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The atomic number (AN) of the elements together wiit their ‘periodic number’ (PN) were found to form an
efficient pair for the discussion of metallurgicaland structural problems. The periodic number PN repesents
a different enumeration of the elements, emphasizgnthe role of the valence electrons. In contrast tthe
atomic number, PN depends in details on the underigg Periodic Table of the elements. As a first resuwe
describe the elemental-property parameters ‘atomicsize SZ' and ‘atomic reactivity RE,, derived from fits
to various experimental and theoretical data setsThese two parameters can be approximated as simple
functions of AN and PN:
SZ, = ksz [log (AN + 1)] [ken — (log PNJ],

RE, = kge {[log (AN + 1)] [ken — (log PNJ]} ™ = ksz kre (SZa) ™,
where kpy is a scaling factor, and k7, kge are fit parameters for a fit to experimental data.We argue that all
elemental-property parameter patterns are derived fom AN and PN. AN and PN represent fundamental
elemental-property parameters independent from eachother. Any pattern, which shows well-defined
functional behavior within each group number GN, aswell as within each main quantum number QN, can be
included. On the example of compound formers/non-foners in binary, ternary and quaternary chemical
systems we demonstrate that a quantitative link egts between material properties and AN, PN (or simp

functions of both) of the constituent elements.

Electronegativity / Atomic radii / Chemical elemens

Introduction

Most of the chemical elements are well charactdrize
by quite a number of experimental and theoretical
elemental-property parameters, such as the atomic
number AN, experimental and theoretical radii,
ionization  potential, bulk modulus, melting
temperature, etc. On plotting these elemental-ptgpe
parameters versus AN respectively PN, a vast ntgjori
of them can be grouped into distinctly different

chemical elements themselves but also reflect
guantitatively their interaction behavior betweette
other, which thus opens the possibility to predict
physical or chemical properties of multinary system

Fundamental elemental-property  parameters:
Atomic Number AN and Periodic Number PN

Looking closer at the data sets listed in Tablesrig

patterns. As examples, three of these patterns are 1b we notice that integer parameter values are only

shown in Figs. 1-3.

Elemental-property parameters belonging to the
same pattern are qualitatively similar, althoughyth
are quantitatively different. The elemental-propert
parameters used in this work are listed in Tabkes 1
and 1b. In Table la the two fundamental pattern
groups and in Table 1b four examples of derived
pattern groups are given.

Our investigations revealed that the elemental-
property parameters not only characterize the

found in the first two patterns (Table 1a). Theyonl
comprehensive ones are AN and PN. The atomic
number AN and the periodic number PN (the possibly
misleading name for PN was chosen to have a neutral
designation for different variants of this paramgte
define, in a different way, the position of eachneént

in the Periodic System (or Periodic Table) of the
elements. AN is a simple count of the protons ef th
nucleus, which is equal to the total number of
electrons of this element. The periodic number BN i
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Fig. 1 Eight elemental-property parameters (normalizeth&r maximum values) belonging to the atomic-
size group (Table 1b), plotted versus periodic nemiiNe.
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Fig. 2 Eight elemental-property parameters (normalizeth&r maximum values) belonging to the atomic-
reactivity group (Table 1b), plotted versus periodiimber PiNe.
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Table 1 (a) The 13 elemental-property parameters considgmaabed into the two fundamental groups, the
atomic number AN pattern group and the periodic memPN pattern group. (b) The 26 elemental-property
parameters considered grouped into the four dery@dips, the atomic size pattern group, the atomic
reactivity pattern group, the atomic affinity pattgroup, and the atomic density pattern group.

(@)

I) Atomic number pattern group

AN: Atomic number

QN: Main quantum number

AM: Atomic mass [1]

nc(C): Nuclear effective charge according to Cletin@j
nc(S): Nuclear effective charge according to SIggr
cma(Mo): Coefficient of mass attenuation for Ma K]
cma(Cu): Coefficient of mass attenuation for Gu []
aes: Atomic electron scattering factor [2]

II) Periodic number pattern group

PNye: Periodic number according to Meyer [4]

PNvp: Periodic number according to Mendeleyev [5]

PN(P): Periodic number MN according to Pettifoegjsence [6]
VE: Valence electron number

GN: Group number

(b)

i) Atomic size pattern group

R(Z): Pseudo-potential radii according to Zungér [7

Ri(Y): lonic radii according to Yagoda [2]

Rc(P): Covalent radii according to Pauling [2]

Rm(WG): Metal radii according to Waber and Gschneid8]

Rve(S): Valence electron distance according to Behj9]

Rce(S): Core electron distance according to Schi@er

R(M): Radii according to Miedema (derived from ki€ compilation) [10]

R(VD): Radii according to Villars and Daams (dedvieom their V compilation) [11]

i) Atomic reactivity pattern group

EN(MB): Electronegativity according to Martynov aBatsanov [12]
EN(P): Electronegativity according to Pauling [1]

EN(AR): Electronegativity according to Allred an@éhow [2]
EN(abs): Absolute electronegativity [9]

IE(first): First ionization energy [1]

CP(M): Chemical potential according to Miedema [10]

wf: Work function [1]

n(WS): n(Wigner and Seitz) according to Miedemg [10

iii) Atomic affinity pattern group

Tws Temperature of melting [1]

Tvap Temperature of boiling [1]

AH,ap Enthalpy of vaporization [1]

AHgs: Enthalpy of melting [1]

AHgom Enthalpy of atomization [1]

AHg,(M): Surface energy according to Miedema [10]
CE(B): Cohesion energy according to Brewer [13]
VC: Isothermal volume compressibility [13]

iv) Atomic density pattern group
Dy: X-ray density [1]
D, measured density [1]
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Fig. 3 Eight elemental-property parameters (normalizeth&r maximum values) belonging to the atomic-
affinity group (Table 1b), plotted versus periodiamber PNg.

the result of a slightly more differentiated enuatiem

of the elements, since it emphasizes the role ef th
valence electrons, i.e. it implicitly reflects the
construction principle of the Periodic System, vbhi
less obvious from AN. In other words, AN is the
sequence number of the chemical elements within the
Periodic Table obtained by counting in first prigri
within the same main quantum number QN with
increasing group number GN, and in second priority
with increasing main quantum number QN. AN
sequence: H, He (QN 1), Li, Be, B, C, N, O, F, Ne
(ON 2), Na, Mg, .... Ar (ON 3), K, Ca, ... Kr (QN 4),
etc. Smooth functions of AN are obtained, e.g.tfar
radii of maximum radial charge density or for the
energies of innermost electrons, such as 1s, 2s)dtu
for outer electrons 4s, 5s, 5p. For most propetties
problems begin with QN 4, where the occurrence of
the 3d electrons leads to irregular valences and to
Groups IA, 1IA and IB, 1IB in Meyer's Periodic Tah|
where IlIA and IIB elements both possess two valence
electrons.

For the periodic number PN the enumeration of the
elements is performed in first priority within teame
group number GN with increasing main quantum
number QN, and in second priority with increasing
group number GN. The familiar group names of the
Periodic System of Meyer (Groups IA, lIA, 1lIIB, I\/B
VB, VIB, VIIB, VIIIB (for the Fe, Co and Ni groups)

IB, 1IB, llIA, IVA, VA, VIA, VIIA, VIIIA) are

replaced by GN 1, 2, ... 18 (18 = maximum number of
s, p, and d electrons, 2 + 6 + 10). The details,
however, depend on the arrangement of the undgrlyin

Periodic Table.

In the representation of Sanderson [14], e.g. the
transition elements (including Cu, Ag and Au) are
listed as insert below Be, Mg and between Ca, &r, B
Ra and Zn, Cd, Hg, in the same way as the rar&-eart
elements Ce...Yb and the actinide elements Th...No
are inserted below Sc, Y and between La, Ac and Lu,
Lr. We mention this kind of Periodic Table becaiise
visualizes the uncertainty in placing the elemdgs
Mg, which are found above Ca, Sr, Ba, Ra in Meyer’s
Periodic Table [4], but above Zn, Cd, Hg in
Mendeleyev's Periodic Table [5]. This rises the
guestion whether the rare-earth elements and addbve
the actinide elements also should obtain propeupgro
numbers (all the more as the early actinides really
behave like transition elements).

A possibly more important question is that about
the placement of the hydrogen atom, H. For a
discussion of properties of non-metallic compouads
better placement of H is certainly above fluor,i.E.(
above the halogen group) as in Mendeleyev’s Pariodi
Table, because the observed valence states of Hlare
and -1, in contrast to the elements of Group 1, Li,
Na,...Fr, which can act only as cations.

The first time that a periodic-number-like scale
was used as elemental-property parameter [15,16], i
was employed as a kind of phenomenological scale. |
a more recent work [17] several variants of PN were
used with the aim to separate compound-forming
systems from non-formers in plots of 2D- and 3D-
elemental-property parameter expressions (alsecall
features). Some variants were found to be of simila
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QNnex = 7 for the elements known up to now together

variant was recently

efficiency. Still another
successfully applied in order to separate different with some predicted ones.

atomic-environment types (AET) of the constituants
equiatomic binary compounds [18]. In most of the
above cases the periodic-number-like scale or P8l wa Derived elemental-property parameters: Atomic
Size SZ and its reciprocal, the Atomic Reactivity
RE,, as functions of AN and PN

then called ‘Mendeleev number’.
In the following, we restrict our consideratiors t
In Figs. 1, 2 eight different data sets are plothed

two basic variants, the “physicist’'s version” based
the Periodic Table of L. Meyer [4] and the “cherisist
version” based on the Periodic Table of D.l. Men- functions of PNge. Within each pattern group the
deleyev [5] (the designation is not a judgment)e Th eight data sets show rather similar functional bi&ra
shift of H from (AN, PNs) = (1, 1) to (AN, PNp) = (patterns) although they differ quantitatively from
(1, 105) is the reason why only the elements with P each other. Each pattern group shows well-defined
> 105 keep the same (AN, PN) pair numbers in both functional behavior within each group number GN, as
systems, i.e. PN(Meyes) PN(Mendeleyev) for H and well as within each main quantum number QN.
Encouraged by this experience and after observing

all elements with GNs 1-16.
In order to distinguish between the two versions by chance that in a first approximation Ri(Yagoda)

we name the particular periodic number PN derived (PN — GN), we started studying functions like (PN /
from Meyer’'s Periodic Table the Meyer number PN,.)*, (log PN / log PNa)*, {[k — PN] / [k —
PNye, and that derived from Mendeleyev's Periodic PNya}”, {[k — (log PN)] / [k — (log PNI} ...
Table the Mendeleyev number RN versus AN and the analogous functions of AN versus

In Figs. 4, 5 we show the step-like functions PN, x = 1, +2,... and k = (PN)* or (ANmna),
PNy / (PNug)max @and GN / GNay versus AN, and the respectively (log PN.)* or (log AN..)*, with the aim

to reproduce elemental-property parameters by a

combination of such simple functions of AN and PN.

reversed version AN / ANy and QN / QN.ax Versus
PNwe, where ANnax = PNpax = 118, GNuay = 18,
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A systematic trial and error approach led us fnal
to the following approximations for the atomic size
SZ, and the atomic reactivity RE

SZ, = ksz[log (AN + 1)] [ken — (log PNJ] (1)

RE. = kee {[log (AN + 1)] [Kpn —

(log PNY]} ™ = kee ksz (SZo) ™. 2
The scaling numbergl turned out to be defined by

ken = 10g (AN + 1)ax + (10g PNpaw® = 10.9695,
for PNye and PNyp.

The factors k, and ke are fitting parameters for
an adaptation to experimental or theoretical data. s
In Tables 2a and 2b we avoided this fitting by

introducing normalized parameters:
SZ, | (SZ)max= SZ ! SZ, (Fr),

here

SZue (Fr) = kszue (log 88) [key — (log 7] =
= 20.1564 gZME

for the Meyer Table, and
SZuwo (Fr) = kszup (log 88) [len — (log 6] =
=20.4138 gZMD

for the Mendeleyev Table.
For the normalization of Rfge andRE,\p we did not

choose REwe (He) and REyp (He) respectively,
which appeared to be too high, but we chose representational reasons

REave (Ne) = REwp (Ne)
RE./RE,(Ne) = SZ (Ne) / SZ = (log 11) [kn —

(log 113)] / [log (AN+1)] [ken — (log PNJ]

or
REave / REae (Ne) = 2.4114 {[log (AN + 1)]

[ken — (log PNse)’J} ™
for Meyer's Periodic Table. The analogous equation
based on Mendeleyev’'s Periodic Table differs only i

the log PN term:
REawp / REavp (Ne) = 2.4114 {[log (AN + 1)]

[ken—(log PNup)’J} ™.

Table 2a gives AN, P, SZwe / (SZme)max =
SZwe | SZwe (Fr), and REve / REwme (Ne) in
Meyer's Periodic Table, while in Table 2b the
corresponding values AN, RN, SZwp / (SZavb)max =
SZwp | SZwp (Fr), and REyp / REswp (Ne) are listed
according to Mendeleyev’s Periodic Table. Figsn@ a
7 display SZyve / (SZwe)max and REve / REave (Ne)
as function of PNe and AN, respectively. As a
consequence of our normalization with (Ne) instefid
(He) the values for Rige (Ne) / REye (He) (REwp

(Ne) / REwp (He)) = 2.13768. In the Figs. 6, 7, 9, 11,
where this value is used, we set it to 1.2 for

Chem. Met. Alloy4 (2008)
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Table 2a Atomic number AN, periodic number BN atomic size Sgie / (SZwve)max @Nd atomic reactivity

REave / (REave)max USing Meyer’s Periodic System.

2670 | WIS | TV | TEELTO | TG6GT0 | GLS9TO | 9129F0 | 098ST0 | ZISGT0 | TLISTO| SEBYT0 | SOSTO C8THT°0 196670 | 05SET 0
956790 | 610990 | GISL90 | Q70690 | LISOL0 | GSTELO | SLLELD | 6218L0 | @ILLD | LSORLO| GE9OD | GBYBD | TSEM0 | 57960 | 762880 | [
S 1 60T | €7 ON 20T [Ty PN TOT | 6EW400T |28 3 66 |G 1O 86| €6 @ L6|TE WD 96| 62 Wy S6 | L2 Nd 6| S¢ N €6|€C N 26/ T2 Bd 76| 6T UL 06| L1 9Y 68
O0B6TO | COV6T0 | 650610 | 766870 | OLBT0 | GBQLTO | TESLTO | OLILTO| LIBQTD | LA | TETOVO | SRLSTO| GOVST0 | #ISTO | SZT0
LLTO90 | 99190 | LLEH0 | SOTP90 | 651690 | 6RO | AN | SIS6O0 | GETILO | #6SELD | SOTHD| KLSLO EELD | o0 | 6080 |
yv M TL|2r GA OL| 0y WL 69| 8¢ 13 89 |9 OH 19| ¥EAQ 99| 2¢ AL S9|0¢ PO ¥9 | 82 ™ €9 | 97 WS 29|47 Wd 19| 22 PN 09| 07 i 65|87 0 85| 9T ¥ LS ZO
SL6650 | 28y | €860 | pSBBE0 | OTOSED | ETTED | 0E26z0 | 08070 | GBTOTD | 658120 | GI9ZO | 199 0| ERLO| LLELO | L2sbrO 60| €96TT0
2UE170 | W0 | B8O | OBOE0 | SMED | GBHICO | HOVO | LOYO | 100570 | IYD | CS0S0| SSUESO| B0 OLLESO | LST90 im0 | mwt| L
871001 81 [T7 ST LTT|{SOTYN 97T |66 A 77 €60 4TT | 1§ €TT | T8N ZTT |12 BY TIT | €2 SO 0T |69 IN 60T | 59 SHBOT |19 g L0T| 2565 90T | €500 SOT |6 4 v0T ETed 88| L1418
09850 | 29050 | 22370 | 190070 | L666E0 | BLEED | TRGOED | 958670 | €S20 | 19V | IO | SUBTD| SSBEZO | WGTZO | STRILO BTN | GETETD
2020 | CE9EZ0 | SO0 | 0SE6T0 | SEEZE0 | SSED | Z096ED | ZSA0V0 | 786D | 070 | GISLYO | SB8GYD| CHECSO| 9GS0 | SLALSO o0 | o0 9
[TTUY 98| OTT ¥ S8 | 0T0d ¢8| 86 19 €8 26 Gd 28 |98 1L 18|08 B 08| o nv 6. |22 ' 8289 4 40|79 SO 9L|09 84 G| 96 M L 75 BLEL| 87 IH L (e 95| 9 849
92690 | Y0 | GR96PO | SEGPYO | OZEOVO | GLOLEO | BYIED | B9L2E0 | TBTIED | STLLD | ERLO| (GOLZO| M0G0 LITO | ESIELO | OTIOTO | VST | 8EAT0
EPI8T0 | 6RSIZ0 | UOFZ0 | CZ9970 | 96760 | OE6TC0 | #BO1ED | GO9S0 | L9ERED | 082000 | (6Tv0 | 9To0| GLT9P0 | 280 | p9ROSO | 8GErL0 | 19LL0 | 96280| G
QTTSX S| 60T | €| €0T8L 2G| L6 US 16 |76 US 0 |98 Ul 6v|6L PO 8 5L By Ly |TL7d 97| L9 W Sp| €O MY vp| 65 OL |G ON Zp| TSONTY| L Z 07 |ST A 66 T S 8E| G Qe
06690 | 18¥090 | €6bYS0 | 805670 | T6ZGY0 | SLOTYO | SEED | TRI9E0 | IS0 | C696E0 | GECED| SHOTE | 68620 H0BRTO | 68LLZ0 | 0BGGTO | 862610 | GECLL0
BOULTO | GLUGTO | 19610 | PSVET0 | YI99C0 | SOA8Z0 | TOTED | GZZE0 | EIO/E0 | S0 | 000 (IS0 | 6100V0| IO | TS0EYO | OEUES0 | 95680 | SHE0 7
GTL X 9€ | 80T G | c0TS vE| 96 SY €€ | 06 89 ¢€ \v8 ©O TE|BL UZ 0 b1 M) 6 |0L IN 82|99 03 2|9 o G¢| BGUNGZ \¥S 00 #2108 A €| 9y !l ¢¢ [¥1 ST |01 I 0C | v X 61
OB1EB0 | CSSELO | LTL90 | 976190 | L95/50 | 226650 0 | €520
87T0 | Q79T | OFBLVO | GTE6T0 | T8L0C0 | 98T 50| (10|
PITY 8T 000 LT|T0TS 9T % d 5T\68 S T |€8 IV €1 6O € aNTT
xew [3Ne JNe
00007 | SB060 | 600 | 9TCTB0 | GLEBLO | LS7BLO ("3) 13y EILEED | E9%0
GSBTTO | LOETO | 50970 | OELOTO | L9TSTO | L8ZST0 (3] S0 | W9E0
ETTON 07| 90T 4 6{00T O 8/ #6 N L|8 0 9|28 8 & Nm\ Nw SR I A AN
LT “Nd NY H20EL0
565500 es0 |
{T8H ¢ TH I

Chem. Met. Alloy4 (2008)



P. Villarset al.,A new approach to describe elemental-property parans

Table 2b Atomic number AN, periodic number bl atomic size Sgp / (SZmp)max @nd atomic reactivity Rbgp /

(REamp)max Using Mendeleyev’s Periodic System.
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Table 2c Atomic humber AN, periodic number RNand diagonal number QN in Meyer’s Periodic System.
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Fig. 6 Atomic size S4ye and atomic reactivity Rige (normalized to (S&ie)max and REwve (Ne)) versus
periodic number Pi; B SZve ! (SZave)max X REave / REave (N€).
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In Fig. 8 we compare the atomic sizeaZand
SZwp (normalized to (S&ie)max = (SZavp)max) VErsus
atomic number AN. For the calculation of $Z we
used the periodic number RN of Meyer’s Periodic
Table, and for the calculation of S% we used the
corresponding  periodic  number RN of
Mendeleyev’s Periodic Table. Fig. 9 gives the agalo
for the atomic reactivity Rl and REyp. It
visualizes clearly that, with the exception of thax
H, Be and Mg, the values are just slightly diffdren
(see also Tables 2a and 2b).

Figs. 10 and 11 compare R(Z2) / R{£) Ri(Y) /
Ri(Y) max @nd SZve / (SZave)max respectively EN(AR)

I EN(AR)max EN(MB) / EN(MB)nax and REwe /
REwe (Ne) as function of PH:. R(Z2), RIi(Y),
EN(AR), and EN(MB) showed so far to be the most
effective ones among the derived elemental-property
parameters for separating compound formers from
non-formers in multinary systems [17], as well as i
structure maps [18]. Sk (SZwmp) and REwe
(REqup) fit very well in the general trend of the
pattern behaviors shown in Figs. 1 and 2.

As an example and in order to demonstrate the
‘linear correlation’ between Sge and R(2) in Fig. 12
we plot SZwve / (SZme)max Versus R(Z) / R(Z).. The

o
[oe]
I

SZaME / (SZaME)maz and SZaMD / (SZaMD)max

slope of its linear regression line representsstiaing
factor ksz in our equation (1) for the case £ and
R(2).

Equations (1) and (2) correlate quantitativelyhbot
the size of an atom and its ability to attract efiint
atoms with two different ways of counting the
chemical elements in the Periodic Table.

In Table 2c we introduce an additional
enumeration of the elements in Meier's Periodic
Table, called ‘diagonal humber’ QN, whereby the
enumeration of the elements follows diagonal litiss.
starts with He and ends with Fr following the geter
trend from top— down in first priority and left—
right in second priority.

In Fig. 13 DN / (DNye)max @and our calculated
SZwve | (SZave)max VErsus PiNg are shown. The only
significant differences are observed for the fitsee
group numbers GN 1-3, but the two functions are
remarkably similar. This observation shows that the
atomic size can be directly obtained with this
alternative kind of enumeration within Meier's
Periodic Table. It might open a more direct
approximation of the atomic size of the elementd an
possibly other derived elemental-property pararseter
using AN and PN.
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Fig. 8 Atomic size Sgye and SZvp (normalized to (S&ie)max and (SZmp)may) VErsus atomic number ANS
SZove ! (SZavE)max [ SZavp ! (SZamp)max FOT the calculation of Sge we used the periodic number RNof
Meyer’s Periodic System (Table 2a), while for tladcalation of SZyp we used the periodic number N

of Mendeleyev’s Periodic System (Table 2b).
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number PlNg; A R(Z) / R(Z}hax < Ri(Y) / Ri(Y)max ® SZawe/ (SZave)max In the case of R(Z) (the pseudo-
potential radii according to Zunger, where no mleid data exist for the f-elements) we estimatedRi{z)
values based on a linear dependence for QN 6 betiR€®) = 3.55 for Ce and R(Z) = 2.64 for Lu, as lveed
for QN 7 between R(Z) = 3.85 for Th and R(Z) = 2fénLr.
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Fig. 13 Atomic size SZye (normalized to (S&ue)may aNd DNse / (DNvie)max DNye is defined by a diagonal
enumeration of Meyer’s Periodic System (Table X)SZ,ve / (SZiwe)max X DNwe / (DNyEg)maxe

Elemental-property parameters used for

From the different elemental-property parameter
parameterization of materials properties

patterns we could so far formulate the atomic aizeé

the atomic reactivity as functions of AN and PN. We
do get the impression that all additional pattdiks Previous papers, such as that on the prediction of

e.g. the atomic affinity pattern and the atomicsiign compound formers/non-formers in binary, ternary and
pattern can be formulated as function of AN and PN. quaternary systems [17], as well as that on thmiato
As an example the density (= atomic mass / atomic environment (AET) prediction for equiatomic binary
volume) may easily be derived from the patterns compounds [18], do well support the postulate:
discussed above, in this case from the atomic numbe “Structure-sensitive properties of materials are
pattern and the atomic size pattern. As can beigeen quantitatively described by the elemental-property
Fig. 3 the atomic affinity pattern group membersvgh parameters of the constituent chemical elements.”
for the GN 1-3 and GN 13-18 elements the general Now as we obtained a direct link between the
trend from the atomic reactivity pattern, while tbe fundamental elemental parameters AN and PN and the
GN 4-12 the trend follows the atomic size pattern derived elemental-property parameters, 3Ad RE,
group. we can generalize our postulate to the following
In our analysis of the atomic environment types statement: “Structure-sensitive material properées
AET [19,20] we observed that in a crystal structure quantitatively determined by the elemental-property
the atomic size, the atomic reactivity and the atom  parameters AN and PN (or simple mathematical
affinity determine the AET. The analysis of over functions of them) of the constituent chemical
200,000 atomic positions in binary, ternary and elements.” This generalization is an important ltok
quaternary compounds revealed that less than 60 strategically explore structure-sensitive properti
geometrically different AET’s (the majority belomgj materials.
to only 24 AET'’s) are observed in experimental data In [17] we gained from different compilations [21-
The AET's are governed by the size of the congtitue  27] the following numbers of distinct information
chemical elements A, B, C, ..., the interactions A-B, about compound-forming, respectively non-forming
A-C, B-C, ..., as well as A-A, B-B, C-C, ... (which  systems: 2016 binary systems, 6382 ternary systems
are represented by the corresponding shortest and 7021 quaternary systems. For that work, 44rpina
interatomic distances). non-forming systems were discarded because either

14 Chem. Met. Alloy4 (2008)



P. Villarset al.,A new approach to describe elemental-property parans

we found contradictory information or the infornaati

3D-features sets, to visualize them and to coeelat

was based on one schematic phase diagram (eitherquantitatively the materials properties of these

from old experimental work or from calculated phase
diagrams (CALPHAD work): AgU, AI-Cs, AFK,
Al-Na, Au-B, Au-Ge, Au-P, B-Bi, B-Cd, B-Cu,
B-Ga, B-Ge, B-Hg, B-Pb, B-Sb, B-Sn, B-TI,
B-Zn, Ba-Ni, Be-Li, Be-Na, BiSi, CG-Co, C-Ge,
C-Ir, C-Ni, Cs-Li, Cs~Mg, Cu-Li, K-Li, K-Mg,
Li-Mg, Li-Ni, Li-Pu, L-Rb, Mg-Na, Mg-Rb,
Mg-U, Re-Sb, STe, Sb-W, SiSn, StTl, Si-Zn.

The remaining three data sets: 2318 binary systems
(with the halides added), 6266 ternary systems and
6913 quaternary systems are used throughout the
present work.

Below we give the two conditions (criteria), which
we used to decide whether a binary, ternary or
quaternary system belongs to a former or non-former
system. These two definitions (here explicitly
explained for the ternary case) for separating éem
from non-formers are based on the following
fundamentals:

- Description of crystal structure within the

framework of space group theory,

- Gibbs’ phase rule.

As the majority of the data are gained under
normal conditions (T 298 K, and atmospheric
pressure) and phase equilibrium, we take this as ou
standard reference.

Definition 1:

A compound-forming system

chemical elements (in this case: formers/non-foshner
with the elemental-property parameters of their
constituent chemical elements. This is done inreeth
step procedure:

1) Collection of published (experimental
theoretical) elemental-property parameters
calculation of Sgand RE (Tables 1 and 2).

2) Application of an automatic generator for 2Ddan
3D-features sets resulting from combinations of
elemental-property parameters and mathematical
operators. We introduced the operators +, —, rhax.

and min. to link the elemental-property parameters
(EP) of the different constituents, say A, B, C for
ternary systems, to form global elemental-property
parameters EP1(tot) = EP1(A) op EP1(B) op EP1(C).
3) Automatic high-quality separation detection &sd
visualization.

The general idea is very simple: Assume that we
consider 2000 data points (1000 ternary formers and
1000 ternary non-formers) in a plot of a selectBd 3
features set. We check now for each point whether
their n nearest neighbors in the plot are of thmesa
class or not, here formers or non-formers, and naake
statistical analysis for all 2000 data points (4,=..,

50, depending on the standard wanted).

As a first example, we ran the program

“DISCOVERY” on all elemental-property parameters

and
and

possesses at least one ternary compound sepasated b belonging to each pattern group listed in Tables 1a

three two-phase regions involving three adjacent
chemical element(s) and/or binary compound(s)
and/or ternary compound(s) in at least one complete

1b. Using all mathematical operators mentioned
above, we give the best separation results listed i
Table 3a. The success of the separation is indidate

isothermal section. In those cases where no phase the hit rate, e.g. 90% (n = B 44% (n = 50). This

diagram for an A-B—C system is known, but a ternary
compound with a ternary crystal structure is regart
then this system is of course accepted as a condpoun
former.

Definition 2: A ternary system is a non-former
when no three-phase region or complete solid soiuti
respectively, is shown in at least one complete
isothermal section. In those cases where no coeplet
isothermal section for an A—B—C system is known, a
ternary system will be a non-former when all iteeth
binary boundary systems are non-formers. Based on
this criterion we derived 2118 ternary and 4274
quaternary non-formers from 634 published binary
non-former phase diagrams. This criterion has been
confirmed, so far, by all published ternary isothal
sections.

Based on the criterion that a ternary system is a
former when at least one ternary ‘line’ phase véth
ternary crystal structure is published, we foun®&442
ternary formers. Note that this simple criterion
excludes pseudo-ternary phases, which are solid
solutions of binary compounds.

In order to test the parameterization power of SZ
and RE we applied the program “DISCOVERY” [28]
on the above-mentioned data sets. The aim of this
process is to search systematically for salient &t

Chem. Met. Alloy4 (2008)

means that 90% of all data points have a nearest
neighbor of the same kind and 44% of all data jgoint
have 50 nearest neighbors of the same kind takiaeg t
reference data point as the center of a circulaa.ar
Table 3b shows the results of the best 2D-featsrées
using AN, PN, and the calculated elemental-property
parameters SZand RE. The 6266 ternary systems
mentioned above were used as test material.

A detailed comparison for the separation effi-
ciency of the various elemental-property parameiérs
the atomic size and atomic reactivity patterns gsou
is given in Tables 4 and 5, respectively. It isdevit
that SZwe (AN, PNye) as well as REe (AN, PNyg)

(in all cases the normalized values are used) iwgro
the separation between compound-forming and non-
forming systems. Similar improvements have been
achieved for binary and quaternary data sets.

Figs. 14-16 show the best “overall results” 2D-
features sets for binary, ternary and quaternary
chemical systems. We are aware that by using a 2D-
features set, instead of a 3D-features set, we are
loosing some information. Nevertheless by using the
appropriate 2D-projection of the 3D-features set we
loose only about 3% accuracy, but get the advantage
that the given figures are easy to interpret. Based
our statistical analysis several 2D- and 3D-feaure
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Table 3 (a) Result of the best 3D-features sets usingthidished elemental-property data sets (Tables 1a,
1b). The hit rate per ternary system decreases é&gnB7% with n = 1 correct neighbor to 71% with B0
correct nearest neighbors for the case of the ivétggpattern group. (b) Result of the best 2D-teat sets
using the calculated elemental-property data S&blés 2a, 2b). The hit rate per ternary systermedses
from e.g. 99% with n = 1 correct neighbor to 86%hwh = 50 correct nearest neighbors for the case of

REaue:

(@)

Using all data sets listed in Tables 1a, 1b
for each group
la, 1b

Elemental-property
parameter as listed in Tablgsfeatures set

Separation result in the best 3D-

1) Atomic number pattern group
I1) Periodic number pattern group

GN
i) Atomic size pattern group

if) Atomic reactivity pattern group

AN, QN, AM, nc(Cx(B),
cma(Mo), cma(Cu), aes
R& PNup, PN(P), VE,

R(2), Ri(Y), Rc(P),
Rm(WG), Rve(S), Rce(S),
R(M), R(VD)

EN(MB), EN(PEN(AR),
EN(abs), IE(first), CP(M),

90% (n = 1)~ 44% (n = 50)
99% (n = 1)~ 88% (n = 50)

98% (n = 1)— 75% (n = 50)

97% (n = 1)— 71% (n = 50)

Detielemental-
property parameters as
listed in Tables 2a, 2b

Separation result in the best 2D-
features set

wf, n(WS)
(b)
Belonging to patterns listed in Tables 1a, 1b

1) Atomic number pattern group AN
I1) Periodic number pattern group RN
PNuvp

i) Atomic size pattern group S,
SZaMD
if) Atomic reactivity pattern group RE&
REawp

88% (n =-1)40% (n = 50)
99% (n = 1)— 84% (n = 50)

99% (n = 1)— 84% (n = 50)

99% (n = 1)— 86% (n = 50)

Table 4 Results of the best 2-D features sets using delpental parameters belonging to the atomic size
pattern. The hit rate per ternary system decreasese.g. 98.9% with n = 1 correct neighbor to 88.@ith

50 correct nearest neighbors for the case gfiSZ

i) Atomic size pattern group

Best separation result

R(VD): Radii according to Villars and Daams
(derived from their V compilation)

R(M): Radii according to Miedema

(derived from his ¥* compilation)

Rve(S): Valence electron distance according to Betu
Rce(S): Core electron distance according to Schuber

Rm(WG): Metal radii according to Waber and Gschnerd

Rc(P): Covalent radii according to Pauling

Ri(Y): lonic radii according to Yagoda

R(2): Pseudo-potential radii according to Zunger
SZue (AN, PNyg): Atomic size, present calculation

81.3% (n = 1)~ 5.5% (n = 50)
81.3% (n = 1)~ 5.7% (n = 50)

84.3% (n = 1) 15.6% (n = 50)
85.6% (n = 1)~ 22.5% (n = 50)
81.9% (n = 1) 33.2% (n = 50)
87.3% () — 38.3% (n = 50)
88.7% (n ¥ 48.1% (n = 50)
997 (n = 1) 75.2% (n = 50)
98.9% (n =4)83.2% (n = 50)

sets have better separation results (in the rarige o
3-5%). The plots shown here reflect clearly the
validity of Pauling’s electronegativity- and Laves’
geometrical-concepts shown by its atomic reactivity
differences (y-axis) and its atomic size ratiosags),
respectively.

These plots demonstrate that for compound
formation the atomic reactivity difference is more
important than the atomic size ratio. Furthermare i
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plots using S{and RE Meyer’s Periodic System is
more efficient than Mendeleyev’'s System. However,
in plots where we use PN, it is Mendeleyev's System
that is more efficient (Figs. 17, 18).

By using “Pauling’s and Laves’ axes” we reach for
the binary, ternary and quaternary systems the
following hit rates: 78.5% (n = 1)» 39.2% (n = 50),
97.8% (n =1)— 81.0% (n = 50), 99.9% (n = 1»
97.9% (n = 50), respectively.

Chem. Met. Alloy4 (2008)
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Table 5 Results of the best 2-D features sets using oldgental parameters belonging to the atomic
reactivity pattern. The hit rate per ternary systiroreases from e.g. 98.7% with 1 correct neighdb84.9%

with 50 correct nearest neighbors for the caseHf,R

i) Atomic reactivity pattern group

Best separation result

n(WS): n(Wigner and Seitz) according to Miedema
EN(MB): Electronegativity according to Martynov &aBsanov
wf: Work function

EN(abs): Absolute electronegativity

EN(P): Electronegativity according to Pauling

IE(first): First ionization energy

CP(M): Chemical potential according to Miedema

EN(AR): Electronegativity according to Allred & Roaw
REave (AN, PNyg): Atomic reactivity, present calculation

890(n = 1)— 34.3% (n = 50)
93.7% (n = 1) 40.9% (n = 50)
83.0% (n = 1)~ 49.4% (n = 50)
94.4% (n =1)52.9% (n = 50)
76.6% 1)— 55.9% (n = 50)
94.7% (n = 1)~ 54.7% (n = 50)
96 (h = 1)— 59.3% (n = 50)
96.6% (n = 1) 70.6% (n = 50)
98.7%(11) — 84.9% (n = 50)

D.?ﬁ_f
n.?_é
n.as_;
n.aé
0.55_5
n.5_;
n.45é
n.4_§
0.35_;
0.3_5

0.25]

0.2]
0.151
0.1

0.05]

0.1

by B i Ry ) B

0.3

BmL Lo deocoodlcncoo

0.4

e

0.5

0.6

0.7 0.5 0.9 y

Fig. 14 Separation of 2318 binary systems into compounchdéos @) and non-formers®) based on a plot
of the absolute difference (y-axis) |RE (A) — REwe (B)| / (2 REve (N€)) versus the ratio (x-axis) S«
(A) I (2 SZye (B)). For the binary systems the absolute diffeeen (|EP (A) — EP (B)|) / (n(n-1)/2) and for
the ratio [EP (A) / EP (B)]/ (n(n-1)/2), EP (A)EP (B) and EP (A), EP (B 1. EP (A), EP (B) = elemental-
property parameters of element A and B, respegtiagld n = number of elements = 2.

Chem. Met. Alloy4 (2008)
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n.as__
n
0.35_:
0.25]
0.15
n.1_:

0.05_]

Fig. 15 Separation of 6266 ternary systems into compoonudrs @) and non-formers®@) based on a plot
of the absolute difference (y-axis) 2/3[(R& (A) — REwme (C)) / REwme (Ne)] versus the ratio (x-axis) [S

(A) | SZye (B) + SZwe (A) | SZwe (C) + SZwme (B) / SZwe (C))/3. For the ternary systems the absolute
difference = (|JEP (A) — EP (B)| + |EP (A) — EP (€)JEP (B) — EP (C)|) / (n(n-1)/2) and for the ad&P (A)

| EP (B) + EP (A) / EP (C) + EP (B) / EP (C)] /1in{)/2), with EP (A) < EP (B) < EP (C) and EP (&R
(B), EP (C)< 1. EP (A), EP (B), EP (C) = elemental-propertygmaeters of element A, B and C, respectively
and n = number of elements = 3.

We like to stress the fact that although the atomi For binary systems, comparing the results of Fig.
reactivity is the reciprocal of the atomic size,ist 14 with those of Fig. 17, a much more satisfactory
justified to use in some cases both in the samie iplo separation is achieved using a maxjEN(A) /

a ternary system A-B-C in general the element with (PNyg)max PNue (B) / (PNue)mad versus [PNe (A) /
the maximal atomic size has the minimal atomic (PNug)max X PNue (B) / (PNue)mad PploOt, with a
reactivity. This means e.g. in a max.(S@,B,C)) separation of 95.6% (n = » 44.5% (n = 50). This
versus max.(REA,B,C)) plot that only the B-element  plot is further improved (see Fig. 18) when the kley
is not taken into consideration, otherwise the Bd a numbers PNe are replaced by the Mendeleyev
C-elements would be ignored. numbers PNp to 95.6% (n = 1)» 55.3% (n = 50).

18 Chem. Met. Alloy4 (2008)
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Fig. 16 Separation of 6913 quaternary systems into conghéarmers @) and non-formers@) based on a
plot of theabsolute difference (y-axis) [3(Rf (A) — REwe (D)) + (REme (B) — REwme (C))] / 6(REMme
(Ne)) versus the ratio (x-axis) [S¢ (A) / SZye (B) + SZwe (A) | SZyve (C) + SZye (A) / SZywe (D) +
SZve (B) | SZye (C) + SZwme (B) | SZyme (D) + SZwe (C) / SZwe (D)] / 6. For the quaternary systems the
absolute difference = (|JEP (A) — EP (B)| + |[EP {A&P (C)| + |EP (A) — EP (D)| + |EP (B) — EP (C)EP
(B) — EP (D)| + |[EP (C) — EP (D)) / (n(n-1)/2)thwvEP (A) < EP (B) < EP (C) < EP (D) and EP (A), (&9,

EP (C), EP (DX 1. EP (A), EP (B), EP (C), EP (D) = elemental-pxyp parameters of element A, B, C, and
D, respectively, and n = number of elements = 4.

The hit rate as a function of n shows for the hinar clearly located in the non-formers area. On the
systems that the hit rates decreases by the sam@si opposite side, the system-Se is clearly located in
the intervals n = 1-15 and n = 16-50, thereforés it the former area, but several established, indeplyde
appropriate to give 95.6% (n = B 75% (n = 15). determined, phase diagrams show no binary phase.
We even do not take into account that the binary Here we dare to predict the existence of a binary
systems data set is about one third of the terpary  phase, in analogy to the S—Se system. Two additiona
quaternary data set. The clearest violation is the violations in the non-forming area: Hf-V and V-Zr
system Li#Sr, which contains five phases and is have one phase crystallizing in the prototype ‘MgCu

Chem. Met. Alloy4 (2008) 19
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Fig. 17 Separation of 2318 binary systems into compounchdéos @) and non-formers®) based on a plot

of max. [(PNse (A) / (PNvg)max PNve (B) / (PNug)may)] (y-axis) versus Pk product [PNee (A) / (PNvg)max
* PNype (B) / (PNue)mad (X-axis) using Meyer’s Periodic System.

cF24, 227’ (Pauling File prototype notation [26 27]
which are very close to a ‘binary’ close-packed
structure.

In Figs. 14-18 the most efficient operators seem t
be difference and maximum. It is a peculiarity of
ternary systems that for the feature max.(EP (A)B,C
only the value of EP (A), of the chemical element A
with the largest EP value is taken into accounte Th
chemical elements B and C are irrelevant. For the
difference: |(EP (A) — EP (B)| + |(EP (A) — EP (€)]
I(EP (B) — EP (C))| (equal to ER (A.B,C) — ERyn
(A,B,C)) only the maximum and minimum values of
EP are taken into account. The intermediate valke E
appear to be irrelevant.

20

Conclusions

This work revealed the following new knowledge:

1) An adequate description of the derived elemental
property parameters requires the introduction &f th
periodic number PN in addition to the well-estatinid
atomic number AN. AN and PN represent
fundamental elemental-property parameters which are
independent from each other.

2) The derived elemental-property parameters atomic
size Sz, and its reciprocal, the atomic reactivity RE
can be expressed as functions of AN and PN. Other
elemental-property parameter functions, like thessna
density, can be described by combination of one or

Chem. Met. Alloy4 (2008)
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Fig. 18 Separation of 2318 binary systems into compounchdéos @) and non-formers®) based on a plot

of max. [(PNup (A) / (PNup)max PNup (B) / (PNup)mad)] (y-axis) versus product [RN (A) / (PNup)max *
PNwo (B) / (PNup)mad (X-axis), using Mendeleyev’s Periodic System.

more patterns (for the mass density it is a contlaina

of atomic number pattern and atomic size pattern).

3) The result of equation (2), the frequently used
RE; = Ksz kre (SZa)'l, is most outstanding. This means
that the atomic reactivity (different electroneytyi
scales belong to this pattern group) of an elen®ent
the reciprocal value of its atomic size. This maytthe
reason why the ‘electronegativity concept’ was meve
really accepted in physics. Nevertheless in cheynist
its ability to reflect the reactivity of the elenterwith
each other is accepted and frequently used. To our
knowledge the result that the atomic reactivity is

Chem. Met. Alloy4 (2008)

simply the reciprocal of the corresponding atonite s

is not found in the literature.

4) On the example of the problem of separating
formers from non-formers in binary, ternary and
quaternary systems, we verify and reformulate our
previous postulate: “Structure-sensitive propertiés
materials are quantitatively described by the
elemental-property parameters of the constituent
chemical elements”. The reformulation of the
postulate results in: “Structure-sensitive material
properties are quantitatively described by the
elemental-property parameters AN and PN (or simple

21
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mathematical functions of them) of the constituent
chemical elements”. This generalization is an
important step to strategically explore structure-
sensitive properties of materials.

5) It is worth mentioning some observations in eait
with the noble gases (= inert gases). It is knohat t
noble gases create compounds only in very
exceptional cases. Figs. 17 and 18 show that the
systems containing noble gases are all locatetian t
compound-forming area. The eight listed elemental-
property parameters belonging to the atomic reigtiv
patterns show only values for the absolute
electronegativity EN(abs), and the first ionization
potentials IE(first). They follow the general trend
within GN 18, like our calculated atomic reactivity
RE. Analogous observations are made for the
elemental-property parameters Rve(S), Rce(S), and
R(VD), belonging to the atomic size, which are afso
general agreement with our calculated atomic size
SZ,. Looking at the binaries it appears that, from the
about 500 noble-gas-containing systems, only 10
systems have been investigated. In these few
investigated systems the following seven compounds
are known: Xe@ Ar(H,),, KrF,, XeFs;, Xek, XeR;,

and Xek. Obviously the conditions of existence for
these noble-gas-containing compounds are quite
different from those of the majority of the compdan
considered in this work (T = 298 K and atmospheric
pressure). Nevertheless, the above-mentioned
observations allow us to conclude that many more
noble-gas-containing compounds can be expected.
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