
e thevolume V; of the CP obtained by dividing the CP into tetrahedra delimited by triplets
of adjacent vertices and the central atom, and by summation of their volumes;
o the approximation of the ideal polyhedron of maximum volume inscribed in the LSF sphere—
established as a function of CNx and number of CP faces;
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o thevolume V; of the ideal polyhedron inscribable in the LSF sphere and which has the maximum
possible volume for that sphere;
e the volume distortion of the CP:

v=1--%; (23)

In addition to the parameters derived from the centroid, the following indicators of
polyhedral distortion are calculated:

e the deviation of ECoNx from CNRy :

ECONX
CNRy’

EDEVx =1— (24)
where CNRy is the number of ligands with bond weights exceeding 0.001 (thus,
EDEVx does not depend on a CNy resulting from an arbitrary setting of the

coordination radius);
e thedistortion index AR(Ba) of a CP (Baur [32]):

AR(Ba) = ZZ ‘R” X‘ (25)

where Ry is the average bond length to all the CNx ligands in the CP;
o the bond valence-based distortion index AR(Br) (Brown [27]):

AR(Br) = CNX221 <5”> 20

where 5y is the average bond valence over all ligands. In this equation, AR(Br) is
independent of the empirical parameter R,;;. As long as the B;; parameter is constant
(= B) for all R;j bonds, AR(Br) can be used to calculate the polyhedral distortion also
for heteroligand environments.

For each CP in the structure, the program calculates bond and dihedral angles and
interligand distances, as well as distances to the surrounding central atoms within a 5A
threshold.

3. The ECoN21 Program
3.1. General Features

The name of the program derives from Effective Coordination Number which is a
central concept in CD analysis. The term was coined by Rudolf Hoppe in 1979, with a view
to a better characterization of distorted coordination polyhedra which are set apart by the
anisotropic distribution of bond strengths.

ECoNZ21 is a standalone program requiring no installation or additional dynamic
libraries. It was written in Delphi and developed in Embarcadero RAD Studio 10.4 CE,
both as Windows 32 and 64-bit applications. The program was tested with 32 and 64-bit
Windows 7 and later versions, and it is available for download at: https://unibuc.ro/
user/gheorghe.ilinca/?profiletab=documents (accessed 15 July 2022) or by e-mail from
gheorghe.ilinca@g.unibuc.ro or g.g.ilinca@gmail.com.

ECoN21 has a rather self-explanatory user interface (Figure 3). The user must open a
CIF file, check whether the file was read correctly, run the calculation, and get the results,
both on-screen and in an output file.

Before running the calculation, the user can adjust the coordination radius thresholds
for searching ligands around a central atom. This can be achieved using either of the
following methods: (1) a unique threshold applied to the entire crystal structure, (2) separate
thresholds for each type of chemical bond, or (3) custom coordination radii for each CP. The
automatic limitation of coordination thresholds based on non-zero bond weights and/or the
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“tECON21 v.17

open... D:Wineral ECoN\Cannizzarite 7H-12Q-ord.df
Save as...
Quit 1
About...
a b
Plam1 38.86 1.050

Atoms
No. Label Site population Ouidation nr.

2.000
18 | pls 1.000. b 2.000
19 | mls 1.000. 5 2.000
20 |Bil 1.000.B1 5.000
2 B2 1.000.B1 s.000
22 | Bis 1.000.B1 5.000
25 | B 1.000.31 5.000
2 | Bis 1.000.31 5.000
25 | Bis 1.000.B1 s.000
26 |17 1.000.B1 5.000
21 | Bis 1.000.51 5.000
25 | Bis 1.000.51 5.000
29 | Bilo 1.000.51 5.000
30 | Bill 1.000.51 5.000
31| B2 1.000.51 5.000
32 | Bils 1.000.51 5.000
33 | Bil 1.000.51 5.000
34| Bils 1.000.51 5.000
35 | Bils 1.000.51 5.000
36 | Bl 1.000.51 5.000
37 | Bils 1.000.51 5.000
35 | Bils 1.000.51 5.000
39 | Bizo 1.000.51 5.000
a0 | izl 1.000.51 5.000
41 | MiMla | 0.500.FD:0.500.B1 2.500
42 |mw2a | 0.500.FD:0.500.B1 2.500
43 w32 | 0.500.FD:0.500.B1 2.500
44 | mia | 0.500.FD:0.500.B1 2.500
45 | ¥5-5a | 0.500.FD:0.500.B1 2.500
46 | Mo-Mea | 0.500.FD:0.500.B1 2.500
47 | mWma | 0.500.F0:0.500.B1 2.500
45 | Ms-sa | 0.500.FD:0.500.B1 2.500
49 | M55a | 0.500.FD:0.500.B1 2.500
50 | ML0-Ml0a | 0.500.FD:0.500.B1 2.500
51 | Mll¥ila | 0.500.Fb:0.500.B1 2.500

|

Mul

39.83

ltiplicity

distance to the closest central atom is also possible. The latter option prevents neighboring
central atoms from being included in the coordination sphere established through global or
bond type-specific thresholds.

- o
Calculation settings... | Calculate | >> Anion-centered  Coordination geometry Go to section: | I. POLYHEDRA, SUBPOLYHEDRA - HSPj, DISTANCES - Rij, BOND WEIGHTS - wij, ECoN v
y 7 1. POLYHEDRA, SUBPOLYHEDRA - HSPj, DISTANCES - Rij, BOND WEIGHTS - wij, ECON
Detailed results 1L DISTRIBUTION OF CATION CHARGES - Aqij, CHARGES RECEIVED BY ANIONS - QA
Show zero-weight bonds 111 DISTRIBUTION OF ANION CHARGES - AQij, CHARGES RECEIVED BY CATIONS - QX
Autosave results [] E ¢ IVa. DISTRIBUTION OF BOND VALENCES - sij, BOND VALENCE SUMS - BYS AROUND CATIONS
3 / 4 s-zngzamjfu computing charge distribut IVh. DISTRIBUTION OF BOND YALENCES - sij, BOND YALENCE SUMS - BYS AROUND ANIONS
V. SYNOPSIS
by . Ilinca
alpha beta gamma
Department of Mineralogy, Umiversity of Bucharest
50 102.30 50
version 1 release 7, November 2021 A
(*) - symmetry generated atoms
x v z Occupancy | A , , , ,
Input file: Cannizzarite 7H-120-ord.cif
0.2500
0.1720 0.7500 0.7328 | 1.000 a: 28.8600 b: 4.0500 <c: 35.8300 alpha: 90.0000 beta: 102.3000 gamma: 90.0000
0.0261 0.7500 0.5893 | 1.000
0.1050 0.7500 0.3093 1.000 Spaeeigroup: PE1 21/mesL
81037, g-2500 0:3070; | E1-000 Structure-derived formula: Pb50.000 Bi54.000 §124.780 Se7.220
0.2681 0.7500 0.4830 | 1.000 Overall charge balance: 262.000:-264.000  Relative charge error: 0.763%
0.3508 0.2500 0.6447 | 1.000
0.5 750 951903 | 219000 CD-derived formula: Pb51.082 Bi53.940 S123.820 8e7.176
Bvs-derived formula: Pb50.966 Bi52.004 S121.929 Se7.044
0.3134 0.2500 0.105 | 1.000
03158 0.7500 0.0172 | 1.000 Tterations: 2 (ECoN21 meshod)
0.1474 0.2500 0.9348 | 1.000
et P et || Tafoon Global coordination radius threshold: 4.000 &
0.0304 0.2500 0.0567 | 1.000 : : .
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Figure 3. The interface of the ECoN21 program: (I) input panel; (II) results panel; (1) space group
and unit—cell parameters panels; (2) atoms table; (3) visualization and save options; (4) switch to
anion-centered view; (5) button for visualization of coordination geometry; (6) navigation aid for
long outputs.

The program runs the BVS calculation automatically by collecting the R,;; and B;; pa-
rameters from a dedicated file which is a slightly modified version of the buparm2020.CIF file
(Brown [24]) issued by IUCr. The file containing the R,ij and Bj; can be edited and updated.

The only type of input accepted by ECoN21 is a CIF file with the following mandatory content:

unit cell parameters
symmetry operators
atom labels

atom symbols
oxidation numbers
fractional coordinates
occupancies

Several CIF formats have been tested so far, including ICSD, AMCSD, COD, and
Jana2006 (Petticek et al. [33]). Depending on the source, it may sometimes be necessary to
add the atom symbols, oxidation numbers, occupancies, etc., by hand. Details on how and
where to add these values as well as on the necessary content and syntax of the CIF file are
given in the comprehensive manual accompanying the program.

Fragments of the Delphi source code and a presentation of the code units used to build
ECoN21 are included in Supplementary Materials 513.
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3.2. Interpreting the Results

The estimation of the overall correctness of the crystal structure model and the inter-
pretation of the oxidation numbers assigned to monoelemental or (heterovalent) mixed
sites are made in very simple terms and should rely on the following criteria:

o the Qx, Qa, and BV Sx values should be close to their corresponding formal oxidation
numbers gx or 44, respectively. Consequently, the departure from 1.0 of the gx/Qx
and g4/Q 4 ratios may also be used to assess the matching between the formal and
calculated charges. In the cation-centered description, the gx/Qx ratio gives a measure
of the overall geometric correctness of the structure (atom coordinates, distances),
whereas §4/Q 4 points to the over- or underbonding effects induced by inadequate cal-
culated charges of the central atoms (e.g., Nespolo et al. [11,12]), making it suitable for
measuring the effects of compositional changes in central heterovalent mixed positions.
In the anion-centered description, the significance of the two ratios is reversed.

e the mean absolute percentage deviation MAPD (Eon and Nespolo [13]) of Qx, Qa,
or BVSx from the nominal oxidation numbers (gx or g,4) for the entire structure or
selected clusters of atoms. These values should be as close as possible to 0%. It may
be roughly estimated that global M APDs calculated for the central atoms and larger
than 10% point out negative issues in the refinement of the crystal structure. Elevated
MAPD:s for global or local ligands should draw attention to potentially misassigned
oxidation numbers of the central atoms.

More advanced interpretations may result from the use of collateral parameters calcu-
lated by the program, such as ECoNx or EDEVY, and by analyzing their relationship with
various parameters describing the distortion of coordination polyhedra (see Section 2.3 and
the case study Section 4.4 in this paper).

4. Case Studies

The case studies presented in this section are examples of basic ECoN21 usage and
interpretation with no in-depth analysis made. The output listings produced by ECoN21
for these examples are available as Supplementary Materials.

4.1. Rathite (Phase ‘rath7’)—Example of Site Population ‘Bracketing’

The crystal structure of phase ‘rath7’: Agg9Tly 16Pb7.79(AS19.085b0.96)20.04540.11, P21/c,
1 8.484,b7.961 ¢ 25.031A, B 100.66" (Topa and Kolitsch [34]) contains two mixed positions
with Pb and T1, namely, Pb1-T11 and Pb2-T12 (M1 and M2 hereafter) (Figure 4).

Both positions are coordinated by nine sulfur atoms in the form of tricapped trigonal
prisms. Since Pb and Tl are indistinguishable in X-ray diffraction, the authors made no
attempts to establish the site populations for these sites during the structure refinement.
Based on the comparison of bond distances around M1 and M2 in samples that were
isostructural with ‘rath?7’, but with lower Tl content, Topa and Kolitsch [34] established
a positive correlation between the Tl concentration and the increase of bond distances
for the two positions.The shortest bond distances in M1 and M2 were better separated
in Tl-rich rathite structures than in the Tl-poor ones, with the minimum distance in M1
exceeding the one in M2 by 0.05A. Based on these observations, the authors assumed that
M1 incorporated more Tl than M2.

From a CD and BVS point of view, due to the heterovalent character of the Pb2t—T11+
substitution, one might expect a better or worse response of the calculation to different
partitions of Pb and T1 assigned to M1 and M2 positions. A set of 12 virtual mixtures of
Pb and Tl in M1 and M2 were introduced in separate input CIF files and computed with
ECoN21 (Supplementary Materials S1). The ‘mix1” and ‘mix12" represent the extremes
of the variable Pb-T1 proportions (i.e., the ‘bracketing’ limits). In ‘'mix1’, the M1 position
is occupied solely by Pb whereas M2 is occupied by the maximum amount of Tl per
asymmetric unit (0.54), plus Pb to achieve complete occupancy. The rest of Pb goes to the
split position As-Pb6. At the other end, Pb occupies the M2 position entirely while M1 is
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set to contain the maximum available Tl and complementary Pb. The intermediate mixtures
have decreasing contents of Pb in M1 and increasing Pb in M2, in steps of 0.05 atomic units.
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Figure 4. The crystal structure of phase ‘rath7’ (Topa and Kolitsch [34]) with labeled metal positions.
White circles represent sulfur atoms.

The calculation for all these mixtures was made in the cation-centered description
and concerned both the global and local MAPDs for the computed charges of M1 and M2
ligands which are supposed to react to charge variations in the metal positions (Table 1).

The first set of MAPDs, calculated only for the ligands of M1, shows a general decrease
in the deviations from Tl-poor to Tl-rich mixtures, with a minimum corresponding to
mixture 9. A second set concerning the sulfur atoms of the M2 has similar behavior, with
better values towards the Tl-rich mixtures. The combined effect of the two trends can be
seen in the distribution of the M APDs for the entire set of ligands (S1-S8) around M1 and
M2, which shows a minimum corresponding to ‘mix9”: Pb1:0.6, T11:0.4 in M1, Pb2:0.86 and
T12:0.14 in M2 (Figure 5a). A similar trend is shown by the global (51-510) MAPD for Q4.

MAPD-Q,-5(M1-M2)% MAPD-BVS(M1-M2)%
6.35 20
6.30 18
6.25 16
6.20 14
6.15 12
6.10 10
6.05 8
6.00 6
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
(a) (b)

Figure 5. The variation of CD- and BVS-MAPD (%) for various site populations in M1 and M2 sites
in the crystal structure of ‘rath?7’ (Topa and Kolitsch [34]): (a) Q4 for ligands of M1 and M2 (S1-S8) in
the cation-centered description; (b) BV'S for M1 and M2 combined (see text and Table 1 for details).
The numbers from 1 to 12 represent mixtures with different Pb—T1 ratios (Table 1).
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Table 1. Total Q4 charges received by the sulfur atoms and MAPD s for various virtual mixtures of
Pb and TI, in the Pb1-T11 (M1) and Pb2-TI12 (M2) positions of the ‘rath7’ crystal structure (Topa and
Kolitsch [34]). Lower MAPD values reflect a closer match between the formal and calculated charges.

Mixtures

1 2 3 4 5 6 7 8 9 10 11 12

Pbl

M1 TI1
charge

1.00 0.95 0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55 0.50 0.46
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.54
2.00 1.95 1.90 1.85 1.80 1.75 1.70 1.65 1.60 1.55 1.50 1.46

Pb2

M2 TI2
charge

0.46 0.51 0.56 0.61 0.66 0.71 0.76 0.81 0.86 091 0.96 1.00
0.54 0.49 0.44 0.39 0.34 0.29 0.24 0.19 0.14 0.09 0.04 0.00
1.46 1.51 1.56 1.61 1.66 1.71 1.76 1.81 1.86 1.91 1.96 2.00

Qa

S1
52
S3
54
S5
S6
57
S8

-198 -198 —-198 —-198 -198 -198 —-198 —-198 —-198 —-198 —-199 —-1.99
—2.04 -204 -203 -203 -203 -203 -—-202 -—-202 -202 -202 -201 -2.01
-2.08 -207 -206 -205 -204 -203 -202 -201 -200 -199 -198 -197
-201 -202 -203 -204 -205 -206 -—-207 -208 -209 -210 -211 -—-212
—233 -233 —-234 -234 -234 -234 -234 -235 -235 -235 -235 -235
-199 -200 -200 -200 -200 -200 -200 -201 -201 -201 -201 -201
-214 -214 -214 -213 -213 -212 -212 -211 -211 210 -210 —210
-161 —-161 -161 -162 —-162 -162 -—-162 -162 -163 —-163 —-1.63 —1.63

CD-MAPD (%)

QasM1) !
QaS (M2) 2
QxS M1-M2) 3

5.15 5.01 4.87 4.73 4.60 4.49 4.38 4.26 4.15 4.20 426 4.30
6.61 6.66 6.71 6.76 6.83 6.91 6.98 7.06 7.14 722 7.30 7.36
6.35 6.30 6.25 6.20 6.16 6.13 6.09 6.06 6.04 6.11 6.22 6.29

Qx
cct o

2.94 2.96 2.99 3.01 3.04 3.06 3.08 3.10 3.12 3.14 3.16 3.18
6.67 6.63 6.59 6.55 6.51 6.49 6.46 6.44 6.41 6.49 6.56 6.62

BVS—MAPD (%)

M1
M2
M1-M2

2385 2190 1979 1757 1522 1274 10.18  7.39 4.44 1.29 2.07 4.86
1521 1132 7.69 4.29 1.08 1.93 4.77 7.40 995 1236 1464 1640
19.53 16.61 13.74 1093  8.15 7.34 7.47 7.40 7.19 6.82 835 10.63

1 MAPD:s for ligands of M1; 2 MAPD:s for ligands of M2; > MAPD:s for ligands of M1 and M2 positions combined;
4 Global MAPDs in the cation-centered description.

The same type of calculation was carried out for BVS. Various proportions of Tl and
Pb in M1 and M2 produced different BVS values, more or less close to the formal oxidation
numbers. For M1, the lowest MAPD for BVS occurs at ‘mix10” (Pb1:0.55, T11:0.45, Pb2:0.91,
T12:0.09), whereas for M2, at ‘mix5” (Pb1:0.75, T11:0.25, Pb2:0.71,T12:0.29). The combined
MAPD for BVS from the two positions taken together shows an interval of low values
between ‘mix6” and ‘mix10” (Figure 5b).

By carrying out CD and BVS calculations with multiple inputs and by comparing the
resulting MAPDs, the most likely compositional configurations of the M1 and M2 sites
could be identified. In general, these configurations of ‘optimal” mixtures sustain the idea
of Topa and Kolitsch on a higher Tl content in M1.

4.2. Mutnovskite—From Homoligand and Heteroligand Perspective

Heteroligand structures in the cation-centered description are rare in the sulfosalt
group. Selenium, oxygen, chlorine, iodine, and bromine are among the anions which may
add to sulfur in the coordination polyhedra. Usually, the participation of such special
anions is low and one might consider that by treating the structure as homoligand, the CD
analysis would produce acceptable results. However, this is not always the case.

The crystal structure of mutnovskite (Zelenski et al. [35]): Pb,(As,Bi)(S,Se)s(1,CLBr),
Prma, with a 11.543, b 6.6764, ¢ 9.359 A, contains two heteroligand tricapped trigonal prisms
formed by (S,Se) and (I,CLBr) around two Pb positions (Figure 6). The trigonal prism of
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Pb2 is incomplete (CN = 8) with the missing vertex occupied by an (As,Bi) position located
at a rather unusually short distance from Pb2 (3.35 A). The mixed halogen ligands of Pb1
form a trigonal planar HSP, whereas two such ligands form a dumbbell HSP around Pb2
(Figure 6). The (As,Bi) atom is coordinated by three (S,Se) ligands and occupies the apex of
a trigonal pyramid. The coordination radius limits were set to 4.0 A for Pb and to 3.0 A for
As-Bi. If the coordination polyhedra of Pb1 and Pb2 are treated as homoligand then the
calculation of CD yields unacceptable results for Q 4 (Table 2).

Table 2. Bond distances (R;;), bond weights (w,-]-), ECoNy, calculated charges (Qx, Q4), and MAPD (%)
for mutnovskite (Zelenski et al. [35]) in cation-centered, homoligand, and heteroligand approaches.

Homoligand Heteroligand
Cations CN Ligands R;; wi;j Anions Qa QOx wjj Anions Qa Qx
Pbl 9 S-Se2 2.760 1.403 S-Sel -2.147 2.024 1.252 S-Sel -2.108 2.021
S-Sel 2.853 1.211 S-Se2 -2.016 1.054 S-Se2 -1.889
S-Sel 2.853 1.211 I-Cl-Br -0.691 1.054 I-Cl-Br -1.001

S-Se2 3.194 0.553 0.421
S-Sel 3.637 0.085 0.047
S-Sel 3.637 0.085 0.047
I-Cl-Br 3.534 0.323 1.220
I-Cl-Br 3.570 0.122 0.846
I-Cl-Br 3.570 0.122 0.846
ECoN;:  5.115 ECoN;:  6.785

Pb2 8 S5-Sel 2.907 1.402 2.121 1.371 1.968
S-Sel 2.907 1.402 1.371
S-Sel 3.269 0.712 0.680
S-Sel 3.269 0.712 0.680
S-Se2 3.447 0.431 0.405
S5-Se2 3.447 0.431 0.405
I-Cl-Br 3.047 1.128 1.226
I-Cl-Br 3.446 0.432 0.515
ECoNy:  6.648 ECoNy:  6.652

As-Bi 3 S5-Sel 2.241 1.004 2.855 1.004 3.011
S-Sel 2.241 1.004 1.004
S-Se2 2.246 0.992 0.992
ECoNjs: 3.000 ECoNjs: 3.000

MAPD 13.01 4.03 3.69 1.02

In the homoligand approach, for each Pb polyhedron, the bond weights are ranked
based on the shortest distance alone (2.760 and 2.907 A, respectively). The Pb-halogen
distances are comparatively longer and so, they rank among the weakest bonds in the
polyhedron and will result in a severely underestimated charge for (I,C1,Br): —0.691 vs.
—1.0. The deficit of charge for the halogen position will reflect in the overbonding of cations
in neighboring polyhedra, and the excessive Qx of Pb2 (2.121 vs. 2.0) is most likely a sign
of that.

If the CD analysis is carried out in the heteroligand approach, the bond weights are
ranked separately for (S,Se) and (I,Cl,Br), the latter being assigned considerably higher
bond weights. The ECoNy of Pbl1 is increased from 5.115 to 6.785, whereas for Pb2 there is
only a slight increase in this value. In the case of Pb2, a much shorter distance of 3.047 A
to (I,Cl,Br) with a bond weight of 1.128 in the homoligand ranking contributes to a higher
ECoNyx and a smaller difference from the heteroligand ECoNx. The results obtained for
the heteroligand description are better and fully acceptable (Supplementary Materials S2).
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Figure 6. The heteroligand tricapped trigonal prisms around Pb1 and Pb2 in the crystal structure of
mutnovskite (Zelenski et al. [35]). HL denotes the mixed halogen ligands with I-Cl-Br and S1, 52
represent mixed (S,Se). The As-Bi position is located in a “vacant’ vertex of the Pb2 tricapped prism.

4.3. Dalnegroite—The Propagation of Local CD Anomalies

Dalnegroite—Tl5_Pbyy(As,Sb)a1-S34 (Bindi et al. [18]) has a homoligand cation-centered
crystal structure for which the CD calculation should be straightforward. However, in this
description, the MAPDs are very high: 12.74% (Qx) and 24.03% (Q4) (Supplementary
Materials S3). The CD analysis reveals several underbonded cations of which two stand out:
Sb22 (Qx 1.48 vs. gx 3.00) and Sb24 (Qx 1.42 vs. gx 3.00). Such severely underbonded central
atoms suggest extreme internal distortions in host polyhedra and the existence of few effective
bonds. Indeed, in each Sb22 and Sb24 polyhedra, there is only one functional bond, all the
others delivering close to zero bond weights (Figure 7).

Therefore, the charge of Sb22 and Sb24 is distributed only to S72 and S78, respectively,
regardless of the chosen coordination threshold. The first effect is that these ligands receive
Q4 charges exceeding over twice their formal oxidation numbers. In opposition, the
Q4 charges for weakly or non-bonded ligands such as 570, 576, S126, and S13 will yield
lower than normal values. However, the inverse proportionality between Qx and Q4
(Equation (7)) contributes to a higher positive charge of neighboring central atoms sharing
weakly bonded ligands with Sb22 and Sb44, especially if such satellite central atoms have
short bonds to these ligands, i.e., with high Agx;;, 4. Some of the most severely overbonded
central positions in dalnegroite have ligands bearing zero-weight bonds to Sb22 and Sb24,
e.g., Sb17 (Qx 4.42 vs. qx 3.00), Sb19 (4.56 vs. 3.00) Sb21 (4.38 vs. 3.00), etc.

In contrast to the underbonding pointed out by the CD, the BV Sx values associated
with Sb22 and Sb24 are both very elevated (5.49 and 5.96 vs. 3.00). The reason behind
this apparent contradiction is that the shortest bonds in both polyhedra are assigned
abnormally high amounts of valence units (4.06 and 4.24) that account for 71% to 74% of
the total BV Sx and which already exceed the formal oxidation numbers. In summary, the
shortest distances in Sb22 and Sb24 CP appear to be simply too short.
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(b)

Figure 7. The charge distribution around Sb22 (a) and Sb24 (b) in the structure of dalnegroite (Bindi
etal. [18]). Red values represent fractions of central atom charge distributed to the ligands (Aqx;j4);
the blue values are the partial charges received by the central atoms (AQ;;). Shaded areas represent
projections of the coordination trigonal pyramids built on the shortest distances of Sb22 and Sb24.
An increase of the coordination radius threshold would have resulted in adding only zero—weight
bonds to these polyhedra. The numbers near the atoms are the computed charges Qx and Q4 to be
compared with the formal oxidation numbers: +3 for As,Sb, +1 for Tl, and —2 for S.

Such extreme distortions do not occur in the anion-centered description and the results
of the CD calculation are significantly better: 6.73% for Q 4 and 10.57% for Qx. However,
the MAPD for cations remains high and requires attention. The observations on Sb22 and
Sb24 are just examples of what can be inferred from the CD and BVS analysis. A complete
examination should be extended to all the positions with deviating CD or BVS values.

4.4. ECoN and the Polyhedral Distortion

The very existence of an ECoNyx smaller than CNx denotes a certain degree of poly-
hedpral distortion. A possible measure of this distortion—which exploits the actual results
of the CD calculation—is the deviation EDEVx of ECoNx from CNRx (Equation (24)) which
reflects the scatter and range of distances between the central atom and its ligands (internal
distortion) rather than the irregularity of the ligand distribution with respect to the best
approximant sphere (external distortion). Hence, there should be a direct correlation between
EDEVy and those geometric quantities which express the bond length variability. Several
examples of As—, Sb— or Bi-sulfosalts with a large number of CP were used for compar-
ing EDEVx to such quantities: incomsartorite—T14Pb144Asp46S516, P21/, a 45.9944, b 7.8793,
c58.6716 A, B90.153° (Topa et al. [17]), argentoliveingite—Ags3,Pbag 2« As51:x5112 (0 < x < 0.5),
P1, a 7905 b 8469, c 13796 A, a 89592, B 88969, y 89.893° (Topa et al. [16]),
andorite VI—PbAgSbsS, Pra24,a 12.949, b 25.550, ¢ 19.225 A (Topa, personal communication),
Pb—chabournéite—AgOM"ﬂZ15Pb0,645b5,12As5,05817‘37_, PT, a8.5197, b 42461, ¢ 16.293 A, « 83.351,
B90.958, -y 84.275° (Biagioni et al. [7]), synthetic cannizzarite—Pba¢BisaS127, P21/m, 2 189.8, b 4.09,
c74.06 A, B 11.93° (Matzat [36]), Sb-rich gustavite—AgPb(BiySb)3Sg, P2;/c, a 7.0455, b 19.5294,
c83412 A, B 107.446° (Pazout and Dusek [37]), isotypic with later accredited terrywallaceite, but
with different Sb-Bi site populations, terrywallaceite—AgPb(Sb,Bi)3S4, P21/c, a 6.9764, b 19.351,
¢ 8.3870 A, B107.519° (Yang et al. [3801), and Sb-rich Vikingite—Ag2.35Pb12.35 (Bi9‘525b1‘27)2210_80530 ,
C2/m, 0 13.5394, b 4.0992, ¢ 25.506 A, B 95.597° (Pazout and Dusek [39]). Calculation data for
these phases are given in Supplementary Materials 54 to S11.

Incomsartorite is an 11-fold approximant superstructure of the subcell of N = 3 sartorite
homologues. It contains 33 tricapped trigonal coordination prisms fully occupied by
Pb(TI), 19 mixed Pb—As positions, and 47 As atoms (Topa, personal communication) with
CD-based coordination numbers from 3 to 5. Positive correlations are obvious between
EDEVx and the standard deviation of distances from the central atom to the ligands, the
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displacement of the central atom from the centroid, the ‘volume-based” eccentricity of
the LSF sphere, and the Baur and Brown distortion indexes. Two examples are shown
in Figure 8. No correlation exists between EDEVy and external deformation parameters
such as the standard deviation of distances from the centroid to ligands, the sphericity, or
the polyhedral volume distortion (v). The correlations with internal distortion parameters
differ with the type of central atom.
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Figure 8. Correlations between EDEVy and internal distortion parameters of incomsartorite (Topa
et al. [17]; structure data by courtesy of Dan Topa): (a) standard deviation of distances—AVsd,
(b) displacement of the central atom from the centroid—A. Blue circles represent Pb, yellow circles are
mixed As-Pb positions, and green diamonds are pure As sites. Roman numerals denote coordination
numbers of As.

For Pb and mixed As-Pb, these correlations are approximately linear and well ex-
pressed. Instead, for pure As positions, EDEVx modifies only slightly for a given coordina-
tion number (i.e., 3, 4, or 5: average EDEVy: 0.006, 0.236, and 0.381, respectively). Similar
behavior of As polyhedra is found in other As-bearing sulfosalts: e.g., argentoliveingite
(average EDEVx: 0.010, 0.257, 0.311), Pb-rich chabournéite (average EDEVy: 0.009, 0.254,
0.397), etc. (Figure 9). This peculiar feature of As is caused by its three persistently short
distances which account for over 99% of the ECoNx. While the rest of the weaker bonds—
with w;; above 0.001—add to CNRy, they do not add significantly to ECoNx and hence
EDEVYx tends to be quasi-constant for a given CNRy.
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Figure 9. Correlations between EDEVy and Baur distortion index—AR(Ba) for (a) Pb-chabournéite
(Biagioni et al. [7]) and (b) argentoliveingite (Topa et al. [16]). Blue circles denote Pb, red circles
represent Tl (a) or Ag (b); light—green circles in (a) are Sb positions, dark—green diamonds are mixed
As-Sb positions, yellow circles are mixed Pb—As sites and light green diamonds are pure As positions.
Roman numerals denote the coordination of As.

Andorite VI (‘senandorite’) was chosen to illustrate EDEVx correlations in Sb—sulfosalts.
Its crystal structure (Topa, personal communication) belongs to the lillianite homologous
series and represents a six-fold superstructure of the 4 A andorite subcell described by
Kawada and Hellner [40]. Antimony forms coordination octahedra with three short and
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three long distances and with centroids placed in the lone electron pair volume of the
polyhedra, at distances between 0.193-0.903 A from the central atoms. The correlation of
EDEVx with the ‘volume-based’ eccentricity is shown in Figure 10a. The proportionality
between EDEVy and other internal distortion parameters of Sb polyhedra is much more
obvious than in the case of As. Due to a decreasing growth rate of EDEVy with increasing
“volume-based” eccentricity, the reciprocity in Figure 10a is not entirely linear. Such
correlations show that EDEVyx may be efficiently employed for assessing the internal
deformation of CP even if used as an independent parameter (Figure 10b).
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035 0.35
) L]
030 030
IS
0.25 ® 025
020 020 B 0.60Bi-0.40Sb
) O
0.15 ) & 015 ° =>0.74B1-0.265b
() i
0.10 010 ‘ ~0.82Bi-0.285b
0.05 ° o 0.05
0.00 VEce 0.00 *
000 010 020 030 040 050 060 070 Pb Ag Bi Bi-Sb
(a) (b)

Figure 10. (a): Correlation between EDEVy and ‘volume-based’ eccentricity—V Ecc in andorite
VI (‘senandorite’) (Topa, personal communication); (b) EDEVx values for Pb, Ag, Bi, and Bi-Sb
polyhedra in Sb-rich gustavite (PaZout and Dusek [37]) (circles), terrywallaceite (Yang et al. [38])
(squares), and Sb-rich vikingite (PaZout and Dusek [39]) (diamonds). The polyhedra with mixed
central positions, display progressively higher EDEV with higher Sb content. Blue points represent
Pb, red points—Ag, light—green points—Bi or Sb, and dark—green points—mixed Bi-Sb.

Bi-sulfosalts have lower distortions in semimetal polyhedra and therefore, the reci-
procity between EDEVx and other quantities expressing the internal distortion develop at
much lower values (Figure 11). Synthetic cannizzarite (Matzat [36]) shows a narrow range
of EDEVx which barely reaches values of 0.3. The two branches visible in the distribution
of Bi in Figure 11a correspond to the H (PbS) and Q (SnS) layers in the crystal structure. A
separation also exists between the Pb polyhedra: the ones in the Q layers (mostly mono-or
bicapped trigonal prisms) show higher distortion than those in the H layers (octahedra),
with the latter narrowly exceeding values of 0.05 EDEV.
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(0} [¢o) @ [0}
(o) (0]
0.25 0.25
(0] (@]
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Figure 11. Correlations between EDEVy and (a) the Baur distortion index—AR(Ba), and (b) the
displacement of the centroid—A, for synthetic cannizzarite (Matzat [36]). Blue points denote Pb and
the green ones, Bi. Darker hues correspond to atom positions in the H layers of the crystal structure.

A synoptic view of EDEVy ranges and average values for a selection of CP in over
170 sulfosalt crystal structures is shown in Figure 12. The list of crystal structures used for
this figure is included in Supplementary Materials S12.
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Figure 12. Ranges and average values of EDEVx for a selection of CP in over 170 sulfosalt crystal
structures. Roman numerals denote the CN determined by non-zero bond weights of the central
atoms indicated at the top of the grey rectangles. Binary mixed central positions for which sufficient
data were available are also given. Colored clusters denote ‘significant’ groups accounting for at least
80% of the entire sets of values (applies to polyhedra with sufficient data). Grey circles are singular
or less frequent values and describe the overall limits for each type of central atom and CN. White
circles are average values.

As a tendency, except for Ag, metals such as Pb, Cu, and Tl have low EDEVYx values,
rarely and slightly over 0.3. Among semimetals, the six-fold coordinated Bi and the three-
fold coordinated As polyhedra are the least distorted. The value of EDEVx for semimetals
in octahedral coordination increase from Bi to Sb and As. For similar coordinations, As is
more distorted than Sb. EDEVy also increases with the coordination number of the same
semimetal species. Polyhedra of As show the same tight clustering around quasi-constant
EDEVy, with significant values spanning slightly over a range of 0.1. The average EDEVy
for various CNs are: 0.009 (III), 0.255 (IV), 0.387 (V), and 0.406 (VI). Mixed Pb—Sb and Pb-As
display lower EDEVy values for higher CNs. Since both As and Sb tend to form CP with
low CN, it is reasonable to assume that higher CNs are dominated by Pb which natively
forms less distorted polyhedra.

5. Conclusions

The CD and BVS methods are appropriate and sensitive aids in analyzing the quality of
the crystal structure determination and in interpreting the isomorphism of mixed positions.
In the majority, mineral sulfosalts are characterized by a substantial presence of distorted
CP which makes this group of minerals suitable for the CD and BVS methods.

Contrary to the BVS method, which uses empirical exponential curves uniquely
defined for specific pairs of cations and anions, to describe the variation of bond strengths
vs. bond lengths, the CD method involves exponential decrease laws which depend on
the distribution of bond lengths in each CP. The ECoN21 program presented in this paper
wraps calculations for the two methods as well as for an extensive set of geometric and
distortion parameters of the CP, most of which are derived from the concept of the centroid
(Makovicky and Bali¢—Zuni¢ [28,29]).
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Since there is no unique way to define the coordination radius, the program gives a
wide choice of options to adjust this parameter: (a) global coordination radius threshold;
(b) chemical bond-specific thresholds; (c) custom, polyhedron-specific thresholds. The
coordination radius can be automatically limited by the distance to the nearest central atom
or can be set to include only non-zero bond weights.

The interpretation of the CD and BVS results is made in very simple terms: i.e., how
much the computed charges of the central atoms (Qx) and their ligands (Q 4) deviate from
the formal oxidation numbers—gx and g4—of these atoms. Such deviations—measured
for the central atoms—may point out problematic features of the crystal structure deter-
mination, whereas the departure of ligand computed charges from their formal oxidation
number reflect the induced over- or underbonding effects (Nespolo et al. [11,12]). A similar
match should be obtained between the BV Sx and the formal oxidation number of the
central atom. The CD and valence state of local or global clusters of polyhedra may be
evaluated using the MAPD for the computed charges (Qx, Q4) and BV Sx.

The deviation of ECoNx from the CD-based coordination number CNRx may be used
as an independent measure of the internal polyhedral distortion and, to a certain extent,
for distinguishing among various chemical types of atoms in the structure.

The CD and BVS methods described in the paper bring out global and local features of
the crystal structure which would otherwise be difficult to observe. The ECoN21 program
greatly simplifies the approach to these two methods.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10

.3390/min12080924/s1, ECoN21 output files for case studies treated in the text: S1-Rath7-mixtures-
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cation-centered-detailed-output.txt, S3d-dalnegroite-anion-centered-detailed-output.txt, S4a-incomsartorite-
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coordination-geometry-summary-output.txt, S7-cannizzarite-coordination-geometry-summary-output.txt,
S8a-Sb-rich gustavite-coordination-geometry-summary-output.txt, S8b-Sb-rich gustavite-coordination-
geometry-detailed-output.txt, S9-senandorite-coordination-geometry-summary-output.txt, S10-
terrywallaceite-cation-centered-detailed-output.txt, S11-Sb-rich vikingite-cation-centered-detailed-
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