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1 Introduction

ECoN21 is a computer program used for the calculation of charge distribution (CD) and concurrently, bond
valence sums (BVS) in crystal structures. The program calculates also a wide range of parameters related to
the geometry of coordination polyhedra. The input used by ECoN21 is a CIF file containing the crystal
structure data.

This is the eighth release of the first version of ECoN21 (see the release notes at the end of this document).
The name of the program derives from Effective Coordination Number which is a central concept in the
CD analysis. The term was coined by Rudolf Hoppe in 1979, with view to a better characterization of
distorted coordination polyhedra with anisotropic distribution of bond strengths. ECoN21 addresses both
homoligand and heteroligand crystal structures of normal valence compounds having a large number of
atoms, significant isomorphic substitution in mixed sites and distorted coordination polyhedra. Also, the
program solves crystal structures with hydrogen bonds. The main intention behind the 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 end—member participation.

ECoN21 is a standalone program requiring no installation or additional dynamic libraries. However, it needs
to collect the R, and B parameters necessary for the calculation of bond valence sums. The source of these
parameters is the busparm.cif file which comes packed with the ECoN21 file and which needs to be placed in
the same folder as the main executable file.

ECoN21 was written in Delphi and developed in Embarcadero RAD Studio 10.4 CE, both as Windows 32
and 64—bit applications. ECoN21 was tested under 32 and 64-bit Windows 7 and later versions. Until
further notice, the current version and future updates of the program can be downloaded from

https://unibuc.ro/user/gheorghe.ilinca/?profiletab=documents.

When downloading the program, please write an email to gheorghe.ilinca@g.unibuc.ro or
g.g.ilinca@gmail.com so that you can be informed of any updates. Use these email addresses also for
pointing out any issues regarding ECoN21’s functionality or to require assistance.

All crystal structures in this manual were drafted with VESTA3 (Moma and Izumi, 2011).


https://unibuc.ro/user/gheorghe.ilinca/?profiletab=documents
mailto:gheorghe.ilinca@g.unibuc.ro

2 The calculation procedure

2.1 The charge distribution method

The second rule of coordination (Pauling, 1929) states that in a stable coordination structure, the charge g,
of each anion in a coordination polyhedron (CP) tends to compensate the strength of the electrostatic
valence bonds reaching it from the central cation carrying a charge qy:

=N (I 2N
L l
where CN is the coordination number and s; is the (Pauling's) bond strength. This equation is applicable

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 et al., 1999). In the case of CD, 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 only possible if all the
ligands in a CP are of the same chemical variety. If more chemical species coexist in a CP, the shortest
distance of one type can no longer be used for ranking all the other bonds. What may seem too be a 'long'
and 'weak' bond for a certain chemical type, could very well be a 'normal' or 'strong' bond for another.
Therefore, each chemical type of ligand must have its minimum distance as the scaling parameter.

3.009 2956

2.968 2719

(a) (b) (©)
Figure 1. Examples of coordination polyhedra: (a) regular coordination octahedron in galena (AMCSD 0011372—and reference
therein); (b) irregular homoligand octahedron around the Bi40 position in cannizzarite (Topa et al. 2010); (c) irregular heteroligand
octahedron around Pb37 in the same crystal structure, with two homoligand subpolyhedra defined for pure S and for mixed S—Se

ligands. The values near the octahedra's vertices are the bond lengths in angstroms.
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, 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, 2016) (Figure 1c).



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 CPs must include an iteration procedure which is described later in this section.

The mathematical notation used in this section follows largely the symbolism used by Ferraris (2011) and it
aligns with the notation used by VESTA 3. To the extent possible, 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 cation—centered or anion—centered
descriptions of the structure, with just the appropriate change of sign and symbol. The main symbols used
in the calculation are given below:

- 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 CPs)

- A — the index of crystallographic species of ligands

- R;j — the distance between the central atom and the " ligand in HSP;

- Rjmin — the minimum distance between the central atom and the ligands in HSP;

- Ej — the weighted average bond distance in HSP;

- w;; — the bond weight of the i"* distance in HSP;

- ECoNy — the effective coordination number of the CP around central atom X

- gy — the formal oxidation number of the X™ crystallographic type of central atom

- g4 — the formal oxidation number of the A™ crystallographic type of ligand

- Ag;j4 — the fraction of the formal oxidation number of the central atom shared with the 7" ligand in HSP;
- Agq; — the total charge received by the ligands in HSP;

- Q4 — the total charge of the A™ crystallographic type of ligand received from all the CPs it belongs to

- AQjjc4 — the fraction of the computed charge received by the central atom X from its #"ligand in HSP;

- AQ; — the sum of AQ;; for each HSP;

- Qx — the total charge received by the X™ central atom from the its ligands

- my — the multiplicity of the X™ central atom

- my — the multiplicity of the A™type ligand

- N — the order of iteration

For a given CP, a self—consistent bond length—bond strength relationship is established through the
calculation of the bond weights w;j for each ligand in HSP; (Hoppe et al., 1989):

Wi = exp {1 _ (%)‘ 2

where I?j is the weighted average bond distance, given by:

_ XiRjexp [1 — (Rfr:in)6]
R; = (3)

Y.iexp [1 — (%)6]




h

Rjmin represents the shortest (i.e., the 'strongest’) bond in the " HSP. In order to improve the

approximation of the weighted mean distance in highly distorted coordination polyhedra, Nespolo et al.
(2001) suggested an iterated weighted mean distance NI_?j:

6
2i Rijexp [1 - <Nfe—1l]§> ]
"R = ’ @

) 6
R::
5 o= ()

in which Oﬁj is calculated with Equation (3). The exponent 6 in the equations above, is an empirical

parameter introduced by Hoppe in 1979, to approximate the decrease rate of bond weights with increasing
bond lengths.

Whenever explicit hydrogen bonds are present in the crystal structure (7.e., hydrogen atoms with listed
fractional coordinates and +1 charge), the exponent 6 in Equations (2), (3) and (4) changes to 1.6. This
particular value was refined by Nespolo et al. (2001) using a large number of structures and it is meant to
prevent the quick fall of the hydrogen bond weights with increasing bond distances.

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

ECoNy = Z Z w;j (5)
7T

ECoNy is a real number, smaller than or equal to CN. The parameter ECoNy becomes identical with 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 qy, is distributed to all the ligands in
proportion to the fractional bond strength w;;j/ECoNy. The partial charge Aq;j_,4 (corresponding to
Pauling's bond strength) received by a ligand A from the central atom X, is given by:
Wijqx my
AGyiiog = X
le] A ECONX mA (6)

The ratio of multiplicities my/m, ensures that ligands of a certain crystallographic type are counted in the
necessary amount and that they receive the right fraction of charge. The oxidation number gy is corrected
for the site occupancy SO. In the case of mixed, heterovalent positions, the oxidation number qy is
calculated as a weighted average using the participation oy, of each of the h end—members, as the weighting
factor:

2h AxnOn

Gy = SO
x XhOp

(7)

The total charge Q4 of the A™ crystallographic type of ligand is obtained by summation of all Ag;;_,,
received by A in every CP it belongs to:

Qa= —ZACIXij—m (8)
X

Q,4 should be as close as possible to the formal charge of the A™ ligand, namely, q,.



The total charge Qy received by the X" central atom from its ligands is calculated with:

0x=) ) 80 = Z Z Msiya (9)
j i

Thus, any q4/Q4 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 qy.

If the structure is homoligand, then the calculation stops here. For heteroligand structures, further steps are
taken by correcting the partial computed charge AQ;; received by the central atom X, with the qx/Qx ratio

and by summing the new values for each HSP;:

_ Ox Mx
AQ; = ZAQU o (10)

Also, for each HSP;, the partial charges are summed up:

Aq] = 2 Aquj—»A (11)
i

The ratio AQ;/Aq; is then used to perform the calculation once more, with a new set of Ag;j_,:

Qj n-
"Axijon = A—q],N "Adxijoa (12)
J

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 — 1) = —AQ(i - r5)
swap in the iteration method described by Nespolo (2016) and used by CHARDI2015. Both iteration
methods are included in the ECoN21 program. The calculation can be repeated until convergence is reached
by all the CPs in the crystal structure for a given threshold T, e.g., expressed as the difference between

successive AQ;:
"AQ; - "TlAQ; <T (13)

Other options for ending the iteration are described in Section 4.3. A graphic representation of the charge
distribution is shown in Figure 2.

The calculated charges for the central atom are collected from the last Qy sums and the ligand charges, from
the last Q4 values. The overall deviations of Qy and of Q4 from qx and g4 are checked through the calculation
of the mean absolute percentage deviation (MAPD) (Eon and Nespolo, 2015). As an example—for the entire
set of NX central atoms in the asymmetric unit—MAPD is calculated as:

— Qx
qx

100
NX
X

MAPD,, =

(14a)

To help assessing the under— or overbonding affecting the central atom, the program calculates a similar
deviation for the ligands of each CP:

—Qa

100
MAPDLy = -
A

CNy £

(14b)



where A counts the crystallographical types of ligands in the CP of atom X.

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 Aqy;j4 values calculated with Equation (6). The total charge Q4 (e.g., —2.20 for S44) received by each ligand, is the sum
of Aqx;j-a from all the surrounding central atoms (red arrows converging to each ligand). The total charge Qx = 1.99 received back
by Pb37 from its ligands (blue arrows converging to Pb37) is the sum of AQ;; values calculated with Equation (9) (blue figures).
Ideally, Qx and Q4 should match the formal oxidation numbers qx and q,, respectively (e.g., +2 for Pb37 and -2 for S44, S45, S—
Sed1, S-Se43). Figures in bold lettering are the computed charges—Qx and Q,— with the formal oxidation numbers— gy and g,—in
parentheses. M11, M13, M34, M36 symbols stand for mixed 0.5Pb—0.5Bi positions (qx = 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 Ph37 CP.

2.2 The bond valence sum method

In the case of the BVS method, partial valences s;; (analogues of the Pauling's bond strength) are assigned
to each bond of a CP, in correlation with the 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 (15) (e.g., Brown and Altermatt, 1985):
Roij — Ryj
Sij = exp (B— ]

mainly for the abundance of accumulated parameters R,;; and B;j established for nearly all possible cation-

. (15)
ij

anion bonds (Brown, 2020) and available to ECoN21 via the bvsparm.cif file. The term R,;; represents the

nominal length for a bond of unit valence, while B;; denotes the ‘softness factor’, which, in the early works

9



of Brown and Altermatt (1985) and subsequent collections of bond valence parameters (e.g., Brese and
O’Keeffe, 1991) 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, 2015) which established different values
for this parameter. The term R;; represents the ¢ 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, 2014). In this
stage of development, the program approximates the s;; assuming that mixed sites are occupied

simultaneously by fractional endmembers.
For mixed positions, s;; are calculated separately for each endmember and corrected for occupancy:

_ Zh Sijh On (16)

S. .
Y 2n On
The significance of h and oy, is the same as in Equation (7).

The bond valence sum for an entire CP with central site occupancy SO < 1 is given by:

BV Sy =SOZZ$U (17)
j i

Ideally, the BVSy calculated for a given CP should match the oxidation number gy of the central atom.
Based on this formal charge and using Equation (15), ECoN21 will calculate the expected bond distances for
each ligand in the CP:

dx
ERij = Roij —In (Sij m) Bij (18)

The correction factor qx/BV Sy applies to all the bond lengths in a CP and therefore it expands or condenses
the entire CP to match gx. For mixed positions, both R,;; and B;; are calculated as weighted averages,

using the endmember participations as weighting factors.

The same type of equation as in (14a) is used to obtain the MAPD for the entire set of BVSy calculated for
the NX central atoms in the asymmetric unit:

(19)

100 — BVS
MAPDgys = |q" . |
X

NX
X

The global instability index (Brown 2009) 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 rare. For the set of NZ atoms (cations and anions) in the formula unit, it is calculated as:

1
GII = WZ(BVSZ —qz) (20)

The relative charge error is obtained with:

TX—-TA
EV(%) = 100 |—|,

X (21)

10



where TX is the total charge of the cations and TA, the total charge of the anions, calculated from the
structure—derived formula.

2.3 Coordination geometry

The CD and BVS calculations are significant only in the context of distorted coordination polyhedra. For
this reason, a part of the program is dedicated to the actual geometry of the CP. As shown by Makovicky
and Bali¢-Zunié (1998), two types of distortion may be considered: a) an internal distortion given by the
displacement of the central atom and by the irregularity of the bond lengths and angles and b) an external
('volume') distortion given 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¢,1996; Bali¢-Zuni¢ and Vickovié,
1996), that is, to the point against which the variance of the squared distances to the ligands is minimum:

Yk RCE
ARC = Z RC? —
P ( “ Oy (22)

where RC), represents the A" centroid-ligand distance.

The following values are calculated by ECoN21 using the definitions and the procedures published by
Makovicky and Balié¢-Zunié¢(1996, 1998) and included in the MS-DOS program IVTON (Bali¢-Zunié¢ and
Vickovié, 1996):

- the coordinates x,,Y,,2, of the centroid—obtained by expressing Equation (22) in terms of orthogonal
coordinates and by solving the linear system formed by the partial derivatives for x,,y, and z, which are
set equal to zero;

- the components 1,],K of the vector between the central atom and the centroid—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 vy of the LSF 'circumsphere —represented by the average distance between the centroid and
the ligands;

- the volume Vi of the LSF 'circumsphere’;
The quantities in Equations (23—26) were explained in Topa et al. (2003).

- the linear eccentricity of the central atom:

A
LEcc =— (23)

Ts

- the “wvolume-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 — é)r (24)

rS
- the linear sphericity of the ligand distribution:

Os
LSph=1—-= (25)

Ts

11



where o is the standard deviation of the centroid-ligand distances;

- the “volume—based” sphericity of the ligand distribution:

30,
VSph=1—-— (26)
TS
- the volume 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;

- the approximation of the ideal polyhedron of maximum volume inscribed in the LSF 'circumsphere'—
established as a function of CN and number of CP faces;

- the volume V; of the ideal polyhedron inscribable in the LSF 'circumsphere’ and which has the maximum
possible volume for that sphere;

- the volume distortion of the CP:

A

U=1—7i (27)

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

ECoNy

EDEVy =1 —
X CNRy

(28)

where CNRy is the number of ligands with bond weights exceeding 0.001 (thus, EDEVy does not depend on a
CNy resulting from an arbitrary setting of the coordination radius).

- the distortion index AR(Ba) of a coordination polyhedron (Baur 1974):

1
AR(BCl) = mz

J

|Rij — Ry|
' R, (29)
L
where Ry is the average bond length to all the CNy ligands in the CP;
- the bond valence-based distortion index AR(Br) (Brown 2006):

AR(Br) = — C%Z Z In (“Z_L;) (30)

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

are 0.37 A, AR(Br) can be considered a good approximation in most situations.

The program also calculates a complete list of bond angles, dihedral angles, interligand bond lengths as well

as the distances to the nearest surrounding central atoms within a 5 A threshold.

12



3 ECoN21 features

3.1 Interface and functionality

ECoN21 has a simple and 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.

The button is the first to be pressed after launching ECoN21. This will display a file dialog which
filters the CIF files in a chosen folder. After reading the CIF file containing the crystal structure data, the
Space group, a, b, c, alpha, beta and gamma boxes (Panel 1) will show the information found in the source.
The Atoms table (Panel 2) will be filled in with the Atom labels, Site populations, Oxidation numbers,
symmetry Multiplicities, atom coordinates: X, Y, Z and Occupancies and should be used to check whether
CIF data have been read correctly.

If the CIF file contains negative or larger than 1.0 atom coordinates, these are modified to fit within the
unit—cell boundaries. The visual inspection of the data displayed in the table serves as one of the CIF error
parsing methods of the program. Missing values, discrepancies between Space group and Multiplicities or
symmetry generated atoms will signal specific errors in the CIF file.

Any mixed (isomorphic) sites are merged and the resulting Site population is displayed. If heterovalent
mixed sites are encountered, the overall Oxidation number is adjusted—in the form of a weighted average—
based on each end—member participation (Equation 7). Adjustments are carried out also for sites with
incomplete Occupancy.

“$ECON21 v.17 - o X
Open... D:Mneral\ECoN\Cannizarite 7H-12Q-ord.dif Calculation settings... Calculate >> Anion-centered Coordination geometry  Go to section: POLYHEDRA, SUBPOLYHEDRA - HSPj, DISTANCES - Rij, BOND WEIGHTS - wij, ECON ‘-.l
r _ < i 7 POLYHEDRA, SUBPOLYHEDRA - HSP], DISTANCES - Rij, BOND WEIGHTS - wij, ECON
Detailed results (4 DISTRIBUTION OF CATION CHARGES - Aqij, CHARGES RECEIVED BY ANIONS - QA

Quit Show zero-weight bonds (1 DISTRIBUTION OF ANION CHARGES - 8Qij, CHARGES RECEIVED BY CATIONS - QX

DISTRIBUTION OF BOND VALENCES - sij, BOND VALENCE SUMS - BVS AROUND CATIONS

l Autosave results [] E(
haaT 3 4 Frogxansfox computing charge distribut DISTRIBUTION OF BOND VALENCES - sij, BOND VALENCE SUMS - BVS AROUND ANIONS
Unit-cell
a b
38.86

Space group SYNOPSIS

c alpha beta gamma By eoTlinen
Department of Mineralogy, University of Bucharest
P1l2l/m1 4.090 39.83 90 102.30 90

version 1 release 7, November 2021 &

Input file: Cannizzarite 7H-12Q-ord.cif
a: 38.8600 b: 4.0900 c: 39.8300 alpha: 90.0000 beta: 102.3000 gamma: 90.0000
Space group: P 1 21/m 1

Structure-derived formula: PbS50.000 Bi54.000 S124.780 Se7.220
Overall charge balance: 262.000:-264.000 Relative charge error: 0.763%

CD-derived formula: Pb51.082 Bi53.940 S123.820 Se7.176
BVS-derived formula: Pb50.966 Bi52.004 S121.929 Se7.044

Iterations: 2 (ECON21 method)
Global coordination radius threshold: 4.000 &

I. POLYHEDRA, SUBPOLYHEDRA - HSPj, DISTANCES - Rij, BOND WEIGHTS - wij, ECON

Central atom Site population  CN  oX Ligand gn Rij wi
Pbl 1.000.Pb 8 2.000 824 -2.000 2.7441 1.4189
523 -2.000 3.0276 0.8414
s23 -2.000 3.0276 0.8414
s1 -2.000 3.0450 0.8076
81 -2.000 3.0450 0.8076
HSP1: wRavi: 2.9483 ECoN1: 4.7169
A2-22a -2.000 3.3847 1.0472
Ad-Ada ~2.000 3.4258 0.9748
A4-Bda -2.000 3.4258 0.9748
HSP2: wRav2: 3.4114 ECON2: 2.9968

ECoNX: 7.7137
EDEV: 0.0358

Central atom Site population  ON o Zigand an Rij wij
0.500.25:0.500.51 2.500 2 o386 | 0.2500 | 0.9428 | 1.000
S0 [M10-M10a | 0.500.85:0.500.55 2.500 2 0402 | 0.2500 | 0.8315 | 1.000 B2 1,000:2b, g 2000 8L 2000 2Ns2 14008 o
$1 | Mii-Mila | 0.500.Pb:0.500.51 2.500 2 0.3150 0.7500 0.708 | 1.000 v -

Figure 3. The ECoN21's interface: (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 and back; (5) button for visualization of coordination
geometry; (6) navigation aid for long outputs.

13



The lower part of the Atoms table contains the atoms generated by symmetry. All generated atoms are
marked with an asterisk sign (*). The table may be scrolled up and down using the vertical control or with
the mouse wheel. In order to reveal the content that does not fit into the table cell width, columns can be
resized from their header at runtime (Figure 4). A mouse double—click over the table restores the default

column width.

Space group Unit-cel
a b C alpha beta gamma
P1l2l/m1l 38.86 4.0%0 3%.83 a0 102.30 a0
Atoms (*) - symmetry generated atoms
Ma, Label Site population Oxidation nr, | Multiplicity X Y z Occupancy ~
1 1.000. 2. p .0318 - 7500 0.2191 1.000
2 FbMe2 1.000.Fb 2.000 2 0.0083 0.2500 0.3147 1.000
3 BiMe3 1.000.Bi 3.000 2 0.1050 0.7500 0.3093 1.000
4 BiMed 1.000.Bi 3.000 2 0.1027 0.2500 0.3970 1.000
5 FbMe5 1.000.Fb 2.000 2 0.1%62 0.7500 0.3%29 1.000
[ FbMed 1.000.Fb 2.000 2 0.174% 0.2500 0.4883 1.000
7 BiMe7 1.000.Bi 3.000 2 0.2681 0.7500 0.4830 1.000
g PbMed 1.000.Pb 2.000 2 0.2633 0.2500 0.5737 1.000
g9 FbMed 1.000.Fb 2.000 2 0.3643 0.7500 0.5541 1.000
10 BiMel0 1.000.BL 3.000 2 0.3508 0.2500 0.€447 1.000
11 FbMell-BiMell 0.500.PFb:0.500.B1 2.500 2 0.4450 0.7500 0.6420 1.000
12 FbMel2 1.000.Fb 2.000 2 0.4252 0.2500 0.7344 1.000
13 FbMel3-BiMel3 0.500.Pb:0.500.B1 2.500 2 0.4751 0.2500 0.2800 1.000

Figure 4. The panel 1 (in Figure 3) displaying the space group and the unit—cell parameters
read from the CIF file and the panel 2 containing the Atoms table. The table header can be used
to widen the column in order to see the cell content that could not fit in the default cell width.

The button will then be enabled and waiting to be pressed. The results of the calculation are

displayed in the right side pane of the main window.

Prior to running the calculation, the user may change the distance range within which the program will

search for ligands. This is achieved by pushing the | Calastion settngs... | hyy1tton which opens a dialog box with

options for setting bond length limits. Details and examples on how to work with the Calculation settings
dialog are given in Section 4 of this manual.

The visualization options area of panel I contains the following controls:

pemiedresut[7] L he check box toggles the results view between a summary table and a detailed listing

Show zero-weightbonds [ Allows the exclusion of long distances with zero—weight from the detailed output
listing. However, this does not modify the CN established with the coordination
thresholds in the Calculation settings dialog (for de facto elimination of zero—weight
bonds from the coordination polyhedra, see Section 4.1 of this manual).

mtosaveresuis[7]  When checked on, the control will trigger the automatic saving of whatever is
displayed in the results pane. The saved files will keep the original CIF file name, plus
a series of suffixes which are suggestive for a particular visualization of the results.
When checked off, the button becomes active and the user may choose
which type of results to save: detailed or summary CD-BVS results in text or Comma
Separated Values (.csv) format, or listings of Coordination geometry parameters. The
name of the saved file can also be modified and accidental overwriting of files

prevented.
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3.2 Listing and saving the results

Each output listing starts with a header showing the name of the input file, the unit—cell parameters, the
space group, the structure—derived formula, the overall charge balance and the relative charge error
(Equation 21). For a first—sight comparison, also the CD—and the BVS—derived formulas are given. The
iteration method used and the coordination radius are also shown in this header:

Input file: Cannizzarite 7H-12Q.CIF
a: 38.8600 Db: 4.0900 c: 39.8300 alpha: 90.0000 Dbeta: 102.3000 gamma: 90.0000
Space group: P 1 21/m 1

Structure-derived formula: Pb50.000 Bi54.000 S124.780 Se7.220

Overall charge balance: 262.000:-264.000 Relative charge error: 0.763%
CD-derived formula: Pb51.154 Bi53.899 S123.772 Se7.222
BVS-derived formula: Pb50.966 Bi52.004 S121.929 Se7.044

Iterations: 2 (ECoN21 method)

Global coordination radius threshold: 4.000 A

The default view of the calculation output is a summary of the main parameters of interest, allowing for a
quick inspection of the quality of the results (fragment):

CN - Coordination number
ECoN - Effective coordination number
EDEV - Deviation of ECoN from CN
[0):¢ - Charge received by cations
aX - Oxidation number of cations
BVS - Bond valence sum
QA - Charge received by anions
gA - Oxidation number of anions
MAPDL - Mean absolute percentage deviation of ligands QA
MAPD - Mean absolute percentage deviation of QX, QA and BVS
Cation CN  ECoN EDEV ax ox aX/QX MAPDL BVS
Pbl 8 7.714 0.036 2.000 2.158 0.927 5.042 1.953
Pb2 8 7.533 0.058 2.000 2.081 0.961 3.935 1.817
Bi3 6 5.819 0.030 3.000 3.126 0.960 4.607 2.780
Bi4 6 5.790 0.035 3.000 3.010 0.997 2.236 2.848
Pb5 7 6.848 0.022 2.000 2.126 0.941 5.411 2.039
Bi49 6 5.282 0.120 3.000 2.902 1.034 7.330 2.927
Bi50 6 5.766 0.039 3.000 2.797 1.073 6.987 3.092
Pb51 6 5.931 0.012 2.000 1.959 1.021 6.198 2.250
Bi52 6 5.484 0.086 3.000 2.908 1.032 3.579 2.696
MAPD: 3.70% 6.29%

Anion gA QA gA/QA BVS
S1 -2.000 -1.816 1.101 1.977
S2 -2.000 -2.061 0.970 2.021
S3 -2.000 -1.935 1.034 2.022
sS4 -2.000 -1.967 1.017 2.012
S5 -2.000 -1.788 1.119 1.968
S63 -2.000 -2.096 0.954 2.089
S64 -2.000 -1.922 1.041 2.007
S65 -2.000 -2.099 0.953 1.995
S66 -2.000 -2.019 0.990 1.934

MAPD: 6.05% 4.56%
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The first displayed results are for the cation—centered description of the crystal structure. The
button allows to switch the view for the anion—centered description. Once the anion—centered listing is
visible, the switch button changes to allowing the return to the first output view.

The detailed results of the calculation include several sections. Examples are given further on, in the form of
actual excerpts from ECoN21 output listing. Below is the typical layout for a heteroligand polyhedron
containing two homoligand subpolyhedra (see Section 2.1 and Figure 1c): HSP1 and HSP2, each with its
own weighted average bond length (wWRav) and ECoNy. CN is the coordination number, gy is the formal
oxidation number of the central atom, g, is the formal oxidation number of a ligand, R;; is the bond length
and w;; is the bond weight calculated with Equation (2).

The deviation EDEVy of ECoNy from CNRy (Equation 28) also appears at the bottom of each table.

POLYHEDRA, SUBPOLYHEDRA - HSPj, DISTANCES - Rij, BOND WEIGHTS - wij, ECoN

Central atom Site population CN aX Ligand gA Rij wij

Pbl 1.000.Pb 8 2.000 524 -2.000 2.7441 1.4189
523 -2.000 3.0276 0.8414
S23 -2.000 3.0276 0.8414
S1 -2.000 3.0450 0.8076
S1 -2.000 3.0450 0.8076
HSP1 wRavl: 2.9483 ECoNl: 4.7169
S27-5e27 -2.000 3.3847 1.0472
530-Se30 -2.000 3.4258 0.9748
530-5e30 -2.000 3.4258 0.9748
HSP2 wRav2: 3.4114 ECoN2: 2.9968

Central atom Site population CN aX Ligand gA Rij wij

Bi4 1.000.B1i 6 3.000 S3 -2.000 2.6843 1.3313
sS4 -2.000 2.8418 0.9950
sS4 -2.000 2.8418 0.9950
S2 -2.000 2.8951 0.8839
S2 -2.000 2.8951 0.8839
S66 -2.000 2.9872 0.7006

This is the right place to observe if ligands included in the CP, following a chosen coordination radius
threshold, bear zero or close to zero—weight bonds and decide whether such ligands should actually be
included in the CP (example for a 4 A global coordination radius):

Central atom Site population CN aX Ligand gA Rij wij

As35 1.000.As 8 3.000 594 -2.000 2.2413 1.2851
S41 -2.000 2.3050 1.1204
S3 -2.000 2.5806 0.4746
S60 -2.000 2.7778 0.1800
5108 -2.000 3.1162 0.0121
582 -2.000 3.5497 0.0000
S130 -2.120 3.8284 0.0000
S37 -2.000 3.8992 0.0000
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The next section contains the results of Aq;;_,4 calculation (Equation 6) and the computed charges Q4 for
ligands (Equation 8). In this example, Q4 for S27-Se27 is the sum (with changed sign) of Aq;j_4 over all the

coordination polyhedra this anion belongs to. A slight negative charge excess is apparent.

DISTRIBUTION OF CATION CHARGES - Agij AND CHARGES RECEIVED BY ANIONS - QA

Anion gA mA Cation Site population aX mX Agij
S27-Se27 -2.000 2 BiMe26 1.000.Bi 3.000 2 0.5339
BiMe26 1.000.Bi 3.000 2 0.5339
PbMe28-BiMe28 0.500.Pb:0.500.Bi 2.500 2 0.4753
PbMe23 1.000.Pb 2.000 2 0.2895
PbMel 1.000.Pb 2.000 2 0.2688
QA(S27-Se27): -2.1015

Using Equation (9), the partial (AQ;j—4) and the total charges received by the cations (Qy) are calculated:

DISTRIBUTION OF ANION CHARGES - AQij AND CHARGES RECEIVED BY CATIONS - QX

Cation aX mX Anion Site population gA mA Agij gA/QA AQij

Pbl9 2.000 2 s18 1.000.S -2.000 2 0.3603 0.9879 -0.3560
S19 1.000.S -2.000 2 0.2906 1.1323 -0.3290
S19 1.000.S -2.000 2 0.2906 1.1323 -0.3290
S17 1.000.S -2.000 2 0.1992 0.9789 -0.1950
S17 1.000.S -2.000 2 0.1992 0.9789 -0.1950
S31-Se31 0.770.8:0.230.Se -2.000 2 0.2946 0.9134 -0.2691
S$31-Se31 0.770.S8:0.230.Se -2.000 2 0.2946 0.9134 -0.2691
528-Se28 0.690.5:0.310.Se -2.000 2 0.0708 0.9977 -0.0707

A fourth section of the output listing deals with the bond valence sums of each cation— and anion—centered
polyhedron. The bond strengths s;; are calculated using Equation (15) and summed up to give the BVSy or
BVS, for the entire polyhedron. ER;; is the expected bond distance calculated with Equation (18) for a
theoretical BV Sy or BVS,. Each table ends with the value of Brown distortion index calculated with
Equation (30). BVSx 4 is expressed in valence units and it is always positive. It may be compared directly to

qx, but also to —qyu.

DISTRIBUTION OF BOND VALENCES - sij AND THE BOND VALENCE SUMS - BVS AROUND CATIONS

Central atom Site population aX Ligand Rij sij ERij

Pbll-Bill 0.500.Pb:0.500.Bi 2.500 S10 2.7692 0.5616 2.7350
S11 2.9006 0.3937 2.8664
S11 2.9006 0.3937 2.8664
S9 2.9540 0.3409 2.9197
S9 2.9540 0.3409 2.9197
545 3.1872 0.1815 3.1529
S43-5e43 3.8696 0.0341 3.8315
S43-5e43 3.8696 0.0341 3.8315

Distortion index (Brown): 0.1396 BVS (Pb11-Bill): 2.2805

DISTRIBUTION OF BOND VALENCES - sij AND THE BOND VALENCE SUMS - BVS AROUND ANIONS

Central atom Site population gA Ligand Rij sij ERij

S9 1.000.8 -2.000 BiMelO 2.6478 0.8103 2.6744
PbMell-BiMell 2.9540 0.3409 2.9803
PbMell-BiMell 2.9540 0.3409 2.9803
PbMe9 2.9529 0.3285 2.9795
PbMe9 2.9529 0.3285 2.9795

Distortion index (Brown): 0.0272 BVS (S9): 2.1492



The final section displays a table similar to the one described for the summary results, but including the site
populations and the bonding atoms. The bonding atoms are ordered according to their charge contribution

to the central atom. Ligands with charge contributions below 0.01 are listed between square brackets— ],

whereas ligands contributing with less than 0.1 but with more than 0.01 appear between parentheses—( ).
The section shows the global MAPDs for Qx, Q4 and BVS, as well as the global instability index calculated

with Equation (20):

SYNOPSIS

(fragment)

Cation Site

Pbl
Pb2
Bi3
Bi4
Pb5
Pb6
Bi7
Pb8
Pb9
Bil0
Pb-Bill
Pbl2

Anion Site

PO ORRERRERRRERERE

population

.000.
000.
000.
.000.
.000.
.000.
000.
.000.
.000.

.Pb:0.500.Bi s10,S11,811,S9,59,545,5-Se43,5-5Se43

Bonding atoms CN ECoN EDEV gX

$24,823,823,81,81,5-5e27,S-Se30, S-Se30 8 7 0 2
S1,524,824,82,82,564,564,5-Se61 8 7 0 2
s2,s1,51,53,53,5-Se33 6 5 0 3
$3,54,54,82,52,566 6 5 0 3
S4,85,85,53,83,5-Se36,S-Se36 7 6 0 2
S5,56,56,54,54, (S63), (563) ,5-5e60 8 7 0 2
$6,87,87,85,85, S-Se39 6 5.833 0.028 3.000
S7,58,58,56,56, (S57), (S57) ,S-Se60 8 6 0 2
$8,59,59,57,57,542,542, 545 8 6 0 2
S9,58,58,510,510,554 6 5 0 3
8 7 0 2
8 6 0 2
8 7 0 2
6 5 0 3

. 945

000.Pb s11,810,810,S812,812,S51,851, (S54) 883 140 000
500.Pb:0.500.B1 S12,S511,S811,S513,513,540,5-Se43,5-Se43 495 063 500
000.Bi S13,514,514,512,5812,548 776 037 000
000.Pb $56,558,558,559,559,S61-Se61 6 5.959 0.007 2.000
000.B1 $57,562,559,559,560-Se60,560-Se60 6 5.897 0.017 3.000
000.Bi S64,562,562,559,561-Se6l,561-Se6l 6 5.282 0.120 3.000
000.Bi $63,563,562,562,565,560-Se60 6 5.766 0.039 3.000
000.Pb 564,564,566,565,565,562 6 5.931 0.012 2.000
000.Bi S66,566,563,565,565,565 6 5.484 0.086  3.000
MAPD
population qA QA gA/QA BVS
.000.s -2.000 -1.816 1.101 1.977
000.s -2.000 -2.061 0.970 2.021
.000.s -2.000 -1.935 1.034 2.022
.000.s -2.000 -1.967 1.017 2.012
.000.s -2.000 -1.788 1.119 1.968
000.s -2.000 -1.925 1.039 2.066
000.s -2.000 -1.818 1.100 1.856
.000.s -2.000 -2.149 0.931 2.067
.000.s -2.000 -2.077 0.963 2.149
.000.s -2.000 -2.077 0.963 2.043
000.s -2.000 -1.863 1.073 2.049
.000.s -2.000 -1.936 1.033 1.976
.000.s -2.000 -1.884 1.061 2.084
.000.s -2.000 -2.051 0.975 2.038
890.5:0.110.8e -2.000 -2.015 0.993 1.792
000.s -2.000 -2.319 0.863 2.005
000.s -2.000 -2.096 0.954 2.089
000.s -2.000 -1.922 1.041 2.007
000.s -2.000 -2.099 0.953 1.995
000.s -2.000 -2.019 0.990 1.934
MAPD: 6.05% 4.56%

Elapsed time:

For very long detailed outputs, the Go to section drop down list located above the results pane helps to

0.367 seconds

navigate rapidly between various results sections (Figure 5). The drop down list is enabled only when the

detailed results are displayed.

Go to section: POLYHEDRA, SUBPOLYHEDRR - HSPj, DISTAMCES - Rij, BOND WEIGHIS - wij, ECoN

POLYHEDRER, SUBPOLYHEDRR - HS5Pj, DISTAMCES - Rij, BOND WEIGHIS - wij, ECoN
DISTRIBUTION OF CATION CHRRGI — Agij RND CHARGES RECEIVED
DISTRIBUTION OF RNION CHRRGES - AQij AND CHRRGES RECEIVED BY CATIONS - OX
DISTRIBUTION OF BOND VALENCES - sij AND THE BOND VALENCE SUMS - BVS RROUND CATIONS
DISTRIBUTION OF BOND VALENCES - sij AND THE BOND VRLENCE SUMS - BVS RROUND ANIONS
SYNOPSIS

Figure 5. The navigation drop down list for detailed CD-BVS outputs.
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The parameters presented in Section 2.3 may be listed at the push of the | Coordnation geometry | 1yt 0. Summary

and detailed views are available. The detailed results are organized in six sections and can be scrolled through
with a dedicated navigation aid (Figure 6):

Go tosection: | COORDINATIONS, BOND LENGTHS, CENTROIDS, VOLUMES, DISTORTIONS |V

CODRDINATIONS, BOND LENGTHS, CENTROIDS, VOLUMES, DISTORTIONS

________ | BOND RNGLES
OPPOSING BONDS (IN OCTAHEDRA AND CAPPED TRIGONAL FRISMS)

DIHEDRAL ANGLES

INTERLIGAND DISTANCES

DISTANCES TO THE NEAREST CENTRAL ATOMS

SYNOPSIS

Figure 6. The navigation aid for the detailed Coordination geometry listing.

The main section of the Coordination Geometry output contains the detailed CP data, bond distances,
distances to centroid and the symmetry operators responsible for generating the ligands. It also displays the
coordinates of the centroid and all the quantities deriving from this concept, including the vector defined by
the central atom and the centroid, the radius and volume of the LSF sphere. Various internal and external
distortion parameters are also included in this section (example):

COORDINATIONS, BOND LENGTHS, CENTROIDS, VOLUMES, DISTORTIONS

X Y Z Distances to: Symmetry operator
central atom centroid

Pbl 0.0318 0.7500 0.2191 (0,0,0) + (x,v,2)
1. 524 -0.0167 0.7500 0.2601 2.7441 3.1355 (-1,0,0) + (x,y,2
2. S23 -0.0192 0.2500 0.1806 3.0276 3.1344 (-1,0,0) + (-x,1/2+y,-z
3. S23 -0.0192 1.2500 0.1806 3.0276 3.1344 (-1,1,0) + (-x),1/2+y,-z
4. s1 0.0616 0.2500 0.2743 3.0450 3.1360 (0,0,0) + (x,v,2
5. 351 0.0616 1.2500 0.2743 3.0450 3.1360 (0,1,0) + (x,v,2)
6. S27-Se27 0.0291 0.7500 0.1336 3.3847 3.1374 (0,0,0) + (x,v,2)
7. S30-Se30 0.0965 0.2500 0.2016 3.4258 3.1344 (0,0,0) + (x,v,2
8. S30-Se30 0.0965 1.2500 0.2016 3.4258 3.1344 (0,1,0) + (x,v,2

Centroid 0.0393 0.7500 0.2139

Average distance 3.1407 3.1353

Standard deviation of distances 0.2459 0.0011

Central atom - centroid vector -0.0075 0.0000 0.0052

Central atom - centroid distance 0.3924

Radius of least-squares fitted circumsphere 3.1353

Volume of least-squares fitted circumsphere 129.1028

Linear and volume-based eccentricity 0.1252 0.3304

Linear and volume-based sphericity 0.9997 0.9990

Number of polyhedron faces 11

Faces Partial volumes

123 4.0804

124 4.0499

135 4.0499

145 4.0193

236 4.3879

2 47 4.7132

267 5.0696

358 4.7132

368 5.0696

4578 4.2193

4.2193

6 7 8 4.2193

Volume of polyhedron 54.3428

Ideal polyhedron approximation bicapped trigonal prism

Ideal polyhedron volume 55.9637

Polyhedron distortion 0.0290

Baur distortion index 0.0648

Brown distortion index 0.0590

Deviation of ECon from CNR 0.0358
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The figures in the Faces column represent the indices of the ligands forming the triangular faces of the CP.
These indices are found in the coordinates table at the beginning of each record. In the example above, a
quadrilateral face is formed by the ligands 4 5 7 8. Details on how ECoN21 establishes the faces of the
coordination polyhedron and on how it approximates the ideal polyhedron are given in Section 4.4 of this
manual.

A second section of the Coordination geometry output, lists all the bond angles formed by each central
atom and a pair of ligands in the CP. This section is optional and can be set on or off from the Calculation
Settings dialog. Examples:

BOND ANGLES

Pbl S23 S23 S1 S1 S-Se27 S-Se30 S-Se30
S24 80.96 80.96 76.94 76.94 136.12 138.41 138.41
S23 84.98 91.11 157.90 67.28 85.60 136.87
S23 157.90 91.11 67.28 136.87 85.60
Sl 84.38 130.69 64.11 111.41
S1 130.69 111.41 64.11
S-Se27 70.25 70.25
S-Se30 73.30
Sl Bi3 Pb2 Pbl Pbl

Bi3 92.85 98.14 88.01 159.79

Bi3 98.14 159.79 88.01

Pb2 101.73 101.73

Pbl 84.38

The third section displays the opposing bond distances in octahedral and capped trigonal prisms. The values
are used with the discriminating hyperbolae diagrams described by Tromel (1981) and Berlepsch et al.
(2001). Details on the opposing bond distances meaning and usage are given in Section 8 of this manual.
This calculation is optional and only available in the cation-centered description.

OPPOSING BONDS (IN OCTAHEDRA AND CAPPED TRIGONAL PRISMS)

Central atom RX RY Angle Opposing ligands
Asl 2.2316 3.2651 159.96 in plane sS4 s7
2.3120 3.2609 156.30 in plane S3 S8

3.7648 2.2462 168.01 out of plane S9 S1

Central atom RX RY Angle Opposing ligands
As2 2.4073 2.9477 167.52 in plane S3 S8

2.2853 3.4295 148.40 in plane S7 sS4

3.5949 2.2381 166.28 out of plane 510 Ss2

3.7267 2.2381 128.82 out of plane* Sé6 S2

Central atom RX RY Angle Opposing ligands
Sbl 2.5813 2.8575 171.10 in plane S8 S9

2.3795 3.4638 149.54 in plane 510 s7

3.5367 2.5056 155.98 out of plane S7 S5

3.5278 2.5056 138.60 out of plane* S9 S5
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The next section lists the mean values of the first three shortest bonds and of the next two shortest bonds.
These values are used in the discriminatory diagram introduced by Armbruster and Hummel (1987)",
described in Section 9 of this manual. The calculation is optional.

123-45 BOND AVERAGES

Central atom Averagel23 Average4d5
Pbl 2.897 3.124
Pb2 3.013 3.126
Pb3 3.022 3.139
Pb4 3.086 3.165
Pb5 3.038 3.152
Pb6 3.003 3.105
Pb7 3.033 3.115
Pb8 2.962 3.173
Asél;PB2i T ‘2:592 2.958
As22-Pb22 2.531 2.807

A fifth section of the Coordination geometry listing, enumerates the dihedral angles between each pair of
adjacent triangular faces used for calculating the partial volumes of the CP. The tables under this section
help in establishing the maximum dihedral angles in the CP and in adjusting the optimal Maximum
dihedral angle in the Calculation settings dialog. The departure of these angles from those of the ideal
approximant polyhedron might also be worth examining. This calculation is optional.

DIHEDRAL ANGLES

Pb 1-524, 2-523, 3-523, 4-S1, 5-S1, 6-527-Se27, 7-530-Se30, 8-530-Se30,
124 135 236
123 120.02 120.02 139.36
123 145 2 47
124 120.02 118.23 136.55
123 145 358
135 120.02 118.23 136.55
124 135 457
145 118.23 118.23 114.18
236 247 678
267 116.10 137.35 120.43
135 368 578
358 136.55 137.35 90.00
236 358 678
368 116.10 137.35 120.43
358 457 678
578 90.00 180.00 107.45
145 2 47 578
457 114.18 90.00 180.00
267 368 578
678 120.43 120.43 107.45

! Also in Hummel and Armbruster (1987)
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The sixth section contains the ligand—to-ligand distances for each CP (optional):

INTERLIGAND DISTANCES

Pbl S23 S23 S1 S1 S27-Se27 S30-Se30 S30-Se30
S24 3.7533 3.7533 3.6093 3.6093 5.6899 5.7731 5.7731
523 4.0900 4.3353 5.9601 3.5646 4.3946 6.0034
S23 5.9601 4.3353 3.5646 6.0034 4.3946
Sl 4.0900 5.8453 3.4492 5.3503
Sl 5.8453 5.3503 3.4492
S27-Se27 3.9186 3.9186
S30-Se30 4.0900

The seventh section lists the distances to the closest neighboring central atoms—within a margin of 5 A
(optional):

DISTANCES TO THE NEAREST CENTRAL ATOMS

X Y Z Distance Symmetry operator
Pbl 0.0318 0.7500 0.2191 (0,0,0) + (x,y,2)
1. Bi3 0.1050 0.7500 0.3093 4.0798 (0,0,0) + (x,v,2)
2. Pbl 0.0318 -0.2500 0.2191 4.0900 (0,-1,0) + (x,v,2)
3. Pbl 0.0318 1.7500 0.2191 4.0900 (0,1,0) + (x,y,2)
4. Pb28-Bi28 0.1036 0.7500 0.1552 4.1579 (0,0,0) + (x,v,2)
5. Bi24 -0.0617 0.2500 0.2245 4.2146 (-1,0,0) + (-x,1/2+y,-2)
6. Bi24 -0.0617 1.2500 0.2245 4.2146 (-1,1,0) + (-x,1/2+y,-2)
7. Pb23 -0.0550 0.7500 0.1336 4.2521 (-1,0,0) + (-x,1/2+y,-2)
8. Pb2 0.0098 0.2500 0.3147 4.5606 (0,0,0) + (x,y,2)
9. Pb2 0.0098 1.2500 0.3147 4.5606 (0,1,0) + (x,vy,2)

The final section is a synoptic table containing the essential coordination and distortion data:

SYNOPSIS

CN - Coordination number

AV - Average distance

AVsd - Standard deviation of distances

Xo,Yo, Zo - Coordinates of centroid

I,J,K - Components of vector between central atom and centroid

A - Displacement of central atom from centroid

SRad - Radius of least-squares fitted circumsphere

SvVol - Volume of least-squares fitted circumsphere

SAVsd - Standard deviation of distances to centroid

LEcc,VEcc - Linear and volume-based eccentricity

LSph,VSph - Linear and volume-based sphericity

PVol - Volume of coordination polyhedron

IPVol - Volume of ideal coordination polyhedron

PDist - Polyhedron volume distortion

AR - Distortion indexes - (Ba)ur, (Br)own

EDEV - Deviation of ECoN from CNR

Cation CN AV AVsd Xo Yo zZo I J K A SRad SvVol LEcc VEcc

Pbl 8 3.141 0.246 0.0393 0.7500 0.2139 -0.0075 0.0000 0.0052 0.392 3.135 129.103 0.001 0.125

Pb2 8 3.174 0.323 -0.0005 0.2500 0.3167 0.0103 0.0000 -0.0020 0.425 3.167 133.037 0.196 0.134

Bi3 6 2.872 0.117 0.1091 0.7500 0.3083 -0.0041 0.0000 0.0010 0.173 2.878 99.844 0.024 0.060

Bi4d 6 2.858 0.100 0.0996 0.2500 0.3987 0.0031 0.0000 -0.0017 0.151 2.864 98.445 0.023 0.053

Pb5 7 3.035 0.164 0.2004 0.7500 0.3885 -0.0042 0.0000 0.0044 0.263 3.046 118.426 0.001 0.086

Pb6 8 3.169 0.273 0.1684 0.2500 0.4947 0.0065 0.0000 -0.0064 0.397 3.161 132.301 0.105 0.126

Bi7 6 2.845 0.140 0.2717 0.7500 0.4794 -0.0036 0.0000 0.0036 0.222 2.856 97.615 0.004 0.078
LSph VSph SAVsd PVol IPVol PDist AR(Ba) AR(Ba) EDEV Ideal polyhedron type

Pbl 0 1 0.999 54.343 63.382 0 0 0 0.036 Dbicapped trigonal prism
Pb2 0 0 0.814 55.333 65.314 0 0 0 0.058 Dbicapped trigonal prism
Bi3 0 0 0.975 30.968 31.781 0 0 0 0.030 octahedron
Bi4 0.150 0.992 0.976 30.940 31.336 0.013 0.024 0.012 0.035 octahedron
Pb5 0 1 0.999 39.339 37.687 -0 0 0 0.022 monocapped trigonal prism
Pb6 0 0 0.900 54.918 64.952 0 0 0 0.114 Dbicapped trigonal prism

0 0 0 0 0 0 0

Bi7 .996 30.436 31.072 .028 octahedron



With the Autosaveresuitsf checked on, whenever the output panel displays a new content, the results are saved
in an output file without the user being prompted. Any preexisting file having the same name with the one
generated by a specific viewing context will be overwritten without notice. The naming of the output file is
designed to preserve the original CIF name to which several suffixes (CC, AC, D, S), suggestive for a

specific view mode, are added. Examples:

- cannizzarite-CC-D.out — the output file contains the Detailed results calculated for the Cation-
Centered description; the original input file name was cannizzarite. cif.

- argentoliveingite- A C-S.out — the output file contains the Summary listing for the Anion-Centered
description; the original input file name was argentoliveingite. cif.

All output files are saved in the folder wherefrom the input CIF file originated. The output files are in text
format. If the file extension (e.g., ".out') and the application which opens it are not recognized, the user
should simply double-click on the file name in Windows Explorer and choose Notepad or any other program

able to read text files.

By checking the Autssaveresuts[ ] off, the results can be saved using the command. In the Save as
dialog, the user may choose to save the following types of output files:

- ECoN21 detailed CD-BVS results (*.out) — text format

- ECoN21 summary CD-BVS results (*.out) — text format

- COSV summary results (*.csv) — Comma Separated Values format (for import into MSExcel)
- ECoN21 detailed polyhedron geometry (*.pol) — text format

- ECoN21 summary polyhedron geometry (*.pol) — text format

The choice for file formats depends on what the results pane is displaying at the moment of saving the file.
The Save as command allows changing the folders and prevents the accidental overwriting of existing files.
In order to preserve the atoms perfectly recognizable in the output, the program keeps the original atom

labels found in the CIF file and does not attempt to reorder these atoms, apart from the case when cations
and anions are interspersed in the atom list and when atoms sharing the same coordinates, are not listed in

succession. The CIF file itself is not modified.

3.3 Interpreting the results

The charge distribution calculation performed by ECoN21 is not intended for assessing the overall neutrality
of the crystal structure. This information is already embedded in the site population, oxidation number and
occupancy fields of the CIF file and it is displayed as the overall charge balance and as the relative charge
error calculated on the basis of the structure—derived formula. The program only distributes the existing
charge and therefore, if it does this distribution correctly, then running a similar calculation based on the
computed Qy and Q4 values would yield nothing else but a reversed charge balance, e.g.:

e Overall charge balance (from structure derived formula): —448.000:447.820
e Overall charge balance (from charge distribution): -447.820:448.000

However, the program does calculate CD— and BVS—derived formulas to compare with the structure—derived
one. The estimation of the overall correctness of the crystal structure model and the interpretation of the
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oxidation numbers assigned to monoelemental or (heterovalent) mixed sites relies on the following simple
criteria:

e the Qy, Q4, BVSy, and BVS, values should be close to their corresponding formal oxidation numbers gy
or qu, respectively. Consequently, the departure from 1.0 of the qx/Qx and q,/Q, ratios may also be
used to assess the matching between the formal and calculated charges. In the cation—centered
description, the qx/Qx ratio gives a measure of the overall geometric correctness of the structure (atom
coordinates, distances), whereas q,/Q4 points to the over— or underbonding effects induced by
inadequate calculated charges of the central atoms (e.g., Nespolo et al., 1999, 2001), making it suitable
for measuring the effects of compositional changes in the 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 2015) of Qx, @4, BVSx or BVS, from
the nominal oxidation numbers (qy or q4) 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 MAPDs larger than 10%
point out negative issues in the refinement of the crystal structure. Elevated MAPDs 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 calculated by the program,
such as ECoNy or EDEVy and by analyzing their relationship with various geometric parameters of the

structure (e.g., the polyhedral distortion).
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4 Calculation settings

The |_Caledatensetings.. | Jyytton opens the following dialog box:

+*? Calculation settings

Use Global coordination thresholds

(® Global coordination thresholds . — .
o orsnros [ 3:3 ]
P aximum coordination radius [ Use CHARDI2015 iteration method

o
Hydrogen coordination radius E T R e — I EEE
i ration convergence limit for heteroligand structures...
(O Polyhedron specific thresholds g o] TraeemiTrs

Use iterated weighted average distance Optional calculations

i L '123/45' averages
Bond-type specific coordination thresholds (O Maximum £0j difference between cycles 0.008
Dihedral angles
Bond type Maximum bond length - (®) MAPD improvement less than LS

Interligand distances

g : 5 . .
Force one iteration cyde

Ag-As : S 3.0170 ® “ Distance to nearest central atoms
Ag-Fb : 5 3.4118 Approximation of ideal polyhedron Opposing bonds
Bs : 5 3.585914

- Calculate for CN=6 or 7 only
As-Fb : 3 3.9268 Minimum dihedral angle to merge adjacent faces into a flat” face | 170.0| ° \ , )

. Plane' zone axis
Pb : 5 3.94z22

v Maximum distance between atoms in split positions A @ Auto detect

() Spedfy zone axis

[ Limit coordination radius using distance to the nearest central atom u v w

L1 1 Pb_]
[[] Exdude ligands with zero-weight bonds from coordination polyhedra Cancel

The dialog allows the adjustment of parameters related to the coordination radii, iteration procedures,
approximation of the ideal coordination polyhedra and opposing bonds calculation. Controls are also
available for choosing whether some of the Coordination Geometry calculations will be carried out or not.
The background and use of these categories are explained in the following sections. Opposing bonds settings

are explained in Section 8.

4.1 The coordination radii

ECoN21 builds the coordination polyhedra around a central atom, using global, bond—type specific or
polyhedron specific coordination radii. By choosing the Global coordination thresholds option, the user can
set a general Maximum coordination radius which will establish a limit for searching distances around all
the central atoms in the structure, as well as a Hydrogen coordination radius.

The maximum preset of the global coordination radius is conventionally set to 5 A, although it makes little
sense to raise this threshold so high. The lower limit of the global coordination radius requires that a
minimum CN = 1 is available. If the program does not find at least one ligand around a central atom, it will

generate an error message:

Maximum coerdination radius too low for 51,

With the Bond—type specific thresholds option selected, the user can modify the coordination radii for each
type of chemical bond, separately. Once the table of chemical types of bonds is activated for the first time,
it will suggest the most probable thresholds. Each bond type can be selected and edited.
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Manual setting of coordination is also possible by checking the Polyhedron specific thresholds radio button
and by adjusting the maximum bond length for each polyhedron:

#*¢ Set Coordination = O X
Central atom |Asl v l Coordination number E‘
Ligand No. | Atoms in the coordination sphere I Distances
p b 54 2.2215
2 51 2.2492
3 53 2.3192
4 58 3.1991

Double click to set the maximum bond Iengthk

w

>> Anion centered < Previous Next > Reset OK Cancel

The dialog allows the setting of the coordination number by double clicking on what is to be considered the
maximum bond length for a given polyhedron and which can be different from other maxima in other
polyhedra. The dialog displays the list of atoms—both ligands and central atoms—Ilying inside the
coordination sphere determined by the current global Maximum coordination radius. The ligands are
numbered and the current CN is displayed. Central atoms may be seen sequentially by pressing the
or the button. The Central atom drop down list allows rapid navigation throughout the
coordination polyhedra. The button restores the coordinations to the state found at the opening of
the dialog. The manual setting of coordination overrides all the other coordination thresholds.

Note that the actual limitation of the coordination number is made by setting a distance limit. If the bond
selected as a threshold is followed by a bond of similar length (8 in the example below), that bond will also
be included in the CP:

** Set Coordination

Central atom |Fh2 v| Coordination number

Ligand Mo. Atoms in the coordination sphere | Distances
1 58 2.9187
e 58 2.9187
3 521 3.03555
4 14 3.1463
5 524 3.1791
[ 524 3.1781
T ] B3

== Anion centered < Previous Next = Reset OK Cancel
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The dialog gives also the option of limiting the coordination radius to the distance measured to the nearest
central atom in a neighboring CP (when such central atoms occur inside the coordination sphere defined by
the global or bond—type specific radius), as well as of eliminating ligands with zero—weight bonds from the

coordination polyhedra:

Limit coordination radius using distance to the nearest centralatom ~ With this control on, the calculation ignores ligands located
farther than the nearest neighboring central atom. The user
can check if central atoms are included in the 1*
coordination sphere by visiting the 7™ section of the
Coordination geometry listing.

Exdude ligands with zero-weight bonds from coordination polyhedra WV 101 this control checked, the program builds the
coordination polyhedra using ligands with non—zero bond
weights. A preliminary calculation is performed using the
default Maximum coordination radius followed by the
adjustment of the CN for each polyhedra, using the non—
zero—weight occurrences.

By setting the coordination radius too low, no detectable ligands might be left around a central atom. If set
too high, then too many ligands will be counted in the coordination polyhedra and the quality of results will
be affected. Several cases are given further on. AMCSD 0002226—and reference therein:

_chemical formula sum 'Fe H 02'

~cell length a 9.9134

_cell length b 3.0128

_cell length c 4.5800

_cell angle alpha 90

_cell angle beta 90

_cell angle gamma 90

_symmetry space_group_name H-M 'P n m a'

loop
_space_group_ symop operation xyz
'XVYVZ'
'x,1/2-y,z"
'-x,1/2+y,-2"
'1/2-x,1/2+y,1/2+z"
'1/2+x,1/2-y,1/2-2"
'1/2+x,y,1/2-2"
'1/2-x,-y,1/2+z"'
'-x,-y,-z'

loop_

_atom_site label

_atom site type symbol
_atom site fract x
_atom site fract y

_atom _site fract z

_atom_site occupancy

Fe Fe3+ 0.14590 0.25000 -0.04860
H H1+ -0.10100 0.25000 -0.39900
01l 02- -0.19900 0.25000 0.28500
02 02- -0.05170 0.25000 -0.19600

e e
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In this case, running the structure at a global Maximum coordination radius of 4 or 3 A makes little
difference in the charge distribution results because the bonds longer than 3 A, filter themselves out due to
their zero—weight:

Central atom Site population CN aX Ligand gA Rij wij

Fe 1.000.Fe 17 3.000 o1l -2.000 1.9284 1.2015
o1l -2.000 1.9284 1.2015
o1l -2.000 1.9549 1.1205
02 -2.000 2.0720 0.7740
02 -2.000 2.0967 0.7053
02 -2.000 2.0967 0.7053
02 -2.000 3.2179 0.0000
0ol -2.000 3.5915 0.0000
o1l -2.000 3.5915 0.0000
02 -2.000 3.6565 0.0000
02 -2.000 3.6565 0.0000
ol -2.000 3.7067 0.0000
o1l -2.000 3.7450 0.0000
0ol -2.000 3.8441 0.0000
ol -2.000 3.8441 0.0000
02 -2.000 3.8873 0.0000
02 -2.000 3.8873 0.0000

wRav: 1.9947 ECoNX: 5.7080
EDEV: 0.6642

However, the bond valence sum will get a contribution even from these distant ligands and will generate a
slight but undesirable overbonding effect:

Central atom Site population aX Ligand Rij sij ERij

Fe 1.000.Fe 3.000 o1 1.9284 0.6327 1.9470
o1l 1.9284 0.6327 1.9470
o1l 1.9549 0.5889 1.9735
02 2.0720 0.4292 2.0906
02 2.0967 0.4014 2.1154
02 2.0967 0.4014 2.1154
02 3.2179 0.0194 3.2366
o1 3.5915 0.0071 3.6101
o1 3.5915 0.0071 3.6101
02 3.6565 0.0059 3.6751
02 3.6565 0.0059 3.6751
o1 3.7067 0.0052 3.7253
o1 3.7450 0.0047 3.7636
o1 3.8441 0.0036 3.8628
o1l 3.8441 0.0036 3.8628
02 3.8873 0.0032 3.9059
02 3.8873 0.0032 3.9059

Distortion index (Brown): 0.7182 BVS (Fe): 3.1550

If the Maximum coordination radius is justifiably set to 3 A, then the bond valence sum will get closer to
the formal oxidation number, i.e., +3:

Central atom Site population aX Ligand Rij sij ERij

Fe 1.000.Fe 3.000 o1 1.9284 0.6327 1.9389
o1 1.9284 0.6327 1.9389
o1 1.9549 0.5889 1.9654
02 2.0720 0.4292 2.0824
02 2.0967 0.4014 2.1072
02 2.0967 0.4014 2.1072

Distortion index (Brown): 0.0079 BVS (Fe): 3.0863
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Sometimes, the difference between choosing the default 4 A global radius and a lower value is more
significant. In the following example of muscovite (AMCSD 0000854—and reference therein), for a 4 A
coordination radius, the CN around potassium is 12 and the long bonds are still strong enough to make the
more distant ligands receive a fraction of the central charge:

Central atom Site population CN aX Ligand gA Rij wij

K 1.000.K 12 1.000 03 -2.000 2.8501 1.2516
03 -2.000 2.8501 1.2516
04 -2.000 2.8654 1.2203
04 -2.000 2.8654 1.2203
05 -2.000 2.8976 1.1545
05 -2.000 2.8976 1.1545
04 -2.000 3.2854 0.4406
04 -2.000 3.2854 0.4406
03 -2.000 3.2939 0.4282
03 -2.000 3.2939 0.4282
05 -2.000 3.5040 0.1867
05 -2.000 3.5040 0.1867

Also, the Si1-All position—normally with a tetrahedral coordination—appears with a CN = 13 and
anomalously bonded to OH groups:

Central atom Site population CN aX Ligand gA Rij wij

Sil-All 0.750.51:0.250.A1 13 3.750 o1l -2.000 1.6338 1.0421
05 -2.000 1.6439 1.0052
03 -2.000 1.6515 0.9775
04 -2.000 1.6529 0.9724
02 -2.000 3.2893 0.0000
02 -2.000 3.3225 0.0000
02 -2.000 3.6638 0.0000
05 -2.000 3.7525 0.0000
04 -2.000 3.8529 0.0000
03 -2.000 3.8880 0.0000
HSP1 wRavl: 1.6453 ECoNl: 3.9972
OH6 -1.000 3.2278 1.2770
OH6 -1.000 3.4265 0.9221
OH6 -1.000 3.7272 0.4534
HSP2 wRav2: 3.3822 ECoN2: 2.6525

Other positions are overcoordinated, too, and the overall MAPD for cations is quite high: 6.17%. However,
by setting the Maximum coordination radius to 3 A, the CNs become normal and the MAPD gets
significantly lower: 1.03%:

Central atom Site population CN aX Ligand gA Rij wij

K 1.000.K 6 1.000 03 -2.000 2.8501 1.0422
03 -2.000 2.8501 1.0422
04 -2.000 2.8654 1.0101
04 -2.000 2.8654 1.0101
05 -2.000 2.8976 0.9431
05 -2.000 2.8976 0.9431
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Central atom Site population CN aX Ligand gA Rij wij

Sil-All 0.750.51:0.250.A1 4 3.750 0ol -2.000 1.6338 1.0421
05 -2.000 1.6439 1.0052
03 -2.000 1.6515 0.9775
04 -2.000 1.6529 0.9724

Cation CN ECoN EDEV aX [0):¢ ax/Qx BVS
K 6 5.991 0.002 1.000 0.987 1.013 0.690
Sil-all 4 3.997 0.001 3.750 3.723 1.007 3.831
Siz2-al2 4 3.999 0.000 3.750 3.734 1.004 3.900
Al3 6 5.996 0.001 3.000 3.050 0.984 -
MAPD: 1.03% n/a

Anion gA QA gA/QA BVS
o1 -2.000 -1.979 1.011 1.885
02 -2.000 -1.952 1.025 1.882
03 -2.000 -2.006 0.997 2.021
04 -2.000 -2.015 0.992 2.028
05 -2.000 -2.062 0.970 2.062
O-H6 -1.000 -0.986 1.014 -

MAPD: 1.50% n/a

Sometimes, setting a single, global Maximum coordination radius, no matter how much adjusted, fails to
generate correct coordination polyhedra. Example: La,SeSiO, (Brennan and Ibers, 1991)—COD2000322
(fragment):

_cell length a 6.279(4)
~cell length b 7.306(5)
~cell length c 11.177(7)
_cell _angle_alpha 90
_cell _angle beta 90
_cell angle gamma 90
loop_

_symmetry equiv_pos_as_xyz
'XIYIZ'

'-x,1/2+y,z"'

'x,1/2-y,1/2+z"

'x,y,1/2-2"

'-x,-y,-z'

'x,1/2-y,-z"'
'-x,1/2+y,1/2-z2"
'-x,-y,1/2+z"

loop_

_atom site label
_atom _site type symbol
_atom _site fract x
_atom site fract y
atom site fract z
atom site occupancy

Lal La3+ 0.12424(5) 0.03774(4) 0.2500 0.29 1
La2 La3+ 0.60658(5) 0.2500 0.0000 0.379 1
Se Se2- 0.41697(10) 0.40157(9) 0.2500 0.469 1
Si  si4+ 0.1102(3) 0.2500 0.0000 0.32 1
01 02- 0.0479(5) 0.7686(4) 0.1161(3) 0.39 1
02 02- 0.2654(5) 0.0783(4) 0.0328(3) 0.39 1
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A Maximum coordination radius of 4 A determines Si to form a heteroligand coordination polyhedron with
four oxygen atoms and two—very distant—Se atoms.

Central atom Site population CN aX Ligand gA Rij wij

Si 1.000.51 10 4.000 02 -2.000 1.6302 1.0167
02 -2.000 1.6302 1.0167
o1l -2.000 1.6395 0.9828
o1l -2.000 1.6395 0.9828
02 -2.000 3.3837 0.0000
02 -2.000 3.3837 0.0000
o1l -2.000 3.7692 0.0000
o1l -2.000 3.7692 0.0000
HSP1 wRavl: 1.6348 ECoNl: 3.9989
Se -2.000 3.5701 1.0000
Se -2.000 3.5701 1.0000
HSP2 wRav2: 3.5701 ECoN2: 2.0000

Reducing the global Maximum coordination radius to 3 A, that is, lower than the Si-O distance generating
the first zero—weight bond, is not an option because all the bonds formed by Se with La measure over this

value:

Central atom Site population CN gA Ligand aX Rij wij

Se 1.000.5e 7 -2.000 Lal 3.000 3.0476 1.3995
Lal 3.000 3.2324 1.0563
La2 3.000 3.2329 1.0554
La2 3.000 3.2329 1.0554
Lal 3.000 3.5407 0.5312
La2 3.000 3.7827 0.2399
La2 3.000 3.7827 0.2399

Not being able to determine the coordination of Se in the anion—centered description, the program will
generate a specific error message. The solution is to choose the Bond—type specific thresholds option in the
Calculation settings dialog and modify the Si : Se threshold to a value above 3 A. The Si : O maximum
bond length may be modified too, by setting it under 3 A. In this way, the oxygen atoms with zero bond
weights will be filtered out and a correct coordination number for Si (4 instead of 8) will be obtained.

The coordination number is especially important in the calculation of EDEVy and of the parameters
describing the coordination geometry. Therefore it must be carefully observed when choosing bond length
thresholds.

4.2 Iteration of weighted average distance

By default, ECoN21 uses an iterated value of the weighted average bond length ﬁj, but the calculation of
non-iterated weighted average bond length and all related variables (w;j, ECoNy) is also possible. Thus, the
computation follows the original method applied by Hoppe et al. (1989) and later by Nespolo et al. (1999),
and allows direct comparisons with the values calculated by the program VESTA 3. For slightly distorted
polyhedra the results obtained from the two approaches should not be significantly different.

The recommended setting is to leave the [ Useiterated weighted average distance. control checked.
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4.3 CD iteration methods and convergence criteria

Crystal structures that are heteroligand in both cation— and anion—centered descriptions undergo an
iteration process meant to balance the distribution of charges to chemically different ligands. The iteration
may be carried out either with the native ECoN21 method which uses the AQ;/Aq; ratio to correct the
starting Aqy;j_.4 values for a new iteration cycle (Equations 10-12), or with the swap method derived by
Nespolo (2016) and included in the CHARDI2015 program. The choice for the latter option is made simply

by checking on the [¥] Use CHARDI201S iteration method control.

The results from the two methods should not be significantly different. However, the number of iteration
cycles in either case may be dissimilar and influenced by the chosen convergence criteria. The classic way to
end the iteration (Nespolo, 2016) relies on the difference D between AQ(ij = r) calculated in both cation—
and anion—centered descriptions, which, in terms of ECoN21 notation, reduces toD = Aqj — ¥ AQ;jcx-
Instead, the ECoN21 method uses the difference D = NAQ i — N=1rQ j» calculated for the central atoms,
without resorting concomitantly to a 'ligand—centered' environment. The default threshold for this difference
is 0.005, but this can be modified with the Calculation settings dialog.

The number of iteration cycles increases for lower thresholds and with the number of CPs in the crystal
structure. However, the behavior of the two iteration methods is different. The CHARDI2015 method tends
to generate fewer iteration cycles and with a lower but discontinuous variation of intermediate MAPDs,
whereas ECoN21 produces more cycles and a continuous decrease of MAPDs (Figure 7).

CHARDI2015 ECoN2

D D
0.10 0.08
008 0.07
0.08
0.06
0.07
0.06 0.05
0.05 0.04
0.04 0.03
0.03
0.02
0.02
001 0.01
Q 0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 a9 10 11 12 13 14 15 16 17 18 19
Iteration cycles Iteration cycles
(a) (b)
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Q
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285 o o —0—0—O—0—0—0—C 235 %00 o0
0—0—g o
e—o
2.80 2.15
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(c) (d)

Figure 7. Evolution of difference D during the CD iteration of 7TH-12Q) cannizzarite (Topa et. al., 2010)
for CHARDI2015 (a) and ECoN21 (b) methods. The modification of MAPD during the iteration process for
CHARDI2015 and ECoN21 is shown in (¢) and (d).
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Following the ECoN21 method, crystal structures with larger number of polyhedra will tend to yield better
MAPD results than smaller structures, because they must go through a lot more iterations and thus, the
deviating charges will have more chances to level off. Some polyhedra will always be left behind, thus forcing
new cycles of iteration and eventually making the calculation prone to artificial results. Too many iterations
will also yield 'better' MAPDs but will hide potential problematic features of the structure. Therefore, it is
not recommended to use the ECoN21 iteration with AD; difference thresholds that are lower than the default

value of 0.005, especially if the structure contains many CPs.

A more conservative option is to end the iteration when the MAPD for a new cycle, stops improving with
more than a certain percentage (e.g., 1%) in comparison to the previous cycle. In general, the MAPD
improves significantly in the first two or three iteration cycles, after which it decreases much more slowly.
Using this option ensures that the iteration stops shortly after the CD anomalies produced by the default
over—weighting of bonds to single, 'exotic' ligands are neutralized. By stopping the iteration this early,
deviating charges will have less chances to adjust and thus, to obliterate potential flaws of the structure.

A final, radical way to stop the iteration—augmenting the effects described for the second option—is to
allow only a single iteration cycle.

4.4 Approximation of the ideal polyhedron

During the Coordination geometry calculations, ECoN21 attempts to establish the ideal polyhedra of
maximum volume which are inscribable in the LSF spheres of each CP in the structure, using the CN and
the number of CP faces. The volume of the ideal polyhedron is used to calculate the volume distortion
(Equation 27). Even though the program finds the right ideal polyhedra in most cases, the user should check
the suggested shape against a crystal structure visualization program. Better results are obtained if the
coordination radius thresholds are set in such a way that only tightly bonded ligands are included in the CP
(e.g., having non—zero bond weights). If the program has determined the ideal polyhedron type wrongly,
then, after visually deciding upon the right shape, the user should either impose a lower CN or use the
values in Table 1 to calculate the ideal volume.

For each type of polyhedra listed in the table, the ratios between the volumes of the LSF 'circumsphere' and
of the ideal polyhedron are different and so will be the values of the real polyhedron volume distortion. For
instance, the coordination polyhedron around Asl5 in the crystal structure of baumhauerite (Engel and
Nowacki, 1969), at a global coordination radius of 4 A, can be approximated by two ideal shapes: a 'split
octahedron' with S25-S27-528 and S29-S31-S32 forming the bases of the trigonal prism and with the S33
atom as the apex of the capping pyramid (Figure 8a), or a pentagonal bipyramid with S27 and S32 as the
polar vertices (Figure 8b). The former approximation is achieved by merging pairs of triangular faces located on
the uncapped sides of the trigonal prism and forming large dihedral angles: 162.8 and 168.0°. The 'split octahedron'
approximation will generate an absolute volume distortion of 0.001 whereas the pentagonal bipyramid will yield a
volume distortion of 0.130. However, there might be cases when the pentagonal pyramid is a better approximation.
The user can switch between the two options by adjusting the Minimum dihedral angle in the Calculation
settings dialog. For the example above, setting a value of 160° will trigger the merging of the triangular
faces on the uncapped sides of triangular prism and the reduction of polyhedral faces from 10 to 8 (i.e.,
'split octahedron' in this case). On the contrary, a value of 179-180° will hinder the convolution of these
faces so that the ideal polyhedron will be approximated by a pentagonal bipyramid.
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Table 1. Maximal volumes of ideal polyhedra as a function of the LSF 'circumsphere' volumes (Makovicky E., Bali¢-Zunié T.
1998). Shaded rows indicate the polyhedral volumes that are used by default in the calculation of volume distortion for a certain CN,
when the program cannot establish the ideal polyhedron.

CN Number of faces Ideal polyhedron type Ideal polyhedron volume!
3 1(+3) trigonal pyramid* Vs/8.1621
4 4 tetrahedron Vs/8.1621
4 1or2 (+4) square pyramid* Vs/5.3014
5 4 tetrahedron** Vs/8.1621
5 5 square pyramid Vs/5.3014
5 6 trigonal bipyramid Vs/4.8368
6 5 trigonal prism Vs/4.1888
6 8 octahedron Vs/3.1416
7 8 monocapped trigonal prism Vs/3.1424
7 8 'split octahedron' Vs/3.0491
7 10 pentagonal bipyramid Vs/2.6427
8 6 cube Vs/2.7206
8 10 square antiprism Vs/2.3069
8 11 bicapped trigonal prism Vs/2.4891
8 12 hexagonal bipyramid Vs/4.8368
9 14 tricapped trigonal prism Vs/2.0496
12 8or 14 hexagonal (anti)prism Vs/2.0944
12 14 cubeoctahedron Vs/1.7772
12 20 icosahedron Vs/1.6516

" Vs — volume of the LSF 'circumsphere'

*  (Central atom is out of the plane of ligands and occupies the apex of a trigonal or square pyramid. The numbers
outside the parantheses count the faces formed on ligand vertices, whereas those inside the parantheses count the
faces formed by the apical 'central atom' and the ligands. The faces formed on ligand vertices are the only ones
used for calculating the polyhedral volumes.

** One or more vertices are approximated from binary split positions. It may apply to other CNs, too.
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Figure 8. The coordination polyhedron of As15 in the crystal structure of baumhauerite (Engel and Nowacki,
1969) seen as a 'split octahedron' with pairs of triangular faces merged into single quadrilateral ones (thicker
outlines) (a) or as a pentagonal bipyramid (b). The red sphere denotes the centroid.

Note however, that setting the Minimum dihedral angle limit too low (e.g., 150° for the case under
scrutiny), will force the merging of other faces (e.g., S29-S31-S33-S32) beside the ones belonging to the
uncapped trigonal prism sides and the program will fail to identify the correct ideal polyhedron.
Examination of the Dihedral angles in Section Ill of the Coordination geometry listing may offer a hint on

this minimum value.
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The choice between the monocapped trigonal prism and the 'split octahedron' is made automatically by
comparing the displacements of the central atom from the centroid and from the best plane through the
ligands forming the base of the capping pyramid. If the distance from the centroid to the central atom is
smaller than the distance to the best plane, then the CP will be a monocapped trigonal prism (Figure 9a).
The opposite situation will define a 'split octahedron' (Figure 9b)

$33

(a) (b)
Figure 9. The monocapped trigonal prism around Pb5 in 7TH-12Q cannizzarite (Topa et al. 2010) (a) and the
'split octahedron' around Asl5 in the crystal structure of baumhauerite (Engel and Nowacki, 1969) (b). The
difference is decided by the displacements of the central atom from the centroid (red sphere) and from the best
plane through the ligands describing the base of the pyramid cap.

If the global Maximum coordination radius is set to 3.5 A, then the CN of As15 changes from 7 to 5 and a
similar ambiguity occurs now between a square pyramid (Figure 10a) and a trigonal bipyramid (Figure 10b)
as the ideal polyhedron. In the first case, the two triangular faces of the base yield a 175.2° dihedral angle
and—with an appropriate Minimum dihedral angle setting—can be merged to form the quadrilateral base of
the ideal pyramid. The volume distortion for the square pyramid is 0.2661 while for the trigonal bipyramid
is slightly larger: 0.3304.
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(a) (b)
Figure 10. Alternative descriptions of the ideal polyhedron type around Asl5 in the crystal structure of baumhauerite (Engel and
Nowacki, 1969) for CN = 5: (a) square pyramid obtained by merging of $28-S31-S32 and S27-S28-S31 faces into a quadrilateral
face (thicker outline); (b) trigonal bipyramid. The red sphere represents the centroid.

35



In some rare cases, a unique Minimum dihedral angle setting will not suffice to flatten all the pairs of faces
with large dihedral angles and the program will not be able to get the ideal shape of certain polyhedra. In
such cases, the ideal shapes will be listed with a 'not applicable' tag and the program will choose a default

ideal polyhedron yielding the maximum volume for the current CN.

In order to identify the ideal CP shape, polyhedra with binary split ligand positions—most likely to be
found in anion—centered descriptions—are approximated by merging the pair of ligands into a single,
average position. The merging of ligands does not affect other quantities describing the coordination
geometry (CN, coordinates of the centroid, polyhedral volume, etc.). The Maximum distance between
atoms in split positions setting in the Calculation settings dialog helps in adjusting the distance limits for
applying such approximations. Values between 0.2 and 1.5 A are accepted. Example: in the anion—centered
description, the S9 position in rathite ('rath 1', Topa and Kolitsch, 2018) is surrounded by three metal split
positions: 2 x As5-Ag (distance 0.638 A) and Sb3-As3 (distance 0.351 A) (Figure 11a). Under a default
Maximum distance between atoms in split positions of 0.8 A, the three split positions are merged (Figure
11b), thus allowing the program to find the closest ideal shape of the CP (square pyramid in this case). If
these positions are kept unmerged (e.g., Maximum distance...set to 0.2 A), the program will fail to identify
any plausible ideal shape, volume and distortion.

V‘ 5 \
@ K 1” ) = R

(a) (b)
Figure 11. The coordination polyhedron of S9 in the crystal structure of rathite ('rath 1', Topa and Kolitsch, 2018) with three split
ligand positions (a). These positions are merged (b) for a better approximation of the ideal polyhedron (square pyramid). The ideal
shape was obtained with a Minimum dihedral angle... of 160° which allowed the two basal faces (As5,Agh-Pb6-Sbh3,As3 and Asd—
Pb6-Sbh3,As3) to be merged into a single one. Any value over this angle would have led to a trigonal bipyramid and to a slightly

higher external distortion value.
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5 Input file requirements

The only type of input accepted by ECoN21 is a CIF file which should contain all the data necessary for the
CD and BVS analysis. ECoN21 is fairly flexible when reading a CIF file and in most cases, no intervention
from the user is necessary. However, if an error occurs, the user is made aware of its source. Several CIF
formats have been tested so far, including ICSD, AMCSD, COD, Jana2006 (Petticek et al. 2006) etc.
Depending on the source, it may be sometimes necessary to add the oxidation numbers, occupancies etc. by
hand (see Section 5.9 on how to handle an incomplete CIF file). The following sections describe the

information which should be included in the input CIF file (with examples).
5.1 Unit cell parameters

~cell length a 8.5197(4)

“cell length b 42.461(2)

~cell length c 16.293(8)

~cell angle alpha 83.351(2)

~cell angle beta 90.958(2)
_cell angle gamma 84.275(2)

The space group is optional, but it may prove useful if symmetry operators are missing altogether and need
to be identified later.

5.2 Symmetry operators
Symmetry operators can appear in either of these syntaxes:

a) (flags and cardinal column)

loop loop
_space_group_symop_id _symmetry equiv pos site id
_symmetry equiv _pos as xyz _symmetry equiv_pos_as_xyz
1 'x, y, z' 1'%, y, 2!
2 '-x, ~Yr -z' 2 '-x, “Yr -z'
3 '-x+1/2, -y, z+1/2" 3 '-x+1/2, -y, z+1/2'
4 '"x+1/2, y, -z+1/2" 4 'x+1/2, y, -z+1l/2"
5 'x+1/2, -y+1/2, -z+1/2" 5 'x+1/2, -y+1/2, -z+1/2"'
6 '-x+1/2, y+1/2, z+1/2" 6 '-x+1/2, y+1/2, z+1/2"
7 '-x, y+1/2, -z' 7 '-x, y+1/2, -z'
8 'x, -y+l1/2, z' 8 'x, -y+1/2, z'
b) (flags)
loop loop
__space_group_symop operation xyz symmetry equiv pos as xyz
'Xr Yr z! |Xr Yr z!
'-x, ~Ys -z' '-x, ~Yr -z'
'-x+1/2, -y, z+1/2" '-x+1/2, -y, z+1/2"
'x+1/2, y, -z+1/2" 'x+1/2, y, -z+1/2"
'x+1/2, -y+1/2, -z+1/2" 'x+1/2, -y+1/2, -z+1/2"
'-x+1/2, y+1/2, z+1/2" '-x+1/2, y+1/2, z+1/2"
'-x, y+1/2, -z' '-x, y+1/2, -z
'x, -y+1/2, z' 'x, -y+1/2, z'

¢) (no quotes and no blank spaces)

loop_

_symmetry equiv_pos_as_xyz
X,Y,2

—X,"Yr—2

-x+1/2,-y,z+1/2
x+1/2,y,-2z+1/2
x+1/2,-y+1/2,-z+1/2
-x+1/2,y+1/2,2+1/2
-x,y+1/2,-z
x,-y+1/2,z
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The individual symmetry operators should be separated by commas. Quotes and blank spaces are not

mandatory. The order of operators does not matter.

5.3 Atom labels

These are read from a dedicated column in the coordinates table and can be any succession of characters,
but should not contain the asterisk sign (*) as the leading character, as this is reserved for tagging
symmetry generated atoms. As a general rule, there should be no blank line between the flags and the actual

coordinates table. Examples:

_atom _site_label

_atom _site type symbol

_atom site Wyckoff symbol

_atom_site fract x

_atom _site fract y

_atom site fract z

_atom _site B iso or equiv

_atom site occupancy

Tll Tl1l+ a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1

Sbl Sb3+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8
Pbl Pb2+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2
Pb2 Pb2+ a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)

S1 s2- a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1
S2 S2- a 0.4002(11) 0.9911(2) 0.9681(6) 0.0187(17) 1

_atom_site_label
_atom site type symbol
_atom site Wyckoff symbol
_atom _site fract x
_atom _site fract y
_atom site fract z
_atom site B iso or equiv
atom site occupancy
Mel T11+ a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1

Me2a Sb3+ a 0.6967

(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8
Me2b Pb2+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2
Me3 Pb2+ a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)

Al s2- a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1
A2 Se2- a 0.4002(11) 0.9911(2) 0.9681(6) 0.0187(17) 1

5.4 Atom symbols

Valid chemical symbols followed or not by the oxidation number: Pb2+4, Sb3+, S2—, Se2—, etc. or Pb, Sb, S,
Se etc should appear in the CIF file. Example:

_atom _site label
_atom_site_type symbol
_atom_site Wyckoff symbol
_atom _site fract x
_atom_site fract_ y
_atom_site fract z
_atom _site B iso or equiv
atom site occupancy
T11 T1l+ a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1

Sbl Sb3+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8
Pbl Pb2+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2
Pb2 Pb2+ a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)
S1 82- a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1
S2 S2- a 0.4002(11) 0.9911(2) 0.9681(6) 0.0187(17) 1
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5.5 Oxidation numbers

These are looked for in either of the following parts of the CIF file:

a) in the _atom_site section, either contained in the _atom_site_type_symbol, e.g.: Pb2+, S2— etc. or in a
separate column corresponding to _atom_site_oxidation_number, e.g.: 2, 3, -2 etc.
b) In a separate loop_ elsewhere in the CIF file. Examples:

_atom_site label

_atom site_type symbol

_atom site Wyckoff symbol

_atom site fract x

_atom site fract y

_atom _site fract z

_atom _site occupancy

T11 T11l+ a 0.6573(2) 0.02978(4) 0.82387(12) 1

Sbl Sb3+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.8
Pbl Pb2+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.2
S1 82- a -0.0910(15) 0.9865(2) 0.9560(6) 1
S2 82- a 0.4002(11) 0.9911(2) 0.9681(6) 1

In this case, oxidation numbers are extracted from _atom_site_type_symbol. However, if the symbol does
not contain the valence part, oxidation numbers must be read either from a separate column in the
_atom_site_ table (see below) or from elsewhere in the CIF file:

_atom _site label

_atom site type symbol

_atom_site_ oxidation_number

_atom site Wyckoff symbol

_atom_site fract x

_atom site fract y

_atom site fract z

_atom _site occupancy

T11 T1 1 a 0.6573(2) 0.02978(4) 0.82387(12) 1

Sbl Sb 3 a 0.6967(4) -0.01061(6) 0.58114(17) 0.8
Pbl Pb 2 a 0.6967(4) -0.01061(6) 0.58114(17) 0.2

S1 S -2 a -0.0910(15) 0.9865(2) 0.9560(6) 1
S2 S -2 a 0.4002(11) 0.9911(2) 0.9681(6) 1

or, in the case of long lists of atoms, from a separate loop:

loop loop

_atom_type symbol _atom_type symbol
_atom_type oxidation_number _atom_type oxidation number
T11+ 1 T1 1

Pb2+ 2 Pb 2

Sb3+ 3 Sb 3

S2- -2 s -2

In both cases, atom_type_symbol must have an equivalent column in the _atom_site section flagged as
_atom_site_type_symbol.

Any arrangements of signs, values or attached chemical symbols are acceptable as sources for oxidation
numbers. However, the minus sign cannot miss in the case of anions. Monovalent cations without the actual
numeric charge are also admissible (e.g., Ag+).

Note: Usually, CIF files retrieved from ICSD have dedicated loops for reading the oxidation numbers.
Sometimes, certain ions in the loop—known to have multiple oxidation states—are assigned with non—
integer oxidation numbers despite the original papers not mentioning such values. Example:
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loop

_atom_type symbol
_atom_type oxidation number
Ca2+ 2

Fe2+ 2.08

Al3+ 3

Sid+ 4

02- -2

It may be supposed that this is done for compensating the structure—derived charge unbalances encountered
in certain structures. However, it is recommended to correct such values to the formal integers. Otherwise,
the program will not be able to retrieve the R, and B values necessary for the bond valence calculation.

5.6 Symmetry multiplicities

ECoN21 calculates the multiplicities based on symmetry operators listed as _symmetry_equiv_pos_as_xyz
or _space_group_symop_operation_xyz. If there are no symmetry operators and no multiplicities, then a
value of 1 is assigned to all atoms.

5.7 Fractional coordinates

These are read from the _atom_site section:

_atom _site label

_atom site type symbol

_atom site oxidation number

_atom _site Wyckoff symbol

_atom_site_fract x

_atom_site_fract_y

_atom _site fract z

_atom _site B iso or equiv

_atom _site occupancy

T11 T1 1 a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1

Sbl

Sb 3 a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8
Pbl Pb 2 a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2
Pb2 Pb 2 a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)

S1 S -2 a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1
52 S -2 a .4002(11) .9911(2) .9681(6) 0.0187(17) 1

Leading zeros are not necessary (see the S2 line in the example above).
5.8 Occupancies

The program reads the occupancies from a dedicated column in the _atom_site section:

_atom_site label

_atom _site type symbol

_atom site oxidation number

_atom site Wyckoff symbol

_atom _site fract x

_atom _site fract y

_atom site fract z

_atom site B iso or equiv

_atom site_occupancy

T11 T1 1 a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1

Sbl Sb

3 a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8
Pbl Pb 2 a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2
Pb2 Pb 2 a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)

S1 S -2 a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1
S2 S -2 a 0.4002(11) 0.9911(2) 0.9681(6) 0.0187(17) 1

40



5.9 Troubleshooting CIF issues

The standardization of CIF files is far from being tight and sometimes, it makes no easy task for a retrieving
program to get the structure data rightly. There are many ways in which the same type of information may
be written (see Section 5.2 for an example) and there is no requirement that certain data which are
mandatory for ECoN21 be included in the CIF file. Exotic characters such as #8217 instead of the normal
single quote mark (#39) may appear in such files and there is no default mechanism to correct them
(fortunately, ECoN21 does that!). Therefore, when importing a CIF file from a database or from a journal
repository of supplementary materials, errors may occur.

Several of the most common syntax flaws in CIF files are observed in this section. The following fictive CIF

file is taken as an example:

_cell length a 11.608

_cell length b 4.0279

_cell length ¢ 11.275

_cell _angle alpha

_cell angle beta

_cell angle gamma
_symmetry space group _name H-M 'P nm a'

loop

_atom_site label

_atom _site fract x

_atom site fract y
atom site fract z

Pbl 0.33320 0.25000 0.48800
Cul 0.23200 0.25000 0.20810
Bil 0.01850 0.25000 0.68120
Sl 0.04540 0.25000 0.13730
sS2 0.37950 0.25000 0.05530
sS3 0.21460 0.25000 0.80360

The missing alpha, beta and gamma angles will not cause any issue. When such fields are blank, the angles
will be set automatically to 90 degrees. If any unit—cell parameter is wrongly recorded in the CIF file (e.g.,
an 'O’ instead of zero in 11.608), the following error message will be displayed:

Invalid unit-cell parameters.

On a first attempt to read the input file, the following error is generated:

Missing atom symbol in the _atem_site section. Mo Bond
Valence Sums will be calculated,

followed by:

Error reading eccupancies,
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The first error is sourced in the absence of element symbols in the _atom_site table, which precludes the
correct display of site populations, heteroligand polyhedra content if any, and the collection of R, and B
from the list of empirical parameters. The second error is generated by the lack of occupancy values. The
solution is to add the _atom_site_type_symbol flag and to write a column with symbols. To eliminate the
second error it is necessary to add the _atom_site_occupancy flag and to write a column with occupancies:

loop_

_atom_site label
_atom site_ type symbol
_atom_site fract x
atom site fract y
_atom _site fract z
_atom_site_occupancy

Pbl Pb 0.33320 0.25000 0.48800 1
Cul Cu 0.23200 0.25000 0.20810 1
Bil Bi 0.01850 0.25000 0.68120 1
S1 S 0.04540 0.25000 0.13730 1
sS2 S 0.37950 0.25000 0.05530 1
S3 S 0.21460 0.25000 0.80360 1

Charges are missing from anywhere in the CIF file and therefore, the next predictable error will be

Error reading charges.

The way—out is to either add the charges to the symbol column:

loop

_atom _site label

_atom site type symbol

_atom _site fract x

_atom _site fract y

_atom _site fract z

_atom_site U iso or equiv
atom site occupancy

Pbl Pb2+ 0.33320 0.25000 0.48800 0.03420 1
Cul Cul+ 0.23200 0.25000 0.20810 0.03407 1
Bil Bi3+ 0.01850 0.25000 0.68120 0.01811 1
S1 S2- 0.04540 0.25000 0.13730 0.01925 1
sS2 s2- 0.37950 0.25000 0.05530 0.01646 1
sS3 52- 0.21460 0.25000 0.80360 0.01064 1

or—in the case of very long lists of atoms—to build a new loop like so:

loop_

_atom_type symbol

_atom type oxidation number

Pb 2

Cul

Bi 3

s -2
making sure that corresponding symbols exist in the _atom_site (fractional coordinates) table. Note that
any lack of such correspondence (e.g., symbols in the _atom_site table not listed in the _atom_type_

oxidation_number loop) will generate the same error.

On a new attempt to run the file, the following error occurs:

Mo symmetry operators found.
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In such cases, the symmetry operators for a given space group may be obtained either from the International

Tables of Crystallography or from various web sources, e.g.:

- Bilbao Crystallographic Server — https://www.cryst.ehu.es/cgi-bin/cryst/programs/nph-getgen/
- Space Group Diagrams and Tables — http://img.chem.ucl.ac.uk/sgp/large/sgp.htm

In the case of the Pnma space group, the list of symmetry operators is:

IX,y,ZI
'x,1/2-y,z"
'-x,1/2+y,-2"
"1/2-%,1/2+y,1/2+2"
"1/2+x,1/2-y,1/2-2"
'1/2+4x,y,1/2-2"
'1/2-x,-y,1/2+z"
'_XI_YI_Z'

This list must be placed in a separate loop following any of the syntaxes described in Section 5.2. Finally,
the CIF file will be read adequately and the calculation can proceed.

Note however, that some crystal structures are not completely solvable by ECoN21 even if the CIF files are
complete and correct. Often, such problematic cases are represented by structures containing more than two
(partially occupied) central atom or ligand positions which occur very close to each other (multiple split
positions). Such a distribution of atoms prevents the correct determination of CP faces, volumes, centroids
or derived quantities, and are also likely to yield erratic CD and BVS results.

Example: makovickyite (Nakashima et al., 2013): the octahedra connecting pairs of Bi square pyramids in
the thin layer of the structure are populated by 6 partially occupied Cu in eccentric positions (Figure 12)
which prove very difficult to manage in anion—centered description, both in CD and Coordination geometry
calculations.

Figure 12. The crystal structure of makovickyite (Nakashima et al., 2013) with multiple partially occupied Cu positions
inside the octahedral cage connecting pairs of Bi square pyramids in the thin layer of the structure. Purple color marks Bi

and Bi-Ag atoms.
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Given the high number of copper atoms inside the octahedron, a number of false polyhedral faces occur
during the computation. Also the MAPD for ligands in the anion—centered CD calculation exceeds 38% and

should be taken with caution.

Minerals of the pearceite group are roughly in the same category. For example, in Se—rich antimonpearceite
(Evain et al., 2006), part of Ag is distributed along two—dimensional diffusion paths shaped as hexagonal—
like loops (Figure 13). Maxima of electron density along these paths do not correspond to the refined Ag

position and do not reflect in meaningful distances.

Figure 13. The crystal structure of Se-rich antimonpearceite (Evain et al., 2006) with multiple partially
occupied Ag positions delineating hexagonal-like diffusion paths, i.e., quasi—continuous areas of elevated

electron density. Another example of crystal structure not really solvable by ECoN21.

Also note that some errors will not be parsed by the program. One of the most common error occurs when
the text editor word wrapping is checked on and the text which should appear in a single line is divided

among two lines:

Ba Ba 0.34788(2) 0.28063(2) -0.12996(6) 0.00695(8) Uani 4 . . . 1 . .
Nb Nb 0.22256(2) 0.38075(2) 0.37325(10) 0.00842(11) Uani d . P . 0.8241 .

Fe Fe2 0.22256(2) 0.38075(2) 0.37325(10) 0.00842(11) Uani d . P . 0.1759 . |

Fe Fe3 0.21260(4) 0.39221(4) 0.86873(17) 0.00398(15) Uani d . P . 0.2175 .
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6 The R, and B parameters

ECoN21 attempts to extract the R, and B values automatically from the bvsparm.cif file which should exist
in the same folder as the main executable file. The busparm.cif file is a slightly modified version of the
buparm2020.cif file (Brown, 2020) issued by IUCr. Because the original file sometimes contained multiple
parameters for a specific pair of atoms, these were reordered by putting the preferred values on the first
position in the list of duplicates. Such values are supposed to be the first matches during the search for R,
and B parameters, and were chosen mainly on the basis of their more recent publication date and how much
the author of this list trusted certain sources. The user may decide upon different priorities among these
groups of multiple values.

Below is a fragment of this file showing pairs of cations and anions of certain valences, the R, and B
parameters, a pointer to a reference list, and a column for comments. A question mark indicates that no
comments were due.

loop
~valence param atom 1
~valence param atom 1 valence
_valence param atom 2
_valence param atom 2 valence
_valence_param_Ro
_valence_param_B
_valence param ref id
_valence param details

Ac 3 o -2 2.24 0.37 b ?
Ac 3 o -2 2.29 0.35 P ?
Ac 3 F -1 2.13 0.37 b ?
Ac 3 F -1 2.10 0.40 P ?
Ac 3 Cl -1 2.63 0.37 b ?
Ac 3 Cl -1 2.60 0.40 P ?
Ac 3 Br -1 2.75 0.40 P ?
Ag 1 o -2 1.842 0.37 a ?
Ag 1 o =2 1.875 0.359 bs ?
Ag 1 o =2 1.805 0.37 b ?
Ag 1 s -2 2.119 0.37 a ?
Ag 1 F -1 1.80 0.37 b ?
Ag 1 cl -1 2.09 0.37 b ?
Ag 2 F -1 1.79 0.37 e unchecked
Ag 3 F -1 1.83 0.37 e unchecked
Ag 9 Br -1 2.22 0.37 b ?
Ag 9 I -1 2.38 0.37 b ?
Ag 9 Se -2 2.26 0.37 b ?
Ag 9 Te -2 2.51 0.37 b ?
Ag 9 N -3 1.85 0.37 b ?
Ag 9 P -3 2.22 0.37 b ?
Ag 9 As -3 2.30 0.37 b ?
Ag 9 H -1 1.50 0.37 b ?
Al 3 o -2 1.651 0.37 a ?
Al 3 o -2 1.634 0.390 bs ?
Al 3 o -2 1.644 0.38 o ?
Al 3 s -2 2.13 0.37 b ?
Al 3 s -2 2.21 0.37 e unchecked
Al 3 Se -2 2.27 0.37 b ?
Al 3 Te -2 2.48 0.37 b ?
Al 3 F -1 1.545 0.37 a ?
Al 3 Ccl -1 2.032 0.37 a ?
Al 3 Br -1 2.20 0.37 b ?
Al 3 I -1 2.41 0.37 b ?
Al 3 N -3 1.79 0.37 b ?
Al 3 P -3 2.24 0.37 b ?
Al 3 As -3 2.30 0.37 b ?
Al 3 H -1 1.45 0.37 b ?
Am 3 o =2 2.11 0.37 b ?
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As shown in the example above, in order to find the relevant parameters for a certain bond, the search
routine must be aware of the chemical symbols and the oxidation numbers of the atoms in question. This is
only possible if:

a) the _atom_site section contains valid atom symbols such as Pb2+4, Sb3+4, S2—, from where both the
chemical symbol and the oxidation number can be extracted.

b) the _atom_site section contains valid atom symbols such as Pb, Sb, S and the CIF file contains a
separate list wherefrom the corresponding oxidation numbers can be extracted.

Note that in order to perform the automated BVS calculation, the program needs to find all the R, and B
pairs required for a CP. If any pair of parameters is missing for a given bond, then no BVS calculation will
take place for that CP.

Once a new version of the buparm2020.cif file is released by IUCr, it can be copied into the main executable
file's folder and renamed ‘buvsparm.cif' in order to be recognized by the program.
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7 Dealing with hydrogen atoms and bonds

One of the difficult issues of crystal structure determination concerns hydrogen atoms and bonds. On the
one hand, hydrogen positions are difficult to obtain and often the accuracy of their fractional coordinates is
low. On the other hand, hydrogen has a peculiar behavior in terms of charge distribution, requiring a much
lower exponent factor in Equations (2), (3) and (4) (see Section 2.1). Under normal circumstances, using the
constraint factor established by Nespolo et al. (2001), the calculation should be straightforward as in the
example given further on (ICSD 184708—gibbsite Al(OH); and references therein); only the relevant lines

and values are given in the example):

_chemical formula structural

~cell length a 8.684(1)
_cell length b 5.078(1)
_cell length c 9.736(2)
_cell _angle_alpha 90.
~cell angle beta 94.54(1)
_cell angle gamma 90.
_space_group name H-M alt 'P 1 21/n 1'
loop
_space_group_symop_id
space_group_symop_operation_xyz

1 '-x+1/2, y+1/2,
2 '"-x, -y, -z'

3 'x+1/2, -y+1/2,
4 'k, y, z'

loop

_atom type symbol

-z+1/2"

z+1/2"

_atom type oxidation number
Al3+ 3
02- -2
H1+ 1
loop
_atom _site label
_atom _site type symbol
_atom _site fract x
_atom _site fract y
_atom_site fract z
_atom _site occupancy

All Al13+ 0.1679(1)
Al2 Al3+ 0.3344(1)
01 02- 0.1779(2)
02 02- 0.6692(

03 02- 0.4984(2
04 02- -0.0205(2
05 02- 0.2971(2
06 02- 0.8194(2
H1 H1+ 0.101(6)
H2 H1+ 0.595(6)
H3 HI+ 0.503(5)
H4 H1+ -0.029(5)
H5 H1+ 0.293(6)
H6 H1+ 0.815(5)

0.5295(2) -0.
0.0236(2) -0.
0.2183(4) -0.
0.6558(4) -0.
0.1315(4) -0.
0.6293(4) -0.
0.7178(4) -0.
0.1491(4) -0.
0.152(10) -0.
0.573(10) -0
0.137(10) -0.
0.801(10) -0.
0.724(11) -0
0.160(9) -0

'Al

0023 (1)
0024 (4)
1115(2)
1023 (2)
1044 (2)
1068 (2)
1052 (2)
1015(2)
124 (5)
.098(5)
190 (5)
107 (4)
.196(6)
.190(5)

Results of ECoN21 calculation (summary):

(O H)3'

PR RRRPRRPRRRRRRR PR

Cation

All
Al2
H1
H2
H3
H4
HS
H6

aX OX
000 3.019
000 2.968
000 1.027
000 1.031
000 0.970
000 1.022
000 0.916
000 1.048

AR (Ba) AR (Br)
0.012 0.001
0.015 0.001
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
<0.003> <0.000>



ol -2.000 -1.948 1.027 2.452 0.340 0.059
02 -2.000 -1.940 1.031 2.364 0.332 0.054
03 -2.000 -2.063 0.970 2.268 0.303 0.031
04 -2.000 -1.958 1.022 2.085 0.295 0.031
05 -2.000 -2.183 0.916 2.266 0.281 0.017
06 -2.000 -1.909 1.048 2.077 0.302 0.037
MAPD: 4.09% 12.60% <0.309> <0.038>

In certain CIF files, the OH group is localized only by means of oxygen atoms, with no hydrogen
coordinates determined whatsoever, as in the next example of the same mineral gibbsite AI(OH); (ICSD
27698 —and references therein—fragment):

_chemical_ formula_ structural 'Al (O H)3'
_chemical name mineral Gibbsite

_cell length a 8.676(2)

_cell length b 5.070(2)

~cell length c 9.721(3)

_cell angle alpha 90.

~cell angle beta 94.57(8)

_cell angle_gamma 90.

_space _group name H-M alt 'P 1 21/n 1°'
loop

_space_group_symop_id
_space_group_symop_operation_xyz

1 '"-x+1/2, y+1/2, -z+1/2"

2 '"-x, -y, -z'

3 'x+1/2, -y+t1/2, z+1/2"'

4 'x, y, z'

loop

_atom_type symbol
_atom_type oxidation number
02- -2

Al3+ 3

loop

_atom _site label

_atom site type symbol
_atom _site fract x

_atom _site fract y

_atom _site fract z
_atom _site occupancy

01 02- 0.183 0.202 -0.105
02 02- 0.674 0.670 -0.104
03 02- 0.480 0.132 -0.106
04 02- -0.017 0.632 -0.108
05 02- 0.293 0.702 -0.105
06 02- 0.806 0.170 -0.103
All Al3+ 0.166 0.500 0.000
Al2 Al13+ 0.333 0.000 0.000

R R R R

Running the CIF file as it is, would yield a huge charge unbalance and overall wrong results:

Cation CN ECoON ax ox qgX/Qx BVS AR (Ba) AR (Br)
All 13 5.878 3.000 6.019 0.498 3.225 0.518 0.678
Al2 13 5.824 3.000 5.981 0.502 3.229 0.521 0.682
MAPD: 100.00% 7.56% <0.519> <0.680>
Anion gA QA gA/QA BVS AR (Ba) AR (Br)
o1 -2.000 -1.078 1.855 1.140 0.489 0.644
02 -2.000 -0.927 2.159 1.012 0.449 0.585
03 -2.000 -0.967 2.068 1.054 0.593 0.770
04 -2.000 -0.952 2.101 1.035 0.585 0.762
05 -2.000 -1.109 1.803 1.166 0.496 0.660
06 -2.000 -0.967 2.068 1.048 0.458 0.592
MAPD: 50.00% 46.22% <0.156> <0.205>



Instead, the charge of the oxygen atoms should be modified manually to —1, that is, to the charge of the
OH group, keeping in mind that O? is in fact OH :

_atom type symbol
_atom_type oxidation number
Al3+ 3

02- -1

Or, for a more conformable output, by manually editing the CIF file as follows: the _atom_type_symbol
and _atom_site_type_symbol for oxygen should be modified to OH and the charge set to —1. The atom
labels should also be changed, accordingly:

_atom type symbol
_atom type oxidation number
Al3+ 3

OH- -1

loop

_atom _site label
_atom site type symbol
_atom _site fract x
_atom site fract y
_atom _site fract z
_atom _site occupancy

OH1 OH1l- 0.183 0.202 -0.105 1
OH2 OH1l- 0.674 0.670 -0.104 1
OH3 OH1l- 0.480 0.132 -0.106 1
OH4 OH1- -0.017 0.632 -0.108 1
OH5 OH1- 0.293 0.702 -0.105 1
OH6 OH1l- 0.806 0.170 -0.103 1
All Al3+ 0.166 0.500 0.000 1
Al2 Al3+ 0.333 0.000 0.000 1

The results for this new input will be considerably better, however, at the expense of BVS results which will
not be available any longer (no empirical parameters for AI’’— O or AI*’~ OH bonds are contained in the
busparm. cif file):

Cation CN ECoN aX (0):4 gX/QX BVS AR (Ba) AR (Br)
All 13 5.878 3.000 3.009 0.997 - 0.518 -
Al2 13 5.824 3.000 2.991 1.003 - 0.521 -
MAPD: 0.31% n/a <0.519> < n/a >
Anion gA QA gA/QA BVS AR (Ba) AR (Br)
OH1 -1.000 -1.078 0.927 - 0.489 -
OH2 -1.000 -0.927 1.079 - 0.449 -
OH3 -1.000 -0.967 1.034 - 0.593 -
OH4 -1.000 -0.952 1.050 - 0.585 -
OH5 -1.000 -1.109 0.902 - 0.496 -
OH6 -1.000 -0.967 1.034 - 0.458 -
MAPD: 6.25% n/a <0.156> < n/a >
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8 Opposing bond lengths—the Tromel diagram

This part of the Coordination Geometry calculation identifies the 'in plane' and 'out of plane' pairs of
opposing bond lengths found in distorted coordination octahedra and monocapped trigonal prisms. Such
pairs of distances are plotted in the XY diagrams described by Tromel (1980) and Berlepsch et al. (2001a,
2001b) and are used to distinguish mixed sites from pure ones or to check upon the correct assignment of a
chemical type to a given atom position. The method is based on the tendency of x,y, bond distance pairs to
plot along element specific hyperbolae which comply with the rule:

x—h)(y—-h)=c (>0

where h and c are element specific parameters.
8.1 Definition of 'in plane' and 'out of plane' bond pairs

In distorted coordination octahedra, the 'plane' referenced by the 'in plane' and 'out of plane' concepts, is
defined by the ligands forming the common base of the square pyramids. In monocapped trigonal prisms,
the 'plane' is determined by the base of the capping pyramid. The x; bonds belonging to a 'in plane' set of
bonds represent the stronger interactions (i.e., the shorter distances), whereas the y; bonds represent the
weaker (i.e., longer) ones. The 'out of plane' bonds develop approximately normal to the 'planes’, but the
designation of weaker and stronger interactions is reversed: x, represent the longer bond of the pair and y,
the shorter one. In CP of metals with high lone electron pair (LEP) activity, x, corresponds to the direction
of LEP. In octahedral coordinations, beside two pairs of 'in plane' bonds (i.e., X1y, x5y, in Figure 14a) there
is one pair of 'out of plane' ones (x,y, in the same figure). However, in monocapped trigonal prisms (Figure
14b) the 'out of plane' bonds form two pairs, i.e., x,¥, and x;y,. The literature (e.g., Berlepsch et al. 2001a,
2001b) indicates that only one of these pairs is used for the actual plots in hyperbolic diagrams. Choosing
one pair or another relies either on the bond angles of x,y, and x;y, (e.g., the choice is made for the pair
with larger bond angle), the shortest x, distance or on keeping a consistent orientation of the x, bonds
throughout the structure. The program calculates both pairs, letting the user to interpret and choose what
to plot. A visual definition of the 'in plane' and 'out of plane' bond pairs is shown in Figure 14.
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Figure 14. Examples of 'in plane' and 'out of plane' opposing bond pairs in a distorted coordination octahedron (a) and a
monocapped trigonal prism (b). In both cases, the actual 'plane' is marked with thicker line. For the 'in plane' bond pairs, x; are
shorter than y;, whereas for the 'out of plane' ones, x, are chosen to be longer than y,. The x; symbol denotes a second connection
opposed to the capped face which—for example—has a smaller S-Me-S bond angle.
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The concept of ‘in-plane’ and ‘out of plane’ depends on the overall texture of the atomic arrangement. The
crystal structure has to contain rows, ribbons, double-ribbons, planes or rods based on ribbon-like
organization, with low periodicity in one direction (about 447 or 8 A), and furthermore, with well-developed
LEP spaces. In a structure with a common LEP micelle formed by several neighbors (Figure 15), the
concept is easiest to define: their common plane defines the 'in-plane' vectors and the distances normal to
them are ‘out of plane’ (Emil Makovicky, personal communication). In such situations, the program is able
to automatically identify the vector (i.e., the zone axis) of the 'in-plane' configurations as long as the

@® autodetect option is checked in the Calculation Settings dialog.
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Figure 15. Generic crystal structure derived from rathite (Berlepsch et al., 2002) with some CP and split positions omitted for
clarity. The structure shows 'standing' tricapped trigonal prisms (blue) and 'lying' monocapped prisms (red). The 'planes' referenced
by the 'in plane' and 'out of plane' notions are marked with yellow thick lines. In this case, all 'planes' belong to the [100] zone axis.
Gray ellipses delineate LEP planes. Small spheres are metal atoms and the large white ones, sulfur.

There are cases of CP with shapes far from octahedral or other simple-definable forms, and the LEP-active
elements dispersed among them, for which the concept becomes ambiguous—with possible ‘in plane’ and
‘out of plane’ existing in several orientations. For such situations, the [uvw] vector of the 'plane' must be
indicated by the user after checking the ® spedfyzoneaxis control in the Calculation Settings dialog.

8.2 Bond-length ratio hyperbolae

Several characteristic hyperbolae have been defined for Sb-O, Te-O, I-O (Tromel, 1980) Pb-S, Bi-S, Sb-S,
As-S and Sn-S bonds (Berlepsch et al., 2001a, 2001b, Sejkora et al., 2003, Topa, 2001, Topa et al., 2003).
The Me-S hyperbolae are included in the OpposingBonds.xzlsz—a MS Excel template file which accompanies

the program, and which can be used for plotting of values calculated with ECoN21 (Figure 16).
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Figure 16. Element characteristic hyperbolae for Pb-S, Bi-S; Sh-S, As-S and Sn-S contained in the
OpposingBonds.zlsz file and which can be used to plot opposing bonds pairs calculated by the program.
The h and ¢ parameters used for each of the calibrated hyperbolae are given in Table 2.

Table 2. Constants h and ¢ used for element specific hyperbolae represented in Figure 16 and included in the OpposingBonds.zlsz

file. The h parameter represents the abscissa of the asymptote to a given hyperbola and Ry—, the point of equal opposing distances.

Atom h (A) c (A) Ry—y (A) Reference
As 2.202 0.097 2.513 Berlepsch et al., 2001b
Sh 2.384 0.0895 2.683 Berlepsch et al., 2001b
Bi 2.543 0.707 2.809 Topa et al., 2003
Sn 2.279 0.413 2.922 Sejkora et al., 2003
Pb 2.845 0.017 2.976 Topa, 2001

The Excel file contains a template table for transferring the data produced by the program. The table has
dedicated columns for various types of atoms which will be plotted with distinctive symbols and colors in

the final diagram.

The narrow availability of calibrated hyperbolae limits the scope of this calculation to Pb, Sn, Bi, As, Sb
sulfosalts. However, the calculation can be used to collect data for refining other hyperbolae. Unless used for
plotting bond-length pairs against available element-specific or for constructing new hyperbolae, the
calculation of opposing bond pairs has little relevance. However, the user may choose to discard this
calculation altogether by checking off the M omesnabends hox in the Calculation settings dialog. Please note that

the calculation of opposite bonds is not carried out in the anion-centered description.
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The interpretation of the plots is made in terms of site population with either pure or mixed metals. Ideally,
for pure metal sites, both the 'in plane' and 'out of plane' pairs should plot on or close to the corresponding

hyperbola. Mixed (binary) sites should plot between the corresponding hyperbolae.

8.3 Step-by-step calculation example

1. Consider the structure of rathite — PbsPby «(TlyAsy)(AgaAss) AsieSw, P21/c (Berlepsch et al. 2002).
Open the rathite.cif file which is included in the examples packed with the program. Make sure that
the B omesnabonds hox in the Calculation settings dialog, is checked on.

2. Press to run a first calculation using the default coordination radius threshold of 4 A and

then press | Coordnation geametry | Py this radius, certain cations that show a tendency to form short bonds

(e.g., As) will not produce proper opposite bond pairs and the program will generate a message of
the following type:

Unable to process opposing bonds of
As2,
Try adjusting the coardination number.

3. In this case, either check the [ calisteforcn=sor7ony control in the Calculation settings dialog to ignore
such deviating CP altogether or use the Bond-type specific thresholds or the Polyhedron specific
thresholds to adjust the CN for the problematic atoms. The list of positions with unprocessed
opposing bonds is displayed in the lower part of the dialog. For instance, in the given example, As2
will result with CN=8, but with a polyhedral shape that cannot be processed for opposing bonds (i.e.,
not in the shape of a bicapped trigonal prism: Figure 18a). In the Calculation settings dialog, check the
Polyhedron specific thresholds radio button to open the Set Coordination dialog. Use the Central atom
drop list and navigate to As2 as in the figure below.

+** Set Coordination

Central atom |As2 w | Coordination number
Ligand Mo. Atoms in the coordination sphere | Distances ~
4 58 2.9477
5 54 3.4285
Ls4 3.4901
gl 3.5706
[ 510 3.594%9
: Double click to set the maximum bond Iengthk
v
> Anion centered < Previous Mext = Reset oK Cancel

A double click on S6 will reduce the CN to 7 (Figure 18b). S10 might be double clicked as well to
limit the CN to 6 (Figure 18c). In both cases, the program will be able to establish the 'in plane' and
the 'out of plane' opposing bonds. If there are no such troublesome atoms, then jump to step 5.
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(a) (b) (c)
Figure 18. (a) The CP found by ECoN21 for As2 at a global coordination radius of 4 A (CN=8) and which cannot be processed for
opposing bonds. Reducing the coordination radius will yield CP with CN=7 (b) or CN=6 (c) that will allow the proper designation
of 'in plane' and 'out of plane' bond pairs.

4. After closing the Calculation settings dialog press L cdaiste | 5y | Coordnstongeometry | oy

5. Switch to bewiedresuts M view and navigate to the Opposing Bonds listing. Check whether everything is
alright and then choose [sevess. | In the Save As... dialog choose Save as type 'ECoN21 opposing
bonds (*.csv)'. In Explorer, open the destination folder and double-click the saved CSV file.

6. The file will open in MS Excel. Delete the opposing bond pairs to be excluded from plotting.

7. Open the OpposingBonds.xlsx template provided with ECoN21 package and select the Data sheet.

8. Transfer (copy/paste) data (Atom Label, RX, RY and optionally the Angle and 'in plane'/'out of
plane' columns) from the CSV file to the Data sheet.

9. Open the Diagram sheet. The data should appear in the hyperbolic diagram (Figure 19). The Pb
bond pairs deviating from the hyperbola belong to 'standing' tricapped prisms which do not comply
with the conditions described in Section 8.1.
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Figure 19. The bond-length ratio hyperbolae with 'in plane' and 'out of plane' bond
pairs generated with ECoN21 for rathite (Berlepsch et al., 2002).
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8.4 Opposing bond pairs and the coordination number

The use of 'in plane' and 'out of plane' bond pairs requires a minimum CN of 6, regardless of how this
number is determined by the charge distribution, bond valence sum or by the general behavior of a given
metal (e.g., in general, As forms three short bonds with S while the rest of the distances up to CN=6 are
long and with practically zero charge exchange). Therefore, the more or less arbitrary settings such as
Maximum coordination radius, Bond-type specific threshold or Polyhedron specific threshold must be used
to adjust the CN and to obtain relevant pairs of opposing bonds. Ultimately, two pairs of 'in plane' bonds
and one pair of 'out of plane' bonds end up being plotted in the diagram. Therefore, at least for the purpose
of identifying opposite bond pairs, and whenever possible, the CN should be set to 6 or 7 for all CP of
interest. By checking the [ Calaiate for c=6or 7only in the Calculation Settings dialog, the program may be set to

calculate the opposing bonds only for octahedra or monocapped prisms.

The arbitrary choice of one set of 'in plane' and 'out of plane' in bi- or tricapped trigonal prisms (i.e., CN=8
and CN=9, respectively) may not always lead to the best solution. Consider the following example of a Sb
position which—at a coordination radius threshold of 4 A—forms a bicapped trigonal prism (CN=8) with
the following sets of opposing bonds:

Central atom RX RY Angle Opposing ligands
Sb1l3 Setl 2.461 3.560 165.75 in plane 538 S13
2.396 3.339 152.81 in plane S37 Sl4
3.978 2.529 139.18 out of plane s21  S20
3.612 2.529 127.31 out of plane* S22 520
Set2 2.396 3.612 145.23 in plane S37 S22
2.461 3.978 127.65 in plane 538 s21
3.339 3.009 126.01 out of plane S14  S39
3.560 3.009 114.75 out of plane* S13 S39

These sets are illustrated in Figure 20.
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Figure 20. Set 1 (a) and Set 2 (b) of 'in plane' and 'out of plane' bond pairs for the generic Sbh position at
CN=8. The 'in plane' bond pairs are rendered in green, and the 'out of plane' ones, in red.

By excluding the two longest bonds, the CN is reduced to 6 as in Figure 21. We will call this Set 3:
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Central atom RX RY Angle Opposing ligands

Sbl3 Set 3 2.461 3.560 165.75 in plane s38 S13
2.396 3.339 152.81 in plane S37 S14
3.009 2.529 155.89 out of plane S39 S20

Figure 21. The Set 3 defined for CN=6 with two pairs of 'in plane' bonds similar
to those in Set 1, and one pair of 'out of plane' bonds: S39-520.

The first two sets plot as in Figure 22, with the 'out of plane' bond pairs of Set 2 deviating considerably
from the Sb hyperbola. Set 1 plots closer to the Sb curve, but still in the interspace separating Sb and Pb
hyperbolae. In turn, the 'out of plane' pair of Set 3—defined for CN=6—plots right on the hyperbola, thus

suggesting a pure Sb position.
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Figure 22. The plots of Set 1 and Set 2 for the eight-fold coordinated Sb13 position. The 'out of
plane' pairs of Set 2 deviate considerably from the Sh hyperbola. Best results are obtained for Set

3 which contains opposing bond pairs defined for CN=6.
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9 The Armbruster-Hummel diagram

In 1987, Armbruster and Hummel published a simple discriminatory diagram where the average distance of
the three shortest Me-S bonds is plotted against the average of the fourth and fifth shortest distances in a
given CP. The calculation of such '123/45' averages may be carried out by the program if the 4 '123/45 averages
control in the Calculation Settings dialog is checked on. The diagram allows the separation of As, Sb, Bi, Pb
and T1 which plot in specific fields as represented in Figure 23. The element-specific fields were outlined
based on a selection of over 1600 CP in sulfosalt structures, which is considerably larger than the one used
in the original paper of Armbruster and Hummel.
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Figure 23. The Armbruster-Hummel diagram for discriminating As, Sb, Bi, Pb and T1 positions in sulfosalts.
The diagonal corresponds to regular polyhedra where the five bond distances entailed by the method are equal.
R1...R5 are bond lengths in ascending order.

The results of the 123/45 averages calculation are displayed at the push of the | Coordnation geametry | }y¢t0m with
the pewiedresitsi control, checked on. In this display context, the results may be saved in CSV format by
choosing Save as type 'ECoN21 123-45 bond averages (*.csv)' in the Save As... dialog. A double-click on the

file in Explorer, will open it in MS Excel where it can be edited and transferred to the template sheet

OpposingBonds.zlsx which comes packed with the main program.
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10 Release notes

Release 1.2

CIF files generated by Jana2006, which may contain multiple occurrences of the

_atom_site_label flag and which had led to inadvertent reading of atom labels, symbols,

coordinates, multiplicities and occupancies, are now read correctly.

An error occurring when certain pairs of atoms did not have the R, and B parameters listed in
the busparm.CIF file has been prevented.

A navigation aid for very long outputs has been added.

Release 1.3

The name of the program was changed from ECoN to ECoN21 in order to avoid confusion with
the actual parameter ECoN used in the calculation. The program logo was modified.
The following calculations have been added:
e BVS around ligands;
e expected distances, based on BVS;
Global Instability Index (Brown, 2009)
e a new Distortion Index based on bond valence sum (Brown, 2006)

The reference file for R, and B parameters has been updated to the latest version issued by ITUCr
(Brown, 2020).

The atom coordinates table is no longer a source for reading multiplicities. These are calculated
exclusively using the symmetry operators.

Unicode characters such as 'A' can now be saved in the text output file.

The notation of various parameters has been simplified.

The Access Violation errors which occurred on exiting the program have been corrected.

Release 1.4

Release 1.5

Release 1.6

The program is capable of treating heteroligand structures, both in the cation— and the anion—
centered descriptions.

New visualization aids have been added to switch rapidly between the results obtained in the two
descriptions.

A novel iteration method has been developed to refine the charges in heteroligand structures.

The program can solve structures with hydrogen bonds.

The CHARDI2015 iteration method for heteroligand polyhedra has been incorporated as an
alternative to the native ECoN21 method.

An optional 'one-step' iteration has been included.

The calculation of EDEVy (Equation 28) has been introduced.

The possibility to set the maximum coordination radius for each chemical type of bond has been
added.
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- Wahile in the previous releases, the BVS calculation was discarded altogether when a single
required pair of R, and B was missing from the bvsparm.cif file, now the BVS is omitted only for
polyhedra with missing parameters. However, the MAPDs for BVS and the global instability
index are not calculated for such structures.

- Bond angles have been included in the connectivity calculation.

- The automatic saving of the results displayed in the output window, is now optional.

- The summary of the results can now be saved in .csv format for direct import into MS Excel.

Release 1.7

- Ligands located beyond the nearest neighboring central atom may now be excluded automatically
from the coordination polyhedra.
- Coordination polyhedra based exclusively on non—zero—weight bonds, may now be preset.
- Optional manual setting of the coordination number for each polyhedron has been added.
- The calculation of various quantities deriving from the centroid of coordination has been included
in the new Coordination geometry section of the program:
e the coordinates of the centroid;
e the components of the vector between the central atom and the centroid;
e the displacement of the central atom from the centroid;
e the radius and volume of the least—squares fitted 'circumsphere’;
e the linear and “volume—based” eccentricity of the central atom;
e the linear and “volume-based " sphericity of the ligand distribution;
e the volume of the coordination polyhedron;
e the approximation of the ideal polyhedron of maximum volume inscribed in the least—
squares fitted 'circumsphere';
e the volume of the ideal polyhedron inscribable in the least—squares fitted 'circumsphere'
and which has the maximum possible volume for that sphere;
e the volume (external) distortion of the coordination polyhedron;
- A minimal dihedral angle for merging adjacent CP faces into a single, 'flat' one has been added
to the Calculation settings.
- A list of interligand distances has been included in the Coordination geometry output.
- The program calculates the dihedral angles between each triangular face used in the calculation
of the CP volume and its adjacent faces.
- Distances between central atoms and the nearest neighboring central atoms have also been
introduced.
- The mean absolute percentage deviation of Q4 values for the ligands of each CP has been
included in the calculation.
- Extra options for ending the iteration process in the CD calculation of heteroligand structures
have been introduced.

Release 1.8
- An error produced by cations and anions sharing the same 'extra framework' positions in the

crystal structure (e.g., Cs* and H,O-linked O® in tunnel sites of cordierite) has been corrected.
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A seldom occurring error produced by the rounding of coordinates for generated atoms and
corrupting the calculated multiplicities, has been corrected.

An even less frequent error caused by missing parentheses around standard deviations in the CIF
file has been fixed.

An error occurring in the calculation of charge distribution, related to the connectivity of
symmetry generated ligands, has been corrected.

The program now identifies the 'in plane' and 'out of plane' bond pairs in the cation-centered
description to be used in the Tromel diagram.

The calculation of the 123 /45 averages in preparation of Armbruster-Hummel diagram, has been
introduced.

A MS Excel template—OpposingBonds.xlsx—containing dedicated columns for data transfer, a
diagram with bond-length ratio hyperbolae for Pb-, As-, Sb-, Bi- and Sn-S as well as the
Armbruster-Hummel diagram, has been included in the program's package.

Some calculations concerning the Coordination Geometry are now optional and can be set on
and off in the Calculation Settings dialog.

The calculation of volumes for coordination polyhedra in the shape of hexagonal (anti)prisms is

now possible.
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