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The atomic environment types AETs (coordination paothedra) realized in binary and multinary inorganic
compounds were analyzed based on a comprehensive eé literature data. The periodic number PNyp
(ordering number listing the chemical elements colmn by column through the periodic system accordindo
Mendeleyev) was successfully used to classify theERs in a generalized (PNvp (central atom) VErsus
PNwmb (coordinating atoms)) — AET matrix. Chemical elements withPNyp > 54 fully control the atomic environment
types, regardless of whether they act as central as coordinating atoms.A generalized AET stability map,
using as coordinatesPNyp max VS. PNup min / PNwp max Sub-divides the[central atom—coordinating atoms]
combinationsso that different atomic environment types occurn distinct ‘AET class stability domains’. The
same matrix (respectively stability map) also shows clear separation between possible and impossible
[central atom-coordinating atoms] combinationdhe matrix and stability maps allow, for a chemial element
assumed to act as central atom, to predict the mogtrobable AET formed by any coordinating chemical
elements, regardless of the stoichiometry and numbef chemical elements of the inorganic compound.

Atomic environment types / Coordination polyhedra /Periodic number / Data-driven materials design

1. Introduction After having defined the conditions for the
chemical systems where compounds form, it seemed
of interest to study closer the structural featuoés

1.1. The aim of this work these compounds. For equi-atomic bina#&B

The large amount of experimental structure data compounds we were successful in developing an AET

collected through the years contains informatioouab map that showed clearly separated ‘AET stability

correlations that can be used for a semi-empirical domains’, using simple expressions of the
approach to materials design. In the ideal case one Mendeleyev NumberMD of the constituent elements

should be able to relate any kind of "compound [2]. In the present work we extend this AET map to
property" to elemental-property parameters other binary stoichiometries, as well as to muhyna

characteristic of the constituent elements. In a inorganic compounds.

previous studyl], concerning the formation of binary

compounds, a clear separation between chemical 1.2. Used data

systems where compounds form and systems where Having in mind that any classification has a certai

no compounds form was achieved using maps based degree of ambiguity, we preferred to analyze all

on combinations of the Mendeleyev Numb&tB of individual AETs, rather than to use a prototype

the constituent elements. It was also encouradiag t  classification [3-5] (see under appendix 4.1.).

results obtained on binaries could be extended to Pearson’'s Crystal Data CD-ROM, release 2008]8

ternaries and quaternaries. This is an importaimitpo  the most comprehensive crystallographic database fo

because materials design is nowadays more and moreinorganic compounds, contains 150,000 entries
focusing on multinaries. But the experimental (representing about 95,000 different phases) and
knowledge available is only substantial for binarie includes more than 20,000 different prototypes. The

(approximately 70 % of all binary systems have been 1,000 most populous prototypes represent 80% of all

studied, but less than 5 % of the ternary and tless inorganic compounds. The data ] lead to

0.5 % of the quaternary systems). 100 different AETs, 16 of which represent 80% df al
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the atom sites. The about 290,000 site positions
originating from all fully refined structures [6] lead

for the 16 most populous atomic environment tyjges t
an average of 14,500 site positions per AET. In

compounds fronfi] was examinedn total, the AETs

of over 290,000 atom sites (point-sets) were
considered. In this study the following information
was taken into consideration: AET, the nature @f th

conclusion, the approach used here provides a large central atom, hereafter referred toAasand the nature

number of observations per AET and a low number of
different AETSs.

We use in this work the periodic numb@Nyp
introduced by Villaret al.[7] (seeFig. 1). Differently
from the most common representation of the periodic
system, H has been placed on top of the halogen
group, and Be, Mg on top of group 12 (Zn, Cd, Hg).
The most common presentation is also called Meier's
periodic system, the other one is Mendeleyev’'s
periodic system. The second representation of the
Periodic Table is strongly supported by our presjou
as well as by the present study.

The Mendeleyev number was introduced by
Pettifor in 1984[8], based on a phenomenological
optimization of the separation of binanAB
compounds into different prototypes. Basically, the
string of Mendeleyev numbers runs through the
periodic system group by group. The particular
optimization by Pettifor had the effect to place ahd
Yb just after Ca, Pb after Ga, etc.

In the present investigation we used structural
information contained if6]. Prototypes, as well as the
atomic environment types AETs are retrievable
parameters ifi6] and can easily be visualized with the
help of its integrated software. Additional infortioa
on chemical systems where no compounds are formed
was taken from Okamot{®], from PAULING FILE
Binaries Edition CDROM, release 20020], and
from ASM Alloy Phase Diagrams Center, online-
release 2007/BL1].

A chemical system is defined asfamer (here
explained for the binary case) if, at atmospheric
pressure, it contains at least one phase thap&ated
from the terminal solid solutions of the constituen
elements by a two-phase region. A system that does
not fulfill this criterion is called axon-former Non-
former systems are characterized by enthalpies of
formation that are either positive or close to zéno
agreement with the theory of Miedenia2]. Two-
phase mixtures of the constituent elements (simple
eutectic, simple peritectic and complete insoltygii
as well as complete solid solutions aren-formers
Systems with terminal or complete solid solutions

where ordered phase areas are observed are also

considered ason-formers,because the enthalpy of
formation associated with the ordering of the atams
the positions of the elemental crystal structureeisy
close to zero.

2. Results
2.1. Observed Atomic Environment Types AETs

The coordination of each crystallographic pointiget
roughly 65,000 refined structures of inorganic

Chem. Met. Alloy4 (2008)

of the coordinating atom$3{C,D,), hereafter referred
to asB, e.g. octahedron, Na,®;; tetrahedron, Na,
As,.

The result shows that 100 different AETs are
realized in the 65,000 inorganic compounds, but AET

such as non-collinear, non-coplanar triangle,
tetrahedron, octahedron, pentagonal pyramid,
icosahedron, cuboctahedron, and rhombic

dodecahedron largely predominate. The 16 most
populous AETS, representing 234,562 sites (80 ), a
shown inFig. 2 and their counts are given Trable 1
Fig. 1 shows the ‘Zintl line’ considered in this work,
and gives the counts per chemical element (in total
more than 565000 sites). Sites with mixed
occupation, disorder such as site spitting or ghrti
vacancies were not taken into consideration. |mbrr
or incomplete structure determinations, which often
generate ‘strange asymmetrical’ AETSs, are excluded
from our considerations.

The following observations have been made:

The maximum number of different chemical

elements among the coordinating atoBhsvithin

an AET is 3.

» The maximum number of coordinating atoms
observed in AETs where the central atom is an
element located on the right-hand side of the 1Zint
line’ is 9.

e The minimum number of coordinating atoms
observed in AETs where the central atom is an
element located on the left-hand side of the ‘Zintl
line’is 12.

» The distribution of different chemical elements
among the coordinating atorBswithin the AET is
in general limited to the highest symmetrical
distribution, although, in principle, there exist
many other possibilities to distribute them.

* By far the highest occurrence counts[océntral
atom-coordinating atoms] combinationsare
realized when chemical elements located to the
right of the ‘Zintl line’ act as central atom. The
top-10 with decreasing counts are O, H, S, F, C,
Si, P, N, and ClI, as well as theedement Na (see
Fig. 1.

e« The counts for central atoms having the same
group numbeGN clearly decrease with increasing
main quantum numbe®N, regardless of the kind
of the coordinating atoms. Most data are available
for central atoms witlQN 2 and 3.

 AETs with even coordination numbers CN are
strongly preferred. AETs with CN 5, 7, 10, 11, 13,
15 occur only very exceptionally.

e The 16 most populous AETs are highly

symmetrical, and realize a ‘spherical’ distribution

of the coordinating atoms within the AET.
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Fig. 1 Mendeleyev type Periodic Table including the ammumbersAN and periodic numbeBNy,p, as
well as the ‘Zintl line’ considered in this workh& occurrence count (number of times the chemieahent

occurs as central atom) for the data set used ibaralicated for each element. The highlighted epin

have an outstanding high occurrence frequency ratsat@tom.
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Fig. 2 The 16 most populous AETs of about 65,000 refimeiganic compounds published in Pearson’s
Crystal Data CD-ROM, release 2007%3.

Table 1 The 16 most frequently occurring Atomic Environm&gpes in Pearson’s Crystal Data CD-ROM,
release 2007/@] (refined structures).

CN Occurrence Name
2 6,377 collinear
47,299 non-collinear
3 3,923 coplanar triangle
22,104 non-coplanar triangle
4 39,314 tetrahedron
6 44,580 octahedron
11,181 pentagonal pyramid
8 5,006 square prism (cube)
3,747 square antiprism
9 8,550 tricapped trigonal prism
12 9,331 icosahedron
14,498 cuboctahedron
2,875 anticuboctahedron
14 3,517 14-vertex Frank-Kasper
8,300 rhombic dodecahedron
16 3,960 16-vertex Frank-Kasper
234,562 total Represents about 80% of all consitisites

Chem. Met. Alloy4 (2008) 213
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2.2. Generalized Atomic Environment Type Matrix:
PNwo(A) versus PiNp(B) — AET Matrix

Fig. 3shows the distribution of the AETs observed for
the 234,562 sites considered, with the additional
restraint that they have an occurrence count larger
than 3 per [central atom-coordinating atoms]
combination This additional criterion was necessary
to exclude special, as well as exotic cases. Throug
the introduction of this additional criterion, 2.56%6

the 234,562 sites were excluded.

In addition, information about binary systems
where equi-atomic compounds do not form, which
coincide with the not observedcentral atom-—
coordinating atoms] combinations(binary non-
formerg, is included[2]. This leads to the idealized
square- or rectangular-shapetbn-former domains
used in this work, the following 30 binary systems
represent violations having stable equi-atomic
compounds: Ba-Na, Bi-In, Bi-Mn, Bi-Pt, Bi-Rh, Br-H,
Br-l, C-Si, Cd-Hg, Cd-Mg, CI-H, CI-l, F-H, Fe-Tc,
Ga-Mg, H-l, Hg-In, Hg-Mg, Hg-Mn, In-Mg, In-Ni, In-
Pd, In-Rh, Ir-Pb, Mg-TI, Mn-Zn, Pb-Pd, Pb-Pt, Pb;Rh
and Pt-TI.

The element occupying the center of the ART,
is given on they-axis and the elements acting as
coordinating atomsB, on the x-axis. It should be
noted that a chemical element actingfasan also be
part of the coordinating atons For cases where the
coordinating atoms consist not only of one kind of
element, but also of other elements, the same A4ST h
been indicated at several positions in the AET matr
e.g. octahedron (CN= 6) fg= Na,x= F, as well as for
y= Na,x= O for the example given under 2.1. On both

of whether they act as central or as coordinating
atoms.

The fact that the ‘non-existence’ @entral atom—
coordinating atoms] combinations consistent with
the ‘non-existence’ of binary equi-atomic compounds
demonstrates that if the ‘reactivity difference’teo
small in the binary case, it is also too small for
realizing [central atom-coordinating  atoms]
combinationswithin any AET, even including other
chemical elements. The domains of not observed
[central atom—coordinating atoms] combinatioase
located along the diagonal in the generalized AET
matrix, and their size decreases frdPiNyp(A) =
PNMD(B) =1to PNMD(A) = PNMD(B)= 118. This is
consistent with the behavior of the atomic reattivi
RE, as a function oPNyp (see under appendix 4.3.).
There exist sevemon-former squares along the
diagonal 1/1-118/118. Three of them are large, the
first one including all elements witANyp < 55, i.e.
st%, 1% and d“*elements, the second oné&®d
elements and the third oné’dand g'*elements. The
four smaller ones contain eithef-pp*-, p>-, or p-
elements. Significant extensions of the squares are
observed for b, p>- and p-elements, but only for
those with high main quantum number QN (having in
mind that the reactivity of the elements decreagts

increasing main quantum numbe®N for any
considered group numb&n).
The observations made above allow a

straightforward filling-up of the empty fields kig. 3
leading to a ‘prediction-completed’ generalized AET
matrix valid for all potential [central atom-
coordinating atoms] combinatiopossibilities, shown

axes the chemical elements are ordered according toin Fig. 4 Several well-defined ‘AET class stability

the periodic numbePNyp defined above.

Each element combination is present twice in the
AET matrix, once the considered element is acting a
central atomA (rows), and once it is acting as
coordinating atomB (columns). The[central atom—
coordinating atoms] combinationsvith PNyp(A)
larger thanPNyp(B) are situated to the left of the
diagonal 1/1-118/118, whereas theerjtral atom—
coordinating atoms] combinationsvith PNyp(A)
smaller thanPNy,p(B) are situated to the right of it.
The diagonal irFigs. 3-5have been left blank due to
the fact that for these cases no restrictions skem
exist in context of the possible AETSs.

The [central atom-coordinating atoms]
combinations that do not occur are located
symmetrically with respect to the diagonal 1/1-
118/118. The overall picture reveals a strong pseud
symmetry with respect to the diagonal, due to the
dominating influence of the valence electron
configuration of the central ato on the choice of
AET whenPNyp(A) > PNyp(B) (see below). On the
contrary, for combinations witRNyp(A) < PNyp(B),
AET is mainly determined by the valence electron
configuration of the chemical elements acting as
coordinating atoms. Chemical elements witlyp >
54 determine the atomic environment types, regasdle

214

domains’, which can be simply formulated as
‘PNwp(A) range - PNyp(B) range’ rectangular
domains, are observed within the AET matrix.

In order to obtain the simple separation into
distinct ‘AET class stability domains’ shown Figs.
3 and 4it appeared convenient to group several AETs
together in AET classes. This is related to the tiaat
we had to reduce the problem to a simplified situat
where the coordinating atoms, which can be at most
three different chemical elements, are plotted @lon
one axisPNyp(B). In the extreme case the same AET
has been indicated for three different element
combinations, A-B, A-B’ and A-B". When
considerably more data will be available it miglet b
possible to ‘separate’ these AET class domains into
distinct AET domains by taking the additional
chemical elements into account in a different way.
a direct consequence of the method used here, for a
given central atord\,, only chemical elements that are
located within the same ‘AET class stability domain
in the AET matrix can co-act as coordinating atdns
Chemical elements situated outside the ‘AET class
stability domain’ cannot occur within the same atom
environment. In this work we have created 12
different AET classes (s€Eable ). The necessity to
introduce these AET classes is reinforced by tlo¢ fa

Chem. Met. Alloy4 (2008)



P. Villarset al., Data-driven generalized atomic environment prediicfor binary and ...

Li Cs Ba [Lla |Pr [Pm Eu [Tb [Ho |Tm [Lu Hf Ta |W [Re [Os |Ir Pt Au [Zn B Tl [Ge [N [Bi [Se H I Ne [Rn
a T a C a m s r s t s ut n u| e t r uo

m r i r n e 0 i u e a s 0 us |Kr
r | u Cm 'Fm [s] r [s] C U | Ag ul n I uq ul r e e
1 Ja s 7 Jo u fus |15 17 [10 |21 (2[5 |27 J20 |31 [33 [ss 37 [30 |ar [43 |as |47 |ao [s2 [ss [ss [s7 [so [or [sa Jes |67 oo |71 |73 |75 |77 |70 [er ls3 |ss a7 |so [or os [os |o7 [oo 101103 [105 107|100 [121 [113]ms [ur7
2 [+ fo Jo (w0 (12 11 110 [10 20 22 (24 [26 (20 30 (32 [ 3 % (a0 [ [as a6 a8 0 s (54 s 5o le0 G Lo [o6 oo [10 |72 18 76 [ [oo |oz o5 [ (oo (o0 Jo2_lo4 5o (o6 io0|:02 104 105|208 1110 [112 14 16

[l

=L Na L1 L]

=

(o]
1)

[e]
LY
N |
T
NN NN

o
Ra ' i1

.

[e]
®
NN EE

Am 2 l\ll-

Bl P FEEFEFEEFEEERER

S T T "

4
S
Y

a
@

s7 1

23
> o £
tf
|
Hl
Ll

(@)
<]

SJJ I X
&

0 3z
e~ =
> 0 v
z81-4
1T
T T
* (NN
N |

7

>
e

@©
@

N
B

"FErE
»
=
T

Ge
Pb

il
n

-Q

3
T

Uus
Ne 13

il

Rn
Uuo it

cor [ [] [ H N N

CN non- CN2,3 CN2-6 CN46 CN6 CN4-9 CN2-9 CN89 CN9,12 CNI12 CNI12,14 CN12-16 CN14,16
AET class former 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 3 Generalized AET matri®Nyp(A) vs. PNyp(B), which is independent of the stoichiometry and th
number of chemical elements in the compound (based5,000 inorganic compounds, which have a
[central atom-coordinating atoms] combinationAET occurrence count higher than 3). The elemfnt
occupying the center of the AET is given on {haxis and the coordinating eleme®on thex-axis. For
each elemerB acting as coordinating atom the total CN is comsd.

Chem. Met. Alloy4 (2008) 215



P. Villarset al., Data-driven generalized atomic environment prediicfor binary and ...

Li Cs

Na Fr Ra
K Ca |Sc
Rb |Sr Y

Ba La Pr
Ac Pa
Ce Nd

Th U

Pm Eu Th
Np Am Bk
Sm Gd Dy
Pu |Cm Cf

Ho ' Tm
Es Mmd
Er Yb

Fm | No

Lu
Lr

Hf
Rf
Ti \
zr

Ta
Db
Cr
Mo

w
Sg
Mn

Nb Tc

1 0 Is 7 o 1 (13 15 |17 |19 |21 |23 |25 |27 20 |31 |33 |35 |37 |30 |41 |43 |45 |47 49 |51 |53 |55 |57 59 |6l |63 |65 o7 [e9 |71 (73 |75 |77 |79

2 1a [ [8 10 |12 [14 |16 i 22 124 |26 |28 30 |3: 40 |42 |4 |46 a8 [50 |52 |54 |56 |5

Re
Bh

Os Ir
Hs
Co
Rh

Pt
Ds
Cu
Ag

Au
Rg
Be
Mg

Zn B

Cd Al Uut

Hg Ga [C
Uub |In

Tl Ge N Bi Se H |
Sn P Uup Te F
Pb As O Po [CI Uus Kr
Uug Sb |S Uuh Br He [Xe
81 (83 (o5 a7 |80 [91 [o3 95 |97 [99 |101]103 |105 107|100 |11t | 113|135 |117
64 o6 (o8 (70 |72 74 |76 |78 (80 [s2 (84 (85 @8 (90 o2 |94 95 96 100 102 104 106 108 110 112 1141161

Ne
At Ar

Rn

Mt Uuo

Ni
Pd

Fe

Ru Si

0_|6:

Li :

Cs

Ca

Ba

Sc
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
m
Yb
Lu
Ti
Hf &

by
3
FEFEEEFFEEFEEEEREFREREEEEEEF FEFE EFFT FFFFI

N
5

=z
=4
5

Ta
Cr

g
=4
2

Mn

Fe

Os

Py
®
I23 2 BAER ABD 2 BBER B

Co

Ir

Ni

Pt

Cu

K
S sB2R 332B

Au

Be
Zn
Hg

a

a2
Ga r
Tl

Ge
Pb

Bi

Se

Po

Cl

Uus

Ne

Rn

Fig. 4 Generalized AET matri®Nyp(A) vs. PNup(B),

number of chemical elements in the compound,

which is independent of the stoichiometry and the
ptiedicompleted for all possibl¢central atom-

coordinating atoms] combinationdhe elemenfA occupying the center of the AET is given on thaxis
and the coordinating elemerBson thex-axis. For each elemeBtacting as coordinating atom the total CN is

considered.

that only about 1/3 of all atom sites consideretehe
belong tosingle or two-atomic environments types
whereas the remaining 2/3 belongthoee or higher-
atomic environments typésee under appendix 4.1.) It
should be noted that the AET matrix presented lere
different from the better-known structure maps wher
each AB-, AB,-, ABs-, ABG, etc. compound is
characterized by its prototype in separate iso-
stoichiometricAB-, AB,-, A,Bs-, ABG,, etc. structure
maps.

A good separation of all potentifdentral atom—
coordinating atoms] combinations AETS, including

achieved by this simple generalized AET matrix. No
attempt was made to optimize the periodic number
PNvpo by modifying the order of the rows and columns
in the Periodic Table. It is, however, worth notihgt
when the periodic numb&N,,, is replaced by any of
the other 38 selected elemental-property parameters
listed in referencd?] the resulting generalized AET
matrixes show a lower degree of local AET class
ordering.

From Fig. 5 which shows the filled-up AET
matrix in a slightly different presentation, it cée
concluded that the AETSs are in first priority catied

domains where no such combinations are observed, is by the valence electron configurations of the

216
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Table 2 Atomic Environment Type AET classes used in thisky

AET Coordination Atomic environment types AETS
class | numbers CNs
1 2,3 (non-) collinear, (non-) coplanar triangle
2 2-6 (non-) collinear, (non-) coplanar triangktrahedron, octahedron, pentagonal
pyramid
3 4,6 tetrahedron, octahedron, pentagonal pyramid
4 6 octahedron, pentagonal pyramid
5 4-9 tetrahedron, octahedron, pentagonal pyrasqigare prism, square antiprism,
tricapped trigonal prism
6 2-9 (non-) collinear, (non-) coplanar triangktrahedron, octahedron, pentagonal
pyramid, square prism, square antiprism, tricagpggdnal prism
7 8,9 square prism, square antiprism, tricappganil prism
8 9,12 tricapped trigonal prism, icosahedron, ctdduadron, anticuboctahedron
9 12 icosahedron, cuboctahedron, anticuboctahedron
10 12,14 icosahedron, cuboctahedron, anticuboctahetl4 Frank-Kasper, rhombic
dodecahedron
11 12-16 icosahedron, cuboctahedron, anticuboctahed4 Frank-Kasper, rhombic
dodecahedron
12 14,16 14 Frank-Kasper, rhombic dodecahedrofrask-Kasper
“0n
o &
n +
- NN q 5 N N N NN N NN ~
n nv + nunnnnnn L
. o 0O 0 9 o o
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Fig. 5 Schematic Generalized AET m&Nyp(A) vs. PNp(B) highlighting the correlation to the valence
electron configuration of the constituent chemigdeiments. The elemeAtoccupying the center of the AET
is given on they-axis and the coordinating elemerBson the x-axis. For each elemer® acting as

coordinating atom the total CN is considered.
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constituent elements. The sizes of the atoms, often
considered as being important in this context, appe
to be almost irrelevant. The relative size of thens

is, however, responsible for the frequent distoio
observed within the AETSs.

2.3. Generalized Atomic Environment Type Stability
Map: PNup max Versus PNp max/ PNup min - AET
Stability Map

The pattern observed in the generalized AET matrix
PNwo(A) vs. PNyp(B) motivated us to search
systematically for other simple mathematical
correlations by combining elemental-property
parameters EPs, which could be used as potential
axes.

Thus we combined 39 different elemental-property
parameters, listed ifi’], of the constituent elements
(EPy and ER) by applying simple mathematical
operators (+, -, * /, min, max). The following

three different element combinations;B, A-B’ and
A-B”. As a direct consequence this means that, for a
given element acting as central atdgnonly elements
located in the same ‘AET class stability domain’ in
the AET stability map are possible within the same
atomic environment and chemical elements outside
that ‘AET class stability domain’ cannot occur viith
the same atomic environment.

The separation of the different AET classes of
[central atom-coordinating atoms] combination#to
distinct ‘AET class stability domains’ is satisfant
and several observations can be made. First othall,
fields where no[central atom—coordinating atoms]
combinationsare observed are clearly separated from
those with existing [central atom—coordinating
atoms] combinations The majority of the former
correspond to combinations of elements with pecdodi
numbers PNyp lower than 55 (Mn). The ordering
according to the maximum periodic numbgrakis)

expressions were used, where the elemental-property has a very strong separating effect, also for the

parameters can be the atomic numi#é¥, group
numberGN, atomic sizeSZ, atomic reactivityRE,,
first ionization potential, etc.:

Sum =B ER;

Difference FIEP, - ERO

Product = B EPg

Ratio = EP ER;, with ER, < ER;
Maximum = max (ER ER,)

Minimum =min (ER, ER;)

The data set was divided into two sub-sets:

PNwo ma{A) — AET data set: The chemical element
acting as central atorA has higher periodic number
than the element acting as coordinating at8m
PNwo(A) > PNyp(B). This data set corresponds to the
A-B combinations to the left of the 1/1-118/118
diagonal in the AET matrix.

PNwo min(A) — AET data set: The chemical element
acting as central atorA has lower periodic number
than the element acting as coordinating at&m
PNvo(A) < PNyp(B). This data set corresponds to the
A-B combinations to the right of the 1/1-118/118
diagonal in the AET matrix.

All possible two- and three-dimensional elemental-
property parameter combinations, e.g. sum = EP
EP; vs. product = ER* EPg vs. min(ER,, ER;), were
investigated and the correlations evaluated by the
closest-neighbor (domain) method. The best
separation into ‘AET class domains’ was realized fo
the generalized AET stability maPNup max VS.
PNwvb min / PNvp max USINg the two data sets defined
above. The result is presentedig. 6 which shows a
pseudo-mirror plane @Nyp min = PN wp max 1IN the
upper map the central atomd is PNyp max IN
comparison with th@Ny,p of the coordinating ators,
whereas in the lower map the central atins PNyp
min I comparison with th&Nyp of the coordinating
atom B. Analogically to the AET matrix, in the

different AET classes. The rat®Nyp min / PNubp max
(x-axis) is, however, necessary to achieve a
satisfactory separation. For each chemical element
acting as central atom ttieentral atom—coordinating
atoms] combinationare equally distributed along the
line 0 — 1 -0, realizing a maximum spread.

From top to bottom in the graphs the chemical
elements appear in the order |, Br, Cl, F, H, Ro SE,
etc., each element being represented by one roth Wi
increasing value of the periodic humbeNy, one
goes from not observeldentral atom — coordinating
atoms] combinationsto existing [central atom—
coordinating atoms] combinations Among the
existing [central  atom—coordinating  atoms]
combinationghe coordination number decreases from
16 to 1. From the definition d?Nyp it follows that
with increasing periodic numbePNyp the group
numberGN is increasing from 1 to 18Central atom-
coordinating atoms] combinationsformed by
elements with similar periodic numbers are situated
close to the vertical line at = 1, and correspond
dominantly tonon-formersystems. Even the stronger
tendency towardaon-formerswith increasingQN for
the same GN is clearly seen.[Central atom-
coordinating atoms] combinationsith the same ratio
PNwo min / PNup max (X-axis) can be found along
vertical lines. The values 1/3, 1/2 and 2/3 show th
highest distribution densityPNyp up to 104 are
included.

Analogous td-ig. 6, Fig. 7 shows the two data sets
‘prediction-completed’ for all potentidtentral atom-
coordinating atoms]combinations. As for the AET
matrix (Fig. 4), with these two sub-graphs it is straight
forward to check the most probable AET of any
chemical element acting as central aténwith any
potential coordinating atom8. This is interesting
from a modeling perspective point of view, but aiso
compare the AET of newly investigated inorganic
compounds with the general trend observed for the

extreme case the same AET has been indicated for majority of all known inorganic compounds.
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stoichiometry and the number of chemical elememtstie compound (based on 65,000 inorganic
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Fig. 7 Generalized AET stability maPNup max VS- PNip min / PNup max Which is independent of the
stoichiometry and the number of chemical elememtzn inorganic compound, prediction-completed for a
possible[central atom-coordinating atoms] combinatioriBhe upper map correspondsAdB combinations
where the central atod has the highest Periodic Numb&Nyp may, the lower map to combinations where
the central atom has the lowest Periodic Numb&MNyp min)-
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Table 3The 21 different Generalized Periodic Table — AfEdups.

Group number | Valence Chemical elements Special cases
electrons

GN

1 (1A) ns Li, Na, K, Rb, Cs, Fr

2 (I1A) ne Ca, Sr, Ba, Ra

3(I1IB) nd* Sc, Y, La, Ac

3(I1IB) n {14 Ce, Th, Pr, Pa,...Yb, No, Lu, Lr

4 (IVB) nd Ti, Zr, Hf, Rf

5, 6 (VB, VIB) nd,nd V, Nb, Ta, Db; Cr, Mo, W, Sg

7 (VIIB) nd Mn, Tc, Re, Bh Mn 12-16 foBN = 8-11

8 (VIIIB) n d® Fe, Ru, Os, Hs

9 (VIIIB) nd’ Co, Rh, Ir, Mt

10 (VIIB) nd® Ni, Pd, Pt, Ds

11 (IB) nd Cu, Ag, Au, Rg

12 (11B) n d° Be, Mg, Zn, Cd, Hg, Uub Be 12,14 f&N = 5-8

13 (IA) np,n=24 B, Al, Ga B 8,9 foGN = 4-11; B 2-6 forGN =
16-17

13 (IIA) np,n=57 In, TI, Uut

14 (IVA) ng, n=2-4 C, Si, Ge C 6 f@N= 1-5; C 2-6 folGN = 6-9

14 (IVA) ng’, n=57 Sn, Pb, Uug Sn 12,14 8N =5-11

15 (VA) npg,n=25 N, P, As, Sb N 4,6 f@N = 4-11; N 2-9 forGN =
16-17

15 (VA) np,n=6,7 | Bi, Uup

16 (VIA) np' 0, S, Se, Te, Po, Uuh

17 (VIIA) np’ H, F, Cl, Br, I, At, Uus H 2-6 fo6N = 3-10

18 (VIIIA) n p° He, Ne, Ar, Kr, Xe, Rn, Uuo

We may recall that “the Generalized AET matrix”
and the “Generalized AET stability map” are not
restricted to a specific stoichiometric ratio, ntr a
particular number of chemical elements in the
inorganic compound. Just one set of “Generalized
AET matrix” or “AET stability map” is required to
describe all inorganic compounds with respect eirth
most probable AETS.

2.4. Periodic Table — Coordination Number (AET)
graphs for the 18 different GNs

A third way to present the same results is givethey
fact that chemical elements with the same group
numberGN are behaving in a similar way (except the
p'- to p- elements), and cannot be distinguished from
each other. FronTable 3it can be seen that the
dominant factor is the group numb&N (valence
electron configuration), which is contained in the
periodic numbePNyp, but not in the atomic number
AN. The Periodic Table — Coordination Number
(AET) graphs shown ifrig. 8 have the advantage that
they are very easy to read. The reference chemical
elements (shaded fields) represent the central &om
the remaining chemical elements the coordinating
atomsB. With the exception of systems involving Mn,
all binary systems involving chemical elements with
the same group numb&N arenon-formers The 118
chemical elements can be separated into 21 major
groups, which behave differently in context witte th

Chem. Met. Alloy4 (2008)

possible AETs, respectively the ‘non-existence’ of
[central atom—coordinating atoms] combinations

The atomic environments AETs for the elements
acting as coordinating atont located to the left of
the column of the reference central atofnge.g. d-
elements Co, Rh, Ir, Mt) in the Periodic Table —
Coordination Number (AET) graphs are valence-
electron-governed by the central atédn This is a
consequence of the fact that the periodic number
PNwp of these coordinating atonsis lower than the
periodic numberPNyp of the central atomA. In
contrast, the atomic environments AETs formed by
coordinating atomsB located to the right of the
column of the reference central atoAksre valence-
electron-governed by the coordinating atorBs
because herePNyp(B) > PNyp(A). Coordinating
atomsB within the same AET class domain (e.g. CN
4, 6) can only have AETs corresponding to this<las
(tetrahedron, octahedron, pentagonal pyramid).&-or
central Co atom (or Rh, Ir, Mt) this domain inclsde
as possible coordinating atoms F, P, S, Cl, AsBsg,
Sb, Te, I, Po, At, Uuh, and Uus. Each of these
chemical elements can be either alone (e.g, Gf in
combination with up to two different ones as
coordinating atoms (e.g. BrSe) around the central
atom. Chemical elements like Be, Mg, Al, Zn, Ga, Cd
Hg, or Uub, which belong to the CN 12, 14 domain
for the d-elements, cannot be mixed as coordinating
atoms with chemical elements belonging to the above
mentioned domain CN 4, 6.
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3. Conclusions

Six observations in context with AETs, which are
general and valid for the far majority of all inargc
compounds, are summarized below.

e The elements prefer a limited number of AETs

such as non-collinear, non-coplanar triangle,
tetrahedron, octahedron, pentagonal pyramid,
icosahedron, cuboctahedron, and rhombic
dodecahedron.

* The AETs are independent of the stoichiometry, as
well as of the number of chemical elements in the
inorganic compound; they depend only on the
[central atom A coordinating atoms B]
combinations

e« There exist 21 different groups of chemical
elements acting as central atoqn which prefer
particular AETs for different coordinating
elements B, or do not form [central atom-—
coordinating atoms] combinationgith B.

¢ Chemical elements witlPNyp > 54 define the
AETSs they are part of, regardless of whether they
act as central or as coordinating atoms.

* The observation that the non-existencdceitral
atom—coordinating atoms] combinationsis
consistent with the non-existence of a binary equi-
atomic compound formed by the same elements
demonstrates that if the ‘reactivity difference’ is
too small in the equi-atomic binary case, it ials
too small for[central atom-coordinating atoms]
combinations within any AET, even when
additional coordinating atoms would be included.

e AET class domains are clearly distinguished in the
“Generalized AET matrix” as well as in the
“Generalized AET stability map”. The former is
based onPNyp(A) vs. PNp(B), the latter on a
combination of the periodic numbePN,p of the
constituent elementsPNyp max VS. PN min /
PNup max- It IS now possible to predict the
existence or ‘non-existence’ dientral atom-—
coordinating atoms] combinationsn not yet
studied systems and to assign probable AETS, or to
search for inorganic compounds with a particular
AET.

The present study proves that the analysis of
critically evaluated data sets can lead to theadisoy
of so far “hidden” patterns, which can then be used
develop rules for semi-empirical materials desigo.
our own surprise it was possible in this work to
developa concentration-independent and number-of-
chemical-element-independent  generalized  AET
matrix and AET stability maplrhe ‘payment’ for it
was that we had to group the 16 considered AETSs in
12 AET classes, whereby we have in each class the
choice between several AETS.

The generalized AET matrix, the generalized AET
stability map and the Periodic Table — coordination
number (AET) graphs can equally well be used fer th
most probable AET prediction and the results are
identical. The preference for one of them is a enaif

Chem. Met. Alloy4 (2008)

taste. Each representation highlights differenteatp
of the underlying pattern given through the AETadat

4. Appendix

4.1. AET classification

The atomic environment type is not a simple
compound property in the sense that different atomi
environment types are generally observed in theesam
inorganic compound. Within the data considered in
this work the number of atomic environment types
realized within one inorganic compound is as fobow

1 AET 6 %

2 different AETs 29 %
3 different AETs 21 %
4 different AETs 11 %
5 or more different AETSs 33 %

In a single-environment typall atoms present in the
structure have the same AET, invao-environments
typethe atoms adopt two different AETs, and so on. It
is also worth mentioning that structures wiimgle-
environment typesare not limited to the simple
chemical elements. On the other hantyo-
environments typesccur in element structures, as
well as in binaries and multinaries. The same Iglva
for thethree-andhigher-environments typet other
words this means that in most inorganic compounds
the same chemical element realizes two or more
different AETSs.

4.2. Atomic Environment Types AETs

The AETs are defined using the method of Brunner
and Schwarzenbach5], where all interatomic
distances between the central atom and its
coordinating atoms are plotted in a next-neighbor
histogram. In most cases a clear maximum gap is
defined. All atoms to the left of this maximum gap
belong to the atomic environment type of the céntra
atom. For those cases where no clear maximum gap is
observed, a maximum-convex-volume rule is applied.
In addition we keep the number of different AETsin
prototype as small as possible. It is obvious that
certain degree of ambiguity cannot be excluded,
although we tried to be as consequent as posside.
like to point out that AET is a purely geometric
concept and that, contrary to the coordination
polyhedra as generally considered by chemists,
cations and anions are not distinguished, and
differences in atomic radii are not considered.

In order to determine the atomic environment
types, as described @] and the references therein,
complete crystal structure data must be availalge,
space group, unit-cell dimensions, coordinateshef t
point-sets (atom sites) and their occupation. fer t
majority of the different prototypes adopted by
inorganic compounds, however, the atomic
environments are similar for isotypic compounds, so
that the atom coordinates of the type-defining
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compounds can be used as a first approximation when Acknowledgements

only cell parameters are reported. Neverthelesthisn
work only atomic environment type structures from
fully refined structures were taken into considierat

4.3. Elemental-property Parameters

Our recent work focusing on 39 elemental-property
parameterd7] proved that these can be subdivided
into the following five distinct groups:

- atomic numberAN (e.g. main quantum number,
atomic mass)

- periodic numberPN (e.g. group number, valence
electron number)

- size SZ (e.g. Zunger's pseudo-potential radii,
Pauling’s covalent radii)

- reactivity RE (e.g. Pauling’s electronegativity,
Martinov-Batsanov’s electronegativity)

- cohesion energCE (e.g. enthalpy of formation,
melting temperature)

The atomic numbeAN of the elements together
with their periodic numbePN were found to form an
efficient pair for the discussion of metallurgicahd
structural problems. The periodic numbe?PN

represents a different enumeration of the elements,
emphasizing the role of the valence electrons. In [6]

contrast to the atomic numbeé?N depends in details
on the underlying Periodic Table of the elementee T
elemental-property parameters ‘atomic s&&’ and
‘atomic reactivity RE;’ can be derived from fits of
various experimental and theoretical data setssdhe

two parameters can be approximated as simple [9]

functions ofAN andPN:
SZ = ksz [log(AN+1)][kpn — (log PN)B]

RE. = ke {[log(AN+1)][ken — (I0ogPN)T} - 1 =
ksz kre (SZ) — 1

where ky is a scaling factor, andsk kge are fit

parameters for a fit to experimental data. We argue
that all elemental-property parameter patterns are

derived from AN and PN. AN and PN represent
fundamental elemental-property parameters

independent of each other. Any pattern, which shows

well-defined functional behavior within each group
number GN, as well as within each main quantum
numberQN, can be considered.
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